IN MEMORY OF STEFAN CZARNECKI, MAN AND SCIENTIST

The outstanding Polish scientist, in the field of acoustics, Prof. Dr. Stefan
OzARNECKI died in Warsaw on 1 September, 1982. Stefan CZARNECKI was born
in Warsaw on 20 September, 1925. In 1945 he began his studies at the Gdansk
Technical University, to graduate in 1949 from its Electrical Engineering
Department (Radiotechnology Section), achieving the M. Se. degree with his
dissertation The scaling of dynamic microphones by the reversibility method.
After working a few years at the Central Laboratory of the Polish Radio and
at the Warsaw Technieal University, in 1953 he began to work at the Institute
of Fundamental Technological Research, Polish Academy of Sciences, Warsaw.
In 1959 he achieved his D. Se¢. degree from the Scientific Council of the Institute
of Fundamental Technological Research, Polish Academy of Sciences, Warsaw,
for bis dissertation The irregularities of acoustic behaviour in enclosures. Tn 1965
he received his habilitation at the Institute of Fundamental Technological
Research, for his dissertation The interaction of Helmholtz resonators with the
surrounding mediwm and in 1966 he was nominated assistant professor. In
1963-1974, he worked at the Institute of Automation, and subsequently at the
Institute of Organization and Management, Polish Academy of Sciences, as
head of the Analogy Department. Since 1974 he has worked at the Institute
of Fundamental Technological Research, Polish Academy of Sciences, as head
of the Aeroacoustics Department. In 1972 he was nominated professor by the
State Council and full professor in 1980. '

The rich output of Prof. Stefan CzZARNECKI’s thirty years of scientific
research includes more than a hundred publications on subjects related to
a variety of fields of acoustics. He has done research in the problems of aero-
dynamic sound generation, noise control in industrial halls, room acoustics,
acoustic screen theory and the identification of sound sources and acoustic
energy transmission paths. ‘

‘His doctoral dissertation already indicated his outstanding researcher’s
intuition. In this investigation he found and showed the existence of the tran-
sient distortions of acoustic behaviour in halls which had not been known before.
This discovery became the starting point for further extensive investigations
in this field, which have worked towards the development of new criteria for
the evaluation of the acoustics of concert halls.
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In his habilitation dissertation, on the basis of the fundamental mathema-
tical relations between the laws of reflection and acoustic wave radiation,
Stefan CzARNECKI presented analytically the effect of the interaction of the
resonator with the surrounding medium. The results obtained he gave in the
form of equivalent circuits used in automation. As a result of the relationships
derived, he considered theoretically the effect of the surrounding medium on
the absorbing properties of Helmholtz resonators in the plane wave field. Subse-
quently he performed experimental research which fully confirmed his theore-
tical considerations. The results obtained permitted the explanation of a large
number of phenomena oceurring in the work of the resonators and can be useful
in a variety of fields of acoustics, particularly in noise control.

His other investigations, performed in cooperation with the Institute
of Mechanics and Vibroaeoustics of the Academy of Mining and Metallurgy,
Cracow, have covered a wide range of problems related to the identification
of sound sources and vibroacoustic energy propagation paths in various industrial
plants. Prof. CZARNECKI has developed a new method for the identification
of sound sources which is based on the nearfield methods using the correlation
and phase methods, and also the pulse method which has for the first time
permitted a practical division of the propagation paths in simple technological
systems. He has propagated and developed the methods of energy evaluation
of the radiation of surface sound sources, particularly plate systems, seeking
significant relationships between the radiated acoustic energy and the vibra-
tion of the surface of the source. He has been one of the first in the world to
consider the problem of quantitative evaluation of the acoustic field distribution
under the conditions of the guasi reverberation field, introducing the method
of SPL drops. This method is now used effectively in quantitative evaluation
of the acoustic radiation power of sources, eliminating the necessity of reverbera-
tion time measurements. Thus the investigations supervised by Prof. CzZARNECKT
have covered a wide range of the problems of the identifieation of sound sources
and sound transmission paths, both with simple and the complex sources which
oceur in real industrial conditions.

Prof. CZARNECKI has closely cooperated with a number of research eentres
in Poland, including the Institute of Mechanics and Vibroacousties of the
Academy of Mining and Metallurgy, Music Academy in Warsaw, the Main
Mining Institute in Katowice, Poznan University and Gdansk Technical Uni-
versity. This cooperation took various forms: common investigations, con-
sultations, seminars and lectures on chosen problems of acoustics.

For a number of years he has had regular lectures on acoustics in Music
Academy, Warsaw, and the Engineering School. He has cooperated with Warsaw
and Gdansk Technical Universities. He has tutored a great many M. Se. degree
holders and supervised dozen-odd doctoral dissertations.

One should stress particularly the broad international cooperation in
which he has been engaged. He has represented Poland at a large number of
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scientific conferences, including the Ist Congress of the Federation of Acoustic
Societies of Europe in Paris in 1975, where he delivered the main paper Acoustic
silencers of exhaust noise in industrial installations. He has also participated
in the organization of a number of important international seientific meetings.

His most significant achievements have included the organization of the
IInd FASE Congress in Warsaw in 1978 and the International Conference
INTER NOISE 79 in 1979. Prof. CzARNECKI has been an active member of
the Executive Board of the International Institute of Noise Control Engineering.
He has also been a member of the Scientific Council of the International Centre
of Building Acousties of the Council for the Mutual Economic Aid in Bucha-
rest and in 1980 he was nominated Fellow of the Acoustical Society of America.
The international status of Prof. CZARNECKI is also indicated by his nomination
to the session chairman at scientific conferences, e.g. the ICA Congress in Sydney,
INTER NOISE conferences in Zurich, San Francisco and Amsterdam.

His activity in noise and vibration eontrol in Poland has been particularly
significant and fruitful. In 1970, at the initiative of Prof. 8. CzArRNECKI and
Dr. Cz. Puzyna, the head of the Committee of Science and Technology set
up a team of experts to develop means of noise control in order to diminish
the annoyance of industrial noise in Poland. As a result of the work of this
team headed by Prof. CZARNECKI, in 1971 the Council of Ministers passed Law
169 on noise control in places of work. The passing of this Law was the turning
point in noise abatement in Poland.

Since 1964, first every four years and later on every three years, Prof.
CzARNECKI has organized national scientific conferences, with foreign parti-
cipation, on noise control. These conferences were held in 1962, 1970, 1973,
1976 and 1979 (including the INTER-NOISE 79 Congress). He also co-organized
the NOISE CONTROL 82 Conference in Cracow in 1982,

In 1960-1964 Prof. CzARNECKI was the Secretary of the Acoustics Section
of the Committee on Electronics and Telecommunieation, Polish Academy of
Sciences.

From 1964, when the Committee on Acousties, Polish Academy of Sciences
was founded, he was its Scientific Secretary and since 1975 he has been vice-
president of the Committee. In 1963 he was one of the member-founders of the
Polish Acoustical Society and its viee-president in 1967-1971.

Prof. CZARNECKI was the founder and since 1966 the Editor-in-chief of
the quarterly of the Polish Academy of Sciences, Archiwum Akustyki; and,
since 1976, also its English version Archives of Acoustics. He was a member
of the State Council for the Protection of the Environment and of the scientific
councils of a number of institutions.

As follows from the above short review of the activities of Prof. Stefan
CzZARNECKI, he has always been at the very centre of what has been happening
in Polish acoustics. He has been considered the true “spiritus movens” of the
acounstical community and has enjoyed an enormous status. This was the effect
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of the extraordinary features of his character. Of himself Prof. (ZARNECKI
used to say, “It is by no accident that I have devoted myself to acousties.
Acousties originates from physics and motion is a typical property of physics.
And motion is my element!”. True, he has been motion itself: extremely active,
quick in decision and always moving from place to place. Always full of initia-
tive, he has been ready to take on and carry out all difficult tasks, inspiring
with his enthusiasm his collaborators. -

The enthusiasm and enterprise have also been typical of his private life.
He has been vigorously engaged in sports and tourism. He was a co-author
of a skier’s guide to the Pieniny Mountains and an encyclopedic handbook
on skiing. He has gone on long walks in the mountains. Early in his life he
was fond of mountaineering, climbing high in the Alps, Pyrenees and in the
Cauncas mountains. All his life he has skied regularly. He has always been in-
terested in the political and cultural life in Poland. He has always known about
the latest artistic events. How he has managed to have enough time for all
this has been his undisclosed secret and the object of his colleagues’ envy.

However, it is not only his activity in life and science that has contributed
to the very high authority of Stefan OzZARNECKI. The main contribution has
been the extreme righteousness of his character and his great, truly elemental
support for people and matters. He has engaged himself in all actions he con-
sidered just and in which he has believed he has been able to assist. He has
always tried to help people in need; has always been ready to devote part of
his so extremely busy time to the problems of others: to a conversation or
an arrangement of matters important for someone.

And there has still been another trait that has made him so outstanding :
a tremendous, optimistic, as it were, will power. His friends have known him
to say “let the weather beware” when the problem of accomodating trips to the
weather arose. And, in effect, despite the unfavourable circumstances, he has
rarely failed to carry out his plans.

In 1971, during his stay in the USA, he suffered from a grave disease,
where it was necessary to amputate his two kidneys. But those who thought
that this would curb his enterprise were much mistaken. Even in the convales-
cence period and in the long period when in all the weeks he had to spend two
days in hospital undergoing dialyses, he resumed his full professional activity,
making up for all the lost time.

After a successful kidney transplantation in 1973 he returned to a “normal”
way of life, a life of activity above the average. And he has remained sueh until
his very last day, never giving in to the weakening organism, never complaining
of anything and never changing his plans.

In his departure Polish acoustics has suffered an irretrievable loss.

Zbigniew Engel
Andrzej Rakowski
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The lateral resolution of ultrasonographs for the investigation of the
internal structures of the body depends on the diameter of the ultrasonic
beam. A decrease in the diameter of the beam ecan be achieved by the
use of multi-element annular ultrasonic probe controlled by the electronic
system deseribed in the present paper. This paper also presents a method for
the caleulation of the distribution of the radiated acoustic field and two experi-
mental methods which permit the measurement of the field distribution, with
focusing during transmission only. The analytical results were compared with
the experimental results obtained by two measurement methods. This compa-
rison indicates that over the major part of the range there is agreement between
the analytical and experimental results. Some differences between them occur
mainly at the ends of zone 2 (focal point 60 mm) and in zone 4 (focal point
110 mm).

1. Introduction

One of the fundamental methods of investigation in ultrasonic medical
diagnosis is B-mode echography. In this mode the reflected echoes, which corres-
pond to the distribution of anatomical structures of the body, are shown as
bright peints on the screen of the ORT. The brightness and diameter of these
points depend on the amplitude of the echoes and the diameter of the electron
beam of the CRT. In good quality CRT, echoes with mean amplitude are shown
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as points of 0.5 mm diameter [4]. This diameter can be taken as the eriterion
in B-mode ultrasonographs for the investigation of the internal structures,
in order that a good resolution may be achieved.

The resolution of the ultrasonograph is defined by the longitudinal and
lateral resolution of the ultrasonic probe, the accuracy of deflection and focusing
of the electron beam in the CRT, the mechanical stability of the system which
transforms the motion of the probe into the motion of the time base on the
sereen and by variations in the velocity of the ultrasonic beam in investigated
structures. In addition to variations in the veloecity of the ultrasonic beam in
the structures, other parameters result from the design and accomplishment
of the equipment.

In the present state of ultrasonic technology the most negative effect
on the resolution of the ultrasonograph is exerted by the lateral resolution
of the ultrasonic probe. The other parameters permit the achievement of the
resolution which results from the size of a spot on the CRT screen.

The lateral resolution is defined as the minimum distance between two
elements reflecting the ultrasonic beam. The signals reflected from these ele-
ments should be displayed as two independent echoes on the sereen of the CRT.
The lateral resolution of the ultrasonic probe is a function of the observation
depth and depends on the geometry of the radiating surface and the radiated
wave length.

The aim of the present paper is to indicate the possibilities of decreasing
the width of the ultrasonic beam, i.e. to improve the lateral resolution of B-mode
ultrasonic equipment.

2. Methed

The well known method of reducing the diameter of the radiated ultra-
sonic beam is the use of a lens superimposed on the ultrasonic probe or the
use of probes with appropriately profiled concave transducers [1]. This kind
of focusing is efficient only over a short depth range. This is a serious disad-
vantage of this method. '

It is possible to focus over the whole observation range when a multi-
element ultrasonic probe, controlled by an appropriate electronic system,
is used [3, 4, 7]. A multi-element annular ultrasonic probe consists of co-axial
elements: a disc and the surrounding rings. The disc and the rings are excited
to vibrate by transmitters attached to them. The excitation time of a suceessive
element in the probe is related to the curvature of the radiated ultrasonie wave
front, which is focused on the axis of the transducer at a desired distance from
its surface (Fig. 1). When the successive elements of the probe are excited to
work with various delays, the ultrasonic waves generated by these elements
reach at the same time the point P, where summing up they give the effect.
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of the foeusing of the ultrasonie beam. At transmission the wave front ean
be focused only at one depth. When at transmission the ultrasonic beam is.
to have a small diameter over the whole range of investigation, it is necessary
to generate ultrasonic waves of different curvatures of the wave front radiated.

PG > NO

SO =

Fig. 1. Focusing during transmission. PG — pulse generator, ND — transmitter triggering
without' delay, SD — transmitter triggering with small delay, LD — transmitter triggering
grr oty with large delay, T — transmitters

This eorresponds to several foci over the investigated range. Unlike the focusing
at several points during transmission, in the case of detection it is possible
to achieve continuous focusing, by a continuous:change of the delay of the
signals received. The delay changes at a velocity equal to the ultrasonic wave
propagation velocity in the body investigated (Fig. 2). This kind of focusing
is called dynamic focusing and has a substantial effect on the improvement
in the lateral resolution. Focusing using an annular array can be achieved

ND

S0

i

oiig. 2. Focusing during reception, LD — circuit with large delay in received signal, SD —
Freuit with small delay in received signal, ND — ecircuit without delay in received signal,
8 — summator
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only along the axis of the transducers and therefore, in order to achieve a eross-
section of the body investigated, the ultrasonic probe has to be moved mecha-
nically.

In view of the expected use of the ultrasonic beam focusing system in
obstetrics and gynaecology, a 2.0 MHz resonance frequency was chosen for
the transdueer with the depth range 0-24 em and the surface of the transducers
in touch with the surface of the body [2].

A very important element of the system is an ultrasonic annular array.
A theoretical analysis of the lateral resolution for such an array excited by
a continuous wave and short pulses, depending on the size, configuration and
the excitation method, was given in paper [6]. On the basis of the theoretical
analysis, an ultrasonic probe was built, which consists of 7 co-axial elements
of piezoelectric ceramics: a dise and six rings. The diameter of the disc is about
10 mm and the external diameter of the outside ring is about 40 mm. Al the
elements have the same surface area.

This permitted the achievement of:

a) the same electric impedance of all elements, i.e. the same electric loading
of all transmitters;

b) practically the same distance from the surface of the probe, of the
transition point between the near and far fields for the disc and all the rings.
This distance is given by formula (1) [7],

&) ailgoiseidl
lao ﬁ]/( ey —Z) — gy (1)

where 1, is the distanoce of the transition point between the near and far fields
for each element of the probe, a,, is the external radius of the element, a,,, is
the internal radius of the element (for the dise a,, = 0), 2 is the wave length
radiated (4 = 0.6 mm for f = 2.5 MHz). For the dise I,, = 50.05 mm; for
successive rings, l,, = 49.71 mm, ly, = 49.15 mm, 1,, = 48.54 mm, [, — 48.27
mm, [, = 47.39 mm, [, = 46.84 mm.

