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REACTION DELAY TIME IN THE PROCESS OF DETECTION AND DISCRIMINATION
OF ACOUSTIC SIGNALS*

ANDRZEJ RAKOWSKI, ANTONI JAROSZEWSKI
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Reaction delay times in listeners with musical training to auditory stimuli
at a level near the threshold of hearing were determined. Listeners were to
detect these stimuli (detection) or state whether successive stimuli have the
same or different piteh (discrimination). Reaction times in listeners in
diserimination were distinetly longer than in detection tasks. Reaction delay
time provide information about the relative difficulty of the task.

Introduction

In 1940 Rene Chocholle [3] proved that the auditory reaction time can
be used as an evaluation criterion of sound loudness. This idea was then ap-
plied by Stebbins and Miller [18], Kohfeld [7], Moody [10], [11], O’CONNOR
et al. [12], PFINGST et al. [13], [14], STEBBINS and MILLER [18] and STEBBINS
[19] in investigations of the threshold of hearing and of the loudness of signals
with people and animals. It was also used by BEATON and MILLER [1] and
MILLER et al. [8], [9] in research on the response of single neurons, and by SiD-
LEY el al. [18] in investigations of visual reactions.

It seems obvious that, as PFINGST et al. [13] state, the dependence of the
time of reaction to auditory stimuli on the sound pressure level and irequ-
ency “illustrates the characteristic properties of the organ of hearing”. It should
be emphasized though, that until now the greater part of research on audi-
tory reaction times was concerned with the simplest reaction forms connec-
ted with functioning of the organ of hearing, mostly detection. In this case

* Research was conducted in the framework of an Interdepartamental Programme
MR. I. 24.
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the reaction time consists mainly of the delay of the motor reaction in relation
to the acoustic stimulus. But measurements of the reaction time can also
be applied in more complex tasks related to the functioning of the organ
of hearing, such as comparison, discrimination and recognition of auditory
stimuli. These tasks require the engagement of qualitatively different
functions of the auditory perception system (e. g. memory) and it may
take a much longer time. It seems that the time neccessary to fulfill these
tasks should be in such a case referred to not as the “reaction time” but “time
of auditory processing”. This notion results from the following argumen-
tation. The reaction time in a listener consists of two components: “time of
the motor reaction” and “time of data processing”. It can be assumed (althou-
gh the confirmation of this thesis in respect to detection and diserimination
processes requires separate research) that the motor reaction time depends
in a very small extent on the type of task. This component dominates in the
simplest, detection type, tasks; therefore the term — “reaction time” seems
appropriate in that case for the definition of the total time between the stimulus
and reaction. In more and complicated tasks, concerning auditory diserimination
for example, longer and longer part of the time between the stimulus and
reaction is taken up by the process of analysing and data processing. For this
reason the total reaction time may be more accurately referred to as the signal
“processing time” or “auditory processing time”.

The aim of this paper is the presentation to what extent, and how, the
auditory processing time of signals at a level near the threshold of hearing incre-
ases with the rise of the difficulty of a task; from simple signal detection to
detection of progressively decreasing differences of their pitchs, in particular.
The experiment was conducted in certain correlation to the experiment by
CArDOZO [2], who investigated the detection and diserimination of short sound
pulses. However, a different measurement methodology was applied; better
trained listeners participated in the experiment, and first of all together with the
correctness level of response of the listeners, the reaction time was noted,
what allowed the comparison of these two characteristics of the response
to a given task. Iixperimental results show that the time of reaction to au-
ditory stimuli can provide a measure of task difficulty in the detection process
as well as in the diserimination process.

1. Procedure

The experimental procedure comprised a cyclic presentation of two sinu-
soidal pulses with 1500 ms duration, separated by a 700 ms interval,
to the listeners. Pulse duration was long enough to ensure optimum evalua-
tion of the sound piteh. The duration of the interval between the pulses was
chosen, to fulfill two conditions at the same time: a) strong encugh



REACTION DELAY TIME b

memory trace of the pitch of the first pulse in the moment of appearance of
the second pulse, with which the first pulse was compared and b) lack of an in-
fluence of the first pulse on the second pulse, that would cause a pitch shift
of the latter due to poststimulatory masking [16]. Repetition periods of pre-
sented pulse pairs were randomly arranged in such a way that the begining
of every following pair was separated from the begining of the preceeding pair
by a n-6250 ms time interval, where #» was a natural number changing random-
ly in a range from 1 to 4. Therefore, listeners did not know in which moment
of the observation time of a maximal span of 4 x6250 ms the signal to be de-
tected or discriminated will appear.

The signal frequency in the first pulse of every presented pair equalled always
1000 Hz, while every second pulse was subjected to the following randomi-
zation procedure: In detection tasks it was completely damped in randomly
chosen pairs and in pitch discrimination tasks it was detuned in relation to
the first pulse by a certain frequency difference - Af in randomly chosen pairs.
The number of pairs in which the second pulse was completely damped or
detuned in relation to the first pulse always constituted 509 of the total
number of pulses in a series, while the number of pulses detuned positively
(+ 4f) equalled the number of pulses detuned negatively —Af. The pulse
frequency difference in a pair, Af, was 9, 3 and 1Hz in individual tasks.

The time, At, between the begining of the second pulse in a pair and the
signalling by the listener of a decision was taken as the measure of the re-
action time (auditory signal processing). The decision was signalled by pres-
sing a button and it could mean

a) in detection tasks: “I heard that the second pulse was present”

b) in discrimination tasks: “I heard that the second pulse differed
Jrom the first one”.

Listeners were instructed to press the button as quickly as possible, but
only when they were sure that:

a) in detection: the second signal was present

b) in discrimination: the sceond signal was different.

The reaction time values and the values of the percentage level of cor-
rect answers in every experimental series was read of digital clocks, which
were switched on with the begining of the second pulse and stopped by the
decision signal. Every presented test consisted of a series of 100 pairs of signals.

Experiments were carried out in a silenced chamber with the use of a
QUAD electrostatic loudspeaker. In detection tasks stimuli were presented
at the threshold level (sensation level 0 AB SL) and at levels: 2.5, 5.0 and 7.5 dB
SL. In discrimination tasks stimuli were presented at levels: 5, 10 and 15 dB
SL. Sound pressure levels corresponding to the given dB SL values were de-
termined separately for every listener at the begining of every session. In-
dividual thresholds of hearing were determined using the method of limits.
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2. Listeners

Two men and two women-students of the Academy of Music, aged 24-27,
with an otologically normal audition, made up the group of listeners. They
were chosen from a group of 25 students from the same school, as they
achieved best results in the initial tests of pitch discrimination. Three
persons from the group have previously taken part in psycho-acoustic
experiments, the remaining three persons passed additional training, so the
results achieved by all listeners in the described experiment were similar. Two
listeners had the same response time to visnal stimuli, equalling 160 ms. All
listeners were paid for the participation in the experiment and were therefore
strongly motivated.

Prior to the begining of measurements every listener stayed in an acou-
stically isolated, silenced chamber for at least 10 min in order to stabillize
the threshold of hearing. Moreover, listeners were informed that they should
give up the participation in measurements in case of a bad psychophy-
sical disposition.

3. Results

Fig. 1 presents results of detection experiments, expressed as medialn
values of the percentage of correct answers at various signal sensation levels.
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Fig. 1. Psychrometric curves for signal detection. Results obtained by B. L. CArpozZO (fil-
led-in ecircles) are shown for comparison
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Each of the four data points represents a median calculated from 120
hundred individual decisions made by the group of four persons. Vertical
bars mark the dispersion of results, determined as interquarter intervals.
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Fig. 2. Psychrometric curves for signal frequency threshold discrimination. Signals with
varying frequency intervals Af. Results obtained by B. L. Carpozo (filled-in circles) are
shown for comparison. Dashed line marks the slope of the psychrometric curve durin signal
detection (according to Fig. 1)
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Fig. 2 presents medians of percentage levels of correct answers in near the
threshold pitch discrimination experiment. Vertical bars mark the disper-
sion of the results, determined as interquarter intervals. Each data point
is determined by 120 hundred (at Af =9 and 3 Hz) or 80 hundred.
(at Af =1 Hz) individual decisions of listeners. Measurements obtained
by Carpozo [2] for Af =16 and 4 Hz are given for comparison. Howe-
ver, it has to be noted that the results by Cardozo presented here for
comparison are based on a significantly smaller number of observations
(50 decisions for data point) than the results of the experiments
presented here.

Fig. 3 shows the values of response times of the group of listeners in the
described above detection and discrimination experiments. The median values
are given and the dispersion as intraquarter intervals.
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Fig. 3. Reaction time in the detection and the threshold discrimination of pitch in pulses
of a sinusoidal signal

4. Discussion of the results and conclusions

A comparison of results obtained in the detection experiment (Fig. 1)
with CARDOZO’S results [2] proved that psychrometric eurves obtained here
are less steep. This can be caused by the fact that the tasks of CARDOzZO’s lis-
teners were slightly different. They were informed in which time moments
pulses for detection or discrimination can appear.

While data obtained in thes present experiments concerning the per-
centage level of correct answers in the signal detection (Fig. 1) approximately
correspond with the values encountered in CARDOZO’S papers [2], data con-
cerning the precision of pitch discrimination (Fig. 2) differ from the data
published previously. In comparison with the data obtained by Cardozo it
can be observed that our listeners had higher efficiency in pitch diserimina-
tion. This is due to the applied procedure (longer duration of pulses), as well
as most probably to the differences in the predispositions and experiences
of listeners.

If the results of pitch discrimination presented here were to be compared with
the results of different experiments published previously by the authors of this
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paper [4-6], 15, 17 the situation would 100k differently. This con-
frontation shows that listeners in the deseribed experiment demonstrated
lower sensitivity to pitch differences. This is partially caused by a slightly
lower level of training of listeners in the described experiment, than in pre-
vious experiments, and it seems that also by the experimental procedure used.
Signal undergoing discrimination appeared here at the threshold level in ran-
domly chosen time moments, which were not signalled to listeners. This re-
quired particular concentration and differed from the conditions in which
the investigation of the extreme auditory sensitivity to pitch differences is
possible.

In order to compare the results obtained in detection and discrimination
a dashed line presenting the slope of the detection psychrometric curve
from Fig. 1, was given in Fig. 2. As it can be seen, the slope of this
curve is slightly steeper than the slope of discrimination psychrometric cur-
ves and it cuold be approximately similar to the discrimination curve if the
Af was larger than 9 Hz.

Curves presenting the dependence of the reaction time on the auditory
sensation level in detection and discrimination (Fig. 3) were approximated
by line ar segments in the same way as in Fig. 1, 2. Such a presentation was pos-
sible, because these curves represent only small segments of complete “curves
of the auditory reaction time”, which can be approximated by a hyperbolic
function in the whole range of the auditory sensation levels [13].

From the data presented in Fig. 3 it results that the auditory processing time
necessary for pitch discrimination is generally longer than the time of simple
auditory processing in the signal detection. Furthermore, the audi-
tory processing time depends on: a) the difficulty of the task, b) the auditory
sensitivity level in the region near the threshold. From the comparison of
detection and discrimination curves done in Fig. 3 it results that in the ex-
perimental conditions of the described investigation the reaction time in the
detection of a signal at a threshold level, 0 dB 8L, corresponds approxi-
mately to the auditory processing time in the discrimination of pitch in pulses
differing by Af= 9 Hz presented at the 10 dB SL level or pulses differing by
Af = 3 Hz presented at the 15 dB SL level.

Vertical bars mark interquarter intervals corresponding to each data
point. As it can be seen, the dispersion like the reaction time, increases with
increase of the task difficulty. A similar features characterize the intrain-
dividual wvariability not marked in the figure, what is consistent with the
general rules of the detection theory.

Data shown in Fig. 1-3 were obtained in the course of the same
experiments and are complementary. Therefore, it can be evaluated
for each data point to what extent the auditory processing time is
related to the obtainment of a specific percentage level of correct answers,
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P,. Fig. 4 shows the relationship between the percentage level of correct
answers and corresponding values of the auditory processing time in various
tasks.

Dependences shown in Fig. 4 illustrate indirectly the relationship
between the degree of difficulty of an auditory task and the time, in which
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Fig. 4. Relation between the degree of performance correctness and the auditory reaction
time in the of detection and threshold discrimination of acoustic signals

this task can be performed. Assuming a definite percent correct level of
answers, the auditory reaction time (alias auditory processing time) can
provide a difficulty measure of a task.
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THEORY OF THE REFLECTIVE LOCALIZATION OF SOUND SOURCES

GUSTAW BUDZYNSKI

Department of Sound Engineering of the Telecommunication Institute Gdansk Technical
University, Poland

In order to explain the mechanism of distance localization of sound sour-
ces with hearing, a hypothesis was stated that a “sitwation analyzer” exists
in the man central nervous system. The analyzer is capable of perceiving not
only the direction of direct and reflected sounds reaching the listener, but
also the position of reflecting surfaces, distance of the reflection points and
corresponding angles, for the so-called early reflected sounds.

On the basis of the above mentioned hypothesis, and considering cer-
tain acoustic situations and some visual analogies, foundations for a new theory
of the reflective localization of sound sources have been created. Suggestions
important for the psychoacoustics in general as well as for room — acoustics
and studio — technique applications have been outlined.

1. Introduction

The ability of sound source localization is an important property of the
sense of audition. Binaural audition allows the precise localization of the di-
rection of a sound source in the space surrounding the listener with an an-
gular inaccuracy below 1° to 20° depending on the position of the source in
respect to the listeners head. It also allows the estimation of the distance
between the sound source and listener in rooms with walls reflecting sounds,
with a good accuracy.

The mechanism of stereophonic audition is based on the properties of
binaural hearing. With the application of a pair of spaced loudspeakers sup-
plied with adequate signals apparent sources are formed, which are locali-
zed in the sound image similarily as the real sources, although generally
with lower accuracy. Stereophonic hearing is of great practical importance
to the technique of stereophonic systems. That is why there is a wide and
constant interest in the theories of directional hearing, manifested by many
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publications concerned with this subject. For example, in BLAUERT’S mo-
nography [5] over six hundred papers concerned partially and in the whole
with directional hearing, have been mentioned.

2. Former theories

The two oldest theories of the directional source localization are: the
theory of the differences of the sound intensity on the entry to the left and
right ear, and the theory of differences of signal access times to the left and
right ear; both coming from RAYLEIGH, from the years 1877 and 1907.

A series of later theories is in reality only complements and expansions
of the intensity and phase theories, which with these complements exist up
to now, describing two parallely acting mechanisms of the source directional
localization with the aid of audition. Mentioning here all individual theories,
presented in detail in the literature [4] — [7], [9], would occupy too much
place.

It should be noticed, that although the mechanism of the directional
localization was thoroughly investigated theoretically and certain details
were determined as goals of further research, the mechanism of the distance
localization was not explained. Though there are several theories of the dis-
tance localization, still none of them explains the localization inaccuracies
reaching up to about ten to twenty per cent.

The accessible in literature experimental data concerning the thresholds
of directional localization in specific research situations, come mostly from
experiments conducted under a free acoustical field conditions, e. g., in an
anechoic chamber or in an articifially modelled field. These experiments are
not fully competent in relation to the real conditions, especially in the view
of the influence of reflected sounds on the localization mechanism.

3. Theory of reflective localization

The law of the first wave front formulated by CREMER in 1948, or the pre-
cedence effect, so-called by WALLACH in 1949, soon found a practical confir-
mation in experiments conducted by HAAS and drove the attention away
from the influence of reflected sounds on source localization. For it was ge-
nerally acknowledged, that only the direct sound from the source was the
signal, which makes subjective localization possible, blocking at the same
time out the sensitivity of the localization mechanism to following reflected
sounds coming from this source during the time of the I AAs constant, that
is about 20-50 ms.

However, cases of a lack of blocking in the time range of the HAAS con-
stant were soon stated [8]. Informations appeared about a better localiza-
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tion ability in rooms with reflecting walls, than in rooms with completely
absorbing walls. Similar observations were made especially in the 60-ties in
the course of determining the ability of directional localization of sound sour-
ces under water. This was done by free divers in not silenced pools [3]. It was
found, that the threshold of angular localization, equalling about 10° in a
highly damped, almost anechoic pool, decreased to about 5° for experiments
in a pool with well reflecting walls.

The above mentioned informations showed the possible share of reflec-
ted sounds in the localization mechanism, however, they were not applied to
generalizations. Lately, BENADE [2] drew attention to the fact, that the se-
quences of first reflections, reaching the listener in a room, some how incre-
ase his ability of localizing sound sources.

Auditory localization of sources in a half-open space e. g. in two street.
situations can easily convince us of the influence of reflections. The first si-
tuation is, when the street surfaces and objects in the street are not attenu-
ated, and the second one when the same street covered with a thick layer of
freshly fallen, fluffy snow. Source localization in a snow covered street is dis-
tinctly more difficult, just because for the lack of reflected sound.
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Fig. 1. Localization example without any application of a direct sound

The results of considerations of cases, where the direct sound does not
reach the listener at all, are an argument against the theory, stating that the
first front of a direct sound has a decisive importance for localization. A L-
shaped corridor can be an example (Fig. 1). No direct sound, or single reflee-
ted sound reaches the listener §. However, as experiments show, the listener
correctly localizes the moving source of sound emitted by a person moving
in the corridor. So, the sounds reflected from walls two, three and may be
more times and then reaching the listener from different directions, are res-
ponsible for the subrequent localizations.

Therefore a hypothegis can be made, that the above mentioned blocking
mechanism does not exist and that reflected sounds have a contribution in
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the localization mechanism. This hypothesis will not be contradictory to the
law of the first wave front, if we assume that the sensory situation analyzer
localizes not only the direction of the first and any following wave reaching
the listener, but also it determines every time the position of the source on
the basis of earlier perceived positions of the reflecting surfaces and the cur-
rent evaluation of the directions from the point of reflection to the source
(Fig. 2).
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Fig. 2. Diagram of the contribution of reflected sounds in the localization of source Z: a)
situation example; b) echogram of sounds reaching listener §: L to the left ear, . to the
right ear

According to the previous theories, information about the directional
localization of sourece Z, supplied to the listener, is based exclusively on the
binaural difference, Af, and AL,. Meanwhile the information concerning the
complete localization of source Z, supplied to the situation analyzer of the
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listener, according to the reflective theory, consists of a set of values of the
main delays and attenuations of reflections: Atyy, ALy, Atyy, ALy, Atyy, ALy,
the binaural values fo delays and attenuations: At,, AL,, At,, AL,, At,, AL,
Aty, ALy, and the earlier perceived distances to walls a, b and their angle .

