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Measurements of the velocity and attenuation of ultrasonic wave as the
basis of the inspection of technological processes. Ultrasonic defectoscopy as
used for the detection of internal defects and measurement errors. Correlation
between indications of a defectoscope and the mechanical strength of the con-
struction. Determination of elasticity constants of materials. The effect of ma-
terial grain size upon the attenuation of ultrasonic waves. Stress action vs.
inereased attenuation. Continuous inspeetion of the processes: burning of
ceramics, polimerization, metal solidification. The effect of microstructure upon
the propagation of ultrasonic waves. Properties of materials at low tempera-
tures. :

1. Physical foundations of ultrasonic measurement

The main advantage of ultrasonic methods consists in the fact that by
means of relatively simple measurements of a few acoustic quantities we can
obtain comprehensive information on the structure and properties of materials.

In principle we are dealing with two measurements:

1. measurement of the time-lag At between two signals,

2. measurements of difference 4i in the intensity levels of these signals
(in decibels).

When a continuous monochromatic signal is used for making the measu-
rements, the equivalent of measuring the time-lag is the measurement of phase
differences; a gradual decrease in the amplitude of the signal (in time or in
gpace) corresponds to a difference in intensity. These measurements are made,
as a rule, for a certain frequency band and the characteristics At(f) and
Ai(f) are thus obtained.

These two basic measurements permit the determination of a number of
the acoustic properties of materials, or of the parameters of the object under
investigation.

(a) If the distance travelled by a wave between the point from which it
is sent and the point at which it is received is 4l, the measurement A¢ deter-

mines the velocity of propagation of the wave in a given mecium:
. (1.1
el e
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(b) If the velocity of propagation of the wave is known, the measurement
of the time-lag determines the distance, e.g. the distance between the surface
of a given object and its internal flaw:

Al = eAt. (1.2)

* {¢) The difference 4i in the intensity levels between two points divided
by the distance Al determines the attenuation coefficient a of a given material:

Ai dB
a = 0.1151 — —1. (1.3)
Al cm

(d) The differences in the intensity level of waves reflected from the inter-
nal heterogenity of a given material is a function of the magnitude and kind
of heterogenity.

(e) The maximum of the characteristic a(f) determines the time constant of
the acoustic relaxation of the material:

1 1.4
T = e (1.4)

(f) The pattern of the functions ¢(f) or a(f) enables us to draw conclusions
concerning the mechanism of molecular and atomic losses and of the dyna-
mic quantities of the elasticity constants.

Quantities At and A¢ may change over time in the technological process,
e.g. in the polymerization of plastics. Observation of these changes provi-
des information on the course of this process.

The most interesting measurements from the point of view of learning
about the structure of the material are those of Al and A¢ as functions of tem-
perature, especially at low temperatures close to the superconductivity state.

These dependencies concern the kind of material which can be treated as
a continuous medium. At very high frequencies (hypersound), when the length
of the acoustic wave becomes commensurable with the free path of the phonon,
i.e. with the distance between the nodes of the crystal lattice, a classical ap-
proach does not suffice. It is necessary then to resort to the presentation of
the acoustic wave as a stream of phonons, i.e. to take into consideration the
quantum nature of the phenomena which occur. The methods of measure-
ment change correspondingly; for instance the tunnel effect is used for gene-
ration, and opto-acoustic methods are frequently used in reception.

Ultrasonic methods are, in many cases, used in parallel with other methods
(e.g. X-rays) for determining the same properties of the materials.

The following considerations are decisive in the choice of the ultrasoniec
method:

1. the properties of the material — the majority of constructional materials
are «transparent» for ultrasound, while electromagnetic waves and streams
of elementary particles are reflected almost completely;
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2. the ultrasonic equipment is relatively inexpensive and simple in use;

3. the passage of an ultrasonic wave does not, in most cases, produce addi-
tional effects similar to those which accompany, for example, the propa-
cation of X-rays. 2

We shall now review the applications of ultrasonic methods in material
engineering, with special emphasis on those problems in which close coopera-
tion between the technologist and the physicist is needed.

2. Detection of internal flaws in materials and geometric measurements

The detection of flaws in materialg is the oldest technological application
of ultrasound. The first ultrasound flaw detectors (FIRESTONE, S0K0LOV)
date back to the 1930’s. Even at the first International Conference of Non-
-Destructive Testing (Brussels 1955) [1] it was shown that ultrasonic methods
provide an important tool for technological control in industry. Since that
time the importance of these methods has been increasing steadily; it is esti-
mated that at present about 309, of industrial control equipment based on
non-destructive methods use ultrasonic techniques.

The most common equipment operates by measuring the de’ay time
and the intensity of an impulse reflected from a flaw. A modern flaw detector
has extensive electronics, providing a high degree of automation of measu-
rement. In addition to universal devices a number of specialized devices have
been built, e.g. a device serving for detecting internal flaws in rails. There
is a whole group of instruments for measuring (usually by resonance methods)
the thickness of walls accessible from one side only, as for example in high
pressure containers. Actually an ultrasonic control system for testing motor
vehicle tyres is progressing; by means of probe-heads switching the high pre-
cision and high speed is achieved in testing.

In spite of tremendous progress in flaw detector design, the process of
improving them has not yet been completed. This applies both to electronic
and to acoustical parts of equipment. Figure 1a shows a typical transmission
system and Fig. 1b — a receiving system for equipment measuring the speed
and attenuation of ultrasonic waves. From the research point of view the most
interesting problem is that of establishing a correlation between fiaw signal
in the equipment and the mechanical weakening of the material by
a flaw. As we have already mentioned, the method used most frequently com-
pares results of the tested object with those from a sample with a standard
flaw. There are, of course, also more general studies of a scientific nature [2, 3].
The problem here is to solve complex diffraction problems. Let us recall that
the theory of ultrasonic wave reflection from an obstacle in a solid was solved
only 20 years ago and only for the simplest case [4]. In periodicals dealing
with acoustics quite a number of articles dealing with this problem may still
be encountered. The complication is that both the transducer and the obstacle
generate waves of different types, causing complex secondary reflections [5].
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Fig. 1. The electronic system of the equipment for measuring velocity and attenuation

a) Transmitting part. I — oscillator, 2 — frequency meter, 3 — pulse generator, 4 — amplifier, 5 — match-
ing circuit, 6 — transmission head.

b) Receiving part. I — receiving head, 2 — matching circuit, 3 — oscillator, 4 — frequency converter,

6 — attenuator, 6 e amplifier, 7 — oscilloscope, 8 — information processing.
C — continuous wave, I — pulse, § — synchronizing pulse

The second part of the problem is an evaluation of the extent to which
a single flaw or a set of flaws detected by a flaw detector results in a lowering
of the mechanical strength of an object. Extensive experimental work is being
carried on in order to determine this relationship for various types of flaws
[6].

On this basis standards have been elaborated [7]; in testing welded joints,
for example, five classes of flaws have been established and the quality of the
joint is determined according to them. This work is conducted by the Inter-
national Institute of Welding [8]. The best practical results are given by the
comparative method, using as a standard an element with artificial flaws

[9] (Fig. 2).
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Fig. 2. Standard element for surface waves
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3. Determination of the elastic constants

In a homogeneous medium there is a simple relationship between the velo-
city of acoustic wave propagation and the elastic constants. For the Vorar
model we have

1 e
l—I—v * [ 2(1+» ]—HM?
(1—»)
—_—] Holy?
1 [(1+v (1= 21’)]
RIS LR ’ 3.
R (@B l/[ B(1—) ]2 §s s
+ o'y
(1++)(1—29) (1+4»)(1 —2v)

where ¢ is the density of the material, ¢, ¢; — the velocities of tranverse
and longitudinal waves, B, n — elasticity and wscosmy elements in the Voigt
model, » — Poisson’s ratio.

On the basis of the measurement of the dynamic elastic coefficient, the
specific heat at constant volume is determined. It turns out that the materials
of the concrete type, i.e. materials [10] with distinet heterogeneity in the
macrostructure, display a distinet velocity dispersion (Fig. 3). It should be sur-
mised that the elastic modulus F increases (Fig. 4) and the viscosity decreases
(Fig. 5) with frequenecy.
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L — longitudinal wave, T — transversal wave

In recent years composites have been more and more frequently used;
they are, as we know, ceramics, metallic materials or polymers strengthened
with fibres or whiskers. It has turned out that ultrasonic methods are very
useful for testing the elastic properties of these new materials. Generally spea-
king, the elasticity modulus E, of the composite is less than the welghted sum
of the moduli of the components:

E,< B, V,+E,V, (3.3)

(V4 V, are volume proportions).
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Fig. 4. Dependence of the modulus of elasticity E on frequency
Poisson ratio 0.15 (curve 1) and 0.30 (curve 2)
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Fig. 5. Dependence of the internal friction coefficient on frequency (Drescher)
Poisson ratio 0.15 (curve 1) and 0.30 (curve 2)

Composites are most frequently subjected to dynamic stresses and thus
knowledge of the dynamic elastic moduli is necessary. It is difficult, however,
to calculate theoretically. Ultrasonic measurements are indispensable for
this purpose. The ultrasonic method is especially useful for measuring the
elastic constants of brittle materials such as ceramic materials, and semi-
-brittle ones such as graphite, where other methods produce no results. Reso-
nance methods at frequencies up to 100 kHz, and pulse methods at frequen-
cies between 1 and 100 MHz, are used for these measurements.

4. Testing the mechanical strength

The magnitude of the elastic constants is related directly to the strength
of the materials. Research has shown that for some groups of brittle materials
(concrete, cast iron) there_is a relationship between the velocity of propaga-
tion of the ultrasonic waves and the mechanical strength R, (Fig.6). This
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makes possible an extensive application of ultrasonic methods for controlling
building constructions, especially bridge constructions. Special flaw detbetors
are used for measuring the strength of cast iron using scales on which both
the velocity of the ultrasonic waves and the strength of the material can be
immediately read [12] (Fig. 7). The velocity measurement must be very precise
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Fig. 7. The meter scale for ultrasonic wave velocity adapted to permit direct reading

of the strength of pig iron .
(the error must not exceed 0.29%) and it is, therefore, necessary to continue
improving the electronic systems and to use a quartz frequency stabilizer.
Scientific studies are concerned primarily with the mechanism of wave pro-
pagation in media with stochastic heterogeneities, such as concrete and polyc-
rystals. This mechanism depends upon many parameters, such as the thermal
conductivity at the boundaries of the heterogeneities, their elastic anisotropy,
and the ratio of their dimensions to the wavelength. A fairly good approxima-
tion is obtained by the formula for the attenuation coefficient [13],

A 2
o 4(;3) WD for kD <1, (4.1)
(5]
IR E )
P '/;(i:) BD forkD > 1, (4.2)
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where D is average diameter of a heterogenity, % is the wave number and A ele —
relative change of the wave velocity due to the inhomogeneities in the medium.
The propagation of ultrasonic waves may then provide some idea of the
nature of heterogeneity.
Experience shows that the velocity of wave propagation in such materials
as porcelain is clearly dependent upon porosity. Theoretical calculations [14]
provide the formula

- o 4K ou [ 3 3 l—xs], (4.3)

300 | 4p+3e(1+x)0® 1—¢
where g, is the density of the medium without pores,
Ho & (1—v)

R e (4.4)
¢ — the absolute porosity, u, and K, — the shear modulus and bulk modulus
of the material without pores, respectively, ¢* — the standard volume deviation
of the pores, and » — Poisson’s ratio.

Fig. 8 shows a graph of the relationship e¢,(¢) versus temperature of
burning. Measurements confirm theoretical expectations.
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Fig. 8. Relation between wave velocity ¢ (curve 1) and porosity & (curve 2) for technical
poreelain (Ranachowski)

The mechanical strength of porcelain depends, of course, upon its porosity.
The ultrasonic method is the only one which can be used for testing the me-
chanical strength of large insulators in which pores are sometimes not uni-
formly distributed and which thus may be subject to the danger of local cracks.
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5. Testing the stress of materials

The knowledge of the spatial distribution of stresses in mechanical ele-
ments is of great importance for the construction and operation of machines.
Tensometric methods may only be used for the testing of surface stresses,
while elastooptic methods require the construction of models not fully commen-
surable with the original machine. For this reason there is considerable interest
in the use of ultrasonic methods for this purpose. Theoretically, stresses cause
changes in the velocity of acoustic wave propagation [15], but these changes
are so small that in practice they cannot be used for measurement. In brittle
and semi-brittle materials, however, a distinct increase in acoustic wave at-
tenuation occurs in areas where the internal stresses exceed a certain critical
value. This phenomenon is caused by the formation of microcracks which
disperse the wave. Fig. 9 shows how the attenuation of ultrasonic waves chan-
ges as a function of the percentage of the disturbances in the structure. This
applies to testing frequencies from 0 to 30 MHz. -
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Fig. 9. Wave attenuation as a function of the percentage of area of the disturbed structure
of a ceramic insulator
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Changes in the attenuation of a 2.5 MHz ultrasonic wave can be clearly
observed (Fig. 10) during the stretching of a polymer (polypropylene) sample.
This is caused by reorientation of the macromolecules due to stretching. The
creep effect in metals also produces changes in attenuation (Fig 11) and thus
bpens the possibility of determining the limits of elasticity and plasticity [16].
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Fig. 11. Dependence hetween wave attenuation a and elongation & and the change in elon-
gation 0e/dt in an aliminium sample

By difference measurements it is possible to determine [17] the anisotropy
of the stresses. The process of formation of the microcracks may be monito-
red directly in the form of cracking sounds detected by ultrasonic sensor [18].
The mechanism of brittle cracking is not yet fully explained and further theo-
retical studies are needed. The measurement of attenuation requires impro-
vement, since it is generally not very accurate, mainly because of disturbances
caused by the contact between the transducer and the material. Pulse
methods or resonance ones are used depending upon the parameters.