The efficient focusing of the ultrasonic beam radiated by the disc oceurs
in the near field, i.e. in the Fresnel zone of the probe [7]. On the assumption
that the ultrasonic probe consists of only one large disc with the radius 4 =
= 20 mm (this being the external radius of the outside ring of the annular
array), the transition point between the near and far fields is distant by 660 mm
from the surface of the transducer,

- A? 200

Lo A 0.6

= 660 mm, (2)

where L, is the distance of the transition point between the near and far fields
measured from the surface of the transducer and A is the external radius of
the last ring in the probe.
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Relation (2) defines the practical restriction of the range of the system
described, with the size of the ultrasonic transducer given previously.

An additional condition for the focusing of the ultrasonic beam by means
of the annular array is that signals received at the focus from all the indepen-
dently working elements of ;the probe should have the same phase. This con-
dition is satisfied exactly for a ring whose width tends to zero. For a ring with
finite width the condition of the constant phase of ultrasonic signals is satisfied
in the far field of the element. It follows that annular array can focus well in
the far field of each element working independently. From formula (1), the
transition point between the near and far fields for all elements of the probe
is distant by about 50 mm from the radiating surface. It means that no effi-
cient focusing of the ultrasonic beam can be achieved over the range 0-50 mm
and therefore over this range, at transmission, only the internal element of
the probe, i.e. the dise, works. On the basis of previous analyses and measure-
ments [8], the whole range 0-24 em under investigation was divided into five
zones, with the following division of work a,mong the particular elements of the
probe during transmission:

zone 1: from 0 to 50 mm, with only the disc transmitting;

zone 2: from 50 to 70 mm, with the focus at a distance of 60 mm, three
elements: the disc and two internal rings, transmitting;

zone 3: from 70 to 90 mm, with the focus at a distance of 80 mm;

zone 4: from 90 to 140 mm, with the focus at a distance of 110 mm;

zone H: from 140 to 240 mm, with the focus at a distance of 180 mm.

In zones 3, 4 and 5 all the seven elements of the probe transmit.

The annular array works with an electronic system whose schematic dia-
gram is given in Fig. 3. At transmission, signals from the pulse generator PG
are supplied to seven memories PROM 7'D, which depending on the focus,
set_the respective relative time delays of signals exciting transmitters. The
pulses from the memory PROM are supplied to the circuits 7'C’ which control
the transmitters. In these cireuits, burst signals of a duration of 3 periods of
2.5 MHz are formed. The burst pulses eontrol the transmitters 7', in which
fast switeh transistors V-MOS were used. All the seven transmitters excite
to vibration the corresponding elements of the annular probe P. The pulses
received by the seven elements of the probe are supplied to the seven amplifiers
R and subsequently to SAD-100 analog delay lines which delay respectively
the signals received. A change in the delay of signals in the SAD-100 is caused
by a change in the frequency of clock signals supplied to these lines from the
very fast PROM memory RD, which defines the magnitude of the delays of
signals received by particular elements of the probe. This circuitry provides
the possibility of continuous delay changes, with wvelocity which is equal to
the ultrasonic wave propagation velocity in the human body, i.e. the possibility
of dynamic focusing. After a respective delay, all the signals are fed to the
gummator 8, where they are summed up. Since the SAD-100 delay lines work

2 — Archives of Acoustics 3/83
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using the signal sampling principle, it is necessary to filtrate signals at the
sampling frequency. This is achieved by the filter F following the sum-
mator.

3. Calculation of the distribution of the radiated acoustic field

This problem consists in the caleulation of the space and time distribution
of the acoustic field generated by the radiating surfaces of the multi-element
ultrasonic annular array. These surfaces are excited to vibration by signals

PC,
I
oL,
i
it 7D rc T R
r T Py r [
il =
I
RD 0, O E O . o, H= sc s F
| = iyl
| | :
! i Plon
! ! I
- - =
PG e TDVI! rCVH ];’H (AN RVH DL'-’H
(NN
[11]
P

Fig. 3. A schematic diagram of the electronic system working with an annular array. PG —
pulse generator, 7D — PROM memories of the transmitted pulse delay, T¢' — transmitter
control, ' — transmitters, P — probe, B — receivers, DL — SAD-.100 delay lines, RD —
PROM memory (change in the received signal delay), PC — pulse control of the SAD-100
delay lines, SC — switeh circuitry, § — summator, F — filter, 4 — amplifier

in the form of high-frequency pulses with delays so selected that the beam
focuses at a desired point of the field. In the calculations, a pulse shape closest
to one in practice was assumed. This pulse contains five sinusoidal high-fre-
quency periods with the envelope sin?(=nt/2).

The theoretical method for the calculation of the acoustic field is based
on analysis of transient fields generated by piston surfaces. This analysis con-
sists in the determination of the pulse response of a radiating surface at a given
point in space and subsequently in the convolution of this response with the
exciting pulses.
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The problem of the analytical determination of the distribution of the
acoustic field as a function of time, at any point in a half-space, generated by
the vibrating surface of an annular array, was considered in paper [5]. Accord-
ing to the formulae derived in this paper, analytical expressions for the cal-
culation of the time behaviour of acoustic pressure, focused on the axis at
the distance z from the radiating surface, become

2(85 1) = Po(rs 1) + 3 Py(r, 1), (3)
N

where Py(r, 1) is the time behaviour of the acoustic pressure generated by the
central dise, P, (r,t) = P, (r,t)—P,,(r, ) is the time behaviour of the acoustic
pressure generated by the nth ring with the external radius «,, and the internal
radius a,,;

Prryt) = olho(r, )3 Vo(t)+ 3 U0, )4V, () — by (r, )2V, (01}, (4)
N

where o is the density of the medium, ? is time, » is the vector of the distance
between a point source and the observation point in the half-space, V(1)
= V[H(t)—H (t —7,)]sin®(nt/2)sinwt is the vibration velocity of the central
dlsc, Vault) = VIH(t—A47,) —H (t — Az, —7,) ]8in?[=/2 ({ — Az,) ]sine (t — A7,) is
the vibration velocity of the nth ring, Az, is the time difference (acceleration)
in the excitation of the nth ring with respect to the dise; k(2 t), h,, (v, ) and
h,,(r, 1) are respectively the partial derivatives with respect to time of the
pulse responses for the central disc and rings with the radii a,, and a,,.

The calculations were taken on a VAX computer at Limburg University
(the Netherlands) in Fortran. From these calculations, the width of the ultra-
sonic beam was determined over the whole range for signal level decreases
of respectively 3 dB, 6 dB and 10 dB. The 3 dB and 6 dB and 10 dB beam —
widths determined analytically are shown in Fig. 15 (section 5) in the form
of dotted curves, together with the experimental results.

4. Measurement methods

The measurements were taken on the acoustic pressure of the ultrasonic
field of the annular array at transmission. The measurement conditions were
the following: '

zone 1: pulses transmitted only by the disc;

zone 2: pulses transmitted by three elements; dise and two internal
rings;

zones 3, 4 and 5: pulses transmitted by all the elements of the probe.

All the elements of the probe were excited to vibration by a burst with
a duration of three cycles of the 2.5 MHz signal. A hydrophone of piezoelectric
pvdf (polyvinylidene fluoride) foil (with the diameter of the active part being
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1 mm, the thickness 25 mm), manufactured by Marconi (Fig. 4), with a known
directional response, was used as the measurement element. This hydrophone
is characterized by a flat response of signals received as a funetion of frequency

7
>
o M

Q\\g‘ Fig. 4. The hydrop_hono of pvdf f({il manu-
§ ¥ s Yo factured by Marconi, B — frame, ¥ — pvdf
s i § { foil, Ny — part 'of the upper foil surface
§ E N Ny covered with a gold layer, Ny; — part of
§ Els the lower foil surface covered with a gold la-
] ff B C ver, A — active region where the gold-covered
=G w? _.// parts of the upper and lower surfaces overlap,
: (¢ — concentric cable

over the range 1-10 MHz and by its lack of effect on the distribution of the
ultrasonic field at the measurement point.

As a confirmation of the validity of the parameters assumed for the exciting
pulse in the caleulation of the field distribution, Fig. 5 shows a pulse shape
detected by the pvdf hydrophone at transmission by the dise. The signal detected

Fig. 5. The pulse shape received by the hydrophone at transmission by the dise

contains about five 2.5 MHz cycles modulated by a signal of the approximate
shape sin?(nt/2) of 2 us duration.

The acoustic pressure distribution was measured by the system shown
in Fig. 6. Ultrasonic waves radiated by particular elements of the array P are
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received by the hydrophone H, transformed into electric pulses and fed to
the amplifier A. After amplification the signals are fed to the oscilloscope O.
The hydrophone can be moved in the direction # and y, with high shifting
accuracy. On account of the symmetry of the system, measurements were

J} 0
|
rWI A
P
z P
oH
Ly
5

Fig. 6. The system for the measurement of the acoustic ‘ﬁpéssux'e. T — transmitters, P —
probe, H — hydrophone, 4 — amplifier, O — oseillosecope, ¢ — probe-hydrophone distance,
x,y — directions of the hydrophone shift

taken only for a shift in one direction from the axis of the system. With indi-
vidual work of each element of the probe, signals detected by the hydrophone
were adjusted for the distance z = 110 mm (the focus of zone 4). The measured
results are shown in Fig. 7,

Zone 1 is in the near field of the element and therefore measurements
were taken only for two probe-hydrophone distances, 40 mm and 50 mm. For
zones closer to the probe, 2 and 3, “point focusing”, i.e. good focusing at the
focus and worse at the ends of the zone, can distinetly be seen.

For farther zones, 4 and 5, slightly worse focusing can be seen at points
close to the focus, at the expense of the more uniform focusing over the whole
zone. For comparison, a half beamwidth is shown for respective 3 dB, 6 dB,
10 dB and 20 dB decreases in signal level. The determination of the 3 dB beam-
width does not take into account the effect of the side lobes. The determination
of the 20 dB beamwidth is also inconvenient because of the overlarge effect
of the side lobes on the response, e.g. in ‘the case of the 20 dB beamwidth in
zone 2. With focussing at transmission only, it is best to determine the beam-
width at a level of — 6 dB or — 10 dB. In addition, when focusing at the
same points at reception, the curves for — 6 dB and — 10 dB (Fig. 7) define
the respective beamwidths at signal level decreases to 12 dB and 20 dB with
focusing both at transmission and detection. This is satisfied under the condition
that the directional patterns are the same both at transmission and reception.
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Fig. 7. Half beamwidth for different values of the drop in the signal received, d — half beam-
width, 2 — distance from the probe, Z0O — zone division of the range, .... 3 dB half beam-
width, — — — 6 dB half beamwidth,

10 dB half beamwidth, xxx 20 dB half beam-
width, 000 — measurement points

At reception the described system implements dynamie focusing, for which,
over the whole zone under study, ultrasonic signals reflected from peints on
the axis of the system are focused.

The combination of dynamic focusing at reception with foeusing in several
zones at transmission causes a decrease in the ultrasonic beamwidth, with respect
to focusing in zones both at transmission and detection. The improvement
is particularly distinct at the ends of zones.

Fig. 8 shows the distribution of signal amplitudes over the whole range.

Greater amplitudes occur in zones 3, 4 and 5; it should be mentioned, however,
that all the elements transmit to these zones. At the ends of zones 2 and 3 there
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is a distinet effect of the side lobes. It ean be seen from the plots in the figure
that the amplitude distribution is rather regular over the whole range under
study. :

e
1] 25 50 ifmm}

Fig. 8. The signal amplitude distribution over the whole range. U — measured signal value,
2 — distance from the probe, I — distance from the axis of the system

In the other investigation method, the pressure distribution of the ultra-
sonic field of the annular array was measured using an ultrasonic beam —
scanner. This device was constructed at Limburg University, Maastricht.
Fig. 9 explains the principle of work of this device. In this case the hydrophone

i

{

'8 A

~

Fig. 9. The working principle of the
beam scanner. 7' — transmitters, P —
probe, H — hydrophone, 4 — amplifier,
X—-Y — x—y plotter, # — probe —
hydrophone distance, IP — immovable
point on the surface of the probe,
round which the probe swings
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is immovable and set on the axis of the system. The ultrasonic probe swings
in all directions round the point IP which lies both on the axis of the system
and on the surface of the transducer. Signals from the hydrophone are fed
through an amplifier to a -y plotter, which can plot a two-dimensional acoustic
pressure distribution at a desired depth. The plotter can also plot the changes
in the acoustic pressure as a function of the distance from the axis of the probe.

The results are shown in Figs. 10-14. The upper parts of the figures show
a two-dimensional distribution of the ultrasonic field in a plane parallel to
the surface of the probe. A change in colour of two adjacent areas, from white
to black or conversely, corresponds. to a change in the value of a signal by 1.5
dB. The distribution of the ultrasonic field in the -y plane is distinetly clear
for a distance of 50 mm (with only the disc working). For the other distances,
a change in the value of a signal for the main lobe was so rapid that it was not
registered correctly by the plotter. The lower parts of the figures show a change
in the value of a signal as a funetion of change in the distance from the axis
of the system. These curves show a symmetrical shape of the ultrasonic beam
over the range under study, with a signal drop to about 23 dB with respect
to the maximum signal on the axis. Some nonsymmetry can be seen for the
distance z = 60 mm, but it occurs only in the amplitude of the side lobes. This
is of no significance, because of the large difference in the value of the signals,
where nonsymmetry is with respect to the maximum value from the main
lobe.

In the first measurement method (with an immovable probe), the maximum
probe-hydrophone distance for which measurements were taken was 200 mm.
The lack of the measurement of the field distribution at a distance of 240 mm
from the probe was caused by the absence of a measurement vessel at greater
depth. The field distribution at a distance of 240 mm was measured using
a beam scanner and it showed a slight broadening of the beamwidth with respect
to the measurements at the 200 mm distance between probe and hydrophone.

5. Comparison of theoretical and experimental results

The theoretical and experimental results obtained using the two measu-
rement methods are compared in Fig. 15. It can be seen that in all the cases
there are similar changes in the beamwidth shape. The results of measurements
of the ultrasonic beamwidth with signal decreases of 3 dB and 6 dB are very
close for the two measurement methods. With a signal drop of 10 dB the mea-
sured results only differ largely in zone 1 and at the ends of zones 2 and 3.
These differences result from the greater effect of the side lobes in measurements
by the method shown in Fig. 6 (with the hydrophone being shifted and an
immovable probe) compared with the method using the beam scanner,
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Fig. 12. The ultrasonic field distribution in a plane 80 mm from the probe in zone 3
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Fig. 13. The ultrasonic field distribution in a plane 110 mm from the probe in zone 4
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The results calculated for the central parts of the zones are generally in
agreement with the measured ones. The greatest differences between measn-
rements and calculations occur at the ends of zone 2 and in zone 4. When com-
pared with the caleulations, the measured results show a slightly less width
of the ultrasonic beam in alI the three cases, i.e. with signal drops of 3 dB,
6 dB and 10 dB.
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Fig. 15. Comparison of the theoretical and experimental results for signal drops of 3 dB,
6 dB and 10 dB. d — half beamwidth, 2 — distance from the probe, ZO — zone division
of the range, — measurements (shifted hydrophone), — — — measurements (swinging
probe), ... caleulations, —.—.—.— typical system used in the ultrasonograph for investi-
gation of the abdominal structures: f = 2.6 MHz, ¢ = 20 mm; ooo — measurement points

From the measurements taken, it was found that in the two measurement
methods the side lobes are at the same distance from the axis. In measurements
by the beam scanner the amplitude of the side lobe with respect to the main lobe
is less than in the method using a shifted hydrophone. For calculations in zones
2, 3 and 4 the side lobes are slightly closer to the axis than in the experimental
results.
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The results of measurements of the ultrasonic beamwidth with a signal
drop of 10 dB also contain the response of a typical system used in the ultra-
sonograph for examination of the abdominal structures. These data were obtained
from measurements at a frequency of 2.5 MHz and for an ultrasonic beam:
radiated by a transducer of 20 mm diameter in ref. [2]. The ultrasonic beam:
generated by the annular array is narrower and much more regular over the
whole range under study. At the focus there is a double narrowing of the beam-
width; but it should be mentioned that in the two ecases the transducer dia-
meters are different from each other.

