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OUTLINE OF THE POLISH ACOUSTICIANS HISTORY. PART I (UNTIL 1969)*

LESZEK FILIPCZYNSKI

This elaboration is devoted to the chronology of the most important events in
the scientific life of Polish acousticians. The beginning of Polish acoustics is located
in the thirties. Unfortunately, tragical situation of Polish during the Second World
War stoped scientific progress on that field. Those scientific and engineering staff
suffered the importance personal losses they have been deptived their employments.
The staff has been submitted to the dispersion. The laboratories equipment have
been destroyed or carried out by the occupant. Libraries and collections of books
have been lossed in such way, that now we posses almost any original documen-
tation related to that period. The rememberance to be keep in the form of scanty of
notes prepared by Prof. Marek Kwiek (tragical deceased in 1962) and by Prof.
Zbigniew Zyszkowsk1 (deceased in 1988) and also reminescences of Prof. Ignacy
MaALEckI allowed to reconstruct in fragmentary form history of the birth of Polish
acoustics. After-year 1953, the activity of Polish acousticians is well-documented in
the form of native and foreign scientific publications, books, handbooks, proce-
edings, list of papers of Polish acousticians [1-3] and also in the form of easy to
attainment reports about scientific activity of Polish institutions, for example [5, 6,
20]. For that reason this period has been treated shortly.

The chronology of significants events has been divided into two periods. The
first one of twenty-five years after liberation closed year 1969. This period contains
creation of the Polish Society of Acoustics (1963) and Committee of Acoustics of
Polish Academy of Sciences (1964) an initiation of the first quarterly periodic
“Archives of Acoustics” (1966). At the end of period in the year 1967, it has been
published the list of papers of Polish acousticians, to be appeared during the time
1945-1966.

The second part of outline of Polish acoustics history which is now preparing,
contains chronological events of major importance to be arised after 1969.

‘_ This paper was published in Polish in Proc. of the XXXVI Open Seminar on Acoustics “OSA-89”
held in Szczyrk-Bila in September 1989, pp. 27-41
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Events of major importance in Polish acoustics

1930

“System of transversaly recording of film sound by using a mirror oscillograph”.
This system, constructed and patented by Leonid PimoNow, M. Sc.; graduated from
the University of Vilno, was applied in almost all the sound films to be produced
during the period 1930-1934 in Poland and next, the system was ransomed by the
German firm “Klangfilm”.

1933

a) M. Kwik, M. Sc., graduated from University of Poznan in both different
domains: physics and musicology, undertook the research on acoustics at University
of Poznan [10-13]. He continued his postgraduate study in Germany under the
supervision of Prof. F. TRENDELENGURG and Dr M. GRUTZMACHER.

b) The first measurement of city noise was carried out in Warsaw, Cracow and
Vilno in 1934 by applied the Barckhausen apparatus. The measurement was carried
out under the supervision of W. GADZIKIEWICZ [24].

¢) The Committee of Noise Overcoming was established by Union of Traffic
Enterprises and Ministry of Communication. In 1936 the Committee submitted to the
ministries and institutions some conclusions concerning the noise overcoming. The
Second World War stopped the committee activity [24].

1934

The State Institute of Telecommunication located in Warsaw, Ratuszowa 11, to
be supervised by Prof. Janusz GROSZKOWSsKI, initiated the work on the tele--
phonometrics and telephonic speaking machines. The work, conducted by T. KORN,
M. Sc. was successful and allowed to introduce just before war the speaking clock
into the public telephones net, W. FuaLkowski, M. Sc, undertook the work on
electro-acoustics specially the problem of telephony.

1935

a) The State Industrial Works of Tele- and Radiotechnics, located in Warsaw,
Grochowska street, Section of Progress in Research — conducted by Z.
Zvczkowskl, M. Sc., graduated from Electrical Department of Warsaw Technical
University, joined the work on the new types of microphone inset with steel
diaphragms and powder chambers, as the application to the laryngophones and
telephone’s receivers, based on the new types of magnets alloy. Previously, it has



POLISH ACOUSTICIANS HISTORY. PART 1 A

been also constructed the dynamic loudspeaker which was applied to the Amplifon
and next to the superheterodyne radio receivers.

b) Origin of the laboratory of architecture acoustics located at the Institute of
Building Engineering of Civil Engineering Department of Warsaw Technical
University. The laboratory was conducted by Prof. Waclaw ZeNczykowskl. The
measurement of noise and architecture acoustics research has been carried out by
Bronistaw Bukowski, M. Sc., Irena WasiuTyNska, M. Sc.,, and J. WOICIECHOWSKI.

1936

a) The problem of architecture acoustics was carried out at the Research
Institute of Building Engineering of Architecture Department of Warsaw Technical
University (Head Prof. Stefan Bryra) by I. MALEck1 [7], M. Sc. graduated from
Electrical Department of Warsaw Polytechnics.

b) “Dependence of the sound property on its audibility” — Doctoral Thesis of
M. Kwik, M. Sc, has been promoted by Prof. L. KamiNski and Dr M.
GRUTZEMACHER at University of Poznan and published in Akustische Zeitschrift [14,
15]. Dr M. Kwiek cooperated as the assistent with Prof. Stanistaw KALANDYK
— head of the Institute of Physics at Medical Department of University of Poznan.
Dr M. Kwiek published a few works on problems of noise and tone quality.

¢) Creation of Technical Department at Research Office in Polish Radio
Broadcasting in Warsaw under the supervision of I. MALEcki, M. Sc. [19].
I. MALECKI was just coming from Berlin, where he worked at Institut fiir
Schwingungsforschung on the problem of high frequency ultrasonic wave-genera-
tion, under the supervision of Prof. E. MAYER.

The main area of interest of Technical Department concerned following
problems: acoustics of broadcasting studios and design of the Central Broadcasting
of Polish Radio. The department worked on the measurement of acoustic insulation
and conditions of broadcasting studios also on testing of microphones and on
carring out the theoretical and experimental research on acoustics of interiors. The
work was also carried out by Stanistaw Kownacki, M. Sc, Wlodzimierz
WoroNcow, M. Sc., and by a few technicians.

1938

Dr Wiktor Jankowski graduated from the Medical Department of the
University in Lwow publishes a paper on the internal ear (Pol. Gaz. Lek. 17, 25,
519-524 (1938)) initiating his scientific activity directed toward acoustics.

Wincenty PaJewski, M. Sc., carried out the research at the State Institute of
Telecommunication on the profesional radio receivers, in particular the problem of
frequency stability by using the piezoelectric oscillators.
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1939

In March, the beginning of building of Central Broadcasting of Polish Radio in
Warsaw. The acoustics design was just prepared by the team conducted by L
MALECKI, M. Sc. The architectonics design was worked out by Prof. B. PNIEWSKL

Dr Tadeusz CEYPEK, graduated from the Medical Department of the University
in Lwow, passed the habilitation in the otholaryngology.

1940

a) Closure by the occupant of all High Schools and laboratories.

b) Dr. M. Kwiek after expulsion by occupants from Poznan to Ostrowiec
Swietokrzyski began to preserve the church organ. In the same time he worked on
the problem of organ’s acoustics. He made a few unique research on field of music’s
acoustics and detaily prepared instructions for the organ builders and musicians.

¢) Conspiratorial teaching and researching on acoustics conducted by Prof.
S. BRYLA at Institute of Architecture of Warsaw Technical University which was
acted under the sign-board of vocational school. There, I. MALECKI, M. Sc. received
his Ph. D. degree on subject “Physics of porous materials” [16] promoted by Prof. S.
Bryra. The Doctoral Thesis included recapitualation of the research work during
the period 1936-1939.

d) After the returning from German captivity, W. PAJEWSKI, M. Sc. worked in
private firm on the production of piezo-electric oscillators from where a part of
production he supplied to the conspiratorial broadcasting net system in Warsaw
District with the aid of engineer; later Prof. S. RyZko.

1941

Until 1943, Dr. 1. MaLecki led the conspiratorial lecture on acoustics of
interiors for students of the third year at the Architecture Department of Warsaw
Technical University [16].

1943

a) The habilitation of Dr. I. MALECKI on “Propagation of sounds waves in
closed areas” [17] at Architecture Department of Warsaw Technical University
promoted by professors S. BRyrA, R. TRECHCINsKI and M. WOLFKE.

b) In November, the occupant partialy revealed the conspiratorial activity of
Warsaw Technical University. The lectures became suspended. Prof. S. BRyLA has
been shot.
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1944

The total destruction of laboratories of Warsaw Technical University during the
Warsaw Insurrection.

1945

a) The habilitation of Dr M. Kwiek on “The monumentary organ of the
Kielecko-Sandomierski land” at the Humanistic Department of University of
Poznan promoted by professors Jozef WiTkowskl and Adolf CHYBINSKL

b) Creation of the Independent Section of Electro-Acoustics at the State
Institute of Telecommunication supervised by Janusz KACPROWSKI, the specialist on
the field of telephonometry.

1946

a) Creation of the Chair of Electro-technics and Acoustics at Gdansk Technical
University supervised by Prof. I. MALECKL

b) Associated Prof. W. JANKOWSKI moves from Lwow to Wroclaw organizing
there the Clinics of Otolaryngology at the Medical Academy.

c) W. Pasewski, M. Sc. after the returning from the labour camp in Germany
organized the Section of Piezo-electric Materials at the State Institute of Telecom-
munication in Warsaw. At the same time he lectured on “Materials and Pie-
zo-electric elements at Warsaw Technical University.

After emigration from Lwow to Zabrze prof. T. Ceypek organizes in 1950 at the
Silesian Medical University the Otholaryngological Chair and Clinics. As the head
of that centre he initiates in 1953 the scientific activity in industrial audiology.
Cooperating with university acoustical centers he concentrates his activity in
acoustic damage problems occurring in the metalurgical and mining industries.

1947

Creation of the Acoustics Section — supervised by doc. M. KWiEk, at the Chair
of Experimental Physics of University Poznan, conducted by Prof. Szczepan
SZCZENIOWSKL.

1948

Beginning of students education on the field of electro-acoustics at Wroclaw
Technical University — Z. ZyszkowskI lectured on the subjects: electro-acoustics
and electro-acoustics devices at Telecommunication Section of Electrical Depart-
ment.
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1950

a) Vocation of Prof. I. MALEcK! as the Head of Institute of Electro-acoustics at
Warsaw Technical University, colaborators Witold STrRAszewicz, M. Sc., and Stefan
Basmskl, M. Sc; students education on film technique and electro-acoustics in
broadcasting.

b) Initiation of the Main Institute of Technical Physics in Warsaw. Appoin-
tement of Acoustics Section and Laboratory supervised by Prof. I. MALECKI
(collaborators Leszek FiLipczynNski, M. Sc., Jerzy WEHR, M. Sc., [25] and Waclaw
KorToNski, M. Sc.).

c¢) The work on the echo sounder’s construction for the Radio Ship Service
supervised by Zenon JAGODzINSKI, M. Sc.

1951

Initiation of the research activity in the Sonochemistry by Prof. Bronistaw
ZAPIOR at the Jagiellonian University in Cracow in the Chair of General Chemistry.
In 1961 Adam JuszkiEwicz, M. Sc. began the collaboration in this field. After
prof. B. ZAPIOR was penssioned off in 1961, dr A. JuszKIEWICZ took over the Section
of Sonochemistry.

1952

a) Creation of the Institute of Acoustics and Vibration Theory supervised by
doc. M. Kwiek, at the Chair of Theoretical Physics conducted by Prof. S.
SzczeNIOWSKI (collaborators Halina RYFFERT, M. Sc., Antoni SLiwiNski, M. Sc., and
shortly Helena HARAIDA, M. Sc. just before transition to the Institute of Vibration
Research at Academy of Agriculture in Poznan).

b) Creation of the Institute of Vibration Research at Polish Academy of
Sciences in Warsaw supervised by Prof. I. MALECKI, the structure of Institute has
been based on the team came from the Main Institute of Technical Physics. In the
next year Institute has been integrated with the new created Institute of Fundamen-
tal Technological Research [5] (the new collaborators J. Kacprowskil, M. Sc. and
W. PajEwskl, M. Sc, since 1953 — Jerzy RanacHOwskl, M. Sc. and Stefan
CzARNECKI, M. Sc [4], since 1956 — Ryszard Prowiec, M. Sc., since 1957 —
Z. PawrLowskl, M. Sc.).

¢) Prof. Z. Zyszkowsk1 lectured on electro-acoustics and electro-acoustics
transducers at Telecommunication Department of the Technical University. in
Wroclaw.

d) Prof. I. MaLEckI won the Third Degree State Prize for the research on
acoustics of interiors.

e) W. Pajewski, M. Sc., won the Third Degree State Prize for the research on
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materials and piezo-electric elements and for the production implementation of
quartz oscillators and piezo-electric crystals.

f) Creation of the Central Laboratory of Polish Radio Broadcasting in Warsaw
Head Dr Bolestaw UrBaNski, which was integrated with the Section of Acoustics
(Head S. CzarNECKI, M. Sc.).

1953

a) The First Conference on Ultrasonic Technics to be organized by Institute of
Fundamental Technological Research PAN in Warsaw, inaugurated a series of
meetings with the wide number of foreign participants. During the years 1953-1966
six conferences took places to be organised by IFTR PAN in Warsaw [18],
Miedzyzdroje [23], Krynica and Jablonna [8]. The proceedings were published in
Polish and English. During these conferences the all over the world connections have
been formed between the participants from Poland, France, Germany, Soviet Union
and Czechoslovakia.

b) Creation of the Building Systems and Acoustics Department at Research
Office in Polish Radio Broadcasting (since 1959 — Department of Radio and
Television Broadcasting conducted by J. Sapowski, M. Sc. — graduated at
Department of Telecommunication of Warsaw Technical University.

¢) The chair of Radio Navigation has been organised by Z. JAGODZINSKI, M.
Sc., at Gdansk Technical University. The field of research was extended on
ultrasonics and hydroacoustics by constructing the echo sounder and sonar which
have been used wreck searching on polish shelf. In the second part of fifties the
hydrotelephone has been constructed for diver’s wireless communication.

d) Zbigniew KAaczkowski, M. Sc., undertook the research on magnetistrictive
materials in Department of Electronics (Head Prof. J. Groszkowskl) in the Institute
of Fundamental Technological Research in Warsaw.

e) Prof. W. JANKOWsKI takes over the Chair and Clinics of Otolaryngology in
Medical Academy of Wroclaw developing an intensive cooperation with Polish
Acoustical Centers.

1954

a) The First Open Acoustics Seminar has been organized by Prof. M. Kwiek at
Department of Acoustics and Vibration Theory of University Poznan. From the
Second one up [21, 22] to the Fifth seminars took places yearly at the High School
of Agriculture in Olsztyn, organized by the Chair of Physics, conducted by doc.
Franciszek Kuczera (collaborant Aleksander OpiLski, M. Sc.). At the seminars the
Polish and foreign participants took part on the field of physical and technical
acoustics. The next seminars took places in Zabrze-Rokitnica, Gliwice, Szczecin,
Poznan, Warszawa and Wisla (see the elaboration devoted to the twenty-five years of
the Polish Society of Acoustics [26]).
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b) The Wire Transmission Chair, supervised by Prof. Z. Zyszkowsk1 has been
transformed into the chair of Wire Teletransmission together with the Elect-
ro-acoustics Institute at the Technical University in Wroclaw.

1956

a) At the first time the Polish Acousticians took part in the 2-nd International
Congress of Acoustics (ICA) held in Stuttgart.

b) Creation of the Independent Chair of Acoustics and Vibration Theory at
University of Poznan (supervised by Prof. M. KwiEk, the new collaborant — Prof.
Edmund KARASKIEWICZ).

¢) Creation of the Department of Technical Acoustics at the Central Institute of
Labour Protection in Warsaw the scientific activities of which was concerned with
the method of industry noise measurement and acoustical expertises (Head of
Czestaw Puzyna, M. Sc.).

d) Dr of English philology Wiktor Jassem, head of the Phonography Section at
the University in Poznan, organized in Poznan the Section of Acoustical Phonetics
in the frame of IFTR PAN,

1957

Initiation of the following publications: “Progress in Acoustics” (published in
the frame of works of Natural Philosophy Committee at Poznan Society of Science’s
Friends), single copies of “Acoustics” as the part of Scientific Copies of Poznan
University and two volumes of “Bulletin de la Societe des Amis des Sciences et des
Lettres” [20].

1958

Creation of the Section of Buildings Acoustics (supervised by Dr Jerzy
Sadowski) transformed in. 1962 into the Acoustics Department at the Institute of
Building Techniques in Warsaw (the new collaborant Barbara SZubrewicz, M. Sc.,
1962).

1959

a) The quarterly “Proceedings of Vibration Problems” published by Prof.
Sylwester KaLisk1 at the Institute of Fundamental Technological Research PAN
concerned the problems of acoustics in the wide range. In 1975 the quarterly changed
the title on “Journal of Technical Physics”.

b) Creation of the specialization — electro-acoustics at the Department of
Telecommunication of Wroctaw Technical University.
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1961

During the Open Seminar on Acoustics in Szczecin the team of 38 founders
decided to establish the Polish Society of Acoustics.

1962

The tragical deceased of Prof. M. KWIEK in airplane’s crash. The Head of Chair
became Prof. E. KArASKIEWICZ and at the next years doc. H. RYFFERT (the new
collaborants Edward Hosan, M. Sc., Edward OzmmMex, M. Sc., and Mikolaj
EaBowskl, M. Sc.).

1963

a) The Foundation’s Gathering of the Polish Society of Acoustics in Poznan.
The first Chairman was Prof. E. KARASKIEWICZ.

b) The affiliation of the Polish Society of Acoustics at the Fourth Department
of Technical Sciences, Polish Academy of Sciences.

1964

a) Creation of the Committee of Acoustics at the Fourth Department of
Technical Sciences, Polish Academy of Sciences. The first chairman became Prof.
I. MALECK! (1964-1971), the second Prof. L. FiLipczyNsk1 (1971).

b) The Chair of Physics “A” of Silesian Technical University since 1971 —
Institute of Physics headed by Prof. F. Kuczera, collaborant Dr. A. OPILSKI
organized the research on molecular acoustics of fluids. In 1966 the Department of
Electrophysics was formed in which the research on quantum of semiconductors and
acousto-optics has been undertaken, the supervision of Prof. A. OriLsKI (collaborant
Z. KLEszCczEWSKI, M. Sc).

1965

a) Creation of the Section of Music Acoustics at the Department of Sta-
te-Managing of the Warsaw High School of Music (head Prof. Andrzej RAKOWSKI,
collaborants Tomasz Egrowski, M. Sc., and Antoni JAROSZEWSKI, M. Sc.). In 1968
the Section transformed into the Chair of Musical Acoustics, supervised by the same
person (collaborants Prof. Marian Rajewski and Prof. B. URrBANSKI). In 1979 the
High School was renamed on the F. Chopin Academy of Music.

b) The research programme on urban-acoustics was elaborated by the Acous-
tics Department of ITB (head of Prof. J. SADOWSKI) in collaboration with
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Department of Electroacoustics of Warsaw Technical University, Chair of Acoustics
of Poznan University, the Warsaw Institute of Automotive Transport, the Warsaw
Office of Study and Project in Urban Engineering, the Airport Administration of Air
Forces and the others institutions. As the result of this activity the acoustics map of
Warsaw, Gdansk and Poznari and also the basis of urban-acoustics were created.

¢) Creation of the Laboratory of Industry Audiology at the Main Institute of
Mining in Silesia in which the problems of hearing prophilacticity during the mining
process were considered under the supervision of Dr. T. MALINOwsKL. In 1969
Laboratory of Vibroacoustics Menacement was formed, headed by Dr. Adam
LipowczaN. In 1976 both laboratories were reorganized into Department of Health
Protection and Department of Technical Acoustics under the same menagements.

1966

a) Initiation of the quarterly "Archives of Acoustics” (Archiwum Akustyki)
published by Committee of Acoustics PAN and Polish Society of Acoustics (editor
Prof. Stefan CzARNECKI).

b) Prof. I. MALECKI has been elected as the Chairman of the International
Comnmittee of Acoustics (ICA) for two terms of office 1966-1972. He presided at the
meetings of the International Committee of Acoustics held in Tokio — 1968 and
Budapest — 1971.

¢) The team of Prof. I. MALECK1, Prof. L. FiLieczyNski, doc, Z. PAWLOWSKI and
doc. J. WEHR won the Second Degree State Prize in Science for works devoted on
propagation of ultrasonic waves.

d) Creation of the Department of Acoustics at the Rzeszow High School of
Pedagogy, the main scientific programme of which concerned with the theory of
acoustics fields (head of Prof. Roman Wyrzykowski, since 1967 collaborant Witold
RDZANEK, M. Sc)). In 1984 Prof. W. RpDZANEK became the head of Department.

e) Creation of the Institute of Electronic Technology PAN. In 1966-1967 prof.
W. Pasewski and doc. Z. KAczkowsk! organized the Department of Piezotronics
with the Piezomagnetic Section.

1967

Bibliographic list of the Polish author’s works in the field of acoustics published
during the periods 1945-1966 [1], 1966-1971 [2], and 1972-1982 [3].

a) The intensification of research activity on hydro-acoustics at Gdansk
Technical University — formation of the Hydro-acoustics Department at Institute of
Telecommunication supervised by Prof. Z. JacopziNski, doc. Gustaw BUDZYNsK
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was the head of the electrophone’s problems. In the year 1980, Department of
Hydro-acoustics has been divided into Hydroacoustics Department and Sound’s
Engineering Department, the supervisions by the hitherto persons.

b) Initiation of the book “Speach Analysis and Synthesis” published by the
Institute of Fundamental Technological Research PAN and PWN, devoted on
problems of the acoustics of speech (editor Prof. Wiktor Jassem). The next volumes
have been edited in the years 1970, 1973, 1976 and 1981.

1969

Creation of the Co-ordination Center of Acoustics Problems Architecture at the
Council for Mutual Economic Aid with which the following institutions col-
laborated: Acoustics Department of Institute of Building Technology in Warsaw,
Institute of Acoustics of Poznan University, Institute of Telecommunication of
Gdansk Technical University, Institute of Mechanics and Vibroacoustics of Cracow
Academy of Mining and Metallurgy, Institute of Radioelectronics of Warsaw
Technical University and Warsaw Academy of Music.
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ELECTROACOUSTIC SYSTEM IN THE NATIONAL MUSEUM
“PANORAMA RACLAWICKA” IN WROCLAW

J. BEDNAREK, T. GUDRA, K. RUDNO-RUDZINSKI

Institute of Telecommunication and Acoustics, Technical University of Wroclaw
(50-370 Wroclaw, Wybrzeze Wyspianskiego 27)

This paper presents a designed and produced electroacoustic system assisting the tour
of an exhibition intended for a great number of visitors. The microprocessor operated
electroacoustic system fulfills two functions: transfers the commentary to the exhibition and
controls the visitor’s traffic.

A sountl amplification system, which makes it possible to relay at the same time six
language versions of the explanatory commentary to different groups of listeners through
loudspeakers and earphones, is presented. Such a system enables simultancous transmission
of two different commentaries to two groups in the same interior.

Fundamental elements of technological designs applied in the electroacoustic system
are also discussed here.

W pracy przedstawiono opracowany i wykonany system elektroakustyczny wspoma-
gajacy zwiedzanie obiektu wystawienniczego przeznaczonego dla duzej liczby zwiedzajg-
cych, System elektroakustyczny, sterowany mikroprocesorem, spelnia dwie funkcje: przeka-
zywanie komentarza objasniajacego wystawe i sterowanie ruchem zwiedzajacych.

Przedstawiono realizacje naddzwigkowienia umozliwiajaca przekazywanie szesciu
wersji jezykowych komentarza objasniajacego jednoczesnie dla réznych grup shuchaczy za
pomocg glosnikow i sluchawek. Rozwiazanie systemu naddzwigkowienia glosnikowego
umozliwia réwnoczesny przekaz dwoch roznych komentarzy dla dwoch grup znajdujgcych
si¢ W tym samym wnetrzu.

Oméwiono podstawowe elementy rozwiazan technicznych zastosowanych w systemie
elektroakustycznym.

1. Introduction

The group of buildings of the “Panorama Raclawicka” was created in order to
exhibit the famous battle-scene painted by Kossak and Styka. This work of art with
great historical value, which rouses enormous interest from the society, required not
only an adequate building for exposition but also technical equipment. The
“Panorama Raclawicka” consists mainly of the painting, but it is only one of the
elements of a complex whole.
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The “Panorama Ractawicka” exhibition consists of the Rotunda with the
painting Small Rotunda with the model of the battle and show-cases with
iconographic materials, and hall with video systems and film and slide projection
screens (Fig. 1). The surface of the scenic platform in the Rotunda is relatively small,
because of the geometry and perspective of the painting. Similar limitations concern
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FiG. I. “Panorama Raclawicka” museum — horizontal projection

the Small Rotunda. Therefore, the largest possible capacity of the object with
a possible widest commentary on the “Panorama Raclawicka” in the conditions of
limited space and related safety rules concerning visitors and protection of the
painting (e.g stability of climatic conditions inside the building) was the basic
problem of the design. Eventually it was accepted that no more than two groups of
40 persons on opposite sides of the platform can be on the scenic platform in the
Rotunda at the same time. The touring time of one group was determined at 40
minutes. This time is divided into six intervals corresponding with six sectors the
painting is divided into.

On the basis of the nature of the exposition and accepted organization of
sightseeing assumptions to the electroacoustic system design were determined. First
of all, it has to be made sure that the commentary concerning the painting and the
model of the battle is intelligible. It should be possible to transmit the commentary in
several languages at the same time. For safety reasons the dispatcher’s information
had to reach visitors in all possible places. Also, fast communication between the staff
of the museum had to be ensured. Furthermore, the whole electroacoustic system
should function properly also at different organizations of the visitorstraffic in the
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hall, Rotunda and Small Rotunda. It should be noted that the sound amplification
system was designed when all designs of interiors were confirmed and could not be
changed from the point of view of acoustic requirements. All loudspeakers had to be
inperceptible, composed with other elements of interior decorations. Mainly stone,
metal and glass were used in interiors of the “Panorama Raclawicka” object.

In our work on the electroacoustic system we intended to take advantage of
experiences from the exhibition of other panoramas of exhibitions with a similar
organization of sight-seeing as accepted for the object under consideration. Unfor-
tunately none were found.

2. Idea of the system

The accepted idea of the system was a result of an analysis of requirements of
the organization of visitors’ traffic on exhibitions and of other assumptions men-
tioned in the introduction. It was stated that the system has to be automatic and it
has to unite two basic functions:

— transmission of the commentary explaining the exhibition,

— control of the visitors’ traffic.

Full synchronization of visitors’ traffic has to be ensured for this system to
function. In this case the staff of the object has different tasks in classical solutions. In
normal work conditions the dispatcher of the object has to start the system and
chose the sightseeing course (one-group, two-group or single). The choice of
languages of the commentary for a given group and a discret supervision of the
group are the tasks of guides. Other functions are fulfilled by the electroacoustic
system.

Also the replacement of guides by electroacoustic devices is advantageous
because of the constancy of the artistic and emotional side of the commentary.

Figure 2 presents a simplified block diagram of the electroacoustic system. It
indicates places in rooms of the object in which individual units are situated.

Intensive exploitation of the electroacoustic system and accepted system of
earlier ticket reservation imposed high reliability requirements on the devices on one
hand and the necessity of quick defect localization and their immediate repair. This
problem was solved with reserve systems switched on in a case of a failure (reserve
TTL control system, loop tape recorders, power amplifiers). As for the organization
of the system, a fault detection system was applied. Fig. 3 present a full block
diagram of the electroacoustic system, containing control, diagnostics and sound
signal paths.

Two independent subsystems complement the electroacoustic system. The
subsystem of the radio relay centre makes it possible to pass dispatcher’s infor-
mations and instructions to all places in the buildings of the museum, in which
people are present. He can use additional loudspeakers in rooms outside the
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sightseeing route, as well as loudspeakers of the electroacoustic system. The
subsystem of quick staff communication “Telvox™ is the second subsystem. It is not
connected to the basic system.

3. Sound distribution design of the Rotunda

Detailed solutions of the electroacoustic system could be accepted only when
sound distribution of the main building of the Museum — the interior of the
Rotunda of Panorama Raclawicka — was designed. The achievement of high quality
transmission of the explanatory commentary for guests of the museum staying on the
scenic platform was the fundamental task (Fig. 4).

|- the painting

scenic platform
/ \\

FiG. 4. Diagrammatic section of the Rotunda with position of loudspeakers (full description in the paper)

Because the organization of the tour of the panorama is based on the division of
the painting (and the platform as well) into six sections, the sound distribution
system must include this fact.

Capacity requirements of the object inflicted the necessity of transmitting two
different but intelligible commentaries to two groups of visitors at the opposite sides
of the scenic platform. Considering aesthetic and functional requirements, louds-
peakers had to be composed with elements of interior decorations.

3.1. Acoustic properties of the object

The shape of the “Panorama Raclawicka” Rotunda approximates a cylinder
with the diameter of the base equal to 42 m and height 15 m. Inside is a scenic
platform, which together with a shield over it forms a shape approximating
a cylinder. The scenic platform forms a ring and is lifted over surrounding it artificial
ground. Inside the ring leading down entry and exit paths leading down are located
(Fig. 1, Fig. 4).
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The Rotunda has remarkably unfavourable shape from the point of view of
acoustics. This was a serious problem which had to be solved during designing the
sound system. From the point of view of acoustics the Rotunda can be described as
a system of two coupled rooms consisting of a room with volume of about 20000 m?,
containing the painting, and scenic platform room with volume of about 800 m?,
formed by covering the scenic platform with a shield made from roll formed sheet
aluminium.

The coefficient of coupling coefficient between rooms, k, was estimated on the
basis of relationship [4]:

S
k=|14a==2
( iy su)

in which the value of the mean absorption coeﬂ' cient of the main room & = 0.1.
Surface of the main interior S, = 4800 m? and surface joining both rooms
812 =190 m* were inserted. The obtained value of coefficient k = 0.28 makes it
possible to treat the platform region as a practically separate room.

The above considerations find confirmation in results of measurements of
reverberation time. Mean values of reverberation time are T'= 2.2 s for the platform
and T= 38 s for the main interior.

3.2. Analysis of sound distribution possibilities of the scenic platform

The analysis was carried out on the basis of relationship between articulation
loss for consonants AI and parameters of the system [5]

200D T?(n+1
)
V-Q
where T'is reverberation time of the scenic platform room, D — loudspeaker-listener
distance, V — room’s volume, n — number of sound sources apart from the

loudspeaker nearest to the listener Q — directivity factor of sound source.

Because articulation loss depends on distance raised to the second power, the
arrangement of loudspeakers should be so chosen that this distance is smallest in the
entire area of sound amplification. This condition is fulfilled best of all when
loudspeakers are located in the area above the scenic platform. Furthermore, if we
accept that two column loudspeakers will be necessary for adequate sound
distribution uniformity, we can determine the length D, which is equal to 3.5 m.

The value of directivity factor of an average column loudspeaker, equal to 7, was
accepted. The value n was accepted as equal to 3, because at the same time with the
loudspeaker under consideration a second loudspeaker will work in the same section
and two in the opposite section.

Considering given above data the articulation loss will amount to Al = 10.9%.
The calculated AI value equal to about 10% corresponds with quality of speech
judged as very good [6].



22 J. BEDNAREK ET AL.

3.3. Column loudspeaker design

The following assumptions were accepted for the designed column loudspeaker:
frequency response uniform in the band from 200 Hz to 5000 Hz and droping below
200 Hz to limit acoustic energy in the range of low frequencies where the
reverberation time assumes highest values and it is impossible to achieve high
radiation directivity of the column. In order to secure uniform sound distribution of
the entire width of the platform, the 6 dB coverage angle should be equal to 45
degrees.

The column loudspeaker was built from GDS 8/4 type broad-band loud-
speakers. They have required small dimensions and high quality.

In order to minimize the variability of column directivity due to frequency,
a column with active length decreasing with frequency increase was designed. This
was achieved with low-pass filters extreme loudspeakers. Since switching off of
extreme loudspeakers at higher frequencies gives lower response of the column,
a condenser was connected in series before the transformer at the input of the
column to equalize the response. The condenser was also secure adequate load for
the power amplifier at low frequencies.

Table 1. Parameters of column loudspeaker

Frequency [Hz] 500 | 1000 | 2000 | 4000
Directivity factor Q 31 43 | 65 | 90
6-dB coverage angle 130° | 69° | 59° | 45°

Required directivity was achieved with a column of 5 loudspeakers. Further
extention of the column was inexpedient considering too low sound uniformity in the
required coverage angle. Measured parameters of the column are given in Table 1.
The sensitivity of the column is equal to 94 dB.

3.4. Comparison of various solutions of sound distribution

When prototypes of column loudspeakers were made, measurements of elec-
troacoustic characteristics of the Rotunda’s sound distribution system were perform-
ed. The maximal value of local-dependent irregularities of frequency response in
a given section in the useful frequency band and crosstalk damping between opposite
sections were to be determined from measurements. Pink noise was supplied to
loudspeakers. The analysis was carried out in 1/3 octave bands.

The following seven sound distribution systems were tested:

1. 3 units of ZG5c S type loudspeakers located every 20 degrees in the outer
railling of the platform (Fig. 4, No. 4),
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2. Loudspeakers as above located on the shield above the platform (No. 3).

3. 3 units eight-loudspeaker columns on the shield spaced every 20° over the
platform (No. 1).

4. One column as in point 3, installed in an acoustic baffle with dimensions
I mx1 m, located in the centre of the shield (No. 2).

5. Single five-loudspeaker column situated in the shield in the centre of the
section (No. 1).

6. 3 columns as above spaced every 20° in the shield (No. 1).

7. 2 columns as above spaced every 30° in the shield (No. 1).

Results of measurements of frequency response irregularities measurements
indicate two groups of solutions. System 2 and 4 belong to the first group and
display much smaller non-uniformity than the rest of the solutions which form the
second group. Measured values of crosstalk damping indicate the same repartition of
systems; solutions with smallest non-uniformity have smallest crosstalk damping
thus worst quality of speech at the same time.

. From among other solutions the system with loudspeakers in the railing was
rejected as inconvenient from the exploitation point of view and besides sensible to
the number of listeners in the section.
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FiG. 5. Level of acoustic pressure under column loudspeaker: 1 — frequency characteristic, 2 — effect of
tone quality control, 3 — crosstalk from opposite sector

The chosen previously system with two five-loudspeaker columns reconciles
best from among solutions with columns situated above the platform requirements
of small non-uniformity high crosstalk damping and minimal number of columns
working at the same time. For this system irregularities of frequency response for the
entire band is equal to 3 dB, crosstalk damping 9.8 dB (Fig. 5).
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3.5. Speech intelligibility testing

Measurements of articulation score for logatoms were a final verification of the
accepted sound distribution system. Test logatom lists were applied, structurally and
phonetically balanced with each other and in relation to adequate Polish language
statistics. Simultaneously with logatoms a speech signal similar to the planned
manner of reading the commentary was sent from the column in the opposite
section. Levels of the test signal and disturbance in their sectors were equalized and
equal to 70 dB.

A group of 19 listeners without previous preparation aged from 25 to 50 years
participated in measurements. It consisted of 6 women and 13 men — workers of the
Technical University of Wroctaw, employed as scientific workers, technical workers
and workmen.

An analysis of listeners’ records noted on forms proved that they had received
correctly 88.4% of sent logatoms. This corresponds with articulation loss for
consonants not greater than 11.6%, what is a similar value to the given previously
estimation, equal to 10.9%. The measured value of articulation store for logatoms
corresponds with practically 100-percent intelligibility of phrases.

4. Sub-assemblies and assemblies of the electroacoustic system

Due to a great number of sub-assemblies and assemblies of the system and their
complexity (e.g. devices in the electroacoustic system control room fill six CAMAC
type racks), accepted solutions can not be fully described here. Main functional
elements of accepted solutions are discussed below; some of them have received
patents [1, 2, 3, 7].!

4.1. Control system

Sound system control is done with two independent programmers; a micro-
processor system is the superordinated programmer and it is complemented with
a TTL control system compatibile with respect to input signals.

There are 3 methods of sound system control:

— with a microprocessor programmer (uP),

— with a TTL programmer,

— with both programmers working simultaneously.

Such a solution increases the reliability of the electroacoustic system and makes it
possible to repair one programmer without putting the entire system out of action.

! All devices within the electroacoustic system are original designs or adaptations of devices
produced in Poland.
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Both systems are synchronized with pulses from a clock in the dispatch room.
From the console the dispatcher can change the frequency of pulses generated by the
clock and allow a single start of sound amplification of the Rotunda or the Small
Rotunda; the guide starts sound amplification by pressing a key on the control
board in the Rotunda or Small Rotunda. The guide also chooses the language of the
commentary. Also the test system in the test panel or the technical panel can be
control systems during checks and testing, especially. These panels are found in the
control room. The control system can be choosen from the technical panel.

The sound amplification cycle, synchronized with pulses from the clock, is
automatically repeated. The current condition of output devices is indicated by
LED’s on the dispatcher’s console and technical panel in the control room.

4.1.1. Microprocessor control system. Trains of control pulses with exact time
interdependencies can be generated with a TTL control system or with a micro-
processor system.

Apart from control of the sound amplification system, the microprocessor block
is equipped with systems which allow the assesment of functioning of devices within
the electroacoustic system. Fig. 6 presents the block diagram of collaboration
between the microprocessor and peripheral units. All input signals of the micro-
processor block, as well as all informations leaving the block are buffered with the
application of a display buffer block an displayed with the use of LED’s. Hence, the
state of all inputs and outputs of the microprocessor block can be read out without
any additional switch-overs or measurements.

Input signals of the microprocessor coming from various sources such as the:
clock, technical panel, dispatcher’s console, sound amplification control boards etc.
form a bus of input signals to the microprocessor block.

Output signals from the microprocessor block form a bus of output signals from
the microprocessor block after they have passed through the display buffer block.
These signals are supplied to two sets of devices:

— to the system of numerical signal switches
— to diagnostic systems.

Diagnostic systems function independently of the control system and do not
effect directly the functioning of the acoustic part of electroacoustic system. In this
solution various control systems can function independently in a synchronic manner.
This means that on adequate control outputs of both control systems identical
command signals will occur (when both control systems function correctly of course).
A numerical signal switch chooses the system which sends command pulses. This
switch connects control outputs of one chosen control system with control inputs of
the executive systems of the sound system. The described connection can be done
manually by putting the switch in an adequate position or automatically switch
operation from the microprocessor block.

4.1.2. TTL control system. The TTL control system is to control sound
distribution when the microprocessor system does not function. Output command
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signals from the TTL system secure functioning of the electroacoustic system
identical as signals from the puP system. The TTL control system also allows certain
check or test operations; however it does not secure full control and diagnosis of all
delicate points in the system as opposed to the uP system. It only controls the
presence of supply voltages in individual circuits.

4.2. Diagnostic system

It was necessary to equip the electroacoustic system with diagnostic systems,
because the design devices in the control room were to work without servicing
personnel (during normal exploitation) and defects were to be possibly quickly
localized and eliminated. These devices and systems are diagnosed which probably
most of often can cause failures (e.g. tape break in the loop tape recorder, burnout of
a fuse in the supply system etc.).

-
operating conditions_information D
. : 1l ; estimation of ope-
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diagnosis ning diagnosis device of the electroacous-|
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FiG. 7. Block diagram of system for evaluation of the electroacoustic systems performance

Figure 7 presents a general block diagram of a system assesing functioning of
the electroacoustic system. A microprocessor system performs decision functions in
the diagnostic system within the designed system, as well as functions of a program-
mer of the sound amplification system. The decision unit receives two kinds of
information:

1. information for control of equipment within the system; it is the information
about the state in which the system should be at the given moment, and

2. information concerning the actual condition of equipment within the system.

A comparison of between two groups of information results in an estimation of
the state of the electroacoustic system and localization of a probable defect. The
accuracy of this estimation greatly depends on the number of second kind of
information, place of their formation etc.

