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’

Theoretical considerations have provided an analytical expression des-
eribing simultaneous changes of the intensity and piteh of the signal emitted
by a moving source. Experimental investigations of the perceptibility of the
sound-pitech changes accompanied simultaneously by appropriate intensity
changes have confirmed mutunal coupling of these two quantities in the process
of the formation of a general sonic impression. A qualitatively new effect of auto-
magking has been observed and shown to consist in an interaction of the two
varying psychoacoustic parameters in the process of sound perception.

1. Introduction

The existence of the Doppler effect leads, from the psychoacoustic point
of view, to the formation of complex sonic impression on an observer listening
to the signal produced by a moving source. A simultaneous change of the mo-
mentary values of two physical parameters of the signal, i.e., its intensity and
‘frequency leads to the formation of a sonic impression of variable intensity
and pitch. In the case of a complex signal, a change of timbre occurs additio-
nally.

The function for intensity changes and the corresponding frequency changes
for two different velocities of a source of the sinusoidal tone of a frequency
fo = 1000 Hz are presented in Fig. 1.

The source moves steadily along a straight line with respect to an immobile
observer. The trajectory of the motion passes at a distance d = 1 m from the
observer. The value t = 0 on the time axis is arbitrarily chosen and denotes
the moment when thé sonrce passes the observer.

It follows from Fig. 1 that a continuous change of intensity (the right-hand
side scale in dB) is accompanied by an almost stepwise change of frequency

* Supported by the Committee on Acoustics of the Polish Academy of Sciences.
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Fig. 1. The changes of intensity (the carves in the form of pulse) and the corresponding
changes of frequeney (the curves with a distinet fall) in the case of two different motion
velocitier of a sound rource passing the observer

(the left-hand side in Hz). Both, the magnitude of the sndden frequency drop
and the moment when it happens depend on the velocity of the source motion.

In our investigations we attempted to estimate the ability to perceive
the piteh fall accompanied by continuous loudness changes due to intensity
~hanges.

2. Measurement methods

The system designed for carrying out experimental investigations generated
a signal of the form presented in Fig. 2. The duration of the frequency fall
varied between 5 ms for f = 2 Hz to 10 ms for f = 24 Hz which was dictated
by experimental facilities. It may be thus assumed that this duration was
almost constant. No click was produced at the fall. The intensity pulse was
formed photoelectrically. The signal had a form of the tone pulse with a prede-
termined envelope and a step-like change of earrier frequency. The signal inten-
sity was controlled by a light beam masked by an appropriate diaphragm.
The investigations were carried out for three different durations of intensity
pulse, i.e., for ¢, = 0.5 8, {, = 0.9 8, and ¢, = 1.3 s. The pulse appeared against
the background of a signal of a constant intensity lower by 20 dB than the
maximum intensity of the gignal pulse.

The duration of a single signal, including the time intervals with the ap-
propriate background, preceding and following the intensity pulse was 6 s.
The test presented to the observers in a single measurement series consisted
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t3=1.35‘

Fig. 2. (a) Schematic presentation of the course of a frequency fall accompanied by an ap-
propriate intensity change. (b) The form of intensity pulses for two various pulse durations

of thirty nine 6-second signals. The interval between the signals, destined
for an answer was 3 8. The course of intensity changes in a single measurement
series was the same whereas the magnitude of the intensity fall was selected
randomly in the range 0-24 Hz in 2 Hz steps. Individual series differed in the
duration of intensity pulse and the value of the reference level with respect
to the intensity. The dynamiecs of the process, expressed in dB remained unal-
tered.

The measurements were performed in a semi- anechoic room. The individual
series of signals were tape-recorded and next reproduced from a GD 12/5
(5 W, 4 Q) loudspeaker located at a height of the observer’s head and at a distance
of 1 m from him; 5 observers participated in the measurements (3 men and
2 women), 4 of them were musically trained. The observer’s task was to evaluate
each signal, i.e., to declare whether they had perceived a pitch or not.

