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NOISE AND STRUCTURE OF A GAS JET AT THE CHOKED OUTFLOW FROM
A PERFORATED DISK

WIKTOR M. JUNGOWSKI, WITOLD C. SELEROWICZ

Department of Aerodynamies, Warsaw Technical Univergity (Warszawa)

With the aid of experimental and theoretical investigations the main
gasodynamie and acoustic properties of a gas jet discharging from a disk have
been determined, and the range of efficient operation of the disk, as an element
that reduces the outflow noise, has been established. The properties of the
gas jet from a disk and a nozzle were compared.

Notation

sound speed,

cross-gectional area,

distance between holes of the disk,

diameter of hole or nozzle,

frequency,

critical mass rate of flow,

ratio of specific heats,

length of cell, L = L/d,

Mach number,

number of holes,

np  number of hexagons,

SPL overall sound pressure level,

P pressure, Pq = Pa/Pos Pas = PalPoss P = PnlPos

St Strouhal number,

w  gas velocity, @ = u,/e,,

a ratio of cross-sectional areas,

B =vVMr-1,

n= blfd’

] angle of direction hetween the jet axis and a radius (in horizontal plane) from the
front of the nozzle or disk,

) mass density.
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Suffixes

ambient conditions,

nozzle,

conditions on the boundary jet,
supersonic jet,

supply conditions,

subsonic jet,

substitute conditions in coalesced jet,
critical conditions.
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1. Introduction

The investigation of perforated disks, as elements to reduce exhaust noi-
se [6], has prompted the authors to devote themselves particularly carefully
to the patterns of flow and the noise generated at a choked outflow for a wide
range of supply pressure. Various structures of the coalesced jet and various
noise spectra were found to exist. As a result of the investigations some prop-
erties of the coalesced jet and their dependence on the supply pressure have
been established and this, in turn, has contributed to determining the efficient
ranges of operation for disks of different geometries. In addition, the properties
of the coalesced gas jet discharged from a disk and those of a jet from single
convergent nozzle have been compared.

2. Gas jet at the choked outflow of a convergent nozzle

To enable the comparison of a coalesced jet from a disk with a jet from
a nozzle to be made, it will be advisable to sum up and to analyze the essen-
tials of the information contained in numerous publications, as well as the
conclusions that result from the investigations of a single jet.

The gas jet at a choked outflow, while expanding outside the nozzle, forms
a characteristic cell structure. The structure of cells, their dimensions and the
shape of the shock waves encountered, depend on the ratio of the ambient pres-
sure to the supply pressure [12, 6]. Fig. 1 shows our own photographs of a gas
jet, obtained by a schlieren method, with the aid of the light from a mercury
lamp. It can be seen that, as the supply pressure increases, the length of the
cells is also increased (a, b), and there then appears a Mach disk in the first
cell (c) and, subsequently, in the second (d). The empirical formulae of va-
rious authors for the length of the first cell (at the nozzle) for air discharge
(k = 1.4) are presented below in a uniform notation. Two groups of formulae
are remarkable: the first is characterized by simple relations with regard to p,

- 1 -
L= 0.89]/—_- —1.9, " " [19:p: T, (1)
Pa
= 0.528 .
L= 1.55]/ - —1, when 0.528 > 7, > 0.264, [6], (2)
a
= 0.528 47
L= 1.52( - ) —0.5, when P, < 0.264, [6], p. 6, (3)
Pa
1
L=12 ]/? —1.89, . [11], p. 1048, (4)
Pa
% 0.317 1
L= 0.89(0.1+ 5 ) 5 —1, when 0.528 > p, > 0.352, [T}, (B)
a a
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g 1
L = O.SQ]/T —1, when 7, <0.3562, [7], p. 234, (6)
Pa
and the second by linear relationships to j
L =118, [2], p. 576, (7)
L =1.3068, [1], p. 2186, (8)

where

B=VMi—1 = ]/5(@;1@ —1)—1.

: Fig, 1. Choked gas discharge from the nozzle
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The results of computations made using the foregoing formulae are given
in Fig. 2, where the results of the measurements of the cells’ length from our
own photographs are also plotted.

It can be seen that lengths of cells obtained from formulae (1), (4) and
(7) differ considerably, whereas formulae (2) and (3), (5) and (6) as well as (8)
differ by only a little and do not depart much from the results of measure-
ments made by the present authors. For this reason the value of the ratio
of the length of the cells over p,, obtained by measurement, has been found
to be the most reliable and has provided the basis for plotting the graph
L(p,) (Fig. 3). This, in turn, has found an application in the analysis of the
supersonic gas jet formed at the outflow from the disk.
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Fig. 2. Relation of the length of the Fig. 8. Relation of L to P, for the
firat cell (L) to the supply pressure nozzle, according to the measu-
(pqa) of the nozzle rements of the authors

O — measurements by the authors

The interaction of shock waves, encountered in the cells, with vortices
and turbulence in the unevenly expanded supersonic jet, produces additional
noise, in addition to the turbulent mixing noise also generated in subsonie
jets. The noise connected with the cell structure exhibits two components [2].
The former is distinguished by discrete frequencies in its spectrum and the
oceurrence of acoustic-flow feedback at its generation [10, 117]; it is usually called
sereech or whistle. The latter has a wider band with a definite peak and is
produced without feedback. Fig. 4 shows the spectrum of the sound level ob-
tained for weakly-choked outflow (a) and strongly-choked outflow (b) from
the convergent nozzle. In the latter case the discrete frequency (5.4 kHz) and
its first harmonic can be distinctly seen.

The overall sound pressure level increases as both the supply pressure
causing an increase of Mach number on the jet boundary, and the rate of
gas delivery increase. On the basis of previous results [2] and our own mea-
surements, it has been found that for # = 90° and within the range 0.5 < g <1
(0.46 > P, > 0.31) the overall sound pressure level (SPL) is dependent on B, ie.

SPL[dB] = const + 40logp. (9)
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For p>1, SPL is almost constant in level.

The generation by the jet of the above-mentioned discrete frequencies
in the noise spectrum depends primarily on the ratio of the ambient pressure
to the supply pressure and on conditions for the reflection of acoustic waves
in the environment of the nozzle and jet [3, 4, 8, 9, 13]. The occurrence of
strong discrete frequencies is econnected with the decay of the discharging jet
over a considerably shorter path than when they are absent (Fig. le).
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Fig. 4. Spectra of acoustic pressure for choked gas discharge from the nozzle for two values 7,

Various forms of jet oscillations corresponding to different levels of sup-
ply pressure have also been described. It is possible to distinguish prevailing
oscillations of an asymetric type [1, 4, 7-9, 11, 13], visible on photographs
taken by schlieren (Fig. ba) and shadow methods (Fig. bb) using a spark light
source. Fig. 6 compares Strouhal numbers evaluated from the formula

8t = fdle, (10)

on the basis of the measurements of discrete frequencies stated in publications
and obtained by the authors. It is possible to distinguish the band A through-
out the whole range of P, that corresponds to asymmetric oscillations, the
band B within the range of higher values of P, that correspond to oscillations
of a symmetric type, and the band D within the range of lower values p,,
that correspond to oscillations as yet not precisely investigated. The given
values correspond to fundamental frequencies, whereas in spectra the first
harmonic can frequently be observed. For comparison Strouhal numbers are
also specified which have been evaluated from the empirical formulae stated
in two publications:

1
T e Ty
; 3]/»: —1.89
LA

[11], p. 1048 (11)
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Fig. 5. Choked discharge from the nozzle-oscillations of the jet (of an asymmetric type):
a) the photo made by steak trail method, b) the photo made by shadow method
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Fig. 6. Relation of Strouhal number to supply pressure (p,) for discrete frequencies in
a spectrum
M — measurements by the authors
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and
0.567

1
el

Pa

It can be seen that formula (12) is in a good agreement with the mea-
surement results within a wide range of 7, and is associated with the band A.
On the other hand, formula (11) is only partially in agreement with all three
bands.

The use of spoilers at the nozzle outlet or the use of sound-absorbing ma-
terials in the immediate surroundings of the nozzle permits the removal of
some of the discrete frequencies. However, the use of a suitable reflector may
enable them to be strengthened or stabilized.

8t = R &8 RN (12)

3. Experimental investigation of air outflow from perforated disks

The investigations involved the visualization of flow by a schlieren me-
thod with the aid of a mercury lamp or a spark light source; measurements of
static and stagnation pressure by means of a Prandtl tube of small dimen-
sions; measurements of overall sound pressure level (SPL) and noise spectra
with the aid of apparatus from Briiel and Kjaer comprising a half-inch micro-
phone (type 4133) with pre-amplifier (type 2616), analyser (type 2010) and
level recorder (type 2307). A microphone was located at a radius of 50 cm
from the nozzle outlet or the disk, and the angle 6 between the radius and
jet axis in a horizontal plane varied within the range 45° to 135°.

All disks were provided with holes arranged on the sides of hexagons
(Fig. 20a). The total cross-section of the holes was always equal to the cross-
-section of the nozzle, of diameter 16 mm. The number of holes in the disks
depended on the number of concentric hexagonals and can be expressed by
the formula [1] :
n = 1+3n,(n,+1). (13)

Disks with three numbers of holes arranged at various distances were
used:

np n n

1 7 0.5 0.645

2 19 0.07 0.5 0.861

4 61 0.07 0.5 0.772 1.07 1.243  1.523

Visualization of jet structures. Figs. 7 and 8 show air jets discharging from
disks with equal = 0.5, but with different numbers of holes: 61 and 19, res-
pectively. At lower Supply pressures the cell structure occurs only in the prox-
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Fig. 8. Choked gas discharge from a disk (n = 19, n = 0.5) for variour supply pressures



96 W. M. JUNGOWSKI, W. C. SELEROWICZ

imity of the disk. Jets meet as subsonic ones to form a coalesced subsonic
jet (a). As the pressure increases, the plane of joining of the jets moves towards
the disk, while shock and rarefaction waves appear in the coalesced jet (b).
With sufficiently high pressure distinet cells oceur in the coalesced jet (c, d, e),
which increase in length as the supply pressure rises.

On the basis of the measurement of the length of the first distinct cell of the
coalesced jet and the graph shown in Fig. 3, the form of the substitute sup-
ply pressure (P,,) as a function of real disk supply pressure (F,) is shown
in Fig. 9 (the substitute disk supply pressure (7,,) corresponds to the nozzle
supply pressure (p,) at which the length of the first cell L is the same for
both the disk and the nozzle). As can be seen, the growth of n at con-
stant #n and P, causes P,, to increase, i.e. reduces the substitute supply
pressure .
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Fig. 9. Relation of the substitute supply pressure (Pgs) in a coalesced jet to the real supply
pressure of the disk (7,)

Figs. 10-13 show gas jets at various supply pressures. At the lower and
the higher values (a, ¢) the jet is stable and coherent, while at intermediate
pressures (b) distinet asymmetric oscillations occur which bring about a very
rapid decay of the jet. Such structures exist at various values of # and n.
In the figures we can see Mach waves of high frequency which are propagating
conically from the jet boundary, in the proximity of the disk. Furthermore, Fig.
13a shows acoustic disturbances of a lower frequency which are probably
induced by oscillations of symmetric type.