The control equipment passes the information about the estimation results to
the personnel and at the same time it can reduce consequences of the detected failure
(e.g. by switching over to a reserve element).
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4.3. Loop tape recorders

Double track loop tape recorders equipped with special cassettes which make it
possible to reproduce the commentary in a continuous manner without rewinding
have been used to reproduce the commentary concerning the painting and model of
the battle. The tape recorder is operated by the control system. The beginning and
end of the commentary is separated with a piece of transparent tape which causes
a photooptic sensor to stop the tape recorder. The tape recorder is provided with
control systems which through external diagnostic systems continuously control the
tape recorder’s functioning and signalize its correctness.

4.4. Switching systems

Switching systems consists of systems of analogue keys acting as phonical signal
commutators connecting loop recorders’ outputs with power amplifiers’ inputs and
modulation inputs of transmitters of the wireless device. These keys, built on FET’s,
form 6 independent transmission channels with a phonical input and output and
a control input.

4.5. Power amplifiers

Loudspeaker devices are controlled with POLKAT “Forte 101" power amp-
lifiers. These amplifiers are operated from the “tape recorder” input and loudspeaker
lines are attached to the transformer output switched to rated voltage of 100 V. In
order to increase reliability the electroacoustic system was equipped with 8 amp-
lifiers; 4 amplifiers make a hot reserve — they are connected with the system for
good.

4.6. Commentary transmitting wireless device

A method of wireless information transfer was applied to make it possible to
listen to the commentary in a language other than that transmitted through
loudspeakers. Therefore, the visitor equipped with a special transistor receiver can
listen through earphones to any one of five language versions of the commentary
concerning the seen part of painting or model of battle.

Two such devices were applied in the “Panorama Raclawicka™ object; separate
ones for the Rotunda and Small Rotunda. Receivers are identical, five-channel and
may be used in the Small Rotunda as well as on the scenic platform in the Rotunda.
They are switched on and operated in synchronicity with other appliances of the
electroacoustic system.
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4.7. Monitoring systems

Monitoring systems of the electroacoustic system indicate the functioning of
individual elements of the system. They have the form of separate panels placed in
stands and have galvanic connections with other elements of the system.

Test panel. The test panel contains a quick-acting test system which starts tape
recorders, realizes control connections in phonical channels of the Rotunda and
Small Rotunda and also starts reserve tape recorders.

Fast test system’s functions are realized in connection with a TTL and
microprocessor control system as well as with audio monitoring systems. The fast
test system makes it possible (when there is no programme in the phonic channel) to
start tape recorders in chosen sector, switch on section keys, switch on zone keys and
loudspeaker relays, choice of language for the commentary from loudspeakers.
Mentioned functions can be also performed manually or automatically.

Control panel of sound transmission path. The control panel of sound transmis-
sion path makes it possible to add a measuring instrument or earphones to all
channels of the sound transmission path in the Rotunda and Small Rotunda.

Audio monitoring panel. Principal adjustment and commutation elements of the
audio monitoring path are situated in the audio monitoring panel. Also the level
indicator is located here. Hence, it is possible to make suitable adjustments.

Control panels of tape recorders. Control panels of tape recorders make it
possible to connect measuring instruments or earphones to outputs of both sound
transmission paths channels of all tape recorders including the reserve ones.

Technical panel. Information concerning functioning of individual installations
of the electroacoustic system can be read-off the technical panel and full servicing of
the system can be assured.

Control receivers of the high frequency links. Control receivers constantly check
the system for wireless information in the Rotunda and Small Rotunda. They form
an unit of five indentical receivers, each tuned in to a different channel and receiving
a different language version of the commentary.

Conclusions

The applied system has proved itself functional in practice during over two
years of its exploitation. High capacity of the object, amounting to over 0.5 million
visitors a year at average time spent inside the museum of about 2 hours, indicates
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that the right solution was accepted. The electroacoustic system drivers the traffic
inside the object. Acoustic control of the traffic allows precise organization and
reservation in advance. A tour of the object in a precisely determined period of time
is the only possible solution with such a vast interest in the painting. The acoustic
system generally was judged by visitors as good. However, there is a certain
discomfort when two groups are touring the museum at the same time. Still, the
quality of speech of the commentary transfered to two groups of listeners at the same
time is very high. It has been confirmed by measurements.

In 1986 the group of engineers was awarded the Prize of the Minister of Science
and Higher Education for the development and realization of the system.

Authors would like to thank all colaborators, who’s help made it possible
to carry into practice complicated undertaking particularly: M. Sc. R. GopyK,,
M. Sc. J. GoLaNowskl, M. Sc. Z. Ianerni, Dr. J. Jaroszynski, M. Sc. L
Swierkowskl, Dr. E. TALARCZYK, Dr. J. TARGONsKI, eng. K. WARszAwskl and
M. Sc. A. WORSZTYNOWICZ.
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AN EXTRA COCHLEAR ELECTRO-STIMULATING DEVICE (ECME) USING ATRAUMATIC
EXTERNAL MEATAL ELECTRODES AS A COMMUNICATION AID FOR THE DEAFENED
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We describe an auditory prosthesis for totally deafened people which stimulates both
cochlear via ear canal electrodes. The device emits a square wave pulse matched to the first
formant frequency and transposed below 10 Hz. It acts as an aid to lipreading, creates an
awareness of environmental sounds, and reduces the isolation of total deafness. It is a cheap
non-surgical alternative to cochlear implantation.

Autorzy przedstawiaja protez¢ sluchowa dla osob z catkowita obustronng nabyta
gluchota. Urzadzenie, zaopatrzone w atraumatyczne elektrody w obu przewodach stucho-
wych zewnetrznych, przetwarza sygnaly akustyczne na falg prostokatna. Amplituda tej fali
jest proporcjonalna do chwilowej intensywnosci glosek dzwigcznych, ze znacznym ograni-
czeniem dynamiki, a czgstotliwosé fali jest proporcjonalna do czestotliwodci przejsé przez
zero pierwszego formantu tych glosek. Z zachowaniem proporcjonalnosci, czestotliwosé na
wyjéciu jest transponowana w zakres (dobierany indywidualnie) ponizej 100 Hz, tj. w zakres
stuchowego reagowania pacjentdow na pobudzenie elektryczne przez skore kanaléw
usznych. Proteza poprawia sprawno$¢ czytania mowy z ust, daje informacj¢ o dzwigkach
W otoczeniu, zmniejsza wrazenie izolacji. Jest prosta w uzyciu i nie wymaga zabiegu
chirurgicznego, nawet na uchu $rodkowym. Moze by¢ zastosowana w przypadkach gdy
“implant limakowy” jest nicosiagalny, lub przeciwwskazany. Koszt protezy jest niski,
porownywalny z cena konwencjonalnej protezy elektroakustycznej.

1. Introduction

Post lingually totally deafened people depend on lipreading to communicate. In
speech the number of phonemes exceeds that of vizemes and many efforts have been
made to use other sensory modalities to aid lipreading skills [7, 9]. Although VoLTA
[12] in 1800 described the auditory sensation that could be achieved by stimulating
the ear with an electric current, it was not until the late 1950’s that it was used as
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a communication aid [8, 10]. Since then many different strategies have been
employed at different research centres around the world. These include various single
and multi-channel extra and intra cochlear electrode placements as well as many
different strategies for speech processing to produce a signal that will be useful to the
patient. In all cases the signal must bypass the damaged cochlea to reach the more
central, intact, part of the auditory pathway. Our research in this field started in 1976
with electrical stimulation via a transtympanic needle electrode on the promontory
overlying the basal turn of the cochlea (BocHENEK et al [5]).

2. Method

Our philosophy has been that external atraumatic electrodes will avoid any long
term ill effects that may arise from internal invasive placement [1, 6]. Tests have been
carried out using different electrode positions, but the best results were always
obtained with an electrode in each ear canal. These are constructed by passing wires
through hearing aid moulds to which is attached a small piece of gauze dipped in
saline which lies in contact with the meatal skin (Fig. 1). The system has been tested
on subjects with normal hearing, and with moderate and complete deafness. The
responses vary, some subjects reporting only a “tweaking” or pressure sensation in
the ear. We have already reported on the electrophysiological responses produced by

FiG. 1
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such stimulation [4]. The device produces an alternating square wave pulse which is
an analogue of the speech signal, after frequency transposition to below 100 Hz.
Above 100 Hz such transdermal stimulation was found to be ineffective in most
individuals. This output is excellent in coping with the narrow (and variable)
electrical dynamic range of the ear (Figs 4 and 5).

Various speech processing strategies have been tried:

1. The amplitude of the stimulating signal depends upon the short time average
power of the voiced sounds, and its frequency is proportional to the first formant
frequency. The voiceless sounds do not produce a signal.

2. The amplitude of the signal depends upon the short time average power of
the speech signal filtered by a high pass filter with a cut off frequency of 770 Hz. The
frequency of the stimulus is proportional to the second formant of the voiced sounds
and to the zero crossing frequency of the voiceless sounds.

3. The frequency of the signal is constant (chosen by the subject) and its
amplitude is modulated as in mode 1.

4. The frequency of the signal is constant (chosen by the subject) and its
amplitude is modulated as in mode 2.

The frequency of the first and second formant is estimated by analogue filtering
and a zero crossing method [3]. The frequency is then divided in order to fit the
restricted frequency of electrically evoked auditory sensation.

Fig. 2



34 W, BOCHENEK ET AL.

J000Hz (generator )

500 Hz

EXTRA-COCHLEAR (MEATAL)
ELECTRO-STIMULATOR "ECME "

F1G. 3

We have reported on tests made on three patients with total acquired deafness
[2]. Signal processing mode | was the most successful and has been adopted in
current devices now in use. The ECME (Extracochlear (Meatal) Electro-stimulator) is
shown in Fig. 2. The device is also being developed and tested at the Royal National
Institute for the Deaf, London. The device has the following features:

1. Filtering of the incoming acoustic signal between 200 and 770 Hz. This filters
out the fundamental frequency leaving principally the first formant.

2. Variable downard transposition of all frequencies to below 100 Hz.

3. Strong compression of the electrical signal (adjustable).

4. A dynamic threshold to reduce environmental background noise so that
continuous signals rapidly decay (Fig. 3).

3. Results

We present the results obtained in two patients with postlingually acquired
bilateral deafness, one in whom the ECME device was employed, and the other who
had slightly more residual hearing using a high powered hearing aid.

J. Z. was a 31 year old male deafened for 11 years. High powered hearing aid
trials produced no benefit, and the results relate to his use of the ECME.

B. B. was a 26 year old female deafened 5 years previously. Her results relate to
the use of a high powered hearing aid.
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Table 1

Audiograms

Auditory Thresholds [kHz]

Subject 0.5 1 2 4
JZ 100 110 125 -
BB 80 100 105 115
12Z. 31 year -old male B.B, 26 year -old female
deafened 1! years ago deafened 5 years ago
Gl Q5 10 20 kHz i 05 10 20 40 kHz
IO 00 10 125 dB. aualogram: ep 100 105 115 _dB
electrically evoked electrically evoked
5 Quditory. sensation auditory sensation
i
400 giscomfort 400

300)

detection 200
100

é.

0 00 200 fIHz]

FiG. 4 FiG. 5

FiHz]

Table 1 shows the residual hearing on pure tone audiometry obtained in both
subjects. Figures 4 and 5 show the frequency and dynamic range of electrically
evoked auditory sensation in both subjects. Tests of lipreading were performed with
a live speaker, both with and without the ECME/high powered hearing aid. Vowel
paired discrimination tests were performed. In each case these were presented until
25 correct responses were obtained. The number of incorrect responses was noted

Table 2

Discrimination tests

JZ (ECME) BB (Hearing Aid)

Lipreading alone 61% 70%

Lipreading & device ~ 79% 76%
Polish two syllable phonetically balanced 5 columns (20 words each)

TanmEwsk! et aL (1961) [11].
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and the results displayed in Tables 2, 3 and 4. These results indicate that in the case
of J. Z. where hearing aids were useless, better discrimination was achieved with
ECME than in the case of B. B, a marginal hearing aid user. The same strategy was
employed for differentiation between questions and statement presentations. It can

Table 3 Table 4
i BB 1z BB
(ECME alone) | (Hearing aid alone) (ECME alone) | (Hearing aid alone)
A - E 11 15 3 9
i =1 2 7 Questi differenti No of
ion statement tiation. No of errors in

: - 3 l; f: achieving 25 correct responses.
A-Y 10 21

Vowel pairs discrimination. No of errors in achieving 25 correct
responses.

be seen that better results were obtained throughout (except the recognition of
environmental sounds) with the ECME device than in the subject using the high
powered hearing aid. As can be seen the hearing aid subject had significantly better
hearing than the patient using the ECME device, who was unable to use a hearing
aid at all. Our present experience shows that the device is appreciated by patients
with profound losses and no hearing above 2 KHz. The results here indicate that in
the more profound hearing loss ECME gives more benfit than a hearing aid.

4. Conclusion

The ECME is better than a conventional high powered hearing aid in some
profoundly deaf patients. It gives an awareness of environmental sounds and reduces
the feeling of isolation and sensory deprivation. It is simple to use and avoids
surgical implantation. It might be preferred in cases where implantation is not
available or contra indicated. It may be useful in a cochlear implant programme to
aid assessment and counselling pre-operatively. Its low cost compares favourably
with that of a conventional hearing aid.
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BRIEF NOTE

SAW GENERATED ELECTRIC CHARGE ON A METAL DISK ON PIEZOELECTRICS

E. DANICKI

Institute of Fundamental Technological Research, Polish Academy of Sciences
(00-049 Warszawa, Swigtokrzyska 21)

Scattering of a plane SAW by a circular, perfectly conducting disk on a piezoelectric
halfspace is considered. A new theoretical approach allows to take into account the electric
anisotropy of the substrate and gives the solution for the electric charge density on the disk
in a form of fast convergent series for a wide range of wavelength of the SAW,

1. Introduction

Scattering of surface acoustic wave (SAW) by metal disk is exploited in some
SAW devices [1], there is also an interest in considering the problem, as it may be
helpful in modelling narrow interdigital transducers (IDT) [2].

There are many papers in literature considering electromagnetic wave scattering
by a metal disk [3, 4], but they cannot be directly applied to the case of SAW for two
reasons:

— in the SAW case the total current flowing to a grounded metal disk is of our
major interest for wide range of wavelengths as compared with disk diameter.
- — usually, the piezoelectric halfspace must be considered as an highly anisotropic
dielectric.

The proposed theoretical approach is based on the known Galerkin’s method,
but further considerations are quite different and allow evaluation of
— the total current flowing to the grounded metal disk,

— the disk capacitance (anisotropy of the substrate accounted),
— the distribution of electric charge density on the disk in a form of fast convergent
series that allows evaluation of the scattered acoustic field outside the disk.
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2. The diffraction problem for a circular disk

We consider electric interaction only between the metal disk and SAW with
angular frequency @ and wave-number k. The Green’s function for a stress-free
piezoelectric halfspace expressing the electric potential as dependent on electric
charge, both on the substrate surface, can be divided into two terms, the first one
describing dielectric properties of the substrate and the second one describing elastic
waves, weakly coupled with electric quantities [5, 6].

Let r be the distance between the point (r, 9) where the potential is evaluated
and the point (, §), where electric charge is placed on the substrate surface (we apply
the cylindrical coordinates r, 9, z but we confine our considerations to the substrate
surface z = 0. The 3 and ¥ are angular coordinates describing the direction of the
corresponding vector on the anisotropic halfspace). It can be shown, that the first
above-mentioned dielectric term of the Green’s function [7]

G(r, 8) = [2nre e (9 +7/2)] ! (1)

is much larger than the second term, if only krK? « 1, where K2, which is usually less
than 0.01, describes the piezoelectricity of the substrate. Thus, confining our
consideration to disks having diameters of up to about 10 wavelengths, the second
term of the Green’s function can be neglected. The term ¢,¢,, which is the effective
surface permittivity dependent on J for anisotropic piezoelectrics, can be written as
follows (n-even)

CRARE DY A 2

Under this simplification the condition that the grounded disk potential is equal
to zero takes a form (the disk radius is applied equal to 1, for simplification, S — the
disk area)

—@°(r, 9) = [[G(r, 9o(r, ¥)dS (3)
s

where ¢ is an electric chargé distribution on the disk, and
@° = exp(jkrsin9)
is the electric potential coupled with the impingent SAW.

3. Evaluation of charge distribution

Let apply the representation for the charge distribution on the disk in the form
(m and n have the same parity, n > 0)

0= a."mru(l _rZ)" l,i'zejms (4!]
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After some transformations, the right-hand side of (3) can be written in the form (p, s,
I — integers, J — Bessel function)

O p[(— 1Y AT/ +(+ 1) BR2/F) ] (arl) ™ (s)

where 0 < s < n, and there is summation over | in (5), 0 < < co.

The key observation is, that the second component in the bracket above leads to
the inappropriate solution for electric potential under the disk. In fact, it leads to the
function like a cone [8]. To avoid such a solution we have to confine the
representation (4') of charge distribution as follows (Appendix)

n = |m ")

which is the sufficient condition for vanishing of B in (5).
The left-hand side of (3) can be written in the form

smk (k/nml) .o =2 for m=0
Z(_l" —(k/n 1)’1"’J Imlmrl); t=Iml for m#0

(6)

In spite of the similarity of both expressions (5) and (6) we can not compare them
directly for each 1. To do this we have to use Lagrange extrapolation formula,
allowing (6) to be approximated as follows (0 < s < N)

(=1)Cy/I*e™J (nrl) )

if k < Nm, where N is the upper limit of n, applied in the representation (4).

. Now, we can compare (5) and (7) for each s-components separately, which
results in the set of simultaneous equations for ¢,,. There is a triangular set of
equations for each m, each set coupled with the other by the term yx,,_,. However
note, that for isotropic substrate only y, is different from zero, which allows solution
of the equations for each m separately.

.

4. Evaluation of total electric charge generated by SAW

Integration of the charge distribution given in (4) results in the expression for
a total charge on the disk of radius R

Q = 4(sinkR/K) 15" (8)

and it follows from the above relation (apply k = 0) that the disk capacitance is equal
to (see [9] for isotropic case, where g, = 1+¢)

C = 4R}z, ©)

Both relations are correct for arbitrary anisotropic halfspace, where y, is described
by the relation (2).
The above formula can be generalized to the case of an elliptic metal disk by
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FIG. 1. The diagram of charge distribution for isotropic (a) and anisotropic (b) case. Only the imaginary
component of a complex valued charge amplitude is shown, with square root term dropt in (4). The
contour line levels are in arbitrary units

introducing the coordinate transformation of an ellipse to the circle. The transfor-
mation results in the dependence of ¢, on 9, which may become a quite complicated
function, so that y, changes, as well

As a numerical example, Fig. 1 shows the diagram of charge distribution
(imaginary part of its complex value), with square root term dropped in (4), for
a circular disk on isotropic substrate, and for 4:1 elliptic disk on Y Z lithium niobate,
the major axis of the disk is rotated about 47 degrees off the Z axis (this orientation
is applied for reflecting SAW from Z to X direction). In the latter case the figure
shows the charge distribution in the coordinate system transformed as discussed
above, so that the charge distribution on the equivalent circular disk is presented.
We see considerably different charge distributions in these cases.
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Appendix
Consider a charge distribution in somewhat different form
#
olr, 9) = Tmn (T 2)i72 (:))1,29’"" (10)

which substituted to the right side of (3) yields the following expression for it (after
many transformations)

1

_aknXm-kCik'ﬂ(Signk)tejmshﬂ(“h)

. (11)

T2 J . rarsicpd
mn) _ . SR m| Yiml-n+1|m+n-1 Im|—n—1+|m|+n+1
fr = (z/2)* signm) [ xet Tttect y Jiins Jims ]

where the argument of the Bessel functions J is the (nl/2), sign (m) = + 1 for m = 0 or
—1 for m < 0. Some further transformations concerning the Bessel functions above,
which have half-integer indices, allows to obtain (5), as well as to prove the thesis in
the line next to (4).
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NEW APPROACH IN THE THEORY OF MICROSTRIP WAVEGUIDES
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In literature, the Galerkin’s method is usually applied in analysis of microstrip
waveguides and couplers. Below, a new method is proposed that is a generalization of one
developed previously for analysis of SAW waveguides [1] to the electromagnetic case. The
proposed approach exploits some identities fulfilling by Fourier series which coefficients are
expressed by Legendre functions,

1. Formulation of the problem

Let’s consider a periodic system of metal strips on a plane y = 0 in vacuum. The
period of strips is 2n/K and they have infinite length along z-axis. Following the
Floquet theorem the solution to the Maxwell equations for the system considered
has a form (A means an electromagnetic field component)

Afe®e Iy xe Istre k= (1.1)
r.=r+nk, ko = 0*uye, (1.2)
Sa = —8y = (k§—k*—r2)!? (1.3)

where indices +and — mark the solution in the upper (y > 0) and lower (y < 0)
halfspaces where they fulfill the radiation condition.

Introducing Hertz potentials ¢ and Z¥, the electromagnetic field components
can be expressed as follows [2]

E, = —op,s,®,—kr, ¥, (2.1)
E,=(k3—k»YP, (2.2)
H, = —kr,®,+weys, ¥, (2.3)
H, = (k§—k*)®, (24)

where index n describes the wave-components correspondingly to (1).
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The boundary conditions at the plane y =0 are

El!=E;=E, and E,=0 on metal strips (3.1
El =E; =E, and E,=0 on metal strips (3.2
Hf —H; =0 between strips (3.3)
H}—H. =0 between strips (3.4)

2. Construction of the solution

There are known identities [3], [4]

M3
Y e iKx ¥ 4 Pi =0, between strips 4.1)

n=-m m=M;

M
Y e k= % B Si-mPi-m=0, in area covered by strips:  (4.2)

n=-aw m=M;

where P denotes Legendre functions of argument 4 = cos(Kw/2), where w is the strip
width, and <0, S, =1 for k>0 or S, = —1 for k <0. There are arbitrary
coefficients « i f, which allow to express any function in a form of (4.1) or (4.2) in the
proper domain under the strips or between the strips, if only this function behaves at
the strip edges like e "27* for ¢ — 0.

Then, taking into account (3.2) and (3.1) we can write

'P: =9, =¥= YeSu-mPa—m (5.1)
O = -0, =@,=¢nPrn (52)

where (5.2) ensure fulfilling (3.4).
The relations (3.1) and (3.3) require fulfilling

E, = —ouys,P,—kr, P, = enSs-nPr-m (6.1)
%[H,] = —kr,®@,—weys, ¥, =h,Pr_n (6.2)
for every n (above, summation convention concerns g, v, m only). The solution of (6)

should have a form of (5), that is

_ O89S, Sn—mPh-m+ hukry Py—m

OuPr-m = (7.1)

— e pgsi —k*r}

efnkrusn—mPﬁ'm_ h:lmposnp:—m

it =
wm n mPull m _wzanpus’%_klr’%

(7.2)
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The idea of the method [1] is closed in requirement, that the above equations
are identities for every |n| — co, in approximation for every n < N, < 0 and for every
n> N, > 0, where s, ~ —j|r,| (this approximation makes (7) much simpler). In the
remaining area, that is for N; <n < N, the relations (7) will be satisfied through
properly chosen coefficients ¢, , e and h.

Consider the area n < N, or n> N,.

Taking the approximation s, % —j|nK +r| into account and the identity [3]

T - r -1 Ho—}m+ (A)—Pf'o_}m_ (‘d)
(n+ )Pt = (1724 2 Jpi- sy + P2 o= B

as well as limiting the representation (5) to the necessary p and v, that is in our
problem to

(8)

b =y Y V=Y ©)

only, the relations (7), taken as identities fulfilled for every n in the considered limits,
result in

e = (m—1/2+§) (jeotto b — k) (10.1)

bt = (m— 124 ) (kb ot (102)

e‘,,?] = Ua).uo(‘t’m—- 1~ ¢m+ 1)_ k(wm— 1 _Ipm+ 1)]/[2(] 1 AZ)I!Z] (103)
i = [=k(bm-1— b+ 1) =00 Wm-1 —Ym+ 1))/ [2(1 — 4%)"] (10.4)

It means that we reduced the unknowns to ¢ i  only.

Consider now the relations (7) for ne[N,, N,].

The unknows ¢ i y (they are vectors of M,—M,+1 dimension) should be
chosen from the condition (7) taken for every n in the limits considered. This requires
to apply the number of unknows equal the number of equations that is
M,—M;+1=N,—N,+1.

3. An example

The purpose of this example is not to solve any particular problem, but to show
the way, the solution can be obtained. Let us then apply the simplest case of K = 1,
ko =1,and 4 = 0, in which P®, = P5! = P§ = 1, P9 = 0, and assume that the wave
propagates along z-axis, that is r=0 in (1). What is more, we apply the
approximation that s, = |n| for every n # 0. Then in our disposal remains one
n (namely n = 0), for which (7) should be separately considered as the condition for
determining ¢ and . In this circumstance it is sufficient to allow unknows ¢, and ¥,
only in (6).
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The relations (10) results in
eV = —(jopgdo— k)2 €9 = (jopepo+kie)2 = —ef®
Y = (kg +jwego)/2 hQy = (ko +jweoo)2 = —h?
what substituted into (7) taken for n =0 gives

[f[(kz—l)”’—ll keoeo ][%J_O
—koyg —jl* =12+ 1] ] o]

Finaly, the dispersion relation is k = 1. In this simplest case and under the
approximation applied we obtained trivial solution.

4, Conclusions

It has been shown how the solution can be constructed for the case of periodic
metal strips. But in practice we have a single strip on a layered media and this needs
following comments ‘

— for K small considered case of periodic strips can be a sufficient approximation
for the case of a single strip,

— for layered structure the relations (1), as well as (6) are much more complicated,
but for |n| — co the relations (10) still hold, as well as the method of constructing the
solution (5) and (6),

— the generalization to the case of microstrip couplers (the case of few strips) is also
possible, by analogy to [5],

— the method can also be generalized to the case of scattering problem of wave on
a periodic system of metal strips.
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BRIEF NOTE

SPECIFIC PERFORMANCE OF IDT EDGE FINGERS

E. DANICKI, D. GAFKA

Institute of Fundamental Technological Research Polish Academy of Sciences
(00-049 Warszawa, Swigtokrzyska 21)

A rigorous field theory has been developed that allows to analyze the generation and
detection performance of each metal strip in a system of a few of them. The theory sHows
that the edge strips of the system works differently as compared with these positioned inside
the system. The familiar é-function model however, can still be applied provided that the
d-sources of SAW are properly scaled and shifted from their position at the centres of the
strips. The scaling factor and the shift magnitude (which are larger for the edge electrodes of
IDT) are determined by theory. Some numerical and experimental examples are presented,
which seem to agree well.

1. Introduction

Surface acoustic wave (SAW) propagation in a system of metal strips deposited on a piezoelectric
substrate occurs in a number of SAW devices:

in interdigital transducers (IDT) consisting of two or more metal strips (fingers), which generate and
detect SAW,

in resonators, where metal strips can be used for SAW reflection,

in reflective array compressors (RAC), where the reflection of obliquely propagating SAW from metal
strips is exploited,

in convolvers, where a strip is applied to form a waveguide for SAW.

Allowing certain idealization, ie, neglecting mechanical and certain electrical properties of electrodes
(mass, elasticity, finite electric conductance), the mathematical model of the above — mentioned system of
metal strips corresponds to the boundary problem with mixed electrical, and homogeneous mechanical
boundary conditions. In this work the method for analyzing SAW propagation in a system of metal strips
proposed in [1] (for eigenvalue problems) and developed in [2, 3] (for nonhomogeneous problems
concerning SAW generation and detection) is applied.

A generalization of the method [1] from the case of periodic split strips to the case of multiperiodic
strips (the periodically repeated groups of several metal strips) is given as well as a functional dependence
between currents and voltages of the electrodes. The transadmittance relation is derived, expressing the
dependence of the current flowing to a given grounded metal strip on the potentials of the other strips.
Numerical results for a group of several electrodes are presented, which show the dependence of
clectromechanical transformation efficiency of a metal strip on the strip position inside the group. These
results allow one to take into account the specific performance of edge fingers of IDTs.
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2. Formulation of the boundary problem

A piezoelectric half-space is considered. The surface acoustic wave propagation
is described by a complex harmonic function

eﬂau-txﬂ (1)

where o is an angular frequency (the factor exp(jwt) is neglected throughout the
paper) and k is the wave-number of SAW (Fig. 1). Neglecting bulk waves, the
approximation of the effective surface permittivity that describes sufficiently the
piezoelectric halfspace is given by [1, 2]

o(k) = —jAD /E) = eer(k* —k2)/(k* — k) )
where k, and k, are wave-numbers of SAW propagating on metalized and free

halfspace, correspondingly. The strip width w and the separation 2p between strip
centers are equal within every group of N strips, and the groups repeat periodically

X

Fic. 1. Multiperiodic system of metal strips (N =3 in the figure)

with period A (see Fig. 1). Define K = 2n/A as the wavenumber of the system of the
groups of strips. According to the Floquet’s theorem, the electric field in the system
can be expanded into a series of harmonic components

E; = Y E.exp(—jlk+nK)x, (3)
and similarly 4D (the difference of the electric flux density). The boundary problem
can be formulated as follows:

E;=0 on the strips, 4D, =0 between the strips- 4)
Proceeding in a similar manner as in [1, 2] new functions have been derived
o o
Gy(0; o) = Z S XNe " Fy(0; a)= Z X (5)
n=-o n=—o

which fulfill the corresponding conditions
Gy(0; @) =0 on the strips, Fy(0; ) = 0 between strips, (6)

where parameter o = Kp. Details concerning these functions see Appendix A.
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Applying. the method [1], the quantities E, and 4D, can be expressed as

Hz M2z
E, = Z % Gy (K x5 Kp)ei k=, 4D, =j Z ﬁmFN{KxaiKP)e-jmxn-{T)

m=-M; m=-—M,

3. Currents and potentials of electrodes

The relations (7) allows the calculation of the value of currents flowing to
a single metal strip for any wavenumber k as follows

= o Xn_nsin[(k+nK)w/2) _ ..o
l* ol _zwsg[-ll=zu1 amI:" I:' T s=E-m : k"“nK ¥ j(k+ = (8)
where x, = (2k—N—1)p,(k=1, 2,... N) and similarly the I-th strip potential
My ® ¢ XN
Vi= —j Vi, . Vi = AmTATm o Hk+nK)x,
J,,.;_:M,a”’ " ,,;_:m k+nK © @)

It is noticed, that a,, should satisfy some conditions to ensure that the potential is
constant on every strip and the conditions that the strip potentials are V' (see
Appendix B for details). This allows us to express the unknowns a,, by the values of
V!, which substituted to Eq. (8) gives

=Y,V Yy = —j2we, 0% [F '], (sum after m, ). (10)

4. Transadmittance relations

The relation (10) should be considered as the relation between Fourier
transforms I*, V' of discrete functions, namely the discrete set of strip currents I* and
the discrete set of voltages V', where indices k or I describe the position of the given
strip on the x; axis. The transform parameter k is treated as independent variable
taking its value from the area of first Brillouin zone —K/2 < k < K/2 [2]. The
inverse Fourier transform of a discrete function is

1 K/2
F'=— [ F'(k)e ™ dk. (11)

K ~Ki2
The following notations are introduced in order to determine the strips uniquely:
s=(m,k) and t=(n,l) where k,I — number of metal strip in the group,

k,le[1, N],and n, m — number of the group, n, me(— o0, ). Applying (11) to (10)
results in

I,=Y,V, (sum after 1) (12)



52

E. DANICKL D. GAFKA

Table 1. Relative transformation efficiency b, of electrodes

N 1 2 3 4 5 6 7
0.4834
2 0667 |, Gor30
0.7407 0.6839
: 0.7825 | 100035 |+j0.0102
0.7241 0.7241
10,0122 08409 | 1 i00122
08168 0.7708 0.7390
) 08409 | .:00012 |+j00011 | +j0.0026
0.7772 0.8698 0.7917
10,0068 09036 | L :00013 |+0.0053
prod 08168 07934 | 07707 0.7392
' +j00012 | 4j0.0004 |+j00015  [+j0.0001
07772 o 0.8698 08373 0.7922
5| frioooss : +j00013 | +j0.0001 | +j0.0003
08332 0.9039 b 09039 | 08332
+j00052 | +j0.0014 : +j0.0014 | +j0.0052
Ll 08171 0.8168 0.7932 07704 | 07391
: +j0.0008 | +j0.0016 |+j0.0031 |+j0.0041 | +j0.0024
6la| 0172 e 0.8824 0.8698 0.8372 0.7924
H+0.0068 F +j0.0009 | +4j0.0016 | +j0.0027 [+0.0005
08332 0.9039 s 09624 09262 08754
§0.0052 | +j0.0013 : +j00001 | +j0.0017 | +j0.0004
B 0.8244 0.8081 0.7918 07758 | 0.7601 07382
' £j00002 | +j00022 | +j00041 [ +0.0059 |+j00075 |+j0.0076
07772 sogsi 08826 | 08624 08410 | 08210 0.7385
2| % friooot : +j0.0003 | +j0.0021 | +j00041  [+j0.0057 | +j00076
0.8320 0.9036 zac 09271 09017 | 08752 0.7933
1j0.0021 | +j0.0002 ' +j00001 | +j00021 |+j0.0037 |+j0.0056
08752 09263 09612 A3 09612 09263 08752
j00005 | +j0.0017  |+j0.0001 ‘ +j0.0001  |+j00017 | +j0.0005
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where
2 K/2 M3
Yu =l @ty | Ry ik, Ry= ¥ IALF T . (13)
-Kj2 m=-M,

The integral (13) can be evaluated partly numerically and partly using the Cauchy
theorem. Finally, the result of integration can be written as

Vs = ¥ 5+ Y5 ¥ = bul(4v/v)s(1 — s)sinns] e~ i1x—xelro (14)

where s = pro/n and ry is the wave number of SAW propagating in periodic metal
strips with period 2p. Index C describes terms connected with mutual capacitance of
the metal strips. The most interesting term YX, which is the radiation part of
transadmittance, is proportional to the parameter characterizing the piezoelectricity
of the substrate (4v/v). We recognize the term describing time delay of SAW between
the strips s and ¢ in the form exp(—j|x,~x,|r,), however, by, can have complex value
so that the phase shift between I, and V, is described by both the above exponent
term and arg{by,} simultaneously. The values of by, for a group of N electrodes is
shown in Table I for the center frequency f, = v/4p. It is to be noted that the
dependence of by, on frequency is week so that the values given in Table I can be
used for a wide frequency band about f,.

5. Theory of IDT

Below we consider strips having their widths equal to the spacings between them
in the group, and the period of groups is assumed so large, that groups are almost
isolated. This models the single group of N metal strips deposited on a piezoelectric
substrate, that is exactly the case of interdigital transducer. The result (14) can be

It
(dB]

e 80 - 80 FiMHz] 00

FiG. 2. IL of SAW DL on YX SiO, composed of two 7-fingers IDTs: = the above theory, — — — the

o-function model [2], + + 4+ experimental data (thanks to Dr J. FiLipiak and Dr A, KAwALEC for
experimental data)
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easily applied in analysis of interdigital transducers [3]. To do this, one should take
into account that some transducer fingers are connected to one transducer bar, while
the others are connected to the other bar. Correspondingly, the finger potentials are
¥, and V. The currents of transducer bars can thus be evaluated on the strength of
Egs. (12) and (14), and finally, the potentials ¥, and V, results from the Kirchoff's
laws [4]. Fig. 2 shows the results of analysis of delay line consisting of IDTs having
7 fingers, aperture A =4 mm and p = 11 pm. YX quartz was applied as the DL
substrate. Shown are results given by the present theory, the theory [2] for periodic
fingers (that is equivalent to d-function model) and the- experimental results, for
comparison. The main effect of the specific performance of the each fingers of DL
transducers (that is the different by, for different k and /) is the broadenning of DL
passband and the increasing of DL insertion loss, as compared with [2] or é function
model. The results presented in this paper are quite similar to those in [5] however
they were obtained on rigorous field theory of propagation and generation of SAW
under periodic system of groups of electrodes. Such a second-order effect, as SAW

IL
(dB1

-1nor

M55 0 90 FIMHz]

FiG. 3. Distortion of IL of DL two 7-fingers IDTs, 4v/v = 0.2 resulting from the Adv/v reflection of SAW
from electrodes

reflection from electrodes were taken into account in the theory. As known [3, 6] this
effect distorts the frequency dependent radiation conductance of the transducer. This
is illustrated on Fig. 3. The same delay line as presented above was analyzed and
Av/v was applied as high as 0.2 in order to make the distortion clearly seen. To our
best knowledge, this is the first rigorous theory of that effect.
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Appendix A

An expansion of Gy or F, into the Fourier’s series gives

Gy@;0)= Y S, Xye ™, Fy@;a)= Y XNe M (15)
ns—oo n= =
where
for n=0 for n<0
(X! = P,(cos4), XV, =XV_, forodd N
Gt |
X2= Y P,P,_pm-ycos[@m—n+1)a], X3=0 X¥,= —X"foreven N
m=0
...... S 4 3 SR
X¥=23 Xilwn-1a"XN"2, (16)
" m=1

where X7 |, means that X2 are the expansion coefficients of F ,(0; p).

Appendix B

Assuming, that V' are known, the following set of equations is obtained

M2
Y Frag=jvty l=1,2,...,(M;+M,+1) (17)
m=—M,
where
. Visforl=1.2,....N 18)
avillBSnn b S I X forl=(N+1),...,(My+M,+1) (
atn="4+1-N-1
for me[-M,, M,]
s Viforl=1,2,...,N (19)
0, fOI!'={N+l),...,{M2+M1+l)
Solution of the equations (17) with respect to «, gives
Mi+M+1
ty=j Y [F'hv,m=-M,.. .M, (20)
ne=1

where .# ! is the inverse matrix to .#, what gives next (10).
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1. Introduction

The acoustoelastic effect consists in the relationship between elastic deformation
and velocity of acoustic waves in the medium. Properties of this phenomenon are
most frequently observed in the course of measurements of changes of travel time
of very small amplitude ultrasonic waves propagating in solids subjected to loading
with external forces. A theoretical model is approximated in such experiments by
superimposing infinitely small variable displacements on finite elastic deformation.
Velocity increments of ultrasonic waves due to stress are usually small and high time
resolution apparatus is necessary for their measurement. Velocity changes due to
stress are proportional to stress and in a given medium they depend on the direction
of wave propagation and orientation of particle vibration in the wave in relation to
direction of stress. A 10 MPa increase of tensile stress in steel decreases velocity of
longitudinal waves propagating in the direction of stress by about 0.75 m/s;
longitudinal waves propagating perpendicular to stress by about 0.1 m/s; transverse
waves propagating in the direction of stress by about 0.07 m/s; transverse waves
propagating perpendicular to stress and polarized in the direction of stress by about
0.4 m/s, while those polarized perpendicular to the direction of stress by about 0.1
m/s. These changes depend on type of material, and for example in the case of
aluminium and its alloys they are approximately twice as big and in plastics many
times greater than in steel. The linear theory of elasticity does not lead to
a relationship between elastic deformation and the velocity of acoustic waves.
According to the linear theory of elasticity velocities of acoustic waves in an isotropic
unbounded elastic medium are expressed by:

E(1—v) |G
e(1+v)(1=2v) VT_\/; ()
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where: ¥V, and V; are velocities of longitudinal and transverse waves, respectively;
E and G are longitudinal and shear moduli of elasticity (second-order elasticity
constants), respectively; v — Poisson’s ratio; ¢ — mass density. A relationship between
velocity of acoustic waves and stress is reached when the non-linear
stress-deformation dependence is included. Initial form of expressions relating
velocity of elastic waves with low amplitude, and stress for an isotropic medium were
given by HUGHES and KeLLY [1] in 1953. Their paper initiated wide theoretical and
experimental research on the acoustoelastic effect, as well as trials of implementing
the stress-velocity relation in measurements of residual stresses in materials and
structure elements. An extensive review of theoretical and experimental work
concerning the acoustoelastic effect can be found in monographs and review papers
[2-5]. The velocity, ¥, of waves in a body elastically deformed by uniaxial stress, o, is
expressed by second-order elasticity constants, A and u (Lamé’s constants at ¢ = 0),
mass density in neutral state, g,, and third-order elasticity constants, k, [ and m.
Expressions achieved in paper [1] for longitudinal and transverse waves propagating
in the direction of stress have the following form:

A+

Qo Vi = A+2u+-i 21+i+—£(4m+4ﬂ.+10,u) (2)
3K, <

2o Viai=n 3K0|:m+4#+42.+4,u]. 3)

Succeeding indexes of V denote the direction of wave propagation, direction of
particle’s vibrations and direction of stress. Velocity changes due to stress described
by formulae (2) and (3) are related with non-linear properties of elastic interaction of
particles in the medium. Experiments indicate practical linearity of the o-v
dependence and in stress measurements the expression in used:

v—vy I,

.. . @)

where: t, and t are travel times of waves over a constant path in material in initial
and deformed state, respectively; f is the acoustoelastic constant of the material for
a given configuration between directions of stress, propagation and polarization of
waves in hitherto performed investigations. A symmetry of the effect is observed
when the sign of stress is changed. Replacing tension with compression causes
a change of sign of velocity increment only. Value changes of the acoustoelastic
constant have not been noted when the sign of stress was changed. A frequency
dependence of the acoustoelastic constant was not stated. No significant changes of
the acoustoelastic constant have been stated for different chemical composition of
steel, within limits permissible by standards, and the same f value is accepted for
a given grade of steel [6]. Research on the influence of metalurgical phase
transformation on the value of the f constant are performed [7].