6. Conclusions

Analysis of the theoretical and experimental results obtained permits
the following statements:

1. Over the greater part of the range under study there is agreement
between the theoretical and experimental results.

2. When the conditions assumed are satisfied, i.e. with a direct contact
to the surface of the investigated body and with the specific dimensions of
the elements of the probe, it is impossible to focus effectively over the range
0-50 mm, and therefore only the dise can work over this range.

3. Focusing for some chosen foci at transmission indicates a narrowing
of the width of the transmitted ultrasonic beam over the range under study,
under the condition of the selection of an appropriate number of these foci.
In view of a large beamwidth at the ends of the zones, with respect to the beam-
width at the focus, it seems, from the results obtained, to be purposeful to-
increase the number of the zones from five to seven or eight.

4. Focusing for some chosen foci only at transmission can sometimes
be useful in practice, particularly because of the simplicity of the electronic:
systems employed.

5. In addition, when using dynamie focusing at reception, there is an
optimum narrowing of the beam at all distances, i.e. an improvement in the
lateral resolution of the ultrasonograph investigation of the internal structures
of the body.
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DETECTABILITY OF CALCIFICATIONS IN BREAST TISSUES
BY THE ULTRASONIC ECHO METHOD

LESZEK FILIPCZYNSKI

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

The tumour processes in breasts involve caleifications which can be detect-
ed using ultrasonic methods. The aim of the present paper is to determine the
minimum size of these calcifications which can be detected by the ultrasonic
echo method.

The models of the calcification which was assumed in this paper are a rigid
and an elastic sphere onto which a plane wave is incident. Such density and
longitudinal wave velocity were assumed here as are eharacteristic of the skull
bone, and it is for these values that the far field form function f.,(ka) was deter-
mined for different values of the Poisson’s ratio.

On the basis of these calcification models, the detectability of the calei-
fication by the echo method was evaluated, showing that, when a typical ultra-
sonograph at a frequency of 3 MHz is used, sphere-shaped calcifications with
radii from 4 pm to 52 pm, depending on the depth at which they occur, give
signals at the level of the electronic noise of the ultrasonograph.

Experimental research has shown that the detectability by the echo
method is restricted by breast tissue heterogeneities which cause the interfering
background to oceur. The level of these interference signals was determined
at a frequency of 3 MHz. At 4 em depth this level was higher by 31 dB than
the electronic noise level. From these results, the present author determined
the radii of calcifications detectable by the echo method at a level higher by
20 dB (ten times higher) than the level of the tissue interference signal. The
radii are 0.05, 0.15 and 1 mm long at the respective depths of 2, 4 and 6 em.
Their dependence on the depth results mainly from the wave attenuation in
tissues, which increases as the depth at which a given calcification is, grows.
A linear receiver should be used for calcification detection.

Notation

— aftenuation loss on the path of the wave
— radius of the sphere
— wave velocity in soft tissue

3 — Archives of Acoustics 3/83
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O — expansion coefficients

m — natural number

cr, — longitudinal wave velocity in the calcification

ep — transverse wave veloeity in the calcification

¢ — wave velocity in the medium which constitutes the tissue reflector
D — level increase caused by tissue interference (Fig. 10)

feolka) — far field form function

1 — spherical Hankel function of the second kind

ey — derivative of the function h() with respect to the argument
i = Void

Jm — spherical Bessel function

Jmr Jm ~ — derivatives of the function j,, with respect to the argument
k = wf/e — wave number

Ny — spherical Neumann function

Ny — derivative of the funection m,, with respect to the argument
N — electronic noise level

Py, — Legendre polynomial

P; — pressure of the plane wave incident on the sphere

Po — pressure amplitude of the plane wave

Py — pressure of the wave scattered by the sphere

Pso — pressure amplitude of the wave scattered by the sphere

B — depth at which the calcification oceurs

r — radial component of the polar coordinate system

T — double electroacoustic transducing loss

i — time

U,  — eleetric sensitivity of the ultrasonograph receiver

U, — output voltage of the ultrasonograph fransmitter in a pulse
w — electric dynamics of the ultrasonograph

z, ®;, ¥, — auxiliary quantities (see formulae (12¢ b, c))

a — pressure attenuation coefficient

i — phage angle of partial spherical waves reflected

0 — angular coordinate of the polar coordinate system

v — Poisson’s ratio

o — density of the tissue medium

0s — density of the sphere

o — density of the tissue reflector

Pm — auxiliary quantity (see formula (11))

® — angular frequency

1. Introduction

The ultrasonic method is one of the more recent ways of detecting breast
tumours [14]. Despite the intensive research performed on it in a large number
of scientific centres, the possibilities of the ultrasonic diagnosis of breast
tumours are far from exhausted. One example of the developments in this
field is the Doppler ultrasonic methods which permit the observation of changes
in the blood supply to the tumour when it is malignant [15].

Another problem in the diagnosis of breast tumours is the detection of
calcifications by the ultrasonic echo method. The reactions which proceed
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in breast tissue cells and which cause calcifications when the cancer occurs
are present in a very early stage of its development. They usually occur prior
to the infiltrative phase, which is visible in a mammogram or an X-ray micro-
gram preparation [16].

The detection of the microcalcifications is therefore fundamentally signi-
ficant in the early diagnosis of breast tumours. In view of this, the question
arises as to what are the possibilities of detecting small caleifications by the
ultrasonic method.

The recent papers on the problems in ultrasonic investigations of the
breast report on microcalcifications being detected only by mammographic
methods; they cannot be detected, however, by ultrasound [21].

This paper presents an attempt to explain this problem and to determine
the minimum calcification size which can be detected by ultrasonic echo
method.

2. Assumptions of the analysis

Fig. 1 shows the ultrasonic system used here for detecting calcifications
by the echo method. The first stage of these considerations consists in an eva-
luation of the magnitude of the ultrasonic wave reflected from a sphere-shaped
caleification with a radius a.

P

EESTES

Fig:'1. The ultrasonographic system used in the

investigations. T' — transmitter, 4 — receiver, R

P — piezoelectric transducer swinging over an

angle.of 30°, M — medium investigated, § —

caleification, U — area of the medinm covered

by the ultrasonic beam, Z — electronic distance M
indicator, B — depth at which the calcification

R oceurs

It is assumed that the acoustic parameters of this ealcification are the
same as those of bone tissue. This assumption is justified by that about 66
per cent of the bone mass consists of inorganic matter, including mainly caleium
salts [19]. The acoustic properties of bone tissue have been investigated by
a large number of authors, who have obtained a rather considerable scatter
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of the measured values. Fig. 2 shows the results of ultrasonic wave veloecity
measurements, drawn from the available literature [8, 9]. The present consi-
derations are based on the results of the measurements of WHITE el al. [23],
who, working on rather ample experimental material, obtained the following
data for the skull bones: the longitudinal wave velocity ¢; = 3.2 km/s, the
density o = 2.23 g/em3, the specific acoustic impedance ¢;, = 7.1 %x10° g em~2
§-1. Neither these authors nor any other have given data on the transverse
wave velocity.

&5

0 ! 2 3 4 5 6 7 8 9 [MHz]

Fig. 2. The ultrasonic wave propagation velocity in bone tissue, measured by different
authors [8, 9]. The dotted line indicates the value assumed in the present considerations

Tt is assumed that the calcification has the shape of a sphere and is placed
in a fluid medium. Soft tissue can with rather good approximation be consi-
dered such a fluid medium and water, in turn, can be a good approximation
of this tissue.

It is not exact to assume that the calcification is sphere-shaped. It would
be better to assume the calcification as a solid with irregularly shaped surface.
The problem of wave reflection from such a solid could be solved if the statistics
were known of these irregularities [24]. These data are not available, however,
there is also a lack of the simpler information on the density, the elastic pro-
perties of the calcifications ete. There is also no information on the heterogeneity
of these calcifications which occur in the breast.

In view of this, the present problem must be considered with approxima-
tion, by assuming two calcification models: in the form of an ideal rigid sphere
and an ideal elastic one. The analysis will be performed for steady-state
(continuous wave).
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3. Ultrasonic wave reflection from a rigid sphere

The acoustic pressure of a plane wave incident in a fluid onto the sphere
can be represented, in a polar coordinate system whose centre coincides with
the centre of the sphere, in the form of the infinite series [20, 17]

P; = poexp(jot +kreos0) = poexp(jot) Y j"(2m+1)P,,(cos 0)j, (kr). (1)

m=0

The acoustic pressure of the wave scattered by the sphere is in the form

P, = Zcum(cos 0) B (kr)exp (jort), (2)

m=0

where the expansion coefficients ¢, are determined from the boundary con-
ditions on the surface of the sphere. When the sphere is rigid and immovable,
these coefficients take the form

Jm(Ka)

) ?

¢, = j™(2m 1)
When the wavelength is very short with respect to the radius of the rigid
sphere, the power scattered by the sphere is ma* I,, where I, is the intensity
of the incident plane wave; the same power is concentrated into a narrow beam
which interferes with the primary beam and causes the shadow [17].
Comparison of the incident power with the one scattered isotropically
by the sphere gives the equation

na’p, drrip,
= 7

4
200 200 )

where the distance r » a. Hence, directly the following relation results,

a
Pso = Pn‘é}“' (5)

In a general case, when the wavelength is comparable to the radius of
the sphere or longer, the additional factor f(ka), which is called the far field
form function, is introduced into the right side of formula (5). This gives

a
Pso =p0§fm(ka)' (6)

For the rigid sphere the function f(ke) takes the form of the curve S
shown in Fig. 3 [13]. The undulations in the curve result from the wave inter-
ference around the sphere, since, in view of its ideal rigidity, the wave does
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not penetrate inside. In real calcifications, whose surface is irregular and whose
shape is only similar to a sphere, the curve is not so regular as in Fig. 3.
The previous considerations were concerned with an immovable sphere.
When affected by the incident wave, the sphere can move freely. This problem
was investigated by HickLiNG and WANG [13], who showed that a rigid sphere

Il y,
gs fp=1
/lo=4
12 'n( | ST ik
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0 2 4 6 8  ka 10
Fig. 3. The function fo (ka) for a rigid sphere in a fluid, according to HickrLING and WanaG [13]

vibrates when acoustic pressure acts on it. In view of this, the form of the
function f.(ka) changes, particularly over the range ka < 5. The magnitude
of this change depends on the density of the sphere and on the density of the
surrounding medium. Fig. 3 shows curves calculated by HickLiNG and WANG
for the ratios g,/o0 =1 and 4.

For the calcifications of interest here, whose density is about twice as
large as that of the surrounding tissue, the real curve of f, (ka) should be close
to both curves in Fig. 3.

4. Ultrasonic wave reflection from an elastic sphere

In the case of an ideal elastic sphere the problem of reflection becomes
more complex [2, 3, 12, 18]. In addition to reflected waves, longitudinal and
transverse waves penetrate inside the sphere. The latter waves arise at the
interface of the fluid medium and the sphere. The expansion coefficients (2)
take then the form

Cp = —Po(—J)" " (2m +1)sinz, exp (j1,,). (7

The angle #,, is a function of the veloecity of longitudinal and transverse
waves within the sphere and of longitudinal waves in the surrounding medium,
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and of the radius of the sphere and frequency. The way of determining the
angles 7,, was given in paper [3] and subsequently verified in papers [12, 22].
With backscattering (6 = 180°) the Legendre polynomials disappear
from expression (2), since P,,(—1) = (—1)". For long distances a spherical
Hankel function can be represented by the asymptotic expression [20]

WO (ker) = % exp[-—j (kr— m;—l f:)] (8)

Thus, when coefficients (7) are taken into account and the time factor
neglected, formula (2) becomes [18]

[=+]

a ] —2 . : a
P~ o[ ) @D (U st (i) | = o utha), )
where
. " ! ’ -1
g, — — dn(@) [mn%_m (@) ][m%mm nm(m)] s
'?Lm(:l’) Jm(m) nm("”)
and
1 (@) Vi 2(m? +m)j,, (@)
tang i @ A Dy iy (€1) —Jim (#1) (M2 +m —2) i, (@3) + 53]y, (22) i
"o | 2 A{/(A =201 (@) (@)} (02 ) [ (#2) —Fafya (22)]
3 Jon (1) =i (1) (m2+m —2) i, (23) 23] (3)
(11)
Expressions (10) and (11) inelude the quantities
x =ka = ﬁa, v, = ka =—w—a, @y = Ryl = La (12a,b,c)
¢ e ey

and the Poisson’s ratio » which is related to the velocity of longitudinal and
transverse waves by the relation

i1 ]/1—2'» _ is
v=l say" (13)

Fig. 4 gives the values of the Poisson’s ratio for different materials, de-
pending on the ratio of the transverse wave velocity to the longitudinal wave
velocity. This ratio increases as the material becomes in terms of elasticity
increasingly similar to a fluid, for which it reaches the value » = 0.5. In view
of their elastic properties, it seems that ecalcifications should be assigned to
the group of materials close to glass, porcelain or molten quartz, for which
the Poisson’s ratio » wvaries between 0.17-0.26.

Taking as the basis the theory of wave reflection from an ideal elastic
sphere, from formulae (9), (10) and (11), the far field form function f,(ka) was
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determined for the parameters of calcifications given in point 3, with different
values of the Poisson’s ratio » = 0; 0.1; 0.2; 0.3 and 0.4. These calculations
were carried out on a Cyber 70 (IBM) computer and their results are shown
in Figs. 5 and 6. It follows from the curves obtained that a distinet effect of

05—y
—
v Pb
1 Au
04
03
02 pe E T
pe 2¢f /e molten quortz

2(1-¢t /)

o1
Be
0 o1 02 03 04 05 06 «c/c

Flg 4. The Poisson’s ratio v for different materials, depending on the ratio of the transverse
wave velocity ep to the longitudinal wave velocity e,

4 /
Moo (Ka)! 04
2
1
a 1 2 F 4 ka
Fig. 5. The function f(ka) of the sphere (in the calcification for ¢, = 3.2 km/s, g, = 2.23
g/cm“, in the tissue for ¢z, = 1.5 km/s, ¢ = 1 g/em?®) determined for various values of the

Pmsson 8 ratio »
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,

the Poisson’s ratio on the behaviour of the function f(ka) does not oceur until
the value ka > 1.5.

It is interesting to note that the existing theories of wave scattering by
elastie spheres apply to immovable spheres. It should not be execluded that,
as for rigid spheres, the phenomenon of scattering will behave in a slightly

o /
//
//
T
aio //
//
/

1/

002 /
/

0 a1 02 a3 04 05 ka

Fig. 6. The funetion fu(ka) of the sphere as in Fig. 5 but for small arguments of ke

different way, when the possibility of spheres being movable under the effect
of pressures acting on their surfaces is taken into account.

Fig. 7 shows the functions f.(ka) calculated for flint glass, molten silica
and stainless steel by CHIVERS and ANsoN [1], which all show similar behav-
iour. Their maxima and minima result from the interference of waves around
the sphere and also from resonances within it.

In their investigations of the scattering phenomenon, FLAX et al. [7] used
a formalism drawn from nuclear reaction theory. They showed that in the
case of bodies with density and wave veloeities greater than those of the surro-
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unding fluid, seattering is a result of the superposition of the phenomenon
of wave scattering by a rigid body and a number of resonances which oceur
in these bodies. These resonances differ in character, since they correspond
to different wave types, including, for example, also surface waves and waves
of the “whispering gallery” type.
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Fig. 7. The function fu(ka) caleulated for flint glass (solid eurve), molten silica (dotted
line) and stainless steel (dashed line), according to Cuivirs and Axsox [1]

Thus, in the case of calcifications with irregular shapes and with corrugated
surfaces, one should expect that a number of resonances will not oceur at all
and the curve of the function f.(ka) will come closer to the curve of a rigid
body. From Fig. 7, it can thus be assumed that the maxima and minima will
smooth out about the mean value, which for ka > 3 can be taken as f_, (ka) = 1.
A similar conclusion can be drawn for rigid spheres (Fig. 3).