Measurements of overall sound pressure level. Fig. 14 shows the depen-
dence of the SPL on p, for various » and Fig. 15 — for various » and angles 6.
From Fig. 14 it can be seen that reduction in 5 at constant n causes a steep
rise of SPL at lower supply pressures. This rise comes from the supersonic coales-
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ced jet. Within a wide range of pressures the minimum level SPL is obtained
for n = 0.772. Fig. 15 shows a reduction in SPL, within a wide range of pres-
sures, as n increases with constant #. The increase of SPL to a level that cor-
responds to the SPL of the nozzle occurs at very similar values of the supply
pressure.

b
5=0733
C
%=0,725

Fig. 10. Choked gas discharge from a disk (n = 61, n = 0.07)

The spectrum of acoustic pressure. Fig. 16 shows spectra obtained at three
values of the supply pressure. The spectrum (a) corresponds to a subsonic
coalesced jet, and (b) and (¢) to a supersonic jet with cellular structure. The
last two speectra both contain a distinet peak caused by broad-band noise
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resulting from the cellular structure. Furthermore, in thé spectrum (c) there
oceur two discrete frequencies that correspond to the noise induced by asym-
metric flow oscillations with acoustic-feedback. The higher frequency is a first
harmonic.
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S

Fig. 11. Choked gas discharge from a disk (n = 61, 4 = 0.5)

Fig. 17 shows the results for the other disk. In the spectrum (c) one dis-
crete frequency can be seen.

Fig. 18 and 19 show the effect of the angle 6 on the shape of the spectrum,
which, evidently, is negligible.
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Measurement of stagnation and static pressures. The values of stagnations
pressure as measured on the axis of the subsonic coalesced jet (in its initial
cross-section) are plotted in Fig. 21a (M, <1). While measuring the static
pressure at the beginning of the supersonic coalesced jet, a substantial excess

Fig. 12. Choked gas discharge from a disk (n = 19, % = 0.5)

pressure only a little below 1 atm at the maximum supply pressure was found
to exist. The results have not been compared because they are few as a result
of considerable air consumption during measurement at high supply pressures.
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Fig. 138. Choked gas discharge from a disk (» =7, 5 = 0.5)

4. Calculation the properties of a coalesced jet

Experiments have shown that a coalesced jet is subsonic or supersonic
with. cell structure depending on the range of 7,, # and n. For this reason,
physical models used for the calculation will be different for different jets.
In both cases a simplifying assumption has been made that the gas properties
at the initial cross-section of a collective jet are uniform.

Subsonic flow in a collective jet. A diagram of the structure of the flow
is shown in Fig. 20b. Due to mixing of the jets discharging from a disk with
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Fig. 14. Relation of SPL to P, for various 75
(6 = 90°) x — mnozzle

the ambient air, subsonic portions of the jet develop around the decaying
cell structure.

At a certain distance away from the disk they come into contact with
each other and form a coalesced subsonic jet. Applying the principle of con-
servation of momentum to those jets we obtain:

g*ciA*+(p*-pa)A* = qu;AiJ' (14)

After giving consideration to the equations of state of gas for single and
coalesced jet, and relations

a, =4 /4, (15)
and
M, = u,/c,, (16)

we determine the relation between M, and P4, for a, = const, in the form

iy & —2— 2 1/(k—1)
M’“_]/k [@(Hl) e Sl

With the aid of tables for isentropic gas flow we may find Py (M,).

It can be concluded from (17) that the problem involves a proper deter-
mination of a, The cross-section of the coalesced jet has been defined in
two ways: as the total of the cross-sections of all of the jets with diameters

2 — Archives of Acoustics 2/76
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Fig. 15. Relation of SPL to P, for various n» and 6 (3 = 0.5)

X =— nozzle

d+b(4,) or as the area (4,,) bounded by dash-dot curve in Fig. 20a. Cor-
respondingly, one obtains

¥
— . 18
i g
1+ 31 1
tyy = Gy, ﬂ-[r—{“ nh(nh+ )] : (19)

2

7
o meite B (F St o4 2
6+V3+n,,( Ny, +2)
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Fig. 17. Spectra of acoustic pressure for a disk (for various p,)
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Fig. 18. Spectra of acoustic pressure for a disk (for various 0)
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Fig. 19. Spectra of acoustic pressure for a disk (for various 6)

Thus a,, depends only on the spacing of holes while a,, depends also on
their number.

Supersonic flow in coalesced jet. The diagram of the structure of the flow
is shown in Fig. 20c¢. The jets come into contaet with supersonic boundaries
at a short distance away from the disk. The existing shock waves maintain
in the coalesced jet a pressure that is higher than the ambient one, and this

Fig. 20. Structure of gas jet from a disk at the critical choked discharge

results in the formation of a net of rarefaction waves that gradually pro-
duce the cell structure. The mixing of the jets with the ambient air through
a small initial distance is considered to be negligible.

Applying the prineciples of conservation of mass, momentum and energy
we get, respectively,

G, = @alty Ay, : (20)
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(Py—Pa) A, — (Pu—Du) 4y = G, (u,~0,), (21)
i e, TR <.

T ey g

Considering together the critical mass rate of flow, the relations between
the stagnation and critical properties and the relations

(22)

a, = A*/An! (23)
. U = Uy [0y, (24)
we obtain the quadratic equation \
i 22 2
in which .
9 \12 | 9 \—3)2(k—1)
D=2——— Pa|l— —1)|—— 5 26
() ) () a0
The solution of equation (25), that is physically meaningful, is
o e DA 2 a7
U o=—— — - —.
2 2 k+1 (27)

The positive root is rejected since it leads to a statie pressure — in a col-
lective jet — considerably lower the ambient pressure, while measurements
made have shown that it is higher. By transforming, in turn, equation (21)
and writing » = p,/p,, we obtain

5 i s oo B & 2 (k+1)l2(k-1)_
P=almif) ) ] e

The cross-section of the coalesced jet is defined as the circular area boun-
ded by continuous line in Fig. 20a, which implies

1+ 3n,(ny+1)

o 29
an aPI (2nh+l)2 ( )
Having calculated from (27) that
— uﬁ- uﬂ cﬂ cﬂ
=——=—— =M, 30
u Pptonlbngr n gy (30)

we can select from tables of jsentropic flow the frarlues of M, which will sat-
isfy relation (30) and read the ratio p,/p,. Having caleulated 7 from (28)
we finally obtain

it pﬂ pa.
pa i Oy : (31)
il Nadl

Results of calculations. In Fig. 21 the results of the calculations made
using the above relations are denoted with continuous lines. For a subsonic
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coalesced jet (a) (M, < 1), the results of measurement show good agreement
with the results of calculations obtained using a,, for bigger », and a,, for
smaller. In the case of a supersonic jet (M, > 1) this agreement deteriorates,
notably for n = 19.

s | g. %
523 0157

09

3

Pes |
g AL C)
04-
03-
02 Fig. 21. Relation of the substitute

supply pressure (Pgs) in a coalesced
0'10,1 N SR _E jet to the r:a.:l i}l:p(pﬁl:; pressure of

The curves obtained do not join at p,, = 0.528, i.e. when the flow in the
coalesced jet is critical. In the transsonic range, measurement results are lack-
ing but it might be supposed that they would not have been in agreement
with the calculations. These facts result from the application of the two dif-
ferent models of flow which are correct for a subsonic or a supersonic coales-
ced jet.

5. Comparison of the jet from perforated disk with the jet from a nozzle

At the choked discharge of a gas from a perforated disk the collective
jet can be subsonie, similar to subsonie discharge from a convergent nozzle,
or supersonic, as for choked discharge. The nature of the structure of the
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coalesced jet depends on the substitute supply pressure p,, which, in turn,
is a function of P,, n and 5. The collective jet exhibits all properties of the jet
from a nozzle at corresponding supply pressures, i.e. when P,; = Pa-

The SPL of the disk is linearly dependent on 7, since the coalesced stream
is subsonie, as is the case for the disk in the range of subsonic discharge. When
the cell structure appears, the SPL increases rapidly, as in the choked dis-
charge from the nozzle, and can attain a level that corresponds to its maxi-
mum SPL.

The nature of the SPL spectra in corresponding supply pressure ranges
is the same for the disk and nozzle. In the subsonic range the spectra are flat,
while in the supersonic one they exhibit a distinet peak and discrete frequencies.
Strouhal numbers calculated on the basis of discrete frequencies fall into the
same range as they do for the nozzle if p,, = P,; (Fig. 6). Symmetric and asym-
metric forms of vibrations also occur in both cases.

6. Conclusions

From the investigations carried out it can be concluded that the effi-
ciency of a perforated disk as a means of reducing the outlet noise is limited
by the supply pressure range dependence on #. Fig. 22 is a plot of values of P,
from Figs. 14 and 15 that correspond to the beginning of a steep rise of SPL,
while the continuous line denotes the caleulated values of 7, that correspond
to P, =0.48 (broken line in Fig. 21a), i.e. M, = 1.08. The values of P, from
Fig. 21b and ¢, that correspond to the other number of holes, differ only insi-

Pa h
05} F R
7 179167
04 Mg( 108 (0070 —=1—]°
0500|ala]e
03 0772 I=1—e
17,040 |=|=']e
- 8
Fig. 22. p, as a function of # for a per- B4 Mg)lﬂ £
forated disk (corresponding to a dynamic 07 L L L L i L o
SPL increase in Figs. 14 and 15) 0 02 0406 08 70 12 7q

gnificantly, as described by formula (29). It can be seen that an increase in
noise occurs after the formation of the cell structure in a coalesced jet. It is,
therefore, desirable that 7,, for a given %, should always be within the region
of efficient operation of the disk, i.e. M, < 1.08. On the other hand, it was
found that the lowest level SPL occurred when n = 61, corresponding to
n = 0.5 —0.8; thus, the use of higher » can be justified only when there the
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the highest supply pressure occurs. It is known, that the SPL decreases as
the number of holes in the disk [5] increases, but, at the same time, the mea-
surements show that the supply pressure at which the SPL of the disk becomes
equal to the SPL of the nozzle does not depend on the number of holes.
Thus, when using a perforated disk as a single stage element to reduce
outflow noise, it is necessary to select a diameter as small as possible for holes
in the disk and to choose a value of 7 as small as possible, but the value of 7,
‘should always remain in the region of efficient operation of the disk.
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GENERAL CONDITIONS OF PHASE CANCELLATION
IN AN ACOUSTIC FIELD

MICHAL VOGT
Institute of Fundamental Technological Research (Warszawa)

The dependence of the degree of cancellation of an acoustic field, expressed
by the field cancellation factor, on the correlation parameters of the signals:
cancelling and cancelled is derived. Using this dependence, the necessary con-
ditions — in terms of phase and amplitude — for the occurrence of the cancella-
tion phenomtenon at a field point are determined.

The possibility of the cancellation of larger regions of acoustic fields is
investigated using such parameters as spectral characterisfics of various signal
classes and mutual distances of the cancelling and cancelled sources.

A clasgification into natural and forced cancellation is introduced and
the classes of signals which ean be cancelled in a natural way are determined.

The conditions for the occurrence of cancellation throughout all space
are determined.

1. Introduction

For years now the phenomenon of phase cancellation has constituted
a promising chance to workes in the field, to solve the problem of noise control.
The literature concerned with acoustics rather infrequently reveals publica-
tions reporting trials to utilize this phenomenon for reducing noise [1-5].
At present there does not exist any general theory permitting a quantitative
description for all classes of signals, i.e. both deterministic and stochastic.
This may have been caused by too large discrepancy between anticipated
and obtained results which, in turn, in most cases leads to the abandonment of
more thorough investigations. The absence of such a theory for the quan-
titative conception of the phenomenon can surely not contribute to the rea-
lization of positive results ‘as, indeed, it does not favour a proper utilization
of this phenomenon in practice.