The dislocation theory indicates the possibility of occurrence of additional
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velocity increments due to stress, when dislocations, vibrating in the stress field of
propagating acoustic waves, can be found in the crystal. Such dislocations are called
active dislocations to tell them from dislocations pinned down on the whole length
by point defects and dislocation network points. Active dislocations are introduced
into the material through plastic deformation. A hypothesis was made that in
plastically deformed construction materials dislocation changes of velocity can occur
beside changes due to elastic non-linearity of the crystal lattice. Additional velocity
changes due to stress should be taken into account in stress investigations based on
velocity measurements of ultrasonic waves.

This paper is dedicated to initial research on the acoustoelastic effect in
plastically deformed steel sample. Values of acoustoelastic constants were deter-
mined in 24H2MF and 45 steel in initial state and after plastic deformation. The
occurence of an additional source of velocity changes due to stress in plastically
deformed samples was stated. Properties of additional wave velocity increments were
investigated and the dislocation character of this phenomenon was stated. Results
were evaluated on grounds of the theory of dislocation modulus defect (changes of
the modulus of elasticity) based on the model of dislocations in the form of
a vibrating string [8].

2. Experiments

In measurements with waves propagating in the direction of stress, rod-shaped
samples with circular crossection diameter of 16 mm and length of 180 mm were
used. Sample ends at the length of 18 mm were threaded in order to mount the
sample in holders of a machine for tensile tests. Piezoelectric transducers, which were
sources of ultrasonic waves, were applyed to the flat surface of the sample’s end face.
Measurements with waves propagating perpendicular to the direction of stress were
made on rod-shaped samples with rectangular section in the measurement part.
Piezoelectric transducers were applyed to the flat side surface of samples.

Changes of the travel time of pulses of ultrasonic waves between chosen bottom
echos were measured during loading with a tension and compression, when samples
were in a state after stress relieving annealing (573K, 24h) and after plastic
deformation. Plastic deformation was introduced by stretching samples. Measure-
ments were carried out at constant room temperature with a meter of travel time of
pulses of ultrasonic waves. The meter provided + Ins resolution. From measured
values of travel time a part of time change resulting from wave’s path increment due
to elastic deformation of sample was subtracted:

to—t\ _[(to—t i ot
( t )a—( { )meuwed I (5)

where: [,—! is wave's path increment due to elastic deformation. In the case of
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measurements with waves propagation along the sample, the stress distribution on
the axis of loaded sample was included by introducing the shape coefficient, as it is
described in paper [9].

3. Results of measurements

Fig. 1 presents examples of velocity changes of longitudinal waves with
frequency of 4 MHz versus time after plastic deformation of a 24 H2MF steel sample.
Measurements were done at room temperature. After deformation a recovery of
wave velocity is observed. Recovery is practically full after 48 hours.

C.L

m/ss] 3 Py
L ]

5884

58804

'l i i i L i i i
™) % 80 720 160 (A1
time after plastic deformation

FiG. 1

Fig. 2 presents relative changes of travel time of longitudinal ultrasonic waves
with frequency of 4 MHz and 10 MHz, propagating in the direction of stress in terms
of stress value in the 24 H2MF steel sample before plastic deformation ¢ = 0 and
after plastic deformation ¢ = 3%. Data is arranged along straight segments. The
repeatability of results is better than 1%. Tangents of inclinations of these straight
lines are acoustoelastic coefficients for individual cases.

The acoustoelastic coefficient for longitudinal waves in a sample before plastic
deformation is equal to = —1.77x10"5 MPa~! and it has the same value for
tension and compression of the sample. Values measured for waves with frequencies
of 4 MHz and 10 MHz lie on the same straight line. Due to a 3% plastic deformation
the value of the acoustoelastic coefficient changes become depending on the
direction of loading. Also a frequency dependence of the coefficient is observed.
Values of the coefficient determined during compression are higher than during
tension. f§ values achieved during compression are higher for 10 MHz frequency than
for 4 MHz. During tension the f value for waves with frequency of 10 MHz is
smaller than for waves with frequency of 4 MHz.
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Results of measurements of the acoustoelastic constant for longitudinal waves
p* in samples with various values of plastic deformation have been gathered in Fig. 3.
Differences in the value of f determined during compression and tension initially
grow with an increase of plastic deformation, while for a deformation exceeding
approximately 1.5% f increments are small. Differences of f# value determined for
4 MHz and 10 MHz are measurable for plastic deformations exceending 1.5%.

Figs. 4 and 5 present results of measurements achieved for samples of steel 45.
A relationship between the coefficient for transverse waves propagating perpen-

45 :
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-E . waves LI & compression
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@Q
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g - determined during tension
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deformation
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-015
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-0%, : ] y p; ‘ 1%
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dicular to the direction of stress and polarized in the direction of stress, and value of
plastic deformation is shown in Fig. 4. Fig. 5 presents results of investigations of this
coefficient for longitudinal waves propagating in the direction of stress. The
character of the dependence resembles that for 24 H2MF steel.

Values of the acoustoelastic coefficient for longitudinal waves propagating along
the direction of stress in a sample of 24 H2MF steel, which after 3% plastic
deformation was annealed for 24 hours at the temperature of 573 K, determined
during compression and tension, are equal and within the measuring error equal to
value of § measured for this sample in initial state. A frequency dependence of f was
not observed.

The acoustoelastic effect in well annealed samples is fully symmetrical in
relation to the sign of stress and does not display a frequency dependence. In
plastically deformed samples a dependence between the value of velocity changes and
sign of stress is observed, as well as an increase of values of changes under the same
stress when the degree of plastic deformation is increased, and a frequency
dependence of the acoustoelastic coefficient is stated. Annealing of a plastically
deformed sample causes the recovery of properties exhibited by the sample in initial
state. Such properties of the phenomenon indicate the occurence of a second source
of velocity changes due to stress, besides the source described with elastic
nonlinearity of the crystal lattice. This additional source should introduce velocity
changes with the same sign independently of the direction of loading (velocity
decreases during compression, as well as during tension). Velocity changes in-
troduced by an additional source should be dependent on the degree of plastic
deformation and exhibit dispersion. Such properties are demonstrated by velocity
changes of ultrasonic waves resulting from the so-called dislocation defect of the
modulus consisting in a decrease of the value of the modulus of elasticity due to the
presence of active dislocations.

4. Dislocation changes of velocity

In crystals containing active dislocations a lower velocity of ultrasonic waves is
observed in comparison to the velocity in the same crystals with pinned dislocations.
The value of the modulus of elasticity in crystals containing active dislocations is
also lower than in a case of pinned dislocation loops. Thus the introduction of
active dislocations into the crystal (e.g. through plastic deformation) leads to
diminishing of the modulus of elasticity (modulus defect) and a decrease of velocity of
ultrasonic waves related to the modulus. The phenomenon of a decrease of the
modulus of elasticity due to the introduction of active dislocations has been known
in pure monocrystals. Under the same stress elastic deformation is greater in
crystalline media containing active dislocations than in the case when the crystal
lattice does not contain dislocations, or when the motion of existing dislocations is
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impossible. Total elastic deformation consists of displacement described by the
stress-deformation dependence, ¢, and dislocation deformation, &,:

E=¢&+¢, (6)
The first component of deformation is expressed by:
Eg = Cﬁt} Oij (7)

where: C — elasticity constants and ¢ — stress. Deformation due to a dislocation
loop with length I in the volume unit is expressed by a product of average
displacement £, loop length /| and modulus of Burgers vector b. The average
displacement of a dislocation & is determined by:

2= 7100y - ®
V]

where: y is the coordinate along the line of undeformed dislocation (Fig. 6). If A is the
total length of active dislocation loops in a unit volume, then the dislocation
deformation is:

b!
b= J &)y )

A decrease of the modulus of elasticity due to the presence of dislocations manifests
itself by a diminishing of velocity of ultrasonic waves, according to the dependence
(1):

AG AV

rl 2_1/ (10)

The decrease of the modulus of elasticity is accompanied by an increase of
dislocation internal friction. Both these phenomena are described by theories of
dislocation internal friction. The most fully verified Granato-Liicke theory [8], based
on the string model of dislocation loop, is developed from the equation of dislocation
loop’s motion:

%6, 08 0%

—+B——C— = b-0,si 1
A6t2+ ot Cay2 o,Sinwt (11)

where ¢ is the coordinate in the direction of displacement in the slip plane,
y — coordinate in the direction of line length, 4 = ngh* — mass of a unit of line
length, B — constant of dislocation motion damping, C = 2Gb/n(1—v) — stress of
a bent dislocation line, ¢ — mass density, G — elastic modulus, v — Poisson’s ratio,
b — modulus of Burgers vector of dislocations ¢, — amplitude of applied stress,
@ — circular frequency of changes of applied stress.
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The solution of the equation leads to an expression for a relative change of wave
velocity due to the presence of a dislocation loop with length I:

AV V-V, 4-G-b*Q Wi —w?
— () =—2)=—; — 3 (12)
vV Y n*A (@5 —®*) +(wd)
where: ¥, — wave velocity in a crystal without active dislocations; ¥V — velocity in
a crystal with dislocations; A — length of line of dislocations in a unit-volume;

Wy = ﬂﬂ\/m — resonance frequency of the loop; d = B/4, Q — orientation factor
including the dependence between stress in the direction of wave propagation and
stresses in individual slipe systems, @ — frequency of ultrasonic wave driving
vibrations of the loop. If the distribution of the length of dislocation loop is taken
into consideration, then the expression for velocity change will be as follows:

av T4V
—V(m] - 57(»‘)-:"1\’(1)0'! (13)

where N(I)dl is the number of loops in a unit of volume with length contained in an
interval from [ to I+dl, and integral of IN(l) substituted dislocation density A in
equation (12). For a random distribution of pinning points we reach:

N()dl = EAz-e""‘"dL (14)
a) £ r
6'=0
= L 5 - -
b :

Due to applied stress loops will bend into arcs (see Fig. 6) and the average free length
of the loop will change from L, to L.+L,. The influence of stress on changes of
damping of ultrasonic waves was analyzed in paper [11]. However, the phenomenon
of dislocation changes of velocity due to stress has not been hitherto investigated. If
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the increment of the length of a loop 6L, will be small in relation to L, then velocity
changes of ultrasonic waves due to stress applied to the sample will be noted as:

av el Wi 3
5[—V(m)] = a—Lc[g —V(I)J'N(I)-d{IéL,

A © AV l
=—=0L [ —@) | ——2 |e'*dl.

gy [ (g -2)eea
Inserting expression (12) in (15) and including the relation between the length
increase of the loop and changes of resonance frequency dl = n(wo)™'(C/A)™* we
reach an expression for measured value of dislocation velocity increment:

(15)

K 1 1
av 4'6'9‘62.42“’(Z_WZ)'I'(E‘—Z){? IL,
: _-_(w) X Vg 2 dl {16)
4 n’L3 A K
C 0 (z_mz) +(wd)2

where: K = n*C/A.

The length of the loop Lc (initial state), occuring in expression (14), corresponds
to resonance frequency w,, while the length of the loop L (state after stress applied)
corresponds to lower resonance frequency wp.

Expression (16) indicates that the size of velocity changes of ultrasonic waves
related to the presence of active dislocations due to the application of stress depends
on the density of dislocations, free length of the loop at the state before stress is
applied, length increase of the loop due to applied stress, and on the direction of
propagation of waves in relation to direction of grains orientation in the sample.

5. Discussion of results

The change of wave velocity observed in plastically deformed steel samples
under elastic load consists of increments related to the acoustoelastic effect of the
lattice of tested material (expression (2) and (3)) and increments resulting from length
change of dislocation loops (expression (17)):

(V— Vo) - (V— VO) 4 (V— Vo) (17
V() measured p::) lattice Vo dislocation *

When the direction of vibrations of the medium’s particles during the propaga-
tion of a wave is consistent with the direction of stress, then during compression the
wave velocity is higher than in the initial state and during tension velocity decreases.
The sign of the first component of measured velocity changes depends on the
direction of applied stress. Elastic tension, as well as compression of a sample
containing active dislocations leads to an increment of loop length, and hence to
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a velocity decrease. The sign of the second component is independent of the sign of
applied stress. The dislocation velocity change increases the acoustoelastic velocity
diminishing during stretching and decreases the velocity increment during compres-
sion,

The density of dislocation grows during plastic deformation. Research based on
the eatched pits count indicate a monotonic increase of the density of dislocations
accompanying an increase of plastic deformation [12]. The average free length of
loops changes simultaneously with an increase of density of dislocations. However,
this change can be in more complex relation with plastic deformation, because the
density and distribution of pinning points changes with time due to the diffusion of
point defects from the bulk to dislocation lines and diffusion along dislocation lines.
In the case of higher values of plastic deformation the motion of dislocations in some
slip systems can be hindered (pile-ups of dislocations) and further deformation causes
crystalline rotation, so not blocked slip systems are positioned advantageously with
respect to the direction of deformation. Surface waves were applied in investigations
of the dependence of dislocation velocity changes on plastic deformation in iron
[13]. Monotonic velocity changes with regard to deformation have been stated for
waves travelling in the direction of the deformation. In the case of waves propagating
perpendicular to the direction of deformation the dislocation velocity loss initially
increases up to 70% deformation, achieves a maximum and decreases during further
deformation. This type of dislocation velocity change suggests that the influence of
density of dislocations predominates the effect of the average free length decrease of
the loop and an increase of dislocation velocity losses due to applied stress should be
expected for waves travelling in the direction of plastic deformation (expression (16)).
As to other directions of waves with respect to the direction of displacement
a different dependence is possible at high values of plastic deformation.

Also the frequency dependence of the phenomenon indicates a dislocation
character of additional velocity changes during loading of plastically deformed steel
samples. For fixed parameters of the displacement lattice the value of the dislocation
velocity change initially increases with an increase of frequency, o, of waves passing
through the material, achieves a maximum and decreases for a further frequency
increase. The observed increase of velocity change due to applied stress indicates that
applied frequencies correspond to values on the left side of the minimum of
dislocation velocity changes. Changes of wave velocity due to stress increments do
not depend on frequency in materials without active dislocations.

6. Conclusions

Changes of wave velocity due to stress in steels with dislocations moving in
a field of ultrasonic waves are a sum of changes resulting from inelastic behaviour of
an ideal crystal lattice and changes introduced by dislocations.
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The lattice part of velocity changes characterizes a given lattice. Its value at
given stress is independent of frequency and wave amplitude. An increase of velocity
is caused by compressive stress in the direction of particle motion in the wave.
Stretching decreases velocity. The size of velocity changes is proportional to stress.

The dislocation part of velocity changes characterizes the dislocation lattice of
the crystal and its value depends on density and average free length of the dislocation
loops. This means that the value of dislocation velocity changes depends on the
degree of plastic deformation, recovery after deformation, content of point defects, as
well as frequency and amplitude of ultrasonic waves. The direction of dislocation
velocity changes remains the same when the sign of stress is changed.

The value is considered constant for a given sort of material in ultrasonic
measurements of stress. Results of this research indicate that such an approach
should be limited. In practice a steel sample kept at room temperature during several
days from cold plastic deformation exhibits full recovery of the modulus and decay of
the dislocation component of velocity changes due to stress. In order to state
whether a given material contains the dislocation component of velocity change, the
symmetry criterion during stress direction change and frequency test can be used.
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This paper contains a review of non-destructive methods of residual stress measure-
ments and results of research on the properties of the acoustoelastic effect with regard to its
application in investigations of stress fields in technological materials. Values of acous-
toelastic constants and temperature coefficients of velocity change were determined in
several construction metals for various types of waves. Relations between wave velocity and
texture, influence of texture in ultrasonic measurements of stress are presented. Ultrasonic
measurement methods of absolute values of stress in screws, railway rails and railway
wheels were proposed. Constructed ultrasonic meter of residual stress are described and
results of comparative X-ray, ultrasonic and destructive tests are given.

Dokonano przegladu nieniszczacych metod pomiaru naprezenn wlasnych i opisano
wyniki badania wiasnosci zjawiska elektroakustycznego pod katem jego zastosowan
w badaniach p6l naprezen w materiatach technicznych. Opisano aparature do precyzyjnych
pomiaréw predkosci fal ultradzwigkowych. Wyznaczono wartoéci stalych elastoakustycz-
nych i temperaturowych wspétczynnikow zmian predkosci w kilku metalach konstrukeyj-
nych dla réznych typéw fal. Przedstawiono zwiazki miedzy predkoscia fal i tekstura oraz
role tekstury w ultradzwigkowych pomiarach naprezer. Zaproponowano ultradzwigkowe
metody pomiaru bezwzglednej wartosci naprezen w Srubach, szynach kolejowych i kolach
kolejowych, opisano zbudowane ultradzwigkowe mierniki naprezen wiasnych i pokazano
wyniki porownawczych badan rentgenowskich, ultradzwiekowych i niszczacych.

Notations

constant dependent on screw’s geometry

constant of acoustic anisotropy of material, birefringence,
constant of anisotropy in state without stress,

constant of stress anisotropy,

longitudinal modulus of elasticity,

shear modulus,
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K = i+2/3u bulk modulus,

[ length, third-order elasticity constant,

L notation of longitudinal waves,

m, n third-order elasticity constant,

N sending head,

0 index referring to the initial state (without stress),

0 receiving head,

.4 force, hydrostatic pressure,

r radius, _ ih

R notation of surface waves,

SH notation of tramsverse waves polarized parallel to surface,

t time,

At time increment,

s time of flight in the standard material,

Vin phase velocity of waves propagating in direction i, polarized in direction j, under stress froa*
direction k,

AV velocity increment,

Wi coefficients determining texture,

o angle of incidence,

B elastoacoustic constant of material for waves propagating in direction i, polarized in directionj{
under stress from direction k,

A wave length,

A u : Lamé elasticity constants (second-order elasticity constants),

v Poisson’s ratio,

e mass density,

é stress. .

1. Introduction

Residual stresses can occur in elasto-plastic materials in a homogeneous
temperature field without external forces. They are formed as a result of structural
changes related to mass density changes or when the yield point is exceeded in
a partial volume of the material due to mechanical or thermal load. Residual stresses
and stresses originating from external loads sum up and frequently have a decisive
influence on the mechanical state of material. The strength of construction elements
can be adequatly higher or lower, depending on the signs of residual and external
stresses. Compressive residual stresses in tension under external loads areas are
advantageous.

A quantitative description of residual stresses is essential in studies of strength of
material and in the evaluation of exploitation properties of construction elements
and machine parts. However, complicated, arduous and expensive destructive
measurement methods of these stresses have hindered research work and limited
investigations to the most dangerous cases, Or cases causing failures most frequently.
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The following methods are considered classical methods of measuring stresses:
resistance tensommetry, X-ray diffractomme try, photo-elasticity and mentioned
destructive methods based on the measurement of deformations during stress release.
Among these, only photoelasticity is a direct method. Other methods are based on
the linear dependence between measured deformation and determined stress.

Measurement procedures and apparatus for resistance tensommetry have been
well developed. However, it is limited by a lack of possibility of measuring absolute
values of stress. Only stress increments can be measured with the application of this
technique, and solely on the surface of tested object. Photo-elasticity can be used in
investigations of stress distributions, but in models made from transparent materials
only. With the X-ray technique stresses can be measured only on the surface.
Numerous phenomena, influenced by stress, are experimentally applied in stress
measurements. The following are most important:

neutron diffraction,

Berkhausen’s magnetic noise,

acoustic emission accompanying magnetizing of ferromagnetic materials,
velocity changes of ultrasonic waves during magnetization changes,
microwave absorbtion,

damping of ultrasonic waves,

temperature dependence of velocity of ultrasonic waves,

acoustoelastic effect.

Results of stress measurements done with the application of mentioned phenomena
usually are not solely stress dependent, but also depend on other factors, including
parameters of the material such as: chemical composition, structure, thermal and
mechanical processing, history of the sample. Only investigations of materials with
high degree of homogeneity provide reliable quantitative results. Mechanical
construction materials rarely meet this requirement.

This paper is concerned with research on the utilization of the relationship
between velocity of ultrasonic waves and stress (acoustoelastic effect), which seems
promising in practical applications in measurements of residual stress on the surface
as well as inside technological materials.

2. Acoustoelastic effect

Velocity of acoustic waves in a solid body depends on forces of atom-atom
interactions and mass of atoms transmitting wave motion. The linear theory of
elasticity leads to known expressions of velocity of longitudinal and transverse waves
in an unlimited isotropic solid:
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v _\/l+2,u_\/£ 1—v
"N e Ve(+n(l-2)

o e i
127e N2el+v Vo

In these expressions Vis the phase velocity of the wave, first index determines
the direction of wave propagation in a cartesian coordinates system with axises 1,
2 and 3, second index determines the direction of particles vibrations in the wave,
o — mass density, E — and G — shear and elastic moduli, / — and pg — Lame’s
constants (second-order elasticity constants) v — Poisson’s ratio.

The classical theory of elasticity assumes infinitesimal deformations of perfectly
elastic bodies and does not provide for a velocity-stress dependence. When nonlinear
properties of solids are included, the velocity-stress dependence is achieved. In
a paper published in 1953 [1] HuGHEs and KeLLY derivated formulae for velocity of
elastic waves in solids subjected to stress (infinitesimal deformations superimposed
on finite deformation). They took advantage of Murnaghan’s theory of finite
deformations, including third-order terms in the expression for elastic energy of
a deformed body. Achieved by these authors dependencies between velocity of low
amplitude elastic waves and stress are considered fundamental in the description of
the elastoacoustic phenomenon:

(1)

0V3i = A+2,u—(a'/3KD)('{—“:‘-——'lf 41+ 10,u+4m)+ﬂ.+21), (2)
2 24
2 in
00V131 = u—(0/3K,) 43-"‘4#‘1""‘"3; s 4)
. Ain
0oV133 = u+(0/3K,) A+2F+m+a 3 (5)
W L
00V 3132 = n+(0/3Ky) (21—m+§ ks %), (6)

Similarly, for hydrostatic pressure
0oV3ip = A+2u—(P/3K,)(61+4m+Ti+ 10p), (7

0oV = #—(P/3Ku)(3m”;+3l+6ﬂ)» 8)
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where g, — mass density of not deformed medium; v — wave velocity in deformed
material; A and p — Lamé’s elasticity constants; m, n, | — Murnaghan’s third-order
elasticity constants, ¢ — uniaxial stress; K, = A+2/34 — bulk modulus of not
deformed meditim, P — pressure. The third index of velocity denotes the direction of
stress. Expressions (2) to (8) are used to determine values of third-order elasticity
constants on the basis of wave velocity changes due to given stress increments.
Including expressions (1) and (2) for velocity of acoustic waves in a not deformed
isotropic body, and accepting that velocity increments, v — v,,, due to stress are small
in comparison to absolute values of velocity, v and v, (what leads to an
approximation: V+ ¥, = 2V,), we achieve relationships between relative changes of
velocity and stress from equations (2) to (8). Such a relationship for longitudinal
waves propagating in the direction of stress is as follows:

2
%(4&+10p+4m)+1+21

(va;,) gl Qe
Vo /111 2(A+2u)(34+2p) t

Factors of proportionality between stress and relative changes of wave velocity are
called acoustoelastic coefficients. These coefficients are expressed by second- (4, p)
and third-order (I, m, n) elasticity constants. Linearized relationships, like expression
(9), ore the fundamental relationships of ultrasonic tensommetry. They have the
following form:

©)

Vij = V%(l +ﬁi}kak] (10)
ty = th/(1 + Binay)

where ¢ and t,, are travel times over a determined path in a material under stress and
material without stress (material in neutral state), respectively, while f is a acous-
toelastic coefficient.

Experiments confirm the linearity of the dependence between stress and relative
change of wave velocity. Fig. | presents increments of travel times of longitudinal L,
transverse Tand surface R waves propagating in the direction of stress in a St3 steel
sample, due to stress. Changes of travel times of waves were measured on a length
between receiving heads O, and 0,, equal to 196 mm for longitudinal waves, 107 mm
for transverse and surface waves.

Table 1 contains values of acoustoelastic constants for several structural metals.
The amount of velocity changes due to stress depends on the sort of material,
direction of wave propagation and direction of vibration of particles in the wave
(direction of polarization) with respect to direction of stress. Longitudinal waves
propagating along the direction of stress are most sensitive to stress. The velocity
increment of longitudinal waves propagating in the direction of stress in a sample of
carbon steel, resulting from a stress change of 10 MPa, is equal to approximately
0.75 m/s. This makes about 0.013 % of the value of velocity of longitudinal waves in
steel. The corresponding velocity increment for transverse waves is equal to about
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FiG. 1. Changes, 4t, of travel time of longitudinal waves L, transverse waves T, surface waves R,
propagating in the direction of stress versus stress &

0.05 m/s, and for surface waves — about 0.15 m/s. In a state of compound stress the
effect of individual stress components on wave velocity sums up. From equations (3),
(5) and (6) for waves propagating in the direction of thickness of a plate under biaxial
state of stress we achieve the following relationships:

AR
‘—”ng = Pizilo,+0;3), (11)
33
Vi, —V-
‘I‘M" = (B311—B321)(0,—0)), (12)
E(Vg1+ V32)

1
Vi, + Vi — Vi (VS +V%3,)

Ve, +VS, = (B311+B322) (@, + a3). (13)

In these formulae V° denotes wave velocity for zero stress. Naturally, V$, = V3, for
an isotropic material.

Expression (12) describes acoustic birefrigence. Due to stress an isotropic
medium becomes anisotropic. The difference of velocity of transverse waves
propagating in the direction of plate’s thickness and polarized in directions of
principal stresses is the measure of anisotropy due to stress.

Diagrams in Fig. 2 present times of flight of longitudinal, 54, and transverse, t5,,
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Table 1. Acoustoelastic constants of aluminium, copper and steel.

Consecutive indices of the symbol of the constant denote directions of

propagation of a wave beam, polarization of vibrations of particles in
the wave and direction of stress

Elastoacoustic constant 10~ *MPa™!

Material
-l gainonsal F’_H__ Paay __ﬁ”‘ bass Pray
Aluminium =775 | +L13 | -219 | -4 +0.89
nS o i MY MY T T ) W it B
Armco iron —269 | +049 | +0.13 | —048 | 3.3

Nickel steel 535| —1.13 | 4006 | —005 | —0.66 | +0.03

Steel 60C2H2A | —099 | +0.14 —0.0 =070 | +0.17
Steel Hecla 37 | —1.39 | 4002 | —-012 | -073 | 4003

Steel M56 =206 | +015 | —054 | =117 | 4047

waves in terms of a force compressing a disc from PA6N alloy. The time of sixteen
transitions of a pulse through the thickness of the disc was measured for longitudinal
waves and of eight transitions for transverse waves. In effect of a point pressure P,
acting along the diameter of the disc, a state’of biaxial stress is created in the centre
of the disc, where compressive stress is 0, = —2P/ngd and tensile stress is
0, =6P/ngd (d is the diameter and g is the thickness of the disc). Linear

| A
‘;ﬂs‘} material PA6N

51900

51850
"

N
transducer

51800

138

L

0 30 60 90
compressing force PLkN]

FiG. 2. Changes of travel time of longitudinal waves t,,, and transverse waves, {y; and t,,, versus force
P compressing a disc from PA6N alloy
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dependencies between stress and relative velocity change can be applied directly in
measurements of stress increments. Adequate electroacoustic constants are deter-
mined in tensile tests. Because of a significant temperature dependence of the velocity
of ultrasonic waves it is necessary to include adequate corrections for temperature in
ultrasonic measurements of stress. Fortunately velocity changes are in linear
dependence with temperature changes. Technological materials usually exhibit
considerable heterogeneity and anisotropy of acoustic properties. In various areas of
material free from stress the value of velocity of ultrasonic waves, ¥, can be different.
The limits of heterogeneity of acoustic properties of technological metals are not
known precisely. Results of wave velocity measurements performed on annealed
samples cut out from various areas of the same element indicate the scope of
heterogeneity. In the case of NC6 tool steel the greatest velocity difference of
longitudinal waves was equal to 3.2 m/s, for surface waves — 5.2 m/s and for
transverse waves — 5.4 m/s. In a carbon steel sheet local velocity differences
amounted to: 10.8 m/s for longitudinal waves, 6.9 m/s for surface waves and 7.2 m/s
for transverse waves. Such velocity differences can be incorrectly attributed to local
differences of residual stress. The ¥, value in the area of material under investigation
has to be known in order to determine the absolute value of stress. When
measurements of acoustic anisotropy are applied in investigations of stress fields,
then the anisotropy of the material free from stress has to be considered. Anisotropy
in a stress free state in policrystalline materials is related to the preferential
orientation of grains (texture) or to the directional arrangement of impurities. The
measured coefficient of anisotropy, 4, is a sum of anisotropy in a stress free state, A,,
and anisotropy caused by stresses, A;

A=Ay+A, (14)

Only A; values characterize the stress field. Typical values of coefficients of
anisotropy for transverse waves polarized parallel to the surface and for surface

Table 2. Typical values of coefficients of acoustic anisotropy. First index of V denotes the
direction of wave propagation, the second — direction of polarization. Letter R denotes
surface waves.

V,, —V, Vie=Var
. Vi —Va, 1 it o Vir—Var 1_1—
ey SV, +V,) E(Vut_ Var)
[%] [m/s] [m/s] [%]
Steel sheet hot
rolled (carbon
steel) +6 0.19 +4 0.12
Cold rolled
steel sheet
(carbon steel) +280 8.60 +122 3.90
Sheet aluminium 25 0.08 —150 0.05
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Table 3. Velocity of ultrasonic waves in a sample of austenitic
steel 23 Cr, 12 Ni

Wave | V[m/s] | Wave | ¥V[m/s] | Wave | V[m/s]

Ve | 5369 | ¥, | 3852 Vs | 3847
5775 = 3853 V., 2950
812 | W, 2960 Vis 3862

22
Vll

waves are given in Table 2. Direction 1 is the direction of rolling, direction 2 is
a direction perpendicular to the rolling direction in the plane of rolling.

Table 3 presents velocity values of bulk waves propagating in various directions
in a sample cut from austenitic steel. The velocity distribution of ultrasonic waves in
the cross section of a railway rail is differentiated. In Fig. 3 velocity changes of
longitudinal and transverse waves propagating along the length of the rail versus
distance from the rail surface are shown. The velocity distribution reflects texture
changes of steel formed in the rolling process. Anisotropy has to be taken into
consideration in investigations of stress fields in materials exhibiting anisotropy in

LR Viz ¥z

ImAl [m/A]

sggol— — -—————( )~ — () —320

3240

3230

3220 ~

F1G. 3. Velocity changes of longitudinal and transverse waves propagating along the length of the rail and
polarized parallel and perpendicular to the height of the rail versus distance from the rails rolling surface
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a state free from stress. In certain cases the value of wave velocity, V,, as well as the
coefficient of anisotropy, A, in a state free from stress can be measured in an area
under test before stress is applied. However, frequently such data is inaccessible and
in order to determine stress methods of determining ¥, have to be applied, which are
based for example, on measurements of velocities of many types of wares, with
velocities to a different degree dependent on stress, or take advantage of such
combinations of wave velocities, which are independent of texture.

Several possibilities will be discussed with descriptions of ultrasonic measure-
ments of stresses in technological materials.

3. Measuring technique of velocity of ultrasonic waves

3.1. Nanosecond time meter

A nanosecond mater of transition time of ultrasonic pulses was built for
investigations of properties of the elastoacoustic phenomenon. The block diagram of
the nanosecond time meter is shown in Fig. 4. The tuned generator produces
vibrations with period T. These vibrations are directed to the pulse selector. The
pulse selector produces a trigering signal for the transmitter, a marker signal and
gate signal. The transmitter activates the transducer of the sending head and sends
an ultrasonic pulse to the tested material. The period between the production of

G pulse 10
selector MHz
tuned quartz
generator oscillator
oscilloscope gate b o
t
O counter
release ® I
Y, Y; :
s 8 display
FiG. 4. Block diagram of a nanosecond meter of
marker travel time of pulses of ultrasonic waves. In the
bottom part a system of ultrasonic probeheads
; located on the surface of tested element. On the
sender — receiver side a pulse displayed on the screen is shown with

a marker before the pulse and guided to the pulse
leading edge. N — transmitting transducer of

N 0 I—'I 0, subsurface waves, 0,, 0,, — receiving trans-
k ) ducers. The arrow denotes a beam of ultrasonic

waves.
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successive ultrasonic pulses (repetition time) is equal to 100 T. After a period of time
equal to 9 T the time base of the oscilloscope is released. A time marker, appearing
after time period 10 T from the release of the transmitter, is superimposed on the
received signal, presented on the screen of the oscilloscope tube. By means of fine
tuning of generator G, its vibration period T, can be so adjusted, that the time marker
is located in a chosen place on the display of received ultrasonic pulse. In this case
the transition time of ultrasonic waves will be equal to 10 T. The time measurement
with +1 ns accuracy is achieved by a pulse count in time equal to 10* T from
a standard quartz oscillator with 10 MHz frequency and rounding of the indicator of
of last counter. Repeatability of successive measurements of time of flight equal to
+ 1 ns, for wave frequency 4 MHz, was achieved by using a V-shaped marker (Fig. 4)
and by applying the criterion of equal arms in the process of superimposing the
marker on the maximum. The accuracy of electronic systems is equal to +0.1 ns. The
relative error of time measurements is equal to 4t/t = 1073 (0.001%) for average
measured transition times ¢= 100 ps, what corresponds to a 60 cm distance in steel
for longitudinal waves.

3.2. Ultrasonic refractometer

The velocity of ultrasonic waves is determined in this instrument on the basis of
measurement of the critical angle of incidence. Measurements are performed in the
surface layer of material with area of a circle with diameter of approximately 5 mm.
The refractometer is equipped with a cylindrical vessel filled with liquid during
measurement, A transmitting receiving probehead is located in the side wall of the
vessel. It generates an ultrasonic beam. The geometric axis of this beam intercepts
the axis of the vessel. In the axis of the vessel a rotational table for specimens is
placed. The angle of rotation of the table (angle of incidence) is measured
independently by two goniometers: optical with a projection system and electronic
with a digital display. The path of ultrasonic waves in the refractometers measuring
vessel is shown in Fig. 5 together with examples of characteristics: coefficient of
reflection-angle of incidence for steel samples with various thickness. It results from
these characteristics that acute minima, thus well applicable in measuremts, occur for
critical angles for surface waves (curve 1) and plate waves (curves 2 and 3). The
refractometer is equipped with several systems automating measurements. The
counter of the electronic goniometer stops automatically when the amplitude of
reflected pulse passes through minimum. Therefore, measurement results are
independent of subjective assessment of person performing measurements. Angular
positions of these minima can be determined with this device with accuracy
exceeding + 1. This provides for resolution of phase velocity measurements of about
0.01% when a water-alcohol mixture with density ¢ = 0.975 g/cm? (elimination of
temperature influence on velocity of longitudinal waves) is used as standard liquid.
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F1G. 5. Principle of measurement of critical angles of incidence on the liquid-solid interface with an

ultrasonic refractometer and examples of dependencies of the coefficient of reflection on the angle of

incidence . Curves are for steel samples with thickness 20; 0.5; 0.3 mm respectively. Letters L, T and

R denote longitudinal transverse and surface waves, respectively, and critical angles for these waves. ag, s,
and 5; — minima corresponding to successive modes of plate waves

4. Examples of ultrasonic measurements of residual stresses

4.1. Stress measurements in bolts

Stress increment, 44, in a bolt can be determined from measurements of changes
of travel times of ultrasonic waves along the axis of the bolt. If the travel time is
measured before (0 = 0) and after (6 = 0) screwing tight the bolt, then the relative
change of travel time of waves along the bolt's axis are directly proportional to stress
and relationships 4t = f(46), determined from experiment for bolted joints in a given
construction, can be applied in measurements of stress changes due to screwing.

Fig. 6 presents results of measurements of relative changes of travel times of
longitudinal and transverse waves propagating along the length of a screw made of
25H2MF steel during tension [2]. The measured value of relative change of travel
time of ultrasonic waves due to path increase of wave resulting from elastic
deformation, and to velocity change caused by stress influence on velocity is:

‘““t=£=(1+ﬁ)a (15)

t to E
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FiG. 6. Relative increments of travel times of longitudinal L and transverse T waves propagating in the
direction of stress versus tensile stress. Sample from 25H2MP steel.

where E is the longitudinal modulus and f is an elastoacoustic constant. The
relationship is in force when ultrasonic waves propagate along a path in a medium
with stress 4. In bolts stresses are distributed along the hickness of the screw and the
recorded value At/t, is the measure of mean stress, J,,4, along the path of the wave.
Stress in the smooth segment of the bolt is

OiTh ‘fr"smjd- (16)

Naturally, coefficient k exceeds unity. As a result of a gross approximation
k = I/(l,+ a), where [ is the total length of bolt, [, — length of the smooth part with
uniform stress, and a — constant dependent on construction parameters of the bolt,
such as height off bolt-cap, length of threaded part, parameters of the thread, etc.

The value of coefficient k, dependent on the shape of the bolt and design of
bolted joint, can be determined from experiment, as well as from calculations [2]. If
we have previously measured the value of travel time, t,, before screwing the bolt
tight, then stress in the bolt can be calculated from expression (15). When the value ¢,
remains unknown, then stress in a bolt can be determined on the basis of
measurements of times of flight along the length of the bolt of longitudinal as well as
transverse waves. The idea of the measurement is based on the effect that
longitudinal waves are many times more sensitive to stress than transverse waves.
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The increment of travel time of transverse waves due to stress in the bolt is caused
mainly by the increase of the path of waves resulting from tension of the bolt.

Times of flight along the length of the screw of longitudinal waves, t%, and
transverse waves, t; , are expressed by sums of travel times before screwing tight,
t§ and tg, and time increments due to compression, 4t§ and At]:

1 o

" L. 4B — 4 BL )2
th=th+ At to[l+(E+ﬁ)k:| (17)

S R 1 2r\%
I, = to‘l’dtg m to 1+ “+ﬁ — (18)

E k

The 4, value can be derived from (17) and (18):

i, < k (19)

(&2 )~z

where: m = t}/t§, p = t]/t].