The assumption, that the positions of reflecting surfaces and objects
are perceived earlier is obvious, because the room in which the loealization
is conducted is usually “aurally known”, and mostly also known visually by
the listener. This facilitates the estimation of the direction from point of re-
flection to the source. It should be presumed, that the mentioned here “si-
tuation analyzer” acts like a unit of the central nervous system, common to
all man’s senses. The work efficiency of the analyzer, working on the basis
of the perceived acoustical signals, can be indirectly estimated, taking into
account the localization accuracy of obstacles attained by blind.

The results of source localization on the basis of the first wave are com-
pared in the situation analyzer with the localization results obtained on the
basis of subsequent reflections, what increases the localization accuracy. The
different directions of reflected waves, especiatly being at right angles to each
other provides for the increase of the localization accuracy, due to the tri-
gonometric relationships.

The aural direction assessment, alike visual estimation of the direction
of reflections, e. g., billiard ball, is much easier, when the reflecting surfaces
are regularily situated, especially when they are parallelepipedly shaped.
In such a case the situation analyzer can make use of reflections of higher
order, than in a case of surfaces positioned either aslant or at random. In rooms
parallelepipedly shaped orthogonal projections, the first reflections come in
the greater part from side walls. The predominance of side reflections, trea-
ted lately as a criterion of acoustic quality of a room [1], finds here an ex-
planation as the criterion of high resolution of the acoustic perspective.

The assumption of the contribution of all early reflections in the pro-
cess of sound source localization, that is the nonexistance of the reflection
blocade, forces us to interpret the HAAS constant in a new way. Previously
it was approximated at 20 to 50 ms, but practically it has a greater disper-
sion of values. According to the theory of reflective localization, the Haas
constant finds a simple interpretation. It is the time in which the situation
analyzer is still able to use the results of the analyzis of the reaching it reflec-
ted waves as informations on source localization. Waves reaching the situ-
ation analyzer after a longer period of time mostly after multiple reflections,
are too difficult to analyze and do not give information on source localiza-
tion. Subsequent waves do not improve the localization and give an impres-
sion of a reverberant sound without discrete localization.

The quantity of subsequent wave reflections which the auditory ana-
Iyzer is able to reproduce and utilize is limited great. For a typical value of
the HAAS constant 7; ~ 50 ms assuming the mean free path in the room

2 — Arch. of Acoust. 1/86
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to be equal to d, =~ 8.5 m, the analyzer is able to utilize waves reflected n
times, where

Tqe _ 50-10-%:340

d, 8.5

Therefore in cases concerning typical rooms, waves giving information
about the localization, are reflected once, or twice at the very most.

It is worth noticing, that the localized sources are either stationary or
slowly moving. Thus the situation analyzer can take advantage of the loca-
lizations registered in earlier analysis.

The contribution of all early reflections in the loealization process corre-
sponds quite naturally to their share in the subjective integration of the lo-

udness impression which in general lasts up to several, tens, or even hund-
red, miliseconds.

4. Optical analogies

In the course of examining possibilities of subeconsecious evaluation of
the direction of reflections, visual analogies have to be considered. With the
application of a mirror a person localizes seen objects not in the direction of
sight, i. e., behind the minor, but in their real direction, determined on the
basis of other observations. It is generally known, how precisely the diree-
tion and in consequence — the distance can be evaluated by a car driver using
a rear-view mirror, or by a bus driver using single and dual mirrors. The “ac-
quaintance” with the position of the mirror is a condition for a correct eva-
luation; what is an analogy to the initial “sound familiarization” with the
room.

An increase of the localization accuracy by sight is obtained by super-
imposing results of the optical localization of the object, obtained from multi-
ple path observations with the application of mirrors, shadows, cameras with -
- picture monitors, etc. Analogously sound sources can be localized by hearing

an improved accuracy due to well reflecting surfaces in a rectangle room wi-
thout a roof.

5. Reflections and distance localization

“Lattle is known, as far, about the mechanism of distance localization” Por-
TER and STEINBERG wrote in the 50-ties in the intreduction to a paper which
dealt with the properties of audition [10].

Also not too much was explained in the further period of time.

Meanwhile the reflection mechanism of directional localization (deseri-
bed in p. 3) at the same time acts as a mechanism of distance loealization due
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to simple trigonometric dependencies. In order to examine the quantity of
the incremental sensitivity threshold of distance loealization, resulting from
this mechanism, the typical value ¢ for the incremental sensitivity threshold
of angular localization in a horizontal plane passing through the ears of the

[0 LO :OZMV,:—:T—«’

/' LZ =r

)'/
J /

&

L J

Fig. 3. The dependence of the threshold of accuracy of distance loealization, Ar, on the
value of the threshold of the directional localization, @, at a given position of source Z and
listener 8 with respect to the reflecting surface

listener has to be taken into account. For a straight ahead direction, ¢ equals
about 3° assuming that the listener turns his head, 2s it is in reality.

The neccessary trigonometric dependencies can be easily determined
with the application of an apparent source Z,,, in a situation (Fig. 3), where
source Z and the listener, at a distance r from it, are located near the reflec-
ting plane, onto which a wave incides under an angle o.

1 £

5?’ - —2—smoc, (5.1)
4

a = ltg—z—, (5.2)
d

Ar =~ (5.3)

= cosa
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From equations (5.1)—(5.3) it results that

@
te -
it £ (5.4)
T AP

It is worth mentioning that the error of the approximation in (5.3), re-
sulting from the assumption that the axis and the element of the eone, with
the apex angle of ¢ = 3° are parallel, does not exceed 39, with e« = 45°. For
other values of the « angle the error is smaller,

The threshold value of the distance localization resulting from formula
(5.4), equals 6.19, for the threshold value ¢ accepted at 3° and for the inei-
dence angle of a sound wave onto the wall accepted at « = 30°. While for
the most favourable wave incidence angle, « = 45°, the threshold value equ-
als only 5.29%. This means that for r =10 m, for example, the inaccuracy
of the threshold assessment of the source distance with the utilization of re-
flections, will be equal to about 60 e¢m, what is compatible with practical ob-
servations. Hitherto existing theories were not able to explain this value of
the accuracy threshold of distance localization.

Therfore, the reflection mechanism seems to be the fundamental me-
chanism of distance localization. It is by no means limited to rooms. In the
so-called open space we have really to do with a half-space limited by the
surface of the ground, with usually many reflecting objects. Only the men-
tioned above case with snowfall approximates such a half-space to a case of
an almost anechoic chamber,

Discussing the influence of reflections on loealization, the role of reflec-
tions has to be mentioned in the precise distance localization mechanism which
functions not only with sea mammals and bats, but also with blind people.

6. Relative localization

Until now in discussions on directional hearing in literature and in (x-
periments, a polar coordinate system with the begining at the point of the
head of the listener, was generally used. Meanwhile man projects the sur-
roundings by means of his senses in a local cartesian coordinate system ra-
ther, related to characteristic reflecting objects in these surroundings. He
chooses instinctively the best directions of the main axes for such a system.
This is the reason for man’s predilection for rectangular rooms, which faci-
litate the localization of inside objects by the means of sight and hearing.

In the mentioned local system the relative localization takes place. It
consists in determining the position of the source in relation to objects loca-
lized before, when the current position of his head in this system is known

-
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to the listener beforehand. Relative localization was surely developed in the
course of the species evolution in order to compensate the mobility of the
observer in the surroundings, especially of his eyes and ears, in relation to
the objects and localized sources. Current localizations, remembered impres-
sions and earlier general experiences of the observer form the image of the
surroundings.

Only in exceptional cases, when there are no reflecting objects in the
surroundings (e. g., a flat desert), relative localization can not be applied and
we are forced to make use of polar coordinates related to the position of our
head. However, the localization accuracy in such cases is distinetly lower.

7. Stereophonic hearing

It results from the theory of reflective localization (see p. 3), that loca-
lization in the binaural and stereophonic hearing can be uniformly interpre-
ted. A two-channel stereophony base with two loudspeakers gives the possi-
bility of radiating two waves, which reach the listener from the loud spea-
kers directions, but usually not form the direction of the apparent source oc-
curing between the loud speakers in the base region.

a) b) c)

Fig. 4. Diagram of stereophonic hearing, taking into account the theory of reflective locali-
zation: a) audio monitoring system; b) equivalent system with a midpositioned source in
the centre of the base; ¢) ag above, but with the source in a side position

The two waves from the loud speakers, which reach the listener (Fig. 4a),
can be treated as waves travelling from a real source located in place of an
apparent source, reaching the listener after being reflected in the spots in
which the loud-speakers are located (Fig. 4b). In the above reasoning an as-
sumpticn was made that the listener is not reached by any direct wave from
the source, just as if the base would be an insulating baffle. The midposition
of an apparent source corresponds to a simultaneous attainment of the lis-
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tener by both reflected waves (Fig. 4b). Whereas, an extreme side position
of the apparent source (¥ig. 4c), means that the left wave will reach the li-
stener with a delay resulting from the difference of the paths (ZL +LS)—RS
= ZL. In practice for a base spacing of dy =3 m, the delay is 4t, = dy/e
= 3/340 =~ 8.8 ms, while for dy = 4.5 m the delay increases to 13 ms. Gre-
ater base spacing is not applied, because for At, > 13 ms both reflections wo-
uld be heard as separate sound impressions. The path difference for extreme
positions of the source is equal to the base spacing. This difference has to be
taken into account when the level difference of reflections reaching the li-
stener is determined. Under the assumption of the spherical radiation of the
source, a six decibel drop of the loudness level can be accepted for every dou-
bling of the distance. As in a typical stereo monitoring configuration (Fig. 4)
ZL = LS and LS = RS while ZL+L8 = 2R8, so the reflection with the
possibly greatest delay is weakened by about 6 dB. /

Intermediate positions of the apparent source can be localized with the
application of adequately delayed and weakened loud speaker signals, re-
producing delay and attenuation values, which would appear on the path
from the source, through the reflection points near the loud speakers, to the
listener. In order to conduct a correct stereophonic localization, binaural de-
lays and attenuations reaching the left and right ear of the listener have to
be preserved, as well as the main signal delays and attenuations of the left
and right loud speaker, which in principle do not exceed 13 ms and 6 dB.

The stated top value of the main delay motivates the practice of employ-
ing in stereophony delays considerably exceeding the theoretical top limit
of the binaural delays of about 0.63-1 ms, above the apparent source should
invariably be in the extreme left or right position according to hitherto exi-
sting theories.

The binnaral and main delays and attenuations are separate information
elements for the localization of the apparent source in an adequate point of
the base width. As diagram of their time patterns, the echogram in Fig. 2
may be used, disregarding there the direct sound, marked by () and the sound
reflected twice, marked by @).

The regard to the influence of reflections on the process of stereophonie
localization leads to the neccessity of applying an intensity-phase microphone
system where the spacing of microphones should be kept equal to the spacing
of loud speakers in the monitoring system. This constraint and the difficulty
of preserving the conformity of localization information from main and bi-
naural delays and attenuations can make the practical application of reflec-
tive localization in stereophony difficult.

Nevertheless, the disregarding of main delays, i. e. delays between the
subsequent reflections, has led in hitherto existing theories of stereophonic
hearing to misunderstandings, concealments [4], or even to the questioning
of generally recognized publications of experimental data [11].
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8. Conclusicns

The presented theory widens the konwledge of the properties of binaural
hearing and explains the mechanism of subjective source localization, which
up to now was presented in the psychoacoustic literature in a not quite clear
and incomplete way. The theory makes possible a more effective solution
of several problems of room acoustics, sound recording techniques and other
applications of the psychoacoustic knowledge.

A systematic presentation of all resulting conclusions of this work has
to be postponed to a separate publication. However, several more important
achievments and consequences of the theory of reflective localization of sound
sources are worth summing up in brief.

The mechanism of auditory distance localization of sound sources, func-
tioning especially in rooms has been presented for the first time. If explains
theoretically the localization accuracy achieved practically.

A new interpretation of the HAAs constant was given.

A common mechanism of the directional and distance localization was
pointed out, as well as the contribution of early reflections in the increase
of the loecalization accuracy.

The advantages of rectangular concert-halls were motivated by the in-
fluence of side reflections on the improvement of the discrimination of sound
plans on the stage. The advantage of flat side walls in the region of first re-
flections was indicated.

The reason for the discrepancy of experimental data published in litera-
ture, concerning the delays between the left and right stereophonic signals
was shown.

More accurate localization of apparent sources in the sound image, re-
corded withan intensity-phase microphone systems, was motivated.

The presented considerations of the audio-visual analogy and the po-
stulated existence of the situation analyzer in the man central nervous or-
gan require further theoretical and experimental research in the domain of
psychophysiology. Observations made in this paper, should be the founda-
tion for thorough investigations. ‘

It is obvious that the presented theory ean not be neither proved nor
refuted with ad hoc conducted experiments. The theory of the reflective lo-
calization of sound sources can not be assessed before sufficiently numerous
experimental results, will be obtained, eritically checked and widely discussed.
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METHOD OF CALCULATING THE ACOUSTICAL WAVE REFLECTION
COEFFICIENT FROM A NOT-SHARP BOUNDARY OF TWO0 MEDIA
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44-100 Gliwice, ul. W. Pstrowskiego 16

The paper presents a numerical calculation method of the reflection
coefficient of a plane, longitudinal acoustical wave from a plane-parallel, non-
homogeneous transient layer (not-sharp boundary) positioned between two
homogeneous, half-spatial media. Changes in the physical properties of the.
transient layer, determined by the changes in its material parameters, occur
along its thickness and can by described by arbitrary one-variable functions.

Results of theoretical calculations of the reflection coefficient were given
for chosen cases of material parameter changes in the transient layer and they
were compared with results of measurements conducted on a physical model.

The presented method is accurate, universal and simple. It can be useful
for the choice of ultrasonic wave frequency and for the measurement accuracy
evaluation in certain applications of ultrasoniec level meters, as well as for the
determination of the shape of an ultrasonic pulse reflected from a not-sharp
transient layer.

1. Introduction

The echo method is one of the methods of level measurement (determi-
nation of the position of the boundary of two media in space) applied in the
ultrasonic technique. It is based on the measurement of the ultrasonic pulse
transition time on the path: sending head — measured level — receving head.
This method can be applied only when the pulse is reflected from the boun-
dary of two media. Hence, the reflection coefficient of an acoustical wave
from the studied media boundary is an important factor, which influences
the choice of the construction parameters of ultrasonic level meters. Caleu-
lations of the reflection coefficient are not difficult in the case of a sharp bo-
undary between the media, i. e. there is a discontinuous change of the phy-
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sical properties on the boundary [11]. However, in certain cases one medium
passes into the second through a non-homogeneous transient layer, called
further on a not-sharp boundary [4]. Such cases can be encountered e. g. du-
ring the measurements of sediment levels, investigations of the bottom of
water reservoirs and in medicine. The problem of ecalculating the wave re-
flection coefficient from a not-sharp boundary of two media has been under-
taken in several papers [2], [3], [7], [8], [10]. However, all these publications
do not contain the confirmed experimentally general analytical expressions
allowing the calculation of the wave reflection coefficient for arbitrary pa-
rameters of the transient layer. Therefore, this paper presents a numerical
method of caleulating the of coefficient reflection from a not-sharp boundary
of two media, for a case of a perpendicular incidence of a plane, longitudinal
wave on a plane-parallel transient layer. Changes of the physical properties
of this layer are determined by the changes of its material parameters (den-
sity and elasticity coefficients), take place along its thickness and can be des-
cribed by arbitrary one variable functions. Measurements of the reflection
coefficient on a physical model were done in order to check the obtained cal-
culation results.

2. A mathematical model of the reflection of an acoustical wave from a not-sharp boundary
of media

In order to calculate the acoustical wave coefficient of reflection from
a not-sharp boundary of media it was accepted, that between two half plane,
continuous, homogenocus, non-dispersive and lossless media A and € a plane-pa-
rallel transient layer B exists. It differs from media 4 and C, because its material
parameters (density and elasticity coefficients) can change along its thickness
in an arbitrary manner.

The wave equation in layer B, for a linear, one-dimension problem, with
neglect of the body force, is [6]:

Pug(w, 1) 0

Bt A
en(@)| 20D — o)+ 2] 2,

" (1)
where wuy(x, t) — displacement of medium particles, op(x) — density, iz(2),
pp(®) — Lamé coefficients, ¢ — time, & — linear coordinate.

Let us assume that in’ medium 4 a continuous, plane, sinusoidal and
longitudinal acoustical wave A, propagates in a direction opposite to axis
x, and at the same time perpendicularily to the boundary of media 4 and
B (Fig. 1).

Part of the incident wave A, is reflected from layer B (wave 4 ,) and
a part of it passes to medium C (wave A.). Displacements of medium parti-
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cles in waves A,, A,, A, can be presented in a complex form:
wa(@, 1) = U,y efoa=leagiot,
Uy (@) 1) = UAle_f“’(ﬁf—d)chejw#, @)
ug(@, 1) = Ugel®®lecei™t,

where U,, Uy, U, — displacement amplitudes in the incident, reflected
and transmitted waves, o — pulsation, ¢,, ¢, — wave phase velocities in
media A and O, d — thickness of the transient layer.

#
not-sharp boundary
(transient layer) A,
Ac
] AAT
© @
n x=d X

Fig. 1. Reflection of an acoustical wave from a not-sharp transient layer

Because initial phase displacements can occur in the incident, reflected
and transmitted waves, the displacement amplitudes U 43y U4 and Ug are
complex numbers in a general case. The particle displacements in layer B
can be expressed by [8]:

up(a, 1) = Ugla) ™. (3)
Placing equation (3) in (1) we obtain: :
@Up() 1 dwg(e) dUg(a) _ , o5(a)

dax? HB(.’L‘) dx dz %B(ﬂ?) UB(m)? (4)

where
%p(x) = Ag(z) +2up(x).

In order to reach a full mathematical deseription of the not-sharp boun-
dary, equation (4) has to be supplemented by the continuity conditions for
displacements and stresses, for # =0 and « = d:

for 2 =0

uB(O: t) T uU(Os t)y

Ougp(x, t) i Oug(m, t)

= %o )
ow P dw e

%5(0) (B)
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for z =d
ug(d, 1) = uy(d, t)+uy(d, 1),
Oug(z, 1) ad
wpld)—S 0| = xaplule, Dtuale, B, (6)
T= z=d
where

g =%n4+2p4, %o = Ao+2p0,

Ay Aoy pay e — Lamé coefficients in media 4 and C.