An attempt has been made in this paper to define the conditions necessary
for the creation of the phenomenon of phase cancellation at a field point and
to give the dependence between the degree of field cancellation and the cor-
relation parameters of signals. The correlative approach permits to a uniform
analysis of all classes of signals.
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On the basis of dependence derived between the degree of field cancel-
lation and the correlation parameters of the signals, the range of regions in
which the phenomenon of cancellation occurs for various typical classes of
signals has been calculated, and the classes of signals subject to natural can-
cellation defined. The relationship between the mutual spacing of sources,
necessary for the occurrence of cancellation in a given region, and the spectral
nature of the sound emitted by them has also been determined.

Consideration is merely given in the paper to the cancellation in a field,
neglecting the mutual interaction of sources.

2. The field cancellation factor

Let a given source § (Fig. 1) be placed in a propagation medium and emit
a signal #(t). It produces in the medium a field x(r,t). At any point A4 in this
field, with the distance |r,| from the source, the wave »,(t) is only a function
of time. The mean power (P, > of this wave at the point 4 is

g
1
Pooy = [ S, 1)

A

/) ro7

Fig. 1. Spacing of sources — cancelled 8, cancelling
8’ — and the point A at which cancellation is re-
J" : quired to take place

where 7' denotes the duration of signal.

Let another source 8, which is placed in this medium at a distance d
from the source S, emit a signal y(#).

It produces at point 4 the wave y,(f') having a mean power

i
1 ’
<%Q=Y!ﬁmm, @)

where ¢’ denotes the time calculated with regard to the coordinate system
related to the source 8’ and is equal to

t =t4r, (3)
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where 7 is the difference of times at which signals from the sources reach the
point A.

If the medium is linear, then the resulting signal z,(?) at the point 4 is
the total of the component signals from sources S and §':

2a(t) = @4(8) +ya(t). (4)

The mean power of this signal is

T

s 1
Pt = [ A0, (5)

0

Cancellation at the point A occurs when

Pryay <(Ppyy andfor (P <Py, (6)

depending on which field is to be cancelled.

Definition. Phase cancellation is a phenomenon resulting from such
superposition of fields as to bring about a reduction of the signal power mea-
sured at a given point or region, compared to the signal power which would
have been measured at this point or region as a result of the individual action
of each component field.

In order to describe quantitatively the phenomenon of cancellation, we
shall define the field cancellation factor k as the ratio of the cancelled power

{P,,> to the primary wave power {P,,> which existed at a given point A
prior to the superposition of the cancelling field:

o & {Poa? : 7
Pri> X
But
Fo) = Foi)—Puya)y (8)
therefore
{Poya
be=1——"20 9
<PxA> ( )

Since the mean cancelled power (P,> cannot exceed the mean primary
power {(P,», the field cancellation factor must lie between zero and unity:

0<k<1. (10)
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3. Dependence of the field cancellation factor on the correlation factor of the signals

_ The correlation functions for both of the signals «(t) and y(t) are caleu-
lated as the limit of the following integral for various values of the variable 7 [6]:

™
R,,(7) = lim —;7 @ (t)y(t+7)dt. (11)

T—o0

A

In general, the integration should extend over the whole range of #(f) and
y(t). If the processes #(t) and y(f) are stationary, then their statistical proper-
ties will be the same for various samples of the processes. Thus the correla-
tion functions of various samples will also be the same. It is then possible to
calculate correlation functions of a given process for finite time intervals of
width 71':

Bi (1) = —f y(t+7)dt. (12)
Similarly, autocorrelation funetions of component signals can be defined by

B (7) = f @(i+7) (13)

Ry (7) f y(t)y(t+7)d (14)

For v = 0 the autocorrelation functions represent the mean power of the
signal in the interval T':

T
1
Bp(0) = 5 [ @*(00dt = B, (15)
1 DT
By (0) = 7 [ 920t = <P, (16)

The ratio of the cross-correlation function, determined at a point of the
field, to the square root of the product of values of the auto-correlation funec-
tions for the component signals at zero, is termed the cross-correlation factor b,
for a time difference 7:

il RT:cy(r) ;
VRyu(0)R,, (0)

(17)

The mean power of the total signal at the point 4 over a time T is
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(P f =~—meA( t)dt+ — fyA (t )t 4 — f y(t+7)dt

= Bigg(0) + By (0) + 2By (7) - (18)

Substituting this value into formula (9) and coﬁsidering condition (10),
with @ denoting the ratio of the cancelling signal power to the cancelled signal
power,

Rfi 0
a = Zawl0) ; (19)
RTx:c(O)
we obtain the following condition for cancellation:
) 1.1l+4a
iy S QS S B (20)
2 2 Va

We also obtain the following relationship between the field cancellation
factor k, the cross-correlation factor b, of component signals, and the ratio a
of the powers of these signals:

k= —2bVa—a. (21)

Consider first condition (20). Since a is positive, because it is the ratio
of the powers of signals, both the right- and left-hand sides of inequality (20)
are positive. Thus condition (20) is satisfied only if the correlation factor b,
assumes a negative value, i.e.,

b, < 0. - (22)

This relation is called the phase condition.

Let us now examine for what power ratios a the cancellation is possible
and how strongly the component signals should be correlated with one another
for a given power ratio a.

The right-hand side of inequality (20) represents a concave funetion hav-
ing a minimum equal to 1 for the value ¢ =1 (Fig. 2).

From the Schwartz inequality we get a stronger condition, namely
b < 1. (23)
Combining conditions (20) and (23), we get
PWa<1, (24)
hence the range of permissible powers for cancelling waves becomes

0 < Rpyy(0) < 4 Rppp(0). . (25)
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Thus the phenomenon of cancellation may occur for ratios of the power
of the cancelling signal to the cancelled one within the range

0<a<4, (26)
A
2-
p=1 1+a
L T Va
1
L=%Va
0 1 2 ) 3 @t o
AL
e B D)

Fig. 2. A graph of the function P [which represents the right side of inequality (20)] and the

funetion L (which represents the left-hand side of this inequality) versus the power ratio

of the component signals. The shaded region determines the range of the value of the

modulus of the cross-correlation factor |b,| necessary to obtain cancellation at a certain
ratio a

while the required cross-correlation factor of both signals for given power ratio a
should wvary within the limits

jlge ~h.c 1. (27)

This condition is called the amplitude condition.

These relationships are shown in Fig. 2. The region of permissible values
for —b,, determined by condition (27), is shaded in Fig. 2.

Let us now analyze the mutual dependence of the degree of cancellation
of a field and the degree of correlation of its component signals, To this end
we present relation (21) in the form of a family of curves &k = f(a) for different
values of the parameter b, (Fig. 3).

The maximum cancellation occurs for a value of the power ratio given by

a = b, (28)
with the field cancellation factor attaining the value
kmax = bf- (29)

Thus the maxima of the family of curves represented by (21) lie on the
straight line
= @iy dor a <l (30)

kmax
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o) -

/L \
§ // ) \ \bf VRex(0)Ry, ©)
}as \

04 s \ \
a2 A
A B
AL

o 1 2 3
Ryx(0)

Fig. 3. Dependence of the fleld cancellation factor k on the power ratio @ of both signals
for various values of the cross-correlation factor b

Cancellation larger than any k; is possible for signals for which the power
ratio a is within the limits

1=V1—k)2<a<(1+V1—k)s, - (31)
while the modulus of the correlation factor is higher than |b,|,.,, where
el = VE;. (32)

The relations (31) and (32) are more apparent in the diagram of the requ-
ired degree of correlation of the signals versus their power ratio at an assumed
field cancellation factor (Fig. 4).

4. Spatial conditions for the existence of phase cancellation for monochromatic (sinusoidal)
signals

Let the source § (Fig. 1) emit the wave
@(t) = Xsinw,t, (33)
and the source 8’ the wave
y(t) = Ysin(wl+@). (34)

Let the difference of the distances from both sources to the reception
point A be
AT =", (35)
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1 k=7 09 08 07 0605 04 03 62 07 0
__-__/ /’
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>
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a 1 2 3 R (0) 4
3 Bxx(0)

Fig. 4. Dependence of the required correlation factor by on the power ratio @ of both signals
for an assumed field cancellation factor k

where ¢ is the velocity of sound.
The autocorrelation functions of signals for = = 0 are:
2 X2 Y2
RTm(O) = _?ZH! ‘RTﬂ'ﬂ(O) 7 '_2_‘ . (36)
The cross-correlation function for o, # e, is equal to zero only if 7T is
sufficiently long,
RTa:y(":) =0, (37)
s0 that stable cancellation cannot occur at the point A.

On the other hand, if frequencies of both signals are identical, i.e. o,
= (g =F 6!), then

XN,

Ry (7) = cos (ot +¢), (38)

o

and substituting (36) and (37) in equation (27) and considering (35) we obtain
a condition for the range of the differences of distances covered by the wave
and thus determine the range of the area of cancellation:

(2 —}—1)(“.9 1arccoqu 8
> T T ~a ¥la

Ar= 2fn—|—1)¢+larccosl 4 39
= R e L 2 X2 (39)
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From equation (21) the value of the field cancellation factor in this region is
Y2

o (40)

k=2 Ycos[(Z PO LA
=2 n At+——m —
X achithraca
where ¢ — denotes the phase shift of both waves at the source, 1 — wave-
length, » — natural number.
Maximum values of cancellation are obtained at points for which

A

Mo, s [(2n g (e 3] (41)

2 .7

is satisfied.
The maximum value is

3 ¥

k =2— —|—].
as = 27 ( X) | (42)

This value can be obtained for two ratios of signal amplitudes, namely
Y g
0 =14+V1—tpy. - (43)

The dependence between these amplitude ratios is the following:

X ¥
(?f),(f)z  Fmax- s

Thus ecancellation occurs for the amplitude ratios of signals in the inter-
val 0 < Y /X < 2, while the maximum possible value of cancellation k., =1
is obtained for Y /X = 1.

If in equation (41) it is assumed that the phase shift of signals at the
source is equal to zero, then maximum cancellation will oceur at such points
in space that the difference of distances from the sources is exactly an odd
multiple of half wavelengths. In the proximity of these points there will also
be cancellation, which will decrease with the cosine of the ratio Ar/}Ai; sym-
metrically for distance differences Ar smaller and higher than Ar,.

The limiting values of the difference Ar, at which the cancellation finis-
hes is determined by

dr, = Aroj:%a.rc cos%-%. (45)

Hence, it can be concluded that the cancellation region extends for a phase

difference Ay between the signals given by

L. X
Ay =2 §——. 46
P arccosz X (46)

3 — Archives of Acoustics 2/76
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The relationships described in equations (42) and (46) are shown in Fig. 5,
and that of equation (40) in Fig. 6. From these figures it can be seen that the
question as to whether the ratio ¥ /X is larger or smaller than unity is not
trivial. In both cases, the same values of k,,, can be obtained, but for ¥/X < 1

i
1
1180°
Amax >~ a %
~
it 4150° ?
075 o
£
.25 1720°
i %
0;5 I \\ i ggo
\\
N\ 160°
025+ N
——4y 30° . - k
— kmax Y Fig. 5. Dependence of the maximum field
0 cancellation factor kpax and the maxi-
0 0L5 1‘ 1' 5 - S mum permissible phase difference Ay
: o between signals on the amplitude ratio
A of the signals
1
=Va
75
k
a5+
I'ig. 6. Dependence of the field 025
cancellation factor k¥ on the phase
24r
ws{2n+l)ﬂ+Tu+¢ e

0 . A
0% 1 GaTE. gaR T IngR I 3097 TR 00

at various amplitude ratios of the k4 je————— ¥
signals o<va<t 1<Va<2

the range of phase difference Ay, at which the cancellation oeccurs, and hence
the range of cancellation, is larger than in the case Y /X > 1. Another con-
sequence of equation (45) is that the range of the cancellation region is propor-
tional to the wavelength, and thus higher for lower frequencies.
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5. Phase cancellation of periodic signals

Let the sources § and 8 (Fig. 1) emit suitable periodic signals of the forms

(1) = Zanin(nwt), (47)
y(t) = Y Y,sin(not+g,). (48)

We shall limit ourselves to signals of the same fundamental and harmonic
frequencies, since in the case of different frequencies the cross-correlation
factor is equal to zero and it is mot possible to achieve stable cancellation.