4.2. Measurements of longitudinal stresses in railway rails

Plastic deformations in the process of final straightening of rails are the main
source of longitudinal residual stresses in railway rails. A typical distribution of
residual stresses in the cross section of a rail after straightening is shown in Fig. 7.
Too high tensile stress in the rail head and base promote cracking of rails along the
web, while tensile stresses in the rail base sum up with exploitation stresses increasing
the danger of fatigue cracking. Previously destructive methods were applied in
assessments of the level of residual stresses in rails. These methods are expensive and

2.

200 000 00 200 30

FiG. 7. Typical distribution of average longitudinal residual stresses in a cross-section of a straightened rail
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FiG. 8. Block diagram of an ultrasonic meter of residual M{L
stresses. 1 — set of ultrasonic probeheads and tem-
perature-sensitive elements, 2 — commutation system P 5 ‘
for probeheads, 3 — transmitting-receiving system,
4 — visualization system, 5 — synchronization system,
6 — system for temperature compensation, 7 — unit for
time measurements, 8 — external programmer, uP 3
— counting system uP
7 2
6 !

can not be applied to the whole production. An ultrasonic meter measuring
longitudinal residual stresses was constructed. It utilizes measurements of travel time
of longitudinal, t,, and transverse waves, t,, over a constant path in the material of
the rail [3]. Fig. 8 presents the block diagram of the electronic part of the meter and
Fig. 9 presents the diagram of a set of ultrasonic probeheads collaborating with the
meter.

The transmitting transducer N, generated pulses of longitudinal waves, which
generate in the tested material subsurface longitudinal waves (when the angle of
incidence is equal to the first critical angle) or transverse waves (when the angle of
incidence is equal to the second critical angle) when they are refracted passing
through a plastic wedge. The transition of ultrasonic pulses is registered in turn by
separate pairs of receiving transducers for longitudinal waves (O} and 03%) and
transverse waves (0] and 0}). Measurements of travel time on the path between
receiving transducers are done with the differential method, i. e, travel time is
measured from the moment when the pulse is sent to the moment it is received by the
further receiver and then the travel time measured from the moment when the pulse

tr

le’

t=t, -t Gt -t,

F16. 9. Arrangement of transducers in a ultrasonic probehead of the stress meter
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is sent to the moment it is received by the receiving transducer closer to the
transmitter is subtracted from it. This method greatly decreases the influence of the
state of the surface on results of measurements. Heads are switched in turn by the
heads commutation system 2. They are connected with an electronic apparatus
containing a transmitting-receiving system 3, display system of ultrasonic pulses 4,
synchronization system 5, temperature compensating system 6, time measurement
unit 7 and microprocessor system. Calibration of the instrument consists in
determining and storing the value of the acoustoelastic constant f,, travel times of
longitudinal waves ¢} and transverse waves t% in the standard material without stress
and coefficient of temperature changes of wave velocity.

The travel time of longitudinal, t,, and transverse waves, ¢, is measured in order
to determine stresses in an investigated rail. Measured values of travel times are
stored, while corrections for temperature are taken automatically. The value of
longitudinal stress is calculated according to algorithm (20)

uls

: [tE+ 4t -t ], (20)
L*L

g =
where At} is the structural correction. This structural correction, calculated for
assumed constant bulk modulus, has the following value:

4
Aty = 31/l (t/tr)* Aty @1)

where: I, and [, are paths of transverse and longitudinal ultrasonic waves, 4t is the
difference between travel times of transverse waves on the same path in the standard
material and in the material of the rail under test.

Fig. 10 presents the dependence of travel time of longitudinal waves between
receiving transducers O, and O,, on stress for 90PA steel. This dependence is used in
the process of calibration of the stress meter. The value of the acoustoelastic constant
is equal f, = —1.12x 1073 MPa ™! for this material. The correlation coefficient is
equal 0.9995. The measurement of stress in one point takes about 1 minute. This
allowed full control of the level of residual stresses in rails produced by the Katowice
Steel Mill.

4.3. Measurements of residual stresses in metal sheets

Measurements of residual stresses in metal sheets is hindered mainly by the
materials anisotropy due to rolling. This specifically concerns cold rolled steel sheets.
Differences in elastic properties and texture can mask distributions of residual
stresses. When the anisotropy of the material A,, before stresses are introduced is
known, then values of components of principal stresses can be determined from
measurements of travel times of longitudinal and transverse waves through the
thickness of the sheet. Rolled metal sheets display orthorombic symmetry. The
velocity of ultrasonic waves propagating in the direction of anisotropy is expressed
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FiG. 10. Acoustoelastic characteristic of 90PA steel for longitudinal waves propagating in the direction of
stress -

by elasticity constants of the monocrystal and coefficients wyo0, Wa20 and wyyo,
which determine the distribution of crystallographic orientations grain with respect
to selected directions in the sample [4]. Coefficients w,,, are coefficients in an
expansion into Legendre’s multinomials of the function of distribution of orien-
tations of crystal grains. It 1 is the direction of rolling, 2 — direction perpendicular
to the direction of rolling, and 3 — direction of thickness, then the following
relations occur between velocities of various wave modes in a sheet without stress:

1 10
Vi + VitV = (k+) @2
Via = Vo (23)
V31 - ng v lﬁHZCwuo (24)

Ve 7\/3,(1
where C = C,—C,,—2C,, (elasticity constants), V9 — average velocity of trans-
verse waves in a material without stress.

Expressions (22) and (23) are invariants of texture. Disturbances of the sum of
squares (22) or velocity differences between transverse waves polarized parallel to the
surface and propagating in the direction of rolling, and perpendicular to the
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direction of rolling indicate the occurance of stresses in a sheet. The value of stress
can be calculated from linear dependencies between velocity changes and stress.
Relationship (24) expresses birefringence through coefficient W,,,. This relationship
can be applied in stress measurements if the value of coefficient W,,, is known. Then,
the value of this coefficient can be determined on the basis of the directional
dependence of velocity of surface waves. The sheet’s anisotropy changes with an
increase of plastic deformation during rolling. Measurements indicate that the
anisotropy of acoustoelastic constants is neglectably small in comparison to
anisotropy of wave velocity.

Fig. 11 presents distributions of travel times of longitudinal and transverse
waves propagating in the direction of rolling in a steel plate with dimensions
40 x 100 x 400 mm, cut out from a sheet, while Fig. 12 shows corresponding
distributions in the same plate after annealing. The distribution of residual
longitudinal stresses in such a plate is illustrated by a diagram in Fig. 13.

The radial distribution of the travel time of longitudinal waves through the
thickness of a disc is shown in Fig. 14, while Fig. 15 presents stress components
determined from ultrasonic testing. The tested disc is cut out from a rolled rod with
diameter 138 mm. The thickness of the disc is equal to 20 mm. Determined relations
exhibit good consistency with solutions of equations of stress equilibrium.

& t,
(psi| Jrus?
1240 1 i tr
fusi| after recovery frus:
133400
332201 + 332201
i N b ~\\-L‘:_._‘/M
32200+ e | 1
i 4133360 i recovered 133360
s | | 33180 4
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{33300 2 30
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133320 i 433320
1 1 = B AL
B —— B2 4 60 8 w0
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FiG. 11. Changes of travel time of subsurface FiG. 12. Changes of travel time of longitudinal
longitudinal L and transverse T waves when L and transverse T waves over a constant path in
a head is shifted on the plates surface perpen- the direction of rolling in terms of distance from
dicular to the direction of rolling the edge after stress relieving of the plate. Data

for the plate before stress reliel are presented in
Fig. 11
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distance from the edge in the middle of the length waves propagating in the direction of the discs
of steel plate thickness when the probehead is shifted along the

discs diameter

Diagrams in Fig. 16 present distributions of stresses introduced into a steel plate
due to welding, determined with ultrasonic technique [5]. Ultrasonic measurements
of welding stresses can be applied in quick assesments of the degree of stress relief of
welded constructions.
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FiG. 15. Changes of radial stress 8, and circumferential stress d, versus distance from centre of the disc
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FiG. 16. Changes of components perpendicular and parallel to the weld in terms of distance along the weld
and perpendicular to the weld. Broken lines mark the path along which ultrasonic heads were shifted

4.4. Monitoring of residual stress development in railroad wheels

Ultrasonic measurements of stress were applied for monitoring of residual
stresses during the operation of railroad wheels. Circumferential compressive stresses
are purposely introduced into rims of new railway wheels. They hinder the
development of fatigue cracks. Heat impacts during braking can cause a change of
residual stresses into tensile stress acting as a crack driving forces. At the same time,
measurements with subsurface waves in side surfaces of the wheel rim and transverse
waves propagating along the width of the rim make it possible to determine
distributions of residual stresses in both side surfaces and radial distribution of
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FiG. 17. Changes of circumferential stresses in the rim of a new wheel due to braking in a test banch. The
number of brakings is marked on the horizontal axis and circumferential stress is marked on the vertical
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FiG. 18. Distribution of stress on the surface and in the cross-section of a wheel rim after a series of
brakings. Comparision of ultrasonic, X-ray and destructive investigations
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circumferential stress averaged over the rim’s width. Changes of circumferential
stress in the wheel’s rim due to repeated braking with varying power are presented in
Fig. 17 [6]. Individual curves illustrate research results achieved with subsurface
waves, transverse waves and with X-ray diffraction. The number of breakings, their
power and average temperature is marked on the x-axis. Fig. 18 presents isobars in
the cross-section of the rim. They have been drawn on the basis of results of residual
stress measurements. Fig. 18 contains also the measurement results of deformations
resulting from release due to a cut in the rim, results of ultrasonic testing with
subsurface waves from both side surfaces and values of circumferential stress from
measurements conducted with transverse waves and the X-ray method. Results
achieved with ultrasonic, destructive and X-ray methods exhibit good consistency.

4.5. Investigations of surface stresses

Stresses formed due to grinding of steel samples have been investigated with the
aid of surface waves [7]. An ultrasonic refractometer was used in velocity
measurements of surface waves. Frequencies from 15 MHz to 2,5 MHz were applied.
They correspond to wave lengths from 0.2 to 1.2 mm in steel. If informations on
properties of the material collected with the aid of surface waves concern a layer
corresponding to one wave length, then in this case collected information concerning
stresses was averaged from subsurface layers with thickness from 0.2 mm to 1.2 mm.
Residual stresses were introduced into samples in the course of rough grinding
without cooling. A layer with thickness 100 um was removed. In Fig. 19 relative

before grinding

FiG. 19. Relative velocity changes of surface

§ waves in terms of wave length A for a steel sample

- steel 756 41200 before grinding (straight line on top of diagram),

after rough grinding removing a 100 pm layer

(lowest curve) and after a stressed layer with

e e e 5 thickness 20, 40 and 60 um, respectively, is
wave length Nmm] removed
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changes of velocity of surface waves with various lengths are shown for a sample
before grinding (straight line at the top), after removing a layer with 100 pm
thickness in a single process (lowest curve) and after stresses are removed through
delicate removing of surface layers in turn to the depth of 20 pm, 40 um and 60 pm.
The acoustoelastic constant is equal to —1.0x 1073 MPa™' for tested steel for
surface waves. The average stress in a 0.2 mm layer is equal to about 1400 MPa,
what is close to the yield point of investigated steel. Stress changes in terms of depth
can be reproduced on the basis of the frequency dependence of velocity changes of
surface waves [7].

Problems related to stress investigations in a sub-surface layer are studied in
detail in paper [8], as weell as a wider discussion of applications of the ultrasonic
technique of stress measurements.

5. Conclusions

Dependencies between propagation velocity of ultrasonic waves in construction
materials and stress are linear. Velocity change due to stress is greatest in the case of
longitudinal waves propagating in the direction of stress. A 10 MPa increment of
tensile stress in steel causes a velocity decrease of longitudinal waves of about 0.75
m/s. Compression leads to a decrease of wave velocity. A temperature increase of
steel of 1°C decreases the velocity of longitudinal waves by approximately 0.9 m/s.
This dependence is also linear. Local differences of elastic properties in steel manifest
themselves in velocity changes of longitudinal waves of several meters per second.

Local velocity changes of longitudinal and transverse waves propagating along
the length of a railway rail satisfy the condition of constant bulk modulus. This
condition was used in the derivation of the correction for inhomogeneity of the
materials elastic properties. t

Acoustic anisotropy related to preferential orientation of grains occurs in rolled
steel. Particularily strong anisotropy is observed in cold rolled materials. The sum of
squares of velocities of longitudinal and transverse waves propagating along the
thickness and polarized in the direction of rolling and perpendicular to it is the
texture invariant. Similarily, velocities of transverse waves polarized parallel to the
sheets surface and propagating in the direction of rolling, and perpendicular to the
direction of rolling, are equal, independently from the sheets anisotropy. The
occurrence of stresses causes a departure from these laws and measurements of these
deviations can be used in stress investigations. The size and distributions of texture
in metallurgical products made with a reproducible production technology are the
same. Subtracting from measured anisotropy, anisotropy related to texture we reach
the value of anisotropy resulting from occuring stress, only. This dependence can be
used in investigations of stress fields in rolled, drawn and cast elements.

Subsurface and bulk waves can be used in certain cases in the assessment of
stress distributions in the volume of tested element. The application of surface waves
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with various frequencies makes it possible to investigate stress gradients in the
direction perpendicular to the surface.

Comparative X-ray and destructive testing confirms the correctness of results of
ultrasonic measurements of residual stresses.
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RESOLUTION IMPROVEMENT FILTER FOR SONAR RETURNS'’

A. DYKA

Technical University of Gdansk, Institute of Telecommunications
(80—952 Gdansk, ul. Majakowskiego 11/12)

The concern of this paper is the Single Pulse Resolution Filter — SPRF, which is
capable of resolving near-rectangular overlapping pulses. The reason for assuming such
pulses is that despite the attractive properties of matched filter pulse compression most
operational sonar systems continue to use a finite-length rectangular pulse of constant
frequency. The task of the SPRF in such system is to improve the short-range resolution
and the target detectability in reverberation. The SPRF here discussed has been synthesized
on the basis of the ideal deconvolution filter concept by using the semi-heuristic method of
the transformation and the supplementing of input signal spectrum. In order to evaluate the
SPRF performance three performance indices have been defined, namely the resolution
improvement ratio, the degradation in the output signal-to-noise ratio compared to the
maximum which is attainable in the matched filter case, and the processing gain against
reverberation. The tradeofls between the performance indices given in an analytic form have
been presented and briefly discussed. The results of tests with the SPRF, both in the
laboratory and in sea trials are reported. The first of them proves the resolution capability
of the SPRF in the case of two, noise-contaminated overlapping returns. The sea trials were
carried out during the FAO sponsored BIOMASS First International Biological EX-
periment, (FIBEX 81), programme in Antarctica on board the Polish research vessel
“Profesor Siedlecki”. A number of echograms produced originally by the Simrad SK-120
echosounder and after having the received signal envelope filtered with the SPRF were
recorded simultaneously. Two samples of such echograms recorded on the Brasilian Shelf in
April 1981 which show the favourable impact of the SPRF on the picture quality are
presented. Finally, the drawbacks of the SPRF are mentioned.

1. Introduction

A problem of considerable importance in many areas of science and technology
is the unambiguous resolution of multiple overlapping pulses. General solutions to
this problem include deconvolution, (inverse) filtering, (€.g., SENMOTO and CHILDERS,

("' This paper was presented at International Symposium on Fisheries Acoustics, June 22-26, 1987,
Seattle, Washington, USA.
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[10]), matched filter pulse compression, (e.g., Cook and BERNFELD, [2], cepstrum
analysis, (e.g., OPPENHEIM and SCHAFER [8]), mismatched filtering, (e.g., Evans and
FORTMANN [6]), and the “moments” algorithms, (BAum 1975; SANDHU and AUDEH
[1, 9]). A particular case occurs in sonar and radar where the shape of the
transmitted pulse is known. Then, the matched filter pulse compression is superior to
any linear method. However, as the pulse compression signals are wideband ones
their direct application to a conventional sonar system is difficult, due to the narrow
bandwidth of transmitting transducers and the frequency dependent attenuation of
ultrasonic waves in sea. For that reason the practically obtainable ratio of signal
compression is not expected to exceed 100. This fact and the increased cost and
complexity of pulse compression systems as compared to conventional options
means that most commercially available sonar systems continue to use a finite-length
rectangular pulse of constant frequency. On the other hand, the use of long pulses in
such systems, necessary to obtain the desired long-range target detection contributes
to poor resolution in range and poor detectability of targets in reverberation. One
may partly resolve these conflicting demands by using long pulses, so that detection
in range is not compromised and by applying special receiver filtering techniques,
which partly recover the short-range resolution and the detectability of targets in
reverberation.

The concern of this paper is the Single Pulse Resolution Filter, which from now
on will be referred to as the SPRF, intended for use in conventional sonar systems
employing a finite-length rectangular pulse. The task of this filter is to improve the
short-range resolution and the detectability of targets in reverberation.

2. Formulation and solution to the filtering problem

Prior to the formulation of the filtering problem the input signal is to be defined.
A reasonable model of a single return is a near-rectangular, trapezoidal pulse, which
can be modelled as the output signal of a low-pass filter, excited by a rectangular
pulse. This low-pass filter represents the overall bandwidth of a sonar system and its
cut-off frequency is basically limited by the bandwidth of the transmitting trans-
ducer. The usual design criterion of maximizing the system output signal-to-noise
ratio means, that in practice the matched receiver is mainly responsible for the most
severe bandwidth limitation, and converts the envelope of a single return into
a near-triangular pulse. However, as from the practical standpoint one can easily
manipulate the receiver bandwidth, while in the case of the transmitting transducer
one can not do so, it is reasonable to assume that the real, physical limitation of the
overall bandwidth is almost entirely due to the transmitting transducer.

Despite the above considerations it is assumed here that the envelope of a single
return is a rectangular pulse of the length T. Not only does such an assumption
simplify dramatically the design procedure but as is shown later, the results achieved
also apply to the more realistic models of the return envelopes considered above.
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Basically, an improvement in range resolution can be achieved by filtering
which “compresses” the return of the length T'into another, possibly the shortest
pulse. The ratio of the pulse-lengths prior to the compression and after the
compression, respectively is usually referred to as the compression ratio. Taking
into account the above assumption about the input signal the best possible filter of
this kind should be capable of transforming the rectangular pulse of the length T'into
a Dirac’s delta distribution, (see Fig. 1). Actually, this is a definition of an ideal
deconvolution filter. Having formulated the filtering problem in this way we find that
the deconvolution filter shown in Fig. 1 is a non-causal and nonlinear one.
Unfortunately, the coherent body of knowledge concerning the linear processing of
signals has no counterpart in the treatment of nonlinear signal processes. Therefore,
any feasible solution of a nonlinear problem may be considered as a reasonable one,
although it is usually difficult to prove whether such a solution is an “optimum” one
in any sense. Non-causality of the filter is only a minor problem as it can be removed
by an appropriate delaying the output signal.

r t)
=12 0 77 ideal [7]

deconvolution ——

filter

Fic. 1. Definition of the deconvolution filter for a rectangular pulse of the length T. 4(t) — denotes Dirac’s
delta distribution

In order to determine a feasible structure of the deconvolution filter shown in

Fig. 1 the semi-heuristic method of the transformation and the supplementing of the

input signal spectrum in such a way as to obtain the spectrum of the desired output

signal was proposed by Dyka, [3]. The transformation and supplementing of the

spectrum refer to linear and nonlinear operations, respectively, which are performed

on the corresponding signals in the time domain. To illustrate the method briefly,
sin x

consider the spectrum of the input rectangular pulse as the , x = wT/2, where:

@ — is angular frequency, T — is the pulse-length, and the spectrum of the desired
output pulse is 1. Then, we can symbolize the filtering procedure as;

sin x
—»1, 1
ar® (1)

. sin x
where the double arrow denotes all operations performed upon the —— spectrum,
X

which transform it into 1. The crucial point is, that every operation performed upon
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the spectrum in the frequency domain must correspond to its feasible counterpart in
the time domain. Consequently, we can rewrite (1) as:

sin x ’

— sin®x +cos?x. ; (2)

The first step in transforming the spectrum on the left hand side, (L.h.s.), of (2) into the
spectrum on the right hand side, (r.h.s.), consists in removing the denominator from

the Lhss., by multiplying the Lhs., by jx, where j = ./—1. In the time domain it
corresponds to the operation of differentiation. Thus we get:

jsinx—» sin®x 4 cos®x. (3)

The next step is to transform the jsinx Lh.s., spectrum into the sinx spectrum.
This can be obtained by multiplying the Lh.s., of (3) by —jsinx, which in the time
domain corresponds to the filtering with a linear filter, whose impulse response
equals h(t) = o(t— T/2)—d(t + T/2), where 6(-) denotes Dirac’s delta distribution. It is
worth noting that this operation is actually the filtering, matched to the signal whose
spectrum equals the Lhs., of (3). After this operation one obtains:

sin?x —» sin’ x + cos? x. (4)

The final step consists in the supplementing the Lh.s., of (4) with the cos®x function.
At this moment a specific property of the Fourier transform given by (5) and
illustrated in Fig. 2, is used;

|F~*(sin’x)| = F~*(cos®x). (5)

where the || bracket denotes the absolute value operation performed upon a signal
in the time domain. and F~! denotes the Fourier inverse transform. The three steps
described by (3) to (5) enable us to sketch immediately the structure of the

v (t) v, (t)

]
iz 33

. i A e -
(b : ,

Y (t) =F(sin’x ) Va(t) = F Y cos?x)

F1G. 2. Illustration of a specific property of the Fourier transform given by formula (5). v, (1) — denotes the

absolute value circuit input signal in the deconvolution filter shown in Fig. 3. v,(t) — denotes the absolute

value circuit output signal in the deconvolution filter shown in Fig. 3. F~' — denotes the Fourier inverse

transform. T — denotes the length of a sounding pulse. x = - T/2, where @ — denotes the radian
frequency
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deconvolution filter desired, as shown in Fig. 3. Remarkably the filter shown
in Fig. 3 is not causal due to the factor é(t+ T/2) appearing in the impulse response
h(t). However, it can be coerced to be so by introducing the delay of T/2 in h(r),
which results only in delaying the output signal.

absolute value | y,(t)
circuit

in_| ¢ hit)=5(t- F)-5ite S out

d
FiG. 3. Ideal deconvolution filter for a rectangular pulse of the length T. d_ — denotes operation of
t

differentiation, h(t) — denotes impulse response of a linear filter, v, (t) — denotes the absolute value circuit
input signal, v,(f) — denotes the absolute value circuit output signal, 4(-) — denotes Dirac's delta
distribution, T — denotes the length of a sounding pulse

The structure of the ideal deconvolution filter shown in Fig. 3 is not the only
possibility which can be determined by means of the method described above. Apart
from this one, two other structures were found but one can not exclude that some
other nonlinear filters are possible. However, out of the three filters found, the filter
shown in Fig. 3 yields the maximum signal-to-noise ratio and therefore it was chosen
for further examinations. One can show that the deconvolution filter depicted in Fig.
3 is equivalent to the filter shown in Fig. 4. The latter from now on will be referred to
as the Single Pulse Resolution Filter — SPRF. As can be seen in Fig. 4 the SPRF
consists of three basic elements namely the differentiator, the transversal filter, and

|
|
|
I
|

|
|
|
|

stt) | d |stt) ()| hatt-wave | yrt)
input | dt | | rectifier boutput

|
I

delay of T

|
I
I |
hioaghRE aeaceeging tacs o |

FiG. 4. SPRF circuit diagram, s(f) — denotes the SPRF input signal, s'(t) — denotes the differentiator
output signal, g(t) — denotes the transversal filter output signal, y(f) — denotes the SPRF output signal,
' T — denotes the length of a sounding pulse
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the half-wave rectifier. The first two are the linear circuits, while the third one,
nonlinear, is a threshold circuit with the threshold voltage of zero volts. It should be
pointed out, that the linear part of the SPRF resembles to some extent the
pulse-length discriminator, (LAwWsoN and UHLENBECK [7]), and the High—Pass
Sidelobe Reduction Filter, (EvANs and FORTMANN [6]).

3. Analysis of the SPRF performance

The first step of the foregoing analysis is to show that the SPRF depicted in Fig.
4 can be successfully applied to the near-rectangular, trapezoidal input pulses. Such
pulses, as already mentioned in the preceeding section, can be assumed as more
reasonable models of the sonar return envelope than a rectangular pulse. As has also
been pointed out, the transmitting transducer is the main contributor to the
limitation of the overall system bandwidth. Taking into account that transmitting
transducers are as a rule narrowband ones, one can show that the derivative s'(t) of
a single return envelope s(f) is given a

s'(t)= h(t)—h,(t—T), (6)

where h,(t) denotes the impulse response envelope of a transmitting transducer.
Actually, the signal given by (6) is the output signal of the differentiator in the SPRF.
One may easily find that the output signal g(t) of the transversal filter in the SPRF
equals:

g(t) = 2h,(t— T)—h,(t)—h,(t —2T). (7
Hence, the output signal y(t) of the SPRF equals;
YO =2h(—~T), (8)

provided that all values of the h,(f) preserve the same sign, either positive or negative.
For the usual models of the transmitting transducer transfer function i.e., a single
resonant circuit or Gauss’ function, the above requirement is met. It is notable, that
the SPRF output signal y(t) is a single pulse, whose width is, in general, inversely
proportional to the overall bandwidth of a sonar system. The y(t) width determines
the resolution of a sonar system after the filtering with the SPRF. Admittedly, in the
case of a bandlimited system a better result can hardly be expected. This conclusion
means, that the performance of the SPRF in a case of bandlimited, near-rectangular
return envelope is a welcomed result. Obviously, one can not rule out the existence of
another nonlinear filter which yields better resolution.

Usually, the final stage of most sonar receivers takes the form of a decisive
threshold circuit, which basically is a switch that switches “on” when the signal
amplitude exceeds a certain pre-fixed value. Therefore, if the SPRF is followed by
such a threshold circuit, which actually doubles the task of the SPRF half-wave
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rectifier, then the latter can be omitted. Consequently, the SPRF reduces to the linear
circuit consisting of the differentiator and the transversal filter only. This conclusion
enables us to estimate the SPRF performance indices namely the resolution
improvement ratio, the processing loss against white noise compared to the matched
filter case, and the processing gain against reverberation, using the linear filtering
theory. At this moment we assume that the modulus of the overall sonar system
transfer function is a rectangle. Although other, more reasonable choices are
possible, only this assumption enables us to derive the formulae for the performance
indices in a close analytic form. Such results are of particular value, because they
show the tradeoffs between the performance indices.

The resolution improvement ratio k is here defined as,

=, ©
lo

where: T — is the pulse-length of the sounding pulse, ¢, — is the pulse-length of the
SPRF response to the envelope of a single return.

Notably, k can be also interpreted as the compression ratio defined in Section 2.
The assumption about the rectangular shape of the overall system transfer function
implies that the response of the SPRF to the input rectangular envelope is the ?
type of function. Having defined ¢, as the width of the “mainlobe” in the SPRF
response, we get the following;

1
k=3 WT, (10)

where W denotes the overall bandwidth of a sonar system.
The processing gains were computed using the following definition:

peak signal out r.m.s. noise in
peak signal in r.ms. noise out

GEEOIog[ ], [dB] (11)

For the case of white additive noise the processing gains for the SPRF and the
matched filter were computed separately. The matched filter, which yields the
maximum attainable output signal-to-noise ratio, is considered here as the reference.
The SPRF processing loss against white noise compared to this reference is defined
as:

PL= Ggpgg— Gy, [dB], (12)
where: PL — denotes the SPRF processing loss compared against the matched filter,
Gsprp — denotes the processing gain of the SPRF, Gyr — denotes the processing

gain of the matched filter.
Routine transformations yield a rather complicated analytic formula for the PL
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versus k. However, for k > 3 this formula can be well approximated by the
asymptotic value it converges to, given as, (DYkA, [3]):

PL> —10 log k—2.2, [dB], (13)

In order to estimate the processing gain against reverberation it was assumed
that the process of reverberation can be modelled as the convolution of a transmitted
sounding pulse with a series of Poisson impulses of random amplitudes. This
assumption enables us to derive the formula for the power spectrum of the
reverberation squared envelope, and consequently, the processing gain against
reverberation G, as, (Dyka [3]):

- G,~10logk—2.1, [dB]. (14)

This result is basically consistent with conclusions that can be drawn from the
phenomenological model of reverberation, (Urick, [11]). According to this model
the reverberation level is inversely proportional to the return pulse-length. Therefore,
if the SPRF “compresses” the return pulse-length k times then, at the same time it
reduces the reverberation level by the same factor. Formulae (10), (13), and (14) show
the tradeoffs between the SPRF performance indices. For a given pulse-length T'the
improvement in resolution expressed by k, (10), and the improvement in target
detectability in reverberation, expressed by G,, (14), do increase with increasing
overall bandwidth of a sonar system. At the same time the output signal-to-noise
ratio compared to the matched filter case, (expressed by PL, (13)), decreases by the
same factor. So, the degradation of the output signal-to-noise ratio can be considered
as the price which is to be paid for the “profits” expressed by an improvement in
both resolution and target detectability in reverberation.

4. Experiments

With reference to Fig. 4 an analoque model of the SPRF has been constructed.
As a delay line the Mullard TDA 1022, CCD integrated circuit has been used. Other
elements are standard integrated circuits. First, the SPRF was tested in a laboratory
using a return simulator delivering two 1 ms, low-pass filtered, (f, = 10 kHz),
rectangular, overlapping pulses. The CRT records in Fig. 5a and 5b show he
following: the SPRF input signal (i) and the SPRF output signal (ii), noise free and
contaminated by noise, respectively. Remarkably, the input signal, consists of two
closely overlapping pulses, which at the presence of noise could not be resolved. In
the output signal however, one may distinguish two dominating peaks, which
indicate the appearance of two pulses in the input signal.

The sea trials were carried out during the FAO sponsored BIOMASS First
International Biological Experiment, (FIBEX 81), programme in Antarctica on
board the Polish research vessel “Profesor Siedlecki” in 1981. The parameters and
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FiG. 5. CRT record of the SPRF input signal, (i) and the output signal, (i), a — input signal free of noise,
b — input signal contaminated by noise
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s s

F1G. 6. Echogram of a medium density multiple traget environment Brasilian Shelf. a, a’, a” — originally
recorded by the echosounder; b, b, b” — recorded with the use of the SPRF
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F1G. 7. Echogram of a high density multiple target environment, Brasilian Shelf. a, @ — originally
recorded by the echosounder; b, b’ — recorded with the use of the SPRF
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the settings of the Simrad SK-120 echosounder, which was used for experiments,
were as follows: operating frequency —120 KHz, pulse-length — 1 ms, receiver
bandwidth — 10 kHz, Time Varying Gain, TVG), — 20 log R. Hence, the resolution
improvement ratio equals roughly 5. The processing loss against noise PL and the
processing gain against reverberation G, are roughly —9.2 dB and 9.1 dB.
respectively. The received signal of the echosounder and the signal filtered by the
SPRF were recorded simultaneously. The samples showing fragments of echograms
recorded on the Brasilian Shelf in April 1981 are shown in Fig. 6 and Fig. 7. The
original records of the echosounder are marked a, a’, a”, while the echograms
recorded with the use of the SPRF are marked b, b, b”.

5. Conclusions

The SPRF discussed is capable of improving both the resolution of sonar
returns and the processing gain against reverberation. As a result the resolution in
range and the target detectability in reverberation improves. However, a price,
expressed as the degradation of output singal-to-noise ratio, is to be paid for this
improvement. The tradeoff between the processing gain against reverberation and
the processing loss against noise is practically equivalent. More detailed analysis of
the SPRF shows, that if the phenomenon of mutual interference between overlapping
returns is taken into account, the the SPRF performance undergoes some de-
gradation. This fact was the motivation for developing an improved version and
studying other possible solutions. (Dyka [4], [5]).
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EVALUATION OF CALCIFICATION DETECTABILITY
IN FEMALE BREASTS BY ULTRASOUND*

L. FILIPCZYNSKI, T. KUIAWSKA, G. LYPACEWICZ

Ultrasonic Department, Institute of Fundamental Technological Research, Polish Academy
of Sciences (00-049 Warsaw, Swigtokrzyska 21)

The authors investigated detectability of calcifications by means of shadow and echo
methods for 5 MHz frequency. Computing the ultrasonic field distribution around a rigid
sphere they determined the shadow range and hence the detectability condition for
calcification diameter ¢ >3 mm. For the echo method former investigations were
continued improving the measurement technique and expanding the analysis. To determine
the tissue signal background level measurements were performed on 82 breasts of healthy
premenopause women. The boundaries of various tissues and inhomogeneities within cause
interfering background and its level limits the detectability. The measurement results,
confirmed statistically, were used for detectability determination in normal bresst tissues
(attenuation 1.1 dB/cm-MHz). The calculations show that the minimum diameter of
a detectable calcification ¢ = 0.4 mm for a normal breast. JACKSON et al. [18] and Kasum
[19,20] have demonstrated calcifications 0.1-0.5 mm in dia with [requencies of 4 and
7.5 MHz. These results are in general agreement with our theory if one takes into account
the high (SD = 8 dB) scattering of the signal background measurement results. When
detecting calcifications in the tumor anechoic area one obtains stressing of fine calcification
echoes, thus increasing the detectability when comparing with the case of healthy breast
tissues.

Autorzy przeprowadzili badania wykrywalnoéci zwapnien za pomocg metody ultra-
dzwigkowej cienia i echa przy czestotliwosci 5 MHz Na podstawie rozkladu pola
ultradzwickowego wokol sztywnej kuli wyznaczyli dlugo$¢ cienia, a na tej podstawie
warunek wykrywalnosci dla zwapnien o srednicy ¢ = 3 mm. W przypadku metody echa,
kontynuujac poprzednie badania, autorzy ulepszyli technik¢ pomiarowa i rozszerzyli
analize. W celu wyznaczenia tla poziomu zaklocen tkankowych przeprowadzili pomiary na
82 piersiach zdrowych kobiet przed menopauza. Granice roznych rodzajow tkanek piersi
oraz ich wewnetrzne niejednorodnosci tworza zaklocajace tlo, ktorego poziom ograni-
cza wykrywalno$¢ zwapnien. Wyniki pomiarow, potwierdzone statystycznie, wykorzystano
do wyznaczania wykrywalnoci w normalnych piersiach (wspolczynnik tlumienia
1.1 dB/cm-MHz). Obliczenia wykazaly, ze minimalna $rednica wykrywalnego metoda echa

* The main thesis of the paper were presented during the VI-th International Congress
on the Ultrasonic Examination of the Breast. Paris, 29—30 June 1989 [10].
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zwapnienia wynosi ¢ = 04 mm. W przypadku piersi normalnych JAckso et al, [18] oraz
Kasumi [19,20] wykrywali w warunkach klinicznych zwapnienia o $rednicach 0.1-0.5 mm
przy czgstotliwosciach 4 i 7.5 MHz. Wyniki te sa zasadniczo zgodne z nasza teorig, jesli
uwzgledni¢ duzy rozrzut pomiaréw tla zaklécajacego (odch. stan. 8 dB). Gdy zwapnienia
znajduja si¢ w obszarze nowotworu pozbawionym wewngtrznych ech, wtedy zwigksza sig
wykrywalnos¢ drobnych zwapniern w poréwnaniu do przypadku zdrowych tkanek piersi.

Key words: Breast, ultrasound, calcification, shadow, echo

1. Introduction

The ultrasonic echo method is one of the methods for detecting breast cancer.
Even at an early phase of the disease, reactions in tissue cells cause microcalcific-
ations to emerge as it can be seen in a mammogram or an X-ray microframe
preparation [22]. They usually occur prior to the infiltration phase and as the
disease proceeds, the microcalcifications sometimes reach quite considerable size.

Calcifications contain not only calcium but also phosphorus and many elements
such as chlorine, sulfur nd various metals. However, probably the particles seen on
mammograms, ~ 0.1 mm and larger, contain mainly calcium and perhaps phosp-
horus. The other particles not containing calcium are too small to be imaged on
present state-of-the-art X-ray mammograms [11, 12].

Clinical investigations of breast microcalcifications are based on X-ray mamog-
raphy. Recently some authors [18-20] successfully detected microcalcifications in
some kind of breast tumors by means of ultrasonography. However, diffuse
microcalcifications in the breast tissue outside of masses, were not recognized, and if
ultrasonography is to be used in the future as a screening modality, vizualization of
microcalcifications is essential [18].

The purpose of this study was to analyze the detectability of single small
calcifications in female breasts and to answer the question as to what are
detectability limits if one uses the ultrasonic shadow and echo methods at a typical
frequency of 5 MHz. Thus the former, investigations of the present authors [9] were
partially revised and continued by improving the measurement technique and
expanding the analysis.

2. The shadow method

In this method one observes a shadow which occurs behind the calcification.
The authors did not found papers describing comprehensively the shadow behind
a spherical body. Computing the ultrasonic field distribution around a rigid sphere
assumed as the calcification model it was possible to determine the shadow range
r-eap as a function of the sphere diameter ¢ and the wavelength [7, 8]

r-eas = 0.9¢%/A (1)



EVALUATION OF CALCIFICATION ... 109

feml| r_ 6dB
10

4 //
2 //
A
0 2 4 6 glmml

FiG. 1. The shadow range r__, as a function of the calcification diameter ¢ calculated for the frequency
5 MHz from the formula 1

which was found to be valid for continuous wave and for the ka parameter between
12 and 630 (k = 2n/4, a = ¢/2). The 6dB drop in respect to the pressure of the
incident plane wave was asumed to correspond to the shadow range. Figure 1 shows
the calculated shadow range for the frequency of 5 MHz.

It follows from this Figure that for obtaining a 2.5 cm long shadow the diameter
of the calcification should be equal to 3 mm. The obtained result should be
considered as the first approximation of the problem.

3. The echo method

For the echo method former investigations [9] were continued improving the
measurement technique and expanding the analysis. We assume that inside a breast

FiG. 2. Attenuation coefficients in normal breast measu-
red or assumed by various authors. Points denote mean
value, rods — standard deviation, dashed lines — g _J0) 2O
variation range. a, a' — after measurements of D'AsTous
and Foster [4], calculated for various ratios of paren-

hyma to fat content, b — after measurements of a’
CALDERON et al. [3] extrapolated for 5 MHz, ¢ — after
supposition of GREENLEAF and BauN [13], d — after a =

measurements of BamBer [1], ¢ — assumed by the | | | ) LLLE AR M i
authors of this paper 0 5 [dB/em ] 10
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at a distance r' from surface there is a single calcification. For our analysis the
attenuation coefficient of ultrasonic waves in breast was taken from literature (Fig.
2). We have chosen an average value equal to 1.1 dB/cm-MHz. We assumed an
ultrasonic wave pulse composed of two 5 MHz frequency cycles, produced by
a scanner whose transmitter generates a 200 V pulse and whose receiver has
sensitivity of 10 pV. The transducer two way transfer loss T equals 15 dB.
Recognizing the system as linear and invariant, one can determine the pulse reflected
from the sphere by means of the inverse Fourier transform with respect to the pulse
spectrum and the system transfer function. It is possible to find the radius of the
smallest detectable calcification for known transmitter voltage, receiver electric
sensitivity and losses T'and A. The tissues are however not homogeneous (Table 1)

Table 1. Acoustic properties of breast tissues

Wave R
Tissue velocity* Denmya :m pedzfr;ce »

[m/s] [g/em®] | [10°%kg m~? s7']

Pectoralis

muscle 1545 1.7

Muscle 1.07

Connective 1545

Grandular 1550

Fat 1470 0.92 1.4

Kossorr et al. [21].
** WeLs [26].

and in the case of a breast the boundaries of fat, connective, gland and muscle tissues
and inhomogeneities within cause interfering signals to mask echoes from small
calcifications. These signals form the interfering background, and it is the level of this
background, rather than that of the scanner sensitivity which limits the detectability
of small calcifications.