6. Control of technological processes

Continuous observation of the acoustic parameters of a material during
its processing provides valuable information on the course of this process
-and facilitates improvements in technical control. We shall give several exam-
ples of such control which are already used in practice. The reheating process
in the production of ceramic materials is controlled by measurement of the wave
velocity from which informations may be obtained concerning pores formation.

The distinet changes observed in the velocity of wave propagation during
the process of polymer hardening (Fig. 12) may be used as a test of the pattern
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of the process. The changes in wave velocity are caused by the reorientation
A of polvmer molecules in accordance with the relationship

E g 1 _(anfc)'-’

 1—(euleo)®’ et

where ¢, is the wave velocity in a non-orientated amorphous polymer, ¢, —
the wave velocity in an ideally orientated polymer, and ¢ — the actual wave
velocity.
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Fig. 12. Change in wave velocity (curve 1) and bending strength (curve 2) in the process
of hardening of a phenolformaldehyde material measured in s/mm of pressing time

The measure of the solidification of a polymer is the increase in shear elas-
ticity, which can be detected by measuring the transverse velocity of the ultra-
sonic wave or its attenuation (Fig. 13). The complex process of solidification
of polymers has as vet not been completely explained, but it would appear
that acoustic research will be very helpful in this respect.

Ultrasonic control is very useful in metallurgy for testing the melting pro-
cess and phase changes. Both occur at virtually constant temperature, but
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the ultrasonic attenuation is considerably increased during melting (Fig. 14).
In phase transformations the temperature hysteresis takes place and sudden
changes in attenuation can be observed, as in Fig. 15, which pertains to pure
iron. In Fig. 16 we have an analogous graph for low carbon (0.19%,) Armco steel.
Probably, because of the influence of the impurities, the transformation in
this material takes place gradually with declining temperature. Another exam-
ple is the influence of temperature on wave attenuation (Fig. 17).
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Fig. 14. Changes in wave attenuation as a function of temperature in melting and solidi-
fying pure gilver (Kiedrzyriski)

In view of the small number of research papers on the influence of the
melting or of the solidification of metals on acoustic wave propagation, gene-
ralizations concerning these relationships are still lacking. Nevertheless, at
the present time the research in this area may be very helpful in the optimi-
zation of the parameters of the heat treatment process.

In encineering, ultrasonic methods are used for studying early stages
of concrete setting. Different degrees of hydration may be distinguished, while
the occurrence of agglomerates C—S—H (CaSi0,) and C—H(CaOH,) is
marked by maximum attenuation. Audible frequencies are also used here
(Fig. 18).

7. Studies on the microstructure of materials

The propagation of ultrasonic waves produces direct or indirect information
on the structure of the material.
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Fig. 15. Changes in attenuation as a function of temperature in phase transformation from
alpha to gamma and vice versa for pure iron (Kiedrzynski)
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Fig. 16. Changes in attenuation as a function of temperature in phase transformation from
alpha to gamma and vice versa for low carbon steel (Armco) (Kiedrzynski)
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It was observed a long time ago that the attenuation of ultrasonic waves
depends upon the size of crystallite grains in polyerystalline materials. The
relationships given above are similar to those given in seetion 4.1 and 4.2.
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By measuring the attenuation of the ultrasonic waves, the magnitude of
internal friction of the material is obtained [19]. This is especially useful in
the case of metals in which internal friction is very small and difficult to mea-
sure by other methods. Depending upon the structure of the material, internal
friction may be caused by relaxation phenomena, pseudo-resonance or the
influence of hysteresis.

In the first mechanism, the energy of ultrasonic waves is used to change
the configuration of defects in the crystal lattice. At the relaxation fre-
quency, for which the absorption is maximum, the frequency of the ultraso-
nic wave is equal to the frequency of the change in the energy state. The re-
laxation eurve for bronze is given as an example on Fig. 19. On this basis we
can find the magnitude of the activation energy.
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Fig. 19. Relaxation curve for bronze
D — crystallite diameter, f — frequency

The frequency of relaxation changes with temperature according to the
formula

Pk \:h

fo = foexp]
where F is the activation energy, f, — the eigen frequency of vibrations, k; —
Boltzmann’s constant, T — absolute temperature.

Typical values of the eigen frequencies are: for nitrogen fo = 4.35 THz,
for carbon f, = 2.5 THz.

In polymers the relaxation frequency is a function of the structure of
the macromolecules, and the velocity dispersion is dependent upon the net-
work and arrangement of the chains.

The pseudo-resonance phenomenon is related to the interaction between
dislocations and point defects. It is well known [20] that a linear disloca-
tion may be treated as a vibrating string which, at the pseudo-resonance fre-
quency, absorbs maximum energy. Acoustic energy is also used in tearing
off dislocations from pinning points. In this way the amount of impurities in
ultrapure metals may be measured.

At frequencies lower than that of a pseudo-resonance of the dislocation
the theoretical formula

a = ALzw? (7.2)

is tested, where A is the dislocation density, and L, is the average length of
dislocation.

At temperatures of the order of 100K the dislocations interact directly
with the crystal lattice; this is related to the appearance of BornonI peaks

2 — Archives of Acoustics 1/77
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[21] (Fig. 20). It is well known that for the occurrence of a BORDONT peak pre-
vious crushing of the sample is necessary, so that the existence of the peak
indicates the kind of treatment of the material. Attenuation caused by dislo-
cations depends, for very pure metals (above 99.999), upon the percentage
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Fig. 20. Wave attenuation for copper indieating the presence of Bordoni peaks
Curve 1 — unannealed copper, curve, 2 — annealed copper, curve 3 — monocrystal of copper

of impurities (Fig. 21). As the amount of impurities increases, i}he dislocation
loops become shorter, the frequency at which the maximum occurs increases
and the maximum itself becomes flattened.
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Fig. 21. The dependence of attenuation
in very pure aluminum on the impurity
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Attenuation arising from hysteresis in the material results from the non-
-linearity of the stress-strain function, which is related to the lowering of strength
which, in turn, is related to fatigue prdcesses. The problem is of great practical
importance because of the danger of the excessive fatigue of material.

It is worth noting that ultrasound can very well be used not only for measu-
rement, but also for bringing about fatigue in the material. The time of opera-
tion for ultrasound is many times shorter than for mechanical fatigue. Especially
encouraging results were obtained in the ultrasonic fatigue of hoisting ropes
[22]. The frequency of 22 kHz and an electrical power of 600 W applied about
2 minutes are sufficient to obtain visible fatigue in the sample.
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8. Studies of the properties of materials at low temperatures

In the last decade the industry has become more interested in the behaviour
of materials at low temperatures. This is related to:

1. more extensive industrial application of liquid gases which, in turn,
requires the construction of special tanks or even ships and

2. the application of elements in a superconducting state in the construc-
tion of generators and high power cables.

Thousands of scientific research works deal with the explanation of the
phenomenon of superconductivity in metals, and cryogenics has become an
important branch of physics and technology. It has turned out, however,
that very high frequency ultrasounds (hypersounds), above 1 GHz, may become
an especially valuable tool in this research. At temperatures of 10 K the average
free path of the phonon is of the order of 10-2=10-* em, and so it is of the
same order of magnitude as a hypersonic wave length at a frequency of the
order of 10 MHz -1 GHz.

Under these conditions quantum phenomena are eclearly observed and
the hypersonic wave must be treated as a flux of phonons. The theory
of acoustic phonon collisions [23] with electrons and thermophonons provi-
des an explanation of many phenomena occurring in the state of superconduc-
tivity. The observation of the propagation of hypersonic waves gives indirect
measurements of the mechanical and electromagnetic parameters of super-
conductive materials. Studies in this field are at present only in the initial
stage, but it should be expected that they will produce valuable results as
a result of the common efforts of physicists and technologists.
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BASIC ACOUSTIC PARAMETERS OF ORGANIC SOLVENTS USED IN ULTRASONIC
CLEANING

BOGDAN NIEMCZEWSKI, TERESA SZLAGOWSKA

Tele- and Radio Research I.nstitut.e (Warszawa)

Sound velocities have been measured and the specific acoustic impedance
calculated for the following solvents used“in the process of ultrasonie cleaning
(commercial technical produets): trichloroethylene, tetrachloroethylene, 1,1,1-
trichloroethane (Baltane), trichlorotrifluoroethane (Freon TF) and dibromot-
etrafluoroethane, known as freon 114B2.

The solvents preferred for use in industrial ultrasonie cleaning processes
are:
trichloroethylene,
tetrachloroethylene,
1,1,1-trichloroethane (trade names Chlorothene, Genklene, Baltane),

4, tr:chlorotrlﬂuomethane also known under the name of freon 113 (trade
names Freon TF, Arklone P, Flugene 113).

When designing cleaning equipment intended for operation with these
solvents and when developing technological processes, it is frequently necessary
to make calculations involving the velocity of sound propagation, and acous-
tic impedance of these liquids is needed. Unfortunately, only for the first two
of the above-mentioned liquids can these parameters be found in the litera-
ture. Furthermore, for tetrachloroethylene various sources cite different
values of propagation velocity (e. g. L. BERGMAN — 1066 m/s, while W.
SCHAAFF — 1053 m/s).

The present authors have measured the sound velocity ¢ (by means of an
interferometer) and the density ¢ (using a Mohr-Westphal hydrostatic balance)
at various temperatures for all the above liquids. The coefficients Ac¢/AT and
Ap|AT and the acoustic impedances ge at 20°C were then determined. The
liquid density o was measured with an accuracy of 0.001 g/em?, and the sound
velocity ¢ with an aceuracy of 1 m/s. Values corresponding to 20°C were read
of the graphs shown in Fig. 1. Freshly distilled technical products were used
for the investigations, since with such solvents we are concerned in practice.
The solvents used were:

— trichloroethylene from Chemical Plant «Ofwiecim» according to PN-
-69 /C-88025,

it el e
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— tetrachloroethylene from Chemical Plant «Oswiecim» according to PN-
-70/6026-44,

— 1,1,1-trichloroethane Baltane from Rhone Progil (France),

— trichlorotrifluoroethane Freon TF produced by the concern Du Pont.

Furthermore, the acoustic parameters of dibromotetrafluoroethane (known
as freon 114 B2) produced by Nitrogen Plant «Tarnéw» were also measured.
Its physical properties are similar to thoge of trichlorotrifluoroethane (but the
relevant acoustic data are also not available in the literature).

The results obtained are compared in Table 1.

It is worth pointing out that both the tested freons are remarkable in pos-
sessing sound propagation velocities amongst the lowest of the liquids tested
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Table 1. Comparison of obtained results

Substance

|

c
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[ m ]
8 deg
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| Lem?® deg

|

=
em? s

;01

c1 Cl
il
C=C
| A
clocl

tetrachloroethylene |

|
1
|
|

1063

—8.3%

1.618

—1693%3

172.0

C,HCl,

trichloroeﬂnylene
Cliel
P |
C=0C
sl

1,1,1-trichloro-
ethane

, H « :
o, |

—3.5%2

1.464

—1733

154.4

992

—3.568

1.333

—1723

132.2

C,CLF,

trichlorotrifluoro-
ethane
Gl Cl
L
F—-C—-C-F
{3 |
Cl F

720

—3.23%5

30
g

113.5

C,F,Br,

dibromotetrafluoro-
ethane

F

1
Br—C—-C—Br
\

G

F

x) Extrapolated value.

609%)

_ 9 045
2,915

2.181

—3193

132.8

so far. In the table arranged by W. SCHAFFS containing data on 368 organic
liquids only 8 have sound velocities smaller than those in freon 113 and only

three smaller than in freon 114B2.
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ACOUSTICAL STUDIES OF THE SOLVATION OF ZnCL: IN METHANOL
SOLUTIONS

WLODZIMIERZ BOCH

Chair of Acousties, A. Mickiewicz Univeréity (Poznan)

Measurements of the ultrasonie velocity at 15 MHz and the density of
ZnCl, solutions in methanol permitted determination of the dependence of the
adlabfmc compressibility of the solutions on temperature and concentration.
The independence of the evaluated solvation numbers from the temperature
and the insignificant decrease of their values with increasing solution concen-
tration give evidence of the establishment in the solution of stable solvation
complexes bound with complex ions ZnCIi~.

1. Intreduction

Electrolyte solutions are investigated by various physical methods inclu-
ding an acoustical technique. At the root of the acoustical method lies the
unbalancing of the local thermodynamical equilibrium of the tested medium
by the propagation of an acoustic wave.

Hydrous electrolyte solutions have been thouroughly investigated by the
acoustical method and a great many papers [1] have been written on the sub-
ject. However, on the subject of electrolyte solutions in organic solvents there
are only few papers available [2-7]. The aim of the work described in this
paper is the determination of the effect of dissolved zinc chloride on the com-
pressibility of methanol solutions and the evaluation of solvation numbers.

Methanol is a liquid strongly associated by hydrogen bonds. It can be ge-
nerally assumed that methanol molecules may occur in the condensed phase
in the struetural configurations shown in 10 TR W L R Y- S

The dissolution of any substance in methanol causes the destruction of
the structure developed as a result of the binding the molecules by hydrogen
bonds. In the case of electrolyte dissolution, the hydrogen bond cleavage occurs
between methanol molecules, and this is followed by the specific action of
ions upon the molecules of the solvent The effect of this action is the formation
of certain configurations of methanol molecules around ions and electrolyte
molecules known as solvation which in turn, brings about a stabilization
of the solution structure.
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Bockris considers solvation to be a dual-natured process. Primary sol-
vation is effected by the stabilization of certain dipole orientations of the sol-
vent molecules around an ion and their binding with the ion as a result of
the action of the ionic electrostatic field. This binding is so strong that the

/H /” /H‘\‘
(f /O—H—--- I.I? R—0Q /0 —R
R 7 R H
Pressure gauge  Chain dimer Ring dimer 4
\
R—0 R
255 /R s 0\\
0—H=-|---0 i 8
o5 NH ! |
R pred o2
: i %
Chain multimer Ring trimer

Fig. 1. Structural configurations of methyl alcohol

on in its translatory motions moves along with a solvation envelope. Secon-
dary solvation consists in the polarization of further layers of the solvent and
leads to a reduction in the dielectric constant in the region surrounding the
ion, thus intensifying the action of the ion upon the solvent molecules.