The correlation functions of singals (47) and (48) for a point whose dis-
tances from the sources differ by Adr = ¢r are

Bra(0) = D) 5% Ran(0) = D52, (49)
s
Ry (¥) o= Z—’;icos(nwr—}-%). : (50)

n

A general analysis for any values of Y, and X, is too complicated and
we will consider the simple case X, = Y.
Substitution of functions (49) and (50) in equation (27) gives

1)) X< Y Xieos[(2m+1)In+nor+g,]< ) X3, (51)
n n n

where m = 0,1, ...
The right-hand side of (51) determines complete cancellation. It occurs if

(2m+1)n+nor+g¢, = 0, (52)

i.e. if the phases ¢, are such that, for all =,
T

is satisfied, where T denotes the period of the periodic signal. Let us assume
that both sources emit the same signals, i.e. ¢, = 0 for all n.

To bring about a complete cancellation, all the cosines must be equal
to unity, thus we obtain the condition

(2m+1)=w Ar

R S (54)
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and hence
2 A 2m—+1

Ar ;
2 n

(55)

where A is the wavelenght of the periodic signal, n — the n-th component,
m — the m-th multiple of the half wavelength.
Equation (55) must be satisfied for all components, i.e.

Ar, = Ar, (56)
where k, I denote any two components of the periodic signal. Substituting
in (55), we have

2my,+1 2my+1

& o, 1 ’ (57)

gso that
R Ve 8 (58)

In order to satisfy this equality, m, should be integral for all m,. This is
the case if, assuming % > I,
e (59)
sl integer.
H
In this case the ratio %/l is also an integer, and equation (58) will be valid
when this is an odd number.
From this discussion it can be concluded that complete cancellation of
periodic signals is possible only for signals with only odd harmonies.
Periodic signals with only odd harmonics possess half-wave symmetry, i.e.

y(0+m) = —y(0). (60)

This means that the part of the wave in the interval (w, 2w), after being
rotated about the 6 axis and shifted by =, coincides exactly with that part
of the wave in the interval (0, =) (Fig. 7). Thus at points which the waves from

yn

Fig. 7. Asignal y (0) exhibiting half-wave symmetry

the sources reach with a time difference » = 7'/2, the element of the medinm
is acted upon by equal and opposite forces which are completely balanced.
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6. Phase cancellation for other classes of signals

Other signals do not all exhibit a natural half-wave symmetry, and for
this reason it is not possible to achieve complete cancellation with them.

However, any signal (e.g. noise) may be taken, reversed artificially, and
superimposed on the original signal. If the primary signal is #(t), then the
reversed and delayed signal is y(t+7) = —w(f), and the cross-correlation
function of these signals will be

b i

Ry, (7) = f Yy(t+7)d

=?f‘”"’ [~ ()]t = — Rpge(0) = — B, (0).  (61)

When substituting from equation (61) into equation (27), one can see
that the condition for the complete cancellation is satisfied. Thus, a signal
having no symmetry whatsoever can be completely cancelled by the use of
its artificial reverse with respect to phase. This operation gives any signal
half-wave symmetry with regard to the primary signal, since the relation bet-
ween the secondary and primary signals is the following:

Y@+7) = —y(#) (62)

(ef. equation (60)).

It would appear advisable to classify cancellation into natural and forced,
especially in view of the fact that the phenomenon of natural cancellation is
observed without performing any operations on the signal. The possibility of
this phenomenon occurring results from the characteristics of the signal it-
self, namely its half-wave symmetry. Such cancellation can therefore occur
only for classes of signals which have a natural halfwave symmetry. They include
monochromatic and periodic signals with only odd harmonies. All other sig-
nals can, however, be cancelled by performing on them a phase reversal ope-
ration, but because of this operation, cancellation obtained in this way will
be defined as forced camcellation.

7. Dependence of the range of the cancellation region on the signal
power density spectrum

In section 4 it has been shown that the range of the cancellation region
for monochromatic signals is inversely proportional to their frequency.

Let us now consider how the range of the cancellation region depends
on the power density spectrum of any signal. In the case of the superposition
of two identical signals only reversed in phase and shifted by 7, the cross-
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correlation function of both signals will be a mirror reflection of the autocor-
relation function a, of primary signal shifted by r 4 relative to the = axis. Since —
as a result of the uncertainty relation [7] — the width of the auntocorrelation
gunction is inversely proportional to the upper frequency limit of the signal,

e
A
7
ar
- i v G T B
Fig. 8. a, — autocorrelation function of the primary
br signal, b, — cross-correlation of the primary signal
with the primary signal inversed in phase and
=] % shifted by 74

the width of the correlation function will also be inversely proportional to
this frequency in agreement with the formula

¢

2 63
3 (63)

T

90— Td

where € is a constant.

Since the width of the interval r,— 74, in which the cross-correlation func-
tion assumes negative values, is decisive for the range of the cancellation
region, signals whose power density spectra are shifted in the direction of low
frequencies will produce larger cancellation regions.

8. Dependence of the range of the cancellation region on the source
spacing
The time delay 7, of the signals reaching point A depends on the dis-
tance d between the sources and on the position of point A relative to both
sources (Fig. 9). i

A

Fig. 9. The mutual spacing of the sources and of the
receiving point 4 in a polar system
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The smaller the distance d, the smaller the time delay v, will be and
the eross-correlation curve in Fig. 8 will be shifted towards zero. If the distance d
is reduced so that, for given signal, r; becomes negative (passes through point
T = 0), the cancellation region will start from the sources themselves.

We shall now investigate the condition which the distance d between
sources should satisfy to obtain cancellation throughout the whole region.

The condition for cancellation throughout the whole region is that the
cress-correlation factor should be negative at every point of the region.

Such a condition is satisfied if

Ar =ry—1; = er < e, (64)
for all r, and r,, where
: =2
T = fr“+—4.—wdsin6, (65)
a2
£y = ?2+T +rdsin 6. (66)

Substituting (65) and (66) in to (64) we obtain the following condition

for the distance d:
4r* —
d<er ]/--_-—-m—-i'-—- =B 67
SV wisin®— i

If the cancellation is to extend to infinity, the condition

d<limB = —- 68
it sin 6 i
must also be satisfied.
If condition (68) is met, the cancellation region will extend to infinity
but only within an angle + 6. To obtain cancellation throughout the whole

region, condition (68) is further limited to
d < cr,. (69)
Considering (63) and assuming 7; = 0 (the condition of cancellation from
the sources themselves) we finally obtain
ol =
oo j'lg L
Thus, the higher the upper frequency limit of a signal, the closer the sour-
ces must be placed to obtain cancellation throughout the whole region.

For white noise f,—oo while d—0, thus the primary and secondary sources
should be placed at the same point.

(70)
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9. Conclusions

The investigations carried out lead to the following conclusions:

1. To obtain field cancellation at a point, a suitable value of the coef-
ficient @, the ratio of the cancelling signal power to the cancelled one, is neces-
sary, as it is also for such a correlation of the signals that phase condition (22)
(a negative cross-correlation factor for the signals) as well as amplitude condition
(27) (that the modulus of the cross-correlation factor should be higher than
half square root of the ratio of the cancelling signal power to the cancelled
signal power) should be met. :

2. Complete cancellation occurs only if signals are entirely correlated,
directed in opposition (correlation factor equal to —1), and have equal powers.
This means that they are the same signals but reversed in phase.

3. The maximum feasible field cancellation factor is equal to the square
of the modulus of the cross-correlation factor of the ecomponent signals. It is
obtained at a precisely defined ratio of the powers of these signals which is
also equal to the square of the modulus of cross-correlation factor. This implies
that the maximum degree of field cancellation is obtained when the power
of the cancelling signal is smaller than or equal to the power of the cancelled
signal.

4. The maximum range of changes of the ratio a of the cancelling signal
power to the cancelled signal power, at which cancellation can be obtained,
is 0 < @ < 4. As the power ratio tends to the limit values, the degree of can-
cellation decreases. If the degree of cancellation is to be higher than a given
value k;, then the range of required power ratio of the signals is diminished to

(1—V1k,)? <a < (1+V1—k).

5. The value of modulus of the cross-correlation factor necessary to obtain
the required degree of field cancellation depends on the ratio of powers of
the component signals. It is least for the condition a = k;, i.e. when the power
of the cancelling signal is smaller than or equal to the power of the cancelled
signal. , /

6. The range of the cancellation regions in the case of monochromatiec
signals is inversely proportional to their frequency, while in the case of com-
posite signals it is inversely proportional to their upper frequency limit.

7. To obtain complete cancellation in a certain region, the cancelled and
cancelling waves should propagate along parallel tracks. This ensures the
conservation of constant phase and amplitude ratios within this region
thronghout the whole process of cancellation. This condition determines
the location of source of the cancelling signal relative to the cancelled one
and relative to the region in which the primary signal is to be cancelled.
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8. It appears constructive to distinguish between natural and forced can-
cellation. Natural cancellation occurs because of the superpositions of various
phases of the same signal. It is possible only for signals having half-wave sym-
metry, i.e. for monochromatic and periodic signals of only odd harmonic com-
ponents. Forced cancellation can involve all classes of signals. For this purpose
it is necessary to use a special device for the phase inversion and time delay
of a given signal.

9. An interesting class of signals classified under natural cancellation are
monochromatic signals. The cancellation regions of these signals are concentrated
around points whose distances from the sources differ by an odd number of half
wavelengths. At these points the degree of cancellation assumes a maximum
value and it gradually decreases when moving away from them. Cancellation
is possible for ratios of the signal amplitudes within the limits 0 < ¥ /X < 2,
the closer this ratio is to unity, the closer to unity the field cancellation factor
becomes.

The same degree of cancellation can be obtained for two ratios of the
signal amplitudes Y/X — one smaller and one larger than unity. However,
this ratio has some effect on the range of the cancellation region. If ¥ /X < 1,
the range of the differences of the component signal phases at which the can-
cellation occurs is higher, and this results in a larger value of the range of the
cancellation region.
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PSYCHOACOUST]CAL EQUIVALENTS OF TUNING CURVES AS DETERMINED BY THE
POST-STIMULATORY MASKING TECHNIQUE

ANTONI JAROSZEWSKI, ANDRZE] RAKOWSKI

Laboratory of Musical Acoustics, Academy of Music (Warszawa)

The method and results of measurements of psychoacoustical tuning cur-
evs covering about 6500 individual judgements are described. Three experienced
music students served as subjects in the experiment. The slopes of tuning curves
obtained reach 1040 to 2200 dB/oet at the characteristic frequency 1 kHz.
With reference to Kianag’s [7], ToNNDORF’s [16] and MoLLER’s [10] data the
importanee of functions of the cochlear nucleus or the higher neurons in the
perception of pitch is discussed.