4. Tissue background level

Figure 3 shows the measuring principle for determination of the tissue
background level. The echoscope used was once designed for materials testing
(DI-23, INCO, Warsaw). It employs a 5§ MHz plane 5 mm diameter transducer with
no matching layer. The transmitter voltage was 200 V, the receiver sensitivity 10 pV.
and the transducer two way transfer loss was T= 30 dB. The value of 15 dB which
was itroduced into calculations in our older paper [9] was erroneous thus introducing
an error in our former results.
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FiG. 3. The principle of determining the level of masking tissue echoes in the breast B showing all signal

losses on the way from the probe P to idealized reflectors I and backwarxs. E — echoscope dynamic
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FiG. 4. The histogram showing the distribution of measured values of D. n — denotes number of
measurements
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The women were examined in sitting position. The transducer was applied at
the bottom of the breast, in the lower quadrants, parallel to the plane of the ribs.
Echoes occurring at the distance ' =4 cm were measured the probe inclination
being to obtain the maximum echoes. Very high echoes from large boundary surfaces
of two tissues were avoided. The echo level was read from the amplification scale, the
80 dB level corresponding to the electric noise level N. Measurements were carried
on 82 breasts of 41 promenopausal healthy females aged between 20 and 50. The
accuracy of the measurements was 2 dB. Figure 4 presents the distribution of the
results. Statistical analysis shows this to be a normal distribution at an 0.05
significance level. The mean amplification corresponding to the level of echoes from
tissue was 53 dB (SD = 8 dB).Thus the difference between the levels of tissue echoes
and echoscope sensitivity (determined by the electronic noise) was D = 27 bB.

The echoscope dynamic range E we define as the ratio between the transmitter
pulse voltage and the receiver sensitivity; it is equal to E = 146 dB. The tissue
attenuation A over path of 2 ' is 44 dB. The effective dynamic range (Fig. 3) is thus

The quantity E, determines the minimum calcification radius which can be
potentially detected by ultrasound.

5. Detectability of calcification

The value of E; would correspond to the ratio of the reflected wave to that of
the incident one, if the beam were parallel and the reflecting object were plane. In the
case of a sphere which is small with respect to the beam diameter, one must consider
the relative pressure distribution on the beam axis po(r)/ocw, as shown in Fig. 5 for

2 T T T T
e | 4
o
Y
©
o ! P
"
X \
b
0 2 4 6 r'fem]l 8

F1G. 5. The relative acoustic pressure amplitude calculated along the beam axis of a plane disc transducer
used in measurements
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a plane nonfocused transducer [24]; wo denotes the vibration velocity on the
transducer surface.
In this case one obtains
20 log(p,o/Pio) = — (Eerr+2C) = —51.4 dB = 0.0027 (3)

were E . is determined by Eq. (2) and C = 3.2 dB = 1.45 is the correction coefficient
from Fig. 9 for a distance of 4 cm. The factor 2 accounts for the double gain (in
transmission and reception).

At a large distance r from the sphere (kr — o) the relation between the
backward reflected and incident wave is [16, 6]

a
Py = 5o (k) @

The modulus f, (ka) calculated for a rigid sphere and elastic one is shown in Fig. 6.
For the elastic sphere we have used the formulae in the form given by HASEGAWA

lfs
’ |

\ | /9i%)

0 ] 10 5 ka 20

FIG. 6. The far field form function f_ for backward reflection from a rigid (R) and an elastic (E) sphere with

the Poisson’s ratio v=102; g, g/ — spectra of the two-cycle sinusoidal pulse for ka =5 and 10,
respectively
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[14] and HAseGawa et al. [15]. We assumed that the calcification had the
mechanical propeties of scull with density g, = 2.2 g/cm® and compressional wave
velocity ¢, = 3.2 km/s [25]. The Poissons’ ratio was assumed as most probable to be
v=0.2.

One can determine the pulse reflected from the sphere by means of the inverse
Fourier transform with respect to the spectrum g,(ka) and the system transfer
function. We define the latter as the ratio between the reflected and the incident
harmonic waves [5]. From formula (4) we have for kr — cothe pulse backward
reflected from the sphere (0 = n) in the form

p,(7) = z—ln f %fw (ka)g;(ka) exp (jk at)d(ka) (5

where 1t = (ct —rcos0)/a is dimensionless time, ¢ is the wave velocity in breast tissue
r and 0 polar coordinates which origine in the sphere center.

The function f (ka) applies in the case if the sphere is not mobile. For low values
of ka a free sphere vibrates under the influence of an incident wave. HICKLING et al.
[17] give a formula for a rigid sphere from which one can determine the correction to
the function f, ka to account for this phenomenon. This correction is

Ckaj, (ka)—j,(ka) ji(ka)
Ekah? (ka)— hP(ka) h2 (ka)

A ©

where ¢ =g,/p = 2.2 in our case. Figure 7 shows the moduli of the calculated
function f ', (ka) = f (ka)+ Af, (ka) which tends fo 1 when ka > 2 for case of interest.

08 ka =8 10

L

If,, (B)

]

0 Z 4

ka=A

i\

0

FiG. 7. The function f, (ka) for a movable rigid sphere at various ratios of densities £ = g,/o, (g, and
¢ denote densities of the sphere and surrounding tissue, respectively)
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Figure 8 shows the ultrasonic pulses reflected from a rigid sphere, as given by
Egs. (5), (6). The reflected waveforms ressemble the incident pulse and there is
negligible difference between the immobile and the free sphere. Because of this, one
may assume approximately that elastic spheres do not move either, and one can
apply for this case an analogous theory of wave reflection.

p(T)

L k,a=5

p(t)

ﬂ s k,a=5

H-1

FIG. 8. Pulses backward reflected from rigid spheres for kqoa = 5, a) movable sphere b) immovable sphere.
Very small pulses are caused by creeping waves
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Figure 9 presents the ultrasonic pulse reflected from an elastic sphere. One can
notice much longer duration time of the reflected pulse and some oscillations of its
amplitude. For a rigid sphere one can assume f, (ka) = 1. This condition can be also
assumed for an elastic sphere though the approximation is not so good in this case.
One should take into consideration those sections of the curves R and E which
correspond to the main lobe of the incident wave spectrum (curve g; in Fig. 6).

ps(T)
ol |
2r | 1 F

i k,a=5
” 05

.
-2 ! 3 6 \/ VQV U}?U "\Jrs\’ T

U

F1G. 9. Pulse backward reflected from an elastic sphere for kqa = 5 (mechanical properties of the sphere
similar to the skull tissue, see text)

=10

Then, from Egs. (4) and (3) one obtains the calcification radius which gives rise
to an echo equal in magnitude to these obtained from tissue inhomogeneities

apmin = 23’p,0/pm =0.2 mm for kuﬂum ~ §. {?)

If the breast structure were homogeneous or the area around the calcification
were anechoic, the detectability of small calcifications would only depend on the
electric parameters of the scanner and attenuation in breast. Then, D is 0 and, for the
parameters used in the assumptions one obtains the calcification radius an;, one
order of magnitude smaller. In the case of a concave transducer the factor C can be
much greater than that applied in the calculations and therefore the value of @y, can
be even smaller.
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6. Discussion and conclusions

The obtained results are presented in Fig. 10.

The calcification detectability of the shadow method is very low when
comparing with the echo method. The diameter of the calcification equal to
¢ =3 mm gives a shadow of 2.5 cm long at a frequency of 5 MHz

The minimum diameter of calcification detectable at the same frequency in the
distance of 4 cm by means of the echo method equals ¢y = 0.4 mm (SD = 8 dB)

0 FS
fuml | fmml o5
1000 =1
C sD
500 .
= L] E
r .
L]
™ L]
L]
- |
-
it A 100 -01 . '
Fic. 10. Calcification detectability in breasts. ¢ — cal- C |
cification diameter, § — calcification diameter produ- E J'
cing the shadow 2.5 cm long, E — calcification diameter 50 F |
giving an echo equal to those obtained in normal breast, i
tissues, SD — standard deviation, dushed line — cal- i
cification diameters which may produce echoes detec- | Kasumi, Tanaka 1983
table in an anechoic breast area, dotted line — cal- Jackson et al 1986
cification detected clinically by Kasumi and TANAKA
(1983) and by JACKSON et al. (1986) 0ot

However, if the tissue structure around the calcification were anechoic, the
calcification detectability would depend on the parameters of the scanner, namely: on
the electric noise level N of the amplifier, on the transmitter voltage, the transducer
transfer loss, T, the breast attenuation 4 and the pressure gain C due to beam
focusing. In such a case, the minimum radius of the detectable calcification could be
smaller by one order of magnitude.

Clinical results obtained recently by JACKsSON et al. [18] showed that inside of
tumors calcifications 500 pm or more in diameter can be detected at a frequency of
4 MHz but seen better at 7.5 MHz. Similar results were obtained by Kasumi and
TANAKA [19] who used 7.5 MHz, Kasumi [20] determined the diameters of
detectable calcifications to be between 100 and 500 pm.
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The conditions formulated for the size of detectable calcifications are necessary
but not sufficient, for there is still the practical problem of distinguishing calcification
echoes greater than comparable tissue echoes. Kasumi and TANAKA [19] always
detected calcifications in the tumor anachoic area that stresses fine strong cal-
cification echoes. However, they could not identify calcifications in diffuse benign
lessions. JACKSON et al. [187] concluded that diffuse microcalcifications in the breast
tissue, outside the masses, were not recognized.

The amplitude of the echo is one of the most important characteristics of
calcifications. Therefore it would be desired to use a receiver with a linear response
(without logarithmic compression) to distinguish higher calcification echoes against
the background of masking tissue echo.

The present analysis comprises a number of approximations with respect to the
calcification, equipment and that of tissue masking echoes. Despite the many
approximations, however, this study achieved a quantitative evaluation of the
detectability of calcifications in female breast. The obtained results agree in the range
of order of magnitude with clinical findings of other authors [18-20].

When detecting calcifications in anechoic areas one obtains stressing of fine
calcification, echoes, thus increasing the detectability when comparing with our case
of normal breast tissues.
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ANALYSIS OF ACOUSTICS SURFACE WAVE REFLECTION
ON THE INTERDIGITAL TRANSDUCER

J. FILIPTIAK

Technical Military Academy, Warszawa

By applying the equivalent scheme, the analysis of the acoustics surface wave
reflection from the interdigital transducer has been carried out. The explicit form of the
coefficient of reflection was found, from which the following terms have been separated
— the magnitude of the mechanical wave reflection due to variation of the acoustics
impedance in the area of transducer, and magnitude of the wave regeneration by the
electrically loaded transducer. The results of calculations has been presented for the
coefficient of surface wave reflection from the simple transducer with single and double
electrodes as a function of its electrical load. The experimental verification has been
undertaken for transducers on LiNbO,.

1. Introduction

The surface acoustic wave (SAW) incident upon the interdigital transducer is
submitted to the reflection as result of:

acoustics impendance variation in the transducer domain (the mechanical type
reflection),

regeneration by the electrically loaded transducer (the electrical type reflection).

In the case of a pair of two transducers in SAW filters the wave reflection
generates multiple echoes, respectively high level of which can caused considerable
distortions in amplitude and phase characteristics of filters. The phenomenon of
wave reflection from the structure of interdigital transducer can be applied for
constructing some SAW devices, for example resonators. On the other hand, by
using the exact description of this phenomenon, the effect can be precisely eliminated
in the undesirable cases. In this paper the above mentioned aspects of transducers
are considered on the strength of its equivalent scheme.
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2. A concept of equivalent scheme

The surface wave incident upon the interdigital transducer is submitted to
reflection, transmission and convertion into electrical sygnal, Fig. 1a. The analysis of
these phenomena can be carried out by using the method of equivalent scheme, [1].
The magnitude of incident wave is identified with a voltage source described by both
2V electromotive force and inner impedance zy which denotes impedance of free
surface of piezoelectric, Fig. 1b, [2]. The simple transducer is a combination of many

FiG. 1. a) Interdigital transducer, b) Equivalent scheme of transducer

three-port networks each being on equivalent scheme of its single section [3]. Single
section corresponds to the area located between centres of two following electrodes.
The scheme and notations are presented on Fig. 1b. The acoustics and electrical
clamps of separate sections are connected in cascade and in parallel respectively
considering polarization of electrodes. On the side of incident wave the three-port
network is loaded by the voltage source but on its other side the acoustics clamps are
loaded by impedance related to the free surface of piezoelectric. The load of electrical
clamps is determined by impedance R,.

By applying relations introduced in [3], the three-port network can be described
in the following way:

- -
2rsin-

N 1 j
Y E,,cos(N—n+—)a
n=1 2

. ) ey .
I, = 1,C08 —SsSmp-—
K . ﬁ+jza 4 JZg

(2.1a)

: . I 1
e = —jilzomnﬁ-f-elcosﬁ+2r51n; Y E,,sm(N-—-n—i)a,
n=1
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where N denotes the number of sections on which transducer is divided,

B = Na a=n(l—j‘/(w*w3)(w_w1))

@,

1 g |
o, =mRp” ! o, =nv},p“(l+zcoszj) A4 =mnwp~!

the notations of ¥, w and p denote respectively the velocity of surface wave, the width
and the period of electrode.
In the electrical side it is

N
=3 u(h){joCoE,+rlisi—i)} (2.1b)
=1

where 3
2rgin- ., l
i, =1i,coslx +j_e—'sinirx— ; Z Etp(f)cos(l—n+§)a_

Zo Z0 n=1

Rel. (2.1) and boundary conditions, derived for the three-port network are presented
in the following forms
on the acoustic side

iz, =2V—e, i,z,=e¢ (2.2a)

on the electrical side
Ryl = —E (2.2b)

The set of equations (2.2a) and (2.2b) allows to determine all quantities for the
three-port network. The reflection and transmission coefficients, derived in [4] can
be presented in the following forms

Wi |
P Koy (2.3)
€,
A
Iy
s
I,= v (2.4)

respectively.

Hence, the identification of Eq. (2.3) and Eq. (2.4) requires finding of both
magnitudes — the acoustics impedance of transducer defined by e,/i, to be
calculated on the side of incident wave and the value of voltage e, defined by the
loaded acoustic clamps of transducer to be calculated on its other side. A deter-
mination of these both magnitudes can be possible by solving the set of equations
(2.1) and (2.2) which has been defined for the single three-port network.
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3. Reflection and transmission coefficients

By applying relation (2.1a), the coefficient of reflection I, Eq. (2.3) can be
presented in the following form

P —% 3.1)

therefore, a determination of above mentioned coefficients requires finding depen-
dence of voltages existed on acoustics clamps of the three-port network upon the
value of V. Hence, from relations (2.1a) and (2.2a) a dependence of these voltages on
the magnitude of source ¥ and the voltage determined by the loaded transducer can
be found in the form

; in2e V2 (H" + Re~#
_(l—R)(l+Re‘”’] Jnr'(l+1?:)51r12t3 (H*+ Re H)

1 1—_R2e-12F B SIET E
(3.2)
#
(=Rye-w Il +R)sin;e"i(ﬂ+ge—mﬁ-)
k= T _R2e-12F V+ —Th E
where
R=N"%
Iytzg
N N-1 ey
H = n e_J(T"'l)“ n = n nt+1
");‘Ju( ) u(n) AL

Hence, the value of u(n) = 0, 1 depends on the way in which the bus of transducer is
connected to the electrode located in the area of n-th section of transducer.
Moreover, the value of A(n) determines position of the end of electrode. By assuming
relations (2.1b), (2.2b) and (3.2), a dependence between voltage E of the loaded
transducer and the magnitude of incident wave V can be determined in the form

o [
2jr(1—R)sin-e ’2
Jrl=Rjsinze “2 i + Re-#H)R,

zo(L—R?%e™12F) 14 YyR,

E= (3.3)

where Y, denotes the transducer admittance. By substituting Eq. (3.3) into (3.1), the
value of acoustics voltages of the three-port network can be determined as the
function of the magnitude of incident wave
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2rzsin2§(l —R¥)e #(H'+Re P H)*R,
v

o {(l +R)(1—Re ™2
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| —R2e™72F zo(1=R?e P2 (1 + YyR,)
0 NRo (3.4)
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By applying relation (3.4), the reflection and transmission coefficients can be found as

_(1+R%))e™#
R

1.3 & _
R(l__._e".ﬂﬂ) (l—Rz)e‘ﬁﬂ zrzsln 5(H‘+Re JﬂH}ZRO

F= A
1—R2e~i28 | —R2e 128 Zo(l—Rze_‘m}{1+YNR0]
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241 ZE —ip =B 1y
o (=R2)e™ 2 2r*sin®>(H"+Re ™" H)(H+ Re™ " H')R,
= 1 — R2e 28 zo(l_Rze—jZﬁ)(l+YNR0

In the case of short-circuited transducer (R, = 0) the magnitudes of wave reflection
and transmission depend only on the variation of acoustics impedance of the
transducer domain

_ R(1—e72#)
R
(1—R%)e ™ e
T p-

' A-RieH
Relations (3.6) are identical with those determined in [5]. The final relations define

the reflection and transmission coefficients are presented in the following form

2r?sin? ;(H‘+ Re™#H)*R,
D30

1—R% ?F)(1+ YyR
zo( e )1 N o) (37)

2r2sin? ;(H" +Re " H)(H+Re "H*)R, '

T=T-T,
Tt zo(1—R%e772%)(1+ YyR,)

where I'. denotes the magnitude of mechanical wave reflection but the term

proportional to R, denotes electrical wave regeneration by the loaded transducer.

The coefficient of wave reflection consists of the “mechanical™ and “electrical” terms,

I', and I'; respectively, where I'; is presented in the following form

2rzsin3§(H'+Re'-” H)*R,

g (338)

= (R (14 T,R,)
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It can be proved that

2rzsin2;(H'+Re*fﬂﬂ)(H+Re—f’H')

zo(1— R%e77F) =Re(Yy) =G (3.9)

where G denotes the transducer conductance. Because the transducer admittance has
a form

Yy=G+jB (3.10)
the coefficient of wave reflection and transmission can be presented in the form
14+(G+jB)R,

GR
T 02 .
* "14+(G+jB)R,

[ =TI,—Te®
(3.11)
T:

where

_H'+ Re i*H
" H+RePH?

4. Experimental results

The comparison of the theory with experiment has been carried out for
both- electrically shorted and opened transducers with single and double electrodes.
For these cases the value of R, is precisely determined and varied from 1 to oo
respectively. For the baseband of shorted transducer with double electrodes the
value of coefficient of reflection is equal to 0, because R = 0, but for the opened one
the reflection and transmission coefficients are defined in the form

G B
7K

iFl=—— |T|=—ws
JG*+ B? JG*+B?

4.1)

By finding the transducer admittance, the value of coefficient of wave reflection can
be determined in very simple way. The values of measured admittance of LiNbO,
base transducer with 10 pairs of double electrodes are presented on Fig. 2. Based on
the relation (4.1), the coefficient of reflection has been calculated by applying the
experimental data of admittance and then the values of coefficient have
been compared with the experimental data obtained from [6]. In the case of
short-circuited transducer with single electrodes, the coefficient of reflection is
identified with I, but for the opened transducer the coefficient has the following form
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Ge'®
r*r‘+T‘G+jB (4.2)
The theoretical relations of I',, 'y and I for simple LiNbO, base transducer with 10
single electrodes are compared on Fig. 3 with the experimental results obtained from
[6]. The worse coincidence between theory and experiment can be explained by the
following reasons — the transducer admittance, mainly its static capacitance was
defined with the less accuracy, the considery analitical model doesn’t contain the
phenomenon of the surface wave diffraction.

G C L) T 1 T T
tms! | (pF1 ~

1 1
7 18 19 20 21 f [MHz]

FiG. 2. Experimental dependence of a conductance G and a capacitance G on frequency of the simple

LiNbO, base transducer with 10 pairs of sectional electrodes. Coefficient of the reflected wave, calculated

for the opened transducer by applying experimental values of G and C. Experimental values of the
reflection coefficient due to [6]

The reflected wave is submitted to the diffraction, evaluation of which is related
to its point of generation or its point of regencration taking into consideration
respectively the mechanical or electrical type of reflection. Amplitude and phase
distributions of front of the surface wave propagating between two LiNbO, base
transducers with double electrodes are presented on Fig. 4. The distributions of both
induced and regenerated wave on the opened transducer are the same in this case.
On the contrary, Fig. 5 shows distribution of amplitude and phase of front of the
surface wave incident and reflected from shorted and opened simple transducer
composed of 10 pairs of single electrodes. These distributions have been obtained at
the half distance between transducers in which the surface wave has been induced
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092 95 a98 o1 tf, coefficient due to [6] (x).

and reflected. In the case of reflection on the shorted transducer (the mechanical
reflection) a reflected wave is subjected to the further diffraction comparing with the
incident wave, otherwise reflection on the opened transducer causes that the reflected
wave is a sum of waves created by electrical and mechanical reflection. The
distributions of amplitude and phase for both-reflected wave created by electrical
type of reflection and incident wave are the same, Fig. 4. As a consequence of
a different diffraction of these two waves the considerable discrepances occur in its
distributions, for example the reflected wave possesses the amplitude and phase
distribution quite different than that obtained for the incident wave. This effect can
influence on the value of coefficient of reflection. The all distributions of amplitude
and phase of front of the surface wave have been found by using the electrical probe,
[7]. As shown on Fig. 5 the electrical reflection is bigger than the mechanical one.
Simultaneously, the resultant reflection can be less then its components calculated
separately. It means that the reflections can eliminat each other. The coefficient of
reflection calculated for its electrical type, Eq. (4.2) can be almost equal to 1, if the
susceptance of transducer B is setting to zero, what is reached for the greater number
of electrodes. The results of admittance of LiNbO, base transducer with 78 single
simple electrodes, presented on Fig. 6 are complianced to the experimental data
obtained from [8]. The susceptance is equal to zero for two values of frequency. The
coefficient of reflection, the values of which have been calculated based on the
theoretical model, are presented on Fig. 7. The coefficient of reflection calculated for
its electrical type is equal to 1, I'; = 1 at points for which the susceptance is setting
to zero. Also this coefficient calculated for mechanical type of reflection is almost
equal to 1. After all the value of total coefficients of reflection is less than 1 and it
reaches the value of 0.34 for 0.99 f,,. Hence, the value of total coefficient varies with
the phase changing of the coefficient of reflection calculated for its electrical type,
what can be reached by changing the load impedance R,. It means that the value
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FiG. 5. Distributions of the amplitude (A) and phase (F) of surface wave incidenced (a) and reflected on the
opened (b) and shorted (c) simple transducer with single electrodes located at the half distances between
the transducers. The base material — LiNbO,. A frequency is equal to 30 MHz
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FiG. 6a. The theoretical admittance of the simple transducer with 78 single electrodes, aperture is equal to
0.225 mm. The base material — LiNbO,; b) The experimental data of a conductance due to [8]
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FI1G. 7. The theoretical dependence between the reflection coefficients frequency presented on Fig. 5.
1 — coefficient of the electrical type of reflection, 2 — coefficient of the mechanical type of reflection,
3 — total coeflicient of reflection

of coefficient can be considerably decreased for the transducer with single electrodes.
Hence, if the loaded impedance of the simple transducer, Eq. (3.11) has a form

T =1
Ry = (——YN— Z’Gef")

then the value of reflection coefficient is setting to zero.

5. Conclusions

By obtaining the explicit form of coefficient of wave reflection the exact analysis
of phenomenon of reflection can be possible. A separation of reflection on the
mechanical and electrical type allows to explain in the simple way the differences
between wave reflections on the transducers with single or double electrodes. The
considerably decrease of value of the reflection on the simple transducer can be
reached by its load stimulation. It allows also to apply a transducer as the surface
wave reflector.
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Appendix

By assuming V=0 and by applying Eq. (2.1b), (2.2a) and (3.2), the relation
between transducer current and voltage, I and E respectively has been obtained in
the following form

o
5 PR
4jrésin®= i

N
LY [#(0]3+Z—LZ Lu(D) Y. p(m)sin(l—m)a] +
i=1 m=1

0 i=1 0

r?sina

k= {ij+j

2r’sin2;(H‘ +Re™PH)(H+Re P H')

s Zo(1—R2e 729 L}E (A

where L denotes the transducer aperture. Hence, a transducer susceptance is

r’sina ¥ 4rsin® N .
B=wC+ LY [uh)*— - LY p() Y uim)sin(l—m)a  (A2)
0 I=1 0 I=1 m=1

But a transducer conductance leads to the following relation

2rzsin‘;(H‘+Re‘”H) (H+Re™#H")

i zo(1—R2¢~729) - e

By assuming that

|R?e™ 18| < 1 (A4)
then the relation (A3) can be presented as
2r2sin? S .
G= z—L(H’+Re‘”H)(H+Re —IPHY)( Z R?ne~i2nb) (AS)
0 n=0

The graphical interpretation of Eq. (3.1) is shown on Fig. 8. A conductance is
proportional to the magnitudes of both-received signal and wave induced by the
same considerated transducer, so for the lack of reflections (R = 0) a conductance is
proportional to HH". In the case of R # 0 the received signal is changed in terms of
the waves to be reflected on the transducer boundary. The every n-th term of infinite
series is related to the next twofold wave transmission in the area of whole transducer,
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F1G. 8. The graphical interpretation of the components of transducer admittance in terms of the acoustics
impedance variation in area of transducer

comparing with the prior (n-1st) term. By considering the simple regular transducer
(4, = (—1)") its conductance has a form

14+/2—21 g Nx

G= weye kL (sinNJc)2 Jw—ms g (A6)
= -
2P% (cosd)\ tgx l+jw w, tgNx
w_wl
and a susceptance
wege k*’L o —m, sin2Nx—2Ntgx
B =wC A

g °+2P2_,(cosA) W — 5 2tg?x {0

because, due to [3]

% oggE k?

7o 2P2,(cosd)
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where
X = n(w—o,)(0—w,)
2w,
=
2w,

and P_, denotes the Legendre’s polynomials. A conductance of refular transducer
with double electrodes has a form

_ wege k*L (sinNx)?
R 2P=_,(cos4)( tgx (A%)
and susceptance
B weye, k*L [sin2Nx—2Ntgx
Be=atot o e ( 2tg’x (A9)

therefore, the forms of both variables are well-known.
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The paper presents an attempt to explain mechanism of acoustic emission apperance
due to water infiltration into the concrete. Experimental procedure of the ¥ tests concerning
this phenomenon is presented and obtained results are suported. Practical applications of
the presented tests in civil engineering is also discussed.

Przedstawiono probg wyjasnienia mechanizmu pojawiania si¢ emisji akustycznej pod
wplywem procesu wsigkania wody w beton. Zaprezentowano i omdwiono wyniki badan
doswiadczalnych nad tym zjawiskiem oraz mozliwosci ich praktycznego wykorzystania do
celow kontrolnych w budownictwie.

1. Introduction

Problems connected with obtaining sufficiently high tightness of buildings
constructed nowadays oblige us to look for a new concepts and technologies
applicable there. New research project conducted in Kielce branch of the IFTR is
a part of this main trend. Investigations are concentrated on new technologies of
joints, couplings and barriers together with their application in constructed structers.
Experiments considering practical benefits obtained by their application are also
conducted on the proper control stand.

Method signalizing water infiltration throughout poor tightenings is needed for
this investigations.

Recent experiments as weell as years of observations showed that water
infiltration into the concrete is accompanied by excitement of mechanical vibrations
in a wide range of frequencies. These vibrations exhibit all the features of acoustic
emission and can be applied as a source of information considering appearance and
development of the water leaking from concrete precasts into the structure. Special
investigations conducted as a project of the general 02.21 research program have
been devoted to this problem. This paper presents their description and results.
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2. Hypothetical mechanism of the acoustic emission appearance due to the water

infiltration into the concrete

According to the commonly used definition, acoustic emission appears when the
continuity of the structure of deformed material is destroyed. For this reason it
should be examined in which way the water infiltration into the concrete can change
its structure.

Professional literature considering technology of concrete its properties and
applications does not pay too many attention to the processes taking place in the
nature concrete due to its saturation with moisture. Such phenomenon as swelling
of concrete, its shrinkage and corrosion are only generaly presented. The most
information considering these processes can be found in the paper by Neville [8].

Water adsorption by a cement gel is the reason of concrete. swelling. Water
makes efforts to separate molecules of concrete evoking pressure of the extending
nature. Water infiltration into the decomposed aggregate can be treated as another
reason of concrete swelling. Magnitude of swelling mainly depends on the com-
position of concrete and its degree of moistness hightweighted concrets swell more
than dense concrets. In concrete placed for good in the water swelling process is of
continuous and long-lasting nature. It begins just after concrete is plunged in the
water.

It is probable that the process of microcracks development within the cement
building agent is one of the visible consequences of concrete swelling [2, 3, 9-11].

Drying of moistured concrete is accompanied by its shrinkage developing
gradually from limit surfaces to interior of the object. Magnitude of shrinkage can
varry with its propagation into the concrete mix. The so called heterogeneous
shrinkage then takes place. It causes concrete cracking more often than usual
shrinkage. Cracking of drying and shrinking concrete is a very slow process [6].

Concrete corrosion under the influence of water mainly consists in leaching and
draining off outside components of binding material and in evoking chemical
reactions leading to destruction of the concrete structure. Corrosion type phenomena
mentioned above can disturb equilibrium of the hardened concrete and cause
cracking. Nature and degree of concrete damage depend on the chemical cons-
titution of water and the degree of its purity. Soft water without dissolved mineral
salts has a great ability to leach calcium compounds [1, 4, 7].

Concrete strains briefly described above can disturb continuity of its texture and
excite vibrations of the acoustic emission in the indirect way. On the other hand,
when the basic aims of this paper formulates at the beginning are taken into account,
swelling phenomenon seems to be of the greatest importance here. This phenomenon
initiates just after water infiltration into the concrete begins and then reflects
progress of this process. Suppositions presented herein concerned causes evoking
acoustic emission of meistured concrets have their experimental confirmation.
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3. Experiments

Formulation of relations between the water infiltration into the concrete and
nature as well as intensity of the acoustic emission accompanying to this process
have been the basic aim of the conducted experiments. Rectangular prism specimens
200 x 220 mm cross-section and different length, Fig. 1 of lightweight and dense

F1G. 1. General view of some concrete samples used for experiments

concrete have been used in tests. All the specimens have short metal bars inserted
where needed with acoustic emission (AE) detectors attached to them. Level of the
specimen natural AE has been the initial measurement of the experiment. This level
has been compensated by the threshold sensitivity of the apparatus. Then specimens
have been put in turn in the laboratory tank. Water inflowing the tank has been
deaerated and its inflow has been under controll. Simultaneously event rate that is
number of AE signals detected in a unit of time has been measured. Maximal
amplitude of the signal in a unit of time has been also measured when circumstances
allowed. Pictures of the selected AE signals have been photographed. Acoustic
emission in the frequency range 15-100 kHz has been used in experiments. Necessity
of environment disturbances elimination defined lower value of this band whereas
the upper one has been imposed as the AE receiver transmitted band [5].
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FiG. 2. Block diagram of the system for AE measurements

Block diagram of the equipment used is presented in Fig. 2. Following symbols
have been used there: 1 — accelerometer KD91, 2 — concrete specimen tested,
3 — laboratory tank, 4 — preamplifier of the AE signal type 233-5, 5 — band
amplifier 232 B, 6 — storage oscilloscope KR7401, 7 — IB-AE 1 apparatus for AE
measurement and registration (own original construction), 8 — AE-3 apparatus for
AE measurement (own original construction), 9 — B 72 BP analogue plotter.

IB-AE 1 apparatus equiped with IBICO type recorder allowed long-lasting
measurement of the AE event rates. Measurement have been carried out in time
intervals equal to 1 min, 10 min or 1 hour. Results have been printed. Measurements
of short duration of event rate and maximal amplitude of events have been
conducted for 10 s time intervals using AE-3 apparatus. Results have been registered
by two-channel analogous recorder.

Water inflow below the concrete specimens used in experiments has been
accomplished by two ways:

— constant, slow inflow 0.25 1 or 1 per hour,

— sudden, single inflow of 0.5 1 or 5 1 of water.

The first one has been corresponding to the situation when the elements of
a building such as walls or ceilings are subjected to the infiltration of water due to
badly constructed isolation and long lasting raining or snow melting. The second
one has reconstructed results of the rapid shower jointed with stormy wind.
Changing intensity of walls and roof sevatering is characteristic for this kind of
wheather. ]

4. Experimental results

Examples of the N, event rate changes registered by the IBAE 1 apparatus for
1 minute time intervals in 1 1/h constant water inflow below the dense concrete
samplé of small porosity and lightweight concrere sample of high porosity are shown
in figures 3 and 4. AE level is significantly lower for the inflow equal to 0.25 1/h. This
fact is presented in Figs. 5 and 6 by curves plotted for lightweight and dense concrete.
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FiG. 3. Results of the measurement of N, event rate conducted for dense concrete of low porosity with
water influx equal 1 I/h per hour
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FiG. 4, Results of N, measurements for light concrete of high porosity for water influx equal 11 per hour

Examples of the results of the N, measurements presented above concern the
observations conducted in 30 minutes time periods. Observation time has been so
short here because the basic aim of these experiments was to proof that acoustic
‘emission appears soon after water begins to infiltrate into the concrete. Durability
and course of this phenomenon in time has been investigated by measurements
carried in a few hours, see Fig. 7, for time interval equal to 10 min.
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FIG. 5. Results of N, measurement for dense concrete of low porosity for water influx equal 0.25 1 per hour
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FIG. 6. Results of N, measurements for light concrete of high porosity for water influx equal 0.25 | per hour

In the case of constant slow inflow of water into the concrete, level of AE grows
rapidly from the moment of its initiation the seaches maximum and next significantly
falls down to be of a variable nature in the end. Peak of the AE level mentioned here
can be caused by air pushing out from the concrete subsurface pores by water. Time
in which acoustic emission apears and rate of its growth depends on the quantity of
water supplied and on porosity of concrete.

Changes of the AE level are completly different in the case of sudden, single
water inflow to the concrete. Example is presented in Fig. 8. This figure presents
analogous N, record as well as record of AM maximal amplitude measured by AE-3
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FiG. 7. Results of N, measurements for light concrete after single influx of 1.5 1 of water

apparatus for 10 s time intervals. Measurements have been done after single inflow of
5 1 of water to lightweight concrete. Initial significant increase of the AE level is
caused by percussive excitement of concrete vibrations by water impact and water
pushing up from near the surface situated void. After approximate time of 2 to 3 min
mean value of the AE level now caused only by concrete swelling gradually decreases
together with water infiltration and evaporation. This process is rather long what
can be seen in Fig. 9 an another N, measurement result. This measurement has been
done by IB-AE 1 apparatus just after single inflow of 5 | of water to the dense
concrete. It can be seen that after 1 hour acoustic emission level is still allowed to be
experimentally observed.

Concrete arying can be accompanied by its shrinkage which can also initiate AE
vibrations. It must be added that for conducted experiments such effects have not
been observed. It can be justify by a fact that such a phenomenon usually appears
when swelling stops and this happened after the time measurement has been done.

Independently of the way of water inflow to the concrete level of the acoustic
emission does not change gradually but is subjected to fluctuations in changing,
although mean value of AE exhibits decreasing tendency as a function of time, It can
be understood as evidence of irregularity of swelling process of the binding agent,
and forming microcracks in that. Intensity of this process decreases with extending of
the moistured zone. The increase of the AE signal is not a problem here because AE
sources are aproachingthe receiver with extending of the moistured zone so the AE
level should grow.

Except of the information considering leakage appearence acquaintance of the
range of moistured region is the second important information of practical value.
Information concerning situation of this zone with respect to the position of
observation is peculiarly helpful here.
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FIG. 8. Analog record of the N, measurement result and maximal amplitude Am of the AE signal after
single influx of 5 1 of water to the sample of light concrete of a 0.15 m

An attempt to solve this problem has been based an application of relations
between AE parameters and distance of its sources of signals from their receivers. To
investigate this relations specimens of a 220 x 220 cross section area and different
length have been used. All the specimens have been prepared of the same concrete. It
has been assumed that sources of acoustic emission are activated when wall of the
specimen contacts with water and within a few minutes time after it. Activation
process takes place only in nearest part of the moistured zone that is near this wall.
Such an assumption has been practically verified. If AE receiver is placed on the
opposite wall of the specimen then the specimen length equals to the distance
between sources of AE signals and their receiver.
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FiG. 9. Result of the N, measurement after single influx of 5 1 of water to the sample of dense concrete of
a length 0.15 m

N, and Am measurements have been conducted for analogous testing con-
ditions for samples of growing length when their wall contact with water. Image of
the received AE signals have been photographed. Results of measurements are
presented in Figs. 8, 10, 11, 12 and 13. First three of them concern. light concrete
specimens of a length equal to 0.15, 0.31 and:0.85 m whereas additional two — dense
concrete specimens of a length 0.35 and 0.85 m. The increase of AE attenuation with
the increasing of the way of the acoustic wave can be seen. It can b supposed that AE
signals coming from sources sittuated in distance greater than 1 m of the receiver
cannot be registered. In this way AE level can indicate how long is a distance
between the place of observation and boundary of moistured zone.

Energy of the AE signal diminishes when the length of its way grows. Spectrum
and fundamental frequency of this signal is not constant but changes with this length.
It happens due to filtering properties of concrete. Images of two typical AE signals
obtained for moistured dense concrete can be seen in Figs. 14 and 15. First signal has
been received from the distance of 0.15 m whereas the second one — 0.85 m. Images
of three additional typical AE signals but obtained for light weight concrete and
received from the distance of 0.15 m, 0.31 m and 0.85 m are shown in Fig. 16, 17 and
18. In the case of dense concrete, increasing length of the way causes change
fundamental frequency of AE signal from 30 kHz to 15 kHz. For lightweight
concrete corresponding change is from 25 kHz to 7.5 kHz. It must be added here that
frequencies lower below than 15 kHz are damped by the apparatus. Apart of this
fundamental frequency of the AE signal and, after all, its spectrum can be treated as
information concerning the situation of a moistured region boundary with respect to
the place of AE reception.

1m
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FiG. 10. Analog record of the N, measurement result and Am for the sample of light concrete of a length
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FiG. 11. Analog record of the N, measurement result for a sample of light concrete of a length 0.85 m
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FiG. 12. Results of N, measurement for a sample of dense concrete of a length 035 m
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FiG. 13. Results of N, measurement for a sample of dense concrete of a length 0.85 m

5. Conclusions

1. Performed experiments gave evidence supporting assumption presented at
the beginning of this paper that acoustic emission accompanying water infiltration
into the concrete is caused by its swelling. Fact, that the both acoustic emission and
swelling appear with initiation of water infiltration and grow with concrete porosity
and its humidity (see Sec. 2) is the reason of this statement.
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F1G. 14. Image of the AE signal after travelling FiG. 15. Image of the AE signal after travelling
distance of 0.15 m within a dense concrete distance of 0.85 m within a dense concrete

FiG. 16. Image of the AE signal after travelling FiG. 17. Image of the AE signal after travelling
distance of 0.15 m within a dense concrete distance of 0.31 m within a light concrete

FiG. 18. Image of the AE signal after travelling distance of 0.85 m within a light concrete
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2. Measurements of AE event rate can be applied at test stands for remote
signalling occurence of water leaking and for observation of its consequences. This is
peculiarly helpful in the case of experimental objects such as models of joints,
partitions and other structures where their lightness is needed. Aparatus IB-AE
1 constructed and made in the IFTR of PAS has been very usefull for this
experiments.

3. Magnitude of N, level as well as basic frequency of the AE signal are the
approximate indicators of the humid region boundary with respect to the place of
observation at the test stand. Practical applicstion of this AE parameters to defining
the size of the humid zone needs experimental calibration of the aparatus. This
aparatus can be similar to the aparatus IB-AE 1 applied for experiments reported in
this paper and it must contain a system for frequency measurements.