3. Analysis of experimental results

The measurement results are presented in the form of diagrams. The values
of frequency fall are plotted along the abseissa (the central frequency of each
fall was f, = 1000 Hz) and the percentage of affirmative answers is plotted
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along the coordinate axis. Only the affirmative answers were taken into ac-
count. The hesitant answers [?] were included in the group of negative ans-
wers. The threshold value of the frequency fall was determined using the eri-
terion of the 509, of affirmative answers.

In the conventional, static approach to the differential frequenecy thres-
hold, the perceptibility of frequency changes was studied at a constant intensity.
Such investigations were also performed in our work to compare the results
obtained in the case of constant intensity to those of an intensity varying in
time. :

Tig. 3 presents typical results obtained for a single listener (RM) and for
two intensity levels L, = 35 dB and L, = b5 dB. Using the adopted criterion
we obtained the following threshold values: f; = 4.5 Hz for L, = 35 dB, and
f. = 6.5 Hz for L, = 55 dB.

A
]

100

75+

50

FaxF==\===
1eg

55—
) et

25

A 1 1 1 ik L L 1 1 -
0 2 4 6| 8 1012 14 16 18 20 22 24 Af[Hz]
4565

Fig. 3. The results of the preception measurements for a frequency fall of a constant-inten-
gity signal for two various intensity values for a single observer (RM)

Thus, at a higher level of intensity, the threshold value of the perceivable
frequency fall increased, i.e., this fall was more difficult to perceive.

The investigations have revealed significant individual differences between
the results obtained for various observers. Fig. 4 presents typical results of the
same investigations for two listeners (RM and HP) with the lowest and the
highest threshold values (both persons were musically trained).

The differences occurred in the threshold value itself as well as in the scatter
of answers revealing a certain weakness of perception. In view of a fairly large
frequency range (exceeding 10 Hz in individual cases) the choice of the criterion
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for the definition of the threshold values becomes essential. It is seen from
Fig. 4 that a change of the criterion from 50 % of affirmative answers to 75 %
will change the threshold values by about 1.5 Hz (RM) and 2.5 Hz (HP).
Switching from constant signal intensity conditions to pulse-intensity
conditions resulted in a deterioration of the frequency fall perceptibility for all
listeners. The threshold value increased, the weak perception range broadened,
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Fig. 4. Threshold values of frequeney-fall perception at a constant intensity level for two
observers: RM and HP

and some irregularities of psychometrie curves began to appear. The increase
of threshold values was different for different listeners and ranged between
1 Hz and 8 Hz. Fig. 5 presents a comparison of the results obtained for a single
listener at a constant intensity level L = 35 dB and the results obtained in
the case of an intensity pulse of a duration of 1.3 s. The increase of the thres-
hold value amounted to 3.5 Hz for this observer (RM). The increase has even
greater at higher intensity levels.

Not always did the results obtained in the conditions of intensity pulse
yield such a regular curve and such a distinet deterioration of the threshold
value. Particularly large discrepancies occurred in the case of an observer who
was not musically trained.

It has been also found that the percentage of uncertain answers and the
threshold value increase when the duration of intensity pulse decreases.

Frequently the intensity pulse itself gave the impression of a pitch fall
even if the fall was absent (for instance, the observer with no musical training
gave 40 %, affirmative answers at Af = 0 Hz).
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Fig. 5. The effect of intensity change on the threshold value of the perceptibility of a fre-
quency fall for observer RM

4. Conclusions

The mechanism of the evaluation of a piteh fall in dynamic conditions
seems to be very complex. A kind of coupling occurs between the impressions
of loudness and pitch changes. The sonic impression is apparently dominated
by the effect of loudness changes whereas the performed investigations required
the observers to concentrate on the perception of a pitch fall. Thus it happened
that loudness changes were perceived by the observers as pitch changes. Hence
this type of investigation is very difficult to conduct with listeners with no
musical training. ]