1. Introduction

Since KI1Aana's [7] investigation of the 8th nerve bioelectrical activity
which resulted in the so-called «tuning curves» determining the frequen-
¢y resolving power of an ear, much effort has been spent on attempts to
find their hydromechanical or psychoacoustical equivalents.

These attempts have been largely induced by a significant disproportion
between the well accepted and widely published data pertaining to the exci-
tation patterns of the basilar membrane, obtained from the direct visual exa-
mination [1, 2] or inferred from the direct masking patterns [20], and the
results of investigation of bioelectrical activity or of the difference limen for
frequency [11, 12].

The slopes of the basilar membrane excitation patterns, obtained by Bx-
KEsY from direct observation, were small: about 20 dB/oct above the frequ-
ency of excitation and about 6 dB/oct below this frequency.

To achieve vibration amplitudes of the basilar membrane sufficiently
large for direct observation with the use of an optical microscope, the sound
pressure levels of about 140 dB were used in this experiment. Such pressure
levels could have resulted in substantial nonlinearities.

RHODE [14] using the Miossbauer technique obtained, at 7 kHz, slopes
of about 100 dB/oct and 24 dB/oct, respectively, above and below the point
of maximum excitation. REODE used Squirrel Monkeys in his experiment.

KoHLLOFFEL’s [8] investigation using laser light on Guinea Pig post-
mortem samples, at’ the same frequency of excitation, gave slopes of about
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56 dB/oct and 10 dB/oct respectively. In living animals, at 28 kHz and at
a sound pressure level of about 100 dB, he was able to find slopes of 100 to
130 dB/oct above and 7 to 9 dB/oct below the point of maximum excitation.

The slopes of tuning curves') determined by KIANG as calculated by WIL-
SON [19] for the region above CF reach 200 dB /oct. WILSON also cited EVANS [3]
unpublished data which show slopes reaching 200 to 500 dB/oct.

Psychoacoustical equivalents of tuning curves as determined by Hour-
GAST [4] using the pulsation-threshold method, do not show the slopes to be
substantially higher than 200 dB/oct above the CF. The slopes of psycho-
acoustical tuning curves determined by ZwIOKER [21] using the direct masking-
method and threshold tracking with Békésy’s automatic audiometer, reach
about 150 to 200 dB/oct for CF = 2 kHz. ZWICKER’s data are thus compa-
rable with those of HouTreAsT [4]. Significantly higher slopes, up to about
950 dB/oct in the range above CF 2 kHz and 560 dB/oct above CF 1 kHz
have been found by Voarew [18] who used the poststimulatory masking
method of measurement.

In the present report the results of a psychoacoustical investigation of tuning
curves are presented. The experiments were run using the poststimulatory mas-
king technique similar to that used by VoGTEN [18], but with a slightly different
construction of the time paradigms of signals used. This research has been induced
by the promising data, obtained in the earlier experiments pertaining to pitch
shifts in the poststimulatory masking [5, 13], which indicated the existence
of quite substantial values for the slopes of psycho-acoustical tuning curves
at OF = 1kHz, even greater than those determined by Voerex [18] for OF
=2 kHz.

2, Procedure

The attempt of this experiment was to determine the poststimulatory
masking curves for short (50 ms) 1 kHz tone pulses at a 15 dB sensation level
L,, masked by comparatively long tone pulses at sensation levels L, -+ L, and
frequencies in the vicinity of the maskee frequency. A two-alternative-forced-
-choice procedure was used. The stimuli were presented to the listeners according
to the time paradigm given in Fig. 1. The maskee was present in the paradigm
only in 50°/, of successive presentations and was switched in and out noiselessly
in a semi-random manner.

After each presentation a listener signalled with a push-button whether
he had detected the maskee in the presented paradigm, or not.

!) The term tuning curves refers to the dependence of the intensity of exciting tone
pulses on the tone frequency, with the assumption that the nerve fibre which is in contact
with the microelectrode reacts to each of the pulses with the same number of spikes. The
frequency at which maximum sensitivity is observed has been called the characteristic fre-
quency or CF.
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All listeners in all sessions passed a routine 5 min. screening test before
they were allowed to the experimental runs which consisted of 18 successive
series lasting 2 min. each with 5 min. intervals every 6 series.

Ly = 150851 = const
f' = var
dasL fry = 1000Hz=const
L M M
15 / . - Z?
o
2ms ‘
7000 ms e
ol 1 90ms
3750 ms

Fig. 1. Time paradigm of the stimuli used in the determination of psycho-acoustical
tuning curves

The research was carried out using a three-channel analogue modulator
controlled by a programmable time counter [6]. Sine signals stable to 10™*
per day were fed to the inputs of the modulator. The frequencies of these sig-
nals were measured with an electronic counter with an accuracy of 107*

These sequences of stimuli, defined in the time domain to an accuracy
of + 1 ms, were presented in an anechoic chamber using a QUAD electrostatic
loudspeaker and power amplifier.

In a pilot study a modification of procedure in this experiment was intro-
duced, namely two function modules were added to the analogue modulator,
to shape the initial and final transients of tone pulses. These were a linear
slope funection module for the masker and a Gaussian function module for the
maskee. The slopes of the psycho-acoustical tuning curves obtained in these
pilot measurements were comparable to those reported by VoGreN [18].

In the final version of the experimental set-up both function modules
were eliminated (switched out). To reduce to some extent the spectrum width
of the signals processed, LP filters with cut-off frequencies of 1.25 kHz and
slopes of about 300 dB/oct were used at the outputs of the analogue modulator.

Three listeners served as subjects in the experiment; two music students
aged 22 and 24 with audiologically normal ears, and one listener without mu-
sical education aged 44, with a unilateral selective permanent hearing loss
of about 40 dB at 4 kHz, i.e. outside the frequency region investigated.

All listeners had great experience in the psycho-acoustical measurements.
One music student has been selected from a large group of candidates as high-
est scoring in the DL for frequency test.
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3. Results

For each of the six masker frequencies applied in the experiment (f;, = 980,
990, 995, 1005, 1010, 1020 Hz), five or six appropriate values of masker sen-
sation level Lj, were chosen. For each of these L, values, 60 judgments from
a single listener were taken.

These data were used for the determination of the psychometric functions
given in Fig. 2. From these funetions critical values of L, were found, cor-
responding to the threshold detection of the maskee pulse. Threshold detec-
tion, i.e. critical values of L, , correspond to the situation in which the maskee
was detected in 75°/, of the presentations, i.e. in between 100°/, (no errors)
and 50°/, (guess only). Each of the psychometric functions is determined by
b to 6 points, that is by 300 to 360 judgments. This number of judgments re-
fers also to each of the points in the tuning curves thus determined. Each of
the three tuning curves is then determined by 1800 to 2160 judgments.

L;r values corresponding to the threshold detection of the maskee pulses
are presented in Fig. 3 for each of the listeners separately. The horizontal
axis refers to the masker frequency f,,. This pattern of presentation was first
proposed by SMALL {15], and then used by ZWICKER [21] for direct masking
data under the name psychoacoustical tuning curves.

4. Discussion

In the psycho-acoustical tuning curves presented in Fig. 3, the top parts,
i.e. parts adjoining the frequency of the maskee (1 kHz) are missing. In that
region the measurements are particularly difficult. However, the portions of the
tuning curves determined are sufficient to make some observations pertaining
to the selectivity of the respective influence of the stimuli in the poststimu-
latory masking near the threshold level (15 dB SL).

A particularly significant factor in tuning curves, which makes comparison
with data from other authors possible, is the slope or steepness of the curves
in the proximity of the maskee frequency. Numerical values of the slopes
obtained in this experiment are given in Table 1. :

At frequencies, in the range from 5 to 10 Hz above the maskee frequency,
the steepness of tuning curves is comparable for all listeners and amounts
to between 1 and 2 dB for 1 Hz frequency deviation.

A frequency change of 0,56 Hz, which for very low sensation levels is equal
to the difference limen for frequency [12], leads to a change of the masker
level by 0.5 to 1 dB, i.e. a change corresponding to the value of the difference
limen for loudness. This convergence does not seem to be just accidental and
it can possibly support the hypothesis of MAIWALD [9]. Accordng to MAI-
WALD, the detection of both amplitude and frequency changes within the organ
of Corti can be assigned to the same and only receptors which are sensitive
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Fig. 2. Percentage of correct responses vs. masking signal level: a) subject A. M., b) subject
T. C., ¢) subject A.J.
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to the amplitude variations and operate on the principle of frequency disecri-
minators. The excitation pattern, characterized by steep flanks, moves with
a frequency change along the organ of Corti and along the receptors dis-
tributed thereupon, stimulating them according to their sensitivity to the
amplitude changes.

dBSLh
T T T T 1 T T T T
90 SEeey
L : ; §
36 | bkl ol i
i voig :
32} AR
B : T —1
L | 4
24 r : : JI’ 7
L 1 [¢ f
20+ {A;‘ -
L Iy 4
16+ X 14 - Fig. 3. Psycho-acoustical tuning curves
R ] R e - obtained with the use of the post-stimula-
960 880 1000 1020 1040 Hz tory masking technique: 1) subject A. M.,
{H - 2) subject T.C., 3) subject A.J.

MATWALD’S [9] hypothesis is based on ZWICKER and FELDTKELLER’s [20]
data. He assumed that the steepness of the excitation eurve in the region of
1 kHz amounts to 100 dB per octave (i.e. 0.1 dB/Hz — data from direct mas-

Table 1, Numerical values of the slopes of psycho-accoustical funing curves
in poststimulatory masking

Listener
o A. M. i gl B A
quency range [dB/Hz] [dB/Hz] [dB/Hz]
[Hz]
980-990 220/1000 130/1000 450/1000
990-995 540/1000 460/1000 960/1000
1005-1010 1040/1000 1120/1000 2200/1000
1010-1020 230/1000 500/1000 860/1000

king) and that difference limen for frequency equals about 7 Hz (data from
frequency modulation measurements).

With the new experimental data showing that Zwicker and FELDT-
KELLER’s DL for frequency is at least an order of magnitude higher than the
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actual differential piteh threshold, MAIWALD’s hypothesis could not be accepted.

In view of the results of the present experiment showing much higher slopes
of the psyechoacoustical tuning curves than the slopes obtained in direct mas-
king, the hypothesis gains some probability. The steepness of psychoacoustical
tuning curves, which is much higher than the steepness of neurophysiological
tuning curves obtained at the 8th nerve level, seems to contradict ZWICKER's
[21] opinion that piteh analysis could possibly be completed within the cochlea.
Rather it supports TONNDORF’s [16] and MeLLER’s [10] implications referring
to the importance of the cochlear nucleus or the higher neurons in this
analysis.

Tt seems worthwhile to explain why, in the present experiment, the func-
tion modules processing the envelopes of the stimuli were eliminated.

As mentioned earlier, the results comparable to those from Voaren [18]
were obtained in the pilot measurements with a Gaussian envelope. It was
observed, however, that the detection of a maskee pulse in the paradigm so
constructed is based mainly on the engagement of a loudness difference per-
ception mechanism.

Amongst other factors involved this effect seems to be caused largely
by the easgily distinguished, short loudness level drop between the masker
and the maskee even though they follow each other immediately. This drop
obviously results from the application of Gaussian envelopes.