4. It can be expected that measurements of different parameters of acoustic
emission then reported in this paper can give more precise information concerning
the process of water infiltration into the concrete. Such parameters as maximal
amplitude of acoustic emission, its energy and frequency spectrum of the signal could
be applied. For this reason, the experiments reported in this paper should be
continued.
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The problem of plane wave diffraction by an impedance half-plane is considered. The
aim of the paper is to analyze how the solution depends on the complex impedance
parameter 1. The Senior solution is analytically continued from real positive values of the
parameter onto the two-sheeted Riemann surface #. It is shown that the result of the
analytic continuation has two branch points of the first order and one pole. The pole is
related to incidence angle of the plane wave. The proper choice of the branch is uniquely
determined from the outgoing wave condition, Different types of surface waves excited on
the impedarnce half-plane are also discussed.

Praca dotyczy problemu dyfrakcji fali plaskiej na impedancyjnej pélplaszczyznie.
Celem jej jest przeanalizowanie zaleznosci rozwigzania od zespolonego parametru im-
pedancyjnego . Rozwigzanie Seniora skonstruowane dla wartoSci rzeczywistych parametru
przediuzono analitycznie wzgledem tego parametru. Otrzymano dwuplatowa powierzch-
ni¢ Riemanna n z dwoma punktami rozgalgzienia i biegunem, ktory jest zwiazany 2 katem
padania fali plaskiej. Korzystajac z warunku fali wybiegajacej wyznaczono jednoznacznie
galaz, dla kazdej wartosci parametru nalezacej do plaszczyzny zmiennej zespolonej
z cigciem. Przedyskutowano wystepowanie i zaleznos¢ fali powierzchniowej od parametru.

1. Introduction

This paper is concerned with qualitative study of the solution to the problem of
electromagnetic wave diffraction by an impedance half-plane. The analyzed solution
is here found by using the Wiener-Hopf method and is expressed by the Fourier-type
integral. The factorization is achieved by the Cauchy-type integrals. The function to
be factorized depends on the impedance parameter 7, and so do the factor functions.
We examine the dependence of the solution on this parameter. The same solution
was found by Senior [1] in 1952. We shall henceforth refer to the solution as the
Senior solution.

The factor function is continued analytically with respect to 7. A new
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representation of this function is obtained. It takes the form of a Cauchy-type
integral along a ray in the complex plane.

The result of the continuation is that the Senior solution is analytically
continued from real positive 7, onto a two-sheeted Riemann surface with two
branch-points and one pole. Thus, the continuation produces two possible branches
of the solution. The proper branch is chosen using the outgoing wave condition. The
solution is valid for both passive and active impedances. The analysis also shows the
possibility of excitation of different types of surface waves on the impedance
half-plane.

Formulation of the problem is given in Sections 2-3. Section 4 is concerned with
mappings of the Riemann surfaces on which the functions involved are defined.
Those mappings form a basis for further analysis. In Section 5 the method of analytic
continuation of Cauchy-type integrals is given. In Section 6-8 the method is applied
to the analytic continuation of factor function depending on two complex variables.

The extension of the Senior solution onto two-sheeted Riemann surface is
described in Section 9. Different types of surface waves that emerge from the analysis
are discussed in Section 10. Finally, in Appendix A index evaluation of the factorized
function is given, and in Appendix B explicit formulas for the factor function are
obtained.

2. Formulation of electromagnetic problem

An electromagnetic plane wave E®, H? is incident upon an impendance
half-plane at an angle @, to the x-axis, Fig. 1. The direction of propagation is normal

Ui(x,z)

X
‘f_? FiG. 1. Geometry of the diffraction problem

to the diffracting edge. The incident plane wave satisfies the Maxwell equations
VxH = —io¢tE, VXE = iouH. (2.1)

A time dependence e is assumed and suppressed throughout.
The impedance half-plane is described by the Leontovich condition

nxE=nZ[nx (nxH)], : (2.2)
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where n is the unit outward normal to the half-plane, Z = ,/u/e is the intrinsic
impedance of free space, n is the reciprocal of the complex refractive index of the
half-plane relative to free space.

The impedance parameter is generally a complex number. If Re # > 0 then the
impedance is passive, if Re # < 0 then the impedance is active. The value n =0
corresponds to a perfectly conducting half-plane.

The total field is a sum of the incident field and a scattered field E®, H®. It
satisfies the Maxwell equations (2.1) in the whole space, and the Leontovich
boundary condition on the half-plane. In addition the scattered field should obey the
edge condition and the condition at infinity.

For the purpose of this paper those conditions are formulated in the following
way:

(1) each scattered field component E{’, HY, j = x, y, z, is an integrable function
of g (Where x = gcosf, z = gsin0) in a neighbourhood of the point ¢ = 0, for every 0,
and

(2) the scattered field contains only outgoing waves at infinity.

The above formulation of the edge condition is equivalent to the well known
condition that ]'(alE"'|2+ u|H®|?)dr = finite, [2], provided that each field com-

ponent is of the form @?@(0), where @(0), y) is a bounded function and p is a real
number, 7 is a finite region of space surrounding the edge.

Splitting the field into TM (transverse magnetic) and TE (transverse electric) in
the edge direction, we split the problem into two separate cases: TM, called also
E polarization, where

E=(0,E,0, H=(H,O0,H,). (2.3)

and TE, called also H polarization, where
=(0,H,,0), E=(E,DO0,E,). (2.4)

For each polarization the electromagnetic field (2.1) can be expressed by one
scalar function u satisfying the Helmholtz equation

Viu+k*u=0, (2.5)
where k? = w’ep.
For E polarization there is
§o0u . i du
E =u H=—— H=——_— .
T ¥ wpoz i wp 0x 26
For H polarization there is
i du i Ou
H.=1u, = —— — =—— ‘
2 ot Ex we 0z Sy we 0x - &
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From the Leontovich condition we obtain

d
u—:%-ég—(} for %2 =0 188% >0
o (2.8)
u+i 25 0 cforen 27020, 0 0s
for E polarization, and
1 du
u—ﬁa— forit; i z=0y ;b x>0
b i (2.9)
u_!q_ké_:;_ fotivez =00 %0

for H polarization.
] 1. e et oce
Thus, on replacing n by a in formulas describing the field for E polarization, we

obtain the field for H polarization, and vice versa.

3. E polarization

The incident wave is in the form

ui(x‘ Z) = e—{i(xcostbu-l-uir@ul- (3”

We seek the solution of (2.5), (2.8), (3.1) as a sum of the incident wave u,(x, z) and
the scattered field u,(x, z; n) = u,

u(x, z; n) = uy(x, z)+u,x, z; n). (3.2)

The scattered field satisfies the Helmholtz equation (2.5), where u, is put in place
of u, with boundary conditions for x > 0:

u—il &y —(1—nsin®,)e™™ for z=0,

(3.3)

k%
\ E%:—(l+nsin¢o)e“‘° for z=0_,

where
o, = —kcosP,. (3.4)

We seek the solution to the problem (2.5), (3.3) in the class of functions such
that, via (2.6), the edge condition and condition at infinity are fulfilled.
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3.1. The method of solution

We find the solution for a real i satisfying 0 < n < co. We assume that u,(x, z; n)
has the following plane wave spectral representation

uy(x, z; n) = [ Ao, n)e**e’*da  for z>0,
¢ -l (3.5)
uy(x, z; n) = | B(a, n)e™e”"*da for z<0,
)

where
y= \/kz—az. (3.6)

For the unique and continuous relation between « and 7y, the variable a belongs
to the two-sheeted Riemann surface with branch points o = +k. The contour
Q extends from — oo to co. The necessary condition of convergence of the integrals
(3.5) for every x and z has the form

Ima=0, Imy>0 as |a|->o0. (3.7)

The Riemann surface « is cut along the lines I'y, I',, as in Fig. 2. The sheets are
distinguished by the choice

k*~a=k for a=0 on sheet a, (3.8a)
and
k*—a*=—k for a=0 on sheet a,. (3.8b)
@
lo
2, Q o nRshies k
) = o <
5
Iz

FiG. 2. The a-plane cut along I'y, I', lines and the contour Q

The contour Q satisfying (3.7) is put along the real axis of a; sheet, except for
indentations at a = +k and a = u,, as in. Fig. 2.

. Denote by Q5 the domain above (to the left of) the contour Q, and by Q, the
domain below (to the right of) the contour Q.
Putting (3.5) into boundary conditions (3.3) and into the condition of continuity
of the total field and its normal derivative in the aperture x <0, z = 0, we get the
following integral equations for A(a, ), B(x, n):
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f( +gy),4(a:, n)e*da = —(1—nsind,)e™™ for x>0 (39)
Q

(j?'(l +Ey)8(oc, n)eda = —(1+nsindy)e™* for x>0 (3.10)

E[z[A(a' n)—B(x, n)]e™de=0 for x<0, (3.11)

E\;y[A(rz, n+B(x, n)]e=da=0 for x<0. (3.12)

There exists a solution of each of these equations according to the following
Lemmas:

LemMa 1. If the point a, lies in 4, there exists a solution of the equation (3.9) ((3.10))
such that

n - 1 1—psind,

(l + k '}')A(ﬂ, ’f) = Ul(aa rll) 21” m_au El (3'13)
n "8 1 T+nsin®,

(l + k ?) B(a' ’?) gl Ul(a' P?) 21“. a_ao L] (3'14)

where U, («, ) (U, (a, 1)) is an analytic function of « in the domain Q5 , and it tends
to zero as || —oo0 in this domain.

LEMMA 2. Any analytic function L, («, n)(L, (2, ) in the domain g, which tends to
zero as |a| - oo in 5 is a solution of the equation (3.11) ((3.12)):

A, n)—B(a, n) = L,(a, ), (3.15)
y[A(a, n)+Bla, n)] = Ly(a, n). | (3.16)
From (3.15) and (3.16) we find the amplitudes:
1 1
A, ) = -2_[1‘1(“’ 'F)+;Lz (a, n)]. (3.17)
14] 1 .
B(&, ﬂ) = 5 I:;Lz(“a ")_Ll(a$ ")j] (318)

The functions L, («, n) and L,(x, n) are to be found by solving two Wiener-Hopf
equations obtained from (3.13)3.16):

ksin®,
mi (o — o)’

U, (e n) = yK(a, ) Ly (o, 7)— (3.19)

U,(a, n) = K(, n)Ly(2, n)— (3.20)

nmi (o — )’
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where

k 5

Uy(e, )= E[Ulta, n)—U, (e n)]. (3.21)
k
Usla, n) = E[Uda- n)+ U, n)]. (3.22)
k+ny/k*—o?

K » e —— — ——— 3.23
ey (323)

The function K(, ) fulfils all conditions of unique factorization on Q in the
class of the factors tending to 1 at infinity:

() K(x,n)—=1 as |ax|-o00,
(i) K(x,n)#0 on Q, (3.24)

(iii) ind K (2, n7) = -2-11_r fd[argK(x, n)] =0 (the justification is in Appendix A).
e Q

Thus, in the cut a-plane there exists the unique representation

K(x, n) = K (@, n)Ky(a, 1), (3.25)
where
K (2, n)= exp{—ﬁ ] m—f_(%l) d[}. aeQg, (3.26)
5 :
Kyle,n)= exp{% | ln_.:(_{_té_q_) dr}, xeQg, (3.27)
Q

The function K, (a, n) is analytic and different from zero for xeQg;, and is
continuous in Q, U Q. The function K (x, 1) is analytic and different from zero for
x€Qg, and is continuous in Q5 U Q. Moreover, K, (o, 7)— 1 and K (x, 7)—1 as
|e| = oo in the respective half-planes [3].

By the standard Wiener-Hopf method, we obtain the unique solution of the
equations (3.19), (3.20) in the class of the functions tending to zero at infinity.

The solution is

ksin® 1 1 1 K, (2, 1)
LN, ) = bk B 2 AL 3.28
1(% 1) mi(o—g) | Jk+ oy Jk— o K(2o, 1) K (@, 1), o2
) Lo By (oul) (329)

(e —og) K(otg, ) Ky (2, 1)
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__ ksind, _ [k+a Ky, n)
Uyla,n) = r(r—tto} [l /_—k-!-%—_K{.r(%.'ﬂ], (3.30)

. k Ky(, n)
Us(a, n) = 7T A [l— K, (@, q)], (3.31)

Putting (3.28) and (3.29) into (3.17) and (3.18) and then into (3.5) we obtain the
solution to the diffraction problem:

u(x, z; n) = uy(x, z)—~k—,_|'F(a, n)e“* el dn,, (3.32)
2mi g
where
1 (0o, 1) z [k+a
F(a, Kyl [1—— qb] 333
(o, ) = ,——-—kz_a TR M K gl ) "N k+ osm ol (333
If n—0,, then (3.32) converges to Sommerfeld’s solution of Dirichlet problem

' 1
u(x, z) = ux, z)—:_z—; : la /%e‘“e”"'d& (3.39)
%%

The convergence is clearly seen if we show that there exists the limit

k—ao
Im L(“o, ﬂ) ’
o K (o n) k—a,

(3.39)

This convergence will be verified in Section 9.

4, Conformal mappings. The location of zero-points of the function K

For every n #0 the function K(x, n) given by (3.23) is defined on the
two-sheeted Riemann surface « described in Section 3.
Every solution of the equation

k+n./k*—a*=0 (4.1)

is a zero-point a, of K(x, ). There is
ad=§\/1—q2. 4.2)

n
Thus, for a fixed n # 0 and n # +1, the function K(x, ) has two zero-points on the

Riemann a-surface. Both lie on either the sheet o, or the sheet «,,, depending on 7.
Sometimes it is convenient to use the parameter «, instead of #. In such a case,
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we need one-to-one correspondence between n and «,. The relation (4.2) expresses
one-to-one correspondence (mapping ) if and only if n belongs to the two-sheeted
Riemann surface with branch points # = +1, and o, belongs to the two-sheeted
Riemann surface with branch points o, = +Kk.

The mapping n = «, is shown in Fig. 3 abcd. Each surface is divided into sheets,
and every sheet is shown separately. The division is arbitrary, but here it is done in
the way suitable for further investigations. The sheets », and #,, are chosen in such
a way that the passage from one sheet to the other is through the branch cut along
the interval [—1, 1] of the real axis, Fig. 3 ab.

The sheets #, and n, are distinguished by the choice

ot =k, /2 for n=i on 5, and (4.3a)
o) = —kJ2 forn=i on ny, (4.3b)

By the choice of the number (4.3a ) we define the branch of the function (4.2) which
we also will denote by o). The second branch we will denote by of.
There is

a? = —ai" for every n¢[—1, 1], (4.4)

and

Reat” =20, Rea®™>0 4.5)

Now we present the Riemann surface «, divided into sheets as in Fig. 3 cd.
The sheets a,, and o, are chosen in the same way as the sheets a; and «,,
described by (3.8). The passage from one sheet to the other is through branch cut
lines Iy, I,
By the function (4.2) with chosen branches af"), «{?’, sheet n,, is mapped onto Re
agr = 0, Re a4y, = 0in Fig. 3 cd, and sheet n,, is mapped onto Re a4 < 0, Re oy < 0.
The corresponding domains are denoted by the numbers 1-6 and 7-12 respectively.
From (4.1) we have the relation

k
Vo= —— (46)
n,

where y, = Jk*—a;.
. The mappings ne7y, and a,=y, are shown in Fig. 3 abef and Fig. 3 cdef
respectively.
The function

gy - cos(?) (@.72)

defines one-to-one mapping of the two-sheeted Riemann surface o, onto a cylinder
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FiG. 3. The mappings
n=a,: (a), (b)z2(c), (d) by ay = (ik/n)/1—n*;
n=y, (a), (b)=(e), (f) by ys= —k/n;
napy: (a), (b)=(g) by By =sin"'(=1/n)
a2y (0), (d)=2(e), (f) by y, = VK —af;
a7 Byt (o), (d)=2(g) by B, =cos™ (a,/k)




DIFFRACTION BY AN IMPEDANCE ... 161

surface f3,, as is shown in Fig. 3 cdg. In Fig. 3 g the cylinder is cut along a generator

n 3
> and Re f, = 5%

The cut cylinder can be also unfolded to the plane

Bl cos‘l_(;) (4.7b)

which will be used in asymptotic evaluation of the solution (3.32). The lines S(0) and
S(IT) are the steepest descent paths for # =0 and 0 = IT respectively. In the
transformation (4.7) I'y is mapped onto S(0) and I'(IT) onto S(IT). The sheet a,,, (o)
is mapped onto the domain contained between S(0) and S(I7).

The function

denoted twice: Re f, = —

B, = sin"* (-1) 43)
n

defines one-to-one mapping of the Riemann surface n onto the cylinder f,, Fig.

3 abg.

The mappings contain valuable information needed for the analysis of the
solution as a function of #. Some of them we mention here:

L. Let us treat n as the plane of the complex parameter. If we put sheet 5, on
sheet n, the curves I, and I', cover each other. We denote the resulting single curve
by Sj; the domain above S, by £; ; and the domain below S, by Q; respectively.
These domains have the following properties:

(i) For neQ; the zero-points of", 2{* lie on the sheet z,.

(ii) For neQ; the zero-points o, of?) lie on the sheet a,.

2. Let the function K(x, n) be factorized on a contour Q fulfilling (3.7). We
denote by L(Q) the set of the points on the n-plane for which the zero points af",
af” lie on Q. Then we can check the following facts:

(i) For Q put as in Fig. 2 (dotted and crossed real axis in Fig. 3c), we have L(Q)
consisting of imaginary semiaxis and a part of negative real semiaxis (dotted and

a) b) T 12
@ O ':
LQ) Q k. S¢ 4 k
= 0 T ———
R —co
'
oo

FiG. 4. The # and a-planes, (a) the Line L(Q), and (b) corresponding to L(Q) location of the contour Q
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crossed line in Fig. 3 ab)
L(Q) = {n: (Ren =0, Imn = 0)u(Rey < —1, Imy = 0)}. 4.9)

(ii) Every contour Q which passes through o; = 0 and «, = 0 is mapped onto
L(Q) with endpoints n = —1 and n =0.

(iii) For L(Q) which joins the points n = — 1 and n = 0 in the simplest way, as in
Fig. 4a, the contour Q is put along the imaginary axis of a,. To fulfil the condition
(3.7) it has the ends put on the real axis, Fig. 4b. This location of Q will be used in
Section 8 and 9.

5. The method of analytic continuation of the factor function

In the following analysis we will treat the parameter n as a variable. Let us
return to the solution (3.32) and answer the following questions:

1. For which n does the formula (3.32) have sense?

2. What is the domain of the integrand treated as a function of two complex
variables o« and n?

3. Is the integrand an analytic function of n there?

Let us focus our attention on K, («, 1) . All the remaining functions are easy to
analyze. The function K, (a, 1) is given by the formula (3.26) which has a sense for
every n for which the conditions of unique factorization (3.24) are fulfilled. For such
n there exists the Cauchy-type integral which is an analytic function of n and analytic
function of a in the domain Q. The condition (i) is fulfilled for  # 0. The condition
(i1) is fulfilled for # ¢ L(Q). The condition (iii) is fulfilled for # # 0 and 7 # co. So we
can claim that the function (3.26) is the analytic function of « and # in the Cartesian
product (xe Qg ) x (n¢ L(Q)).

We are now going to continue K, («, ) analytically with respect to «, which is
necessary to study the physical properties of the solution. Usually this is done by
evaluation of the Cauchy-type integral in (3.26). Aa this integral cannot be expressed
by elementary functions, it is much more convenient to work with Cauchy-type
integral than with any other representation. The analytic continuation of the integral
will be accomplished by deforming the integration contour.

5.1. Deforming the contour Q in a finite domain

We investigate the function K, («, n) = K, (x, n, Q) defined by (3.26), where
n¢L(Q).

Let us take two contours Q and Q*, shown in Fig. 5. Denote by G the domain
contained between the contours, and by 4G its boundary.
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@

Al

FiG. 5. The contour Q and its deformations for analytic continuation of the factor function

Let us take difference of the integrals

InK (t, q) InK (¢, q)
P Ty =TT

an(: m,, 1)

If xe Qg and K(t, n) is analytic and different from zero for teG, then § =0

brel
and we have
jl“K(‘ m g jl"K(t Dy 1o vea;! (5.2)
Q ‘— t t—
As a consequence
K, (@,n Q=K. (x,n,Q) for aeQy. (5.3)

Since the function K, («, n, Q) is analytic in the domain Q, U G, K, («, n, Q°)
is an analytic continuation of the function K, (a, n, Q).

By deforming the contour, we obtain the analytic continuation of the function
K, (&, n) with respect to « for a fixed 5 (for a given location of zero-points a§"), a*’) or
we obtain the analytic continuation with respect to both variables, if # changes and
hence the zero-points move.

5.2. Deforming the contour Q for |u| — oo

Let the contour Q be deformed so that its ends detach from the real axis and
move up, as in contour Q** in Fig. 5.
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The equality

f InK (t, ")d: J-ln‘:(_(t; r’)dt (5.4)

w b[—0
e Q
holds if [ tends to zero as ¢ — oo, where R is shown in Fig. 5. Since for |ot] = o0 the

R
approximation holds

k 1 ki
K, n=1+- ~]—-, 55
1 nJk*—a? no (22
therefore
k k
IM‘“ <? Z.E’dgo . i - (5.6)
R t—a = o lee®—a| = Jo|—|of '
e
n#0
As a result, we have the equality
K, (2, n, Q)= K («,n,0*) foraeQy,. (5.7)

Corollary. The function K, («, n) can be continued analytically by deforming
the contour Q towards Q4 into a domain which contains neither a branch-point nor
a zero-point of the function K(x, n). The ends of the contour Q can be moved above
the real axis. '

For ne Qg we can deform the contour Q to the contour Q,, Fig. 5. For ne Qf
the zero-point o does not allow us to shift Q so far. In this case we will use different
representation of K, (x, n).

6. The alternative representation of the factor function

Let us introduce the function K (x, n) defined by the following identity with
respect to « and n:

K (o, n)(x+k) (o —k)
K = o)

(6.1a)

K(oc,n)=—-——_. (6.1b)

The function K («, 1) has the same branch points & = +k as K (a, n) does, and
has two poles a = af"), a = ¥, which unlike the zeros of K (, n) are located for
neQg on the sheet a,, and for neQ; on the sheet o,.
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The function K (, ) fulfils the conditions of unique factorization on & in the
class of factors tending to 1 at infinity, therefore, the factorization can be given by the
use of the formulas (3.25)3.27), where K («, ) replaces K (x,7n), and where
K, (2,n) and K, (2, n) replace K, («,n) and K (a, n), respectively.

Using the identity (6.1), we obtain the second representation of the function

K, (2, n).
(t—ag”) (t—aP)K (¢, n)
[ (t+k)(t—k) }t— } &8

1
K, (2, n)= exp{—ﬁiln
for xeQg, n¢ L(Q).

We will use the first or the second representation depending on the domain
being investigated. '

Let us notice that the function K («, ) can be factorized in many ways, and yet,
by the theorem on unique factorization, the obtained factor functions are always the
same, irrespective of the representation applied. In particular, making use of the
identity (6.1a) and the properties of the factor functions, we can write

—af —ol 1 .InK(t,
Ku(m ="k, = exp{-ﬁgf—t—_‘—&—'-’)ds} (63)
Q
for n¢L(Q), aeQ&, where of' e Q5.
ol (2 1 .InK(t,
Kyla, 1) = " Ky(@,n) = f; exp{—ﬁlnt_;an)dt} (6.4)
)

for n¢ L(Q), aeﬂa, where o€ Qg .
The functions (6.3) and (3.26) are equal as well as the functions (6.4) and (3.27)
are.

7. Analytic continuation of K, (x, ) onto the Cartesian product (x¢1'y)x(n¢ L(Q))

Theorem 1. There exists the analytic continuation of the factor function K (x, 1)
given by (3.26) onto the Cartesian product of cut a-plane and cut n-plane. For a ¢l
this analytic continuation has the representation in the form

1 . InK*(t, n)
= et 6% 7.1
K,_ (o, ) exp{ 21!!!]" Ty dr} (7.1a)
for neQg, and
a—ag" 1 . InK*(t, n)—2mni
" 2o be 1b
Kyl n)==——} exp{ 21::',!0 eh dt (7.1b)

for (e Qi) n(n¢L(Q)),
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where

122
K* (@, n) = M (7.2)

k?—a%—k'

Im (InK*)e(—mn, n, for neQg the line F{, is directed as in Fig. 5, o§eQy.

Proof. Let e Qg . According to the Corollary in Section 5, for neQz , xe Q5 we
have the equality

an(r 1) an{t '?)

e

Q

In the neighbourhood of « = k we have K (a, n) = O[(k—x)~ 2] and, therefore, the
integral on a half-circle CD, Fig. 5, tends to zero as its radius tends to zero. Thus, we

have
(RN g jln—K"(['q)]i. (74)
o t—u Fo K_t—n) |t—a

The subscripts “+” and “—" denote the values of the function K (t, n) from the right
hand side and left hand side of I',, respectively. According to (3.8), we have

(WVk2=t)), = Jk =12, (JK*=t})_. = —Jk*—t*, (7.5)

and, therefore,

s e (13)

K. (t,n)
K_(t,n)

Substituting (7.6) into (7.4), and then into (3.26) we obtain (7.1a).
Let ne Qg . We use the representation (6.3). In exactly the same way as above,
we obtain the equality:

=K*(t, ). (7.6)

InK(,n), K, (t,n)] dt
(o= el =
From (6.1b) and (7.5), we have
K,(t.n) _
K_ T K* (t, n). (7.8)

Substituting (7.8) into (7.7) and then into (6.3) we obtain (7.1b).
The branch of logarithm is chosen such that the function K, («, n) is as singular
at the point o = k, as the function K (x, ) is:

K, (2, n)=0O[(x—k)"'?] at a = k. (7.9)

Then the integrals in (7.1) are convergent.
The values of K, (x, ) for ne Sy can be obtained as a limit in the formula (7.1a)
or (7.1b) as n— S,
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8. Analytic continuation of K, («, n) onto the second sheet of the Riemann surface n

Theorem 2. For fixed o the function K, (x,n) has two branch points n = —1,
n =0 of the first order. _

Proof. As far as the point n = —1 is concerned the conclusions follows
immediately from (7.1b). Since the exponential function is regular at n = —1, the

function K (x, n) is as singular as o'’ is and, therefore it behaves like \/1 —n?. This is
illustrated in Fig. 6 a, b. As 7 circulates twice round the point n = —1 along a closed
line C, on the plane n (Fig. 6a), the zero point a, circulates once round the point
%, = 0 along the line C, (Fig. 6b), and returns to the initial position, so that the value
K, (2, n) returns to the initial value.

It is much more difficult to prove the thesis at n = 0. For n = 0 the formulas
(7.1a, b) do not hold because the Cauchy-type integral is divergent. Moreover, there
is no “uniform” description of the function K, («, ) in the neighbourhood of n = 0.
This neighbourhood is cut by the lines S, and L(Q) which are the branch cuts of the
logarithm and of the function a,, respectively. We will show, however, that the
analytically continued function K (a, n) returns to the initial value after n has
circulated twice round the point n:= 0 along a closed line C,, as in Fig. 6a. In the
first circulation n goes from the point 1 to 6, and in the second circulation from 6 to
1 (11).

The line C, encloses also the point 7 = + 1 (a regular point of K, (x, ), because
the neighbourhood of n = 0 is cut from n = —1 to n = +1 by the transformation
n = a, (4.2). In fact, the line C, is put on the two-sheeted Riemann surface n; the
continuous line on the sheet ,, the dashed on the sheet #,,. In the n—plane these two
parts of the line cover each other.

Using the mapping presented in Fig. 3 abed, we find the trajectory of the
zero-point «, on the Riemann surface o, for 7 moving along C,. This is the line C,in
Fig. 6b. It begins at the point 1 on the sheet &, and it returns to the initial point
1 (11), Fig. 6b. The dashed line indicates the part of the trajectory on the sheet oy,
the continuous line on the sheet a,,. The line C, is also mapped into the f,—plane
— the line C, in Fig. 6c.

Having determined the trajectory «, we can find the analytic continuation of the
function K, (, ) (defined by (3.26)) in the neighbourhood of n = 0. Three contours
selected from eleven ones Q = Q,, i = 1, 2, ..., 11, that result from pushing Q by the
moving point a, are shown in Fig. 7. The contour Q; corresponds to the location o,
in the point i =1, 2,..., 11, as in Fig. 6b. This is the realization of analytic
continuation of the Cauchy-type integral on Q. The af", af*’ points are additional,
dependent on n branch points of the logarithm in this integral.

Looking at the trajectory of a,, Fig. 6b, we can draw the contour Q,,. Although
it is in the form of a very long loop it can be shown that the Cauchy-type integral on
Q,, is equal to the Cauchy-type integral on @y, since the integral along a part of the
contour “pushed” by a{"in first circulation is reduced by the integral along the same
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a) | @ b) @ c)
Q, Q; mg;
-k k -k k -k / .
o =
al? 1?’{5 3

F1G. 7. The deformed contour Q as a realization of analytic continuation of K, («, #) in the neighbourhood
of n =0, (a) @, for n=n,, (b) @, for y =n,, (c) Q, for n = n,. The chosen points are denoted by the
_ numbers 1, 2 and 4, respectively in Fig. 6

part of the contour “pushed” by «/? in the second circulation and vice versa.
Therefore the equality

Ky (@, nyy) = Ky (@, n,) (8.1)

holds.

The analytically continued function K, («, #) can be described in the following
way:
Let us denote by 4 and B two parts of the domain Q7 cut by L(Q) in the
neighbourhood of zero, see Fig. 6a

A={n:meQg)n(Imn>0)n(n < 1)}, (8.2)
B = {n:(neQg)n(Imn < 0)n(lnl < 1)}. (8.3)

Then the neighbourhood of n = 0 is divided into three sectors: 4, B, Q; . When
n goes around n = 0, each sector is traversed twice. For the starting point 5, placed
in Qg the first three formulas below describe K, («, n) in the first circulation, the
remaining three — in the second circulation. In the third circulation (8.9) passes into
(8.4), (8.4) — into (8.5) and so on. The superscripts I and II denote the first and the
second branch of two-valued function K, (x, ), respectively. We have for a¢ I,

1 _InK*(t, _
Ki(a, ) = exp{—ﬁr{;%m} for neQ;, (8.4)
a—alt 1 . InK*(t, n)—2mi
Ki(a, n) = e (2 ST ek tor e A, 8.5
L n)=—r7p exv{ Zm'r{, S or ne (8.5)

Kh‘ , -
L (@ ) 2mi 7, [—a

a—af? 1 . InK*(t, n)—2ni
— exp{ )

dt}for neB, (8.6)

1 - 9!—0!5”}(0!—0552])
KL(a! q) - (a_k)z X (87}
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*
xcxp{—«zl— | Mdt} for ne Qg , (8.7)[cd.]
Io
o =a—a{f' _ 1 InK*(t, n)—2ni
Ki(x, 1) po ex Zniro_t—u dtyfor ne A, (8.8)

a—a&” 1 . InK*(t, n)—2mni
Kife, ) = ok | { 2’“& t—a

In the formulas above the line I',, is directed as in Fig. 5, K*(«, n) is given by (7.2),
and of" and a{¥ are described by (4.3)(4.5).
The derivation of the formulas (8.4)+8.9) can be found in Appendix B.
This procedure of analytic continuation gives for K, («, n) exactly two branches
which proves Theorem 2.

dt} for neB, (8.9)

9, The solution of the diffraction problem as the analytic function of 7

Theorem 3. The solution to the problem of plane wave diffraction by an impedance
half-plane, treated as a function of the impedance parameter v, is a branch of the
analytic function defined on the two-sheeted Riemann surface with branch points
n= —1,n =0 for E polarization, and n = —1, n = oo for H polarization, except for
one pole connected with the incidence angle.

The proof consists in constructing the analytic function on the Riemann surface,
and in choosing the branch that fulfils the imposed conditions.

9.1. The construction of the analytic function u(x, z; n) on the Riemann surface n

The two-valued function u(x, z; ) described in the thesis of Theorem 3 is
defined by the integral formula (3.32) for E polarization and by the same formula for
H polarization, where n is replaced by 1/n.

The contour Q is put on the two-sheeted Riemann surface with branch points
a = + k, where the sheets are chosen as described in Section 3. The condition (3.7)
requires that the branch cut pass through infinity, but its location I'y, I',, as chosen
here is directed only by the convenience of writing formulas for the amplitudes
A, n7), B(x, n) which makes the asymptotic analysis of the integral easier.

We impose two conditions: «, € Q4 , and (3.7) for a location of Q. The condition
(3.7) places the ends of Q on the real axis of the sheet «;.

By fixing the contour Q, we get the first branch u, of the function (3.32), where
the integrand F'(a, n) is described by (3.33), (8.4), (8.5), (8.9) in the domain || < 1 for
E polarization, and in the domain || > 1 for H polarization (if n is replaoed by 1/n in
the formula (3.32)).

In the second branch to be denoted by u'", the contour of integration is
a function of #. It is “pushed” by the pole «{? of the integrand. It can be reduced, .
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however, to Q by “picking up” the pole at a = x{?.
Thus

u'(x, z; n) = uy(x, z)-k{i__[f'“(a, n)e =1l gy 4
2mi g

+res [Fa, n)]es ¢’ g}, (9.1)

d

where F'(x, ) is described by (3.33), (8.6)(8.8) in the domain Iyl < 1 for E polariza-
tion, and in the domain |y > 1 for H polarization when 1 /n is substitutied for .
This two-valued function on the n-plane, is single-valued on the two-sheeted

Riemann surface, as shown in Fig. 8. We pass from one sheet to the other through
the branch cut L(Q).

Sommerfeld's
solution
/ o ) .
08) z @ @)
—t—
/ (88) _,J_\ (87)
-——C‘".‘.‘ 5 ﬁJn‘_"_ 0
86) " (87) / (86) \Sg
a) b)

FiG. 8. The Riemann surface of the function u(x, z; 1) treated as a function of #, (a) for E polarization, (b)
for H polarization

Senior’s solution lies on the sheet I below the line Sg for E polarization and
above the line S, for H polarization, where Sy is described by the equation

Ren

S L 9.2
Vv 1=(Ren)? sy

The lines S, and S, map one onto the other by the function w = 1/n.

The location of the contour Q corresponding to L(Q) lying on the real axis is
presented in Fig. 4b.

Imp=—
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9.2. The properties of u(x, z; ) as an analytic. function of n

LemMMmA. The point
1

i § 9.3
o sing, ®-3)
is a pole of the function u(x, z; n) for E polarization, and the point
o = —sin g, (9.4)

is a pole of the function u(x, z; n) for H polarization.

Proof. We show the thesis for E polarization. Let us examine the function F(a, 1)
L{ 0» q)

K( 0! q)
u(x, z; ) in the sector A.
From (8.5) and (6.1a) we obtain for branch I

as given by (3.33) and extract the quotient in each branch of the function

Ki(xg, n)  oo+k 1 . InK*(t, n)—2ni
= K _——dt ). 9.5
K(ag, n) ag—a (%, 1) exp " 2mij, t—a - ©:3)
From (8.8) and (6.1a) we obtain for branch II
K (2, q) oy +k 1 . InK*(t, n)—2ni '
Koo, 1) ap—ayd Kles, 1 exp * 2ni f!u = ar. 09

The branch u'(x, z; ) = u'(x, z; of”’) as described by (3.32), (3.33) and (9.5), and
treated as a function of the parameter «,, has the pole

o) = ot 9.7)

The branch u"(x, z; n) = u"(x, z; &) as described by (3.32), (3.33) and (9.6),
and treated as a function of the parameter o,, has the pole

o) = ay (9.8)
Let us come back to the parameter n. From (9.7) the equality (9.3) for
0<¢, <= resulls, and vice versa. From (9.8) the equality (9.3) for g o<

results and vice versa (this can be seen in Fig. 3 abg).
Since u(x, z; n)— oo as n—n, on the first or on the second sheet and since it is
an analytic function in a ring neighbourhood of n,, the point n =n, is a pole.
Summary: 1. The function u(x, z; n) treated as a function of the impedance
parameter has two algebraic branch points of the first order and one pole. These
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singular points are n =1, n =0, n=n, = —1/[sin¢,] for E polarization, and
n=—1,n=o00, n=n,= —sing, for H polarization.

2. Sommerfeld’s solution is the limit of u(x, z; ) at the branch point n = 0 (the
limit (3.35) exists as n tends to zero in every section of the neighbourhood of 7 = 0).

30 o

5 then there exists a finite limit of u(x, z; ) at the branch point

n= —1. For ¢, =g the limit is infinite.

9.3 The properties of u(x, z; ) as a function of x and z

1) The edge condition: Each branch of u(x, z; n) treated as a function of x and
z belongs to the same class of functions, which derivatives (2.6) have the Fourier
transforms tending to zero at infinity. From the half-range Fourier transforms (3.28),
(3.29) we find

u(x, 0,)—u/(x,0.)=0(x'?) as x-0,, (9.9)
and
. |ou ou 2ik K, (g, 1)
lim {—*(x, 0,)——(x, 0_)p = ———L20 1 9.10
x-l-o+ {az{ ) 62( )} n Ko, n) P
From the half-range Fourier transforms (3.30), (3.31) we find
1
lim uy(x, 0) = ——— 9.11
x—+0 ( ) KU(“O’ q) ( )
if the limit exists, and
O, 0) = O (x~ 117 9.12)
0z

as x—0_.

2) The condition at infinity: In order to verify the condition at infinity, we
change the contour Q in the formula (3.32) to the steepest descent path § (0), Fig. 9,
where 0 < 0 < m.

According to the Cauchy theorem and by applying Jordan’s Lemma we have in
the domain 0 < 0 < m:

ul(x, z; ) = —k[ﬁ Y(x, z; n)+ H(n— ¢, —0) res F'(a, q)e“‘“"”:] (9.13)
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T (2

§ 510
3 58,
O -— \\\ 518,)
.

Q : 58,)
R ¥ / / il
S / AR e o

@, cos; i
2 5(%)

5(8,)
Sir) 5,.,)

'

FiG. 9. The steepest descent paths. 5(0) for 00 < in a-plane cut along S(0), S(n) paths
for neQg, and
1
u(x, z; ) = —k[ﬁ P'(x, z; m)+
+ H(n—¢o—0)res F'(a, n) ™ + (9.14)
o
(1) (1)
+H(0,—0)res F'(a, e~ =4 @l m]
P

for neQ;.

5 ks I u .
uil{xe Z rf) = _k[2m‘P (xs Z; ")+

4+ H(n—¢po—0)res F'(x, n) e+ (9.15)
ao
+H(0,—0)res F'(x, n)e ®4"0 "9
Pl
for neQy, and
iy 3 bi i)
uE(x! z, '?)— k[ZmIP [x$ z; “?H‘

+ H(n— ¢ —0)res F'(ax, ) e"™® + (9.16)

+res P, m)e™=4 0er
)
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for neQg, where

Pi(x,z;n) = | Fia, n)e=e”da, L=1,1I, (9.17)
S(6)

H(+) is Heaviside step function,
0,=RepP—gd(Imp?®), 1=1,2, where f®= B (),

gd(0) is the Gudermann function:
gd(0) = —sgnOcos™'(1/[coshf]), 0 <cos '(-)<n;
n, = (%, 7o), € = (x, 2),

nf = (Im o), Imy),
ny = (Reaf, Rey))

forl=1,2. : (9.18)

On evaluating (9.17) for large k¢ we obtain

| F:a, n)e™ & do ~ /i—:F"‘(kcos 059 “fod L=, W (9.19)

S(8)

Each function represents.the cylindrical wave which decays exponentially at infinity
if small positive imaginary part is inserted in k.

The residue term at «, gives rise to the reflected wave. The residue term at af,
I'=1, 2 gives rise to the nonhomogeneous plane wave called here a surface wave.
The surface wave propagates in the direction defined by m,, and its amplitude decays
in the direction defined by n,.

For some selected points of the n-Riemann surface, as in Fig. 6a, the
corresponding pairs of the vectors n,, n, are shown in the f-plane, Fig. 6¢c. The
components of the vectors are found using (9.18) and the mappings in Fig. 3.