The coefficient of reflection R, from not-sharp boundary between media
A and C for displacements of a plane, longitudinal and sinusoidal acoustical
wave can be determined as a ratio of the displacement amplitude of the re-
flected wave U, , and the displacement amplitude of the incident wave U ,:

R=U0,|U,. (7)

On the basis of equations (2), (3), (6), (7) we obtain the general expres-
sion leading to the calculation of the coefficient of reflection R from a not
sharp boundary:

d dUg(x

%y dx

xp(d dUx(z
L) dUs@)
e dx

R s r=d < (8)

joUg(d)

x=d

3. Calculation of the reflection coefficient

The calculation of the reflection coefficient R was conducted numeri-
cally. A linear second order differential equation in the form (4) was solved
with the function coefficients and boundary conditions expressed by equa-
tions (5) and (6). Equation (4) was integrated numerically along coorinate
@, begining from the boundary condition for # = 0. The integration Runge-
-Kutt procedure was applied. The results, in the form of values Ug(d) and
dUg(x)/dx|,_sz, were put in equation (8). The following functions describing
changes of material parameters, oz(7)/oc and xz(2) /%, in medium B (Fig. 2),
were accepted in the course of calculations:

o p(e) =1+(@-1)=,
b = £ [1 —1) ¢ s @
" r(m)—a +a—(a ) OSE ],
T
C. s(x) = a—(a—1) cos —,

2d
d. t(®) =Va,
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where a — ratio of the values of material parameters in medium 4 and C:

a, = 04/00, @ = %4[%0,

04y 0o — densities of media A and C.
The calculation programme was written in language FORTRAN 1900.

a) plx)
—
: \
© @
0 d x
b) rix)
!
ar
© @
0 d x
c) six)}
!
a \
© ® @
0 d X
d) t(x)
!
va
a AT
© @
0 d 2

Fig. 2. Changes of material parameters in a transient layer, described by function: a. p (),
b.r(w); 0.8 (a); d. t(x)
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The physical significance and the accuracy of numerical calculations
was controlled with the application of two methods:

a) when the width of the transient layer d decreaces to zero, then the
value of the reflection coefficient R should tend to the values of the reflection
coefficient R, for a sharp boundary between two media:

0l 3n%
S S o
04C4 T 00Co

(9)
b) the energy conservation law should be fulfielld for waves 4 ,, 4,,

% o T :
I, =1,+Ig, (10)

where I,, I,,, I, — density of the energy flux of waves: incident, reflected
and transmitted by layer B.

4. Results of the reflection coefficient caleulation

Fig. 3a-f shows the results of numerical calculations of the reflection co-
efficient from a not-sharp boundary of two media, in the form of diagrams
E(a, w) in the complex plane (where: w = d /iy, Ac — acoustical wave length
in medium C), for the following cases:

a. case P1
%#p(@) %y = 0p(@)[0c = p(®); a, = a, = a;
b. case P2
up(@) g =p(@); ox@))oe =0, =1, a,=a;
c. case P3
#p(®) g = a, =1, op(@)eg =p(®); @, =a;
d. case P4
up(®) [#g = op(@)[0g =r(¥), a, =a, =a;
e. case P
#p(2) [ne = op(®)[0c = 8(x), a, =a,=a;
f. case P6
%p(@) [#g = 0p(®)[0c = t(x), @, =a, =a;

The analysis of obtained diagrams shows, that the coefficient of reflec-
tion from a not-sharp boundary of two media is a complex quantity and its



WAVE REFLECTION COEFFICIENT 31

values depend on the ratio of the width of the transient layer to the length of
the acoustical wave in medium C, the ratio of the values of material parame-
ters on media 4 and €, and on the functions describing the changes of ma-
terial parameters in layer B. In cases P1-P5 the values of the modules of the
reflection coefficient rapidly decrease to zero with the increase of the value
of parameter w (for w ~ 1, so iy~ d, |R(a, w)] = 0.1—0.3 E,(a)). The va-
lues of phase displacements ¢(a, w), generated during the reflection of the
acoustical wave from the not-sharp media boundary, were in an (0 —m=) in-
terval and were stabilized with the increase of the parameter w value.

Case P6 is a particular case. It corresponds to a situation in which a ho-
mogeneous layer B is present between media A and €. The values of its ma-
terial parameters are the geometrical means of the values of material para-
- meters of media 4 and C — the reflection coefficient R(a, w) is then a pe-
* riodic function with a w = 0.5 period. The caleulation accuracy determined
. on the basis of relative errors 6, and d,, of all examined cases, was:

R(a, w)ly.y—R;(a)

R ﬂ'”?f“" e ol i TR

0

8, = o/ < 0,10 il
1 . (a) 100% < 0.1 %, (11)
: 1. =7
| 0, = PI 2100% < 0.4%, (12)
|

: where
Ip T g ¥ I, =IA1+IU'

The obtained calculation results can be also presented in a different form
- €. g. as a parameter function w’' =d[i,.

5. Measurements of the reflection coefficient from a not-sharp boundary of two media

_ Research was conducted in order to investigate experimentally values
- of the reflection coefficient from a not-sharp boundary of two media cal-
~ culated theoretically. The substitution method was applied for measurements
[9]. Fig. 4 presents the measurement set-up.
Ultrasonic pulses, propagating in vessels I and II, were generated by
. a UNIPAN 511 defectoscope (produced by the Experimental Department
for Scientific Apparatus Construction UNIPAN in Warsaw) and ultrasonic
- heads with rated frequencies of f, = 0.5-10 MHz. The standard was placed
in vessel I and it formed with medium A a sharp boundary reflecting the
- ultrasonic wave. The reflection coefficient from this boundary was caleu-
lated on the basis of the results of separate te measurements. In vessel IT a
= model transient layer B was formed between media A and C, where the top
 edge of the standard and the transient layer were theoretically at the same
 distance from the ultrasonic head. Layers 4, B and ¢ were made from ge-
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Fig. 3. Results of numerical calculations of the reflection coefficient R(a, w) for cases:
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latine with an admixture of sugar. This admixture allowed us to obtain va-
rious material parameters of the model layers. The material parameters of
media 4 nad ¢ were equal in the whole volume, while the transient layer B
was formed from two homogeneous layers: B, and B,. The technique of ma-
king the model consisted in pouring out successive layers of liquid gelatine

defectoscope
______ I ultrasonic head
- 2
|
‘%’_..__ coupling oil ————+ A
@ |l —top layer— 1 @
transient layer.
s
standard bottom layer — | ©
vessel I "~ vessel IT

Fig. 4. Diagram of the measurement set-up

onto an earlier set lower layer. Considering, that on one hand there were appa-
ratus constraints of the applicable ultrasonic waves (0.5-10 MHz), and on
the other hand the measurements had to be carried out for possibly small
(0-2) values of the w parameters (it resulted from theoretical calculations,
that reflection coefficients decreases to zero with the increase of the value
of parameter w), a transient layer of a thickness below 1 mm had to be mo-
delled.

Measurements were conducted for six models of the not-sharp boundary.
The mean values of the model layers are included in Tab. 1. Considering parti-

Table 1. Parameters of layers of the physical model of a not-sharp transient

layer
No Layer | A B,y B, ¢
: kg
1 | density ¢ s 1.04 x10% | 1.16 x10%® | 1.26 x10%® | 1.35 x103
coefficient of elasticity
2 [ kg ] 2.6 x10° 8.1 5109 3.6 x10° 4.1 x10°
* e
3 | thickness d [mm] 50 0.29 0.33 77
4 | logarythmie damping
decrement A < 0.06 < 0.06 < 0.06 <0.06
(for f = 0—10 MHz)
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cle diffusion between layers and on the basis of the logarithmic damping de-
crement 4 < 1, it was accepted, that in the built models a continuous, appro-
ximately linear, change of the transient layer parameters occurs and dam-
ping in media 4, B and C are neglectably small. The values of the experimen-
tal reflection coefficient R*(w;) (w; = d[Ay; = df,; /ey, where: f,; — rated fre-
quency of the % ultrasonic head) were calculated from:

F(w,)
F(w)’

where R,, — the value (real) of the reflection coefficient from the standard,
F(w;) — the value (complex) of the FOURIER transform of an impulse reflected
from a not-sharp boundary for w = w;, F,(w;) — the value (complex) of the
Fourier transform of an impulse reflected from the standard for w = w;.
Values F(w;) and F,(w;) were calculated from the equation of the dis-
crete Fourier transform [1]. To this end sampling was carried out, i. e. the
values of functions f(n At) and f,(n At) (where n =0, 1, ..., N, At — interval
between samples in time) describing the time profiles of the impulses reflec-
ted from the not-sharp boundary and the standard, were read off the defecto-
scope screen. The defectoscope was equiped with an electric magnifier, th-
rough wich a precise observation of a chosen part of the profile, could be done.
Sampling was carried out during the pulse length, i. e. all values of functions
|f(n 4t)| and |f,(ndt)| from outside of this time interval were smaller than
0.1 max |f()| and 0.1 max |f,(¢)|, respectively. Time At = } f,; was taken
to be the interval between samples (reduction of the interval between sam-
ples At by two caused a change of the calculated values of about 0.59%).

E*(w;) = R,, (13)

Table 2. Measurements of the modulus of the re-
flection coefficient from the not-sharp transient layer

No | Rated fre- | Ratio of the| Measured | Calculated
quency of [transient la-| reflection | reflection
the ultraso-| yer width | coefficient | coefficient

nic head to the wa-| modulus modulus
fei [MHz] | velength |B* (w;)] | B (wi)|
in the me-
dium C; w;
1 0.5 0.17 0.117 0.14
2 1 0.34 0.047 0.07
3 2 0.68 0.026 0.03
4 4 1.36 0.010 0.02
5 6 2.06 0.006 0.01

Mean values of the experimental reflection coefficient |R*(w;)], calcu-
lated from measurement results, are presented in Table 2 and compared to
the results of numerical caleulations done for a linear change of the material
parameters in the transient layer for a, = 0.77 and a, = 0.63.
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Taking into account the difficulty of building a physical model (small
thickness of the transient layer), its departure from the theoretical model
(among others: approximately linear change of the material parameters of
the transient layer, nonplanar wave front), as well as the low accuracy of the
measurements (several percent), it can be said, that the experimental results
are qualitatively consistent with the results of numerical calculations, des-
pite fairly considerable differences in the numerieal values.

The values ¢*(w;) (calculated from equation (13)), of the phase shift
p(w), generated during the reflection of the acoustical wave from a not-sharp
boundary, were contained in the range (=, —2.5%) rad. On the other hand
it has to be taken into account, that the inaccuracy of the ultrasonic head
setting in respect to the reflecting boundary (approximated at -+ 0.5 mm),
could cause phase shifts of the same order of magnitude. For this reason the
measured values of the phase shifts were not- presented.

6. Conclusions

The presented here numerical method of caleulating the coefficient of
reflection from a not-sharp boundary of two media is accurate, universal and
simple. The diagrams of the reflection coefficient, calculated with its appli-
cation, can be used for the selection of optimal rated frequencies of ultraso-
nic heads for level meters, measuring the level determined by a not-sharp
boundary of media; for the analysis of their indication accuracy as well as
for the determination of the shape of an ultrasonie pulse reflected from a not-
-sharp boundary between media [5].
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ACOUSTICAL IMPEDANCE OF A CIRCULAR MEMBRANE VIBRATING UNDER THE
INFLUENCE OF A FORCE WITH A UNIFORM SURFACE DISTRIBUTION*

WITOLD RDZANEK

Institute of Physics,
Higher Pedagogical School
35-310 Rzeszéw, ul. Rejtana 16a

The problem of acoustic impedance was analyzed for a circular mem-
brane being acted on by a time-harmonic surface force with constant density.
The membrane is innuersed in a lose-loss gaseous medium and the edges of
the membrane are assumed to be rigid and fixed. Emploing the integral Huy-
GENS-RAYLEIGH formulas the exact formulae were obtained for the acoustic
pressure and power. These formulae are especially convinient for digital com-
puter calculations in the situation where the propagation velocity of the wave
on the membrane surface is much smaller than the velocity of the acoustic
wave propagation through the surronnoling medium. The acoustic impedance
is presented as a function of an interference parameter.

1. Introduction

Although the problems connected with the acoustical field of a vibra-
ting circular membrane are clasical problems of acoustics, up to now they
‘have not been analyzed theoretically in detail with the application of ma-
thematical methods. Among others a comprehensive analysis of the acousti-
cal impedance of a circular membrane vibrating harmonically under the in-
fluence of a force with a konwn surface distribution, is lacking.
| The knowledge of the acoustical impedance of a circular piston with a
uniform distribution of the vibration wvelocity [6] and a piston with a non-
uaniform velocity distribution [5], is not sufficient to infer about the impe-
dance of a ecircular membrane.

|
k

* This investigation was carried out within the problem MR. I. 24.
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Skudrzyk [9] presented the problem of acoustical power radiated by
o membrane for a determined vibration mode, but only for small interference
parameters.

In paper [7] the author conducted an analysis of the acoustical pressuer
in the far field of a circular membrane vibrating harmonically under the in-
fluence of a force with a uniform surface distribution.

The investigation of the radiation impedance of a vibrating membrane,
done in this paper, is the next stage of the study on the acoustical proper-
ties of a vibrating membrane. The expression for the vibration velocity [2],
[7], obtained by solving the non-uniform vibration equation for not damped
and harmonic in time effects, was used. It was assumed, that a membrane
is stretched on the circumference and placed in a perfeetly rigid and flat acou-
stical baffle, and the gascous medium, in which it radiates, is non-dissipative.
The exact expression for the radiation impedane was reached here on the
grounds of the integral HUYGENS-RAYLEIGH equation. Obtained equations
were given a thorough analysis in the domain of small interference parame-
ters. Calculation resuls have been also presented graphically.

Notation
@ — membrane radius,
b — radius of the central membrane surface, effected by a non-zero normal component
of the exciting force,
¢ — propagation velocity of a wave in a fluid medium,
¢jyr — propagation velocity of a wave in the membrane,
f  — surface density of the force exciting vibrations (1),
f, — time independent constant density of the force forcing vibrations,
Jy — m-order BESSEL function,
n
k wl/i ,

kg — 2nfi,

M — characteristic function of the source (A7),

N — acoustical power radiated by the membrane (A3),

N, — m-order NrEumMaNN function,

p — acoustical pressure (Ad4),

7, — radial variable of the membrane surface point in a polar coordinate system,

S, — n-order STRUVE funection,

T — force stretching the membrane, related to a unit length,

t — time,

U — function described by formula (A22),

v — normal component of the vibration velocity of the points on the surface of the mem-
brane,

<{|¢|2> — value of the quadratic mean of the vibration velocity (A2),

% — mechanical impedance (Al),
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a — function described by formula (17),
¢ — normalized relative impedance (AS8),

n  — surface density of the membrane,

@ — normalized relative resistance (AS8),

42— wave length in a fluid medium,

& — transverse displacement of the membrane surface points,

o, — rest denisty of the fluid medium,

¢, — membrane surface,

¥ — normalized relative reactance (A8),

@ — angular frequency of the force forcing vibrations.

2. Analysis assumptions

A ecircular membrane, stretched with an equal force on circumference
of a raduis a, is placed on a plane forming a rigid acoustical baffle, in an un-
limited, ideal fluid medium with a rest density g,. The membrane is excited
to vibrate transversally by an axially-symmetrical force (e. g. with the aid
of two flat circular electrodes with @ raduis, b parallel to the membrane sur-
face), having the surface density equal to:

T b s’ SR R i
r =
' 0 or b < p=u,
where f, is a constant, r — radial variable in a polar coordinate system, ¢ —
time, o — angular frequency of the force forcing vibrations, b — radius of
the circular membrane surface, on which the non-zero normal component
of the force forcing vibrations acts. g

The equation of the circular membrane vibrations [3] is as follows:

p (r o0& (r, t))_ o2& (r, 1)

Yl
r or or ot?

= —f(r, 1), (2)

where £ is the distribution of the transverse vibrations of the membrane sur-
face, T = ¢%n — force stretching the membrane, related to a unit length,
n — membrane surface density, ¢;; — wave propagation velocity on the mem-
brane, f — surface density of the axially-symmetrical force forcing vibra-
tions.

The solution of equation (2) for a membrane excited to vibrate by force
(1) has the form [2], [7]

o (kb [ Ny(ka) Loyt
b, ) =L [T [ St 0| ) @
for 0 < r<b,
kb N, (ka) 5 e
- ALl o AR AL ()
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for b <r < a, where k= w V9T, J, — the Bessel function, N,, — Neumann

function, both (m-order). The solution presented here satisfies the boundary
condition &,(a, t) =0 and the conformity conditions & (b, f) = & (b, #) and

8&i(r, 1) Ok(r, 1)
& e

The normal component of the vibration velocity is obtained after ta-
king into account, that

for » = b.

i o&(r, 1)

ofr, 1) =—2—, ®)

while
&(ry 1) = &(r)e™.

3. Exact calculation of the radiation impedance

The characteristic function (A7) for a circular membrane which vibrates
according to dependences (3) and (4), is equal to:

b a
M(8) = [ vy(r0) To(orosind) rydry + [ v3(re) o (legrosind) rodr,. (6)
0 b
We use the formula for a indefinite integral [11]
1
f o (ne) Zo (10) dw = —=— (o] (haw) Zo (1) — Ty (o) Z ()], [(7)

where Z, is a cylindrical m-order function. We obtain

ifyb®
mm=ﬁ) e
3 (?f’) sin?d

taking into account the Wronskian [11]

1 [Jl(kb) Jo(kpasind Jl(kabsinﬁ)] -

kb Jo(ka) kobsind )

T1(0) Nol@)—Io@) Ko@) = = (9)

The value of the quadratic mean of the vibration velocity, {|v|3>, occur-
ing in the formulas for the relative impedance, is determined for a case, when
the distribution of the force forcing vibrations is not equal zero (uniform)
on the whole membrane surface, so 0 < r < a. This also means, that the re-
lative impedance is normalized in such a way, that its real component tends
to one when the wave number k, = 2x/4 tends to an infinitelly great value
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~ and the whole membrane surface is excited to vibrate. In formulas (3) and
(4) we accept @ = b and apply the definition (5), and then v,(7y, )| =0
and

ify [ Jolkro) "
03(7as Dlpma = 20(70; 8) = ;i[ 7 (ka) —1] el (10)
On the basis of definition (A2) we achieve
. fo \ [T Jolhre) ]ﬂ
N ey 228 !
s = (L2 | (7 ay =] (1)
Taking into account formulas [11] for indefinite integrals
f T, (hao) w daw =% 7, (w), (12)
[Ty =5 w(73000) + 3 (o)), (13)
we obtain
LY 1 Ji(ka) 2 J,(ka)
gy ] 0 e SR S 14
3o (nw) Lty S i

Exact expressions for the relative impedance will be reached by placing
the calculation results of the characteristic function M(#'), M(¥") and the
quadratic mean of the vibration velocity {[v,|2) in formulas (A9) and (A12). So

/2

2 : ;
) =(kob)z(ﬁ) a_lf { 1512 [Jlgb) Jo(ioazmﬁ)_
; ; 1_(_0) sin® 9’ o(ka)
k
J(kobsind) V2. ., ..,
——%W]} sind’dd, (15)
0
J ( kya )
2 i ' r—
kb
x=(k0b)z(3) ,x_lf L [Jx( ) P\siny)
Mo gl i K Jo(ka)
k| sin*y

2
8in k.b
S Jl( o )] ; ]dy, (16)
"0 Slny Slny

. Where
1 Ji(ka) 2 Ji(ka)

BV 20 s Gk bt
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4. Radiation impedance at resonance frequencies

In a particular case, when the frequency of radiated waves is equal to
the frequency of free vibrations of the membrane, the resonance effect occurs.
At resonance frequencies ka = w,, where quantities z,, x,, #; = 2.4048 ey
5.5201 ..., 8.6557 ... are the not of equation Jy(w,) =0. If ka —x,, kb =
(bla)ka — (bla)x,,

1 J73 ()
li = lim 18
kal-l?:na kal—-::nz Ji(ka)’ e
then the radiation impedance (15), (16) are of the form
; kot \2[b T (kb)Y T J2(koasin®’)sin o'
im0 <a(Sf[1 O] [ ety
a—>x, Z, 4
ka—z, n 1isbn) 1 & [1M( : )sm’“’i‘}’]
s mn
koo
" JE|—=
E ' koa\[ b Jy(kD) P 7 "(Bfn?/) dy
im y = 7, =2 o f (20)
ka—z, xn a Jl(wn) o

1 ka)* 1 T sin?y’
x, [ siny

The obtained expressions present the radiation resistance and radiation
reactance of a circular membrane of a radius a, excited by a force with uni-
form distribution on its central circular surface of a radius b.