In the presentation of stimuli according to the paradigm given in Fig. 1,
the detection of a maskee seems to be based directly on the engagement of
a frequency difference perception mechanism which in the author’s opinion in-
volves more numerous factors than those indicated by MAIWALD. This task
in the present experiment is also made easier by the use of comparatively long
duration maskee pulses (b0 ms, i.e. approximately twice the duration of the
maskee in VoGTEN’s [18] experiment). The time separation of 2 ms between
the masker and the maskee is, in the range of the sensation levels used, im-
perceptible. The construction of the time paradigm in this experiment and
the rapid rise and decay of the stimuli raise the question as to whether transients
and the corresponding wide frequency spectrum do or do not introduce sub-
stantial errors into the results thus obtained. The measurements of a running
spectrum of the tone pulses used show, however, that within the range of sensation
levels applied this factor is of the second order and can be neglected.

As a matter of fact, 3 ms from the beginning of the tone pulse its spectrum
density level, within +5°/, of the tone frequency, is approximately 20 dB
higher than the spectrum density level of the components in the remaining
portion of the spectrum over the whole of the frequency scale. Thus at the
sensation levels applied in the experiment, the spectrum density level of these
side portions of the spectrum is almost below the threshold. This results in an
almost undisturbed perception of those portions of the stimuli which determine
their pitch.

4 — Archives of Acoustics 2/76
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The value of the information contained in this report is partly limited by
the fact that stimuli were presented in succession and at low sensation levels
only.

However, the data obtained here, together with those of VoGTEN, show
that the selectivity of hearing organ as determined by the present psycho-
acoustical methods (poststimulatory masking) exceeds markedly the selecti-
vity revealed in neurophysiological experiments. It may look astonishing and
the more so that some ten years ago the relation between the results of psycho-
acoustic experiments (simultaneous masking) and neurophysiological findings
was exactly opposité.
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: The subject of the present paper is the theoretical analysis of the influence
of cleft palate upon the transmission characteristics of the vocal tract in glottal
excitation. Starting with a simplified anatomical model of the human vocal
gystem and using the graphical analysis method, we determined the pole-zero
distribution of the transfer function K (w) which deseribes the formant-anti-
formant structure of oral vowels nasalized due to the shunting effect of the
nasal channel. The experimental investigations, performed with a specially
designed and constructed acoustic analogue model of the speech organ in 5: 1
dimension scale and, consequently, in 1:5 frequency scale, confirmed the
validity of the assumptions and the results of the theoretical analysis. It was
proved that the spectral analysis of oral vowels, in pathological and post-
operative states of cleft palate, affords information which specifies the changes
of the acoustic structure of the speech organ due to anatomical disorders. This
information offers new facilities in objective phoniatric diagnostics as well as
in the eontrol of the process of medical rehabilitation in cleft palate cases, by
means of acoustical methods based on the spectral analysis of the speech signal.

1. Introduction

The cleft palate (med.: palatoschisis) is a frequently-occurring develop-
mental defect of the human respiratory and articulatory system which causes
considerable speech disorders. The laryngological treatment consists in com-
plicated and multistage surgical interventions, usually complemented by
a long-term rehabilitation procedure. In view of the rather frequent occurrence
of this defect, which averages — depending on demographic conditions — one
case for several hundreds to one thousand of births, the treatment of cleft
palate is a serious medical problem of considerable social as well as scientific
importance. At present it constitutes one of the fundamental research trends,
in jawbone and plastic surgery and in modern phoniatry.

From the physiological point of view the cleft palate consists of a discon-
tinuity of tissue taking the form of a split in the palatal bone (med.: os pala-
tinum) of the hard palate (med.: palatum) which separates the mouth eavity

*) At present: Central Clinical Hospital of the Medical Academy in Warszawa,
Phoniatric Centre.
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from the nasal one. In other cases it consists in the restraint of the motive
functions or even in the atrophy of the soft palate (med: velum) which acts
as a valve controlling the degree of coupling between the mouth cavity and
the nasal cavity in the vocal system [1]. In any case, the direct effect of these
pathological disorders is an anomaly in the proper cooperation of the mouth
channel and the nasal channel due to the permanent and uncontrolled acoustic
coupling between them, which in turn causes the forced nasalization of the
originally non-nasalized speech sounds and thus distorts the correct articulation.

Since any change in the anatomical structure of the vocal tract due to
cleft palate results in a measurable variation of the acoustic transmittance,
which determines the pole-zero distribution of the transfer function K (w),
one may presume that the spectral analysis of the speech sounds in pathological
and postoperative cases should yield essential information which could be
used in objective evaluation of the actual state of cleft palate or in objective
control of the rehabilitation process.

Acoustic methods of spectral analysis have recently been applied with
success in clinical practice to the phoniatric diagnosis of cleft palate [8]. The
subject of the present work is the theoretical analysis of the influence of the
anatomical defect existing in the soft palate (med.: palatischisis molle) upon
the transmission characteristics of the vocal tract which determine the formant
structure of the speech sounds with glottal excitation, particularly oral vowels.
The theoretical analysis is followed by the experimental verification of the
results by means of model investigations. Finally, some conclusions are for-
mulated which provide a method of diagnosis based upon the phonospectroscopic
analysis of the speech signal segments corresponding to oral vowels nasalized
due to a cleft palate.

2. Theoretical analysis

Figure 1 represents the simplified acoustic model of the human voecal
system in glottal excitation and its impedance-type analogous circuit. The
simplification introduced for the anatomical structure of the articulatory
effectors consists of representing the pharynx cavity P(l,, S,), the mouth
cavity M (l,, S,,) and the nasal cavity N (I,, 8,), each as a cylindrical tube
of length I and constant cross-sectional area §. The system as a whole is excited
by the larynx tone generator of internal impedance Z,, producing a particle
velocity »,. The resulting particle velocity v(0) of the sound wave at the obser-
vation point 0, situated at a distance d from the common plane of the mouth
and noise outlets, which have radiation impedances equal to Z,, and Z,,,
respectively, may be generally expressed in the form of the vector sum (1).
Notice that the phase shifts are disregarded in view of the geometric symmetry
of the radiating system, hence

0(0) = Frug() O+ Fof) O (1)
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Fig. 1. Simplified acoustic model of the speech organ in glottal excitation (a) and its equi-
valent electrical circuit (b)

Where;m and ;,, denote acoustic particle velocities of the sound waves radiated
by the mouth and nose outlets, respectively, F,,,(f) and F,.(f) — frequency-
-dependent directional radiation characteristics of the mouth and nose outlets,
respectively. y

Within the considered frequency range the condition r,/4 < 0.25 is fulfilled,
where r, stands for the radius of the mouth or nose outlet and A denotes the
wavelength. Thus both outlets may be treated as sources of spherical waves.
In this connection

Frug(f) = Fpolf) ~ const =1, (2)

the more so since at a distance d = 20 cm, and with symmetrical localization
of the observation point 0 with regard to mouth and nose outlets, the radiation
angle 0 = 7°. Approximation (2) is justified by the results of FLANAGAN’s [4]
model investigations which showed that, for frequencies up to 5000 Hz, the
directional radiation characteristics of the human head in both horizontal
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and in vertical planes differ from an omnidirectional one by less than 41 dB
within angular limits 6 = 4-20° relative to the axis of symmetry of the outlet
acting as a sound source. Equation (1) may thus be transformed into the scalar
form:

[9(0)] = [t + D). (3)

The velocity (current) transmittance function K of the analogous ecircuit,
shown in Fig. 1, may be expressed as the ratio of the acoustic (particle) velocity
at the observation point v(0) to the acoustic velocity produced by the larynx
generator v,:

K = v(0)/v, = v,/v,+v,/v, = K,, + K. (4)

Thus K is the sum of transmittances of two independent networks which —
according to the superposition theorem — may be considered separately, viz.:
the pharynx-mouth traet P+ M including the shunting effect of the input
impedance Z, of the nasal channel (Fig. 2) and the pharynx-nasal tract P-+-N
including the shunting effect of the 1nput impedance Z,, of the mouth cavity
(Fig. 3).

%
V. 7 v V,
g et 2 (aJ_-..? 4 % ‘
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Fig. 2. Equivalent electrical circuit of the pharynx-mouth tract P+ M including the shunting
effect of the input impedance Z, of the nasal tract

400
)

N Zrp

47
Fig. 3. Equivalent electrical circuit of the pharynx-nasal tract P -+ N including the shunting
effect of the input impedance Z,, of the mouth tract

In Figs. 2 and 3 the following symbols have been used: V, — the volume
velocity produced by the larynx generator, Z, — the internal impedance of
the larynx generator, P — the pharynx cavity in the form of a cylindrical
tube of length I, and cross-sectional area S, described by the cascade (chain)
matrix P,

coshyl, Z,,sinhyl,

1,
sinhyl, coshyl,

0p
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where
o/ — characteristic impedance of the pharynx tract,
y = a+jf — propagation constant of the pharynx, mouth and nasal tract,
M — the mouth cavity in the form of a cylindrical tube of length
I, and cross-sectional area §,,, described by the cascade matrix M,
coshyl,, Z,,sinhyl,
M=1 1" : :
——sinhyl,, coshyl,
om
T — characteristic impedance of the mouth tract,
N — the nasal cavity represented by a cylindrical tube of length [, and
cross-sectional area §,, described by the cascade matrix N,
coshyl, Zoﬂsinhyln‘
N=]1", y
sinhyl, coshyl,
on
Lo — characteristic impedance of the nasal tract,
v — radiation impedance of the mouth outlet,
v — radiation impedance of the nose outlet,
Z,, Z, — input impedances of the mouth tract M and the nasal tract N,

respectively, loaded at their outlets with the radiation impedances
Zm and Z,,, as seen from the points a—b of the circuit,

G Zrm‘!'zemtghylm
o o Zum+zmtghyzm &

Jeat Zm+zuntghyln
" Loyt Zmtghyly |

Z

Vo, V. — volume velocities in the mouth and nose outlets, respectively,
Vis Vayooi Pas Py .. — volume velocities and acoustic pressures at different
points of the circuit.

The volume velocity (current) transmittance function K,, of the pharynx-
-mouth tract P+ M including the shunting effect of the nasal tract N, expressed
as the ratio of the volume velocity in the mouth outlet V,, to the volume velocity
produced by the larynx generator ¥V, may be represented — in agreement

with the notation used in Fig. 2 — in the form of the following product:

N Vi Vs K5l
Vv Yo Ky ¥ g

g

K, = (5)



142 J. KACPROWSKI, W. MIKIEL, A. SZEWCZYK

Using the general rules and methods of linear electric network analysis
and some elementary algebraic operations, one can transforme equation (5) to
1 7
Km(f ) e Z _: 7 X
coshyl + —ginhyl, " ™

Um

3 1 Z, s
Zs+Zy,tghyl,
hyl ol Zlpg 2l Tw s
< L +z Sihly Zgt " Zop+ Zatghyl,

_ coshy'l, . cosh y'l, Z,
~ cosh(y+9)l, Z,+Z, cosh(y+y")L, Zy+ Zyytghyl, ’
Zyt B2
Zyy+Zytghyl,

where

Zy = ZyZy|(Zy+Z,,) — equivalent impedance of the input impedances Z,, and
Z, of the mouth tract and the nasal tract, respectively,
in parallel connection,

Vim = g0 (Zm/Zom); ¥l = 6807 (Za)Z0y).

The last substitutions express the radiation impedance Z,, of the mouth
tract and the load impedance Z, of the pharynx tract as formal modifications
of the propagation constant y of each tract.