Extensive experimental investigations of the scattering of acoustic waves
by metal (aluminium and brass) spheres submerged in water were carried out
by HamToN and McKINEY [11] over the range 4.1 — 57 of the product ka.
They showed that for large values of ka, backscattering is constant as a function
of scattering and slightly less than follows from theoretical data for a rigid
sphere. The present assumption of the constant value of the function f,(ka)
was thus confirmed experimentally. It is, however, necessary to note that the
conclusion formulated above for large values of ka only applies to the amplitu-
des of pulses reflected from the surface of the sphere and is not valid for those
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which arise as a result of multiple reflection within the sphere. This condition
corresponds to a lack of resonances, i.e. such a situation which is expected
with calcification of irregular shape and unsumooth surface.

5. Detectability of calcifications using the echo method

Ultrasonographs which work with the echo prineciple (B — mode) are used
in the detection of tumours and also calcifications in the breast. A typical
sensitivity of the ultrasonograph receiver which results from its electronic
noise is U, = 10 pV and the output voltage of the transmitter in a pulse U, =
= 250 V are assumed here. The ratio of these two quantities, which will be
called the electric dynamics of the ultrasonograph, is W = U,/U, = 2.5 x10" =
= 148 dB. It is assumed that the total loss caused by the piezoelectric trans-
ducing of electrical signals into acoustic ones and conversely is 7' =15 dB [56].

Another cause of signal loss is the attenuation of ultrasound on its path
from the surface of the skin through the skin and the breast tissue. These losses
can be evaluated only approximately, since they depend to a large extent on
the anatomy of the patient, which can vary over a wide range. Fig. 8 shows
values of attenuation measurements in the tissues of normal and pathological
breasts, collected from the literature [8, 9]. They show a large scatter; attenua-
tion in pathological tissues is much greater than that in normal tissues. For
the latter one can assume as the mean value attenuation of 1.1 dB/MHz em,
which corresponds to the dashed line in Fig. 8.

Let us assume 8 em as the maximum depth at which caleifications can
oceur. With consideration given to the path of the ultrasonic wave from the
transducer to the calcification and back, this gives for a frequency of 3 MHz
the attenuation 4 = 16 em x1.1 dB/MHz x3 MHz = 53 dB.

After the electroacoustic transducing and attenuation losses are subtracted,
W—-T—-4 =80 dB = 10" remains from the available range of the electrical
dynamics W of the ultrasonograph. The ratio of the pressure amplitude of the
wave reflected from the calcification at the distance R = 8 em to the pressure
amplitude of the wave incident on the calcification should be higher than a value
of 107% Only than the electrical signal detected by the ultrasonograph will
be greater than the electronic noise level of the receiver.

When a rigid, immovable sphere is assumed as the calcification model,
for ka < 1 it is possible to write, according to RSHEVKIN [20],

(ka)®
3kr

Hence, in the case of backscattering when 6 = 0 (Rshevkin [20]), unlike
the papers cited above [3, 12, 22], the opposite incidence direction of the wave
is assumed here; hence, the angle § = 0 and not 180°, and neglecting the phase

Py = —Py (1+—Z—cos 6) exp [j(ot—kr)]. (14)
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factor, for ka <1,
ps 5 (ke)?
Po 6 kr

3 ¢ (15)

The solution of inequality (15) gives the condition ka > 0.5.

7MHz
+21 “o125 +25 4156
. i3 12 095 3519 +125 495
/
a //
[i-‘-i %
cm A
6
+]
+
ke
2
0 2 4 6 [(MHz] 8

Fig. 8. Attenuation in the tissue of normal (points) and pathological (crosses) breasts, mea-

sured by different authors [8, 9]. The solid lines represent the measured value ranges given

by the authors. (The values beyond the range of the diagram are given at the peints and

crosses). The dashed line represents the value of attenuation assumed in the present calei-
fications

When an elastic sphere is assumed as the calcification model, from formu-
la (9),

Pa ka - X
oo M 10, 16
. 2‘Tﬂ,ﬁm(kc«s)> 0 (16)

The value of the function f., (ka) can be read from Figs. 5 and 6. Inequality
(16) is then satisfied for ke > 0.65; the effect of the Poisson’s ratio » can be
neglected.

It follows that the two calecification models, the rigid and elastic spheres.
give a similar value of ka, satisfying inequality (15) or, alternatively, (16).
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Assumption of ka = 0.65, at a frequency of 3 MHz, gives the radius of the
gphere a = 52 pm. This sphere gives a signal received by the ultrasonograph;
one, however, which is close to its electronic noise level.

For ka > 3, from Fig. 7, the function f,, (ka) can, according to the conclu-
sions in chapter 4, be assumed to have a value of about one.

Table 1 shows the results of calcifications of the expected radius of the
caleification which gives a signal at the level of electronic noise of the ultraso-
Table 1. The expected radius of a sphere-shaped calcification which gives an electric signal

on the electronie noise level, caleulated as a function of the depth R at which the caleification
oceurs, at a frequency of 3 MHz

R [em] 1 2 4 6 8
A [dB] 9 13 26 40 53
—(W-=-T-4) [dB] —126 —120 - 107 —903 —80
—(W—-T—4) (lin) 5% 107 108 | 4.5 x10-6 2.2 x10-5 10-4
ka from (16) 0.05 0.08 0.17 0.34 0.65
ka from (15) 0.042 0.067 0.14 0.27 0.50
@ from (16) [wm] 4.0 6.3 13 27 52
a from (15) [um] 3.3 5.3 11 21 48

nograph, depending on the depth at which the calcification occurs. Over the
range of low values of ka, ka < 0.65, the assumption as the calcification model
of an elastic sphere (formula (16)) or a rigid, stationary one (formula (15))
gives small differences; in the case of the rigid, stationary sphere model the
sphere radii calculated are about 20 per cent smaller. The dependence of the
smallest sphere radius on the depth at which the calcification occurs is striking;
at depths of 8 and 1 em these radii are different by an order of magnitude (Fig. 9).

It follows from the analysis performed so far that even microecalcifications
give signals detected by the ultrasonograph. It does not signify, however, that
such signals can be recognized among the many signals obtained at the boun-
daries of fat, fibre and gland tissues and their heterogeneities. Microphotographs
of the milk gland show discrete structures in the form of polygons with diagonals
from 50 pm to 200 pm [19]. A Iack of information on the value of the scattering
coefficient of ultrasound in so heterogeneous breast tissue prevents an evalua-
tion of the tissue interference whose level is much higher than the electronic
noise level of the ultrasonograph. The magnitude of the tissue interference
signal can be determined experimentally.

6. Experimental investigation of the tissue interference
The experimental investigations were performed using an USK 79/M

ultrasonocardiograph, developed at the Department of Ultrasound, Institute
of Fundamental Research [6], at a frequency of 3 MHz. This device is equipped
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with a piezoelectric transdueer of 156 mm diameter with a plastic lens which
focuses an ultrasonic beam at a distance of 6 em from the surface of the trans-
ducer. At this distance the width of the ultrasonic beam, measured between —
20 dB levels with respect to the maximum, is 9 mm. The piezoelectric transducer
swings over an angle of 30°, thus exploring the area of the body under exami-
nation at a frequency of about 25 swings per second.

Il
d ka=12
g vilt
i ka=7
fpmi g 7
I /
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I // Fig. 9. The expected dependence of the
(I / detectability of calcifications on the depth
0_;7{{,’ 017 N at which they occur in the breast tissue,

0 with the echo method at a frequency of

o J 3 MHz. @ — radius of the smallest detect-
N able calcification which gives an electric
: B signal on the electronic noise level (N),

on the level of the tissue interference
gignals (N+4D) and on a level higher
- by 20 dB than the tissue interference
(N+D+20 dB), B — depth at which
the calcification occurs. The respective
0 2 4 6 Rlcml 8 values of ka are given at the peints

In order to determine the magnitude of the tissue interference signal,
the breasts of three women about 40 years old were examined using this device.
The level of this interference signal was determined at a depth of 4 em (Fig. 10).
This level was higher by D = 31 -4 dB than the level of the maximum sensi-
tivity N of the ultrasonograph conditioned by the electronic noise.

A hypothetic reflector in the form of a half-space with the characteristic
acoustic impedance o'¢’ ean now be introduced. It can be assumed that the
tissue interference results from the reflection of a plane wave incident perpen-
dicularly at a flat surface limiting the present hypothetic reflector. The flat
surface of the reflector is at the distance R = 4 c¢m from the surface of the
probe, i.e. at the same distance at which the tissue interference signal in the
women’s breasts was measured.

The level of the amplitude of the wave incident on the surface of the hypo-
thetie reflector is, with respect to the level of the electric signal of the transmit-
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ter (Fig. 10), :
—T/|2—4/2 [dB]. (17)
Simplifying the problem, one can neglect the focusing of the ultrasonic

beam, which in the present case is small, in view of the low ratio of the diameter
of the transducer to the foecal length, i.e. 0.25.

Fig. 10. The signal level as a function — (250V]] "

of the distance B in the determination laBlf Tors—al Tl A2

of the tissue interference in the breast.

O — level of the electric signal transmitted,

T — electroacoustic transducing loss, W

A — wave attenuation loss, N — electronic

noise level, D — experimentally determined

increase in the level caused by the tissue = Az

interference signals, W — electrical dyna- i

mics of the ultrasonograph, A — hypothetic
) tissue reflector

76dB

T T T

[+ 31dB=D
iz,

110uviL N=-k8

The level of the amplitude of the wave reflected from the reflector is
N4+D+T244/2 [dB]. : (18)

The difference between levels (18) and (17) corresponds to the amplitude
ratio of the reflected wave to the one incident on the surface of the reflector.
Consideration of the values N = 148 dB, D =31 dB, T = 15 dB and A = 26
dB. gives
3 oc—o'c - Age
pc+o'¢’ — 200

N+4+D+T+A4A = —76 dB = 1.6 x10™* = (19)

In expression (19) the amplitude ratio of these waves is equated to the
reflection coefficient of the plane wave at the interface between the tissue
medium and the hypothetic reflector. The tissue medium would then show
very small changes in the acoustic impedance Aoe/pe = 3.2 x107%, which
cause the tissue interference.

- The present considerations were reduced to the equivalent (hypothetic)
flat reflector. In reality the dimensions of the interfering tissue heterogeneities
are comparable to the wavelength and, therefore, the scattering of the detected
wave can be assumed and the amplitude of this wave decreases with increasing
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distance. Real, local differences in the acoustic impedance of the tissue
medium can then be greater by an order of magnitude than the wvalue
of (19).

On the basis of the value of relation (19), from formula (16), it is possible
to determine the product ka of a sphere-shaped calcification which gives an
echo at the level of the tissue interference signal. For the value of f(ka) in
Fig. 5 this gives the value ka = 0.6; hence, the radius of the calcification is
a = 48 pm.

For the detection of the calcification to be certain, it can be assumed
that the echo should be greater by 20 dB (10 times) than the level of the tissue
interference signal. From formula (16), in this case ke = 1.9 and accordingly
a = 150 pm. The dashed line in Fig. 7 represents as a function of the depth
the radii of the calcifications whose echo is at the level of the tissue interference
gignal. In turn, the top line denotes the radii of the calcifications whose echo
is higher by 20 dB than the level of the tissue interference signal. The tweo
curves were obtained assuming the interference signal level measured at the
depth B =4 cm.

In the case of the low values of ka for calcifications detected by the echo
method no additional information can be obtained, e.g. on the shape of a calei-
fication, which would permit its detection from the background of tissue inter-
ference signals. In the echo method the only diseriminator is the signal ampli-
tude, in view of the large difference between the characteristic acoustic impe-
dances of calcifications and soft tissues. It is therefore ill-advised in this case
to use typical ultrasonographic equipment with a receiver of logarithmic charac-
teristie, which introduces a ecompression of echoes detected. The receiver should
show a linear relationship between the output and input voltages.

7. Conclusions

It was shown that in the echo method using a typical ultrasonograph
at a frequency of 3 MHz sphere-shaped calcifications with radii from 4 pm
to 52 pm, depending on the depth at which they occur, give signals at the
electronic noise level.

The detectability by the echo method is restricted by breast tissue hetero-
geneities which constitute the background of the tissue interference signals.
The level of these interference signals was determined by examinations of
normal breasts in 3 women about 40 years old, at a depth of 4 em. From these
results, the radii of the calcifications were determined which give a signal level
20 dB higher than the level of the tissue interference signals. These radii are
0.05; 0.15 and 1 mm at the respective depths of 2, 4 and 6 cm (Fig. 9). Their
dependence on the depth results mainly from the attenuation loss in the tissue
which in turn depends on the path of ultrasonic waves.
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In the examinations by the echo method it is desired that a receiver with
a linear relationship between the output and input signals should be used,
since the use of logarithmic receivers causes signals to be compressed. This
results in the loss of information on the signal amplitude which distinguishes
the echo from a caleification from the echoes constituting the tissue interference
background signals. A receiver with an adjustable characteristic would be
the best.

It is recommended that tumour-affected breasts with calcifications should
be examined clinically and subsequently calcifications be removed so that
their size may be correlated with the ultrasonograms. On the basis of such
clinical and experimental investigations, it would be possible to verify the
present conclusions, which are of neccesity based on a large number of appro-
ximations.

These approximations include the spherical shape of the calcifications
and the same values of its density and of the longitudinal wave velocity as
those of the skull bone. It was shown that the transverse wave velocity (or
the value of the Poisson’s ratio) is not essential in the evaluation.

In the present considerations it was also assumed that the ultrasonic beam
is a parallel homogencous plane wave, which is not true. In view of the weak
focusing of the beam, however, the resulting error with respect to the other
approximations can be neglected. The analysis was performed only for
steady-state (continuous wave). This means that the calculation results are
exact for small radii @ and become approximate when e increases.
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A new method and system for the visualization of blood flow in coronary
grafis is presented. This method is based on the technique of stationary echo
cancellation (SEC), phase detection and integration of Doppler signals in real
time, using broad-band analog CCD delay lines. Preliminary results of exami-
nations of coronary graft pateney for 15 patients are presented.

1. Introduction

. Visualization of biological structures in real time is now the main direction
in the development of ultrasonic diagnostic methods. With the unquestionable
advantages of this new technique, particularly for dynamic imaging of the
heart, it neglects the hemodynamic parameters related to the blood flow in
the cavities of the heart, in the area of the mitral, aortic, pulmonary and tri-
cuspid valves and in the coronary vessels.

The main aim of this paper is to develop a method and system for nonin-
vasive visualization of blood flow in coronary grafts. At the same time, this
method could be used in investigations of children’s hearts.

2. Method and system

Of the many methods which are used for the measurement of the hemody-
namic parameters, in practice only the so-called Doppler method permits
transcutaneous noninvasive measurements of blood flow in the peripheral
vessels and in the heart.
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The position of the left, anterior coronary graft (LAD), which runs diagonal-
ly down from the aorta in the area of the right ventricle outflow track, causes
the eontinuous wave method to be greatly unreliable, in view of the simultaneous
effect of the flows in the two vessels (aorta -+ pulmonary artery) with the left-
diagonal position of the probe in the second or third intercostal space and also
in view of the motion of the pulmonary valve and, quite frequently, of the
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Fig. 1. The performance principle of pulse Doppler systems: a) single channel system with
one analyzing gate, b) multichannel system with n parallel gates, ¢) system with stationary
echo cancellation (SEC)

mitral valve. The diserimination of the low coronary signal from the large
variety of signals from the heart, both from the systole and the diastole, seems
to be quite difficult when using C.W. Doppler. However, a pulse Doppler method
which combines the properties of the echo type and Doppler type equipment,
thus providing both frequency and range resolution [2], offers a great promise
in this field.