Solvation resulting from the electrostatic action of the ionic electric field
upon the solvent leads to a reduced compressibility of the solution [10-12].
The competitive effect is the destruction of the solvent structure by ions and
electrolyte molecules introduced. This effect is primarily mechanical and de-
pends on the size of the ions [13].

As a result of increasing the electrolyte concentration, the inter-ionic dis-
tances decrease and this permits the strong attraction of ions of opposite chan-
ges. In weak electrolytes the dissociation (ionization) decreases, while in strong
electrolytes ions with opposite sign (gegenions) form a dipole, a pair of ions
held together by electrostatic forces. In the limiting case, the ions partly lose
their solvation envelopes and come into direct contact with each other, thus
forming a contact pair of ions. The likelihood of the formation of pairs of ions
increases with increasing electrolyte concentration.

Zine chloride can exist in methanol solutions in the form determined by
the following equation of equilibrium:

ant>201 = 7nll,,
27ZnCl, = ZnCli™ +-Zn2+,
ZnCl~ xZn?+ = ZnCli~ +-Zn2+,
n ZnCli™ +n Zn*t 2 2n ZnCl, = (ZnCly),,. (x)
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A thorough study, chiefly using Raman spectroscopy has led to the con-
clusion [14-20] that in most cases zinc chloride oceurs in methanol solutions
in the forms determined by equilibrium (z), that is to say as ions Zn?*, com-
plex ions ZnCl3~, complexes such as ZnCl,L, or ZnCl,L, (where L is the ligand
of the solvent), and also in the form of quasi-polymer chains (ZnCl,),,. The
comparatively large number of forms in which zine chloride occurs in solution
is the reason for the considerable solvation effeet which can be expressed
as a changing of the adiabatic compressibility of the solutions.

The velocity of ultrasonic waves of infinitely small amplitude, i. e. such
that the particle velocity amplitude in the wave is much less than the ut-
Iragonic phase velocity, can be expressed via the density ¢ and the adiabatic
compressibility coefficient g, in the form of Laplace formula

“:l/e;s' (H

The simultaneous measurement of the phase velocity of sound propaga-
tion and of the medium density permit univocal determination of the adia-
batic compressibility using formula (1). At the present time this is the only
method of determining, in a simple manner, the adiabatic compressibility
of liquids.

The dissolution of the electrolyte changes the compressibility of the sol-
vent mainly as a result of solvation. Proceeding from DEBYE’S considerations
[21], PASYNSKI [22, 23] assumes that solvation complexes can be replaced by
an effective solvated volume which is incompressible, while the compressi-
bility of the remaining volume of the solution is equal to that of the pure sol-
vent. It is thus possible to determine the solvation number, i. e. the number
of molecules of solvent bonded with one electrolyte molecule, from the ex-
pression

Z

i (1 ﬁ”)l_—g, (2)

o My b Bl

where M is the molecular weight of the dissolved substance, M, — the mole-
cular weight of the solvent, 8, — the adiabatic compressibility of the solution,
B — adiabatic compressibility of the solvent, and ¢ — the liquid concen-
tration by weight.

Determination of the adiabatic compressibility by the method mentioned
above thus permits caleulation of the solvation numbers.

2. Method and results of the investigations

The methanol used in the experiments was dehydrated by means of mag-
nesium with a suitable addition of iodine and then distilled twice. The efficiency
of the dehydration was tested with a small iodine crystal. The zinc chloride
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used was dried for 18 hours at a temperature of 120°C. Substances prepared
in these ways were used to make solutions with concentrations from 0.1 to 3.0
mol/l. The maximum error in the evaluation of the solution concentration
was equal to 75x10-* mol/l.

The measurements of the ultrasonic phase velocity were made at 15 MHz
by means of an impulse-phase interferometer type UI-13, produced by IPPT
PAN in Warsaw. To avoid evaporation of the solvent and, consequently,
changes in the concentration of examined liquids, the measurement vessel
was additionally sealed. The results of measurements of the ultrasonic velocity
had a relative error not exceeding 2 x10-3,

The density of the liquids examined was determined by a picnometric
method with an error of no more than 5 x10-. :

The temperature control system comprised the Hépler thermostat connected
by rubber hoses to the measurement vessel. All parts of the system were addi-
tionally insulated thermally with a felt layer 15 mm thick. The liquids used
for thermostatic control were the antifreeze «Borygo» at negative tempera-
tures, and water at positive temperatures. The negative temperatures were
obtained by the immersion of the thermostat in a vessel filled with a mixture
of disintegrated solidified carbon dioxide (dry ice) and «Borygo» liquid. Tempe-
rature measurements were made with a graduated thermistor type ZE-3 operating
in a Wheatstone bridge system. The temperature control system used permits
evaluation of the temperature of an examined solution to an accuracy of 0.1°C.
The temperature range of the measurements was from —20°C to 60°C.

The results of the measurements of ultrasonic velocity in solutions of zine
chloride in methanol are shown in Fig. 2.

From these measurements and those of solution density, the values of the
adiabatic compressibility of the tested solutions were calculated. The results
of these calculations are graphically represented in Figs. 3 and 4.

The dependence of the adiabatic compressibility on the temperature and
the solution density has been thoroughly analyzed to find the analytical form
_ of the functions f, = B, (f) and 8, = B,(k). It was found that both functions
are of exponential character From the numerical calculations made for all
concentrations it results that the functional formula g, = f,(1) for a given
solution concentration can take the form

Bs(t) = B, exp u(t—1,), k = const, (3)
=ty

where f(t) is the adiabatic compressibility at temperature t, B, is the adiabatic
t=ty
compressﬂnhtv of the solution at the lowest temperature of measurement t
= —20°C, and g is the temperature coefficient of the adiabatic compressibi-
lity of the solution.
Taking logarithms of the previous equation, we obtain

logf, (t) = log B+ u(t—1t,)]log e = const - (ulog e)t. (4)

=ty
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The value of the coefficient x4 can be determined from the slope of the straight
lines on the graph of log f,(f) against temperature (t). This dependence is shown
in Fig. 5 for various solution concentrations. The value obtained from the
graph for the temperature coefficient of the adiabatic compressibility of zine
chloride solutions in methanol has a value of u = 68:x<10-*deg™".
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The dependence of the adiabatic compressibility on the concentration
decreases exponentially. This dependence takes the form

ﬁs(k) T ﬂsoe—“k! = GODSt, (5)

where S (k) denotes the adiabatic compressibility factor with a concentra-
tion k¥ mol/l, 8, — adiabatic compressibility of methanol, x — coefficient of
adiabatic concentration compressibility.

By logarithming relation (5) we get

log By(k) = log By, —xk log e = const —(x log e)k. (6)

The graph of log f,(k) against solution concentration at various tempera-
tures is shown in Fig. 6. From the slope of the straight lines the value of the
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Fig. 5. log fs vs. temperature for zine Fig. 6. log B; vs. concentration for zinc
chloride in methanol solutions chloride in methanol solutions

coefficient of the concentration dependence of the adiabatic compressibili-
ties of the tested solutions has been determined to be x = 0.18 1/mol.

The measured dependence of the adiabatic compressibility of the solutions
on the temperature and concentration can take one functional form for the
range of concentrations and temperatures used in the investigations,

Bs(ty k) :tﬁjoexp [u(t —to) —xk], (7)
=0
where f, is the adiabatical compressibility of methanol at a temperature £,
= —20°C, and f,(f, k) — the adiabatic eompressibility of a solution of concen-
tration & mol/l at a temperature of ¢°C.
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This dependence describes changes in the adiabatic compressibility of
solutions as a function of concentration and temperature with an in accuracy
not more than 19%,.

Knowledge of the value of adiabatic compressibility of solutions permits
determination of the solvation number by the acoustic method using PASYN-
SKY’S method. In Table 1 the values of solvation numbers of solutions of
zine chloride in methanol are given for various values of the solution concen-
tration. The solvation numbers determined do not depend on the solution
temperature.

Table 1. Solvation numbers of solutions of zine chloride in methanol

k[mol/1] 0.10 0.20 | 0.30 0.40 0.50 | 0.60
Z 4.45 4.38 4.31 4.28 4.23 4.18
k[mol/1] 0.70 | 0.80 1.00 125 | 1.50 1.75
# 4.13 4.07 3.97 | 3.89 3.80 3.73
T k[moll] | 200 | 225 | 250 | 275 | 3.00
z 3.64 3.50 | 3.39 3.29 3.20 |

3. Analysis of results of the investigation

The adiabatic compressibility of solutions of zinc chloride in methanol
rises exponentially with temperature and decreases exponentially as the con-
centration increases. A complete physical interpretation of the values of the
temperature and concentration coefficients of the adiabatic compressibility
of these solutions is at present impossible.

The main constituents of solutions of zine chloride in methanol are: ions
Zn?+, complex ions ZnCli~ octaendric complexes ZnCl,L,, and tetraendric
complexes ZnCl,L,. In the case of complex-forming ions the solvation has
a special character if one takes into consideration the fact that the first sol-
vation layer, developed as a result of the electrostatic action of an ion upon
the molecules of a solvent, has certain directions and symmetry resulting from
covalescent action, and this also causes a higher durability of the complex.
Increased solution concentration reduces the number of methanol molecules
per ZnCl, - molecule. Thus in a solution of concentration 0.1 mol/l there are
247 methanol molecules per ZnCl, - molecule, while in a solution with con-
centration 3.0 mol/l there are only 8 methanol molecules. Such a considerable
change in the ratio of the numbers of molecules does not, however, effect an
equally considerable change on the solvation numbers.

The solvation number varies from 4.45 for a concentration of 0.1 mol/l
to 3.20 for a concentration of 3.0 mol/l, having an average value of 4. Such
an insignificant change of the solvation number is an explicit proof of the
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establishment in the solution of very durable solvation complexes. The negligi-
ble decrease of the solvation number with increasing solution concentration
results only from the «competitive» action of the ions in methanol molecule
binding in the solvation envelope, since the relative number of these molecules
decreases considerably with increasing solution concentration. The indepen-
dence of the solvation number from the temperature also evidences the consi-
derable durability of the developing solvatation complexes. The intensifica-
tion of the thermal motion of the methanol molecules (the ions) with increasing
temperature does not cause any change in the solvation numbers.

It seems that the complex ions ZnCl{~ predominate in the solvatation pro-
cess. This eonception is supported by the independence of the solvation num-
bers from the temperature (complex ions development very stable solvatation
complex) and by the fact that the value of the solvation number is about 4.
This would suggest that a complex ion binds four methanol molecules in qua-
si-hydrogen bonds. The share of other forms of zine chloride, encountered in
the solution in the solvation process, seems to be negligible. The ions Zn**, on
one hand, act electrostatically upon the methanol molecules, while, on the
" other hand, being large ions, destroy the mechanical structure of the methanol.
Both effects are competitive effects and seem to bring about a total insigni-
ficant effect in the solvatation process.
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ACOUSTIC MEASUREMENT OF THE SHEAR COMPLIANCE OF SILICONE OIL

RYSZARD PLOWIEC

Institute of Fundamental Technical Research
Polish Academy of Sciences (Warszawa)

A method of measurement is described and the results of measurement
of the modulus limit shear compliance Je of four samples of synthetic oil
with different molecular weight compared. Oil properties have been measured
acoustically by determining the characteristic shear resistance at a stress fre-
quency of 30 MHz and 450 MHz and in the temperature range from 0°C to
—100°C.

“ It was found that the increase of molecular weight has only little influence
on the limit of the modulus of shear compliance of the liquid.

1. Introduction

It is a well known fact that viscosity characterizes a liquid medium only
in the case of its distortion at comparatively low frequencies. As the liquid is
subjected to distortions of increasing frequency its (dynamic) viscosity decre-
ases while the liquid shear modulus of elasticity (&) increases. At very high
frequencies the dynamic liquid viscosity decreases to zero while the shear
modulus of elasticity asymptotically approaches a large value (the limiting
value, @,). Furthermore, it was found that this limit of the liquid of the mo-
dulus of elasticity @, is of the same order of magnitude as the modulus of
elasticity of a solid.

The phenomenon of decreasing dynamic viscosity and increasing elasti-
city of a medinm plays an essential role in lubrication, thus much attention
has been devoted to measurements of this kind [1, 2].

The modulus of shear elasticity of a liquid G, or the commonly used
modulus of the shear compliance of a liquid J (J, = 1/G,) is an inte-
resting quantity from the molecular viewpoint since it supplies information
on the ability of molecules to perform the translational or rotational motions
encountered in the lubrication process [3].

In these investigations an important role is played by ultrasonic and hy-
personic vibrations which permit the production in the examined liquids of
shearing stresses with a distortion frequency of over 10° Hz [4].
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The reaction of a liquid to shearing stresses is determined acoustically by
measuring the so-called characteristic shear impedance Z which is the ratio
of the shearing stress (in dyn/em?) to the velocity of a molecule (in em/s).
Theoretically, the liquid reaction can be determined comparatively easily on
the basis of a network model of liquid medium, which is valid for the propa-
gation of plane shear waves [14]. For solids the characteristic impedance is
a real magnitude and is given by :

Z = oCp = VoG,

where o is the density of the medium, C; — the velocity of propagation of
transverse waves in the medinm and G — the shear modulus of elasticity.

In the case of viscoelastic liquids the shear impedance is a compound quan-
tity (Z; = R.+jX,), as also is the shear modulus (G* = G +jG”), thus

= VoG,

With a sufficiently hlgh frequency the 1magmary component of the impe-
dance (X,) is considerably smaller than the real component (R,) and in this
range it can practically be neglected. Thus the limiting, high- frequencx shear
modulus of elasticity is

G, = B:/o. (1)

When determining the absolute value of the limiting value of the shear
modulus of elasticity by the acoustic method, it is also necessary to know the
density of the examined medium. It is determined using one of the known
physical methods.