Using the same procedure in the case of the pharynx-nasal tract (P+ N)
in Fig. 3, one can express its volume velocity transmittance function K, = ¥,/V,
in the form

1 Z,
coshyl, +—""sinhyl, ™ "
Z(m
./ 1 Z,
Zy+ 2y, tghyl
L s iy SV R SR G it e i
C Yip + nnye, g+ op ng+Zztgh}’lp
_ coshy™'l, g coshy'' I, Z, )
cosh(y+9"'), Zy+Z, cosh(y+yp")l, 742 Zy+Z,,tghyl, ’
0% Zop+Zytghyl,
where, as before,
Zim 2, & =
Zy = _Z:::-—;,,’ y 1, = tgh l(zzlzop)

and, consequently,
y”'l = tgh~(Z,,/Z,,) — corrected propagation constant of the nasal tract
including its radiation impedance Z,,
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The transmittance functions of both channels, i.e., K, (f) of the pharynx-
-mouth tract and K,(f) of the pharynx-nasal tract, are complicated when
account is taken of mutual shunting effects. The determination of the pole-zero
distributions by means of equations (6) and (7) is thus a rather difficult mathe-
matical task, particularly because most acoustic parameters that occur in
these equations are compound. For example, the radiation impedances Z, of
the mouth and nose outlets, even when approximated by the most simple
model in the form of a circular piston in an infinite plane baffle, are described
be the expression of the type [7],

oc J1(28r)) | (K. (2P7)
1 [ ey i I 4
where p = w/e¢ = 2n[A, r is the piston radius, 8§ = nr? — the piston area,
J, (@) — first order Bessel function of the first kind, K, (#) — first order Struve
function and p¢ — specific acoustic impedance of the medium. For frequencies
such that the condition fr < 1 is fulfilled, the radiation impedance (8) may
be approximated as

Zm—-

x [ (pr)*

it )]. (8a)

An equally compound form is displayed by the internal impedance Z,
= R,+ joM, whose dominant real or resistive component E, > M, is a function
of the geometrical dimensions of the orifice of the vocal cords, i.e. its length I,
width # and depth d, as well as of the volume velocity flow ¥V, through the
orifice [2],

12ud oV,(t)

(e TP S ()

RB,(t) ~ (9)
where u is the viscosity coefficient of the medium, i.e. the air flowing through
the orifice.

Furthermore, the lossy or dissipative parameters of the vocal tract, i.e.
the acoustic viscous resistance per unit length R,(f) and the acoustic eonduc-
tance per unit length G,(f) due to heat conduection losses, are, in general, fre-
quency dependent. Consequently, the real component a of the propagation
constant y = a-+jp of the vocal tract cannot be considered to be a constant
and frequency independent quantity, since

a =ap+toag~ %I/Ca/La+6;a VEE =il (10)

For the above-mentioned reasons the determination of the pole-zero distri-
bution of the transmittance functions K,,(f), formula (6), and K,(f), formula
(7), in the complex frequency plane s = o+ jw can be achieved only by numeri-




144 J. KACPROWSKI, W, MIKIEL, A. SZEWCZYK

cal methods using computer technique. Such a procedure, although possible
and sometimes used, proved to be neither necessary nor purposeful, if — as
in this case — the task consists of caleulating only the characteristic frequencies
of the voeal tract which describe the spectral structure of vowel sounds including
the effect of nasalization due to the cleft palate. For this purpose it is more
convenient to introduce further, rationally motivated, simplifications of the
acoustic structure of the anatomical model of the human vocal system in Fig. 1,
and to transform its equivalent electrical circuit into a shape suitable for fune-
tional analysis. These simplifications are based on the following assumptions:

(a) The acoustic tubes which simulate the pharynx (P), mouth (M) and
nasal () tracts and, consequently, the corresponding electrical four-poles,
are considered as nondissipative (lossless) systems: R, ~ 0, G, ~ 0. In this
case the attenuation constant a in (10) equals zero, the propagation constant
y =JB is an imaginary quantity, whereas the characteristic impedance Z,
of the considered acoustic tube having the cross-sectional area 8 is a real
quantity: Z, = pc/8.

(b) The radiation impedances of the mouth and nose outlets are consi-
dered as being equal to zero: Z,,, = Z,, = 0. Consequently, the output terminals
of the four-poles M and N in the corresponding equivalent electrical circuits
are short-circuited.

(¢) The larynx source is considered as a constant current generator, with
an internal impedance Z, = oo, which delivers to the vocal tract a constant
volume velocity, i.e. V, = const and is indepedent of the load impedance, in
this case the input impedance Z,, of the vocal tract; this assumption is fully
motivated since |Z,| > |Z,,|.

The simplifying assumption (a) has negligible influence upon the accuracy
of the pole frequency values of the transmittance functions, particularly those
of the pharynx-mouth tract function whose attenuation constant a = agp+ ag,
formula (10), is rather small, being of the order 5-10~* at f = 500 Hz, and incre-
ases with the square root of frequency [3, 5]. The influence of the radiation
impedance Z,,, on the formant frequencies of the pharynx-mouth tract (simpli-
fying assumption (b)) has been investigated using a theoretical model in the
form of a cylindrical tube of length I = 17 ¢m and cross-sectional area 8§ = 5 em®
It can be shown (cf. e.g. [5], p. 61-63) that loading the outlet of the tube with
the radiation impedance Z,, formula (8a), increases its effective length by
Al = 8r[3=w, where 7 is the orifice radius. It thus lowers the first and second
formant frequencies from the values ¥, = 500 Hz and F, = 1500 Hz, calculated
for Z =0, to F, = 470 Hz and F, = 1410 Hz, respectively, it is by only
about 6°/,. Using the same theoretical model of the vocal tract one can show
that the condition |Z,| > |Z,,|, supporting the simplifying assumption (¢), is
fulfilled for a broad frequency range, except in the vicinity of the first formant
F,, where |Z; | reaches its maximum value |Z;,|m.x ~ 80:10° MKS acoustic

L
ohms, and then decreases with further increase of frequency to the asymptotic
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value |Z,,| = |Z,) ~ 8-10° MKS acoustic ohms, which is equal to the output
radiation impedance. Substitution, for the internal impedance Z, = oo of the
larynx generator, of the finite value Z, = R,+joM, = (91 +jw 6.8:107°)-10°
MEKS acoustic ohms, which corresponds to the average geometrical dimensions
of the vocal cords orifice of an adult male (I = 18 mm, w = 0.28 mm, d = 3 mm)
at mean subglottal pressure P, = 8 em H,0, increases the first and second
formant frequencies from the theoretical values ¥; = 500 Hz and F, = 1500 Hz,
calculated for Z, = oo, by about 1.4°/, and 1.0°/,, respectively, due to the
apparent shortening of the effective length I = 17 em of the tube by the value
A = M Z,c¢|Z,|"* where

Zyi=ipc|8 — characteristic impedance of the tube,
Z, = I/(R’f,—}— o® M;) — modulus of the larynx generator’s impedance,
¢ — sound velocity in air.

Having introduced the simplifying assumptions (a), (b) and (c¢), we can
represent the equivalent circuits of the pharynx-mouth tract P+ M (Fig. 2) and of
the pharynx-nasal tract P+ N (Fig. 3) in the forms shown in Figs. 4a and 4b.

Pab| ™,
\
v \ :
q A (a)
g
a) P *‘“)ﬁ\\gkﬂyﬂ?—’_b M lvﬂ‘)
L] gl e
(b)
%
&t SaJ
b P ~—~lﬁ/[j¥nm-—- N “Vn
P L |
Fa ()
/
/
Fab| ¢

Fig. 4. Simplified equivalent electrical circuits of (a) the pharynx-mouth tract P+ M and
(b) of the pharynx-nasal tract P+ N

The velocity or current transmittance funetions K,, = V,/V,and K, = V[V,
of both tracts can now be determined by elementary methods based on well-
-known rules of the general theory of linear electric networks adapted to
acoustic systems. According to NorTON’s theorem, the acoustic pressure (or
electric voltage) p,, at the points a-b of the circuti may be expressed as

Ve
:Y(lb :

B, = (EL)
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where

Vﬂ'
o s cos L., )

is the output volume velocity (or output current) of the four—poleP provided
the points a-b are short-circuited, and

Yoo ¥ ¥ LT (13)

is the acoustic admittance of the system, measured between the points a-b,
and is equal to the sum of the input admittances of the four-poles P, M and
N as seen from the terminals a-b. In view of the previously introduced simpli-
fications we get:

J o
Yp L 7 P jé'tgyl'p: (14a)
1 e
Yoo =~J Z——Ctgﬁl = =3 Etgﬁlmr (14b)
1 S
¥y =~J ctgpl, = —j—tgpl,. (14c)
ZOn 90

From equations (11, (12) and (13) we have

v

TSI Nl e 15
Pa Y, cos Bl s
and, consequently,
Pap . VF
Bl Dot i 16
e an sl J Zom Y g €08 Bl,sin pl,, an
; Pas . Vﬂ
s, et 17
Yo iy T A G Y oo s AL ()
whence, finally,
v
K, = V’“ = — ¥ o[ X 5008 Bl 8inpl, 17, (18)
g
e y . a3
gt 7 = — ¥on[ Yaycos flysin fl, 1™, (19)

whare Yo '=2, aid Y, =7 .
Identical results could be obtained from the general expressions for K,, in
formula (6) and K, in formula (7) after introducing the approximations
y=a+jB ~jfy, Zpm =Zym~0, Z ) DOy

[
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which result from the simplifying assumptions (a), (b) and (¢). In point of fact,
equation (6) for K, may be rewritten as follows:

1 - b, 1
e cosfl, Y+ X 1 1
i e ® cosBl,+ 4 sin Al
ﬁ y J Zup (:Yn"_ 17,,,,) ﬁ D
e L Ko Ljconfb, ~ -~ v Mguotghly (18a)
 cosfly, Ypu+7Y, . X e cos il cos Bl, ¥
Yﬂ + Ym
= —j¥ou[Yqcospl,sinpl, 17" .
Similarly, from equation (7), after identical transformations, we get
K, ~ —jY,,[ Y c08pl,sinpl,]1™". (19a)

The poles of the transmittance functions K,, formula (18), and K,,
formula (19), of the pharynx-mouth tract and of the pharynx-nasal tract,
respectively, which correspond to the formant frequencies, can be obtained by
the solution of the following equations:

(Yp+ ¥+ X, )cosfl,sinfl,, =0, (20)
(Y,+ X, + X,)cospl,singl, = 0. (21)

The same graphical analysis method has been used to calculate the network
admittances Y,, Y,, and Y, at the velar junction a-b of the pharynx, mouth
and nasal tracts, as was previously used in [6] aimed at determining the for-
mant-antiformant structure of nasal eonsonants. Expressing the admittances
Y,, ¥,, and Y, in their normalized forms ¥, ¥,, and y,, according to the general
rule

spii
i8[ec’

Yy (22)
and assuming equality of cross-sectional areas of all tracts (8, = 8, = 8,),
one can rewrite equations (20) and (21) in purely trigonometrical forms,

—cos B(l,+1,) = ctgpl,cos pl,sinpl,, (23)
—cosf(l,+1,) = ctgpl,cospl,sinfl,, (24)

which are convenient for graphical analysis. The solutions are shown in Figs.
5 and 6 for the typical case where I, = 8.5 em, l,, = 8.5 em and I, = 12.5 cm,
corresponding to the average geometrical dimensions of the vocal tract of an
adult male. The sound velocity in air is taken to be ¢ = 350 m/s (moist air at
human body temperature, ¢ = 37°C).
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Fig. 5. Determination of the poles F.X and zeros NX (X = 1, 2, 3, ...) of the transmittance
funetion K, (18) of the pharynx-mouth tract by graphical analysis of (23)