The recent years have brought large developments in Doppler pulse flow-
meters, DPF, with three distinct varieties (Fig. 1),

a) Doppler pulse flowmeters with one analyzing gate [6] (e.g. UDP-30
produced by ZD Techpan);

b) Doppler pulse flowmeters with a large number of analyzing gates (e.g.
Fisi’s system with 30 analyzing gates) or with serial digital data processing
1, 4, 5];
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¢) Doppler pulse flowmeters with stationary echo ecancellation [7, 9].
The high cost of the multi-gate equipment, both analog and with serial digital
data processing, has encouraged investigations of the third of the systems
mentioned above. In addition this was to a large extent affected by the fact
that the dynamics of stationary and Doppler signals from the motion of the
heart and the blood flow frequently exceeds the range of the fast 8-bit A /D
converters now available (with the real dynamics of the Doppler signals being
evaluated at 60-90 dB).

" The first model of equipment using stationary echo cancellation was deve-
loped in 1977-78; it had the coefficient of stationary echo cancellation > 50 dB
and a range of ~5 cm. Although the cancellation was sufficient, the range
was too short for cardiological applications. It resulted from the use in the
systems of stationary echo cancellers. They were periodic filters of the first
order [7], of quartz delay lines with the delay 7' = 64 us. This corresponds
to a repetition frequency of 15.6250 kHz and a range of ~5 em.

In order to increase the range, a new generation of the equipment was
developed using CCD delay lines custom-made by Reticon USA in the
construction of periodic filters, a phase detector, and an integrator with a posi-
tive feedback loop. Such a line consists of 295 “delay elements”. The analog
signal is controlled by a four-phase signal of the clock frequency f,. The
delay T, of the line is 295/f,.

The purpose of the equipment affected to a large extent the choice of the
frequency f, and the repetition interval 7',. These two parameters are related
to the so-called ambiguity funetion [6] of Doppler pulse systems. This function
describes the relations between the maximum range, resolution and the ma-
ximum measured velocity for given values of the parameters f, and T,.

In order to avoid the range “ambiguity”, the repetition time T', should
be long enough so that the ultrasonic echoes could return to the receiver before
the next pulse is trangmitted. In view of this, the maximum penetration depth
is defined by the expression d = T,¢/2, where ¢ is the ultrasound propagation
velocity in tissue.

In turn the minimization of the “ambiguity” in the measurement of the
flow veloeity V.. (V = fs/2f,) imposes a converse condition. Acecording to
sampling theory, the maximum Doppler frequency f; must be less than half
the repetition frequency f, (f, = 1/T,). These two conditions can be given
by one expression which restricts the magnitude of the product of the maximum
range d,,. and the maximum velocity V .z

Anax Vmax < ¢*[8f,. (1)

In investigations of the heart the desired penetration depth should be
greater than 10 cm. In a healthy heart the maximum flow velocity usually
does not exceed several score cm /s, except the aseending aorta, where the flow
velocity can exceed 1.0 m/s. In cases of heart defects this velocity increases
greatly and can reach a value of several m/s, at the level of narrowed mitral
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and tricuspid valves. In coronary grafts the flow velocity is mueh lower, not
exceeding dozen-odd cm/s.

The technical difficulties related to the accurate measurement of low velo-
cities (of Doppler frequencies < 200 Hz), which are in turn related to the effect
of the external interference and the “masking” of signals corresponding to
slow flow by those caused by the motion of the heart walls (with the amplitudes
of the latter being greater by more than 40 dB than the signals scattered in
blood), and the attenuation of ultrasound in blood (this attenuation increases
linearly as the frequency increases) restrict the frequency range to be applied
in cardiology to 2-5 MHz.

Lower frequencies are usually used on adults; higher, on children.

In the present system the transmitter frequency f, = 4 MHz and the
repetition time of transmitted pulses, T, = 147,5 pus were chosen. For this repe-
tition time the frequency of the generator controlling an analog CCD delay
line is 2 MHz.

It should be noted that the repetition time of high-frequency pulses, the
high-frequency signal and the clock signal of the CCD line should be coherent
so as to prevent phase drift in the channel of Doppler frequency detection
and the drift of the delay of the line with respect to the time of processing
transmitted pulses. The repetition interval 7', corresponds to the range d = 11.4
cm, under the assumption that the mean velocity ¢ of ultrasound propagation
in the body is 1550 m/s. At the level of narrowed valves and in the aorta the
permissible range of measured velocities (< 66 cm/s) is too short; it ensures,
however, unambiguous measurements in coronary grafts.

In view of the more than hundredfold difference between the level of echoes
reflected from the walls of the heart and signals seattered in the blood flowing
in coronary vessels and the cavities of the heart, in the solution proposed here
the stationary echo cancellation SEC should be greater than 40 dB. This imposes
the condition that in the construetion of periodic filters SEC of at least the
gsecond order should be used. Elements of a theory which describes the perfor-
mance of such filters were given in a previous paper [9].

Fig. 2 shows a schematic diagram of the device. In view of its similarity
to the diagram of the UDP-30 and UDP-30 SEC devices described previously
[3, 9], only this part of the system which implements stationary echo cancella-
tion and phase detection and the integrator with a positive feedback loop
were described in greater detail.

For this purpose, Fourier analysis was used to give the transforms of time
signals at the characteristic points of the system. The signals f,(¢) and f,({),
whose Fourier transforms are given by the following expressions, are obtained
at the output of all the mixers M.

Fy(f) = $IF(F—f) +F (F+£)1; (2)
Fo(f) = =3 [F(f~f) —F(F+1,)1. (3)
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For a single SEC filter

Fou(f) = Fin(f) exp(—j2nfT). (4)

For a double SEC filter
Fy(f) = Fi(f) [exp(—j2nfT) —1]%; (5)
F(f) = Fy(f) [exp( —j2=fT)—1]%. (6)

n=295 gMHz
™ 766 [4{oc 1=+ 2

fft)

Bl
Fig. 2. A schematic diagram of the SEC device: QG — quartz generator, DO — frequency
divider, TGG — transmitter gate generator, TM — transmitter modulator, PA — power
amplifier, UP — ultrasonic probe, RGD — receiver gate delay, RGG — receiver gate genera-
tor, SH — sample and hold system, LF — low-pass filter, F¥0 — frequency/voltage con-
verter, B — recorder, O — receiver, M — mixer, PF — phase shifter, DI, — CCD delay
line, SOOD — four-phase synchronization of CCD delay lines, I — integrator, HOG¢ — ECG
synchronization, SDG — systolic/diastolic gate, 0D — oscilloscope display

According to the properties of Fourier transformation, the product of
the signals in the time domain is equal to the convolution of its transforms
in the frequency domain,

o
L0 fo®) > B, Eo(f) = 5= [ Folf—0)Fy0)ds. (7)
From (7), ot
+c0
B(f) =5 [ Bf-nFunar; (®)

+00
Fo(f) =% st(f—v)Fs(v)dv. 9)
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The constant component of the Fourier transform of the signal at the output
of the multiplier system (Four-Quadrant Multiplier IC 8013) has the form

1w
Fy(f)po = Pyf)+F5(f) = - fFT(f-ﬁv)Fs(v)dv. (10)

Assuming the identity F(f),, = F(0) and keeping in mind that F(—y) =
= F*(v), where * denotes the operator of the complex conjugate funection

1 +0o 1 +o0
Fy(0) = 5 f Fy(0)Fy()dy = ——— f [exp(j2nyT) —172 x

X. [exp(—j2mvT) —112exp (j2nrT) 8 (v)dv, (11)

where S(v) = F*(»)F(») is the spectral power density of the signal received.
The constant component of the Fourier transform of the signal from the
summator, defined in a similar way, is given by

1«1,(0):111; f [exp( —j2mvT) —1 1 [exp (j2mvT) —1128 (») v, (12)

where in calculating F,(0) it was taken into consideration that products of
the type I'(f—»)F(f+v») are zero as the produects of uncorrelated signals.

The task of the divider system (Four-Quadrant Multiplier MC 1495) is
to eliminate the effect of the variable amplitude of the signal scattered and
to restrict the effect of the characteristic of the type sin?»7/2 on the signal
from the phase detector. Thus,

Fy(0) 1 __Iofo [exp(j2mvT) —11*[exp( —j2mT) —17]2
F10(0) =W=H3—J o .
. g “ [ [exp(j2mT)—1] [exp(—j2nvT) —1]2
exp (j2rvT) S (v) dv
S(v)dv (13)

Expression (13) can readily be reduced for one Doppler frequency only,
i.e. in the case of one blood corpuscle of a group of eorpuscles flowing at the
same velocity. In such a case the signal received has the form A sin2zw,t, 8(rv,) =
= A’ and the product [exp(j2m»T)—1]*[exp(—(2nvT)—1] = 16sin*zyT.

After successive simplifications, the real part of expression (13) becomes

ReFyy(0) = 3sin2mT. (14)

. The SEC visualizer, described previously [9], has a similar characteristic:
a quasi-monotonous frequency response over the range from —1 /4 F,to +1/4F,,
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An essential difference, however, is the independence of the output signal of
the amplitude of the signal received.

Tt is more difficult to interpret expression (13) for a wide spectrum of the
Doppler frequency. Let

[exp (j2rvT) —1]2[exp( —j2=»T)—1]* 8S(») = K (), (15)

where K (v) is the product of the power density function and the transmission
function of a double periodic filter.
Substitution of (15) into (13) gives
. 400
[ exp(j2nvT) K (v)dv
£ A Rt Y e . (16)
f K (v)dv

This funection resembles the expression of the first spectral moment (mean
spectrum frequency)

400
I fE(f)af
for =i (17)

RN

The last expression is the first component of the real part of expression
(16) when it is expanded into a Taylor series. It can thus be interpreted that
expression (16) is the sum of the first, the third (negative) and higher moments
of the Doppler spectrum. This signifies that in approximation (neglecting
the terms of higher orders), a signal proportional to the mean flow velocity
in all 295 gates is obtained at the output of the system. In other words, the
signal at the oscilloscope OD corresponds to the “profiles” of the blood flow
veloeity.

The real frequency response of the system is shown in Fig. 3.

U,

out

-136 -68 0 68 Tl KHZ]

Fig. 3. The frequency response of the SEC device

The sigﬁal to noise ratio was greatly improved using an integrator with
a feedback loop. The integrator also exerts a significant influence on the “legi-
bility” of the dynamic flow profiles; it is known that instantaneous changes
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in the intensity of a scattered Doppler signal, which result from a stochastic
distribution of red blood corpuscles in the ultrasonic field, affect to a large
extent the signal from the stationary echo canceller and the phase detector.
The integrator smooths out these changes and its function can be compared
to the role of analog output filters in Doppler flowmeters.

out

in + @ + @ delay line
= +

T

o |
{ 1-k

Fig. 4. A schematic diagram of the integrator

In this integrator the effective number of summed-up profiles is about
{1 —k)~*, where 1 —F is the amplification in the positive feedback loop. A stable
performance of the integrator was achieved for a large value of the coefficient
ky k = 0.97; i.e. about 30 profiles were integrated, increasing the signal to noise
ratio by a factor of ¥30 [8].

The delay T; of the CCD delay line in the integrator is shorter by about
350 ns than the respective delay in SEC systems. The difference results from
the fact that the signal in the feedback loop is delayed in addition by the above
values in the compensation filters, the operational amplifier (1 —%) and the
summators.

Fig. 6 shows the performance of the system in the presence of large statio-
nary echoes. The upper curve shows the superposition of more than 100 profiles
from the integrator (1 profile lasting 147.5 ps; 30 profiles, 4.4 ms), received
for a duration of 500 ms (the shutter opening time in a camera).

The improvement in the sensitivity of the system, particularly in the
investigation of deeper structures, was caused by a large number of factors,
including the role of the integrator mentioned above. A significant fact was
also the use of special broad-band ultrasonic probes with relatively low internal
losses. These probes were manufactured by Precision Acoustic Device; they
provide multilayered, quarter-wave matching to the medium and very low,
or none, damping by the back surface of the transducer.

In turn the identification of flow in coronary grafts was achieved using
an electronic gate SDG controlled by the ECG signal of the patient. The perfor-
mance of the system lies in the letting through or blocking of the output signal
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Fig. 6. Ultrasonic echoes: a) at the input of the SEC system; b) flow “profile” in the carotid
artery. Stationary echo cancellation > 60 dB
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in particular phases of the heart cycle. In the left, anterior coronary artery
most flow occurs in the diastole, whereas the flows in the surrounding vessels
(mammary, pulmonary artery) show a distinet systole component,

3. Results of clinical investigations

The aim of these preliminary clinical investigations was to determine
the usefulness of the device for the investigation of coronary graft patency,
L.e. a class of cases which require the highest possible equipment sensitivity.
The examinations were carried out on patients with grafts, from a month to
two years after the surgery. These investigations were carried out independently
of arteriographie coronographic studies. In view of their readily accessible
anatomical situation to the left of the chest in the second or third intercostal
space, only left, anterior grafts were examined. Such grafts were recognized
as patent which showed a distinet diastole flow. In order to avoid erronegus
interpretation of results in the case of a flow superposition in the chest vein,
the Valsalva maneuver was used.

After the identification of dynamic flows along the ultrasonic beam simul-
taneously at 295 gates, the flow velocity was registered at one gate located
at a point where a distinct diastole flow occurred on the oscilloscope. An exam-
ple of the registration of the coronary flow is shown in Fig. 7, where a distinct

ECG §

v v ‘; A -. ﬂ [F =
I—,—ﬂ-wh il 3

Y

Fig. 7. A typical example of the registration of flow in a coronary graft

—t—
=

diastole flow with respect to the ECG signal can be seen. Fig. 8 shows the eli-
mination of the flow signal in the mammary vein. Prior to the Valsalva maneu-
ver, the signal consists of two distinet components in the diastole stage. After
the maneuver, the venous flow disappears and only coronary flow remains.
In a group of 15 patients examined arteriographically, 10 showed graft patency
whereas 5 did not. In turn an ultrasonic examination showed graft patency
in 6 patients; for the other 4 patients the signals registered failed to indicate
a distinet diastole flow component.
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It should be noted, however, that three of these patients were examined
in the early stage of the verification of the method when the integrator, which
improves greatly the senmsitivity of the method, was not used.

a) b)
O e
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Fig. 8. The elimination of the effect of the mammary vein on the registration of coronary
flow: signal before (a¢) and after (b) the Valsalva maneuver was used

4. Conclusions

The preliminary investigations of the present method have indicated
its potential usefulness in direct evaluation of the dynamics of blood flows
in real time both in small vessels and in the cavities of the heart. The nonin-
vasive nature of the ultrasonic investigations makes them very attractive,
particularly in the postoperational observation of coronary graft patency.
A separate group of applications is the investigations of congenital heart defects
in children.
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This paper presents an analysis of the mechano-acoustic feedback between
a sound source and a resonance system. In the theoretical part, the change
in the mechanical impedance of the sound source which occurs when the source
is affected by the external acoustic field is determined; and subsequently, using
the image source method, the distribution of the standing pressure wave between
the source and the resonator is given. The combination of the relations thus
derived permits the distribution of the standing pressure wave between the
source and the resonator to be determined, with consideration given to changes
in the radiation impedance of the source and the mechanical parameters of
the resonator. The experimental part gives the results of measurements of the
.dependence of the mean value of the modulus of the pressure amplitude of the
standing wave on frequency for different resonance frequencies of the resonator
and a comparison of the experimental and theorefically determined results
in the case of an interaction between a sound source and a rigid baffle.

1. Introduction

In some aerodynamic problems, such as gas flow over a resonance cavity
[1] or a mutual interaction between a resonance system and a sound source
which oceurs when gas flows on to a sharp edge [2], there is the necessity of
using a physical model of the phenomenon which accounts for the interaction
of mechanical, aeroacoustic and acoustic factors [2]. The process of sound
generation due to the existence of the mechano-aerodynamic feedback is so
complex that it has not been given an exact mathematical description; theory,
in turn, is restricted to experimental formulae and relationships [3]. There is,
however, the possibility of analyzing individually all the kinds of feedbacks
whiech occur in flow phenomena.
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The present paper gives a theoretical analysis of the mechano-acoustic
interaction between a sound source, i.e. a londspeaker and a resonance system
with uniformly distributed surface impedance. The considerations are concerned
with the frequency range over which the loudspeaker generates a plane wave.