The frequency of the distortions which should be induced in the liquid to
determine the limiting value G, is dependent upon the type of sample exa-
mined. This frequency should be considerably higher than that of viscoelastic
relaxation f,, the time of this relaxation z(z = 1/f,) being given by

T = 0/Gq,

where 7 is the static viscosity of the examined sample. The value of the mo-
dulus G, is very similar for individual liquids (Fig. 9), so that the frequency
of the distortions, for example for a liquid sample with a viscosity of about
0.01 N xs xm™* (10 ¢P), should be higher than 10'° Hz. With present techni-
ques it is possible to test liquids at frequencies up to 10° Hz. Thus to deter-
mine the limiting shear elasticity of a liquid with a low viscosity, the measu-
rements are made of necessity at reduced temperatures. For such investiga-
tions liquids are selected which can be supercooled and are thus capable of
giving very high viscosities and a clearly defined range of pure elasticity.

The measurements described below are made at reduced temperatures,
from 0 to —100°C, with samples from four types of a synthetic oil at two mea-
suring frequencies 30 MHz and 450 MHz, to investigate the effect of the mo-
lecular weight on the limiting value of the shear compliance.

\



SHEAR COMPLIANCE OF SILICONE OIL 37

2. Acoustic determination of shear resistance

The characteristic value of the impedance of a liquid can be best evaluated
by measuring the coefficient of reflection of ultrasonic waves at the boundary
of two media of which one is a known medium and the other the liquid to be
examined. Crystalline or fused quartz, for which the shear impedance Z, and
its dependence temperature are known, is used for the former medium.

To measure the coefficient of ref.ection k by means of a quartz transducer
a pulse of vibrations is set up on the cylindrical surface of a fused quartz delay
line. A suitable cut of the transducer provides a pulse of transverse vibrations
with a polarisation perpendicular to the direction of wave propagation. This
pulse, which propagates along the delay line, will be reflected from the surface
opposite the transducer. Should this surface be in air, the reflection of the
pulse (k = 1) will be virtually complete, but if the surface is located in a li-
quid, the coefficient of reflexion will be [5]

e =r

- g 2
Z,+Z, (e

The very high damping of transverse waves in liquids means that formula
(2) is valid even for a comparatively thin layer of liquid on the surface of the
delay line.
Within the elastic range of a liquid where X, = 0, and also when X, < R,,
formula (2) can be written as ;
1—k

= qu, (3)

where k is the ratio of the voltages of the signals that correspond to the ref-
lected and incident pulses.

3. The characteristics of the examined liquids

The liquid used for the investigations was a synthetic oil, trifluoropropyl
methylsiloxane (FS 1265), produced by the British firm Midland Silicone
Limited. This liquid is a linear polymer, free of main chain branches. Four
samples of this liquid with different lengths of the chain were examined. The
static viscosity of the different types at room temperature (20°C) and their
mean molecular weights (M,) are stated below:

M

n

Sample

n
A 172 olP: (0L 2 N g
B 300 =EGN3.0 uNRamL T
) 179,0 P
D 8120,0 P

). 300
) 9050
(17.9 N.s.m.-%) 20000
(812.0 N.s.m.~?) 72600
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4. Measuring system

The diagram of the measuring system is shown in Fig. 1. The operation
of the system is controlled by square impulse generator (I) which modulates
the oscillator at a frequency of 200 Hz to obtain vibrations at this frequency
from the impulse transmitter. These impulses then induce transverse vibra-

| 1 3 i G 0
L =—-w— & | |
13 4 {s Iy
- » a
)2 W
WY 2

=

Fig. 1. Diagram of measurement system

1 — square pulse generator, 2 — continuous wave generator (oscillator), 3 — modulator, £ — h.f. pulse
transmitter, 5§ — transducer, 6 — comparative pulse generator, 7 — regulating attenuator, § — totalizing sy-
stem, 9 — amplifier, 10 — oscilloscope

tions on the quartz transducer (5) with BT cut. The induced vibrations
are propagated along the cylindrical delay line made of fused quartz. The
impulses, after being reflected from the opposite end of the line, are received
by the same transducer which acts as a receiving transducer at times between
the transmitted impulses. The received impulses are then amplified (9) and,
after detection, visualized on an oscilloscope screen (I0).

To measure the amplitude of a received signal an auxiliary transmitter
(6) of the same frequency is impulse-modulated with a short delay in relation
to the main transmitter. The output signal from the auxiliary transmitter is
passed through an attenuator (7) with precise and continuous attenuation
control to meet in the totalizing system with the received signal. Both signals
are then amplified and, after detection, visualized on the oscilloscope screen.
The delay of the auxiliary impulse is controlled in such a manner that both
impulses, received and auxiliary, are very near to each other. The latter can
then be easily reduced to the same amplitude as the former by means of the
attenuator (7). To increase the measurement accuracy advantage is taken
of signals reflected repeatedly from the delay line. The coefficient of reflection
k is determined from the difference in the attenuation of consecutive echoes
for air (¢,) and for the examined liquid (g,),

k= QIJI,qC,

where ¢ = A,/A,,,,4, and 4, ., denote the amplitudes of consecutive impulse
refleetions.
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A measuring system operating on a similar principle has been used at a fre-
quency of 450 MHz with only a quartz crystal being used in direct contact
with the liquid. This crystal has been iduced to emit transverse vibrations
in a special resonance cavity by the method described in a previous publication
(6]

5. Measurement results

The measurements of the density of liquid samples as a function of tempera-
ture were made by means of a pycnometer. The measurement error of the
liquid density by this method is estimated to be *0.1%. The density of each
sample for about 10 different temperatures within the range from —70°C to
50°C has been determined.

For all measured temperatures linear dependence of density on tempera-
ture was found to exist within the investigated temperature range, in agree-
ment with the equation

o = 0o[1 —ao(T —T,)] [g/em?]. (4)

Table 1. Values of the parameters of the density, eq. (4)

Spotimen. .| . | | o aglxA08 il TIRY
A 1.3515 7.4 151.6
B 1.3707 - 5.83 156.0
C 1.3945 6.02 163.0
D 1.4315 6.99 166.6
ofg/em?] |
14t
c
D
13}
B
12} "
1 i i i . 1 L L L i 1 L L L L 1 I L i L 1 -
=100 -50 0 50 00 1[G

Fig. 2. Variations of the density of the liquids tested as a function of temperature
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The values g,, a, and T, for individual liquid types are given in Table 1.

The measurement points and equation (4) for o¢ry have been plotted in
Fig. 2 for the different samples of liquid. Measurements of shear resistance R,
at different temperatures within the range from 0 to —100°C and at frequen-
cies of 30 MHz and 450 MHz were made by the method described above. Du-
ring the measurement the temperature was controlled by means of a plati-
num resistance thermometer with an accuracy of #0.1°C.

The measurement results in the form of quotient o/R? being the liquid
shear compliance, J,, are shown for the different samples in Figs. 3-6.

i _9RE )
[x707 7] ’

3.0

9/ ‘?c.?
Lo o]

gt o

=5 Sample A

2.0

=450 MHz e le B
10+ := | ample
. 30 HHz 1.0 o =450 Mz
T x= 30MHz
i S i el R
~700-90-80 ~70-60-50-40-30-20-10 T[°C] -100-90 - 80 -70-60 -50-40 302010 T/°C]
=
/R & /R
o9 / b0 7] !
30t 30t /
20t 3 20t
10} Sample C 1.0 Sample D
co ® o =450 MHz L) o=450MHz
Tg == 30MHz x= 30MHz
Z700-90-80 ~70-60-50-40 -30-20 10 T(°C] ~100-90-80 ~70-60-50-40-30-20 10 T/°C/

Fig. 3, 4, 5, 6. Measurement results of the limiting shear compliance of different oil types as a
function of temperature. The arrow denotes the glass transition temperature

The arrows on the straight lines denote the temperature T, of the transi-
tion of the oil, i.e. a state in which the liquid does not flow during the expe-
riment. It is assumed that such a state oceurs at a viscosity of 10'* Ns/m?
(i.e. 103 P). It has been estimated that the measurement error of the values

of B, was less than 59%,.

6. Discussion of measurement results

It is clearly seen in Figs. 3-6 that the region of purely elastic liquid oceurs
in a comparatively narrow temperature range, between the temperature (T,)
of the glass transition of the liquid and the temperature at which the
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viscoelastic relaxation predominates. Within this range the quotient g |R?
has the same value both for frequencies 30 MHz and 450 MHz. The
constant value of the quotient o/R: for various frequencies confirms the
occurrence in the liquid of the elastic range. For this reason, in order to
separate the elastic range from the relaxation range and to evaluate the
temperature dependence of the limiting compliance J, it is necessary to
use at least two frequencies for the measurement.

The literature contains many papers dedicated to calculating G, or J
or describe their dependence on the temperature. For instance, for hydrogen-
-bonded liquids the dependence

BYV AH A8 vV
=t b A =l B
i J‘”*nHN[exp( BT "R )+ V] s

has been derived [12], where J% is the magnitude of the limiting elasticity
which is characteristic for glassy liquids, B is a constant for a given liquid,
V — the molar liquid volume, n; — the number of hydroxide groups per
molecule, N — Avogadro’s number, R — the ideal gas constant, and AH
and A8 — quantities required for the description of the temperature and pres-
sure dependencies. On the other hand, REE, REE and EYRING [15] have deri-
ved for the limiting liquid shear elasticity the formula

6RT

O = LT =Ty

(6)

where T is the absolute temperature, Z, — the number of the next closest
molecules in the liquid, and V and V, are the molar liquid volume and molar
solid volume.

Equation (5) gives satisfactory agreement [13] within the supercooled
range and the magnitudes of AH and A8 for many associated liquids are in
agreement with the values obtained from other sources. However equation (6)
agrees well with experimental results enly for liquids which satisfy Maxwell’s
viscoelastic model. In other liquids the agreement with the experiment is not
satisfactory, especially at low temperatures, and it is at low temperatures
that @, is preferably defined.

A quite complex problem has proved to be the description of the nature of
the variations in @, (or J,) as a function of temperature from experimental
results [7, 8]. Other publications suggest both a linear dependence of G, on
the temperature [8], and an exponential dependence. The description is com-
plicated by some scatter of the experimental results in this comparatively
narrow range of liquid elasticity which permits both possibilities of depen-
dence. The reason for the considerable scatter of the measurement points are
the technical limitations of making an accurate measurement of the resistance
of a liquid and its temperature.
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Latterly in the literature the notion of a linear dependence of J, on the
temperatures has prevaited, as described by the formula [10]
i
£ G“

This dependence is entirely empirical, but it proves its practicability ex-
ceptionally well when compared with the results of measurements at various
temperatures and frequencies [11]. It may be assumed that the above form
for J, as a function of temperature is connected with the variation of a free
liquid volume V, = V—V,, where V is the characteristic volume equal to
1/e, V4(1/g,) is the packing volume of molecules encountered in the vitreous
state at the temperature 7.

The linear dependence of J,, on the temperature may be expected to occur
when the density of the tested liquid has a linear temperature dependence as
described by equation (4). The free liquid volume is in this case

oo = [1+B(T—T,)] (7)

V= e e T
00
where a, is the coefficient of expansion at the temperature T, and is defined
in Table 1. Substituting this into equation (7), the approximate formula for
the limiting liquid shear compliance can be written [8]

;i 1
o + 2L (T T). (8)

The approximation covers the range G2, > @,, where 1/@, is the compliance
connected with the relaxation of the structure and the appearance of a free
volume,

The' dependence of G, and J, on the free liquid volume also occurs in
equations (5) and (6). In the absence of hydrogen bonds in the liquid equation
(5) can be reduced to equation (7).

The comparison of the results of measurement on different oil samples at
various temperatures and frequencies has assisted in finding a linear depen-
dence for the variation of J with temperature. This variation is represented
in Figs. 4-6.

Table 2 states the magnitudes of J7, B and T, evaluated from equation
{7) for the different oil types.

Table 2. Values of the parameters of the rigidity modulus, eq. (7)

Specimen e [109m2 IN] ’ B T,IK]
A 0.112 151.6
B 154 0.125 156.0
C 0.297 i 0.0627 163.0
B 0.331 0.0567 | 166.6
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In this manner the range of variations of the limiting shear compliance
ag described by formula (7) and shown in Figs. 3-6 can be divided into two
regions:

a) the region over which J,, is measured directly where the experimental
results obtained confirm the validity of equation (7) (continuous line in Figs.
3'6)5

b) the region over which J, cannot be measured directly because of the
predominant effect of the viscoelastic relaxation. In this region an extrapo-
lation is used — which agrees with formula (7) — to determine the value of
J, within the relaxation range (broken line in Figs. 3-6).

A comparison of the measurement results of the limiting shear compliance
and its temperature dependence for the liquid samples tested is shown in Fig. 7.
It can be seen that differences in the limiting value of the shear compliance
for types B, C and D are insignificant in spite of a considerable difference in
the static viscosity of these samples.

oR2 A
(0?7 |

2.0t

10T

L

-10n -80 -60 -7 aal : 0 T[°5‘7;'

Fig. 7. Comparison of the variation of the limiting shear compliance with temperature
for the different oil samples

The value of the limiting shear elasticity exhibited by the samples at a tem-
perature of —80°C as a function of their mean molecular weight M, is shown
in Fig. 8. It can be seen that the molecular weight has an insignificant effect
on the limiting modulus G,,. Despite large differences in the molecular weight
between the samples the values of G, vary within comparatively narrow li-
mits (0.9-1.25) %x10° N /m?2.