If we then put b =a, we reach expressions:

(2 2 : B2 ’
o, =2(I:a)2f J,;(k‘,:s;n:ﬁ)smﬁz PPy (21)
d [ —( : )sinw]
wﬂ
and
koa
siny dy

(22)

] ey

which are known from paper [8] and are the formulae for the radiation im-
pedance of a circular membrane, excited to vibrate axially-symmetrically,
so for a(0,n) vibration mode.
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5. Radiation resistance in a particular case

The radiation resistance is easier to analyze, when %,/k <1 and b = a.
In suech a case approximate formulae can be used.
For (ky/k)® <1, a reduction can be applied

R N ko\* .
1— = sin ' ~142 - sin?d’ (23)
and including b =a
/2

ko \* . o o | 1(Eka) Jy(kyasin §’)
f[l"'“?‘(??) g ’9][ T I8

(ko)

& ‘=
0

Jy(kpasind) P .
*—W] sin &' dd’. (24)

The obtained expression for the radiation resistance is expressed by a
sum of intefrals calculated from formulas (A17), (A19), (A20), (A21) and (A22).
After integrating

J1(2x) 2 Ji(y) J1(y)
260" =1— <8t 1—d,(22)]+ (2¢)
» x . Ll ~yhm Ot
1 Ji(y)
+[ + g )][Jo( w) iU e )J}, (25)
where

z =ka,y =ka, e=ualy="hklk Ulx)= —[J1(22)8(22)—J,(22)8,(2x)].

T
2

In formula (25) only the small terms of second order with respect to &
have been taken into account.

6. Example and conclusions

The diagrams of the radiation resistance and reactance of a circular mem-
brane excited to vibrate by a force with a uniform surface distribution are
shown in Fig. 1. ky/k = ¢y /¢ = 1 was taken, so the propagation velocity of
a wave in a fluid medium is equal to the wave propagation velocity on the
membrane.

Fig. 2 presents diagrams of radiation resistance fo rky/k =1,2 and 4,
while Fig. 3 for k,/k =1/2.
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In the analyzed example it was supposed that a non zero uniform dis-
tribution of the force forcing vibrations occurs on the whole surface of the
membrane.

j /
) B R
T A

S ETATE N =
e Al e

iy ]

Fig. 1. Normalized impedance (15), (16) ver- Fig. 2. Normalized resistance (15) versus
sus interference parameter kja, for ky/k = 1, interference parameter kya, for b= a;
b = a; 1 — resistance, 2 — reactance I-Ikyk =1, 2 —k/k=2, 3 —k/k=4

The radiation impedance of a circular membrane depends above all on
the interference parameters
ka =ia, k,a = —m~a
Oar ¢
and at fixed dimensions of the membrane (fixed diameter a) on the frequency
of the radiated waves, the propagation velocity in the fluid medium and the
propagation velocity of a wave on the membrane.

Unfavourable radiation conditions take place for ¢, /¢, <1. Maximum
values of the real component of the radiation impedance are lower from the
corresponding resistance values for k,/k = 1. Also such values of the Iya
parameter occur, for which radiation with the employment of the real impe-
dance imponent is not present (Fig. 3).
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It results from the above analysis that the radiation impedance is of a
finite value for every quantity of the interference parameter k,a. The acou-
stical radiation power and vibration velocity for the analyzed membrane were
infinitely high for resonance frequencies.

08

b2z sl

04

/\
g e
oo B 2y

0 2 4 6 kya

—l

Fig. 3. Normalized resistance (15) versus interference parameter k,a, for Kok =1{2,b=a

Appendix A

The calculation of the mechanical impedance of a vibrating membrane
is calculated in accordance to definition [10]

N
2 o Al)
o> ;
where
ol = o [ v*0)ao (A2)
20 Y
is the quadratic mean value of the vibration velocity, while
1k B i
=-§-fp(r)v'(r)dcr (A3)

8 the expression for the acoustical power radiated by the membrane »* marks
the value conjugated to the complex quantity of the vibration velocity v.
The acoustical pressure [6]

ikyooe [ - e~ hlT =T
258 fV 7)) ———=— do, (A4)
2r [r —7,|

p(r) =

%
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— radiated by the membrane — is rearranged with the application of the
Fourier expansion [8]

m/2+1i-00

f exp {— ikysin # [(z — 2,) cOS @+ (¥ — ¥,) sin ]} sin & dd dep.

0

wie
e-ikolr -1l b1 ¢ "ko

F—rl 2w
(AB)

Integration in the plane of the complex variable ¢ = ¢’ +id"” is done
along the real axis on the interval (0, x/2) and along the (0, co) line, parallel
to the imaginary axis.

In a case of circular source of a radius r = a, with an axially-symmetri-
cal distribution of the vibration velocity, the transformation coordinates:
& = reospf, X, = 1,C08B,, Y =rsinf, y, = r,8inf,, after integrating over an-
gular variables 8, ¢, f, in the (0, 2x) limits, we obtain an expression for the
mechanical impedance of the source radiation (see [8])

ﬁkz /24100
PP, Ybiaai. M (9) M*(9)sin ddd A6
= 000 Ty ; ) M*(9) ; (A6)
‘where
M(9) =f'u(r,,)Jo(kurosin19)radro (A7)
0

is the characteristic function of the source.
The relative impedance is

Z[goeo, = £ = O+iy, (A8)

where @, y are the relative resistance and reactance, respectively, ¢ — wave
propagation velocity in a fluid medium, and ¢, = wa
The real component of the relative impedance, i. e., the relative resis-

tance, is acquired from expression (A6), when the integration in the complex
variable @ = ¢’ +i9'* is performed on the interval on the real axis ¢’ in the
(0, n/2) limits, i. e.,
nf2

M (&) M*(8")sin " dd’. (A9)

2
7k

alv® &

In order to isolate the imaginary component of the relative impedance
in formula (A6), calculations have to be limited to the calculation of the in-
tegral over a half-line parallel to the imaginary axis in the complex variable
plane, 9 = ¢ +i9”. Accepting ¢ = =/2, we obtain 4 = w/2+id9", 0 < 9" < oo,
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and then
ﬂkg - r *® e If 14
g =—0 f M(9") M*(9") coshd"" dd (A10)
o([o® J
while
(D) = [ 0(re)do(koyryCoshd”’) rydr,. (A11)

0

An integral expression in finite limits much is more convenient for nu-
merical calculations of the relative reactance.

Substituting cosh®#'’ = 1[siny, the integral (A10) in infinite limits (0, oo)
is converted to an integral in finite limits (0, =/2), i. e.,

/2
nky f‘ :
s M (y) M*(y)sin—2ydy (A12)
Bt ol | (y) M*(y )
where
¢ g
M(y) = f < 4] i aic S A13
@ = [ ot o (i) (A13)
Appendix B

In order to determine the value of the integral

72

Ay = [ do(wsint)d,(sint)dt (Al14)
0

= the product of two Bessel function is expanded into a series [4], [11]

(21 +p +9) L (Fu)" 2t

(W) o) = D (—1)"

- A1b
- nl(n+p)ln+gtn+p+g! A
and, putting p =0, ¢ =1, u = xsint we have
: Rt , (2n+1)!(Jasint)*"+
Jo(@sint)J, (zsint) = Z(—l) i (A16)

4 — Arch. of Acoust. 1/88
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The alternating series (A16) is substituted in the integral in expression
(A14). Integrating term by term we obtain

@n)Gayer T
10—2( 1) TACES TN Jsm g dt

n=0

w2ﬂ+2

1 = e
=272<*1> D) 20 [1—Jo(20)], (A1T)

where the intagrate property was applied

/2

i Tin4+1)Va _ 2"(n!)

2 T'(n+3/2) (2n+1)!

(A18)

0

In a similar way the other integrals, essential for the radiation resistance
analysis, can be calculated. Most of them is considered in papers [1] and [4]:

/2 1 2z
S =f J2 (@sint)sintdt =%f Jo (1) dt
0

0

= Jo(22) + ; [1(22) 8,(22) — J,(22) 8:(22)], (A19)

where S, is the m-order STRUVE function.

w[2 2 z
¢ 2
4 =f dEuah =%[1_ Il ”)], (A20)
0

sint @
/2

5 o f ., (wsint)J,(sint) sin®tdt =Z%[J1(2m)80(2w)~—

<

—dJy(22)8,(22)], (A21)

/2
2
B,, =f J: (zsint)sintdt = J,(22) — ud -
(1]

i % [J1(22) 8, (22) — J,(22) 8, (22)].  (A22)
It is convenient to introduce function
U () = - [J2(20) So(22) — Jo(22) 8, (20)] (A23)
which can be approximated for # <1 by the expression

Ulx) ~ e wz(l +—-m=) (A24)
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if we use the approximate formulae for the STRUVE and BESSEL functions [4]:

2 x? 2 x?
o i | S— [ T — 2 ——
o) =~ = m(l 9), 8;(x) =~ ?mm (1 15), (A25)
2 r x?
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ULTRASONICS ABSORPTION MEASUREMENTS OF A EIQUID WITH BACKED
TRAN{DUCER

V. N. BINDAL T. K. SAKSENA, J. N. SOM

National Physical Laboratory, New Delhi, India

An effect of backing of the transducer on the measured value of absorp-
tion of aliquid have been shown using shock excited system. The resulting devia-
tion in the measured value of absorption from the accepted value has been
observed to be large as 409, depending on the damping produced. A mecha-
nism to explain the observed variation of the measured value of absorption
with backing has been put forward. Implication of the work in characteri-
sation of ultrasonic probe have been discussed.

1. Introduction

While working on the measurement of ultrasonic absorption in liquids
. [1], the authors observed that appreciable error in measurement is introdu-
- ced if the transducer is highly damped, even if usual precautions [2, 4] in the
absorption measurement are taken. This phenomenon has not been discus-
sed earlier in the literature. This led the authors to investigate whether this
- observation can be used to throw light on the damping of a transdueer. Dam-
- ping of the transducer is required to prevent ringing which is important for
~acheiving high resolution for analysing the defects close together and also with
- respect to the transducer. It finds application in transducers used for NDT,
- medical diagnostic and ultrasoniec spectroscopy.

Present studies concern the measurement of absorption in a non-rela-
xational liquid using transducers having backing of various acoustic impe-
‘dances. The dependence of the measured value of absorption on the damping
characteristic of the transducer as studied by observing the ringing pattern,
has been discussed. Measurements of absorption are also carried out with
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a number of normal NDT probes to examine this phenomenon. It has been
attempted to explain the mechanism lying behind it and experimentally to
verify it by examining the wave shape of the acoustic pulse.

2. Experimental

Ultrasonic absorption in liquids were measured with an ultrasonic flaw
detector using backed and unbacked transducers. These transducers were
prepared with piezoelectric ceramic NPLZT-5A [5] disc of diameter (D) 20
mm, and thickness (f) 0.6 mm using araldite and tungsten powder loaded ar-
aldite as backings which were cemented to the ceramic dise with salol for ta-
king measurements with same disc. Ultrasonic pulses were sent into the li-
quid and the amplitude was noted. By varying the acoustic path length, the
diminuation of echo height was measured from which absorption coefficient
a/v? was evaluated. The parallelism between the transducers face and the
reflector was assured by adjusting the reflector-platform maximum echo height

Fig. 1
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and diffraction effects were avoided by working in the Fresnel region. An
air backed thin stainless steel plate having thickness 0.4 mm was used as a
reflector which was kept fixed at the bottom of the liquid cell (Fig. 1).

Fig. 2

: Ringing characteristics of these transducers were studied using a pulsed
R. F. System (Fig. 2) in which a sinusoidal continuous wave signal was mo-
dulated by pulses from a square wave generator to produce gated signals of
known duration. The response of the transducer to the signal was monitored
- on an oscilloscope.
; Examination of the waveshape of the acoustic pulse generated by these
 transducers was made using a wideband probe hydrophone in an unechoic
~ water tank.

3. Results

: The absorption coefficient «/»? of benzene (L. R. GRADE) was measured
‘at first with an airbacked transducer (ceramic dise diameter 20 mm, and thic-
kness 0.9 mm) to test the performance of the set up. a/»* of benzene was ob-
~ served to be ~ 990 x10~'7 np em™' sec? which is close to the value reported
in literature [3], [4]. After that, with the backed transducers «/v* of benzene
" was measured. The results are shown in the Table 1. The maximum scatter
" in measurements for a given absorption value is within 49%. From the Table
1, it is seen that there is a large deviation ~ (409%) in the measured value
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of absorption when tungdten-loaded araldite backing is used. Thus damping
of the transducer introduced by the backing is seemed to affect the measured

value of absorption.

Tahble 1. Measured values of absorption coefficient of benzene and rin-
ging time of the transducers at 25°C

Sl. | Type of bac- | Frequency | a/v? x 1017 Ringing | Damping
No. king » [MHz] |[np em—!sec?]| time [us] | coefficient
%1075
1 | Air Backing 3.93 990 2.1 4.76
2 | Araldite 3.90 1312 1.4 7.14
Backing !
3 | Tungsten 3.89 1370 0.56 17.8
loaded
Araldite
Backing

Damping of the transducer is studied with the measurement of the rin-
ging time. The typical ringing patternsof the transducers are shown in Fig. 3.

Using the equation

Y =

Y, e cos wt

(1)

the ringing time 7 = 1/k has been evaluated from these patterns.

5 2:8 us
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Fig. 3
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Here £k is the damping coefficient and 7 is defined as the time in which
the sound amplitude is reduced to 1/e of its initial value. The value of 7 and
k are ahown in the Table 1. It is seen from the Table 1 that as the backing
is changed the ringing time = is shortend and the measured value of absor-
. ption of the liquid increases, thus indicating a close correlation between the

two.

4. Discussions

The deviation in measured value of absorption of the liquid observed
in the present work can not be explained in terms of mechanical, acoustical
or electronic causes as they have been taken into account at the time of me-
~ asurement. PELLAM and GALT [2] and NoZDREV [3] however, discussed the
~ effect of pulse width on the measurement of absorption of a liquid. According

to them, error in absorption measurement can be occured if a short pulse is

- used and fractional error in absorption, Ad«, can be correlated with frequency
spread, Aw, as:

Aafe = [Av|(2v)]?, (2)

where », is the resonant frequency of the transducer.
' But using a long pulse, error due to above cause can be eliminated. In
~ the present case, the authors suggest the following mechanism to explain the
- observed results. The flaw detector generates a transient pulse to shock ex-
cite the transducer. The Fourier transform of this pulse has got a wide spec-
trum in the frequency domain. The air-backed transducer has got a sharper
- resonance and excited into & narrower range of frequency while heavily bac-

time scale E .J'u_s’
(a) (b)
JHs (c) (d) Tus

Fig. 4
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ked one has a broader resonance curve and excited into wider range of fre-
quency. The frequency spread A» in the later is larger than in the former de-
pending upon the backing and hence the error in measurement of « will occur
because the individual frequency component of the spectrum is attenuated
in different degree since the absorption has a frequency dependence.

The experimental evidence that a marked frequency spread is produced
in the transducer is shown in the Fig. 4. From the hydrophone response of
the acoustic pulse generated by an airbacked transducer due to shock exci-
tation (Fig. 4a), it is seen that there is a given pulse containing & number of
cycles with no frequency change where as in that of the backed transducer
(Fig. 4b) there is a broading of cycles in the pulse which is due to superpo-
sition of various vibration in different frequency range. Also acoustic pulses
of other commercial probes are shown in Figs 4¢ and 4d.

5. Concluding Remarks

The application of this work is visualised in the characterisation of NDT
probe. These probes use a high degree of backing which can result in signi-
ficant changes in the measured value of absorption coefficient of the liquid.
Some results which are obtained with different NDT commercial probes are

Table 2. Measured value of absorption coefficient of liquids
using NDT probes at room temperature 25°C

Sl Probe Liquid | Frequency | a/»?x10!7
No. vy MHz |[np em~" sec?]
1 | Air Backed Pro- | Benzene 2.6 990
be
2 | NPL — NDT | Benzene 2.5 2425
Probe
3 | ECIL — NDT Benzene 2.6 1680
Probe incorpora-
ted with a tu-
ning coil
4 | Technotronix Benzene 2.6 1650
NDT Probe
5 | Air Backed Pro- | Castor Oil 2.5 7020
be
6 | Panamatrios Castor 0il 2.26 9340
NDT Probe

shown in Table 2. It is observed that «/»? of the liquid measured with these
transducers are two time large in comparison to the reported value in the
literature (in the case of benzene). The magnitude in deviation of «f»* can
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thus be used as an indication of the degree of damping due to the backing.
The method is novel in approach and involves no complicated instrumen-
tation.
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BY THE EDGE OF A PIEZOELECTRIC MATERIAL
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The paper presents an analysis of the effect of reflection and transmis-
sion of a BLEUSTEIN-GULAYEY transverse surface wave by an edge of a piezo-
electric area formed by two mechanically free and electrically shorted planes
intersecting at an angle 6. The fundamental properties of the B-G waves have
been discussed, as well as the possibilities of their application. A method of
calculating the coefficients of reflection, Ap, and transmission, Aqp, for a B-G
wave by a metallized piezoelectric edge of a 6 mm symmetry, has been pre-
sented schematically. The values of coefficients |ARl* and |4p|® were measured
in LiJOs crystal samples. Suggestions concerning further research on the ana-
lyzed effect have been inducted in the coneclusions.