2. Theoretical analysis

2.1. Change in the radiation impedance of a dynamic loudspeaker caused
by the introduction of reflecting surfaces or sound sources in its environment

A dynamic loudspeaker as an electromechanical transducer of the magne-
tic type can be represented by an equivalent circuit where a gyrator with the
impedance Z, is the element which couples the electric and mechanical parts.

Z z

mg

Fig. 1. A mechano-electrical equivalent circuit of an excited loudspeaker. U, — the rms

value of the voltage supply to the loudspeaker, U, — the rms value of the voltage at the

gyrator, I — the rms value of the current intensity, F), — the rms value of the force

at the gyrator, ¥ — the rms value of the mechanical velocity, Z, — the impedance of the

electrical part of the loudspeaker, Z,,,+Z,,, — the impedance of the mechanical part of
the loudspeaker, Z,, — the radiation impedance

The properties of an ideal gyrator as part of the transducing part of the
transducer can be defined from the matrix [1]

i | @
» e g
where U, is the rms value of the eleetric voltage at the gyrator, I is the rms
value of the current intensity, ¥, is the rms value of the mechanical force at
the gyrator, V is the rms value of the mechanical velocity, Z, — Bl; where B
is the magnetic field induction in the slit and I is the winding length of the
loudspeaker coil.

Using relation (1) the mechano-electric equivalent cirenit of the transducer
can be replaced with one which contains only mechanical or electric quantities.

When on the electrical side the loudspeaker is supplied from a source with
the voltage U,, in its mechanical equivalent circuit the loading of the force
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source F, with the internal impedance %, = %3/Z, +Z,,, i8 the mechanical
radiation impedance Z,,,, where Z,,, is the impedance of the mechanical system
of the loudspeaker without the radiation impedance, whereas Z3|Z, is an equi-
valent to the electric impedance of the loudspeaker in the mechanical circuit

(Fig. 2).

Fig. 2. A mechanical equivalent ecircuit
of a loudspeaker radiating into unbounded
space. F, — the rms value of the force at
the force source, equivalent to the voltage
source U, in the mechanical circuit, F),, —
the rms value of the mechanical force
corresponding to the loading of the loud-
speaker by an unbounded medium, Z3/Z, —
the equivalent of the electrie impedance
of the loudspeaker in the mechanical equi-
valent eircuit, Z;, — the coupling impedance
of the gyrator, Z,,+Z%,,, — the impedance
of the mechanical part of the loudspeaker,
Zonp the radiation impedance, V —
the rms value of the mechanical velocity

Fig. 3. A mechanical equivalent ecircuit
of a loudspeaker acted upon by a reflexive
acoustic wave. F, — the rms value of the
foree of the force source which is the equi-
valent of the voltage source U, in the
mechanical eircuit, F,, — the rms value
of the mechanical force corresponding to
the loading of the loudspeaker by an un-
bounded medium, F, — the rms value of
the mechanical force which describes the
additional loading of the loudspeaker by
the reflexive acoustic field, V' — the rms
value of the mechanical velocity, Z2/Z, —
the equivalent of the electric impedance
of the loudspeaker in the mechanical equi-
valent eirenit, Z; — the coupling impedance
of the gyrator, Z,,,+Z%,,, — the impedance
of the mechanical part of the loudspeaker,
Z,, — the radiation impedance

When only the wave radiated by the loudspeaker occurs in the medium,

it follows from the third prineciple of dynamics that the medium acts on the
loudspeaker with the force —F, = —Z, , V. When in the space surrounding
the loudspeaker fed there are reflecting surfaces or sound sources, the additional
force —1I7,, which results from the existence of the reflexive or external acoustie
field, acts on the londspeaker. At a constant value of the supply voltage U,
the additional force acting on the londspeaker causes a change in its radiation
impedance (Fig. 3). Considering the relationship resulting from the circuit
in Fig. 3,

b1 Pgrir By P,
= Zr s Zr {:Z_, (2)

mp mp

V

5 — Archives of Acoustics 3/83
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and the expression of the magnitude of the force ¥, from Fig. 2,

F
PELRGED IR RO Y 3
» mp Zmp—i_zmw, ( )

after some transformations, the value of the new radiation impedance of the

loudspeaker, Z,,,, can be obtained as a function of the radiation impedance Z,,,,

the mechanical impedance Z,,,, the efficiency of the force source F, and the

force I,
Pz
o (B 1)
Zri= n 4
=T B 1 %
Y L
Ly,
where
Zm — Zmp +me; (5)
Zm;p i Rmp +ijp; (6)
Z;up i -R;np +jX;np' (7

2.2. The value of the acoustic pressure inside the Kundt tube

Over the frequency range at which the acoustic wave length is at least
twice as large as the diameter of the Kundt tube, the wave radiated by
the loudspeaker can be replaced with a plane wave [4], whereas the membrane
of the loudspeaker can be regarded as a plane, eircular vibrating piston [5].
The origin of the axis of the coordinate @, which defines the propagation of
acoustic perturbations in space, lies on the surface of this piston. Inside the
tube, at the distance I from the source, there is a resonance system with uni-
formly distributed surface impedance and dimensions correspondine to the

ed by it and the wave radiated by the system have the form of plane waves
with the same propagation directions as that of the incident wave.

For plane waves propagating in a direction parallel to the walls of the
tube the instantaneous value of the sound pressure at all points of the cross-
section of the tube is the same and the image source method can be used to
analyze the resultant pressure inside the tube. In a steady state the resultant
sound pressure is the sum of four kinds of pressure, i.e.

1. the pressure radiated by the loudspeaker, p,exp[j(wt—kz)],

2. the pressure radiated by the resonator, p,exp[j(wi-+kz)],

3. the pressure being the sum of an infinite number of reflections from
the resonator and the loudspeaker of the wave radiated by the loudspeaker,

.t @),
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4. the pressure being the sum of an infinite number of reflections from
the resonator and the loudspeaker of the wave radiated by the resonator, Pslty),
i.e.

Pully @) = Poexp [j(wt —ke)]+prexp [ (wt-+k2)]+py(t, @) +palt, 2).  (8)

Designating as a the pressure index of the reflection of the acoustic wave
from the resonator, where a = |a|exp(j), as b the pressure index of the reflec-
tion of the wave from the loudspeaker, b = [b|exp(j6), as ¢ the pressure index
of the radiation from the resonator, ¢ = |¢|exp(jf), and taking into account
the phase shifts among the particular pressures, which result from the finite
propagation time of the acoustic wave inside the tube, relation (8) can be given
as

Pulty ¥) = poexp(jot) {[exp ( —jke) +cexp (jkl)exp (jkz) +
+aexp(jkl)exp (jkx) +abexp (j2kl) exp ( —jka) -+
-‘+a*bexp (j3kl)exp (jka) +a*bexp (j4kl) exp ( —jkz) +...]+ 9)
+[ebexp (j2kl) exp ( —jka) +-cabexp (j3kl) exp (jhx) -+
+eab*exp (jakl) exp ( —jkx) +ca*b®exp (j5kl) exp (jkx) +.. 1};

which after transformations becomes

Pulty @) = poexp(jot) {exp( —jkz) [1+beexp (j2k)] +
+exp(jka) [aexp (jkl) +eexp (RN TH{1 + 3 [abexp(j2)T'}.  (10)

ne=1
Since [b| < 1 and |a| <1, the infinite series which occurs in formula (10)
is convergent and the use of the formulae

hd 1-D?
1/2+ ZD"cosnz =1/3 5 < 1 (11)
n=1

1—2Dcosz+D?’

it Dsinz
D'sinnzg = :
é 1—2Dcosz-+D?’

and some simple transformations give the relation

15

1—abexp (j2kl) ’ 4

1+ ) [abexp(j2k)]" =
n=1

thus the final expression of the resultant pressure inside the tube becomes

exp(jwt)
pw(tr z) = s .

" i ahOEDIRD {exp(—jkx) [1+beexp (j2kl)]+

+exp (jkz) [aexp (j4l) +cexp(jk)T}.  (13)
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From relation (12), the maximum and minimum values of the modulns
of the pressure p,(f, ),

1 4|a| L le| £1be]
m?-x. e .
[Pty D = 1Pl =5 e Gos (k0 + ¢ +0) TIablFT (14)

and, from equations (14), the mean value of the pressure modulus

1P (1, @)lmax +|p,,(t, @) |min - _ Po : (
2 T [L—2lab|cos (2Kl +¢ +0) +|ab[*T"
can thus be obtained.

Equation (15) indicates that, depending on the frequency and the mechanic-
al parameters of the loudspeaker and the resonator, the mean value of the
modulus of the pressure in the tube varies greatly. This is related to the resonan-
ce of the Kundt tube itself, whose frequencies can shift as the reflection pro-
perties of the loudspeaker and the resonator change. The denominator of expres-
sion (15) reaches its minimum value of 1—|ab| at frequencies for which the

[
ot
~—

relation
2kl+¢+60 =20, neN; (16)
is satisfied, and its maximum value 1--|ab| when
2kl+¢+0 = (2n+1)x, meN. (17)

Since, however, because of the mutual interaction between the loudspeaker
and the resonator, the value of the modulus of the pressure radiated by the
loudspeaker, |p,l, varies depending on the frequency, the maximum and mini-
mum mean values of the modulus of the pressure in the tube can occur for
frequencies different from those for which relations (16) and (17) are satisfied.

9.3. Mutual interaction between the dynamic loudspeaker as a sound source
and the resonance system in the Kundt tube

As a result of the presence of a resonance system in the effective range
of the londspeaker, part of the energy radiated by the loudspeaker in the form
of acoustic waves returns to the source and, depending on the phase shifts,
the conditions of sound radiation improve or worsen. The value of the amplitude
of the sound pressure acting on the membrane of the loudspeaker can be ob-
tained from formula (13), by the substitution = = 0, i.e.

Po § . :
P = = b 2k kl) + v .
Pual® = 0) T —abexp(j2k) [1-+beexp(j2kl) +aexp(jkl) +-cexp(jkD)].  (18)

The amplitude of the pressure which oceurs at the loudspeaker as a result
of multiple reflections of the acoustic wave from the resonator and londspeaker
and as a result of the radiation from the resonator is thus defined by the relation

Pra = pwa(m = 0) —p,. (19)
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Substitution of mechanical forces for the pressures gives the expression
of the force F, acting on the loudspeaker (point 2.1.),
B, =F (@ =0)—Fy = Fo(4,-1), (20)
where '
1 +beexp (j2Kl) +aexp (jkl) +cexp(jkl)

21
1 —abexp (j2K1) (21)

A‘]:

It should be noted that the force F,, which corresponds to the pressure
of the acoustic wave emitted by the loudspeaker, occurs in the condition of
the bounded radiation field of the loudspeaker, and therefore

F, =1/2R,, V'(4,—1) =1/2 B, ¥ (4d,—-1) (22)
" L mp 1] =¥ me ‘I"Z;np 0 .

The introduction of the factor 1/2 accounts for the fact that only one side
of the membrane of the loudspeaker emits acoustic waves into the tube. Sub-
stitution of relation (22) into formula (4) and some transformations give the
relationship

Z (Z:up _Z'mp) = llz R;Lp(Ao_l)(anw+stp)7 (23)

nw

and aceordingly the expressions of the values of the radiation impedance and
the impedance of the mechanical system of the loudspeaker, L

R;np — R’mp Z 3 (24)
]—1/2Re[(Aﬂ——1)(1+ Z"“’)]
7 Zﬁlp
1/2R,,(4,-1){1+ BgR
Z = I+ — LA (25)

: 3
1-1/2Re [(A0—1) (1 + T)]

Like the loudspeaker with changing working conditions, the resonator,
when excited to vibration, changes the mechanical parameters. Analogously
to the case of the loudspeaker, the mechanical force F,; acting on the resonator
can be determined with respeet to the work of the resonator in a reflectionless
environment,

FrR i Fw(“r" = E)_"-5:'0‘1"133 (26)
where the foree F; corresponds to the pressure radiated by the resonator.
Thus, from Fig. 4,

R;npR(l T a)

el 4 (27)
Z mwkt +Z mpid

; -
FOR = RmpRVR == Fo
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and finally
RS0y 2
g PR T 1y (28)
= 0[ ’ meR+ZmpR 4

where
exp( —jkl) +beexp (jkl) +aexp (j2kl) +cexp (j2kl)

_ . 29
Bo 1 —abexp(j2kl) (29)

Fig. 4. The equivalent circuit of an

excited resonator. Fy,p, — the rms

value of the mechanical force exciting

the resonator system, F;, — the rms

, Zen value of the force corresponding to
Ve ety the acoustic pressure generated by
b the loudspeaker, @« — the index of
acoustic wave reflection from the reso-

) Reiss ; nator, ¥V — the mechanical velocity

E = Fa)E D Znor| | Zoor™Fmpr *1Xnpe  of vibrations in the resonator system,
Zmwr +Zypr — the mechanical impe-
dance of the resonator system, Z,,,p —

the radiation impedance of the resonator

The use of formula (4), but in relation to the parameters of the resonator,
and of relation (28) give the relationships

Z
Ploomic o TIRL g . 30
mR meR —ZmROO ( mwk mpR) ] ( )
Re(z meRich _Rs)
R;npR — mwR ~— “mRY0 , (31)
Re (1 e L)
meR _'ZmRGfl

where Cy = By/(1—a) and R, is the loss resistance of the resonator.
Since the quantities 4, and €, are related to the mechanical parameters
Zims Zipy B,y and R, p by a system of implicit functions (see Appendix), Z,,,
Zpgy By and R, . can be determined by solving numerically equations (24),
(25), (30) and (31). This method is efficient, i.e. there is a solution and only
one solution when the functions of the variables Z,, and Z,,; which occur on
the right side of equations (25) and (30) satisfy the Banach principle, being
converging functions [6]. Aceording to this principle, irrespective of the selection
of the initial data, the iteration series converges to one and only one solution.
From formula (13) and Fig. 3,
R;nplﬂz R;np R’ﬂl Tz/ Zm

’ = 'A ’
Zm Zm Rmp /Zm

pwa(m) = APO =4 ’ (32)
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where

exp( —jkz)[1 +beexp (j2k1)] +exp (jkx) [aexp (jKI) +cexp(jkl)]
1 —abexp (j2k1) i

A=

(33)

Since, however, p, = R, F,/Z, is the pressure radiated by the loudspeaker
into unbounded space, the ratio p,,/p, represents the pressure transmittance
of the mechanical system loudspeaker-tube-resonator. Thus,

R /Rmp ARmp) (1+ AV) -4 l-f—(A.RmT,/Rmp) .

PualPr =G, = A m{) ¥
Yok Zop| 2 R,, v 1+(4Z,,/Z,,)
(34)

:Aﬁ+

where AR, = B, —R,,; AV =V'-V; 42, =Z,,—Z,,.

It can be seen that the transmittance &, depends on the product of two
factors, the first of which defines the distribution of the standing pressure
wave inside the tube and is a function of the variable # which takes values
from the interval {0,7> and of the mechanical quantities Z,, 7,5, R,, and
R, r; the second being related to changes in the parameters of the loudspeaker
itself. It follows from its form that the relative pressure changes are in direct
proportion to changes in the velocity and resistance of radiation, i.e. proportio-
nal to changes in the radiation resistance, but in inverse proportion to changes
in the mechanical impedance of the loudspeaker. Since the mechanical para-
meters of the source and the phase shifts (the coefficients 4 and 4,) which
oceur in formulae (24), (25) and (33) depend on frequency, the transmittance
G, is also a function of it.