Fig. 9 shows the values of G, in the neighbourhood of the glass transition
temperature of the various liquids and their variation with temperature as
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Fig. 8. The value of the limiting shear elasticity of the different oil samples at —80°C as
a function of their molecular weight

6o 4
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Fig. 9. The value of the limiting shear elasticity found for some liquids [11]. The broken
line concerns the type A of the tested oils
1 — n-propylbenzene, 2 — sec-butyl-cyclohexane, 3 — 3-phenyl propyl-chloride, ¢ — hepta-methylnonane
5 — 3-phenyl propanol, 6 — tri (m-cresyl) phosphate, 7 — m-bis (m-phenoxy phenoxy) benzene

quoted by other authors [11]. It is worth noting also that in spite of a large
differentiation of the liquids compared in Fig. 9 (simple and polymer liquids)
the absolute values of the limiting shear elasticity G, in the vicinity of the
vitrification temperature are approximatly the same, being within the limits
(1-2) x10° N/m?.
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PHYSICAL MODELS OF THE LARYNX SOURCE
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The development of objective acoustic methods in the medical diagnostics
of several speech disorders and the resulting clinical applications in laryngolo-
gy and phoniatry call for a versatile physical model of the human larynx source.
Such a model should simulate the physiological strueture and the characteristics
of the natural, i.e. biological laryngeal system from both the phenomenologi-
cal and the quantitative points of view. In the present paper the performance and
the general characteristics of the human larynx source are briefly described and
its acoustic parameters are defined. Special attention is paid to the physical
meaning of these parameters and to the parallels which exist between them
and the anatomical structure of the biological system. On the basis of a few
rationally motivated simplifying assumptions the mechanical model of the
human larynx source and its equivalent electrical analogue ecircuit are des-
cribed and discussed. Special attention is paid to the two-mass model which

- is very convenient for diagnostic purposes. The physical interpretation of the
model’s acoustic parameters is given and its mathematical description is for-
mulated, the latter being expressed in the form of two sets of differential equa-
tions, deseribing air-flow and mass-movement, respectively. Finally, the con-
venience and the usefulness of the model in application to laryngological and
phoniatric diagnosties of larynx disorders is briefly discussed and validated.

1. Introduction

The biological larynx generator, which is the only source of energy in the
articulation of vowels and nasal consonants, and the main source of energy
in the articulation of all remaining voiced speech sounds, plays a fundamen-
tal réle in the process of conveying information by means of speech. It affects
both the linguistic information which is responsible for the phonemic and the
semantic content of the conveyed message, and the personal information which
describes the individual features of the speaker’s voice. Since the larynx source
not only enables the correct articulation of all voiced sounds, but also is res-
ponsible for several suprasegmental prosodic features of speech, such as in-
tonation, melody, accent and duration, it is evident that a knowledge of the
mechanism of its action as well as of the relations that exist between its acous-
tic parameters and the anatomical structure of the source itself is necessary
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both for programmed speech synthesis in technical systems, e.g. in compu-
ters, and in medical diagnosties and/or in rehabilitation of speech disorders.
The latter application is of particular importance since the pathology and
the anomalies of the larynx constitute a very high proportion of problems in
laryngology and phoniatry. It concerns both congenital and developmental
defects, defects caused by professional diseases and those arising from necessary
surgical intervention, viz. laryngotomy and tracheotomy.

Acoustic diagnostic methods in laryngology and phoniatry, which are based,
generally speaking, on an analysis of the information content of the speech
signal as the final and natural output from the speech —organs, have recently
become commonly used in clinical practice (cf.e.g. [14]). They not only assist,
but in some cases are even superior to the prior classical methods, e.g. laryngo-
scopy, stroboscopy, electromyography and radiography ete., since:

— they are used under normal conditions of phonation and articulation,

— they neither need any surgical tool or foreign substances to be intro-
duced into the speech organ, nor have to be aided by any dangerous and pain-
ful, intrusive procedures,

— they enable the real-time visualization of the acoustic parameters of
the speech signal, e.g. on TV monitor. They are thus especially convenient
during rehabilitation since the hearing disorders, usually associated with speech
disorders, may be compensated by the additional and auxiliary information
channel of the sight organ.

Acoustical methods consist, generally, in the measurement and analysis
of those acoustical parameters of the speech signal which describe the internal
structure of the respective sound source, in laryngeal diagnostics the larynx
generator [13]. The development and application of these methods in clinical
praectice must be supported by a versatile physical model of the human larynx
source, a model that can simulate the action and the characteristics of the
natural biological system not only in qualitative, but also in quantitative
terms.

2. The mechanism of action and the general characteristics of the larynx source

2.1. The principles of action and the physical parameters of the larynxz source.
Fig. 1 represents the anatomical strueture of the human larynx. The larynx
source may be considered from a physical point of view as an aerodynamic
oscillator whose behaviour is determined by some physical parameters (such
as subglottal pressure and mechano-acoustical or structural constants of the
vocal folds) and also to some extent depends on the acoustic load represented
by the input impedance of the vocal tract. In the general case this tract con-
sists of the pharynx, mouth and nasal cavities. The action of this oscillator
must be considered in close connection with that of the subglottal part of the
human respiratory system, which is shown in Fig. 2 in the form of a simplified
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Fig. 1. Anatomical structure of the human larynx [16]
a) profile cross-section: 1 — epiglottis, 2 — false vocal fold, 3 — ventricle of Morgagni, ¢ — vocal fold, 5 —
thyroid eartilage, 6 — cricoid cartilage, 7 — hyoid bone, 8 — trachea; b) frontal cross-section (notations as
above); ¢) horizontal cross-section: 1 — thyroid cartilage, 2 — arytenoid cartilages, 3 — glottis, 4 — vocalis
muscles, 5 — vocal ligaments, 6 — transverse arytenoid muscles

physical model and its two equivalent electrical circuits in the impedance-
-type system of analogy.

The vocal folds, having a definite mass m, stiffness s and loss-resistance r,
are set in forced vibrations by the local pressure variations in the glottis. This
pressure variations are caused by the flow of air which is expelled from the
lungs through the bronchi and trachea by the muscle forces of the rib-cage
(thorax), acting on the lung tanks. The flow of air out of the lungs is — at
constant voice effort — an isobaric process since the lungs volume V = V+
V" (Fig. 2a), represented in Fig. 2b by the condenser Uy, decreases as the
quantity of air in the lungs diminishes, so that the relation of the charge @
to the capacity O, (i.e. the voltage U, = @/Cy on the equivalent condenser
(';) remains constant. It follows that the air pressure P, in the lungs corres-
ponding to the voltage U, also remains constant, i.e. P; = const. The larynx
generator may thus be considered in future discussions and equivalent elec-
tric circuits as a system which is driven by voltage source of constant elec-
tromotive force P, = const. with zero internal impedance. This has been shown
in Fig. 2¢, where the conductance G, of the condenser (', representing the
negligible acoustic loss resistance of the spongy and vesicular walls of the lung
tanks has been disregarded.

The quasi-periodic vibrations of the vocal folds change the acoustic impe-
dance Z, = R,+joL, of the glottis modulating the air flow. At the entrance
to the vocal tract the air flow has the form of recurrent discrete pulses. The
latter play the rdle of an impulse source function, which excites vibrations
of the air in the vocal tract at frequencies corresponding to the resonances

4 — Archives of Acoustics 1/7T7
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Fig. 2. Simplified physical model of the subglottal part of the human respiratory system
(a) and its eguivalent electrical circuits (b) (c)

Vocal tract

of the vocal tract cavities. This resonances depend on the momentary geome-
trical configuration of the tract described by the tract’s shape function Ay ().

In view of the relatively large cross-sectional areas (ca. 400 mm?) and small
lengths (12 = 15 cm) of the bronchial and tracheal tubes, represented in Fig.
2b in the form of the cascade connection of the four-poles 7, and T,, their
longitudinal acoustic impedances are small and the corresponding pressure
drops may be disregarded. Consequently, the subglottal pressure P, is equal
to the pressure P, in the lungs, i.e. Py~ P, = const. The total pressure drop
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P, appears across the glottis impedance Z, and is transformed into the kinetic
energy of the air flow, which is expressed in terms of the volume velocity U,
of the larynx pulses U,(t). This motivates the final simplification of the equi-
valent circuit in Fig. 2b to the form shown in Fig. 2c.

2.2 Acoustic impedance of the glottis. In Fig. 3 the glottis orifice is repre-
sented in the form of a parallelepiped slit whose geometrical dimensions corres-
pond to the average anatomical glottis dimensions of an adult male. The effec-
tive glottis area A,(t) =lw(f) is a function of the width w(f) which varies
quasi-periodically as the vocal folds vibrate. In spite of such an extreme simpli-
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Fig. 3. Simplified physical model of the glottis

fication for the glottis’ model, its acoustic impedance Z, = R,+jwL, cannot
be expressed analytically by the well known formula valid for a narrow slit,
as has been done in the general theory of acoustic elements and circuits (cf.
e.g. [17]). The pioneers of the larynx source theory, WEGEL [15] and van den
BERG et al. [1], proved that the real component E, of the glottis impedance
is the sum of two components,

R, = R,+R, = 12udI2A,(t)"*+0.4404 (1) |U,(t)], (1)

where R, = A, (1) is the classical viscous loss resistance of the medium with
dynamical viscosity coefficient 4, flowing through a slit of effective area A4 ,(t),
length 1 and depth d, R, = A, (t)7* |U,t)| is the Kkinetic resistance referred
to the process of transforming the pressure drop P, in the glottis into kinetic
energy of medium flow, according to the formula

P, = }ou* = }o(U,/4,)*

in which u denotes the particle velocity, U the volume flow velocity and o
is the density of the medium.

The previous model investigations have proved that formula (1) is valid
for a broad range of flow parameters: P, < 64 cm H,0, 0.1 < w(f) <2 mm,
|U,l <2000 cm?/s.
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The reactance joL, is the classical inertia of the air vibrating in the glottis
and, ignoring edge-effects at the inlet and outlet of the orifice, may be expres-
sed by the formula

joL, = ijdAg(t)_l, (2)

where p is the air density, d the depth of the slit, and A (#) is its effective area
perpendicular to the direction of flow.

Having calculated the numerical values of the components E,, E, and
oL, of the glottis impedance Z, = (R,+R;) +joL, according to formulae (1)
and (2), one can draw the following conclusions which are of use in the design
of the larynx-source model: /

(a) The reactance wL, is equal to the resistance R, = R,+ R, at a frequency
f = 700 Hz for P, = 4 em H,O and at a frequency f = 1300 Hz for P, = 16 em
H,0. Thus over a broad frequency range of the larynx tone oL, € R, and the
glottis impedance Z, ~ R, may be considered to have a real value. It follows
that the equivalent electric circuits of the glottis in Figs. 2b, ¢ may be further
simplified according to the theorems of THEVENIN and NORTON.

(b) When the glottis area is small, i.e. when the vocal folds are near one
another, R, > R,, while for large glottis areas R, > R,. Since, however, E, ~
~ R, at A, ~} 4, ..., it may be assumed that over the major part of the
vibration cycle the glottis resistance is determined by its kinetic component
and, consequently, R, ~ R;.

(¢) The time constant v = L,/R, is always smaller than both L,/R, and
L,/R; and does not exceed the value 7., = 0.25 ms (Fig. 4). The time cons-
tant v = L,/R, is thus one order of magnitude smaller than the shortest period

A
10+
o l
& og) g _£49*
& : R, 12ul?
--..th 0.6" / Lg
e 0.4L /I /R_=1.6dv‘p/%
Q\? S Ps=4cmH,0
- : e 2
0L £ Py =16cmH,0
O 1 o 1 1 -
0 5 10 15 20Ag[fpmf]

Tig. 4. Time constant Lg/RE, and Ly/R; of the larynx oscillator as functions of
the area A, of the glottis orifice [4]

of voeal fold vibration T,;, = 2.5 ms, which corresponds to the highest la-
rynx tone frequency of male voices Fy ~ 400 Hz. It follows that the flow of
air through the glottis, i.e. the volume velocity function U, (), may be deter-
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mined from the formula
Ug(t) it P.sl"Rg‘(t) ~ Ps/Rk(t)a (3)

which is valid for steady flow only.

Under average anatomical conditions of an adult male (4,,, ~ 5 mm?),
at medium voice effort (P, ~ 10 em H,0) and over the frequency range f
< 5000 Hz, the acoustic impedance of the glottis Z, ~ [90 +joT x 10-2]10° MKS
acoustic ohms, and its modulus |Z,| ~ 100 -10° MKS acoustic ohms.

2.3. Acoustic input impedance of the vocal tract. Formula (3), which deter-
mines the volume velocity U,(t) of the glottal source, was a priori based on
the assumption that the load impedance of the source, i.e. the input impe-
dance Z, of the vocal tract, is negligible in comparison with the internal im-
pedance Z, of the source, i.e. Z; < Z,. This assumption should now be justi-
fied for the frequency range under consideration f < 1000 Hz.

The input impedance Z, of the vocal tract represented in the form of a loss-
less eylindrical tube of cross-section A; = 5 em? and length {; = 17 em, loaded
by the radiation impedance Z, of the mouth orifice, approximated by a ecir-
cular piston of area 4, in an infinite plane bafflel, is given by the formula

L, +Ztan(pl)
~ 7 Zy+Z,tan(pl,)

Zy (4)
in which Z, = o¢/A, is the characteristic impedance of the tube, f = wle
— 27/ is the propagation constant, Z, is the radiation impedance of a circu-
lar piston of radius » and 4, = =r? is the area.

Hence

2 _gc_[(ﬁ?‘)z

£330

-8
+J ?m(ﬁr)] : (5)

In model investigations the radiation impedance Z, (5) may be represented
in the form of the parallel connection of the radiation resistance Rp,

ec =
Ry = 128/9x? (——), (Ha)
Ay
and the inductance Ly,
00 "
Ly = 8r,’3-r:c(A‘), (5b)

which simulates the mass of the co-vibrating medium (cf. e.g. [4], p. 33).
It may be proved [10] that, according to the general theory of acoustic
wave-guides, the function Z,(f) (4) depends strongly on frequency, and its

I This is the commonly accepted physical simulation of articulation conditions in
the case of the neutral mouth vowel .
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maximum values Z;, .., Which correspond to /4 — resonances of the vocal
tract, that is to odd multiples of 500 Hz, decrease asymptotically with increas-
ing frequency. The decreasing Z,,., values are comparable with the acous-
tic impedance Z, of the glottis only in the vicinity of the first formant F,
~ 500 Hz (Z;paxm ~ 86 x10° x 777" MKS acoustic ohms) and of the second
formant 'y ~ 1500 Hz (Z; 0y s ~ 24 x10% x 77" MKS acoustic ohms), approa-
ching a limiting value equal to the characteristic impedance of the wvocal
tract itself Z, = 8.5 x10® MKS acoustic ohms.