A surface wave generated by the pole lying in the strip —-g <Rep = g belongs

to uy. It is an outgoing wave. It propagates in an angular domain from the edge into
the half-space x >0. A surface wave generated by the pole lying in the strip
:2_r< Ref = %n belongs to u! and can be treated as an incoming one. As could be
expected, the outgoing wave condition is fulfiled for u} only.

In conclusion we state that the branch «' of the function as shown in Fig. 8, is
the solution to our diffraction problem for every n. This completes the proof of
Theorem 3.
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10. Surface waves excited on the impedance half-plane

The pair of the vectors n,, n, which characterize the surface wave is shown in
the n-plane, Fig. 10. We have depicted different types of surface waves there. For
each wave field the pointing vector lies in the xz plane. The real part is of the form

ReS =~ (Rea, 0, Rey,)e~2040 (10.1)
2wp
a) @™
%
oy

LV

o g
b) @

N3 o1 Aol .

FiG. 10. Impedance plane showing the surface waves: (a) for E polarization, (b) for H polarization, —n,
shows the direction of wave propagation, —n, shows the direction of wave amplitude decaying

which implies that the power flow vector is directed along n,. Thus, the wave carries
energy towards the half-plane for passive impedances except Ren = 0, and it carries
energy away from it for active impedances except for n # oo for E-polarization and
n # 0 for H-polarization. In these exceptional cases, the power-vector is parallel to
the half-plane.

The direction of m,-vector shows, that the amplitude of the surface wave
exponentially decays in the directions of both x and z-axis for passive impedances,
Ren =0 excluded, while for active impedances the situation is different. The



178 H. KUDREWICZ

amplitude exponentially grows in one direction and decays in the other direction.
One vector component is negative, the second one is positive, and they change the
signs on the real negative semiaxis.

One more difference between passive and active impedances is, that no surface
wave exists for passive impedances belonging to the domain bounded by S, and S
lines (see also BOwMAN [6]). On the contrary, for active impedances belonging to the
domain bounded by S, and S lines there exists a surface wave of E polarization as
well as that of H polarization.

11. Concluding remarks

1. The solution to the diffraction problem by an impedance half-plane treated as
a function of the impedance parameter is the analytic function in the cut n-plane
except for a pole singularity.

2. The branch cut which runs along a part of the real negative axis in the
complex n-plane is determined by the outgoing wave condition.

3. The location of the pole depends on the incident plane wave angle ¢,. The
pole n = n,, after being mapped into the complex plane of the Fourier transformed
solution, coincides with the pole of the reflected wave. The value 7, can be regarded
as a resonant value, and the relation (9.3) or (9.4) can be called the resonance

condition. If g< ¢o < m then the resonance condition is not fulfiled for any

impedance.

4. As n—0 in the case of E polarization and 7 — oo in the case of H polarization,
the solution tends to Sommerfeld’s solution.

5. The discussed solution is obtained by analytic continuation of the Senior
solution from the real positive impedances. The crucial step is the analytic
continuation of the factor function regarded as the function of two variables. This is
done by deforming the integration contour of the Cauchy-type integral. Earlier, the
same idea was used by Hurd to derive Wiener-Hopf-Hilbert equations.

6. Analytically continued factor function (8.4)+(8.9) is also an analytic con-
tinuation of the solution of the Wiener-Hopf-Hilbert equation on Iy, onto
two-sheeted Riemann surface 5. Another representation of analytic continuation of
this solution from @y into QF is given by NAsALSKI [8]. Analytic continuation of the
factor function was first done by MARCINKOWSKI [9] in application to numerical
calculations.

7. The function K, (x, ) can be expressed in terms of Maliuzhinets function
[10]. Such representation is suitable for computations which are performed in
different ways by several authors. The most complete information can be found
in [11].

8. It should be noted, that the function K(x, n) used in this paper differs by the
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factor 1/n from the function K («) introduced by SENIOR [1], that is K(x, 1) = %K(m).

k- boig
Jn K.@

9. It should be also emphasized, that while the solution to the diffraction
problem for the impedance half-plane tends to Sommerfeld’s solution as n—0, the
factorized function used here does not tend to the factorized function in Sommer-
feld’s problem. The same refers to the factor functions. That is:

Jk

as n—0, and then K,(x, ) ~ ——Yr—

k
K@, n)~ —7=—= ,
) N/ k*—a? Jn/k—a
Ji

Ky(a, ) ~——= as n—0.

ﬁ k+o

Beae K.(x 1) ==Kk Kkt Bl
n

Appendix A. The index of the function K(z, ) on Q

We are going to, evaluate the following expression: ind K(a, n)=
- Q

1 g T
=£[d[arg K(a, n)], where the function K(x, ) is given by (3.32) and the contour
Q

Q is shown in Fig. 2.
By introducing, in accordance with (4.2), the new parameter a, instead of n we
have

k* — o2
k2 —a?

The directed line Q in Fig. Al represents the mapping of the contour Q by the
function w = K(o, o).

K(a,n) = K(a, a)) = 1+ (A1)

|
@ vl -a.f,

w=Kla,ayl=1+

Vi -a?
/\

FiG. Al. The directed line § as the mapping of
the contour Q by the function K({a, n) = K(x, 2,)




180 H. KUDREWICZ

The increase of the argument of K(x, ®,) on the contour Q is equal to the
increase of the argument of the vector w(Q), the initial point of which is (0, 0), and
the end-point moves along the directed line (. This increase can be easily read from
the picture, and is equal to zero. In conclusion inéd K(x,n)=0

Appendix B. Derivation of the formulas (8.4) — (8.9)

The first two formulas (8.4) and (8.5), are already known as coinciding with
(7.1ab). We shall derive (8.5) once again by using a different method which also works
in each of the remaining sectors of .

For K, (a, 1), we use the representation (6.2), where the contour Q shifted to the
location Q, is shown in Fig. 7b. We write the Cauchy-type integral as a sum of three
components

i ln[(r—as")(wa&“)ﬁu, )

d
],_‘a =L )+ 1y, )+ Iy ), (BI)

0 (t+k)(t—k)
where

t—odV] dt
Iy(, n)=quln[ =Tk Jr_—?& (B2)

" t—o?] dt
L= m[ - ]m (83)
Iy IMd‘- (B4)

QZ t_m

and where aeQg, in every integral above.
We evaluate these integrals succesively.

e t—ai] dt t—alV] dt ., a—alh
"‘“'"’—J)“[I_k ]m—ih‘[ A e

where C is a closed loop traversed in the positive direction, containing both branch
points of the logarithm. The point « lies outside of C.

Iy(x, m) =0, (B6)
_ ¢InK@t,n),  InK(, 1) . InK*(t,n)
I(e, ")_({,—_z—a d:—ejl et d:_!" Tt (B7)

From (6.2) and (B1), (B5){(B7), we obtain (8.5). The branch of the logarithm is
chosen according to the criterion (7.9), such that the function K (e, n) is continuous
for neS; in the part continuous the sector A, Fig. Bl.
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replace K(e,n) by K(e,n)
according to (6.]a) in (*),
reduce f to f ’

Q@ Q,
cm\:mge
@y branch Kﬁ‘m'q);—gxp{-# %ﬁid{ f*)
(1) >
+]

replace K(e,n) by Kfs,n) according to(61a)
change: 1)V k?-t2" branch,

2) the direction of integration on Q.
reduce f to f -
Q; Qp

FiG. B1. The scheme of evaluation of K (, #) in the neighbourhood of # = 0, while # goes around 5 = 0,
starting from the point (1)

The formula (8.6) is obtained from (8.5) by changing the branch a, thus leading
to the continuity of the function K, (x, n) for ne[—1, 0), Fig. Bl.

For neQ; now, the contour © partially lies on the sheet «,, Fig. 7c. We are
going to continue analytically the function (8.6)

If we change /k*—t* to —./k®—t? in (8.6), we have to change the direction of
integration on Iy according to the equality

® 2_ 42 = 2_¢? -
jInk (,t/_km Cal gy BEX :V—t L0y, (BS)

Io =Ig

We rewrite the formula (8.6) in the form (6.3) (where 4" is replaced by ('), and
continue it analytically by deforming the contour of integration Q to Q;:

—l2) 1 1 ¥
Kyla,m) =% exp{—ﬁ f ~“TK_‘;—’”«1:} (B9)
Led

When 7 passes from B to Q; (Fig. B1), the pole of K(t, n) passes from sheet II to
sheet I. It pushes the contour Q, to the position Q, shown in Fig. 7b. The
analytically continued function K, (, n) is expressed by the formula

a— ol 1 In K(—/k*—1¢?,
K, (o, n) = a-a:r exp{—ﬁ _j('? ( o Ib’)dt}. (B10)

We replace the function K(—./k*—t% n) by K(—./k*—t? n) according to
(6.1a), and rewrite the integral as a sum of three components as in the formula (BI1).
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Evaluating each of the components, we finally obtain

12\ fiairas — ol »
j. In K( ;__fka t '”}dt= —-Zm'lna %a .;.Ian ¢ l")dt. (B11)

-0 a=k " § t—a

Putting (b11) into (B10), we obtain (8.7). The branch of the logarithm is chosen
according to the criterion (7.9).

Similarly, each of the remaining formulas is obtained from the preceding
formula. The scheme of the procedure is presented in Fig. Bl.

As a result, each time # crosses the line S, in the first circulation, the factor

a—ald

o is created in K (a, %), and this jump is compensated by replacing the branch

of the logarithm in the Cauchy-type integral with the branch defined on the

neighbouring sheet below. Each time 5 crosses the line Sy in the second circulation,

— ot

: a; is cancelled, and this jump is compensated by replacing of the
branch of logarithm with that defined on the neighbouring sheet above.

After the two circulations the value of the analytically continued function

K, (a, n) returns to the initial value.

the factor
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1. Introduction

The main sources of the acoustic emission (AE) signals in the physico-chemical
processes are the phase transitions, gas evolution and heat of the reaction [1, 2].
Measurements of AE signals in solutions are more difficult than in solids because of
low energetic levels. Energies of AE measured for the reactions in solutions are not
much higher than the noise level of measuring apparatus; beside this, such
interferences as wavy motion, liberation of dissolved gas and liquid mixing noise are
present. This is why the investigation of chemical reactions in the solution with AE
method necessitates for the application of highly sensitive measuring sets and
computer data processing systems.

2. Sources of AE signals in chemical reactions

Acoustic emission is generated and can be measured in chemical reactions of
various types [1-5]. In general, the relation of the AE signal energy to the number of
events as a function of time is recorded. The graphs shapes of these relations are
usually close to the distributions of other parameters which are recorded as time
— dependent functions with other measuring methods, as e.g. potentiometric,
thermal or calorimetric methods. The hitherto experimental results can be treated
mainly as qualitative identification of physical effects which result in strain energy
generation in the form of AE signals. BATTERIDGE et al. [3] studied about 50 diverse
chemical reactions. Among them the exothermic and heterogenic reactions exhibit
acoustic activity; particularly acoustically active are the reactions with gas liberation.
In the seventies, Bielousow and Zabotynski discovered the reactions in which the
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system does not tend to the stable state but repeats periodically the dynamical stages
of the process. The classical oscillatory reaction (B-Z) of oxidation of the malonic
acid with bromates can be catalyzed by the cerium ions (I1T), manganium ions (I1) or
ferroine [6]. In the reaction (B-Z) catalyzed by cerium (III) four mutually related
processes can be distinguished. In the presence of H*:

BrO; + Br™ + 2H" - HBrO, + HOBr (1)

HBrO, + Br~ + H* »2HOB: (2)
HOBr + Br~ + H* - Br, + H,0 (3)
Br + CH,(COOH), - BrCH(COOH), + Bt~ + H* 4)

The general reaction is represented by the equation
BrO; + 2Br~ + 3CH,(COOH), + 3H" —=3BrCH(COOH), + 3H,0  (A)

The second oscillatory reaction recorded by the authors with the use of AE was the
reaction of decomposition of hydrogen peroxide catalyzed by iodates the Bray
~Liebhafsky (B—L) reaction. The hydrogen peroxide plays a dual role in this
reaction: the role of the oxidation (5) and reduction (6):

5H,0, + I,—2HIO, + 4H,0 (5)
5H,0, + 2HIO, > 1, + 50, + 6H,0 6)
H,0,-H,0 + %oz (B)

The emerging reaction products periodically drive the system nearer and farther

from the balance point. The oscillation period depends on the concentration of
substrates. Oscillatory reactions are carried out in closed systems with diffusion

reactant transport or with continuous mixting, and also in the systems with the flow

of a passive gas which removes the gas products from the vessel [7]. The oscillatory

reactions which take place in the presence of redox-type catalysts are tested mainly

with the potentiometric, and less frequently with the colorimetric method. The

acoustic emission method makes it possible to distinguish a number of processes .
which take place in these reaction, as the local disturbance of thermal equilibrium

and gas phase liberation.

3. Measurements of acoustic emission in physico-chemical reactions

Experimental investigations of the acoustic emission AE in physico-chemical
processes are carried out as a cycle of measurements realized in time which include
only AE, signal measurements or also other parameters transformed into the
magnitudes of voltage, as the optic density of liquid, specific resistance, pH and
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temperature. Regarding the time relations of these signals (as functions of tem-
perature and concentrations) it is necessary to find at the first stage of the
experiment, the variations of which of the measured quantities are the quickest. The
measuring cycle quantization time should be chosen shorter by an order of
magnitude. The results of measurements obtained with such assumptions allow to
find, with the numerical methods, the basic parameters of time periodicity of the
processes (spectral analysis), or to approximate them with the apperiodic functions
(polynomials). The typical scientific measuring data processing software packages
make it also possible to study mutual correlations between the magnitudes measured
in the experiment.

v 543 g2 SG 15
PCT I
18M
PC XT
AET P DEMA 20 INT
dem

T CTRL T

FiG. 1. Block diagram of the measuring set

The measurements have been carried out with the system displayed in the Fig. 1.
The glass vessel containing the reactant mixture has been coupled with the acoustic
emission transducer AET and the physico-chemical parameters transducer PCT,
which co-operates with the numerical voltage or resistance meter, type MERAT-
RONIK V 543. The AET transducer co-operates with the DEMA 20 analyzer
through preamplifier P. Both measuring devices have 5-digit numerical outputs in
the BCD code and a set of control signals. As an output, the three data blocks are
obtained:

dem — block of data on the number of AE events counted in the intervals of 0.1,
1 -or%10's;
d2 — block of data on the physical quantity defined by the type of the PCT

transducer, which varies much slower then the AE and is measured at the
time of transmission of DEM data;

CTRL — block of the signals which control the cycle of transmission, dependent in
time on the signals which control DEM; these signals, in turn, are
software controlled by the I/0 parallel interface of the IBM PC/XT. The
parallel interface card, designed and manufactured specially for this
purpose, enables simultaneous transmission of 12 bytes of data and
2 bytes of control signals in both directions.
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The real-time process of measuring and storing the data during the experiment is
realized by the program DEMASCII, which contains the following functional
blocks:

Automatic measurement and loading the data to the operating memory.
Plotting the graph on a parameter-time or parameter-parameter plane.
Printout of the plot in the graphic mode.

Storing the data as a binary disk file with a chosen name.

Reading the data from the disk file to the memory buffer.

Conversion of the binary data sers to the ASCII code with separators between
data and writing such strings with a name to the disk file.

S th WD m

4. Results of measurements

The numbers of AE events as a function of time for the Bieotusow—Zabotynski
(A) and Bray-Liebhafsky (B-Z) in chemical oscillations have been displayed in Figs.
2-8. The data file D:BROTMAX concerns the reaction (A) whereas the files
D:JODI103 and JODO003 concern the reaction (B-L) for different initial concent-
rations of substrates. The measurement of AE events number has been carried out every
second during the time of 10 minutes, and the AE value changes from 5 to 400 for
iodates and from 5 to 1200 have been obtained. After plotting the distributions of
measured data, it has been observed that the scatter of data points was very large,
what made impossible the interpretation and comparisons of the results. In the next
stage of the analysis, carried out offline, the data have been transformed to the ASCII

’50T!TTI!IIIllll!ll!llll’ll!llltt

120+

AE rate [events/s]

e ] e Bl Ll s e el T e T R el T sl L U v T L B S LT

(7} 100 200 300 £L0 500 timel(s]

FiG. 2. The plot of AE events number for B-L reaction (D:JODI103)



INFORMATION CONTENTS ... 189

code and subjected to some numerical processing. In the Figs. 2 and 3 the graphs of
numbers of AE events for the data D:JOD103 and D:BRO7MAX have been shown.
The plots were obtained by connecting the subsequent data points with sectors. The
general AE increase tendency in time can be observed; the differences consist in
that for bromium the AE increase is quicker and the oscillations take place after
5 minutes. In order to discriminate the periodical AE changes the moving average

D T 1T T T L BN B ) L LD FEe S Nma e | | JED G Bms pom o T 1 ¥ T T T T

(=100)

3

AE rate [events/s]

Tl FIT T T T IrIrrrr1

RS ARSI TR R TR I A T L TV b T T e N

0 10 200 300 400 500 time[s]
FIG. 3. The plot of AE events number for B-Z reaction (D:BROTMAX)

1,2|ll!!llllllirll!l'llrllll!lrlr

(=100)

.!lJIIl

AE rate [events/s]

S oM 0 D SO ol N a0 B N el (e B

‘. " AW P T Y VNI QS S YT YR YR N I DN S [P OO S VR T Tt ) T Bk M|
0 100 200 300 £00 500 timels]
FiG. 4. The plot of averaged AE for B-Z reaction (D:BROTMAX)
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FiG. 5. The plot of averaged AE for B-L reaction D:JODO003

algorithm has been applied. This algorithm replaces every point by a point which
value is the mean of a chosen number of values of points displaced symmetrically
around the point of interest. In the Figs. 4 and 5 the averaged results of
measurements can be seen. The points represent the measured data and the solid line
represents the plot of the so averaged number of AE events. The observation of
oscillations with the period of about 20 seconds in the solution with bromates takes
place simultaneously with the emergence of periodic change of the solution colour.

,50TIIIIIIIIll'l'lllllfl'fl!lllll"

120 9 j

AE rate [events/s]

.
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FiG. 6. The plot of averaged AE for B-L reaction (D:JODI103)
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FiG. 7. AE distribution approximation for B-L reaction (D:JODI103)

In the solution with the iodates the colour changes are much slower. Application of
the time of averaging equal to 1 minute allowed to reveal the AE oscillations with the
period of about 3 minutes, what was in conformity with the colour changes period
(Fig. 6).

The applied averaging procedure makes it possible to find the time parameters of.
the AE in the periodic reactions. However, the global evaluation of the process is
difficult. To enable the comparison of various experiments which differ in concent-

n
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FiG. 8. AE distribution approximation for B-Z reaction (D:BROTMAX)
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ration, temperature and, e.g. in the influence of the catalyst, the approximation of the
AE (t) process with the polynomial of order n can be used:

Y(t)=ay+a,t+a, %+ ... +a,t"

In the example reactions with the iodate Fig. 7 the first order polynomial is the
best, and for the bromate the polynomial of the order three, which has been plotted
in the Fig. 8 together with the measured data in the background, seems the most
expedient. Using the polynomial approximations it is possible to compare the
coefficients of the expansion obtained for different processes.
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INDIVIDUAL LOUDNESS FUNCTIONS OBTAINED
BY ABSOLUTE MAGNITUDE ESTIMATION

A. MISKIEWICZ

Chopin Academy of Music
(00-368 Warszawa, ul. Okélnik 2)

Six subjects estimated, in individual listening sessions loudness of 1/3-octave noise
band centered at 1 kHz. The results confirm that numerical estimates of loudness are unique
characteristics of individual observers. In the present study no evidence for the existence of
an absolute loudness scale could be observed.

W eksperymencie opisanym w niniejszej pracy przeprowadzono badania przebiegu
wartoSciowania glosnosci szumu pasmowego o szerokosci tercji i czestosci srodkowej
1 kHz. W pomiarach uczestniczylo 6 stuchaczy. Stwierdzono znaczne zroznicowanie
osobniczych funkcji wartosciowania glosnosci. Uzyskane wyniki nie potwierdzaja hipotezy
o absolutnej zaleznosci migdzy wielkoscia wrazenia glosnosci i wartosciami liczbowymi
przypisywanymi glosnoéci w skalowaniu.

1. Introduction

Numerous experiments have been conducted to examine the relationship
between sound pressure and the subjective magnitude of loudness. Since STEVENS
[11] demonstrated that loudness could be measured by assigning numbers directly
to the magnitude of sensation perceived, the method called magnitude estimation has
been employed in a large number of experiments.

The magnitude estimation method may be applied in two ways. In one, the
listener is presented with a standard stimulus and told that the sensation of loudness
it produces has a certain numerical value (modulus). The subject is asked to assign
numbers to the loudness of subsequent stimuli in such a way that his judgments
reflect the ratios between their loudness and the loudness of the reference tone [4;
11]. In the other version of the method the modulus is entirely omitted. In this
procedure, usually called absolute magnitude estimation, the listener is instructed to
assign to each of the stimuli presented a number which matches the subjective
magnitude of loudness [5; 15]. There is no limitation as to the range of numbers: the
subject is allowed to use any positive number that appears appropriate.
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It has been demonstrated in numerous investigations that loudness scales
derived from magnitude estimation data obey the formula known as “Stevens’ Power
Law”, that is, L = kp", where L represents the magnitude of loudness, p the sound
pressure, k is an arbitrary constant which depends on the scale unit, and n, the power
exponent.

STEVENS [11] observed that the form of loudness functions obtained by
magnitude estimation was dependent on the intensity of the reference tone. HELLMAN
and ZwisLocK1 [4] confirmed in a more elaborated study that the chosen sensation
level of the reference stimulus had a substantial effect on the shape of the loudness
function (Fig. 1). The form of the loudness function was also affected when the
loudness of the reference tone was associated with different numbers.

m- T T T T T T T T ol T T T T 3
E L] :
: &y B ]
+ x e .ﬂ 4
" i # o + 1
3 Ok - Can Al naledat T ATy 2
g b ol &t ]
E, : Kol fd ]
a | |
9 |F: - W
m'fﬂg x ‘.’l | 4 I 3
a [ A i 3
3 P —— ]
= T & : | |srandad1 x 40dBSL |
i | ! | : | gg
TE | B
arg l | | | | v :
- P | 3
X | (4 =0 ] . :
r | | R ] FiG. 1. Median loudness estimates of a 1-kHz
e I i [ S tone obtained with the reference number 10
0 20 4 60 8 00 120 MO associated with five different sensation levels.
sensation level [dBSL] (Data from [5]. quoted in [15])

HELLMAN and ZwisLocki [4] argued that the observed influence of the modulus
value on the shape of the loudness function is evidence that subjects make numerical
judgments of loudness on an absolute rather than a ratio scale. If numbers assigned
to loudness represented a ratio scale, the intensity of the reference tone or the
number associated with the modulus, should have only influenced listeners’
judgments in changing them by a multiplicative constant. The observed nonlinearity
between responses obtained with different modulus results from the existence of
a natural, absolute coupling between loudness and its numerical estimates. Subjects
assign numbers to loudness in such a way that their subjective impression of how
large a number is matches the subjective magnitude of loudness. If loudness of the
reference stimulus and the reference number are not in agreement with the natural,
absolute scale, listeners tend subconsciously to correct their responses to converge
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with the absolute loudness function that is obtained without a designated modulus
and data normalization. S

The concept of an “absolute” scale has been derived from Stevens’ classification
of scales based on permissible mathematical transformations that leave the scale
form invariant. The highest level scale in Stevens’ classification is the ratio scale
which allows the scale values to be multiplied by a constant. The absolute scale, as
stated by ZwisLockl and GoopMmAN [15] “implies a fixed unit and, therefore, an
absolute coupling between numerals and psychological magnitudes.”

ZwisLockl and GoopMaN [15] pointed out that the absolute scaling hypothesis
may also be supported by the convergence of magnitude estimation and magnitude
production data obtained in experiments which were conducted in different
laboratories on separate groups of subjects. The results compared in Fig. 2 show that
on the average, two different groups of listeners associated approximately the same
numbers with the same sensation levels. On the basis of the data shown in Fig. 2,
ZwisLockl and GoOoDpMAN presented a loudness function which reflects the absolute
(constant) relationship between the sensation level of a 1 kHz tone and the numbers
assigned to its loudness (Fig. 3).

The absolute scaling hypothesis was suggested from the convergence of average
data obtained on groups of subjects, however, it has been demonstrated in a number
of investigations that among listeners with normal hearing the exponents of
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individual loudness functions vary within a large range [2; 3; 6; 7; 9]. The variability
of individual loudness functions leads to the conclusion that not all listeners perform
absolute magnitude estimates of loudness in accordance with the function presented
in Fig. 3. If subjects made numerical estimates of loudness on an absolute scale, it
could therefore be assumed that the loudness function shown in Fig. 3 represents the
mean of different, individual absolute loudness scales.

The aim of the present study was to examine whether the tendency to couple
numbers with loudness on a constant, absolute scale may also be observed in
judgments by individual observers.

2. Procedure

Six students aged 20 to 24 years estimated, in individual listening sessions, the
loudness of 1/3-octave noise bursts centered at 1 kHz. The stimuli, recorded on tape
were played back through a loudspeaker placed in a listening room, 2 m from the
subject. The noise signals were presented in series comprising 21 stimuli of different
sound pressure levels. The duration of each noise burst was 1 s with an interstimulus
interval of 5 s. Ten tapes with stimuli recorded in different, randomly chosen
sequences were used.

The experiment was conducted in two parts. In the first, sound pressure levels of
the signals, measured in the place occupied by a listener’s head ranged from 40 to 80
dB SPL. In the second part, which was carried out after a six-week interval, the same
tapes were played, but sound pressure levels of all signals were increased by 10 dB.

The method employed for scaling loudness was that of absolute magnitude
estimation. The subjects were requested to assign to each of the stimuli presented
a number which reflected its magnitude of loudness. The response had to be put
down on an answer sheet. There were no restrictions as to the range of numbers: the
observers were told that any positive number that seemed appropriate could be used.
The listeners were instructed to ignore numbers assigned to preceding signals when
judging a particular stimulus. To prevent the subjects from judging the stimuli relative
to one another, the answer time was restricted to 5 s. During a listening session
which lasted about 45 minutes (including short rest breaks), a subject performed
judgments of 8-10 experimental series. In ong part of the experiment ten different
sequences of stimuli were presented to a listener 4 times each, so each subject
performed 40 answers per data point (i.e. 4 responsesx 10 sequences).

3. Results

Figure 4 shows individual results of loud'zlless estimation obtained in the first
and second part of the experiment. Each point indicates the geometric mean of 40
judgments. The data are approximated by a power function determined by a least
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squares fit, Cumulative results are presented in Fig. 5 which shows the geometric

means of 240 estimates (6 listeners x 40 judgments).

In order to examine the statistical significance of the differences between
numbers assigned to stimuli having the same sound pressure levels in both parts of
the experiment, a t-test analysis of the data was carried out. For the purpose of
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statistical analysis, a logarithmic transformation was applied to the data, and had the
effect of making the distribution of numerical judgments approximately normal. All
subsequent computations were carried out on the transformed variable. Table
1 specifies the calculated “t” values and the significance level in which the “1” value
falls.

Table 1. Statistical significance of differences between numbers associated with loudness of stimuli having
the same sound pressure levels in parts I and II of the experiment. Calculated t-test values and significance

levels
Subject KJ MJ EM M DS Ny | s
results
t-value 4.8 8.86 410 571 8.44 3.49 6.36
Significance
level <0001 | <0001 | <0001 | <0001 | <0001 | <001 | <0001

4. Discussion and conclusions

The exponents of individual loudness functions range from 0.32 to 1.04 (in I part
of the experiment) and from 0.35 to 1.06 (in II part). Variability of individual
exponents observed in the present investigation is similar in range to that reported in
previous studies [2; 3; 6; 9].

It has been stated in the literature that responses performed in sensory scaling
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experiments reflect the process of judgment which can be described by a two-stage
model [e.g. 12; 13], that is:

STIMULUS - SENSATION - SUBJECT'S RESPONSE

The first stage of the relationship shown above refers to the nature of sensory
transducers; the second stage relates to subject’s interpretation of numbers used in
scaling experiments. The large variability of loudness functions obtained among
listeners with normal hearing cannot be, for the most part, attributed to physiologi-
cal factors. It is most likely that the observed differences are related to the fact that
subjects have different, individual ways of assigning numbers to sensations. The
variability of responses obtained by absolute magnitude estimation arises also from
individual preferences for using certain numbers [1]. For example: in the present
experiment, listener DS assigned to the stimuli numbers which in most cases were
multiples of 5, whereas subjects EM and JM used decimal fractions.

Subjects KJ, MJ, EM and JM showed stability in estimation of loudness.
Despite a six-week interval between the two parts of the study, the slopes of loudness
functions obtained at both stages are consistent. The two loudness functions of
listener DS differ more distinctly. The responses in two parts of the experiment by
subject MT are notably at variance. This finding shows that a response transfor-
mation function describing the way in which a subject assigns numbers to the
magnitude of sensation may not be stable over time.

The observed differences between values associated with loudness of stimuli
having the same sound pressure levels in the first and second parts of the study
suggest that none of the subjects performed estimates of loudness on an absolute
scale. The results obtained from listeners DS and EM demonstrate that a 10 dB
increase of sound pressure level did not even result in a statistically significant
increase of the numbers which were assigned to loudness. In the case of subject EM,
both slopes of loudness functions and numerical values representing loudness were
almost identical in both parts of the experiment.

Cumulative results (Fig. 5) are approximated by power functions with exponents
of 0.56 (in I part of the study) and 0.62 (in II part). According to the obtained values
of exponents the increase of sound pressure level requlred to double loudness is 10.8
and 9.7 dB. These values, obtained for 1/3-octave noise centered at 1 kHz, agree
fairly well with the standard loudness function of a 1 kHz tone, based on the
experimental data which have been compiled by STevens [10] from numerous
sources. Just as it has been found in individual data, the comparison of cumulative
results obtained in both parts of the experiment does not demonstrate evidence of
estimating loudness. on an absolute scale.

What then are the reasons for the failure to obtain estimates of loudness on an
absolute scale in the present work? ZwisLockl [14] pointed at the difference between
a formally-defined scale and its experimental realization. A scale formally defined as
absolute should not be considered as being less susceptible to experimental biases
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than any other scale. Therefore the experimental conditions should be arranged so
that the subjects would be able to respond according to the scale definition.

The present investigation was conducted according to the procedure specified
by ZwisLockl and GoobpMAN [15]. This procedure is very convenient for use in
loudness scaling experiments. However, the failure to obtain results that would
support the absolute scaling hypothesis leads to a conclusion that conditions under
which an absolute scale can be proved to exist need to be determined in more detail.
The variability of individual data obtained in experimental conditions arranged in
the present investigation argues that further attempts to examine the absolute scaling
hypothesis should also include results of loudness scaling obtained from individual
observers,

This work was supported by a grant from the Polish Academy of Sciences (CPBP 02.03.7.9).

References

[1] J. C. BARD, Numbers and exponents, Proc. 2nd Annual Meeting of the International Society for
Psychophysics — “Fechner Day”. Cassis (1986)
[2] C. M. de BARBENZA, M. E. BRYAN, W. TEMPEST, Individual loudness Jfunctions, J. Sound. Vib,, 11,
399410 (1970).
[3] R. P. HELLMAN, Stability of individual loudness functions obtained by magnitude estimation and
production, Percept. Psychophys, 29, 6370 (1981).
[4] R.P. HELLMAN, J. J. ZWISLOCK1, Some factors affecting the esnmarwn of loudness, J. Acoust. Soc. Am.,
33, 687-694 (1961).
[5] R. P. HeLLMAN, J. J. ZwisLockl, Monaural loudness function at 1000 eps and interaural summation,
J. Acoust. Soc. Am., 35, 856-865 (1963).
[6] A. W. LoGUE, Individual differences in magnitude estimation of loudness, Percept. Psychophys., 19,
279-280 (1976).
[71 W. J. McGnw, The slope of the loudness function. A puzzle, In: Psychological scaling, [eds]
H. Gulliksen, S. Messick. Wiley, New York 1960.
[8] R. RowiEY, G. STUDEBAKER, Monaural loudness-intensity relationships for a 1000-Hz tone, J. Acoust.
Soc. Am., 45, 1186-1192 (1969).
[9] J. C. Stevens, M. GUIRAO, Individual loudness functions, J. Acoust. Soc. Am., 36, 2210-2213 (1964).
[10] S. S. Stevens, The measurement of loudness, J. Acoust. Soc. Am., 27, 815-827 (1955).
[11] S. S. STeveNns, The direct estimation of sensory magnitudes — loudness, Am. J. Psychol., 69, 1-25
(1956).
[12] M. TResMAN, Sensory sealing and the psychological law, Quart. J, Exper. Psychol. 16, 11-12 (1964).
[13] ). J. ZwisLocky, Group and individual relations between sensation magnitudes and their numerical
estimates, Percept. Psychophys., 33, 460-468 (1983).
[14] J. J. Zwisiocki, Absolute and other scales: Question of validity, Percept. Psychophys., 33, 593-594
(1983).
[15] J. J. ZwisLocki, D. A. GOODMAN, Absolute scaling of sensory magnitudes: A validation, Percept.
Psychophys., 28, 28-38 (1980).

Received on October 27, 1989



ARCHIVES OF ACOUSTICS
15, 1-2, 201-209 (1990)

A NEW ATTEMPT AT THE ESTIMATION FOR THE NOISE LEVEL
PROBABILITY DISTRIBUTION BASED ON SPECIFIC L, NOISE
EVALUATION INDICES
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In this paper, a new attempt at the estimation for the noise level probability
distribution is proposed based on the known values of several specific L, noise evaluation
indices. Here, the effect of the restricted amplitude fluctuation range matched to the actual
stochastic phenomenon on the estimation accuracy is reasonably taken into consideration.
The effectiveness of the proposed method is experimentally confirmed by applying it to the
actually measured road traffic noise data.

1. Introduction

It is well-known that the actual environmental stochastic noises exhibit various
types of probability distributions, due to the diversified causes of the noise
fluctuations. Therefore, their stochastic property shows very often the arbitrary
non-Gaussian distribution forms. Of course, every noise evaluation index for these
stochastic phenomena can be extracted along to its definition as one of the
representative values, by grasping precisely the population probability distribution
of the original stochastic phenomenon. From this point of view, many researchers -
already found various types of important relations among more than two noise
evaluation indices in close connection with the above population probability
distribution [1-4]. In the authors’ previous studies [5, 6], a general theory for
estimating the original noise level probability distribution as the above population
one has been proposed in a generalized form by employing the known values of Leg
and several specific L, levels. In this paper, in a similar way, a new attempt at the
estimation for the original population distribution for the noise level fluctuation is
considered based on several known specific values of only L. noise evaluation
indices. Here, the measured levels fluctuate only in a restricted amplitude fluctuation
range. Thus, in the theoretical consideration, the effect of this restricted amplitude
fluctuation range on the estimation accuracy is theoretically taken into consideration
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in comparison with the ordinary method having no effect of the above amplitude

fluctuation range (i.e., its amplitude fluctuation range is within (—oo, %))
Finally, the effectiveness of the proposed method has been experimentally

confirmed by applying it to the actually measured road traffic noise data.

2. Theoretical consideration

2.1 Estimation method with no restriction of amplitude fluctuation range

Let us consider the noise level fluctuation, L, with no restriction of an amplitude
fluctuation range. In this case, a statistical Hermite series expansion type expression
for the cumulative distribution function of the noise level fluctuating within
(—o0, o) can be introduced at the starting point of the analysis, as follows [7]:
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where (*) denotes an averaging operation with respect to » and H,(.) denotes the
nth order Hermite polynomial. Based on the definition of L, noise evaluation indices,
the following relationship can be derived from Eq. (1):
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Thus, after employing several specific L, levels to the above relat:ogshlp one can

construct the N-dimensional mmultaneous equations for the coupling coefficient A,

(n=3,4,..., N—2). After solving these equations, one clm*‘c_ aluate the ob]ectwe
noise level probablhty dlstnbutlon Q(L) by s;’xﬁ nean value p, the
variance ¢® and the estimated 'exp dh"’e@ to Eq. (1).
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(2) Case for A, and A, with use of two reference levels L., and L_,:
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2.2. Estimation method with restriction. of amplitude fluctuation range
Let us consider the noise level ﬂuctuatlon. L, _ﬁit_b!restti;:tion of an amplitude
fluctuation range matched to the actually measured amplitude range of a stochastic
phenomenon and a dynamic range of a measurement device, In this case, one can

employ a statistical Jacobi series expansion type expression as the cumulative
distribution function of the noise level fluctuation, as follows [8]:
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where B(. 3 () and G, ) denote respectively Beta function, Gamma function and
the nth order Jacob%’s pofynomlal Tt §flou]d be ﬂopccd that the above formula'is
a neraI'ized one. mcludlng the ‘well-known statistical Hermite series expansion type
expression (taking a well-known standard Gaussian distribution as the first
expansion term) in a special case when y — o0 (a = b— o0) (see Ref. [8]). According to
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the definition of L, noise evaluation indices, the following relationship can be
directly derived from Eq. (6).

X _LA- 1 (f_a =1 é—ﬂ a=7
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Therefore, after employing several specific L, levels to the above relationship, one
can obtain the N-dimensional simultaneous equations for the expansion coefficient
B, (n=3,4,..., N—2). The objective noise level probability distribution can be
obtained by substituting the estimated B, and the known values of u, 0%, a and b into
Eq. (6).

More explicitly, the explicit formulae for estimating the expansion coefficient B,
can be obtained as follows:

(1) Case for B, with use of one reference level L.,
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(2) Case for B, and B, with use of two reference levels L., and L,,:
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3. Experimental consideration

In order to confirm the effectiveness of the proposed method, it has been applied
to two kinds of road traffic noise data measured actually in Hiroshima Prefecture.
That is, first, the road traffic noise data have been measured in an urban area with
a fairly large traffic volume. From the notational viewpoint, the above case is defined
here as “Case A”. Next, the other road traffic noise data have been measured in
a rural area with a small traffic volume. At this time, this case is defined as “Case B”.
Figure 1 shows the actual situation in Case 4 of measuring the road traffic noise in
an urban area. Similarly, Fig. 2 also shows the actual situation in Case B of
measuring the road traffic noise in a rural area.

el Hiroshima
building &1 City Hall
g -
route 2 4 to Okayama
to Yamaguchi
@ I
observation point 1 building
super -market

FiG. 1. Actual situation of measuring the road traffic noise in an urban area (Case A)

Chugoku-Jidésha - DG to Osaka
—i
to Fukuoka
FiG. 2. Actual situation of measuring the road traffic @

noise in a rural area (Case B) observation point
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Figure 3 shows a comparison between the theoretically estimated curves by use
of the proposed method with no restriction of an amplitude fluctuation range and
the experimentally sampled points for the cumulative noise level probability
distribution with respect to Case A. As shown in this figure, it is obvious that these
data exhibit approximately a standard Gaussian distribution corresponding to the
first expansion term of Eq.(1). A comparison between the theoretically estimated
curves by use of the proposed method with consideration of the restricted fluctuation
range and the experimentally sampled points is shown in Fig. 4. From these results,
the estimated results due to both methods are in good agreement with the
experimental results, because both methods are generally applicable to the case when
the objective stochastic phenomenon can be expressed by not only a non-Gaussian
distribution but also a standard Gaussian one. In this case, the effect of a constant
restriction of an amplitude fluctuation range on the estimation accuracy is not so
clear, since the original stochastic phenomenon under consideration can be
expressed approximately by a standard Gaussian distribution with an idealized
infinite fluctuation range (— oo, o0).