The problem of mutual relation between two psychoacoustical parameters:
loudness and pitch was undertaken by Stevens [3] as early as in 1935. However,
those investigations as well as subsequent attempts (cf. e.g. [4]) were limited
to only static conditions. The observers compared loudness or the pitch of
a tone of fixed parameters (intensity and frequency). The compensation method
was used which balanced the difference in loudness by a change of the signal
frequency. The results confirmed the mutual affect of the two psychoacoustic
parameters on the formation of sonic impression. The investigations ecarried
out in this work in dynamic conditions and thus concerned with the effect
of loudness changes on the evaluation of pitech changes with the esential physical
parameters of the signal continuously changing in time have confirmed the exi-
stence of a mutual coupling between the impression of loudness and pitch.
In all dynamic conditions this coupling is very distinet and complex. It depends
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on the assumed theoretical model associating the changes of intensity with
those of frequency. For instance, in the Doppler effect model, adopted in the
present investigations, a decrease of intensity-pulse duration occurs simulta-
neously with the increase of the value of frequency fall. Thus it could be antici-
pated that the signal perceptibility should improve. Actually the experiment
shows that the uncertainity of the observers as for the perception of a pitch
fall increases, apparently because the intensity pulse becomes simultaneously
steeper. Thus a new quality appears within sonic impression, which we could
refer to as automasking: the changes of loudness mask the changes of pitch.
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Fig. 1. The dependence of the velocity
of propagation of ultragsonic waves on the
temperature in water solutions of ZnCl,
and LiCl, for various econcentrations
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Fig. 3. The dependence of the coefficient of adiabatic compressibility on the mutual con-
centration of water solutions of ZnCl, and LiCl

investigations provided the possibility of regulating this ratio. The ratio equal
to 1:4, characteristic for the ZnCl{~ complex occured in the solution with
a mutual concentration & = 66.6 % of LiCl. For mutual concentrations smaller
than this value, the ratio of zine atoms to chlorine atoms was smaller than 1 : 4;
for higher concentrations the ratio was greater.

The dependence of the veloeity of propagation of ultrasonic waves in
water on the temperature is parabolic, being described by the expression given
by Willard [14],

¢ = 1557 —0.0245 (74 — )2 m/s, (15)
with a maximum at a temperature of 74°C. Dissolving electrolyte in the water
causes a shift in the position of the maximum of the sound velocity towards

smaller temperatures.
It follows from Fig. 1 that a solution of pure zinc chloride with a mutual
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concentration & = 09, of LiCl has a maximum value of sound velocity at a tem-
perature of 25°C. Increasing the amount of lithinm chloride in the solution
causes a shift in the position of this maximum towards higher temperatures,
e.g. the solution with a mutual concentration k = 659, LiCl has its maximum
sound velocity at a temperature of 45°C. A further increase in the share of
lithium chloride causes a shift in the position of the maximum sound velocity
towards higher temperatures, beyond the range of temperatures used in the
investigations. This characteristic dependence of the sound velocity on the
temperature gives clear evidence of the fact that the introduction of zine chlo-
ride into the solution destroys to a large extent the structure of water, thus
causing the establishment of a new strueture. Lithium chloride has not the
destructive action so chatacteristic of zine chloride. In addition, the fact that
the value of the sound veloeity in lithium chloride solution (£ = 1009, of LiCl)
is 1753 m/s at a temperature of 45°C gives evidence that lithinm chloride in
solution eauses the formation of a more cohesive structure than that of water
alone. Conversely, in the zinc¢ chloride solution (k = 09, of LiCl) the sound
velocity equals 1527 m/s at a temperature of 45°C. This is smaller than the
value in water alone, thus confirming the. destructive action of zine chloride
upon the water structure. Such a situation suggests that large complex ions
develop in the solution and it is zine that mainly accounts for this.