3. Experimental investigations

The measurements were carried out in a 4002 Briiel and Kjaer Kundf
tube of 10 em diameter, which permitted a plane wave shape, radiated by the
loudspeaker over the frequency range 90-1800 Hz, to be obtained [4]. The

pressure
i esq.nar or measurement

. £)

U, =const

Fig. 5. A schematic diagram of the mea-
surement system

U, — the value of the voltage supply
to the loudspeaker

resonator used had the form of a cylindrical chamber filled with air and closed
at one end by an ideally rigid surface, i.e. with the impedance Z = oo, and
at the other, by a thin (d =1 mm), perforated membrane clamped rigidly
on the circumference (Fig. 5). The aim of the measurements was to determine
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the mean value of the modulus of the pressure amplitude inside the tube. Figs. 6
and 7 show the results of the measurements for two different resonance fre-
quencies of the resonator, whereas Fig. 8 gives the results obtained in the case
when the resonator was replaced with an ideally rigid plate. The results obtained
were referred to the quantities measured when the loudspeaker radiated into
unbounded space. The value of the impedance Z,, used in the calculations
was determined from the list of typical mechanical and electric parameters

15,1/1p,1
a
{21
1+ ]
- 117
08 f |
L {13
06 .
a
- ) 109
ocl 15,1/1p,! i
i {05
02}
i 1 1 '} 1 1 L 1
300 400 500 600 FlHz]

Fig. 6. The relative mean value of the modulus of the pressure amplitude |p,|/|p,| as a fanction
of the frequency f and the behaviour of the absorption coefficient of the resonator, a, for
the main resonance frequency f, = 500 Hz.

1B,1/1p,1
a 121
1r J
L 417
08 1
+ 113
06 . i
| Bl | g
04 f §
a
- 105
021
1 1 1 1 1 1 1 1
300 400 500 600 flHz]

Fig. 7. The relative mean values of the modulus of the pressure amplitude |p,|/|p,| as a fune-
tion of the frequency f and the hehaviour of the absorption ecoefficient of the resonator,
a, for the main resonance frequency f, = 420 Haz.
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151/10,! '

231F o< KY

9t

300 400 500 600 f(Hz]

Fig. 8. The measured (solid line) and calculated (dashed line) relative mean values of the
modulus of the pressure amplitude |B,|/|p,| as a function of the frequency fin the case when
the tube is closed by a rigid surface.

15,1/ 1pt b
40t
35
30+t
25

20t

05

1 1 L 1 1
300 400 500 600 flHz]
Fig. 9. The relative mean values of the modulus of the pressure amplitude |5, | /| p,| as a function
of the frequency f obtained from formula (15), i.e. under the assumption of a lack of change

in the mechanical parameters of the source.
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of conical loudspeakers with circular membrane, given in paper [5], including
the values of the mass of the membrane and the coil, the compliance of mountings
the loss resistance of mountings and the magnetic induction in the slit, de-
pending on the diameter of the base of the loudspeaker membrane. Calculations
were carried out individually for all frequencies, with the initial data assumed
8o that for the desired accuracy of the iteration process the number of succes-
sive approximations might as low as possible. Good convergence was achieved
between the mean relative values of the modulus of the pressure amplitude
and the measured values, when a factor of 0.25 (dashed line in Fig. 8) was
added to the calculated values. This difference can result from the systematic
error introduced by the measurement method and may also be a consequence
of simplifying assumptions taken in the theoretical considerations. For compa-
rison, Fig. 9 shows the frequency dependence of the mean relative value of
the modulus of the pressure amplitude determined from formula (15), i.e. in
the case when there is no change in the modulus of the amplitude of the pressure
radiated by the loudspeaker. An increase in the mean value of the modulus
of the pressure amplitude results in all the cases presented from the resonance
of the Kundt tube itself, whose frequency depends on the length of
the tube and on the mechanical parameters of the loudspeaker and the
resonator.

4. Conclusions

When acoustic waves act in a bounded region or when it contains other
sound sources, a change can occur in the efficiency of sound radiation by their
source. This oceurs when part of the energy radiated by the source returns
to it in the form of reflected waves or energy is supplied by another source.
In the first case, there is a relatively simple specimen of mechano-acoustic
feedback, since the mechanical forces generated by the acoustic field on the
bounding surfaces do not change the mechanical parameters of these surfaces.
In turn, when there is an exchange of energy between sources, the feedback
is more complex, since the two sources change their mechanical parameters.
This occurs when there is a mutual interaction between a sound source and
a resonance system. From the theoretical analysis given here, it follows that
for simple cases of sources and resonance systems and for their appropriate
position with respect to each other, it is relatively easy to find relations from
which, using numerical methods, changes in the mechanical properties of the
source and the resonator can be found.

Another conclusion can be drawn about the measurement method using
the Kundt tube. The measurement by this method, e.g. of the absorption coef-
ficient or the resonance frequency of a resonance system, gives correct results
only under some specific measurement conditions, i.e. a specific sound source
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and a given distance between the source and the resonator. When the real
working conditions of the resonator are different, the mechanical properties
of the resonator can deviate from the measured values.
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Appendix

In a steady state the reflection indexes @ and b and the radiation index ¢
of the resonator depend on the new mechanical parameters of the loudspeaker
and the resonator:

_Zwr=2y , _ Zn—Zy
Zur+2;’ Zo 2y

It follows from formulae (20), (29) and (A1) that 4, and C, are functions

of the wvariables
4, = FG(Z;M Z;nRs R;npR); Cy = Go(z;ns Z;nR1 R:npR); (A2)

whereas the following funectional relations can be determined from equations
(25), (30) and (31),

R, z(1—
and from (27) ¢ = —M- (A1)
ZmR

Z:n = f(Aoy Zyn, Rmp);
Zpur = 9(Cos Zoury Zuor); (A3)
Rupr = W(Coy Zugy Zyor) -
Substitution of (43) in relations (A2) gives
Ay = Fy(A4, Coy Zyyy Zmpy Zwry Brnp) s (A4)
Co = Gl(Am Coy Zins ZmRJ meR’ R’mp)'

Thus, system (A4) represents a pair of functions implicit in terms 4, and C,.
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OPTICAL GENERATION OF ACOUSTIC WAVES

ANDRZEJ MLECZK O, ROMAN BUKOWSKI,
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Ingtitute of Physics, Silesian Teehnical University
(44-101 Gliwice, ul. B. Krzywoustego 2)

This paper discusses optical generation of acoustic wayves and gives preli-
minary results of experimental research. The acoustic wave was generated
as a result of the interaction of two laser light beams of very high intensity
and slightly different frequencies. The change in the frequency of the laser
beams (Af = 116 MHz) was achieved using the Bragg diffraction of laser light
by the acoustic wave.

1. Introduction

The use of very powerful lasers in investigations of the acousto-optical
interactions has permitted the study of a number of interesting nonlinear
effects which occur in the diffraction of laser light by acoustic waves. From
the large class of these phenomena, the effect of optical generation of coherent
elastic waves, which KASTLER has predicted theoretically, is distinguished.
The phenomenon was investigated preliminarily by American research workers
[2, 3]. At present, in view of the large developments in theory [1], experimental
research in this field has been resumed.

2. Short deseription of the phenomenon

When two electromagnetic waves with angular frequencies o, and w,
propagate in a medium, the mutual interaction of these waves causes a periodic
strain of the angular frequency o, —w, to occur. The coupling of these waves
is a result of the electrostrictive effect.
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The geometry of the phenomenon can be analysed on the basis of the

principle of energy and momentum conservation in the photon — photon
scattering.
ho, —ho, = hf2; (1a)
hk, —hk, = Tiq; (1B)

where w,, w,, k,, k, are respectively the angular frequencies and wave vectors
of the interacting electromagnetic waves; £ and ¢ are the analogous quantities
for the generated acoustic wave.

When the frequencies o, and w, of electromagnetic waves are not greatly
different (which is most frequently the case), |k,| ~ |k,]. The angle which
must be formed by the wave vectors k, and k, can be determined from equa-
tion (1b),

IR 4
y = 20, = 2gin Py (2)
where 0 is the Bragg angle, 1, is the electromagnetic wave length in vacuum;
and » and v are respectively the light refraction coefficient and the acoustic
wave propagation velocity for the medium considered.
Fig. 1. shows the system of wave vectors for the photon — photon scat-
tering (photon creation).

'kf
0 a X
'k2
Fig. 1. The system of wave vectors Kk, and k, of
the waver involved in the photon — photon scat-
tering which generated an acoustic wave with
1 the wave vector gq.

Theory [1, 2] also predicts that the power density P, of the acoustic wave
generated is proportional (in first approximation) to the product of the power
densities of the interacting electromagnetic waves,

n'p?

o QI*P,P,, (3)
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where L, P, and P, are respectively the interaction path length and the inten-
sities of the electromagnetic waves, p is the photoelastic constant, ¢ is the
density of the medium, and ¢ is the light velocity in vacuum.

3. Experimental system. Discussion of the results

The investigation set-up which served for the observation of the generation
of acoustic waves by the optical method is shown schematically in Fig. 2. The
source of electromagnetic waves was a ruby laser working in a pulsed mode

; high —

high-frequency frequency
i o

power genera iraticas amplifier

oscilloscope

ruby I W,
laser l
™%

< |

Fig. 2. A schematic diagram of the investigation system for the observation of the generation
of acoustic waves by the optical method. y — the angle formed by the wave vectors k, and
k,, 8, and 8; — lenses, T' — synchronisation

with an adjusted quality factor. In the acoustooptical modulator the beam
was split into two parts of different frequency. In this experiment the frequency
change was 116 MHz. The diffraction efficiency was about 10 per cent. The
lens 8, served to focus the laser beam in the modulator. The lens §, refocused
the two beams in the material where they interacted. The geometry of the
system was chosen so that the laser beam intersected at the angle 2 65 The
material was glass SF — 14 for which » = 1.76, ¢ = 4.35 x10® kg/m?, v =
= 3.57 x10® m/s and p = 0.1.

For these values 2 05 is 11.8 mrad. The acoustic wave generated was detect-
ed by a LiNbO, piezoelectric transducer, glued directly to the end of the sample.
The signal from the transducer was amplified (selectively) and registered on
the oscilloscope. An ultrasonic wave of the frequency f = 116 MHz was observed
in the form of single pulses about several seore nanoseconds long.

Fig. 3 shows the oscillograms registered.
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Fig. 3a. Acoustic pulses (positive polarisation) are marked with the arrow. During the duration
of the lager flash kryptocyanine was saturated twice and two gigantic pulses ocenrred

Tig. 3b. Acoustic pulses (negative polarisation) are marked with the arrow. The lower part
represents the voltage at the photodiode; as a result of inertia, the second optical pulse is
not visible and the back slope of the first is mueh widened
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The high-frequency voltage amplitude on the receiving transducer varied
from 40-80 pV, depending on the light intensity. For control, a signal from
the photodiode illuminated by a laser flash was supplied to the time base B
of the oscilloscope (Fig. 3b). The time correlation of the two pulses confirms
the authenticity of the effect obtained. (The back slope of the laser pulse is
greatly widened as a result of the inertia of the photodiode). Approximate
calculations of the power flux of the acoustic wave generated were carried
out. The generation area is the focus of the lens [4], i.e. a cylinder of a diameter
of about 8 x10~° m and height of about 3 x10~3 m (for the focal length of the
lens 8, being 15.8 x10-2 m).

For the distance of the generation area from the lens assumed here at
about 10-* m, the approximate value of the wave amplitude close to the gene-
ration area is 3 x10™'* m, which corresponds to the power density P, = 10~*
W/m® In view of the measurement method and approximations assumed
(eylindrical waves), this value is rather underestimated.

This value is slightly higher than one estimated from experimental data.
This value can be biased by various factors, including the lack of knowledge
of the shape of the acoustic wave generated, the imprecise determination of
the interaction area and the very short duration of the pulse. Accurate analysis
of experimental data requires a very large number of acoustic wave intensity
measurements to be carried out, depending on the power of the laser beam,
the length of the interaction area, the angular frequency of the acoustic wave
and the material constants of the medium. Such measurements are at present
carried out by the authors.
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This paper gives the results of measurements of mechanical shear impe-
dance in 2-ethylhexadiole-1.3., at frequencies of 0.520, 29.9 and 500 MHz.
Measurements carried out with transverse waves in the region of viscoelastic
relaxation permitted the determination of viscoelastic relaxation times and
the characteristic constant quantities such as the modulus of elasticity, mecha-
nical compliance and dynamie viscosity.

1. Introduction

The interest in shear transverse waves results from the fact that they
can be used to measure the dynamic properties of a fluid, and thus to investi-
gate the nature and character of the processes of change in the molecular strue-
ture.

The developments in the phenomenological theory of viscoelasticity have
been inspired by investigations of the properties of construction materials
and problems of elastohydrodynamic lubrication. The classical investigations
of TOBOLSKY et al. [1, 2] and a number of other authors have shown that the
viscoelastic behaviour of an elastomer undergoing rapidly changing shear
deformations is related to the chemical degradation of long molecular chains
with covalent bonds. They have thus pointed out the “chemical” aspect of
viscoelasticity which results from the relationship between a macroscopic
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deformation and the molecular structure and molecular displacements in the
medium being deformed.

The further developments in the theory of viscoelasticity were instigated
by the interest in problems related to elastohydrodynamic lubrication, e.g.
in the investigations of BARLOW, LAMB et al. [3, 4]. The non-Newtonian beha-
viour of fluids under such conditions is related to the translational and con-
figurational molecular processes.

The chemical aspect of viscoelasticity of fluids was given attention by the
investigations of Lirovirz, HERZFELD, DAVIES el al. [b, 6].

In the present investigations, measurements of the mechanical impedance
of shear waves were carried out over a large frequency and temperature range.
The use of suitably high frequencies permitted not only the relaxation range
in a given fluid but also its limiting shear elasticity to be determined.

2. Theoretical analysis

According to the theory of linear viscoelasticity, the following generally
known relations occur [4, 5, 7],
w’r? Tt

+iG,

ik ' 14w

R IEIPATAT
w’r? 4 7

i =6G,——

® 1 4 we? 114w ® 1+ o

= G +iG"

w?t?

+ion (), (1)

where G’ is a dynamie modulus of elasticity, G’ is a dynamiec modulus of visco-
sity, G, is the limiting modulus of shear elasticity, 5(e) is dynamic viscosity,
7 is the relaxation time and o is the angular frequency.

In view of the large attenuation of the transverse wave and the impossi-
bility of measuring the attenuation and velocity over a given path, as in the
case of the longitudinal wave, the complex mechanical shear impedance Z
(i.e. the ratio of the strain (¢) to the displacement velocity (ou/ol)) must first
be measured,

a

on
ot
where o is the shear strain, B and X are mechanical resistance and shear reac-

tance.
The relationship between G and Z can readily be found, since

Z = (QG)”E: (3)
Z = (eld)". (4)

T g ST (2)




ULTRASONIC INVESTIGATIONS OF VISCOELASTIO RELAXATION 257

hence

R*-X?
G = T (5)

_ 2RX
g

_ o(R—X7)
T (R2+X2)2 !