It thus follows that the a priori condition Z; < Z, is fulfilled over the whole
of the frequency range under consideration. The larynx source may thus be
treated as a constant current source since it delivers a constant volume velo-
city, independent of the momentary configuration of the vocal tract which
affects the value and ahape of the flow function in the vicinity of the first
and second formants only. This influence may, in fact, be observed in experi-
mental investigations.

2.4. Time and frequency characteristics of the larynx source. Typical exam-
ples of the laryngeal pulses are shown in Fig. 5. Each pulse is represented by
a single period of the glottis area function A ,(t) during phonation (continuous
line) and by a period of the flow function, i.e. the volume velocity U,(t) in
the glottis (broken line) [2]. Both functions correspond to the articulation of
the neutral vowel H in various conditions of phonation (P, = 4 + 24 em H,0,
F, =111 = 250 Hz). In view of the previously discussed independence of the
source characteristics and the vocal tract configuration, the laryngeal pulses
in Fig. 5 can also be considered to be representative for all other voiced sounds.
The comparison of the functions U,(t) and A,(t) suggests the following con-
clusions:

(a) Both functions are triangular — a general and common feature of
laryngeal pulses. The slopes of the flow pulses U,(f) are, however, somewhat
steeper than those of the area pulses A, (t). This fact might be indirectly dedu-
ced from formula (3) in which the resistance R, (f), determined by the expres-
sion (1), is inversely proportional to the second or third power of A,t). The
steepness of the flow function pulses U,(t) results in somewhat higher levels
of spectral components in the upper frequency range, as compared with those
of the area function A(f).

(b) An increase of the vocal effort or phonation intensity, which corres-
pouds to higher values of the subglottal pressure P,, results in a shortening of
the open period 7, of the glottis. This effect may be expressed analytically by
the decrease in the duty factor ¢ = 7,/T,, from ¥ ~ 1 at P, = 4 em H,O to
# = 0.5 = 0.6 at P, = 24 em H,0, provided that the fundamental frequency
F, of the larynx tone is kept constant.

The spectral characteristics of the larynx source function U,(t) or A1)
are normally considered in the complex frequency plane s = o-+jw using the
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Fig. 5. Typical examples of the larynx pulses at various fundamental frequencies
F, and different vocal efforts P [2]. The glottis area function Ay(f) — continuous line.
The flow funection Upy(t) — broken line

Laplace transformation. In Fig. 6 an approximation of the larynx pulse is
shown in the form of a triangle of amplitude a, rise time 7,, decay time 7, = kr,,
length 7, = 7,+7, = (k+1)r, and duty factor & = 7v,/Ty, where T, = 1/F, is
the larynx tone period. The Laplace transformation of such a pulse may be ex-

f‘(t)1

I
|
1
1
[
I
1
|
T

4-1'1.*- -.fr'r —
: F = E+1)'r, d=1/%
0

Fig. 6. Approximation of the larynx pulse in the form of a triangle
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pressed by the general formula

] e § i 1 1
2if} = Fo) = 5| — (5 e o] (6)
$*Ln T, Ty Ty
The zeros of the function F(s) are determined by the complex values of
8, which are the roots of the exponential equation

e—(k+l)srl _(k_i_l)egsrl_]_k L) (7)

Equation (7) may be solved algebraically only for integral values of k in
the range 1 < k < 5. In all other cases numerical methods must be used. De-
tailed consideration of the distribution of the zeros of function (6) in the com-
plex frequency plane s = ¢-jo for different shapes of larynx pulses may be
found in chapter 6.24 of reference [4]. In the particular though frequently-

-oceurring case of a symmetrical larynx pulse, when 7, = 7, and k = 1, equa-
tion (7) reduces to the quadratic form [10]
e _2¢71 11 =0, (8)
whose roots are given by
R Rl e :
83 = i]n"ﬁz :l:Jzﬂ— (n s 1’ ?‘7 37"')' (9)
(31 To

In this particular case the minima of the spectral envelope oceur at the
frequencies fa, = 2n/ty = 2/1,; 4/14; 6/7, ete., and the average level of the
envelope, expressed by a function of the type [(sin nx)/nz]? is inversely pro-
portional to the square of the frequency and decreases at a rate of 12 dB per
octave, see Fig. 7.
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Fig. 7. Example of the spectral characteristic of the triangle-shaped larynx pulse

Since the Laplace transformation is a reversible operation, the spectral
characteristic F(s) of a voiced segment of the speech signal, previously submit-
ted to the inverse filtering process [12], may be used for the analytical evalua-
tion of the shape of the larynx pulses U,(t) = £ '{U(s)}. This fact is very im-
portant in computer-aided phoniatric diagnosties.
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3. Mechanical model of the larynx source and its equivalent electrical circuit

3.1. Preliminary assumptions. The larynx source is, from a physical point
of view, a generating system whose output, in the form of a glottis area func-
tion A,(f) and a flow or volume velocity function U,(t), is a fully determined
function of a few exterior physical parameters (the most important of which
is the subglottal pressure P,) and of several internal factors such as the struc-
tural parameters and material constants of the vocal folds. The system as a whole
is subjected to feed-back in the form of the glottal area function A1) and the
flow function U,(f), which — being the output of the oscillator — influence
its internal parameters, i.e. those which determine the glottis impedance Z,.
These relations are illustrated by the block diagram shown in Fig. 8.

Ay (), Ug (1)
] /Z’;[fm,s,r),/ﬂgq] g() g( -

—

Fig. 8. Block diagram of the larynx generator as a feed —back system

A versatile physical model of the larynx source, adapted to acoustical
diagnostic investigations, should enable us to determine the quantitative re-
lations between the internal parameters of the source itself and its output
U,(1) expressed in terms of directly measurable acoustic quantities, such as
the acoustic pressure p(t) of the sound wave in front of the patient’s mouth.

3.2. Mechanical model of the larynx source. In the majority of papers con-
cerning the larynx source, the vocal folds are presented in the form of a simple
mechanieal vibrating system with lumped constants, which consists of two
indeformable masses m’, m’’, springs of stiffness s’, 8" and viscous loss resis-
tances ', #'". As a rule, both vibrating systems (m’, s, r') and-(mi; 85 )
which simulate the left and the right voeal fold, respectively, are considered
to be mutually symmetrical. Both systems are submitted to the action of the
subglottal pressure P, and of local pressure differences in the glottis. As a result
they perform quasi-harmonic vibrations moving in phase, towards and away
from one another, thus varying the effective area of the glottis orifice A1)
and consequently its acoustic flow impedance Z,. In view of the above symmetry
of the vibrating systems, they may be simplified to the form of a,ms}ingle vibra-
ting system with one mass, one degree of freedom, and equivalent parameters
m —=m'+m'’, s =& +8", r =r'+r"” equal to the sums of the respective par-
tial constants. The detailed analysis of such a single-mass model may be found
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in [4, 5]. The simplified scheme of the single-mass model of the larynx source
is shown in Fig. 9, according to [4].

This model, though relatively simple and thus convenient for analytical
interpretation, proved, however, to be unsatisfactory in phoniatric diagnos-
tics. The reason for this was that it did not take into account an essential phy-
siological factor connected with the anatomical structure and the cinematics
of the vocal folds. This feature is the deformability of the vocal folds resulting
in an asymmetry of vibration and in phase shifts between the displacements
of their lower and upper parts or edges in quasi-harmonic motion.

Tracheq

ot {x(t)

Fig. 9. Simplified schematic diagram of the single-mass model of the larynx source [4]

In order to eliminate this problem, some authors tried to represent the
vocal folds as mechanical systems with continuously distributed constants,
that is consisting of an infinite number of elementary masses, springs and
loss resistances. Such a proposition [6], although theoretically based and
quite possible in practice, due to the almost unlimited facilities offered by
computing techniques, is neither necessary nor convenient in medical diag-
nostics, since the fundamental physiological and pathological features of the
human larynx source may be simulated with sufficient accuracy in the two-
-mass model with lumped constants, proposed by IsHizAxA and MATSUIDARA
[7], presented by FLANAGAN [3] to the 7th ICA in Budapest and described
in [9].

3.3. The two-mass model of the larynx source. Figure 10 presents a simpli-
fied scheme of the two-mass model in two cross-sectional planes: the vertical
X-Y (a) and the horizontal X-Z (b), and its situation in the X-¥-Z axis system
(c). The essential characteristic features of the two-mass model are the follow-
ing: ) '

(a) The depth d of the glottis slit is divided into two segments d, and d,
(d = d,-+d,), which correspond to the masses m, and m, representing the lo-
wer and the upper parts of the vocal fold, respectively. The areas of the glottis
orifice in the segments d, and d, are given by the expressions

Aal T Agﬂl +2w1(t)lg’ : (10a)
Agy = Ao +2m5(t)ly, (10Db)
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for cross-section X-Z
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For cross-section
,,X-V”(a%’

Fig. 10. Simplified schematic diagram of the two-mass model of the larynx source [9]

a}']'mrizontal cross-section X-¥, (b) vertical cross-section X-Z, (e) approximate situation of the model in the
- orthogonal system of space coordinates X-¥-Z

Ag1=Agos+2lg X4(t)

Trachea Agz =A902 " lg X2 (t)

where A, A, are the neutral or rest areas of the glottis orifice of the seg-
ments d, and d, corresponding to the glottis inlet and outlet, respectively;
a,(t), @,(t) are the momentary displacements of the masses m,; and m,, respecti-
vely, from the neutral or rest positions.

~+(b) The masses m, and m, are mutually coupled by the spring s, which

represents the bending stiffness of the vocal folds in the vertical plane X-Y
parallel to the direction of vibration. The coupling stiffness s, is, in fact, a non-
-linear parameter which, however, may be linearized without any essential
influence on the accuracy of the model. The restoring force f, originating from
the coupling stiffness s, is given by the expression

fo = 28w, —2,)*(d, +d,) 2, : : (11a)

which, provided the system is linear, may be rewritten in the following gim-
plified form: :
fo ~ 8,(,—s). N, (11b)
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Under normal physiological conditions the value of the coupling stiffness
8. is of the order 25 kdyn/cm, although its individual values may vary over
a broad range®. At very large values of s, (lims, = oo), the two-mass model
behaves like the single-mass model.

3.4. The physical meaning of the model’s parameters m, s, r.

(a) The mass m = m’-+m" in the single-mass model represents the equi-
valent total mass of both vocal folds: the left and the right, and is given by
the empirical expression [5]

m = lalgd, (12)
Pl
where ¢ ~ 1 g/em?® represents the density of the vocal fold material (museu-
lar and connective tissue). Under normal physiological conditions m is of the
order 0.150 - 0.250 g.

In the two-mass model, the ratio in which the total mass m is divided into
its partial components m, and m, may vary widely, from m,: m, = d,:d =
1:1to5:1, depending on the anatomical structure and the physiological cons-
tants of the biological system.

(b) The springs s, and s, represent the non-lindar stiffnesses of both parts
of the vocal folds, the lower (m,) and the upper (m,) ones, which oppose:

— the momentary displacements z,(t), #,() of the masses m,, m, from
their neutral or rest positions z,, #g;

— the viscoelastic deformations of the vocal folds in the closing phase,
when the opposite folds contact with one another, but their motion does not
stop suddenly; the corresponding masses m' and m'' move slightly towards
one another, being submitted to an instantaneous and reversible deformation.

The restoring force f; which originates from the stiffness s; (j = 1, 2) is thus
the sum of two components

fi=luth (G=1,2) (13)

The first component f;; denotes the restoring force due to the displacement
stiffness k; and may be expressed by the formula

T = k(1 i) - (§ =1, 2), et

where 7,; is the non-linear coefficient of the displacement stiffness ;.
The second component f,; denotes the restoring force due to the deforma-
tion stiffness h; and may by expressed by the formula

Ty = hilz; —zq;)[1 +anle; —2e5)2] (=1, 2; Ty = Xyj) (15)

? The numerical values of the equivalent mechanical constants of the biological la-
rynx source system are quoted from [8].
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where 7,, is the nonlinear coefficient of the deformation stiffness h;, @,
— —A,;/2l, is the distance between the neutral or rest plane of the vocal
folds and the plane of their mutual contact, and 4, is the neutral or rest
area of the glottis orifice of the segment d; corresponding to the mass m; (j =
— 1, 2). It should be noted that the effect of the deformation stiffness appears
only for large displacements x;, i.e. larger than the threshold values x,;, when
the condition
@ =y = — AT;% (16)
S
is fulfilled. Graphs of the restoring forces originating from the displacement
stiffness k; and from the deformation stiffness h; versus the momentary dis-
placement «; of the vocal folds from their neutral positions are shown in Fig. 11.
The average values of the stiffness parameters of the vocal folds under
normal physiological conditions are the following:

k, = 50 - 100 kdyn /cm, h, ~ 3k,,

ks =5 — 50 kdyn/em, hy =~ 3k,,
N1y N2 = DO + 100, Nus Mae = 260 < 500.
f.s:'/.
ki xj
Hisplamem":_
'/
o .
77 2
Plane of contact Plane of
neutral position

Tig. 11. Restoring forces originating from the displacement stiffness k; and deformation
stiffness h; as funetions of the momentary displacements x; of the vocal folds from their
rest positions

(e) The loss resistance r is attributed to:
_ the viscous losses in the material, i.e. the muscular and connective tis-

sue of the vocal folds, :
_ the mutnal adhesion of the vocal folds contacting one another in the

closing phase, when they move together and away from one another.
The influence of the loss resistance is an increase in the attenuation or
damping coefficients &, and &, expressed by the formulae

£y o= 2Vmiky, £y = 1a/2Vmgky, (17a, b)
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in which %,, %, are the linear coefficients of the displacement stiffness, cf. equa-
tion (14).