With respect to Case B, Fig. 5 shows the estimated results by use of the

10r
e experiméntally 2z
sampled point
——— estimated curve by use
QfrL) of the first term
estimated curve by use
of Lg, 4
05 r
ﬂ 1 1 J
65 70 75 L [dBA]T

F1G. 3. A comparison between the theoretically estimated curves by use of the proposed method with no
restriction of amplitude fluctuation range and the experimentally sampled points for the cumulative noise
level probability distribution (Case A)
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FiG. 6. A comparison between the theoretically estimated curves by use of the proposed method with
restriction of amplitude fluctuation range and the experimentally sampled points for the cumulative noise
level probability distribution (Case B)

proposed method with no restriction of an amplitude fluctuation range. From this
figure, it is not sufficient to evaluate an arbitrary L, noise evaluation index, although
the successive addition of higher order expansion terms moves the theoretically -
estimated curves closer to the experimentally sampled points. Figure 6 shows the
estimated results by use of the proposed method with restriction of an amplitude
fluctuation range. As shown obviously in these figures, the estimation accuracy of the
method proposed after considering the restricted fluctuation range is much better
than that of a simplified estimation method with no such an amplitude restriction.
This is because of the reasonable consideration of the restricted amplitude
fluctuation range matched to the actual stochastic phenomenon.

4. Conclusion

In this paper, a new attempt at the estimation of the noise level probability
distribution has been proposed based on several known values of L, noise evaluation
indices. At this time, the effect of the restricted amplitude fluctuation range matched
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to the actual noise level fluctuation on the estimation accuracy has been quan-
titatively considered. The effectiveness of the proposed method has been experimen-
tally confirmed by applying it to two different kinds of road traffic noise data
measured actually. This research is still at an early stage and the work reported here
has been focussed on some methodological aspects. So, several problems are left for
the future, as follows:

(1) This method must be applied to many other cases to broaden and confirm its
practical effectiveness.

(2) The values of mean and variance used in this theory should be estimated by
use of the other L, noise evaluation indices.

(3) It is necessary to find a more practical estimation method through the
approximation of this fundamental estimation method.
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The behaviour of acoustic emission (AE) during the two first stages of the tensile
deformation of copper single crystals is investigated using the broad-band piezoelectric
transducer for the measurement of AE energy rate AE/At, AE event rate AN/At (event
density) and energy per one AE event 4E/AN. The existence of some essential correlation
between the AE intensity (proportional to AE/At or AN/At patterns) and -the plastic flow
features has been stated. Two large maxima of AE intensity have been observed: the one
correlated with the onset of easy glide region and the other one with the onset of stage II of
the deformation. Moreover, the mean level of the AE intensity is high in the whole easy
glide region and considerably greater than the mean one at the advanced stage 1T of the
deformation, whereas the high mean level is the smaller the smaller is the length of the easy
glide region. It has been shown that the observed correlations can be qualitatively quite well
explained in terms of the dislocation annihilation component of the transition acoustic
radiation.

1. Introduction

The application of acoustic emission (AE) technique to the investigation of the
various aspects of the mechanical properties of metals and alloys (mainly plastic
deformation, fracture, phase transitions) has already been developing for nearly
twenty years [1]. Today there exist many experimental observations of the AE
behaviour during tensile deformation of crystals [1, 2] and a common feature of their
interpretations is the opinion that the AE during plastic flow is, in general, caused by
the dislocation motion. However, these interpretations differ from each other in
details and so far there exists no good enough model which would explain most of
the experimental observations. The difficulties in their interpretation consist in the
fact that there is still no possibility of a quantitative comparison of the results
obtained in various laboratories because of the lack of standard engineering devices,
and hence no possibility to secure identical conditions for the calibration of the

* Present address: Aleksander Krupkowski Institute for Metals Researche, Polish Academy of
Sciences (30-059 Krakéw, ul. Reymonta 25)
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piezoelectric sensors [1, 3, 4]. Nevertheless, the results obtained using the same
apparatus always give some additional information on the nature of plastic
deformation, and thus they are interpreted mostly qualitatively.

The first more extensive investigations of the AE during tensile testing of
various metals have been carried out by FisHER and LALLY [5]. They suggested that
AE was a consequence of the fast collective motion of a large number of dislocations.
Similar suggestions appeared in some models proposed later. SEDGwICK [6] has
considered two possible AE sources: the operation of the fast dislocation sources and
the sudden release of dislocation pile-ups. He discussed the former one in detail and
pointed out that there existed a correlation between the length distribution of the
dislocation segments (being potential Frank-Read sources) and the observed
distribution of the AE intensity as a strain function.

Another model has been proposed by JAMES and CARPENTER [7]. They
suggested that the AE event rate is proportional to the rate of the mobile dislocation
density increase, dp,/dt. The dp,/dt rate is, in turn, imposed by the stimulated
processes of the dislocation breakaway from the pinning points and to a less degree
by the dislocation multiplication. A similar conclusion has been drown by HiGGENS
and CARPENTER [8], who suggested that the AE at the yield point is caused also by
dislocation unpinning. On the other hand, IMANAKA et al. [9] have observed the
increase of the AE intensity with increasing strain rate. They suggested that this was
due to the dynamic operation of the Frank-Read sources, and the assumption of the
constancy of mobile dislocation density during strain rate change should be
reconsidered. Unfortunately, they have not developed their idea in detail. Likewise,
KieseweTTER and ScHILLER [10] suggest that the main cause of the AE is also
associated with the operation of Frank-Read sources. A common feature of all the
models discussed above as well as of other more recent interpretations of various
experimental data [11, 12] (see also [1, 2]) is the supposition that during plastic
deformation the AE is induced by non-stationary dislocation motion (“bremsstrah-
lung” type of accoustic radiation).

On the other hand the series of excellent experiments carried out by Boiko et
al. [13 to 17] strongly suggest that AE should be considered on the basis of the
so-called transition type of acoustic radiation, the main component of which arises
from the dislocation annihilation processes occuring inside the crystal and at the
surface. Likewise our recent experimental observations of the AE behaviour [18, 19],
and particularly those of the increase (decrease) of AE intensity induced by
increasing (decreasing) strain rate changes [18] during copper single crystals tensile
deformation have been also interpreted in terms of dislocation annihilation
component of the transition type of acoustic radiation. The annihilation of
dislocation at a crystal surface is recently also discussed in [20] as the one of possible
causes of AE during the fracture of metals.

Therefore the main aim of this paper is to find further experimental evidences
for the dislocation annihilation origin of the acoustic radiation during plastic flow of
metals using as an example the tensile deformation of copper single crystals.
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2. Theoretical background

The first theoretical predictions on a possibility of acoustic radiation due to the
non-stationary dislocation motion was reported much earlier [21 to 27]. The theory
was developed by EsHELBY [28] for acoustic radiation by an oscillating dislocation
kink (recently see also [29]), and later by Kosevich [30-32] for a system of
accelerating dislocation loops.

It is interesting to notice here that according ESHELBY [28] the rate of acoustic
energy radiation is proportional to the mean value of the square of time derivative of
the dislocation kink linear velocity, quite analogously to the electromagnetic
radiation from an accelerated electron.

A similar result has been obtained by KosevicH [30-32] on the basis of the
dislocation model in a continuous medium. The analogy between Kosevich and
Eshelby treatment follows. from the fact that the second time derivative of the
dislocation moment tensor is just proportional to the dislocation loop acceleration.
However, Eshelby treatment is of microscopic character and describes rather the
high-frequency radiation due to the non-stationary dislocation kink motion since the
kink vibration frequency is related with atom vibration in the dislocation core.
Kosevich approach, is of macroscopic character and describes rather the
low-frequency radiation due to the non-stationary motion of the system of many
dislocation loops.

One can see that the acoustic emission induced by non-stationary dislocation
motion is of an analogous nature as the electromagnetic bremsstrahlung radiation
induced by the charged particles. Thus this type of the AE may be called the
“bremsstrahlung” acoustic radiation. It should be noted here that in literature also
the Cerenkov type of acoustic radiation is being discussed [33 to 35]. Unfortunately,
none of these types of AE has a sufficiently explicit experimental evidence.

On the other hand, NATSIK et al. [36 to 38] were the first to analyse theoreti-
cally the acoustic radiation due to the dislocation escape from a crystal or due to
the dislocation annihilation. Moreover, NATSIK [36] pointed out, basing on the
results obtained by GINzBURG and Frank [39], that the acoustic radiation due
to the dislocation escape from a crystal, again per analogy to the classical
electrodynamics, is similar to the transition electromagnetic radiation by a charged
particle going through the boundary between two media differing from each other in
a dielectric constant. Therefore he called this type of AE the transition acoustic
radiation, and this name is accepted at present [40]. Since dislocation escape from
a crystal may be considered as the annihilation of dislocations with their virtual
images, hence the acoustic radiation due to the dislocation annihilation (irrespective
whether it occurs inside the crystal or due to the dislocation escape) is always of
a transition character. Moreover, the escape of edge dislocations from a crystal
induces additionally the Rayleigh surface waves which are absence, however, in the
case of screw dislocation escape.
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Furthermore, NATsiK and CHISHKO [37], using the methods of the dislocation
theory in a continuous medium, proved that the energy E per unit length, which is
released after the annihilation of dislocations is given by

E=a-uzln% (1)

where u is the relative velocity of dislocations at a time moment of their collision, L is
of the order of crystal size and « is the coefficient depending on the medium density,
the dislocation species and the magnitude of the Burgers vector b.

In the next sections we shall present briefly the experimental procedure as well
as our further experimental results and interpretations which confirm quite well the
dislocation-annihilation concept of the acoustic emission.

3. Experimental procedure

The equipment for AE measurement and the method of crystals growth were the
same as described in [3, 4] and used in [19, 41]. Some of the obtained crystals were
oriented for easy glide (orientations 1, 1’ and 2, 2') and the others were oriented for
multislip (orientation 3). The crystals of a length 50 mm and of rectangular cross
section 10 mmx1 mm for the orientations 1, 1’ and 4 mm x4 mm for the
orientations 2, 2’ and 3 were deformed at a constant strain rate é = 1.6 x 107 * s 1,
é=17x10"5s7! and § =3.0x107* s~ !, respectively to the orientations 1, 2, 3.
For all the specimens the tensile force F and the following AE parameters: rate of AE
events counting AN/A4t, rate of energy released in events 4 E/At, and mean energy per
one event AE/AN, were simultaneously recorded as the strain function. The AE
parameters were measured at an amplification of about 88dB and at a threshold
voltage U, =10 V, except insolated cases when the values U,=0.75 V or
U, = 0.5 V were used. Moreover, the piezoelectric sensor used was of a broad-band
type what allowed to record the AE signals in the frequency range from about 50 to
600 kHz, in contrary to the resonance type of the transducers where only a narrow
frequency band (about 20 to 50 kHz) may be recorded. The use of the treshold
voltage U, from 0.5 V to 1.0 V allowed to eliminate the apparatus noise, whereas the
minimum frequency (50 kHZ) and the maximum one (600 kHz) ensured in turn the
elimination of the noises arising from the tensile machine and radio waves,
respectively.

The AE event rate AN/At was measured by the counting of each events which
exceeded the threshold level of the discriminator. Thus the AE detected in our
experiments, with regard to the resolution of the apparatus, was always of the burst
character. The energy of AE events was measured by using the formula

E= } f2(t)dt , )
0
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where f (1) describes the shape of the AE signal and T is the duration of the event.
The rate AE/At is thus determined in arbitrary units and therefore only its relative
changes during the deformation may be useful for the interpretation. Each of the AE
parameters (AN/At, AE/At and AE/AN = (AE/At)/(AN/At)) was measured within
two-second time periods during each tensile test.

4. Experimental results

Fig. 1 and 2 show the strain dependences of the tensile force F and the AE
parameters AN/At, AE/At and AE/AN for two crystals of type 1 orientations (slightly
differing from each other). Within the whole easy glide region the AE intensity,
proportional to the 4E/At (or AN/At) parameter, remains at a high mean level, and
the onset of the decrease of AE intensity takes place nearly at a strain value
corresponding to the point of transition from the easy glide region to the stage II of
the deformation. One can observe that in the advanced stage Il of the deformation
(Fig. 2) the level of the AE is much lower and the curve of AE intensity is of a more
discrete character than in the case of easy glide region. A more smooth character of
the AE intensity curve within the easy glide region follows from the use of the
logarithmic scale.

Fig. 3 and 4 show the dependences similar as in Fig. 1 and 2 for the crystals of
type 2 orientations, which also differ in their cross-sections and strain rates from
those of the orientations 1. One can see that the difference between the orientations
as well as between the cross-sections and strain rates of the crystals leads only to
quantitative changes, whereas qualitative features of the AE patterns remain the
same. .

A comparison of the patterns of the AE intensity illustrated in Fig. 1 to 4 leads
to the conclusion that there exists a correlation between a high level of the AE
intensity and the length of easy glide region. Moreover, Fig. | to 4 reveal two
appreciable maxima of the AE intensity. In Fig. 4 these maxima are more clearly
visible owing to the decrease of the threshold voltage from 1.0 down to 0.75 V (they
are very weekly visible in Fig. 1 and 2 as they are masked due to the use of
logarithmic scale). Thus the second maximum is in a quite good correlation with the
strain value corresponding to the transition from easy glide region to stage II of the
deformation.

Fig. 5 shows also the strain dependence of the force and the AE parameters but
merely for a crystal of the multislip orientation 3. One can say that the AE from
a multislip oriented crystal behaves quite similarly to the one from single slip
oriented crystals if we mentally reject the easy glide region in Fig. 1 to 4. This means
that in the case of single slip oriented crystals the first maximum of the AE is related
with the onset of the easy glide region and the second maximum of the AE is indeed
related with the onset of stage Il of the deformation. Therefore in the case of
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Fi1G. 1. Strain dependence of the tensile force F and the AE parameters for an easy glide oriented copper
single crystal of orientation 1 and of cross-section 10 mm x| mm

a multislip oriented crystal, where at least two slip systems are operating from the
beginning of the deformation, there exists only one maximum of the AE.
Moreover, the behaviour of the AE within stage II of the deformation is similar
for all crystals of various orientations used here. The AE intensity decrease the faster
the more advanced is the stage II of the deformation, to attain the mean level which
is, however, considerably smaller than the one related with the easy glide region, Fig.
5 brings an additional illustration of the behaviour of the AE intensity during sudden
strain rate decrease from £ = 3.0 x 107* s7! down to & = 3.0x 10 % s~ ! (or increase
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FiG. 3. Strain dependence of the tensile force F and the AE parameters for an easy glide oriented copper
single crystal of orientation 2 and of cross-section 4 mm x4 mm

from £ =30x10"*s" ' up to é = 3.0x 107 % s '), which was interpreted previously
[18] in terms of the dislocation annihilation processes.

It should be emphasized here that we have to be very careful when interpreting
the AE/AN parameter (being dependent on AE/At and AN/At parameters) as
a quantity proportional to the mean energy of the events generated from a given type
of the AE sources since not all of these events are detected at a given value of the
threshold voltage (a physical quantity cannot depend on the level of the disc-
riminator threshold voltage). For instance if the threshold voltage is lowered then
many AE pulses, from among undetectable so far, slightly exceed now the threshold
level. They do not essential contribution to the total energy increase AE but,
however, they are always counted what leads to the increase of the AN faster than
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FI1G. 4. The same dependence as in Fig. 3 but for a crystal of orientation 2

the increase of the AE (within the same time interval 4t). Similarly, during the sudden
strain rate decrease (some part of operating dislocation sources is eliminated; see [18,
42, 43]) many so far detected AE events of insignificant contribution to the total
energy AE, are not recorded now what leads, in turn, to the decrease of the AN faster
than the decrease of the AE. However, in each test at a constant strain rate and
a constant threshold voltage level we may try to interpret the AE/AN parameter as
the AE mean energy per one event. In the advanced stage 11 of the deformation there
exists noticeable tendency to the increase of the mean energy per one AE event what
is particularly visible in Fig. 3 and 5.

5. Discussion

Below we present the possible explanations of the AE behaviour in the same
spirit of the dislocation annihilation concept as in our previous paper [18].
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F1G, 5. Strain dependence of the tensile force F and the AE parameters for a multislip oriented copper
single crystal of orientation 3 (see also [18])

Let us assume firstly that the high level of the AE intensity at the beginning of
the easy glide region (Fig. 1 to 4) may be ascribed only to the high density of the
events of the dislocation segment annihilation which proceeds during the closing of
each dislocation loop generated due to the start of many dislocation sources of the
Frank-Read type. Assume that the primary source density distribution is similar to
the one given by Gasca-Ner1 and Nix [44]

@8+ 32 "exp(—n /g, 1) (3)

nn+1

T T

where n determines the abruptness of the distribution curve, 0o is the total initial
density of primary dislocations and [ is the length of a dislocation segment being
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a potential Frank-Read source. This distribution having the experimental evidence
[45] is, moreover, a more general than the one used by SeEpGwick [6].

However, using only the distribution (3), or even the one used by SEpGwick [6]
or later by SieGEL [46], we should expect a rapid decrease of the AE intensity already
within the easy glide region. And yet, the high level of the AE intensity keeps during
the whole easy glide region (e.g. up to about & = 0.05 in Fig. 1) and is appreciably
correlated with the length of this region. There appear difficulties when trying to
explain this fact using the SeDGwiICK’s model [6] or by other ones based on
a non-stationary dislocation motion as the main cause of the AE sources [5, 7, 10,
46]. We believe, of course, that the primary dislocation source density comes down
(and, at the same time, the density of the dislocation annihilation events also comes
down) according to any distribution, e.g. given by (3). On the other hand, the still
high level of the AE intensity is caused by a compensation effect involving the escape
of many dislocations from a crystal, i.e. the innihilation of dislocations with their
virtual images. Thus the observed behaviour of the AE is a superposition of two
effects: the variation in the density of the dislocation annihilation events according to
any distribution (say given by (3)) of the primary dislocation sources operating inside
the crystal, and the nearly constant density of the dislocation annihilation events
occuring due to the escape of dislocations from the crystal.

Such an interpretation of the correlation between the high level of AE and the
length of easy glide region is very compatible with the well known fact that within
this region, indeed, the most dislocations escape from a crystal due to their large free
mean path (about 1 to 2 mm; see e.g. [47, 48]), comparable with a crystal thickness.
However, the high level of AE from the crystals of orientation 2 (Fig. 3 and 4) is not
as high as from the crystals of orientation 1 (Fig. 1 and 2). Two main possible reasons
may be accounted for it. First, there is another well known fact that the length of
easy glide region decrease with increasing crystal thickness (e.g. [48]). Thus it is clear
that the density of dislocations escaping from the crystals of 2 type orientation is
smaller than this density in the case of the crystals of 1 type orientation. Second, the
lower strain rate of crystals 2 yields the lower density of dislocation annihilation
‘events inside the crystal since the density of operating Frank-Read sources decreases
with decreasing strain rate [18, 42, 43].

In the same spirit we can try to explain the appearance of the second maximum
of AE, corresponding to the transition from the easy glide region to the stage II of
the deformation. This maximum is followed by the local minimum, especially visible
in Fig. 3 and 4 (reproducible in Fig. 1 and 2 too, but masked there due to the use of
logarithmic scale). Thus the second maximum can be ascribed in turn to the
operation of new dislocation sources in the secondary slip systems, i.e. also to the
variation of the events of dislocation segments annihilation inside the crystal
according to the distribution analogous to that given by (3) for the primary source
density.

Moreover, a further decrease of the AE intensity in the advanced stage II of the
deformation to a much lower mean level in comparison to the one in the easy glide
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region can be explained in the following way. It is a well known fact that the mean
free path of dislocation decreases considerably with increasing strain within stage I1
of the deformation (e.g. [47]). Thus the number of dislocations escaping from
a crystal becomes now considerably limited since the most dislocation remain inside
a crystal forming the pile-ups against the Cottrell-Lomer barriers.

We can explain quite similarly the behaviour of AE from the multislip oriented
crystal of greater thickness (orientation 3, Fig. 5). However, the high mean level of
the AE intensity at the beginning of the deformation, comparable to the one for the
crystals of smaller thickness, is mainly as a result of the superposition of the
dislocation annihilation events due to a simultaneous operation of primary and
secondary dislocation sources.

Using the Eq. (1) obtained by NATsIK and CHisHKO [37] we may try to give an
analytical description of our experimental results. Let Ag; and u, (i = 1, 2, 3) denote,
respectively, the mean densities and velocities of annihilating dislocations, correspon-
ding to the operation of primary (i = 1) and secondary (i = 2) sources as well as to
the escape (i = 3) from a crystal. Then for each of these processes the rate of elastic
energy AE,/At released per unit volume may be written in the form

AE; Ap;

el 0

L
21q —
T y ufIn 5 4)

Thus the total rate of acoustic energy radiation, AE/At = AE,/At+ AE,/At + AE /AL,
varies with increasing strain according to the superposition rule illustrated schemati-
cally in Fig. 6.

strain

easy glide region stage II

FIG. 6. Schematic illustration of the resultant pattern of the AE behaviour as a superposition of three

effects: dislocation annihilation inside a crystal induced by primary (4E,/At) and secondary (4E,/At)

dislocation source operations, and dislocation annihilation due to the escape of dislocations from a crystal
(4E, /A1)
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In a similar way we can describe the mean energy AE,/AN per one event

AE, i

AN_Q Ad, u;lnh (5)
where Ad, is the mean length of the annihilating segments of dislocation correspon-
ding to each of three discussed processes. Assuming that in the first approximation
the mobile dislocation density, ¢, and the mean dislocation velocity, v, are constant
in the easy glide region (¢ = bpv = const) then the density of the dislocations
escaping from a crystal is constant, too, and thus the mean energy of AE events
generated by the corresponding annihilation events is also constant. A slight
decrease of the 4E/AN till the onset of stage 1T of the deformation may be related
with the decrease of mean dislocation segment length with increasing strain. The
lower the segment length the lower is the length of the annihilating dislocation
segments during the closing of the dislocation loop generated by the source, what
leads to the decrease of the mean energy per one event according to Eq.(5). However,
the behaviour of AE/AN parameter is modulated by the appearance of the second
maximum (visible in Fig. 3 and 4, but again masked in Fig. 1 and 2). It may be also
explained according to Eq. (3) since the lengths of the secondary sources operating at
the beginning of stage II are greater than the lengths of primary sources operating at
the same time.

Moreover, assuming that in the advanced stage IT of the deformation the mobile
dislocation density is smaller, and thus the mean dislocation velocity is greater than
the corresponding values in the easy glide region, we may suppose that the noticeable
increase of the mean event energy is related mainly with the increase of the mean
dislocation relative velocity during the annihilation events induced inside the crystal
as well as at the surface.

Eventually, we would like to emphasize here once again that there are
difficulties in explaining the decrease of the AE intensity during the sudden strain
rate decrease (additionally illustrated in Fig. 5; see also [18]) by using any model
based on a non-stationary dislocation motion as the main cause of the AE, since the
assumption of the “bremsstrahlung” nature of acoustic radiation leads, in this case at
least, to the conclusion that a sudden decrease of strain rate should also result in an
increase of the AE intensity what is contrary to experimental observations.
Nevertheless, we cannot exclude any contribution of this type of acoustic radiation to
the AE intensity observed in our experiments. On the other hand, theoretical results
obtained not long ago by MALEN and BoLIN [49] and more recently by JASZCZEWSKI
[50], basing after all on the formalism developed by KosevicH [30 to 32] and MURA
[517, still suggest the possibility of the detection of the “bremsstrahlung” type of
acoustic radiation. Also the estimations carried out by JAMES and CARPENTER [7]
and also by Jaszczewski [50] show that the dislocations of about 10 to 10* m
length when accelerated simultaneously enough should give a detectable AE signal.
And though the annihilation of dislocation at a crystal surface is also considered in
terms of non-stationary movement of dislocation (i.e. as a very particular case of



224 A. PAWELEK ET AL.

dislocation stopping over the distance corresponding to the length of the step formed
at the surface [20]), nevertheless there is still very difficult to state experimentally
how much is the part of the observed AE signal which originates from the
non-stationary dislocation motion. We believe, however, that more precise measure-
ments of the possible deviation from the symmetrical behaviour of the AE during
sudden strain rate jumps and drops should reveal the contribution of the “brems-
strahlung” acoustic radiation to the detected AE signals.

Moreover, we cannot exclude the Rayleigh surface waves contribution to the
detected AE signals, either. However, under the conditions of our present ex-
periments it was not possible to extract the Rayleigh wave component. And yet we
believe that its contribution, if it exists, should be always additive and the qualitative
pattern of the AE behaviour is determined only by the dislocation annihilation
component of the transition acoustic radiation.

7. Conclusion

The present observations on the AE intensity patterns during two first stages of
the tensile deformation of copper single crystals, reveal some essential correlations
with the dislocation mechanisms of plastic flow. They can be qualitatively quite well
explained in terms of the dislocation annihilation component of the transition
acoustic radiation. Namely:

(i) The correlation between a high level of the AE intensity and the length of the
easy glide region (large mean free path of dislocations) is related with the escape of
the dislocations from the crystal (annihilation of dislocations with their virtual
images).

(i) The high mean level of AE from single slip oriented crystals of greater
thickness deformed at smaller strain rate is much lower than the high mean level of
AE from those crystals of smaller thickness deformed at greater strain rate. It is
related, firstly, with a smaller density of dislocation annihilation events at the surface
of the crystal of greater thickness and, secondly, with a smaller density of dislocation
annihilation events induced. by the Frank-Read source operation inside the crystal
deformed at a smaller strain rate.

(iii) The two maxima of the AE intensity correlate by turns with the onset of the
easy glide region and onset of stage II of the deformation. They are related with the
dislocation annihilation events inside the crystal induced by the operation of the
primary and secondary dislocation Frank-Read sources, respectively (started succes-
sively according to any distribution, e.g. similar to the one given by Gasca-Neri and
Nix).

(iv) The resultant pattern of the AE intensity is a superposition of the dislocation
annihilation effects occuring inside the crystal and due to the dislocation escape from
the crystal.
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(v) The decrease of the AE intensity to a low mean level within the advanced
stage II of the deformation is related with the considerably limited dislocation escape
from the crystal (small mean free path of dislocations).

(vi) The explanation of the high level of AE and the existence of only one
maximum of the intensity of AE from the multislip oriented crystal, where at least
two slip systems are operating simultaneously from the beginning of the defor-
mation, follows from previous conclusions being thus a quite good confirmation of
the presented interpretation.

(vii) The proposed qualitative explanation of the strain dependence of event
mean energy is also compatible with this interpretation.

This work was supported by the Institute for Fundamental Technical Resear-
ches at the Polish Academy of Sciences under the contract CPBP 02.03.
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In this paper, the problem of acoustic wave radiated and received by a lip restrained
circular plate vibrating in a rigid baffle is distributed. The vibratory system is found in the
lossless and homogeneous liquid medium. The dynamics influence of the wave emitted by
plate on its vibration form has been omitted as well as the losses in plate have been
neglected. The axially symmetric vibration induced by the sinusoidal varried in time
external pressure has been considered. By assuming the known distribution of pressure
forcing vibration, a simple expression has been found allows to determine the directional
characteristic.

W pracy rozwigzano zagadnienie promieniowania i odbioru fal akustycznych przez
utwierdzona na obrzezu w sztywnej odgrodzie plyte kolowa. Uklad drgajacy znajduje si¢
w bezstratnym i jednorodnym o$rodku plynnym. Pominigto dynamiczne oddziatywanie
promieniowanej przez plyte fali na jej postaé drgan oraz zaniedbano straty w plycie.
Rozpatrzono osiowosymetryczne drgania wymuszone sinusoidalnie zmiennym w czasie
cisnieniem zewngtrznym. Zakladajac znany rozklad ci$nienia wymuszajgcego drgania,
ustalono wyrazenie majgce elementarna postac, pozwalajaca na wyznaczenie charakterys-
tyki kierunkowosci.

1. Introduction

A utilization of circular plates and membranes as the vibratory systems for
design of acoustic devices which satisfy a function of sender or receiver of acoustic
waves, requires identyfying, between the others, directional characteristic. A relative
big attention to be payed to this problem by using the approximation methods as
well as the equivalent schemes is however not sufficient in case of an exact analysis
(3, 6].

The precisely mathematically formulated basis magnitudes characterizing the
circular membrane as a source or a receiver of acoustic energy can be found in [1],
the main point of which is focussed on the frequency response of input impedance for
the circular membrane stimulated to the forced vibration.
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A directional characteristic of a circular membrane excited to a resonance
vibration is described, for example in [6, 7] — but in more general case — of
nonresonance vibration, in [4].

Describing the problem of radiation of circular plate only the following
boundary cases have been analyzed — a focused forced vibration and a vibrated
plate modelled by a system of concentrated constants with the equivalent force
[3, 6].

The most precisely considerations needed to find acoustic properties of
a vibrated plate require undergoing of investigations for the nonresonance vibration,
taking into account a time — and position-depended factor forcing the vibration.

In this paper, the problem of acoustic wave emission by a lip restrained circular
plate placed in a rigid, planer baffle is considered. A plate is enough thin as well as
the effect of medium forcing the vibration is enough large to omitt the influence of
losses including the forced vibration created by a self-acoustics field. It has been
assumed that the vibratory system is found in the lossless and homogeneous liquid
medium with the small value of self-resistance.

Assuming the known sinusoidal varied in time surface distribution of factor
forcing the vibration, the directional characteristic has been established.

Expressions, to be here obtained for the resonance frequencies are reduced to
the known formulae, formely established in [5].

Results of numerical calculations have been presented graphically.

Based on the results here obtained, the continuation of analysis will be possible
in emission of energy vibration, the exact application of which is useful for the sound
emission problems of the vibrated plates.

2. Assumptions of analysis

A forced transversal vibration of a homogeneous circular plate for which the
energy losses don’t occur as well as the local of plate stimulated by the surrounded
environment is neglected, can be described by the following equation, [3]

2
- gﬁ: ) i (1)

BV*n(r, t)+oh

where

Ak v
T 12(1-vY)

denotes the bending stiffness of plate, n denotes transversely displacement of point
located on the plate surface, h — denotes the width of plate, E denotes Young
modulus, v denotes Poisson coefficient, ¢ denotes volumen density of plate.
A medium, for which the influence of a radiated field of plate on the form of

B (2)
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vibration can be omitted in Eq.(1), is identified, for example with the air possesing
small value of the self-resistance. The theory of bending of thin plates is applied for
the plate thickness h, fullfield the inequality, [2].

h<0.1 D, (2a)

where D denotes the diameter of plate.
Assuming that a factor forcing the vibration is identified with the external
pressure

J(r, t) =f(r)exp(iwt), A3)
an amplitude of which has the following form
_ ) | dOr,, O<r<a,
f(r)_{ﬂ for a,<r<a @

where f, = const.

From the practical point of view, this kind of extorsion can be realized for
example by two surface circular electrodes parallel to the plate surface with radius
@, < a, where denotes radius of plate.

Equation of vibration (1) for the extortion induced by external factor Egs. (3), (4)
has the following form

1
(e = 1_.2_;%{;II(?0)+gfl(?)[Jl(}’0)ND(}')+

—Jo(?) N, (}'on"g"o(?) [Jl(}’)Nl(?o}—Jx(?u)Nl(?)]}
(5)
1
xJo(kr)+2_;'(()_?j{;Jl(?0)+‘]l(?)[]1(?0) Ko()+1,(y)
x K, (70)] =Jo I, (7o) K, ()’)“’1’1{?“(1(?0]]} Io(kr)

for 0<r<a,,
1
1a0)/no = -2—;%5{;11(%)%&(%) [NoM)1,0) + N, (3) ro(m}Jo(kn

1
e v Y {; J1(r0) + 1, (20) [Ko(M)x I, (y) - K, (?)Jo(y)]}lo(kr) (6)

PIZEI:I,(}JO) Ko(kr)+’2—’J,(yn) Nn(kr):'

for a, < r < a, furthermore the following notations have been derived
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v =ka, yo = kag, SG¢) = Jo0) ;) +1o(7) I, (7) ™

Mo = '“é;%z k? = w[%]i, (8)

where M = gh denotes a mass of plate divided by the unit of area. The time term,
defined by the notation of exp(iwt) is omitted in text begining from Eq.(5).
In the particular case for which the whole surface of plate is excited to vibration

by a factor different from zero (a, = a), Eq.(5) and Eq.(6) are reduced to the
following form '

and

: 1
ny(/ne = 1—%,}[1 1M Jo(kr)+J () Lo (kr)] ©)

and n,(r)/ne =0

3. Acoustic pressure in the Fraunhofer zone

A distributfon of acoustic pressure in the Fraunhofer zone of the source vibrated
in a rigid, planer baffle is calculated based on the relation, [3]

i0, @ exp(—iky R) :
PR, 0, 0) == X ° }; 0(Tos o)

(10)
x exp[ik, ro sin 0 cos(p —@,)] dd,

for %ko ro (%’) < 1, furthermore R, 0, ¢ denote the spherical coordinates of a point

of field, r,, ¢, denote the polar coordinates of a point of the source, g, denotes

R 2
a density of fluid medium, k, = Tn

In the case of circular plate excited to axially symmetric vibration, Egs.(3), (4)
the rate of vibration is independent of the angular variable ¢@,. Assuming also
relation

= ek
, ' 0p = ®A°.

v(ro) = icn(ro) (1n
Eq.(10) defined for acoustic pressure is reduced to the form

—ik, R) - )
p(R, 0) = —QOWZMI;L)[I 1, (ro) Jolko o sin 0)rydr,
0
(12)

+ [ ny(ro) Jolko 7o siR O) o dro].
ao
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After integration we obtain relation

00 fo &2 a* exp(—iky R)

PR, O) ="M R
(13)
o 21 (ex)/(ex) — Ule, 7) I, () x/y =W e, ?)Jo(x)
I —(x/y)* sin* 6
where g, = ap/a, x = kyasin0 and
2
Ule, 7) = —[J () I,()—1,(e) o ()], (14)
&yS
2
W(e, ?)=%[Jl(c?)fl(?)H;(s?}-h(?)J— (15)

For the principal direction ie. @ =0, we obtain the following relation for
acoustic pressure

_ Qo Jog?a*[1—W (e, y)] exp(—ik, R)
Po = M R

(16)

the form of which we apply for calculation of the directionality coefficient, [3]

K@ =2

17
o (17)

if p, # 0. But for
I—W(E, }')=Os (18)

the state of vibratory system is such, that a volumen displacement of the vibrated
plate is equal to zero (compare with [1]), then a directionality coefficient must be
defined in another way. It can be achieved by referring the value of pressure p(R, 0)
to that of pressure p'(R, 0,) in such direction 6, for which this value reaches
maximum.

In the case of coincidence between a frequency factor forcing vibration and
a frequency of proper vibration, the damping effects arr negligible, i.e.

=% S@GJ=0 - (19)
we obtain relation

K,(0) = lim K(8) = Le®)= xJ (9, )

lim —n) ’ (20

identical with this published in [5].
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Fi1G. 1. The directionality coefficient of the radiation of a circular plate with different values of ka. Curve
1 — ka =10, ko/k = 0.5; curve 2 — ka = 10, ko/k = 1, curve 3 — ka = 5, ky/k = 1. It has been assumed
that p, denotes the pressurc on the principal direction with ka = 10, ag/a = |
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FIG. 2. The directionality coefficient of the radiation of a circular plate with different values of a,/a. Curve
1 — apla=1, curve 2 — ag/a = 0.5, curve 3 — ay/a = 0.2. It has been assumed that ka = 5, ko/k = 2
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FiG. 3. The relative acoustic pressure p'/p,.., depended on the direction of radiation, 6 with ka = 6.3064.
Curve 1 — ko/k =1, curve 2 — ky/k = 2. It has been assumed that p,,, denotes the pressure on the
direction of the maximal radiation, 0,

If a volumen displacement of plate is equal to zero, then

00 foe* aexp(—iky R) "
2M R
s 2J  (ex)/(ex) +xJ 1 (x) [T o (1) — 27, (9)/(en)]/(y) — T o(x)
I=(x/p)* :

moreover, if we assume y =7y,, then Eq.(21) is adequate to the description of
vibration state, for which the resonance coincides with antiresonance [1]

Diagrams of directionality coefficient of the radiation of a plate stimulated to
the forced vibration are shown in Fig. 1, 2 and 3. In Fig. 2, the value p(R, 0) of the
acoustics pressure, Eq.(13), was referred to the value p, on the principal axis,
moreover it was assumed that a, = a, ie.

o 20So@[1=W Q)]
v - 2M J
" In Fig. 1 the pressure p, has been determined for y = 10 in the principal direc-

tion, but the value of p_ shown in Fig. 3, has been defined for y = y, = 6.3064... in
direction of maximal radiation 0,

P'(R, 0) =

(21)

4J,() 14(y)
yS

Wol) = (22)
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4. Conclusions

During the analysis of considered system of vibration the basic relations, i.e.
Eqgs.(13), (16), (21) and Eq.(22), have been established allows to determine the
frequency responses of directionality coefficient, Eq.(17) and Eq.(20).

An application range of the obtained results is limited because an ideal model of
the vibrated plate has been assumed, for which the damping effects are not taking
into consideration as well for material of the plate as for the liquid medium
surrounded plate. The influence of the emitted acoustic wave on a form of plate
vibration has been omitted. For that reason the obtained relations can’t be applied
for identification of the absolute value of acoustic pressure with frequency close or
equal to the assumed ideal model of vibrations, otherwise, in real conditions these
magnitudes became damped by the influence of a liquid medium surrounded the
plate.

The loss rigorous criterion of estimation of the relative value of pressure are
considered for example for the directionality coefficient.
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Erratum

AN EXPERIMENTAL LITHOTRIPSY SYSTEM FOR THE STUDY OF SHOCK WAVE EFFECTS

L. FILIPCZYNSKI, J. ETIENNE, A. GRABOWSKA, T. WASZCZUK, H. KOWALSKI,
M. GRYZINSKI, J. STANISLAWSKI

The following typographical errors have been noted:
1. Page 15 line 14 “increase of the membrane™ should be read “increase the temperature of the
membrane”.
2. Page 16 line 14 “critical is” should read “critical point is”.
3. Page 20 line 1 “its metal” should read “its metal plate”.
4. Page 20 line 4 “3%" should read “3 Mpa”.

Erratum

ACOUSTICAL SHADOW OF A SPHERE IMMERSED IN WATER. |
L. FILIPCZYNSKI, T. KUIJAWSKA

The following typographical errors have been noted:
1. In the formula 12 hZka should read hZ and p,cos x should read P, cos.
2. In the formula 17 hj ka should read h,ka.

Erratum

PERCEPTION ASPECTS OF A RULE SYSTEM FOR CONVERTING MELODIES FROM
MUSICAL NOTATION INTO SOUND

L. FRYDEN, J. SUNDBERG AND A. ASKENFELT

-Archives of Acoustics 13, 3-4, 269-280 (1988).
The following missprints have been noted:
1. Page 269, line 12: “an amplitudes” should read “and amplitudes”.
Line 12: “have been formulated” should read “has been formulated”.
2. Page 273, line 17: “inversly” should read “inversely”.
3. Page 275, line 1: “time window of two or three notes™ should read “time window of one, two or three
notes”.
Line 4: “marks_cues” should read “mark cues”
4. Page 276, linc 11: “negligeable™ should rcad “neligible”.
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Line 25: “where” should read “were”.
5. Page 278, line 38: “increases” should read “increased”.
6. Page 279, line 39: “pronounciation™ should read “pronunciation”.
Line 40: “a analysis — synthesis” should read “an analysis by synthesis”
7. Page 280, line 10: “epistalar™ should read “epistlar”.
Line 12: “Finnskoga” should read “Finnskogarna”,
Line 14: “Fruelingstraum” should read “Frihlingstraum”,
Line 27: “vam” should read “van”.
After line 15 following should be added:
A. Tegner: Ekorn satt i granen, from ,Sjung med oss, Mamma” (nursery tune).

The reference list should be supplemented by the following:
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[12] J. SunpBERG, A. FRIBERG and L. FRYDEN, Rules for automated performance of ensamble music,
Contemporary Music Review, 3, 89-109 (1989),

[13] J. SUNDBERG, Computer synthesis of music performance, [In:] J. Sloboda (ed.) Generative Processes in
Music, Clarendon Press, Oxford, 52-69 (1988).
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