Introduection

The former research has shown, that transverse surface waves do not
exist in homogeneous elastic materials [1]. BLEUSTEIN’S discovery in 1968
[2] and independantly GULAYEV’S discovery of transverse surface waves in
homogeneous piezoelectric materials was a certain surprise to the scientists.
BLEUSTEIN-GULAYEV type surface waves can propagate on a mechanically
free surface of a piezoelectric, which has a two-fold axis of symmetry [4]. Love
type surface transverse waves have one non-vanishing component of the me-
chanical displacement and can propagate in elastic materials having a non-
homogeneous subsurface layer [5]. As opposed to them BLEUSTEIN-GULAYEV
waves, except for the transverse component of the mechanical displacement
U, (Fig. 1), have an electric potential ¢, induced by the piezoelectric effect
of the foundation [9]. For this reason BLEUSTEIN-GULAYEV waves are cal-
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led acoustoelectric waves. In agreement with the state of research, the BLEU-
STEIN-GULAYEV waves do not exhibit dispersion, what has a significance in
the measurements of their velocities with the application of the PAPADAKIS’
reflection method [6]. In the last years a hypothesis was put forward, sta-
ting that the position of a metallic layer on the surface of a piezoelectric cau-
ges the formation of a subsurface intermediate layer with decreased piezo-

)

A NN NN
metallization

Xy

X ceramics

X

Tig. 1. Mechanical displacement U, and electric potential of a BLEUSTEIN-GULAYEY wave
propagating on a metallized surface of a piezoelectric with a diad axis || z,

electric properties [7]. If this hypothesis would prove itself true, this would
radically change the understanding of the essence of the BLEUSTEIN-GULA-
YEV waves, which in this case should be dispersive and exhibit a multimodal
structure. Hitherto existing research results do not solve this problem finally
[73, [81.

The research of effect of reflection and transmission of a BLEUSTEIN-
GULAYEV wave by an edge is of great theoretical significance, because up
to now there an accurate method of solving this problem does not exist [10],
[11]. Furthermore the knowledge of the coefficient of reflection and trans-
mission of a B-G wave by an edge is of fundamental significance in the con-
struction of acoustoelectric devices for analogue processing of telecom-
munication signals: delay lines [12] and broad-band resonators [13]. Taking
advantage of the invertibility of the diffraction effects on the investigaled
edge, a new method of generating B-G waves with the aid of volume trans-
verse SH waves falling from the inside of the medium onto the studied edge,
was given in paper [14].

This paper is concerned with the theoretical and experimental study of
the effect of reflection and transmission of a B-G type transverse surface wave
by a metallized egde of a piezoelectric with a 6 mm, 4 mm symmetry, or of
piezoelectric ceramics. This effect was also investigated experimentally for
piezoelectric crystals with a 6 symmetry [15].
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Theory

. The piezoelectric material covers an area limited by two planes: z; = 0
~ and &= 0, intersecting under an angle @ (Fig. 2). The two intersecting planes
are nnbounded mechanically free and electrictrically shorted (infinitely thin layer
. of an perfect conductor). A B-G wave propagating on surface x;= 0 in the +z,
direction encounters a strong geometrical discontinuity of the surface — the

metallization
B

AR Inc.

piezoelectric body

- Fig. 2. Schematic diagram of an incident (i), reflected (r), transmitted () and produced
by auxiliany sources (T, Q) BLEUSTEIN-GULAYEV wave in an edge area of an 0 angle of flare

edge area of an angle 6. Therefore, two B-G waves appear: reflected, propa-
gating in direction —x,, and passing through, propagating in direction + &,
- on the surfaces limiting the edge region. The rest of the incident wave energy
~ i8 changed into a volume transverse wave radiated into the material in the
angular sector ©.
Further on the method will be presented of calculating the coefficient of
- reflection and transmission of a B-G typc plane wave by the edge of a piezo-
electric. This method is presented in detail in paper [15].
: A B-G wave, incident on the investigated region edge, fulfills the (zero)
boundary conditions for the stress tensor component 7,, and electric po-
- tential ¢, only on the guiding surface x; = 0. Components 7, and ¢ of the
incident wave are not zeroed on the reflecting surface & = 0. In order to ful-
 fil the zero boundary conditions on surface & = 0, an assumption was done,
- that on this surface auxiliary sources of stress and electric potential act, which
together with 7, and ¢ of the incident wave satisfy the zero boundary con-
- ditions on this surface. Intrcduced auxiliary sources generate on surface £ =0
two B-G type plane waves with amplitudes 7' and @, propagating in direc-
tions +¢, and —§,, respectively. Amplitudes 7 and @ (LAMB problem for
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a piezoelectric halfspace & > 0), calculated with the application of the me-
thods of the FoURIER analyfical functions and transformations [26], [16],
are expressed by the following formulae:

ki
= B Tjctg(0/2)’ @)
Q = i—5 _otg(of2) @)
—'J 1+kf5 g )

where k is the coefficient of the electromechanical coupling of the piezoelec-
tric material and the angle 6 of the width of the edge region.

Amplitude T in the first approximation is equal to the of coefficient trans-
mission of the B-G wave through the edge, and is equal to the transmission
coefficient obtained by TANARA [1T7].

In order to achieve a more accurate expression for the B-G' wave for ref-
lection and transmission coefficient by the analyzed edge, a double integrated
form of the reciprocity relation and for a linear piezoelectric material [18]
in the region of an 0 angular sector was applied.

Placing the integral reciprocity relation and adequate Green function
[19] for a 2, >0 piezoelectric halfspace in the expression, we obtain the
following linear algebraic dependence between the sought reflection, Ap,
and transmission, 4,, coefficients:

AR =R+Q(T+AT)7 (3)
where R is the reflection coefficient in the first approximation and is expres-
sed by the following formula:

o R iy sin 0 + jkiscos 0
T 2 K fjetgf sin6—jkicos 0

(4)

The application of the reciproecity relation and the GREEN function for
the & >0 piezoelectric halfspace, leads to another linear algebraic depen-
dence between coefficients A, and Ay

Ay = B QR Ap)- (5)

Solving a system of two algebraic equations, (4) and (), in relation to Ag
and A,, we reach the final form of the expressions of the coefficients of re-
flection and transmission of a B-G wave by a metallized edge of a piezoelec-
tric:

S g el

Ap = 1_Q2R+1_Q2T, (6)
149t 29 -
AT—l_Q2T+1_Q2R, ()
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where amplitudes 7', @ and R are expressed by formulas (1), (2) and (4), re-
spectively.

The functional discussion of the dependence of the reflection 45, and tran-
smission, 4, coefficients on the electromechaniecal coupling coefficient k,; and
the 6 angle, on the basis of expressions (6) and (7) is rather inconvenient. To this
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Fig. 3. Calculated reflection energy coefficient |Ap|® of a BLEUSTEIN-GULAYEV wave as
a function of angle 6. Electromechanical coupling coefficient %,; is a parameter
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Fig. 4. Calculated transmission energy coefficient |4y of a BLEUSTEIN-GULAYEV wave
as a function of angle 6. Electromechanical coupling coefficient k5 is a parameter

5 — Arch. of Acoust. 1/86



66 P. KIELCZYNSKI, W. PATEWSKI

end, expressions (6) and (7) were tabularized with the aid of a computer and
the calculation results are presented in Fig. 3 and 4. These figures show, that
with the increase of the electromechanical coupling coefficient k,;, the va-
lues of the energetic coefficients of reflection, |Ap[% and transmission, |4,
increase for the whole 6 angle range. Furthermore, coefficient |4,|* has a ma-
ximum at 6 ~ 90°, while coefficient |4,|* has two extreme values, i. e. maxi-
mum at 6 ~ 60° and minimum at 6 ~ 90°. In limiting case, at 0 ~ 180°%
when the studied edge region is reduced to a x; > 0 halfspace, the reflection,
|4z|? and transmission, A%, coefficients tend to 0 and 1, respectively. The
energetic transmission coefficient |T|%, determined by Tanaka [17] did not
have extreme points and was a monotonie function of angle. '

The presented here calculation method, is an approximate analytical
method, where several simplifying assumptions have been done, e. g. multiple
reflections between the planes forming the edge region [20] have been
neglected, diffraction volume wave is taken into consideration indirectly
with the aid of the so-called plane wave approximation [21] and in the
GrREEN function only the surface waves generated in the piezoelectric
halfspace by unitary sources [19] were considered. The adventage of this me-
thod is the simplicity of the obtained final formulas (6) and (7) and the good
conformity with experiment, what shall be presented in the following parts
of the paper.

Experiment

The amplitudes of the reflection, 4z, and transmission, 4,, coefficients
were measured for three values of angle 6 = 60°, 90°, 120°, in LiJO, crystal
samples. A LiJO, crystal was used for the experiment, because it is easy to
generate and receive in it B-G type surface waves without the undesirable
admixture of a transverse volume wave with the same polarization as the
surface wave. The reflection and transmission coefficient formulas (6) and
(7) are in the case of a LiJO, crystal valid with great accuracy. Because its
piezoelectric constant e;, has a small value (e, < €;;) and can be neglected j
in the calculations. Samples cut out of a LiJO; monoerystal have undergone .
mechanical treatment (grinding) and were vaccum evaporated with an
Al ~ 0.5 pm layer on the side surfaces. The radius of curvature of the edge
region was observed to equal ~ 70 pm, so it was many times smaller than
the length of the surface wave used in the experiment: ~ 600 pm for f ~ 4
MHz. To generate and defect the B-G waves plate ceramic transducers were
used, bounded to the crystal with epoxy resin. Fig. 5 presents the position
of the plate transducers on the pheripheries of the LiJO; crystal during the
measurements of the pulse amplitudes of the incident (i), reflected (r) and
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Fig. 5. Positions of the plate transducers on the peripheries of an LiJO, crystal during the
measurements of the pulse amplitude of the a) reflected, b) transmitted, ¢) incident BLevu-
STEIN-GULAYEV wave. Resin applied to the crystal surface (d). 1 — LiJ 04 crystal sample,
2, 3 — plate transducers, 4 — resin layer, i, r, ¢ — impulses of the BLEUSTEIN-GULAYEV
wave, incident, reflected and transmitted through the crystal edge, respectively

b)
I/Z‘ 7
. 3
generator ’l/
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co;;_rnlf; ?Jl;t:f ve receiver

generator
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Fig. 6. Measuring set for determining the pulse amplitude of an reflected (a)} transmitted
{b) and incident (c) on the edge of the erystal BLEUSTEIN-GULAYEY wave. I — crystal sam-
ple, 2 — emmitting-receinving transducer, 3 — receiving transducer
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transmitted (t) waves. The B-G waves were identified by loading the guiding
surface with a highly visecouse resin (Fig. 5d).

The emmitting transducer was stimulated to vibrate during the measure-
ments by electric pulses of equal amplitude and frequency. For this reason
the modules of the reflection, A5, and transmission, A,, coefficients could

a) b)

2
emitt-rec. l / emitt.- rec|

]

I_J

I
Lo el i bnentel <

# suf E SH
Fig. 7. Oscillograms of impulses of a BLEUSTEIN-GULYEV wave reflected from the edge of

a LiJO; crystal, for an angle 6 = 90°. The erystal surface with resin (b) and without resin
(a). 1 — LiJO, erystal sample, 2 — emmitting-receiving transducer, 3 — resin layer
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Fig. 8. Oscillograms of impulses of a BLEUSTEIN- GULAYEV wave transmitted by a LiJO,
crystal edge. The crystal surface with out resin (a) and with resin (b). 8 = 90°
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be determined as a ratio of the amplitude of the reflected (r) and transmit-
ted () pulse and the amplitude of the incident pulse ().

The measurements of the pulse amplitudes of the surface wave were done
on a Maltec measuring set (Fig. 6). Pulse amplitude measurements were con-
ducted with the aid of a comparative pulse with a controlled amplitude (4-0.2
dB). The equality of the amplitudes of the measured and comparative pulses
could be seen on the oscilloscope screen.

The measurement accuracy was affected by: the neglecting of the surface
wave damping and diffraction, neglecting of the influence of surface loading by
a metallic layer, the orientation and accuracy of making LiJO, crystal sam-
ples, uncontrolled degree of coupling of the plate transducers and crystal,
(resin), lack of sample thermostatic control, a rather big radius of curvature
of the edge region. Taking into consideration the factors mentioned above,
the accuracy of the measured modules of the reflection and transmission coef-
ficients were estimated at ~ 109,
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Fig. 9. Measured values of the energetic coefficient of reflection, |4 r/% and transmission,
- |47% of a BLEUSTRIN-GULAYEY wave by a metallized edge of a LiJ O, cerystal, as a function
of angle 6

Fig. 7 and 8 present exemplary oscillograms obtained during the ampli-
- tude measurements of the pulses of a wave reflected and transmitted by a
metallized edge of a LiJO, crystal for an angle of 6 = 90°. Individual pulses
on the oscillograms were identified as pulses of a B-G wave multiply passing

or reflected by the crystal edge. For example, the pulse marked with symbol
% in Fig. 8 is a pulse which after passing through the investigated edge (1),
was reflected twice from it (r2) before reaching the receiving transducer. Sym-
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bol SH marks the existing in the studied structure pulses of a transverse vo-
lume wave.

Fig. 9 shows the values of the reflection |[4z|® and transmission |A47|®
energy coefficients, measured in the described measuring set-up.

Comparison of Theoretical and Experimental Results

The maximum of the measured reflection energy coefficient, |Az|?, was
localized near the angle 6 ~ 90° (Fig, 10), what is in accordance with the theo-
retical expectations expressed by equation (6). It is worth noting, that at
an angle of 0 ~ 90° a minimum of the reflection coefficient occurs for RAY-
LEIGH type surface waves [22]. This can be explained by the fact, that RAY-
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Tig. 10. Theoretical and experimental values of the reflection energy coefficient, |4p[*
of a BLEUSTEIN-GULAYEV wave, as a function of angle 6 in a LiJO, crystal (k}; = 0.38)
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Fig. 11. Theoretical and experimental values of the transmission energy coefficient, A2,
of a BLEUSTEIN-GULAYEV wave, as a function of angle 6 in a LiJO, erystal (ki; = 0.38)
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~ LEIGH waves are not transverse waves, but have two displacement compo-
- nents: 8V and L.

‘ The measured transmission energy coefficient |4,|* has a minimum at
L an angle of 6 ~ 90° and a maximum at an angle of 6 ~ 60°. The latter can
be easily explained on the basis of simple geometrical reasoning for a wave
reflected twice between the planes inclined toward each other at an angle
of 60°. The profile of the measured transmission energy coefficient is in accor-
dance with formula (7) (Fig. 11).

It is difficult to explain the discrepancies between the calculation and
experiment results, due to the low accuracy of the experiment and the im-
perfection of the calculation method [15].

In order to fully experimentally presented in this paper verify the cal-
culation method, the measurements of the reflection and transmission coef-
ficients should be done for a greater amount of 6 angle values, especially in
its low value range (< 60°). But carrying out measurements for a large num-
ber of the 6 angle values is very labour-consuming, because a mechanically
seperate sample of considerably big dimensions (~3 em) would have to be
made from a difficult in working crystalline material for every case.

Conclusions

1. Calculation results achieved in this work for the reflection A% and
transmission A7 coefficients have all the qualitative features of the measu-
rement results (minima, maxima), and are closer to the experiment results
- than results obtained by TANAKA [17]. The assumption concerning the ab-
- sence of multiple reflections between the planes forming the analyzed edge
region seems to have the greatest influence on the accuraey of the presented
caleulation method [15].

2. The increase of the reflection |A|* and transmission |A,|? coefficients
oceuring with the increase of the electromechanical coupling coefficient, found
'in the work, can be an argument for the existance of a transient layer near
the metallized piezoelectric surface.

3. Considering the only qualitative conformity of the calculation results,
obtained with the application of existing methods, with the experiment re-
sults, a method of integral equations [23] and nummerical methods (finite
element [24], boundary element [25]) can be applied in future work on the
analyzed effect. These methods allow us to achieve a solution of essentially
arbitrary accuracy.

4, A relatively high value of the B-G wave of coefficient reflection, |45|%
from a rectangular edge region, enables the construction of a Fabry-Perrot
resonator of a quality factor of about 5000, working in a widefrequency band.
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Summarizing we have to state, that in order to sget to know fully the com-
plicated reflection and transmission effect of a B-G wave by an edge, further
theoretical and experimental studies have to be done.
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Bi-DIRECTIONAL CONTINUOUS WAVE DOPPLER FLOWMETER AND ITS APPLICATION
- IN INVESTIGATIONS OF DISTURBED BLOOD FLOWS

MACIEJ PIECHOCKI

Department of Ultrasonies, Institute of Fundamental Technological
Research, Polish Academy of Sciences
00-049 Warsaw, ul. Swietokrzyska 21

The paper deals with a new two-way DoPPLER apparatus and with its
clinical applications. A mathematical description is given of operations le-
ading to the separation of a signal in dependence of the flow direction. Also
a block diagram of an analogue realization of such a system, and a diagram of
a broad-band phase shifter, which is the principal part of the system, are presen-
ted. The part of the paper dealing wth the applications shortly presents diag-
nostic methods and new elinical applications of flowmeters, in which the sys-
tem of separating flow directions plays a significant part.

1. Introduction

This paper is concerned with a continuous wave ultrasonic flowmeter
based on the DopPPLER effect, which allows the simultaneous determination
of two directions of the blood flow — from and towards the ultrasonic probe.
For this reason it is called a two-way flowmeter.

The method of determining the flow direction is the characteristic fea-
ture distinguishing the two-way continuous wave flowmeter from hitherto
used directional flowmeters. A classical, widely applied coincidential flow
detector, described by McLuop [5], detects the flow direction, i. e. whether
it is directed from or towards the ultrasonic head, with an assumption, that
the whole signal reaching the receiver is related to only one of so defined flow
directions. The detection system of flow directions, applied in the two-way
- apparatus and described in a paper by NippA et al. [6], separates the recei-
ved signal into two independent components. Each one is related to one flow
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direction. Owing to this independent audio monitoring and flow velocity me-
asurements for every direction are possible, even when they occur simulta-
neously.

A prototype of such an apparatus was constructed in the Department
of Ultrasonics in 1980.

This paper contains construction prineiples of this flowmeter and a pre-
sentation of new diagnostic applications, enabled by this type of instrument.

2. Apparatus construction

The construction of a flowmeter, separating Doppler signals in depen-
dence upon the flow direction, is based on a phase rotation system, described
by Nrerpa [6].

In the greater part of applications, the transmitting and receiving transdu-
cers are placed next to each other in the same casing, forming the so-called
DorpPLER probe. The further discussion concers such a positioning of the trans-
ducers.