The average values of the damping coefficients &, and &, under normal
physiological conditions are as follows:

— in the closing phase of the glottis: &, ~ 0.1, &, ~ 0.6;

— in the opening phase of the glottis: &, ~ 1.1, &, ~ 1.6.

(d) The tension coefficient @ of the vocal folds. The mass and stiffness
parameters of the vocal folds determine the natural frequency f, of their oscil-
lations, expressed by the formula

1 s
=—8 —. 18a
=5V = (18a)
Under real conditions of phonation and articulation, due to the contrac-
tion of the vocalis muscles the vocal folds are shortened or elongated and
their tension varies to a limited extent. Their mass m and stiffness s also vary
and the frequency of oscillations changes from the value f, (18a) to the value

f, given by the expression

o1/ 8./
fo i 97 -I/W 2 E foo: (18b)

where @ is the tension coefficient of the vocal folds, commonly used in model
investigations as an additional parameter which determines the real physical
constants of the larynx source. Under normal conditions of phonation and
articulation @ varies from 0.5 to 2.0.

3.5. Pressure distribution in the glottis. Since the dimensions of the glottal
orifice, approximated in Fig. 3 by a rectangular slit of length I, width w and
depth d, are much smaller than the wave length A and the linear flow velocity
u, is much smaller than the velocity of vibration v = da/dt of the vocal fo ds,
the distribution of pressure drops in the glottis may be determined according
to the general rules for steady-state unidimensional flow of air along the Y
axis, (see Fig. 10). The scheme of the longitudinal cross-section of the glottis
model and the corresponding pressure drops AP along the flow axis are shown
in Fig. 12a and 12b, respectively. The pressure drops are determined by the

expressions (19) — (23):
A

P,—Py; = 0.699(U24;;

a, (19)

0

od, aU,

Py, —Pyy = 12ud,BAT,+ £ iy

(20)

[ i o
-P12 _Pn B _2‘ Uﬁ(Agf _Amz); (21)
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£ ody, AU
Py —Pyy = 12pd,02A U, + A—ﬂ iy (22)
g2
A A
Py, —P, = —gng;fT"*‘(l— A”z). (23)
t t

Formulae (19) - (23) are based on the following assumptions (see Fig.
12):

a)

— — R =R Fa—PogPor——F—-—

- EaT lc- d —»
Trache Contrac-< 16'/0#(‘.5‘

tion
b)
Psl
g
2 ]
L 9 o /1
D~ e c--\%z‘m
o ‘K_Z
1A
<—Trachease- L, »« d; == dy » (g =< Vocal tract>
(my) (m3)
= Glottis >

Fig. 12. Schematic diagram of the longitudinal cross-section of the glottis model (a) and
the diagram of pressure drops in the glottis (b)

(a) The pressure drop 4P, = P,—P,, (19) along the constriction [, of
the trachea at the glottis inlet is equal to the Bernoulli pressure increased by
an empirical coefficient & ~ 0.37 which expresses the effect of the constric-
tion [1], so that, finally,

AP, 1.37%(%)2.

(b) The pressure drops AP;, = P,, —P,,(20)and APy, = P,,—P,, (22) along
the segments d, and d,, respectively, originate from the viscous loss resistan-
ces R, and R,, determined by the general formula (1).

(¢) The pressure drop AP ;. = P, —P,, (21) at the abrupt change of the
glottis cross-sectional area is equivalent to the difference of the kinetic energy
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s Har e _._—/«

densities in the cross-sections A, and 4,, provided that the air flow in the
glottis is continuous: U, = const. Hence !

9
Pyy—Ps = 9 QUﬁ(AJf _Ag;lz)r
since ul, = U3A? and uj, = Uz4,}.
(d) The pressure drop AP, = P, —P, ~ P,;—P,,;, has a negative value;
according to [1]

- 2

However, when calculated on the basis of Newton’s flow laws, it has the
value given by formula (23) [9].

Assumptions (a) - (d) concern the peculiar case of the static flow of air
through the glottis orifice, when the vocal folds do not vibrate. In dynamic
states of vibration to the static pressure drops imaginary components must
be added. The imaginary components of the type (¢d/A)(dU,/dt) , which are
referred to the inertia of air vibrating in the respective cross-sections of the
glottis, appear in equations.(19), (20) and (22) only.

Using equations (19) - (23) one can draw an equivalent electrical circuit
of the glottis, expressed in terms of R, L, C parameters (Fig. 13), whose values
are given by the following formulae:

TFL
Py,,—P, = = "9(“92)2 .

ke Lo Ryr Lgr R Rn lga e

5 P Pz Py A

‘ A
i | by
— & e (my) — > Step ot () —=t+- L -

le—— Glottis—*1

Fig. 13. Equivalent electrical circuit of the glottis

. = 0.69042|U,|, (24)
IG
dx
- B [ s it (25)
i s A () :
R, = 12#l§d1A;;13: (26)
Lgl =t le‘Anglf (27)
R,, = 12uBd. A}, (28)
L,y ='od, Az}, (29)
1 9 —
Ry = 5 e(Agn —A,0) Uy, (30)
|T,| ' o A
R= —p—* (1w "). (31)
. A4, A,
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The acoustic impedance Z, of the glottis in the two-mass model, determi-
ned on the basis of the equivalent circuit in Fig. 13, may be expressed as

on B

0.37 i A _
Z, = 210, | = + S L ETE o B RV TY S /O A
2 Aﬂ‘l AOZ
= (R +Ria)| Uyl +(Ryy +Rys) +j( Ly +Lys + L), (32)
where
A,
D — — A A
0.190 0.5 1, (1—A4,/4,)
Ry, = R, =9 (33a,b)

A4

gl Agﬂ
Since as a rule L, € L, +L,,, the inductance representing the inertia L,
may be neglected, L, ~ 0. In the single-mass model the coupling stiffness
s, = 00, 4, = A, = A, and expression (32), provided 4, > 4,, may be re-

written in the form
Z, = R, +R; +joL,, (34)

where R, — 12ud24;° is the viscous loss resistance, R; = 0.6904,° U, —
the kinetic flow resistance, L, = odA,' — the acoustic mass of the air in
the glottis orifice. ;

Expression (34) agrees well with the previously given formulae (1) and
(2). The only difference — in the numerical value of the constant factor in
R, — results from the slightly different simplifying assumptions in the case
considered.

3.6. The driving forces in the vocal fold system. The driving forces, denoted
as F, and F,, originate from the pressures P,,, and P,,; which act on the effec-
tive side areas of the vocal folds equal to (I,d,) and (I,d;), respectively. It is
assumed that P,,, and P,,, are equal to the arithmetic means of the pressures
(P, Py2) and (P,,, P,,) respectively, thus

:

Pml - ’2_(P11 +P1z)’ (35)
1

sz — E (P21+P22}- (36)

Using equations (19)-(23), one can write

1 av,
Boy— E(Pn +Py) = P,—R,U,—— (RngJrLgl o ) (35a)
1 1 dl
P = 9 — (Pgy+P3g) = Py — By U,— E[(Rm + R o) U, +(Lyy +Lys) _at—g]’ (36a)

5 — Archives of Acoustics 1/T7
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and finally obtain
: Fy = P, (l4d,), (37a)

F, = P,s(ld,). (37b)
4. Electrical model of the larynx source and its mathematical description

4.1. Electrical equivalent circuit of the model. Having introduced the simpli-
fying assumptions previously discussed which consist in:

(a) disregarding the acoustic impedances of the bronchi and trachea,

(b) representing the energy source, that is the lungs, by a d.c. voltage
source with electromotive force P, ~ P; and zero internal impedance,

(c) expressing the glottis impedance Z, in the form given by equation (32),
one may draw the electric equivalent circuit of the speech organ in vowel
artieulation as shown in Fig. 14. The pharynx-mouth voecal tract is simula-
ted by the cascade connection of n symmetrical 7-type four-poles, each of which
represents an elementary section of the vocal tract approximated in the form
of a cylindrical tube with hard walls, of cross-sectional area A; and length I,
(¢ =1, 2,..., n). The acoustic parameters of the i-th four-pole T, are as fol-
lows [10]: : 5

L; = ol;/A; — acoustic mass,

0; = Al;/pe* — acoustic compliance,

R, — (81;/43)V ouw /2 — acoustic i‘esistance of the viscous losses at the
tube walls, where g is the density of air, 4 — the coetficient of viscosity, 8; —
the tube circumference and o = 2xf — the angular frequency. The neglected
losses, caused by energy absorption at the walls of the tube and by heat con-
duction at the walls, may be taken into account by multiplying the acoustic

- loss resistance R;, calculated at the frequency f = F,, by the correction factor
k.=.20-28, . - _

In the equivalent circuit given in Fig. 14, the radiation impedance Z, is
represented in the form of the 'para_llel connection of the inductance L, and
radiation resistance Ry, according to the expressions (5), (ba) and (5b) in sec-
tion 2.3.

Riy Ror Lgr RhaBalos Ry Ly Lo Ry Ry Ly Lp K

| Agatt [-Agz(z‘) )

model U.‘] |

F

i
=5 |
=H : R~ Glottis 'U.? Cr
|
Q' Agg. il A

Glottis—*—lVbcal tract

Fig. 14. Equivalent electrical circuit of the speech organ in vowel articulation
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4.2. Mathematical description of the model. The behaviour of the electric
circuit in Fig. 14 may be easily discussed by the classical methods of network
analysis, e.g. by the loop-current method for n+2 loops, where n is the ar-
bitrary number of elementary segments of the vocal tract. Let us for example
put #» = 4, thus simulating the vocal tract by four cylindrical segments only.
In this case we obtain the set of six differential equations of motion (38)-(43):

‘ au,

(Rkl +Rk2)] Ug] Ug +(‘Rv1 +Rv2) Ug +(Lg1 +Lg2) _dT' s

t

1
- fU U)dt'=P,, (38)
1

t
av,
e > o —U,)dt =0 9
(Ry+ Bo) UL+ L) +02f(U1 U2)dt+ Clof(Ul Uit =0, (39)
y ) i
- hofvi JRTERI TE O B 71 —U)dt =0, (40
Byt Ba) U I+ Iy) =5 +030f(U2 Ui+ CZJ(UZ Udt =0, (40)
S t i
av 1 1
(By+ R Uy +(Ly+ L) > + f (Uy—~Upit+—— [ (T3~ Upit = 0, (41)
RN A i
[
vy U, | 1
et U,)dt = 0, 42
R+ Ty +Lg) o ~ =g + 6{ (42)
d
BplUptIp o (Up=Up) = 0. (43)

From these equations the currents (or volume velocities U) and voltages
(or acoustic pressures p) in any loop and node of the network corresponding
to a particular acoustic cross-section. of the vocal tract may be determined.
In acoustic diagnostics of the larynx source the following quantities and the
mutual relationships are the most interesting:

(a) The volume velocity U, in the glottis orifice as the output of the la-
rynx source in the form of the flow function U (t).

(b) The volume velocity U, through the radiation resistance Ry of the
mouth orifice, since this quantity is funetionally connected to a directly mea-
surable diagnostic parameter of the speech signal, viz. the acoustic pressure
p(r) at a distance » from the mouth orifice

P(T) — j_.a)gﬁ e“iinr/j-

44
4nr (44)

Relation (44) is valid in the near field of a spherical wave, when 2zr < A
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The coefficients Ry,, R;., E,,, R,, L,, L, in equation (38), which also
appear in expression (32) for the acoustic impedance Z, of the glottis, are
functions of the glottis areas A4,(f) (10a) and A,(t) (10b). This fact is attri-
buted to the feed-back in the larynx generator, previously described in section
3.1. In this connection the flow equations (38)-(43) must be complemented
by the differential equations of motion of the vocal folds, simulated by the
masses m,; and m,. The equations of motion may be written in the form

d%r dx 2
F, =m, dt21 ‘H'l‘dTl +8,1y +8(0, —,), (45a)
dza‘:‘ da,
Fy=my—— +1, o + 8%y +8,(@y —2y), (45b)

where F; and F, are the driving forces given by formulae (35), (36) and (37).

For the purposes of numerical calculations and computer modelling of the
speech organ in various conditions of phonation and articulation, the dif-
ferential equations of flow (38)-(43) and motion (45a, b) should be made dis-
crete by substituting for the differentiation [df(t)/d¢] and integration [f f(t)dt|
operators the corresponding incremental approximations according to the ru-
les

df(t) = JO)—ft_y)  fi—Ffia

P TR i RS S

[rwat ~ (t;—t;_,) 2,«.4 Zf“ (46D)

1=0.

(46a)

where 7 is the step of time quantization, and ¢ is the number of the successive
time segments.

The flow and motion equations must be solved by an iterative method.
The volume velocities U in the different cross —sections of the vocal tract, the
driving forces F,, F, and the resulting displacements x,, x, of the vocal folds
m,, m, in suecessive i-th time segments are determined from the values of x,
and «,, calculated or assumed for the preceeding, that is (i-1)-th, time segment.

5. Conclusions

The preceeding theoretical considerations indicate the applicability and
usefulness of a physical model of the human larynx source in diagnostic in-
vestigations of the speech organ in both normal and pathological cases. Any
anomaly of the anatomical structure of the larynx and restriction of its motive
capability, resulting either from laryngeal nerve palsy or from necessary sur-
gical intervention, may be expressed in terms of the physical parameters of
the model, which at the same time result in measurable variations of the acous-
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tic structure of the speech signal being analysed in the time and/or frequency
domains. These relations are mutual and reversible: the analysis of the acous-
tic parameters of the speech signal under definite phonation and articulation
conditions makes it possible to determine, when using the model and its mathe-
matical description, the equivalent values of the physical parameters of the
larynx model and hence to define and localize any anomaly of the anatomical
structure or reason for a restricted motive capability of the biological system.
This in turn facilitates and makes objective the process of diagnosis.