G g (6)

/

(M)

__20RX
- (®xy .

"

It follows that the experimental determination of the two components
of any of the complex functions given above (impedance Z, modulus @, com-
pliance J) permits the calculation of the other two quantities, irrespective
of the molecular base, i.e. of what molecular processes determine the macro-
scopic behaviour of the body. From the form of the relations of ¢'(w), G" ()
and 5(w) = @"(o)[1,, where 7, is stationary viscosity and v = #,/G,

{ (021'2
¢ =Gy (9)
- Tt
=G0 o0 (10)
Gy ¥
(o) = SR (11)

1+ w?e? 1+ wie? ’

it follows that:

1. o always oceurs in the form of the product wr, and therefore it can
be regarded as a function of the variable ¥ = wr, provided it is normalised
in the following way: G'[G., G |G, n(®)[n;

2. when wr < 0, i.e. wr —> 0, the region is viscous, 5(w) = 5, and G’ = 0;

3. when wr » 0, i.e. wr — oo, the region is elastic, G’ = G;

4. when ot =1, the region is viscoelastic, ¢’ = 0.5 G, G = 0.5, G,
ie. @ =G and n(w) = 0.5 2y

5. |G’ = wr, since tand = G"'/G’, tané = 1/wr;

6. @', G and 7(w) are symmetrical with respect to the scale log wz, v has
its time dimension and can therefore be regarded as the inverse of some fre-
quency characteristic of the relaxation w,, = r~'. Hence, ot = w/w,, and
the scale ot = w/w,, or logwr = logw/w,, can be regarded as the characteristic
frequency scale of the relaxation (or simply the relaxation frequency w,).
At the same time, G’ and '’ ean also be normalized, by dividing these quanties
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by Goo ﬂr]fld ??(w) by Nsy

7(w) i (o)
— 1 1 o —~>0 <L -<,_‘ 1;
s +o'r s
G’ w37? G’
& Tageren gl S
¢ iy W 1
G, 14w G et Bl

The behaviour of the shear moduli in the relaxation region is usually re-
presented in the form of such normalised diagrams (provided G, and %, can
be measured), which has an enormous advantage: since # = wr, this parameter
can be altered by changing the frquency () or temperature (t = r(t)}. This
permits investigations of the relaxation region at different frequencies and
temperatures. Instead of the shear moduli, the relaxation region can also be
represented graphically using the directly measured shear resistances and
shear reactances (R and X), most frequently in the form of normalised R/(oG.,)"?,
X [(0G ). Solution of the previous equations, which relate the components
of the modulus to the components of the impedance with respect to R and X,

gives
Gr GH 29q1/2 ]
=po0—311 P 155 2
B 92{[*(@)] +1; (12)
R? w3r? 1 A\~
= 11;
G 2(Ltatr) [(IJr m*rz) : ] ie

" rr ) 27172
X ~Q%{[1+((;—,)] —1}; (14)

5 g w?r? P,
= ] - . 15
06, 2(1+0) [(” w?r*) 1] ok

Thus, the normalised resistances and reactances are only functions of wr
and give normalised curves on a half-logarithmic scale, on which points corres-
ponding to the frequenecy and temperature of measurements arrange them-
selves.

Since a description of the behaviour of real fluids would, for a generalized
Maxwell model, require an infinite number of elements, summation should
be replaced by integration, giving a continuous spectrum of relaxation times,

¢ =@ fm ( ) Gmf erz, L (16)

14w o
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where ¢(r/7,) is a function of the distribution of normalised relaxation times
(i.e. referred to 7,, which is the main time of a given distribution), whereas
g(z/7.) d(z/z)) is the share in the limiting modulus @,, of those moduli whose
relaxation time lies in the interval r4dr and which are normalised over the
interval (z/7,)+d(r/r,). Similarly, the components of the impedance are re-
presented in the normalised form:

R
e (18)
w.’?( (@) /(1 +w2ria?))d 21/2\ 12
=Y/ of LB g5y braf 2 |
.-') 0 1+m To-ﬂ f g(m)mztomg
1+ o wi!
X
dr (19)

1/2y 1/2

}0 (9(2)2/(1+ wria?)) da
1+ 22 : ’
[ (g(@) o*rga (1 + wrye?)) do

1 °Qg,'f(a?)w*‘tﬁ:&?“
2) 1toma

where v = 7,/7, 4, g(®) = (b/n'*x)exp —[blnax]?, 0 < 7, < oo, b is a parameter
which defines the width of the distribution of the relaxation times.

The viscoelastic properties of 2-ethylhexadiole are described by both the
Maxwell model and by the B-E-L one [4]. In the Maxwell model with a Gaussian
distribution of the relaxation times, the matching of the curve calculated from
equation (18) to the experimental points requires that the theoretical coeffi-
cient exp —(—1/4b%) should be replaced by an experimental one which relates
the main time of the Gaussian distribution r,, with the Maxwell relaxation
time 7, = 7,/G, according to the equation 7,, = (3,/G,) a (a being some
displacement with respect to the frequency axis). It can thus be seen that the
Maxwell relaxation time is different from the mean time of the Gaussian distri-
bution, in opposition to the theory (with the difference between these two
times being about 10 per cent).

In order to make the interpretation of results independent from the arbi-
trarily assumed function of the distribution of the relaxation times and to
achieve a more correct representation of the viscoelastic relaxation, the B-E-L
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(BArLow, ErRGINSAV, LAMB) model of supercooled fluids was used to desecribe
the relaxation curves.

The B-E-L model [4] is constructed of the parallel-linked acoustic impedan-
ces for a solid (Z,) and a Newtonian fluid (Z,),

| DEEO, IR |
feijgdigeil 34 (20)

Transformation of this equation gives a formula for the shear compliance
of the fluid, ./, depending on the characteristic constants of the medium under
study,

1

' +2k( : )ﬂ (21)
Jo Gu oy joly |

The components of the acoustic shear impedance of the fluid, R and X,
are, from formula (21),

B (o260 [1+(20n|G)"] | st
(eG)' [1+4(0n/26G )P +wn/26y,
1/2
X (01/2G.,) (23)

(06 )™~ L+ (0n]2020) "+ 09|26

In the ease of simple fluids the measured results satisfy equation (21)
for k =1 and g = 0.5. In the case of complex fluids or their mixtures the
formula is modified by the coefficients k and g. Figs. 1-4 give theoretical beha-
viours of the normalised shear moduli and impedance caleulated for g = 0.5.

e
£ 0

: =
2 log(wn,/G,) =2 0 2 log(wn,/Gu)

Tigs. 1, 2. Theoretical behaviour of the normalised shear impedances and

B
(0Ge)'*

TG—T‘?? as a function of IOg(Dt
0o
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Figs. 3, 4. Theoretical behaviour of the normalised moduli G'/G, G [G a8 & funetion of
log wt

3. Experimental part

2-ethylhexadiole-1.3. (B.D.H., Ltd.) which was dehydrated by distilation
under lowered pressure was used in the investigations. The water content in
the diole was determined by the Fischer method at 0.12 per cent by weight.

The density was determined pyenometrically over the temperature range
253-303 K, with an accuracy of up to 0.05 K. For lower temperatures the den-
sity (¢) was extrapolated from the linear equation o = A --BT, where 4 and B
are constant quantities and 7' is temperature. There is the following temperature
dependence of density,

0 = 1.1206 x10%—6.1500 x10-* T [kg/m?3].

The static viscosity (#,) was determined by a Hoppler viscosimeter and
capillary viscometers over the temperature range 253-303 K. The accuracy
f viseosity measurements varied, depending on the measurement method,

/‘/ from 0.5 to 2 per cent. For lower temperatures the values of viscosity were
extrapolated by the equation logy = C+D/T®, proposed by MEISTER [7],
where € and D are constants. There is the following temperature dependence
of viscosity,

logy = —4.7946 +1.0532 x10* T-3 [Nsm-2].

The shear impedance measurements were carried out at a frequency of
0.520 MHz, using UWE-1 and UWE-2 systems manufactured at the Institute
of Fundamental Technological Research, Polish Academy of Sciences in Warsaw,
over the temperature range 223-303 K. The principles of the measurements
were described in many papers [8], whereas the measurement error, as defined
by the producer, was -+5 per cent.

The shear impedance measurements at frequencies of 29.9 and 500 MHz
were carried out over the temperature range 218-303 K, using a measurement
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system manufactured at the Department of Physical Acoustics, Institute of
Fundamental Technological Research, Polish Academy of Sciences [9]. The
measurement accuracy is, according to the producer, estimated at -L5 per
cent. Tables 1 and 2 show the experimental values of shear resistance.

Table 1. The real (R;) and imaginary (X; components of shear

‘Table 2. The shear moduli ¢’ and G”, the dynamic viscosity u; and the

impedance
Temp. By l X Ry E;
[K] f= 0520 MHz 29.9 MHz 500 MHz
[ [Nsm=-3] x 10-5

228.15 13.9 13.9
233.15 13.4 13.8
238.156 8.54 1.38 12.8 13.56
243.15 6.09 1.38 11.9 13.1
248.15 4.33 L.7% 10.5 12.4
253.16 3.06 1.61 11.9
263.16 1.31 0.953

268.15 0.886 0.690

273.15 0.629 0.511

278.15 0.477 0.378

283.15 0.364 0.289

288.15 0.288 0.233

203.15 0.231 0.182

298.15 0.192 0.163

303.15 0.144 0.144

relaxation time 73 = 74/Go

G’ G Nd 7
T[e;?]p ' £ = 0.520 MHz

[Nm~-2] x 10-? [Nm~2] [s]
238.15 0.728 0.242 1.01 x 103 5.30 x 10-7
243.15 0.363 0.172 3.40 x 102 1.82 x 10-7
248.15 0.162 0.158 1.25 x 102 6.81 x10-8
253.15 0.0702 0.102 4.975 x 10 2.76 % 10-8
258.15 0.0232 0.0543 2.12x10 1.20 x 10-8
263.15 0.00834 0.0260 9.65 5.58 x 10-?
268.15 0.00323 0.0128 4.65 2.74 % 10-?
273.15 0.00138 0.00672 | 2.36 1.42 x 10-9
278.15 1.26 7.75 x 10-10
283.15 0.699 4.40 x 10-10
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4. Discussion of the results and conclusions

The results of the measurements are given in the tables and 10 diagrams.
Formula (21) and the coefficients k = 1 and # = 0.5 were used in the description
of the results of shear impedance measurements in 2-ethylhexadiole-1.3. (Figs.
5-8). When the results are presented on the basis of the Maxwell model, this

5+

R.X ® 500 MHz
el a 299 MHz
[10 "N, /] 3 00 (052 MHz

0+

5 -
0 1 ' 1 » -

233 253 273 293 TIKI

=

Fig. 5. The results of the measurements of the impedance components B; and X; as a function
of temperature

corresponds to the parameter of the distribution width b = 0.35. A relaxation
region was found to exist and was defined as one of viscoelastic relaxation.

The non-Newtonian behaviour of the fluid under these conditions is related
to the translational molecular processes and configurational changes.

It can be seen that the range of visecoelastic relaxation of the diole investi-
gated covers 4 decades of frequency (the dependence of the impedance compo-
nents on frequency in Fig. 8) and that the behaviour of the normalised curve
is much different from the behaviour of the relaxation curve in a simple Maxwell
model.

The results of the measurements indicate that the behaviour of this diole
and other polyhydroxide alcohols investigated by the present authors [10, 11,12]
can be explained within the relaxation theory, under the assumption of a con-
tinuous spectrum of the relaxation times with a given distribution. Although
the problem of associated fluids still seems to be far from solved, the presence
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in aleohols of multimers which form as a result of intermolecular hydrogen
bonds has indisputably been confirmed by X-ray, spectroscopic and ultrasonic
investigations. The diffraction of X-rays and neutrons indicates the presence,

20
2
RL /9
[0 N1
"'b-__'\
15 M Gos
10
® 500 MHz
& 299 MHz
00 052 MHz
5 -
0 1 1 ) 1 L L
233 253 273 293 TLKI

Fig. 6. The behaviour of the high-frequency modulus of shear elasticity as a function of
temperature. The dashed line represents the extrapolated limiting shear modulus G

both in a glaceous and a fluid state, of disturbed pieces of the crystalline strue-
ture undivided by the limits of discontinuity. Structures of this type should
play a particularly important role in a supercooled state, where unlike a glaceous
state, structural pieces both undergo translation and disintegrate and reform
continually [16].

According to McDuUFFIE and Lirovirz [13], the structural rearrangements
which occur in fluids as a result of external (electric or mechanical) forces have
a_cooperative character, since they cover a whole group of molecules (cluster)
under the short-range molecular order. They constitute a relaxation process
related to the structural relaxation time. The cooperative nature of such rear-
rangements is reflected in the viscosity of the non-Arrhenius fluid, i.e. a fluid
whose viscosity is not proportional to exp(—FE/RT), where F is the activation
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Fig. 7. The behaviour of the components of the dynamic shear modulus (of elasticity) G’
and (of loss) G as a function of temperature

12
R, /(@G
. 1o} &
3
R
~
X o 500 MHz
',\‘f_\ & 299 MHz
05 20 052 MHz
Q-
=
o
1/2
X, /(g G
0 1 1
=2 -7 0 ! 2 3 4 5
log(wn /G, )

Fig. 8. The behaviour of the components of mechanical shear impedance as a function of
frequency, in a normalised system. The solid curve represents the theoretical curve calculated
from equation (22) for k¥ =1 and f = 0.5
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Fig. 9. The behaviour of the components of the modulus as a function of frequeney, in a nor-
malised system. The solid curve was calculated from equation (21) for k¥ = 1 and g = 0.5
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Fig. 10. The dependence of change in the ratio of the dynamie viscosity #g to the static one
on temperature

energy of viscous flow. For such fluids EYRING’s theory of absolute reaction
velocity would require the assumption of very large, temperature-dependent
values of E,. On the basis of the conception of Fox and FLoORY, according to
which the translation of molecules of a supercooled fluid is mainly determined
by the volume of the free flnid, MAcEDO and LiToviTz [14] assumed that the
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mobility of fluid molecules is not only defined by the velocity at which they
overcome the energy barrier but also (and at lower temperatures mainly) by
the probability of the formation close to the molecule of a free volume with
sufficiently large dimensions so that it could displace. Thus, the translation of
an individual molecule requires the cooperation from many others which must
form an empty space in its vicinity. The viscosity of a fluid in a supercooled
state is determined by the cooperative processes. In view of the similarity
between dielectric and mechanical relaxations in a chain of associated fluids,
Lrrovirz and McDUFFIE [13] extended the cluster conception to the relaxation
of mechanical strains, suggesting that the distribution of the times of mechanical
(struetural and viscoelastic) relaxation originates from the cooperative character
of struetural changes accompanying formal and volume deformations [16].

According to MirLEs and HAmMMAMoTO [15], the occurrence of the wide
spectrum of the viscoelastic relaxation times is caused by:

a) the lack of a long-range molecular order in the fluid, and as a result
every molecule is in a different energy situation and the jumps of particular
molecules from one equilibrium position to another, in order to eliminate mecha-
nical strains, are related to their overcoming of different energy barrier and
thus to different times (the so-called Herzfeld — Litovitz mechanism [6]);

b) the co-occurrence of ordered regions of different size. Since the decay
time of such erystal pseudo-nuclei, under shear forces, should inerease as their
spatial range expands, the factors changing the molecular order (e.g. tempera-
ture change) should affect the spectrum of the times of viscoelastic relaxation.

The results of the measurements carried out seem to confirm the molecular
mechanisms given above.

In the case of polyhydroxide alcohols the two (bulk and shear) viscosities
relax in approximately the same frequency range, i.e. the corresponding rela-
xation times are very close to each other, unlike the Knesser fluids in which
thermal relaxation occurs. In addition the relaxation times show a similar
temperature dependence. These facts suggest that the molecular mechanisms
of the two processes are very close. Since such a close relationship between
the bulk and shear viscosities is characteristic of water, where the bulk visco-
sity must be related to the structural relaxation, i.e. the relaxation of strains
which arise as a result of bulk and formal deformations, and not to temperature
funetions (for close to 281 K the compression of water is practically isothermal),
it seems reasonable to assume that in aleohols the bulk viscosity is also related
to structural transformations in which hydrogen bonds are broken and reformed
again during the propagation of acoustic waves. Certainly, the viscosity rela-
xation (i.e. an decrease in viscosity with increasing frequency, Fig. 10), observed
in shear impedance measurements, must also be related to the structure of
the fluid and intermolecular interactions, where hydrogen bonds play the main
role. Thus, the phenomena observed in volume and formal deformations of
the medium using acoustic waves are closely related to the eybotactic structure
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of the fluid, which in the case of associated dioles is an intermediate stage
between a weak dispersive structure with thixotropic properties and a con-
denser structure.

This was confirmed by the present investigations, since the change in
the structure of the flnid caused by a temperature change was reflected by
a change not only in viscosity, but also in moduli of elasticity and relaxation
times.
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