Let us recall the formula for the Doppler frequency of particle & Lo T
@; = 2(1/e) wfyv;cos by, (1)

where v; — velocity of particle i, 6, — angle between the particle velocity
and the propagation direction of an ultrasonic wave.

According as the particle dissipating the ultrasonic wave moves from
or towards the transducer, what is expressed by the value of angle 0,, the va-
lue of the Doppler frequency can be negative or positive.

Let us note the signal received by the flowmeter as the sum of three com-
ponents arising from:

— dissipated waves originating from particles moving towards the trans-
ducer. In this case the Doppler frequency is positive,

Ny
Up(t) = D) Ageos(ayt+o,1), (2)
i=1

where A; — amplitude of a wave dissipated from particle 4, f, — fequency
of carrier wave, f;; — Doppler frequency resulting from the particle velocity,
according to formula (1), N, — quantity of particles moving towards the
probe,
— scattered waves originating from particles moving away from the
transducer, which have a negative Doppler frequency
N

U (i) = SAicos(wot-w,.t), (3)
i=1
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where N_ — quantity of particles moving away from the probe;

— so-called “leakage”, which is a sum of the signal transmitted directly
from the transmitter to the receiver, due to electric and acoustie couplings, and
the signal generated by waves reflected by fixed structures. The frequency
of these signals is equal to the carrier frequency of the instrument

U,(t) = Dcos w,t, (4)

where D — resultant amplitude of the “leakage” signal.

The complete signal received by the flowmeter is a sum of three men-
tioned above components: U, (#)+ U_(t)+ U,(2).

In order to obtain the spearation of signals corresponding to the velo-
city of particles moving from and towards the probe, several operations have
to be conducted on the received signal U, (t).

In order to investigate the course of these operations in the further part
- of the paper, it was assumed that the received signal originates from only
two particles one moving away from the probe, with a DOPPLER frequency
fa_ and amplitude A _, and second, moving towards the probe, with a DoPPLER
- frequency f;, and amplitude 4.

: Quadrature demodulation, i. e. the multiplication of signal U,(f), inde-
- pendently by two functions with a frequeney o, and phase difference 90° is
the first operation.

To simplify the notation, we assume the signals as sinusoidal and cosine.

- We receive:

Ui(t) = Uy,(t)coswt,  Uy(t) = U,(t)sinw,t. (5)
Writing equation (5) in respect to signal U,(f) for example we obtain:
N
1 1
Us(t) = 5 Dlcos(2ayt) +cos 0]+52Ai [c08 (2wt + w;t) -+ cos (@;1) ]+
iml
N

ke
—{—E;Ai[cos(2m0t+w¢t)—[—cos(wit)]. (6)

Performing the adequate summation and applying the filtration of fac-
tors related to pulsation 2, and of the constant component we have:

Ny N_
1 1
U,y (1) g E A,-cosw,-t—i-? E A;cos w;t (7)
i=1 i=1
and similarly for U,(t)
= N, 5 N_
1
. e inwt+ — A,si :
Us(t) 5 Z Asinoi+ S E (sin ot (8)
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It can be easily seen, that a 90° phase shift of one of these signals, and
then summation and subtraction will eause the separation of the components
related to different flow directions. After shifting the phase for signal U,(f)
we obtain

U,(t) = U4(1), (9)
N, .
! 1 L o 1 v s o
T = -5 ZI’A,.sm(mfwgo )+ = 2 A,sin (,1-+90°)
i= i=
80

. Ny e N_

’ \ !

U, (1) = 2 Aicosmit——z— E A;cos w;t.
el i=1

Summing and subtracting signals, U,(f) and U,(t), we achieve:

Ny
U, (1) = Uy(0)+ T3(1) = D) A,co8 08,
i=1

N_ (10)
U_(t) = T}()_T,(t) = D Ascosmyt.
i=1
Consequently we obtain signal U (f) from particles moving towards the
head, solely, and U_(t) from particles moving away from the probe.
The practical realization of the signal transformation according to the
given above method (Fig. 1) required the construction of electronic systems

€0s w,t

__I-_ generator

emitter
sin wet
'..l— receiver ><;

t)

F # +90° iy, S22 8

£ Uyﬂ)

u,(t)

[> adder [> subtractor

Fig. 1. Block diagram of the system separating a signal in dependence on the particle flow
direction
NAD - transmitter, ODB — receiver, GEN — carrier frequency generator, X — multiplying systems, FF —
wide band filtres, g +90=} — two branches of the high frequency phase pass
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which would ensure a sufficient performance accuracy for the operations de-
seribed above, In the course of the construction of these systems, the author
wanted to obtain a hundred times greater damping of undesirable signals
in respect to the useful signals. The broad-band phase shifter of low frequ-
ency was the most difficult part of the system, because a hundredfold dam-
ping requires a phase difference between its branches of 90°40.5° in the whole
band of the instrument, which for blood flows was established at 150 —
15000 Hz [1]. The shifter was designed on the basis of a theoretical work of
BEDROSIAN, who gave the general form of transmittancies of such systems
and tables containing the parameter values for these transmittancies in res-
pect to the required bandwidth and aceuracy [1].

(dBI .
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Tig. 2B. Obtained practical attenuation of the undesirable flow direction
Fig. 2 presents a schematic diagram of the construeted phase shifter and

the practically obtained damping between channels U, (f) and U_(?).
Measurement results are shown in Fig. 3.

3. Applications of the apparatus

Beside the method of determining flow directions, the prototype of the
two-way flowmeter, constructed by the author, as well as its later versions,
.does not differ functionally from the UPD-10 continuous wave flowmeters
produced in Poland. However, the separation of flow directions done before
conducting the flow velocity measurement is of great practical significance.
Two cases can be mentioned, in which the application of this technique is
essential for a medical examination. The first, when the anatomical system
forces us to observe a number of flows at the same time in a vein and artery
for instance, among which is the investigated flow; the second case, when
the signal is too small to be registered and in spite of that we want to deter-
mine the flow direction.

The visualization and measurements of the flow in the carotid artery,
when the closeness of the jugular vein is frequently an obstacle in obtaining
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correct results [10], [3], [4], can be an example of the first case. Also the flow
measurements in the heart and in large blood vessels are a lot easier with the
application of the two-way system, because it ensables us to “fish out” the

Fig. 3. Visualization of the division of the common carotid artery into the internal carotid
artery and the external carotid artery. The brighter points show the flow with increased
veloecity

© sought flow from among the moving walls of the heart, valve floccules and

. the flowing blood [8]. Another example of the application of this system are
investigations of the flow whirl behind a contraction, which will be discussed
 in the further part of this paper. Examinations of intracerebral flows and
~ investigations of flows in breast neoplasms, conducted in the Department
~of Ultrasonics, are applications, in which the determination of the flow di-
rection is essential [9]. ;

4. Investigations of whirls introduced by contractions

3 Observations of flows behind contractions and the published research
results on such flows lead to a conclusion, that whirls can be formed behind
a contraction and they give rise to a local back flow direction.

' The author carried out a series of measurements on a contraction model
in order to determine the influence of the vessel contraction on the character
of the flow and the Doppler signal.

$ — Arch. of Acoust. 1/86
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The use of the two-way instrument allowed the detection and measu-
rement of the back flow velocities resulting from these whirls.

The analysis of the Doppler signal from such flows may be will enable
the connection of the parameters of this signal to the vessel contraction de-
gree. The pipe, applied for measurements, had an 8 mm diameter and had rings .
of 5 mm thickness and of four different internal diameters, placed half-way
along its length. This way four different contractions, calculated as a pro-
portional decrease of the flow cross-section area, were obtained. Fig. 4 shows
the method of ealculating the contraction.
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Fig. 4. Method of determining the pipe contraction

The flow was visualized in order to determine the character of the flow
behind the obstacle. To faciliate this, a 17 mm diameter pipe and a ring of
10 mm thickness were used in order to preserve the scale of the mechanism
disturbing the flow. A domestic salt solution was used as the liquid and two
electrodes connected to a constant voltage source, were placed in the pipe.
As a consequence of electrolysis gas bubbles were liberated on one electrode.
They were entrained by the flow and marked the stream path of the liquid.
Fig. 5 presents a photograph of the flow with a Reynolds number Ee = 500
and contraction ZW = 729 and 329%. Three characteristic regions of the
flow can be noted. The laminar flow is observed before the obstacle, where
paths of the liquid elements are rectilinear and are curved next to the obsta-
cle, forming the so-called inlet effect. Close behind the contraction the cutlet
stream with a high velocity and whirls by the pipe walls is observed. Further
on this stream is disturbed and the liquid elements move with random paths. i

Separated signals from individual flow directions were registered on ma-i

gnetic tape with the application of a stereophonic tape recorder M 2403 8D,
in order to carry out their analysis.

Signals from flows were registered for four different contractions: ZW =
75, 61, 44 and 239,. For all of these contractions, meagurements were con-
ducted for three REYNOLDS numbers: 600, 1900 and 5300, with the signal



Fig. 5. Flow visualization, REYNdLDS number RKe = 1500: A —ZW = 72 %.,”MM
- B —-ZW =329

3 Fig. 6. Signal histogram for flows with REYNOLDS number Re = 1900. A) before the con-
. traction, B) 1 e¢m behind the contraction, ZW = 759, C) 1 em behind the contraction,
ZW = 61%, D) 1 ¢m behind the contraction, ZW = 449
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registration for six positions of the ultrasonic head. These positions were:
2 e¢m before the contraction and 1-5 c¢m behind the contraction. For so ob-
tained signals, the histograms of crossing the reference axis were photogra-
phed. These histograms were obtained with the application of a DoPPLER
signal histograph constructed in the Department of Ultrasonics.

Fig. 6 presents histograms achieved for flows Reynolds number of 1900
before the contraction and 1 cm behind the contraction, for three contrac-
tions: 7H, 61 and 449%. A qualitative comparison fo these images leads to a
conclusion, that large contractions cause a significant increase of the maxi-
mum instantaneous frequencies and the appearance of a back flow. The con-
traction decrease is accompanied by the return of the histogram to a form
it had before the contraction. Therefore, a decrease of the maximal frequen-
cies and the disappearence of the back flow is observed. For a 44 9, contraction
and the REYNOLDS number equal to 1900, the influence of the contraction
on the histogram is hardly observable.

At higher flow velocities the whirls are even more clearly visible. Fig.
7 presents signal histograms from flows with REYNOLDS number equal to
5300, cbtained from measurements done before the contraction and 1 em

T s e e

Tig. 7. Signal histogram for flows with Reynolds number Re = 5300. A) before the contr-

action, B) 1 em behind the contraction, ZW = 75%, C) 1 em behind the contraction, ZW

= 61%, D) 1 cm behind the contraction, ZW = 449%, E) 1 em behind the contraction,
ZW = 239%
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behind the contraction, for contractions: 75, 61 and 239%,. These results are
similar to those shown in Fig. 5. However, a 44 9% contraction gives a distinet
back flow.

Studying the DoPPLER signal in successive points along the vessel we
observe similar changes in the histogram as during the decrease of the con-
traction. This is shown in Fig. 8, where histograms are presented for flows

Fig. 8. Signal histograms for flows with REYNOLDS number Re = 1900, ZW = 61 %. A)
before the contraction, B) 1 em behind the contraction, C) 2 em behind the contraction,
D) 3 em behind the contraction E) 5 em behind the contraction

with Re= 1900 and in positions: before the contraction, 1, 2, 3 and 5 em be-
hind the contraction. Again we observe the decrease of the maximal frequen-
~ cies and the decay of the back flow. This corresponds to the image obtained
. during the flow visualization.

‘ It should be noticed, that histograms for a position before the contrac-
. tion and 5 em behind the contraction are similar, even though in the second
- ease the flow was undoubtedly much more disturbed. This leads to a con-
clusion, that the influence of homogeneous disturbances on a signal histo-
gram, obtained with the aid of a flowmeter with a continuous emission, is
searcely noticable in the qualitative presentation shown here. The following
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conclusions can be drawn on the basis of the presented above observations
of flows and histograms originating from them:

1. Flow disturbances introduced by a contraction applied in the expe-
riment depend on the degree of contraction, but also on the distance from
the contraction and flow velocity, represented by the Reynolds number in
our investigations;

,{
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Fig. 9. Results of measurements of the average quantity of zero-crossing of a signal in
the external carotid artery. a) before the contraction, b) in the contraction, ¢) behind the
contraction, d) flow to the head, e) flow from the head

8

lem/s14 1 n

; o NANNANA

o8

t

¢ "“uvﬂ“wn"\fn“\ih"\!n APl

g 0 iR :
Fig. 10. Results of measurements of the average quantity of zero-crossing. I. descending
aorta: A) flow to the probe (artefacts from the common carotid artery), B) folw from
the head (aortic flow) A-B difference of flows (here: without practical significance).

II. ascending aorta: A) flow to the head (aortie flow), B) flow from the head (artefacts
from one of the veins), A-B difference of flows (without practical significance)

2. At a fixed flow velocity and fixed positioning of the probe in respect
to the contraction, the degree of the contraction has a significant influence
on the existance of the back flow, as well as on the shape of the histogram,
what Figs. 6 and 7 prove.

The next stage of research will be concerned with the qualitative rela-
tions between the histogram parameters, the Doppler signal spectrum and
the degree of the pipe contraction.
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Although the flow applied in the experiment greatly strays from the flows
in arteries, the obtained results correspond to the results obtained for coarc-
tations of the carotid artery.

Fig. 9 presents the measurement results of the zero-crossing density
in a carotid artery. Its Doppler visualization was shown in Fig. 3.
A distinet back flow can be observed behind the contraction.
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Fig. 11. Results of flow investigations in a breast neoplasm A) benign, B) malignant
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5. Conclusions

The presented measurement results prove that introducing a two-way
system to continuous wave Doppler flowmeters is an important contribution
to the development of such instruments. The presented system can be used
in all previously developed diagnostic applications. It also enlarges the utility
~ of diagnostic DoPPLER flowmeters.

The separation of flow directions greatly facilitated the investigations
of flows in the carotid artery branching, by eliminating the influence of the
| vein flows on the measurement results. Presented research of the flow in mo-
~ del contractions led to a fuller interpretation of the flow velocity records ob-

tained practically. The experimental confirmation of the occurence of back
flows behind local vessel contractions was a very important result of these
investigations. The two-way system allowed the application of continuous
wave flowmeters to heart and large blood vessel examinations, as well as the
- possibility of measuring very high flow velocities, what was impossible with
the pulse Doppler apparatus.
The two-way system enabled the application of continuous wave flow-
meters in heart and large blood vessel examinations, thanks to the possibi-
lity of measuring very flow velocities. The maximal flow velocity occuring
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in heart defects can reach several meters per second and are the basis of de-
termining the pressure gradient in ecntractions.

Stereophonic audio monitoring of the Doppler signal, resulting from the
two-way systera, ensures great facility of the determination of flow direc-
tions, even for very smali signals, no longer possible to register with the ap-
plication of zerc-crossing detectors.

Three years, which have passed from the moment of construction of the
two-way apparatus prototype, have given the author the possibility to study
its diagnostic properties and to implement it in production.
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HYDRATION OF NUCLEIC ACIDS AND NUCLEOTIDES IN AQUEOUS ETHANOLIC
SOLUTIONS DETERMINED BY ULTRASONIC METHOD*

ADAM JUSZKIEWICZ
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30-060 Krakéw, Karasia 3

Hydration numbers of mono-and disodium salts of nucleotides as well
as of sodium and potassium salts of DNA and RNA were determined from
ultrasonic velocity measurements. For comparative purposes hydration num-
bers of monosodium and monopotassium phosphates were also determined.

1. Introduction

Hydration of nucleic acids is a subject of numerous experimental and
theoretical investigations [1] — [22].

According to Jacobson [23] — [25] the structure of water surrounding
macromolecules of DNA is similar in its order to that of ice. The double he-
lix of DNA fits very well into the volume of empty cages in the quasicrys-
talline tetrahedral structure of water and being built into water lattice it sta-
bilizes this structure. These long-range icelike structures around DNA, ho-
wever, have not been confirmed by other investigations [7], [26]. NMR stu-
dies as well as dielectric constant measurements suggest rather local influ-
ence of DNA on the structure of water and bounding some amount of water
in hydration sheath in which water molecules form a different structure and -
have different properties from those in the bulk. Another concept considers
two- and three-state models of water. Despite richness of experimental and
theoretical material reported so far, neither of the concept has been proved
right. Both structure of aqueous sloutions of nucleic acids and the role of each

* This work was partially financed by the Polish Academy of Science (Problem MR.
1. 24).
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fragment of polinucleotide chains in hydration of macromolecules of DNA
have not been clarified yet.

' Qur studies on the structure of aqueous solutions of various biologically
active substances are aimed at the determination of hydration of these sub-
stances and of the contribution of the ionic and non-ionic group of such a sub-
stance in total hydration.

Our results of measurements of hydration numbers of sugars [27], dex-
tran [28], nucleosides [29], amino acids and oligopetides [30] as well as of
1:1 electrolytes [31] were presented previously. This paper presents the re-
sults of measurements of hydration numbers of nuecleic acids and nucleoti-
des. The preliminary data on this subject were reported previously [32]. In
order to examine the role of phosphate groups in the hydration of nucleic acids
and nucleotides, the measurements of hydration numbers of monobasie so-
dium and potassium phosphates were also performed.

2. Experimental

The hydration numbers were determined from the measuerments of ultra-
sonic velocity in the aqueous ethanolic solutions. The method was described
in details elsewhere [27, 33]. Sodium and potassium salts of nucleic acids DNA
and RNA, and mono- and disodium salts of nucleotides were used. Sodium
and potassium salts of nucleic acids as well as monosodium salts of nucleo-
tides were prepared by slow neutralization of the acids with a 0.1 n base so-
lution, using a slight excess of base. DNA (C,, H;, N;; O,; P,),, ENA and
b’-citidine monophosphoric acid (CMP) were from Fluka AG; (5'-adenylic
acid) 5’-adenosine monophosphoric acid (AMP) from Centrum Badan Medy-
cznych, X.6dZ, Poland ; disodium derivatives of nucleotides AMPNa,, UMPNa,,
CMPNa,, GMPNa, and IMPNa, from Fluka AG; 2(3’) -citidine monophos-
phoric acid from which 2(3’) CMPNa, was obtained, from Loba, Austria;
inorganic phosphates from POCh, Gliwice, Poland.