On the basis of previous data it might be expected that ZnCli~ complexes
are being formed in the solution.

Since the effect npon the water structure is destructive and softening, it
can be supposed that with a ratio of zine atoms to the chlorine atoms in the
solution equal to 1 : 4, indicative of the ZnCl;~ complex, the solution will have
a maximum compressibility. The measured dependence of the coefficient of
adiabatic compressibility of the solutions on the mutual concentration is shown
in Fig. 3. The graph of this dependence is very close to a bell-shaped curve
with a distinet maximum.

At a temperature of 25°C the maximum in the coefficient of adiabatic
compressibility occurs for a mutual concentration of the solution at which there
are 3.5 chlorine atoms per zinc atom. With ineresaing temperature, the maxi-
mum shifts towards lower mutual concentrations, so that at a temperature
of 45°C it oceurs at a mutual concentration corresponding to a zinec-chloride
ratio equal to 1 : 3.25. On this basis it can be concluded that substantial quanti-
ties of ZnCl}~ complexes develop in the solutions under consideration, and that
these complexes exert a strong influence upon the adiabatic compressibility
of the solution. If one takes into consideration the fact that the probability
of all the zinc ions in the solution forming complex ions is very low, it is not
surprising that experimentally we find a maximum in the adiabatic compres-
sibility in solutions in which the ratio of the number of zinc atoms to the number
of chlorine atoms is some-what smaller than the complexity ratio 1 : 4. Some
of the ions will be bonded in ion pairs of the form Zn**- ZnCl; .
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Increasing the temperature of the solution causes increased molecular
thermal movement. This can be related to the reduced probability of the forma-
tion of complexes by all the zine ions. The maximum adiabatic compressibility
shifts towards smaller ratios of zine to chlorine in the solution with increasing
temperature.

On the basis of the results obtained it can be said that in accordance with
previous expectations zine occurs in a water solution mainly in the form of
ZnCl;~ complex ions. y

The investigations by SurovrzEv at al. [15] have shown that the formation
of complexes in electrolyte solutions leads to a reduced hydration number.
Once the complexes have developed in the solutions under examination this
gshould also manifest itself in a reduction in the value of the hydration number
for the solutions in which the ratio of zine to chlorine is near to the complesity
ratio 1:4 (mutual concentration k = 66.6 % of LiCl).

It can be seen from Fig. 4 that the hydration number depends explicitly
on the mutual concentration of the solution and has a characteristic curve
with a minimum. At a temperature of 25°C the hydration number has a mini-
mum value, equal to 1.42, in the solution in which the ratio of zine to chlorine
is equal to 1 : 3.5 and in the same solution for which there oceurs, at this tem-
perature, a maximum in the coefficient of adiabatic compressibility. An in-
crease in the temperature causes not only a reduction of the minimum value
of the hydration number, but also a shift of the minimum towards lower mu-
tual concentrations. At a temperature of 45°C the minimum hydration number
is 0,9 and oceurs in a solution with a mutual concentration of 52 % of LiCl.
The effect of the temperature upon the reduction of the value of the hydration
number, and also the shift of the minimum towards lower mutual concentrations
have been discussed above. The crucial fact is that the minimum value of the
hydration number coincides, at a given temperature, with the same mutual
co?centration of the solution for which the adiabatic compressibility has its
maximum value. Thus, the experiment has confirmed the thesis that ZnCl;?
complexes are formed in the solution.