The directly measurable acoustical diagnostic signal usually used in laryn-
gology and phoniatry is the acoustic pressure p(f) of the speech wave at a par-
ticular point on the axis of symmetry of the patient’s mouth, or the spectral
presentation of this function obtained by a Fourier or Laplace transformation.
The acoustic pressure is connected with the volume velocity Uy in the mouth
orifice by the simple relation (44). The time and frequency parameters of the
Ug(t) function contain essential information concerning the physical and
material constants of the larynx source, as well as the spectral (e.g. formant-
-antiformant) structure of the speech signal-which depends on the momentary
geometrical configuration of the vocal tract. The latter information may, if
necessary, be eliminated by the process of inverse filtering. In this way the
information content of the speech signal may be limited to the larynx source
characteristics only. The essential diagnostic information is contained in the
volume velocity function U,t) through the glottis, since this function is
related by the flow equations (38)-(43) and the motion equations (45) with
the most important physical and physiological parameters of the vocal folds
and with the subglottal pressure P,.

The physical interpretation of the larynx pathology and the description
of anatomical anomalies in terms of the physical parameters of the diagnostic
speech signal is the subject of further research work which is being carried out
in the Speech Acoustics Laboratory, Department of Cybernetic Acoustics,
IFTR?) — Polish Academy of Sciences, in close co-operation with the Phonia-
tric Centret) of the Otolaryngological Clinie, Central Clinical Hospital, Medical
Academy in Warsaw.
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VARIABILITY OF THE HEARING THRESHOLD TRACINGS IN AUTOMATIC AUDIO-
METRY BEYOND THE INITIAL TRANSIENT PHASE

ANTONI JAROSZEWSKI, ANDRZEJ RAKOWSKI

Labolatory of Musical Acoustics, Academy of Music (Warszawa)

The results of measurements and the analysis of variability of the hea-
ring threshold observed in automatic audiometry beyond the initial transient
phase are given. The methods of interpretation of the threshold tracings and
their adequacy with respect to various rates of the test signal level control
are discussed.

1. Introduction

It is well-known that the hearing threshold level in individuals is far from
being constant even if the temporary threshold shifts due to exposure to
high intensity sounds is not taken into account [1, 2, 3].

Beyond the initial transient phase in the tracing, which, with regard to its
presumable origin and dependency on the experimental conditions has been
discussed in the previous report [10], the hearing threshold undergoes fluctua-
tions resulting from a number of various factors. Among these factors in the
earlier studies three main groups were recognized, i.e. physiological (heart
action, blood pressure, body temperature, degree of fatigue ete), physical
(atmospheric pressure) [4] and psychological such as short term variations
of the reaction time and changes in the threshold detection criteria as well as
practice and motivation in the subjects [5, 6, 8, 13, 14]. ‘

Threshold level depends also in a considerable degree on the pattern of
presentation of the stimuli, particularly on the rate of signal level control
and on the duration of the measurement. Corso’s findings [5, 6] which do not
reveal substantial influences of neither the rate of signal level control nor the
duration of the measurement were not to the authors’ knowledge confirmed in
the observations by other authors. Some implications leading to the conclusion
contradictory to the results reported in Corso’s works can be inferred from
the data published by HeEmpsToCK et al. [7]. According to these data, after
the elapse of abt. 15 min from the beginning of the measurement, the difference
in hearing thresholds for the continuous and the interrupted tone amounts to
abt. 5 dB. Also from ZwIsSLooKI’S et al. [14]. report it is evident that the hea-
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ring threshold level, as determined by Békésy’s audiometer tracings, is clearly
dependent on the duration of the measurement.

In the analysis of the figured factors influence it should be remembered
that the signal level taken as a hearing threshold level results from the defini-
te statistical operation and hence depends on the convention applied. In auto-
matic audiometers (Békésy type audiometers) this comes to the method of
interpretation of the hearing threshold tracings in the attempt to determine
these values of the signal level which are taken as the hearing threshold level.

In conventional clinical audiometers in which signal level is controlled
manually, the rate of signal level control near the threshold is usually quite
small, of the order of 0.5 — 3.0 dB/s. Also the effective duration of the measu-
rement at the separate discrete frequencies usually does not exceede a few
seconds. It should be pointed out that as an effective duration of the measure-
ment only this time span should be understood in which the subject is able
to detect the test signal which, as a matter of fact, usually has near the thres-
hold level.

Obviously enough quite different sitnation is faced by the listener in case
of the automatic audiometers being applied, particularly these equipped with
the electronic control of the signal level [9, 11, 12]. In these audiometers
the rate of signal level control can be varied in a very wide range. Quite sub-
stantial changes in the hearing threshold tracings follow these variations and
result in the changes of the hearing threshold level read out from the tracings
according to the applied convention pertaining to the averaging of the spikes
recorded.

Hence a question appears what rates of the signal level control can be applied
and what criteria should be used for the determination of the threshold level from
the threshold tracings thus obtained. Particularly it seems to begin questiona-
ble if the commonly used method of the linear interpolation can be applied
both for low and high rates of the signal control and which phase of the tracing
should be regarded as representative for the «true» threshold. The answer to
these questions is the attempt of this work. Just to illustrate the divergency
in the results of the threshold measurements obtained from automatic audio-
metry (conventional averaging) and conventional audiometry (the method
of limits) which amounts to about 3 dB the report by HEmpsTOoCK et al. [7].
can be quoted.

2. The equipment and method

The measurements were made in the sound insulated booth using the Bé-
késy type automatic audiometer with the electronic control of signal level,
described in detail in the earlier reports [9, 11, 12]. The last version was used
with the threshold equaliser, TDH 39 MX 41 —AR headphones and the head-
phones frequency response equaliser. Continuous sine signal test stimulus
of fixed frequency was used in all the measurements (automatic frequency
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scanning disconnected) and the discrete frequencies in the successive experi-
ments were 100, 1000 and 8000 Hz. At each of these frequencies the hearing
threshold level tracings were made using three rates of the signal level control
i.e. 3, 10 and 30 dB/s.

Three music students, two male and one female, aged 24 to 26 otologically
normal and with considerable experience in similar experiments served as
subjects in the experiments. The measurements were made in individual ses-
sions with each of the subjects who performed in accordance with the known
instructions for antomatic audiometers [10]. The test signal was delivered to
one ear only. Before the actual measurements each listener was obliged to
stay in the closed booth for 10 min to reduce the effect of the hearing thres-
hold improvement in silence [3]. The duration of the threshold tracing in all
cases was at leagt 12 min. In this manner several threshold tracings from each
listener were obtained each day. Rest periods between the successive tracings
were about 30 min. At the beginning of each session listeners had to pass the
routine screening test i.e. test threshold tracing at 1 kHz and 3 dB/s. If the
mean threshold level traced varied more than 41.5 dB the measurements
were not continued that day.

The experiment was carried out over the span of three months but the
measurements with individual listeners lasting about 1 month were made in
sucecession, so as to collect the individuals data within the possibly short period.
The number of tracings from each of the listeners was 10 at 9 points defined
by 3 frequency and 3 signal control rates combinations.

3. Data processing and the results of analysis

From each of the hearing threshold tracings thus obtained the fraction
from the very beginning up to 60 s was eliminated as pertaining to the initial
transient phase [7]. Next, from each 10 s of the tracing over its whole length
the mean values I, and the maximum values L,, of the recorded level were
determined, in each case the appropriate method of averaging being applied
(i.e. L, — averaging between the extremes of the record; L, — averaging
between the maximums of the recording).

These data, pertaining to 9 experimental situations (3 frequencies, 3 signal
control rates at each frequency) were gathered in assemblages of L, and L,
containing information referring to the successive 60 s time spans. The assem-
blages contained 180 L, and 180 L, readings (6 readings x 10 tracings x 3
listeners = 180). Medians and maximal deviations of L, and L, determined
from these assemblages are presented in Fig. 1 and Fig. 2.

The overall «by eye» analysis of the L,(t) and L,(t) functions reveals quite
considerable variability of the hearing threshold level with time and also its
dependence on the rate of signal level control. It can be observed at all the
three frequencies and all signal control rates used. Therefore it had to be de-
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cided which phase of the obtained functions should be taken for the further
analysis. It should be pointed out that at the rate 3 dB/s and with the rule
of averaging between the extremes of the recording (i.e. L) the apparent im-
provement of the threshold is observed as a function of time whereas at 10
dB/s and 30 dB/s the situation is exactly inverse.

The direct analysis of the experimental data and the interviews with the
listeners participating led to the definition of some seemingly important facts.
It was disclosed that at 3 dB/s and the elapse of about 6 min from the begin-
ning of measurement all listeners experience some kind of fatigue resulting
from the continuous concentration on the task and, last but not least from
the necessity to operate the control push-button switch in a suitable manner.
Consequently after about 6 min subjects begin to operate the push-button in
a manner affected by the fatigue, i.e. do not follow the former criteria of the
test signal detection simply because they are not longer able to do that. It is
interesting that for unknown reasons of a rather psychological nature they
regard quite considerable drops of the test signal level below the hearing thres-
hold as more admissible than the overshoots of the threshold. This is obviously
connected with longer than usual periods in which they do not come in con-
tact with the test signal. This contact becomes more or less arrhytmic or spo-
radic and automatically causes lowering of the mean level of test signal recor-
ded and hence the apparent improvement of the hearing threshold if the com-
monly used method of averaging is being applied.

At the higher rates of signal control, i.e. 10 and 30 dB/s, probably for si-
milar reasons of psychological nature the listener’s contact with test signal
occurs only within the peaks of spikes even at the beginning of the tracing.
This situation is well illustrated in Fig. 3 in which the threshold tracing at

LA
[a8]

15 {
JdB/s

10d8/s 30dB/s

4.25 ¢ lmin]

Fig. 3. Threshold tracing at constant frequency 1 kHz and three different signal contro
rates i.e. 3, 10, 30, dB/s

different signal control rates switched over in short succession is presented.
This observations can be used to explain the apparent threshold improvement
as determined by L, (f) functions at the rates 10 and 30 dB/s over the time
span lasting 4 to 6 min. Higher rates of the signal level control (e.g. 10 and
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30 dB/s), impose on the subject the necessity of very rapid operation of the
push-button switch and hence demand the concentration to the degree higher
than at the rate 3 dB/s. After about 4 min from the beginning of measurement
the subject finds himself not being able to keep to the rules of operation used
at the beginning and allows for the higher overshooting of the threshold level.
This in turn results in the apparent impairment of the threshold as a function
of time observed at these rates of the test signal control.

For the reasons figured out it should rather be accepted that with reference
to the threshold values as determined by I, only this portion of the tracings
which does not enter the fatigue region should be taken into account. At the
rate 3 dB/s this phase lasts 6 min at all the frequencies used. At 10 dB/s it is
6 min at 100 Hz and 1 kHz and 4 min at 8 kHz; at 30 dB/s it is 4 min at all
the frequencies used in the experiment. =

With regard to the threshold values as determined by L,, no unidirectio-
nal variations resulting from fatigue were observed; only the dispersion of
the results increases progressively as a function of time and becomes well pro-
nounced after the clapse of a few minutes.

In the further analysis, aimed at the comparison of the hearing threshold
obtained at various rates of the test signal control, only these values of L,
and L, were taken into account which were obtained from the tracings bet-
ween the end of the first minute of the measurement and the end of the fifth
minute.

Medians and maximum deviations in these assemblages of L; and L, are
presented in Figs. 4 and 5 for three frequencies used, i.e. 100, 1000 and 8000 Hz.

4. Discussion

The experimental data obtained, particularly L,(t) functions indicate that
on account of fatigue effects in the prolonged threshold tracing, for the deter-
mination of the threshold level only this phase of tracing seems to be represen-
tative which begins at the end of the initial transient and ends at the begin-
ning of the fatigue region. This phase, depending on the rate of test signal
eontrol and on frequency lasts about 4 to 6 minutes. ‘

The method of linear averaging between the extremes of the audiometrie
tracings (i.e. peaks and valleys of the spikes) for determining the threshold
level can be safely used at the test signal rates close to 3 dB/s. At higher rates,
for example 10 dB/s and 30 dB/s the correction coefficient defined by the
data in Fig. 4 should be introduced to account for the apparent improvement
of the threshold. This coefficient amounts to about 2 and 6 dB correspondingly
for the rates 10 and 30 dB/s. This apparent improvement of the threshold
is almost independent on the test signal frequency.

The method of linear averaging between the maximums of the tracing
(i.e. peaks of the spikes) at the rate 3 dB/s gives about 0.5 to 1.0 improvement
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of the threshold as compared with the threshold obtained from the linear avera-
ging between the extremes of the tracing. In normal practice this discrepancy
is not significant and it can be assumed that at the rate 3 dB /8 both methods
of reading the tracings are acceptable. '

The significant and valuable feature of the method of averaging between
the maximums of the tracings is that at higher test signal rates, i.e. 10 and
30 dB/s the threshold is determined directly without the necessity to be cor-
rected by any correction coefficients. As a matter of fact the apparent thres-
hold improvement with this method of interpretation is observed only at 30
dB/s and does not exceede 1 dB. Also, as it is clear from Fig. 2, the threshold
thus determined is less dependent on the duration of experiment, at least
with regard to the mean value. Only the dispersion obviously increases with
time. ] ‘
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It may also be pointed out that the long term variations of L, at low rates
of the test signal control (3 dB/s) and all high rates (10 dB/s and 30 dB/s) go
opposite to each other (Fig. 1). This observation suggests that there possibly
exists some intermediate rate of signal control at which these variations do
not show or are not significant. Inferred from the interpolation of the results
obtained at the rates 3 dB/s and 10 dB/s this intermediate rate with possibly
lowest time influence on the mean value of the tracing should amount to about
6 dB/s. This conclugsion is in agreement, with some experimental data which
have not been published so far [11].
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