Hydration of solute H (expressed in grams of water per gram of the so-
lute) was determined from the relation:

H = W,dy[m, (1)

where W, is the volume, in em?, of water bound to m grams of solute and d,
is the density of water. W, is determined from the position of maximum of
ultrasound vwvelocity in the water-ethanol-solute system using the relation
of YASUNAGA [34, 35]:

Ao/Wo = Al/(WJ.—Wx), (2)

where A, and W, are the volumes of alcohol and water, respectively, at the
point of maximum of velocity in the water-ethanol system; 4, and W, are
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the volumes of alcohol and water at the piont of maximum in the water-etha-
nol-solute system.

The hydration number », (in moles of H,O per mole of solute) is deter-
mined by the formula:

ng = HM[M,, (3)

where M, is the molecular weight of water and M is the molecular weight
of the solute.

In the case of nucleic acids n, was related to the mean molecular weight
of nucleotides in DNA and RNA.
# The results are presented in Table 1 and 2. For comparative purposes
hydration numbers of nucleosides and ribose [29], are placed in Table 2. The
values of n, were measured at 25° C. Assuming that the temperature depen-

Table 1
¥ Hig/e] [ mole ] mole ] B
m, n
4 /8 ’ mole mole s v

2/3’-CMPNa, 367 1.09 22.2 20.4 + 1.0

5’-CMPNa, 367 1.04 21.2 19.4 + 1.0

5’-AMPNa, 391 0.98 21.3 19.5 4+ 1.0

5-UMPNa, 368 1.04 21.3 19.5 + 1.5

5’-IMPNa, 392 1.02 22.2 20.4 +1.5

5-GMPNa, 407 0.95 21.5 19.7 +1.5

Table 2
2 mole mole
M, Higlg] 'n;[ n ] Error =y
mole mole

AMPNa 369 0.68 14.0 12.2 + 1.0
CMPNa 345 0.73 14.0 1950 + 1.0
DNANa 3356 0.77 14.3 12.5 + 1.5
DNAK 351 0.67 13.1 11.3 +1.5
RNANa 343 0.73 13.9 12.1 +1.5
RNAK 369 0.62 12.6 10.8 +1.5
NaH,PO, 120 2.22 14.8 13.0 +1.5
KH,PO, 136 1.81 13.7 12.0 +1.5
D-ribose [29] 4.1 2.3
uridine [29] 2.7 0.9
cytidine [29] 2.4 0.6

dence of n, is similar to that found for 1 : 1 electrolytes, sugars, dextran, carbo-
xylic acids, amino acids and peptides [27]-[33] the hydration number was
extrapolated to 0°C using the relation:

n = n,— At— Bt?, (4)
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where n is the number of water moles per mole of solute at 0°C, A and B are
experimental coefficients equal, respectively, to 0.0383 and 0.0013 and ¢
is the temperature in °C.

3. Discussion

The studies on hydration of sugers [27] revealed that the values of n
for various sugars are nearly equal to the average numbers of equatorial gro-
ups in cyclic forms of these sugars. According to a model of “specific hydra-
tion of sugars” [36], the position and orientation of equatorial —OH groups
facilitate hydration interactions of these groups with the molecules of water.
If only equatorial groups —OH are hydrated, from the data reported pre-
viously [27, 29, 36] it follows that each of these groups is hydrated by one
water molecule.

Hydration number of D-ribose n = 2.3 (Table 2) is approximatly equal
to an average number of equatorial —OH groups. Uridine and eytidine nu-
cleosides have identical hydration numbers, n = 1. In nucleosides one equa-
torial —OH greup of the sugar is replaced by a basic pyrimidine group. Hy-
dration number of deoxyuridine deficient in one equatorial hydroxyl group
as compared to uridine is'equal to zero. Consequently, it can be stated that
specific interactions of hasic parts of nucleosides with water do not exist;
if they exist then in an aquecus ethanolic selution they must be much wea-
ker than water-water or water-ethanol ones. Thus in hydration of nucleo-
sides the main part is played by the sugar component of nucleosides; the basic
compenent is not hydrated. Basic components of nucleosides are not hydra-
ted above all because of their inability to fit into the water lattice since rings
of pyrimidine bases are located perpendicularly to the ribofuranose ring which,
according to the model of “specific hydration” is built into octahedral water
lattice. This inability to fit into the water lattice may result in the process
of autcassociation of basic components of nucleosides.

The foregoing conclusions are fully confimed by the obtained results.
As shown in Table 1 the obtained values of hydration numbers of UMPNa,,
AMPNa,, CMPNa,, GMPNa, and IMPNa, are identical within the limits
of experimental error (n = 20). Therefore hydration numbers of nucleotides
are independent of the type of the basic group in the compound. Identical
hydration numbers » =12 of CMPNa and AMPNa lead to the same con-
clusion. Subsequently, comparison of hydration numbers of CMPNa and AMPNa
to those of NaH,PO, and KH,PO, indicates that the monovalent cations and
phosphate anions of these substances interact with water in a similar way. This
also confirms the thesis that basic components of nucleotides are not hydrated.
Comparison of hydration numbers of DNANa, DNAK, RNANa and RNAK to
those of CMPNa and AMPNa as well as to those of inorganic phosphates sug-
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gests the same conclusion. Assuming that sugar components of nucleotides
are hydrated in the same way and in the same number (n = 1) as in nucleo-
sides it may be concluded that in disodium salts of nucleotides ca. 19 water
molecules are bound to sodium ions and the phosphate group —PO;*. Ana-
logically the number of water molecules bound to the sodium ion and phos-
phate group —PO,H- in CMPNa and AMPNa is equal to 11. Assuming that
the hydration number of the sodium ion is equal to 5 [31], the calculated hy-
dration numbers of —PO,H- and —PO;? are 6 and 9, respectively, and that
of the H,PO; ion is 8 (assuming that the hydration number of Na* is the same
and that of K* is 4 [31]). Similar calculations performed for DNANa and DNAK
give the hydration number of the phosphate group equal to 7. For RNANa
and RNAK, having taken into account water bound to sugar component,
the hydration number of the =PO; group equal to 6 is obtained.

Analysing the obtained results and comparing them with those obtained
by others it must be stated that the lack of information about the quality
of samples, about the degree of denaturation of DNANa, RNANa, DNAK
and RNAK samples obtained by neutralization of the acids with the bases
as well as about the structures of DNA and RNA in a mixed ethanol-water
solvent does not allow us to draw far reaching conclusions about the strue-
ture of water in the vicinity of these macromolecules. Nothwithstanding,
by comparing the hydration numbers of alkali metal salts of nucleotides with
those of alkali metal salts of phosphoric acid certain observations on inter-
actions of these substances with water can be made:

1° Low values of hydration numbers-of DNA and RNA alkali metal salts,
similar to those of monobasic sodium and potassium phosphates, indicate
that these numbers take into account the water which is bound to primary
hydration centers (=PO;, Met*) [37].

2° Nearly indentical values of hydration numbers of DNANa, RNANa
as well as of OMPNa and AMPNa suggest that the same concept of their buil-
ding-in into water lattice should be assumed. According to this concept me-
tal ions, phosphate groups and equatorial —OH groups (if present) orient
themselves towards the cages of the icelike structure of water, while pyri-
midine bases rings located perpendicularly to ribofuranose rings undergo auto-
association.

As it results from our caleulations, a phosphate group binds 6-7 water
molecules. This result is in good agreement with the results obtained from
experimental studies carried out with the use of other techniques as well as
from theoretical ealculations. The hydration number of the phosphate group
of DN A determined by infrared spectroscopic analysis is 4-6 [5, 37, 38]. WoLF
and HANLON [39] found this number to be equal to 6. Quantum-mechanical
calculations performed by PULLMAN et al. [6, 7, 10] give the number of water
molecules in the first hydration layer of phosphate group as equal to 6. The
same number for the first hydration layer was obtained by CLEMENTI et al.
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[12] from the caleulations carried out by means of the Monte Carlo method.
The latest NMR studies of DNA [40] show that 5 water molecules are bound
to a phosphate group. The experimental data concerning the hydration of
phosphate groups also come from the studies of phospholipides. KLOSE et
al. [41, 42] established the hydration number of a phosphate group to be
5 by the 2D NMR method applied for aqueous solutions of dipalmitylphos-
phatidylcholine. CEVe [43] determined hydration numbers of the =PO,H
group and the =PO; ion as equal to 5 and 7-8, respectively, by studying
a group of various phospholipids.

The presented measurement results of hydration numbers of alkali metal
salts of nucleic acids are also in agreement with theoretical models given in
[44, 45], which explain the role of alkali metal ions in hydration and strue-
ture stabilization of DNA. On the basis of the data concerning 1:1 electro-
Iytes it was suggested that the hydration number of a sodium ion is equal
to 5, not to 6, assuming that similarly to inorganic salt solutions the hydra-
ted sodium ions dispose around the phosphate groups forming with them io-
nic pairs through one or more polarized water molecules. Mixed alcohol-water
solvent of a dielectric constant about 60-70 is undoubtedly a factor facili-
tating such interactions. The value of the hydration number of a sodium ion
lower by 1 results from the assumed principle [31] that a common water mo-
lecule binding cation to anion is ascribed to hydration layer of anion. The same
values of the hydration number of a sodium ion (5-6) are assumed in [44,
45] and a hydrated sodium ion is thought to locate in a narrow fissure of
DNA bihelix, forming a hydrogen bond with phosphate groups.
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The thermal effects of ultrasonic welding of polycarbonate foil were
considered. A confactless method of measuring temperature was developed, ap-
Plying the emission of infrared radiation from the zone welded ultrasonically. The
distributions of the thermal emission in the weld zone were observed on the oscil-
loscope screen and registered by a 16-mm camera, by recording the stages of
the process every 1/32 sec.

Measurements were performed of the maximum temperature of the ultra-
sonic welding zone of the polycarbonate foil for three vibration amplitudes
of the wave-guide instrument: 30, 35 and 40 pm. The wave-guide instrument
was under static pressure ranging from 4.21 MPa to 9.64 MPa. The tensile
strength of the weld was measured. It was shown that the static pressure and
the vibration amplitude influence strongly on the contributions of the inter-
nal friction and the friction between the faces of welded polymer to the ther-
mal emission observed.

1. Introduction

Despite many investigations undertaken in various scientific centres,
polymers ultrasonic welding up to now has not been fully deseribed and ex-
plained. The character of the process caused by a strong ultrasonic field is
the main difficulty. These effects are nonlinear and the general ultrasonic
wave propagation laws in elastic media can not be applied.

Many scientists have applied thermocouples and other thermo-sensitive
elements. They introduced them into the weld zone, what falsified the mea-
sured values due to a strong ultrasonic field. An additional temperature rise
at the boundry of both media was the cause of the falsification.

Due to a mismatch of the acoustical impedance of the detector and the
studied medium, absorption and diffraction effects occur, forming a thermal

7 — Arch. of Acoust. 1/86
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energy source wich adds up with the heat emitted during the propagation
of an ultrasonic wave in the investigated polymer. Therefore the readings
of the temperature detector are indeterminate resultants falsifying the mea-
surement results.

According to S. S. Workow [11], the process of joint forming during
ultrasonic welding of plastics can be divided into two stages. In the first stage
the materials are heated up, and in the second, joints are formed between
the surfaces heated up to a temperature ensuring a visco-fluid state. The for-
ming of these joints condition a uniform connection.

The mentioned above author states, that the maximum welding tem-
perature of polyethylene is 473 K. This author also adds that at this tempe-
rature the sample with a thermocouple placed in it was extruded from the
weld zone during ultrasonic welding.

WorKOW considers the amplitude damping coefficient g, and not the
modulus of elasticity E, as the decisive factor of the ultrasonic welding of
polymers. This coefficient characterizes the absorption effect of mechanical
vibrations propagating in the medium, and can be defined by the formula:

‘Sm s Eoe-ﬂxy j (1)

where &, and &, — displacement amplitudes for # = 0 and a wave propaga-
ting along the x axis.

In the above reasoning the author completly overlooks the fact that for-
mula (1) can be applied only for very small amplitudes and for plane waves,

|

vibration amplitude \
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Fig. 1. Distribution of temperature and vibration amplitude in plastic during the process
of ultrasonic welding, according to§W. A. Nmirzerr [19]

what is not the case during welding, which is a markedly non-linear process.
Workow also does not pay any attention to the falsification of the tempera-
ture measurement results, what was explained at the begining of the paper.

A very interesting diagram of the temperature distribution in an ultra-
sonically welded plastic was included in W. A. NEITZERTS paper [15]. As it can
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This work would have been of great significance, because it was a trial
of a quantitive localization of thermal emission sources in a polymer under
an ultrasonic field. Unfortunately the author does not mention the method
of deriving this relation and does not motivate in detail the suggested tem-
perature distribution.

B. MENGES and H. PorENTE [18] have conduected very detailed studies
on the ultrasonic field and the energetic processes occuring during ultrasonic
welding of thermoplastics. Their paper brings results of experiments on the
propagation of an ultrasonic wave in bars made from cold hardened epoxy
resin. The photo-elastic method was applied. The geometry of the models
was S0 designed, that a standing wave was formed in them. A significant in-
fluence of the length of the bars on the vibration amplitude and the amount
of transferred acoustical energy, was found.

The same authors in another paper [14] stated the theoretical founda-
tions, supported by experiments, maintaining that energy transfer in thermo-
plastic bars depends signiticantly on the length of the system: welded ele-
ment, support.

Owing to the applied contactless measurement method, the obtained
results are objective and constitute a valuable information source for acou-
stic theory, as well as for designers of thermoplastic fittings appropriate for
ultrasonic welding.

The work does not include heat measurements, which would allow the
 determination of the source position of transfer of ultrasonic wave energy
~ into thermal energy, which is the direct cause of polymer melting and the
.~ formation of a stable connection.

Basing on the fundamental dependences of wave motion, J. G. STEGER

- [19] proves that the air at the end of a wave-guide bahaves as an acoustical

isolator for an ultrasonic wave propagating in metals.

Through existing surface roughness, two media adjoin, but the contact- -

~ ing surfaces do not lie perpendicularily to the direction of propagation of the

. ultrasonic wave. These quantities of the ultrasonie field, acting on every point,

- have two components. One in the direction tangent to the element surface,
the second — perpendicular to it. This effect is summed up on the whole bo-

~ mndary surface, giving a motion component of this surface. This component

. gives rise to a friction force, called the friction of the boundary surfaces. Ac-

‘cording to the author, this friction is of a fundamental importance

the conversion of the ultrasonic energy into heat. H. POTENTE [16] carried

out an analysis of the existing state of information on energy conversions

occuring in thermoplastic polymers during ultrasenical welding and reached

a conclusion that there is no uniformity of views on this problem. Therefore,

theoretical trials of estimating the ultrasonic weldability of thermoplasts
should be conducted.

‘ be seen the greatest temperature rise occurs near the welding instrument.
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H. POTENTE ecriticizes the measurements of the temperature of the weld
zone done with the application of thermocouples, as not reproducible. To
this aim he uses a set of sensitive to heat points.

His work is particularily valuable, because it contains temperature mea-
surements of the weld zone, done with the application of a more objective
method. The shortcoming of this method is the impossibility of conducting
temperature measurements in dynamic conditions, i. e. investigating the tem-
perature growth in the weld zone in the course of a 1-2 sec process. But we
have to admit, that this method gives much more credible measurement re-
sults then those obtained with the application of detectors sunk into the bulk
of the welded polymer.

Those, interested in a more detailed discussion of the literature in this
domain, may find it in the authors doctors thesis [12].

1. 1. Conclusions of the critical literature survey

On the basis of the mentioned papers it can be concluded that investi-
gating thermal effects in the welded zone are a very important source of in-
formation on the process of ultrasonic welding of thermoplasts. But these me-
thods were most frequently based on the temperature measurements done
with the aid of thermocouples placed directly in the polymer, being under
the influence of an ultrasonie field. Moreover it can be found, that up to now
there is no uniform view on the thermal effects taking place during ultrasonie
welding of thermoplasts. On one hand, there are trials of explaining thermal
energy formation on the basis of sound absorption, namely mechanical los-
ses due to internal friction; on the other hand, some authors consider that
the effect consists in the friction of the boundary surfaces in the joint point.

The experimental problem resolves itself into the development of a pro-
per method of measuring the temperature of the weld zone during the welding
process. This is a rather difficult problem, because it has to be solved con-
sidering the following fundamental conditions:

a) Temperature measurements will be conducted by the contactless me-
thod.

b) The reaction of the detector to temperature changes should be pos-
sibly immediate.

¢) The measurement will be done by succeeding, linear searching of the
whole weld zone.

In the last years research has been conducted at the IFTP on the appli-
cation of infrared radiadion detection in temperature measurements in the
zone of ultrasonic welding [1]-[4], [7]-[11] and also the process of welding
of thermoplasts was investigated [5], [6].




ULTRASONIC WELDING PROCESS 101

The method allowed the observation of the thermal effects taking place
during the welding process, without an adverse effect of the meter on the stu-
died object.

The intention of the author was to analyse experimentaly the thermal
effects occuring in the ultrasonic weld zone and to study the influence of fun-
damental physical parameters on the technological process of welding of a
chosen amorphous polymer on the basis of the obtained results. Furthermore,
the author wanted to undertake a trial of explaining the reasons of melting
of the polymer during the process of welding. A polycarbonate, i. e. poly (4,4
dioxidiphenyl-2,2 propanocarbonate) was chosen as the subject of investi-
gation. It is a typical amorphous polymer [17], what minimalizes the thermiec
disturbances, resulting from phase changes of the individual crystalline forms.

In the investigations of the process of ultrasonic welding of a polycar-
bonate, a polymer in the form of a foil, produced by BAYER, and called Mak-
rofol N, was chosen. The thickness of the foil was 0.2 mm.

2. Temperature measurement on the basis of infrared radiation detection

Every body which has a temperature above O K radiates electromagne-
tically. The intensity and spectrum of this radiation is determined by the
Planck law:

2rhe? -«
Myee = }ls(ehc"(’!kT)—l) ’ (2)
where. m,,, — the power of radiation to a hemisphere of a unit surface, ade-
quate to a unitary interval of wave length, for a given wave length, 4 — ra-
diation wave length, h — Planck constant = 6.6 10~*Js, T — temperature
in K, ¢— light velocity = 3:10° ms™!, ¥ — Boltzmann constant = 1.4-107*
JK .

In a general form, the radiation distribution function of a black body,
is an equation with three coordinates: A, m,,, and 7.

The total radiation power emitted to a hemisphere by an unitary sur-
face of a black body equals:

My = [ my,dh = oT*, (3)
0

where ¢ — Stefan constant = 5.67:10~% Wm—*K~*.

The power of the emitted radiation is a temperature function, so its mea-
surements can be applied in the contactless method of determining the tem-
perature of the studied object.
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Usually the studied object is a real body, in which apart from absorp-
tion, transmission and reflection, oceur.