The formation of these complexes, i.e. of large forms which react electrically
and mechanically, in the solution should also have its effect upon the mechanical
properties of the solutions, including the dynamic viscosity of the solutions.
In a solution in which there exists a maximum number of complex ions the
dynamic viscosity should possess a minimum value because of the reduction
of liquid cohesion by the complexes. The dependence of the dynamic viscosity
of the solutions on the mutual concentration is shown in Fig. 8. The minimum
dynamic viscosity (1.887 ¢P) is exhibited by the solution with a mutual con-
centration of k = 66.6 9%, of LiCl, and this corresponds to the complexity ratio
of zine to chlorine. This is another experimental fact which supports the con-
ception that zinc in water solutions oceurs chiefly in the form of ZnCl{~ com-
plexes. ‘
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It seems to be very interesting that the viscosity coefficient of the zinc
chloride solution (k = 0% of LiCl) is 3.280 ¢P while the viscosity coefficient
of the lithium chloride solution (k = 1009, of LiCl) has a considerably smaller
value equal to 2.045 cP. In addition, the increase in the number of chlorine
iong in the solution causes a reduction of the viscosity of the solution, as a result
of the formation of an ever greater number of ZnCl{  complexes. It seems to
support the hypothesis stated by Kecki [10] that zine chloride also exists
in the solution in the form of ZnCl, “polymers”, the occurrence of which involves
a high viscosity for the solution.

The measurements made of the absorption coefficient of ultrasonic waves
in the solutions examined also provide much valuable information. The guan-
tity a/f* has a value independent of the frequency of the ultrasonic waves
only for the lithium chloride solution, & = 1009, of LiCl, although the experi-
mentally determined value is more than twice as high as the value caleulated
from the Stokes-Kirchhoff formula. For all the solutions containing zine chlo-
ride the dependence of «/f* on the frequency has a character which gives evi-
dence of the effect of the molecular relaxation process on she sound absorption
in the liquids examined. This effect can be seen distinetly when one considers
the dependence of the sound absorption times the wavelength i and its re-
lationship to the frequency of the ultrasonic waves. The graphs of this depen-
dence represent relaxation sound absorption in the solutions examined. On
the basis of both dependencies it is possible to estimate the time of the relaxa-
tion process: which attains its maximum value of 1:107* s for the solution
with a mutual concentration of & = 609 od LiCl (Zn: Cl = 1: 3.5). It seems
most warranted to associate the relaxation process discovered with the forma-
tion and disintegration of complex ZnCl{ ions. This suggestion seems to be
confirmed by the fact that the longest time for the relaxation process is found
for solutions with a mutual concentration of & = 609, of LiCl in which optimal
conditions are created for the formation of complex ions, and this in turn effects
a high stability for the structure of the solution.

5. Summing up and conclusions

The acoustic method used in the investigations seems to be a good method
for the verification of the previous hypotheses and suggestions as to the form
in which zine chloride occurs in water solutions.

The results obtained show clearly that zine ehloride oceurs in water solu-
tions chiefly in the form of complex ZnCl;~ ions. The solutiens in which the ratio
of the number of zinc ions to the number of chlorine ions is some-what smaller
than the ratio required for the formation of the complex ZnClj , are characteri-
zed by a maximum adiabatic compressibility, a minimum hydration number,
and a minimum dynamic viscosity ; while the relaxation process of the formation
and disintegration of the complexes has a decisive effect on the absorption
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of ultrasonic waves in the solutions. The time of this relaxation process is esti-
mated on the basis of the analysis of the sound absorption, at 107° s,

The results of the investigations carried out do not indicate that ZnCl;
complexes are formed in water solutions of zinc chloride. Should such complexes
exist in large quantities, then this would have influenced the adiabatic compres-
sibility of the solutions and the values of the hydration number in those solutions
in which the ratio of the number of zinc atoms to the number of chlorine atoms
would be equal to or somewhat smaller than the ratio 1:3

The proven fact of the diminishing dynamic viscosity of the solution
with an increasing number of chlorine atoms in the solution gives evidence
for the validity of the hypothesis stated by Kecki that zine chloride also oceurs
in the solution in the form of (ZnCl,), “polymers”. The increase in the amount
of chlorine in the solution must cause an increase in the number of complex
ZnCly" ions, thus reducing the chain numbers of the “polymers” and thus
causing the viscosity to decrease.
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