Therefore, a method of applying a spectrum, where the thermoplastie
foil behaves as a black body, i. e. where the reflection and transmission effects
practically do not occur, was chosen. In order to find such a range, a charac-
teristic of the infrared absorption spectrum for a~Makrofol N polycarbonate
foil was made. This spectrum is presented in Fig. 2. There is a narrow range
in this spectrum, where the absorption equals 100%, so transmission is 0.
According to the KIRCHOFF law, the material will behave as a black body
in this range,

25 30 35 40 Alum]
r[ T T T T

0
4000 3000 kiem™l 2000

Fig. 2. Characteristic of the Maerofol N polycarbonate foil absorption spectrum; 7 — trans-
mission in %; 4 — wave length in pym; & — wave number in cm—!. Beckman Instruments
Inec. spectrophotometer

The mentioned conditions are fulfilled for a polycarbonate by the ra-
diation of wave length 4 = 3.43 um. A signal generated by such radiation
on the output of the detector is a function of only the surface temperature
of the studied polymer

A =Ty, (4)

where § is the value of the output signal from the detector.

The application of a selective filter, passing the radiation of wave length
A = 3.43 pm, allowed us to consider the material under research to be a black
body.
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3. Experimental ultrasonic apparatus and research set-up

The instrument for ultrasonic welding consisted of high frequency ultra-
sonic lamp generator, which generated a continuous wave of frequency 18.7
kHz, with maximum power of 600 W. The generator with an ultrasonic trans-
ducer worked in a feedback loop, securing an automatic tuning during
the frequency changes of the free vibrations of the instrument.

The constant time of welding foil samples, equaling 1.3 sec, was ensured
by an electronical time-measurer included in the circuit of the generator. It
measured time with the accuracy of 0.1 sec.

A nickelic magnetostrictic transducer, connected to a transformer of
acoustical vibrations of a sixtuple degree of amplitude transformation, was
used as a vibration source.

An aluminium instrument wave-guide was fastened to the acoustical
transformer. This wave-guide had a cylindrical section changing into a wegde
and with a point at the end, which enables us to obtain a weld of dimensions
1.6 x10.2 mm.

The process of welding was carried out on a steel support provided with
special holders, making spontaneous movement of the foil during the process
impossible. :

The transfer of the static pressure to the instrument was done with the
aid of weights with the accuracy of 410 g.

The amplitude of the vibrations of the wave-guide tip was accepted as
an indicator of the ultrasonic energy supplied to the instrument wave-guide.
The amplitude was measured by a capacitive meter of the vibration ampli-
tude [18]. The amplitude was maintained at a constant level for every series
of measurements.

In the generator of ultrasonic vibrations an electronic system was applied,
which stabilized the amplitude of the vibrations of the welding instrument
under load changes of the instrument [20].

4. Experiment methods leading to the determination of the temperature distribution
in the weld zone in dynamic conditions

Results of experiments conducted on a model set-up have given rise an

‘idea of adapting a serial thermograph “AGA” for the measurements of ther-

mal emission from the weld zone.
The Swedish thermograph — “AGA” 680, enables, the visualization of
the surface distribution of the radiation emitted by the investigated zone.
The characteristic of the spectral transmission of the “AGA” thermo-
graph optic system allows to measure the temperature of the weld in the poly-
carbonate. In order to take advantage of this feature a special filter was de-
signed and produced. Its pass band lied in the range of total absorption of
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the polycarbonate. Fig. 3 presents the spectral characteristic of this filter.

The signal at the detector output in the “AGA” thermograph, propor-
tional to the intensity of the infrared radiation, is amplified and utilized to
modulate the electron flux in the picture tube. This permits us to obtain on
the tube screen the image of the intensity of the infrared radiation emitted
by the investigated surface.

Muml] 35 40
T T
%1 &
90
80
7 m
60
50
40
30
20
Fig. 3. Characteristic of an infrared filter, being applied
0 in the measurements of the maximal temperature of
the ultrasonically welded polycarbonate zone: A — ra-
L diation wave length; %k — wave number; 7 — radiation
0! transmission
000 k lem)

The temperature of the zone very near the object changes in an uncon-
trol able manner.

This has a significant influence on the signal amplitude at the output
of the detector, because the amplitude is a function of the difference between
the temperature of the investigated surface of the object and the tempera-
ture of the region next to the object. In order to slove this problem, a resis-
tance wire with a constant temperature is introduced in to the field of view
of the camera. A holder for the resistance wire is fastened to the support ap-
propriated for sample welding. A signal from the thermistor, fixed to the sur-
face of the wire, contrclled the supply source of the wire in such a manner,
that the temperature of the wire was constant during temperature changes
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of the surroundings — negative feedback. The wire can be deflected, what
secures a constant distance of the edge of the foil mounted in the holders.
In a position ready for measurement, the wire was 0.4 mm away from the
bottom edge of the foil layer lying on the anvil. The measuring system is shown
in Fig. 4.

RSN i

T

Fig. 4. Measuring system accomodated to the measurement of the temperature distribu-

tion in the weld zone in dynamic conditions: I — wave-guide instrument, 2 — foil, 3 —

anvil, 4 — microscope, 5§ — mechanic-optical analyser, 6 — detector, 7 — amplifier, 8§ —

filter, 9 — monitor, 10 — oscilloscope, 11 — film camera, 12 — support, 13 — resistance
wire

4. 1. Description of the weld zone and method of its localization on the osciloscope screen

The tip of the wave-guide was a plaue in the shape of a rectangle, 0.16
em? of surface and with dimentions: 1.6 x10.2 mm. Therefore, the investi-
gated object was a thickness weld zone 0.4 x10.2 mm in dimention. The pro-
cess required microscope optics.

Temperature changes in time were determined through the analysis of
the amplified signal generated by the radiation emitted from points of the
investigated surface, lying on a chosen line, i. e. the signal of the thermovi-
sion image line. Positioning the camera suitably in relation to the studied
object, the line was chosen in such a way, that it intersected the weld zone,
like it is shown in Fig. 5.

Due to the positioning of the camera under an angle of 15°30", a rectan-
gular zone along the diagonal 1.5 mm in length, was analyzed.

In such a ease the output signal of the detector was proportional to the
radiation emitted by points lying on the eontact of two welded foils, and be-
tween the weld line and the foil surface, a like. By switching out a prism with
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a horizontal axis of rotation a signal of a 1600 Hz frequency is obtained. This
- signal was observed on the oscilloscope screen. To register signal changes du-
ring the welding process a photographic camera was used.

The film moved with the speed of 32 frames per second. On following
film frames the signal corresponding to the temperature profile was registered
every 1/32 sec. 7

a=15°30’ §._H 3
! \

Fig. 5. Diagram of studied object: I — wave-guide-instrument, 2 — foil, 3 — anvil, 4 —

analysis direction of the camera, § — resistance wire, ¢ — positioning angle of the camera

in the horizontal plane, HDGE — intersection points of the image direction and the re-

sistance wire, the houndary of the bottom layer of foil, the contact point of the welded

layers, the boundry of the top layer of foil, respectively. The anow marks the direction
of the vibrations

&
°K

The confrontation of the temperature profiles, registered on following
frames of the film show, how, both the value and the distribution of the tem-
perature, change in the foil during the process. On the basis of the optical
system parameters of the thermograph and the camera, each point of the
temperature profile was assigned to a point in the weld zone. This permitted
the determination of the position of the heat source in relation to the boun-
dary surfaces of the welded layers.

The described above method refers of course only to those cases, when
both of the welded edges of the welded foil are optically accessible. In a ge-
neral case, when the weld zone is surrounded from all sides by the welded
material, a slight distortion in the temperature pattern may oceur, due to
a difference of the heat conduction of the material and air. However in the
authors opinion, these errors are reduced to minimum and can be neglected,
because of the instant reaction of the detector of thermal radiation, which
has a propagating velocity uncomparably greater than the heat conduction
velocity of the polymer.

4. 2. Determining the value of temperature in the weld zone

The temperature value of the wire did not have to be known. It only
served as a constant reference level. A typical temperature profile along the
line intersecting the heated wire and the foil weld zone is presented in Fig. 6.

:‘1tlﬁ

R
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The left side of the diagram corresponds to the heated wire, the right
x 'side — to the foil. The difference between the left peak and the other points
- of the right part of the profile, expressed in volts, is a temperature measure
. in the individual points of the weld.

petol )

\\_ / A ——

374 374
87 18.7

Fig. 6. Drawing of the filmed from the oscilloscope sereen thermovision picture of the tem-
- perature profile along the line intersecting the heated wire and the ultrasonically welded
- zone of the polycarbonate foil HD — distance between the wire and the sample, DE —
. thickness of the weld zone, GG — interface of the welded foil samples, B — difference be-
. tween the signal level from the heated wire, and a chosen point of the welded zone is the
'.' measure of the maximal temperature in a given profile; a difference R of 1 mm corresponds
- to 13.5 mV on the oscilloscope scale HDGE line dimensioning in mm. Sample boundries,
- broken line, dimensioning and letter denotation have beee drawn in for easier interpretation

3 In order to determine the absolute temperature value of the foil, the cali-
bration of the mentioned difference R was conducted. The error of determin-
- ing the temperature did not exceed 7 K.

5. Measurement results

5. 1. Strength measurements

An optimization of the technological parameters of the ultrasonic wel-
- ding process was done on the basis of the strength measurements of the ob-
. tained joints. Tensile failure strength was the fundamental strength crite-
- rion of the weld for plastic foils. 5

] The strength was measured on testing machine INSTRON, model 1115.
- Its measurement accuracy is +0.5%. Research results were registered by
~ a recorder on paper fed with the velocity of v, = 30 ¢m/min. The action velo-
- city of the tensile force was v, =5 ¢m/min. The tensile strength of the foil
& was 177 N. :
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5. 2. Measurement of the maximum temperature value of the weld zone of the polycarbonate foil, as a funetion
of the vibration amplitude and static pressure

Measurements were conducted for three amplitudes of the vibrations
of the welding instrument: 30, 35 and 40 um. Also the static pressure acting
on the instrument was changed from 4.21 to 9.64 MPa. The welding time was
constant and equaled 1.3 sec. The time of exerting pressure was slightly lon-
ger and equaled 1.5 sec in every measurement.

In accordance with the accepted measurement technique, the thermal
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Fig. 7. Influence of static pressure P on the value of the maximal temperature T of the

ultrasonically welded zone of the polycarbonate foil, at a vibration amplitude of 30 pm.

Digits at the measuring points determine the weld tensile strength: 1) to 422 K — vitri-

fication state, 2) to 493 K — highly elastic state, 3) to 503 K — visco-fluid state, 4) to 533
K — fluid state, 5) above 533 K — decomposition
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. emission of the wire and the weld zone was visualized at the same time on

. the oscilloscope screen. These images were documented by a film camera.

‘ The weld zone difference between the peak temperature of the wire and

" the peak point on the curve of the temperature profile, was measured by em-
ploying the previously described measurement method.

' After calculating the voltage, the value of the maximum temperature

of the weld zone was read of the calibration diagram.

' These activities were performed for all temperature profiles, correspon-

~ ding to different static pressures exerted on the instrument wave-guide. This
way diagrams illustrating the influence of the static pressure on the value
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Fig. 8. Influence of static pressure P on the value of the maximal temperature I' of the

ultrasonically welded zone of the polycarbonate foil, at a vibration amplitude of 35 um.

Digits at the measuring points determine the weld tensile strength: 1) to 422 K — vitri-

fication state, 2) to 493 K — highly elastic state, 3) to 503 K — visco-fluid state, 4) to 533

. K — fluid state, 5) above 533 K — decomposition
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of the maximum temperature of the weld zone, were obtained and are shown
in Figs. 7-9.

On the basis of the measurements performed for an amplitude of 30 um,
it can be seen, that durable welding also takes place in a temperature below
the visco-liquid state 3, yet in the top region of the highly elastic state 2 of
the investigated polymer. This effect has also been observed for the ampli-
tude of 35 pm. However, the strength of the joints obtained below the 3 state
is low. It can be observed particularily when the welding temperature falls
below 490 K.
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Fig. 9. Influence of static pressure P on the value of the maximal temperature T of the
ultrasonically welded zone of the polycarbonate foil, at a vibration amplitude of 40 pm.
Digits at the measuring points determine the tensile strength of the weld: 1) to 422 K —
vitrification state, 2) to 493 K — highly elastic state, 3) to 503 K — visco-fluid state, 4)
to 533 K — fluid state, 5) above 533 K — decomposition
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As it can also be seen from Fig. 7, the increase of the pressure initially
results in a very small rise of the maximum temperature of the weld and a
small strength of the joints. This effect is characteristic for smaller vibration
amplitudes. Pressures above 9 MPa cause a distinct deterioration of the jo-
ints strength in the latter part of the curve.

This is due to the braking of the amplitude by the pressure. Under pres-
sures above 9.64 MPa the joints was not formed, in spite of the temperature
of the weld zone exceeding the point of softening of the polymer.

As it can be seen the figure, in order to reach the highest strength of the
welds the pressure must be 6.01-6.61 MPa for an amplitude of 30 pm.

At a higher amplitude the “sensitivity” of the maximum temperature
of the weld zone to the quantity of the static pressure rises distinctly, as the
curve in Fig. 8 shows. The temperature of the visco-fluid state is achieved
at a pressure of 4.81 MPa, while at a smaller amplitude this effect occured
at about 5.60 MPa; that is under a greater static pressure. Welds done under
the pressure of 5.41-6.61 MPa have the greatest strength.

In the last series of experiments the vibration amplitude was increased
to 40 pm.

Then it appeared that a relatively small static pressure causes a sudden
attainment of a very high temperature of the weld, much above the state
of the visco-fuid state. Further increas of the pressure over 5.40 MPa decre-
ases the maximum temperature of the weld zone.

The general theory given by H. POTENTE [16], stating, that the thermal
energy emitted from the weld zone consists of the energy coming from the
friction between the welded surfaces and the energy of internal friction, was
confirmed. Mutual shares of these two energetic processes yet depend on the
vibration amplitude of the instrument and the exerted static pressure. And
80, at the amplitude of 30 pm, for most of the applied pressures from 4.21
to 8.42 MPa, the friction energy generated between the contacting surfaces
is the main thermal energy source. Increasing the pressure to 9.04, and then
to 9.64 MPa liberates greater amounts of energy from internal friction. At
a higher amplitude, the friction between the contact surfaces of the foil, cause
now the generation of thermal energy only for four following increasing pres-
sures, i. e. from 4. 21 to 6.01 MPa. Further increas of the pressure causes the
rise of the energy share coming from internal friction.

The increase of the amplitude to 40 um, at nearly all pressures, gives
the dominant share of the internal friction energy, generated through the
change of the supplied energy of acoustical vibrations. Solely under the low-
est pressure of 4.21 MPa, the occurence of thermal emission due to the fric-
tion between the welded surfaces, was observed.

According to the theory of J. STAGER at al. [19], the heat causing ultra-
sonic welding of plastics is generated only from friction between the welded
surfaces. The results of conducted by the author investigations on the dis-
tribution of the thermal energy in the weld zone, prove, that both the energy
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from the friction between the contacting surfaces and the internal friction
energy take part in the welding process.

Due to a quick attainment of a high temperature, the process of welding
is shorter and thanks to smaller pressures the thickness of the joints differ
less from the thickness of the welded material. The highest strengths are ob-
tained at a pressure of 4.81 to 5.41 MPa.

5. 3. Influence of the static pressure on the thermal emission distribution in the weld zone and its dependency on
the vibration amplitude of the instrument wave-guide

The investigations of the thermal emission in the weld zone were con-
ducted through the analysis of following thermographs of the temperature
profiles. The weld zone, marked on the thermographs, shows the position of
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Fig. 10. Examples of thermograph of a temperature profile obtained at an amplitude of
30 um. The zone enclosing the welded foils has been marked by three vertical lines: Py
pressure 4.21 MPa; P, — pressure 4.81 MPa; P, — pressure 5.41 MPa
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the heat emission sources in relation to the contact surface of the welded foil
samples.

' At the amplitude of 30 pm, the first 8 following thermographs Fig. 10

showed, that the heat was generated in the region of contact of the welded

samples. Only at pressures of 9.04 and 9.64 MPa, the heat source moves away

from the contact surface.

The thermal emission from the sample joints points to a big share of the
energy generated by friction of the two adjoining surfaces. At an adequatly
high pressure, the share of the energy generated by internal friction of the,
polymer macromolecules, in the emitted thermal energy increases.

Welding at an amplitude of 35 wm presented a similar distribution of
- the thermal energy. However, at a higher amplitude the energy generated
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ml Examples of thermograph of a temperature profile oblained at an amplitude of
'35 pm. The zone enclosing the welded foils has been marked by three vertical lines: Py, —
pressure 6.01 MPa; P; — pressure 6.61 MPa; Py — pressure 7.21 MPa
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by the friction of the welded surfaces has a dominating influence in the first
four thermographs. Higher pressures, i. e. 6.61, 7.21 and 7.82 MPa, cause the
inerease of the share of the thermal energy generated by internal friction (Fig.
11).

Thermographs of the thermal energy distribution at the amplitude of
40 pm, showed that the thermal energy sources were moved away from the
contact surface of the foil samples (Fig. 12). Solely thermograph P, done at
the smallest pressure, i. e. 4.21 MPa, proved a certain share of the heat co-
ming from the friction between the welded surfaces of the foil.

Fig. 13 presents a comparison of the shares making up the total thermal
emission from the weld zone in dependence on the vibration amplitude and
the static pressure on the instrument wave-guide.
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Fig. 12. Examples of thermograph of a temperature profile obtained at an amplitude of
40 pm. The zone enclosing the welded foils has been marked by three vertical lines: P; —
pressure 6.01 MPa; P; — pressure 6.61 MPa; P — pressure 7.21 MPa
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The experiment results presented above confirm the theory of H. Po-
TENTE [16], saying that the heat generated during the ultrasonic welding
of polymers partially comes from the losses due to internal frietion.

amplitude pressure (MPal
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Fig. 13. Influence of static pressure on thermal emission from the weld zone, in dependence
on the vibration amplitude. The lined area shows the part of the energy arising from the

friction between the welded surfaces, the unlined area — the energy coming from internal
frietion
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6. Conclusions

Conducted thermographic studies have given the visualization of the
localization of the thermal energy sources in the zone of ultrasonic welding.
It has been experimentally proved, that the static pressure and vibration
amplitude influence the distribution of the thermal energy emission, which
consists of the energy generated by the friction of the welded surfaces and
the engrated by internal, intermolecular friction.

The paper presents the optimal conditions of ultrasonic welding of poly-
carbonate foil, in dependance on the fundamental physical and technological
parameters of the proecess.

The developed contactless method of investigating thermal effects in
the zone of ultrasonic welding with the use of infrared radiation, proved to
be useful and of great applicatibility. The absence of the influence of the me-
ter on the investigated object is the main advantage of this method.
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