The intersection points of the characteristics
¥:1(f) = —cosf(l,+1,) and y,(f) = ctgpl,cospl,sinpl,,
in Fig. 5, as well as the intersection points of the characteristics

Ys(f) = —eosf(l,+1,) and y,(f) = ctgpl, cospl,sinpl,

in Fig. 6 correspond to the pole frequencies of the transmittance functions
K,, (18) of the pharynx-mouth tract and K, (19) of the pharynx-nasal tract,
respectively, whereas the discontinuity points of the functions y,(f) = + oo

yA
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Fig. 6. Determination of the poles F.X and zeros NX (X =1, 2, 3, ...) of the transmittance
function K, (19) of the pharynx-nasal tract by graphical analysis of (24)
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and ¥,(f) = 4 oo determine the zeros of the respective transmittances. The
curve ¥,(f) = —cosp(l,+1,) deseribes the trivial case of the neutral vowel
H pronounced without any nasalization (no cleft palate: Y, = 0). The inter-
section points of this curve with the abscissa, that is the points where y,(f) = 0,
define the classical formant frequencies

Py = (20+1): Icz' ~ (2n+1)-515 Hz

from the general condition
Bl = (2n +1)-%

for n =0,1,2,..., where | =1,+1, =17 em. The curve y,(f) may thus
be considered as the reference characteristic corresponding to the articulation
of the neutral oral vowel H in physiologically normal conditions (no cleft
palate). ‘

Tables 1 and 2 contain the frequency values of the poles F, and zeros
N, (@ =1,2,3,...) of the transmittance functions K, and K, describing
the pharynx-mouth tract (Fig. 4a) and the pharynx-nasal tract (Fig. 4b),
respectively. The pole-zero frequencies were determined by graphical solution
of equations (23) and (24) in Figs. 5 and 6. :

Table 1. Frequency values of poles F, and zeros N, in the transmittance function K,, of the
pharynx-mouth tract in Fig. 4a, determined by the graphical method from (23) for
lp =l = 8.5 em, I, = 12.5 em, ¢ = 3560 m /s

Fy, N, ‘ PR S P T | P B g \ 7, | N, i Fy

Hz | 575 | 1250 | 1400 | 1700 | 24507| 2800 | 2060 | 3520 | 4150 | 4200 | 4720

From the viewpoint of phoniatric diagnostics the most interesting case
in the pathological and postoperative states of cleft palate is the general case,
when both tracts: the pharynx-mouth and the pharynx-nasal ones, are active
simultaneously and shunt one another. In agreement with the previously applied
superposition theorem, this case may be considered analytically as the result
of summation of the transmittance characteristics (18) and (19), each of which
describes a separate channel including the shunting effect of another one.

Table 2. Frequency values of poles F, and zeros N in the transmittance
function K, of the pharynx-nasal tract in Fig. 4b, determined by graphical
method from (24) for I, =1, = 8.5 cm, I, = 12,56 em, ¢ = 350 m/s

] ] TR
Fgy Ng | Fy . Fy I Fy I Ny 1 F, l Fy | Hy 1 N, i F, l Fq

1220 | 1760 | 2050 | 2450 | 2900 | 3580 | 4100 | 4150 | 4740

Hz | 575

5 — Archives of Acoustics 2/76
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The analytical procedure may be interpreted in physical terms as the sum of
the acoustic pressures produced at the observation point by the sound waves
radiated by the mouth and nose outlets. It is assumed that the point at which
the resulting sound pressure is measured lies on the axis of symmetry of the
radiating system, and is far enough from both outlets.

It follows that the spectral characteristic of steady-state speech sounds,
measured in real conditions, should contain — in principle — all formants and
antiformants caused by the nasalization effect and which correspond to the
pole-zero distributions of the transmittance functions K, and K, of both
tracts, as listed in Tables 1 and 2. The theoretical pole-zero distribution of
the resulting transmittance function K| = |K, |+ |K,| of the complete vocal
system, involving both the mouth and the nasal tract, is presented in Table 3.

Table 3. Frequency values of poles F, and zeros N, in the transmittance function

K = K, + K, of the vocal mouth-nasal tract, determined by graphical method in the

theoretical case of articulation of the neutral vowel U, including the nasalization effect due
to cleft palate (palatoschisis molle), for I, = I, = 8.6 em, I, = 12.5 e¢m, ¢ = 350 m/s

F,, N, 7| RN, FslNz F4|N3’F5 Pybo w2y

Hz 575 | 1235 | 1400 | 1730 | 2050 | 2450 | 2800 | 2930 | 3550 | 4150 | 4730

Fig. 7 shows the hypothetical transmittance characteristic K = f(f), which
represents the formant-antiformant structure of the neutral vowel H being
nasalized due to the cleft palate effect.

N
a
2
n
[
3
J

1 l zl l 3

Fig. 7. Distribution of the poles FX an zeros NX (X =1, 2, 3,...) of the hypothetical
transmittance function |K| = |K,,|+ |K,| of the vocal mouth-nasal tract, including the
mutual effects of both tracts: the mouth channel and the nasal channel

4 J kHz
Ng
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It seems very likely, however, that the speech spectrum envelope measured
in real conditions may differ considerably from the theoretical one, due to the
mutual cancellation of poles and zeros of both transmittance functions K,,(f)
and K,(f), which are located near one another in the frequency scale.

3. Methodology of experimental investigations

The results of the theoretical analysis have been verified by an experi-
mental investigation performed in a physical system simulating the geometric
structure of the anatomical model of the vocal tract (Fig. 1a) in the dimensional
scale of 5:1, that is in the frequency scale of 1:5. The choice of the scale factor
k = b was inspired by both metrological and constructional reasons: the lowered
frequency range proved to be well adjusted for the electroacoustic parameters
of the available measuring equipment, whereas the enlargement of model’s
geometry improved the accuracy of the system’s design and performance.

A simplified schematic diagram of the physical model is shown in Fig. 8.
The larynx source LS is simulated by a dynamic moving coil loudspeaker,
type GDN 16/10, equipped with an acoustic feedback system controlling the

APNNANNNNNNNN

A\NANNNNNNANNNNNNN

A

P ANNANNANANRNN

Fig. 8. Simplified schematic diagram of the experimental acoustic model of the speech organ
in larynx excitation

LS — larynx source, § — slit eimulating the vocal cord orifice, P — pharynx tract, M — mouth tract,
N — nasal tract

sound pressure level in front of the membrane (p = const). The loudspeaker
is installed in a closed and acoustically damped enclosure, whose volume ap-
proximates the average volume of the human trachea and bronechi. The larynx
source is coupled with the inlet of the pharynx channel P through the narrow
rectangular slit 8, whose dimensions (90 x 5 x15 mm) correspond to the average
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dimensions of the human glottis (length ! = 18 mm, width w = 1 mm, depth
d = 3 mm) when taking into account the scale factor b : 1. The model of the
vocal tract itself has the form of a bifurcated system of acoustic tubes of con-
stant cross-sectional area 8 = 125 cm* and lengths I, = 42.5 cm, [,, = 42.5 em,
l, = 62.6 ecm, which simulate the pharynx (P), mouth (M) and nasal () tract,
respectively. The areas of the outlet openings of the mouth and nasal tract
are equal to §,, = 1256 cm? and 8, = 50 cm?, respectively, corresponding to
5 em? and 2 em? of the natural scale. Since the model is made of hard and
smooth materials (textolite, plexiglas), the acoustic tubes may be considered
to be lossless, at least in the frequency range of interest, i.e. up to 1000 Hz.

The human head is simulated by the wooden cubic box whose edge equals
82 c¢m. The outlet openings of the mouth and nostrils are located vertically
in the front wall of the model and the distance between their centres is equal
to 22.5 em, i.e. 4.5 em in the natural scale. The measuring point 0 lies on the
axis of symmetry of the model, at a distance d = 100 ¢m from the plane of
the outlet openings. Thus, in real conditions, the measuring microphone should
be placed at a distance d' = 20 cm in front of the patient’s head.

Facilities have been provided for varying the area of the orifice coupling
the nasal tract to the pharynx-mouth channel. The physical model is thus
adapted for experimental investigation of the extent of the influence of anato-
mical changes in cleft palate cases upon the spectral characteristics of nasa-
lized speech sounds. The schematic diagram of the measuring system is shown
in Fig. 9.
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Fig. 9. Schematic diagram of the measuring circuit

AR — anechoic room, 4M — acoustic model of the speech organ, P — pharynx tract, M — mouth tract,
N — nasal tract, LS — larynx source, CM — control microphone, MM — measuring microphone, M4 — mi-
crophone amplifier, G4 — acoustic generator, LE — logarithmic level recorder

4. Results of experiments

Fig. 10 presents the frequency characteristic of the acoustic pressure
produced at the measuring point by sound waves radiated from the outlets
of both channels: the mouth tract and the nasal tract. The curve corresponds
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Fig. 10. Radiation frequency characteristic of both model channels: the mouth and nasal
tract with full nasalization, corresponding to the maximal inlet area of the nasal channel
of 8;, = Spmax. The frequency scale has been multiplied by 5

to full acoustic coupling of both channels and illustrates the maximal nasaliza-
tion of the neutral vowel H, when the area of the inlet opening of the nasal
tract reaches its maximum value 8, = S,pax = 126 em2 For comparison,
Fig. 11 presents a similar frequency characteristic for the mouth channel alone,
i.e. without nasalization, when the inlet to the nasal channel is closed (8, = 0).

In principle, the results of the measurements coincide with those of the
theoretical analysis, and the formant-antiformant frequencies in the spectrum
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Flg 11. Radiation frequency characteristic of the model mouth channel without nasalization
(8y = 0). The frequency scale has been multiplied by 5
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envelope determined experimentally approximate the poles and zeros of the
transmittance function of the theoretical model.

The formant frequencies of the neutral vowel H without nasalization (no
cleft palate: Y, = 0, 8, = 0), both calculated by graphical method (upper
row) and measured in the course of model investigations (lower row), are listed
in Table 4. Table 5, on the other hand, presents the measured formant and

Table 4, Formant frequency values F,, [Hz] of the neutral vowel ¥ in purely oral articulation
(measured values multiplied by the scale factor k = 5)

= Fy Fy l Fy F, Fy
SHENE
e Bl 515 1545 | 2575 | 3605 | 4635
g s
H.oeE
<
el (L3
)
& Z| 625 1500 | 2400 | 3500 | 4600
[-*]
g

Table 5. Measured frequency values of formants F, and antiformants N, at full acoustic
coupling of both model channels: the mouth and the nasal tract, S, = S8pmax (measured
values multiplied by the scale factor k = 5)

Fp Ny A e e R ) A A 5

Hz 700 | 1250 [ 1400 | 1700 | — | 2300 | 2900 1 < ' 3500 | 4200 | 4500

antiformant frequencies of the same vowel H with full coupling of both channels,
that is when 8, = S,max = 1250 em?2 The comparison of these values with
those listed previously in Table 3 shows that, in this case, the differences between
the measured and calculated values are somewhat larger than those occurring
for the mouth channel alone, i.e. without nasalization. This fact may be attri-
buted both to the relatively low accuracy in model simulation of the rather
complicated geometrical structure of the nasal tract and to the interference
of sound waves radiated by the outlets of two tracts. Additional distorting
effects may also be observed, because of the residual self resonances of the
model’s construction, which in some cases could not be damped effectively
enough.

In order to check whether the coupling factor of both channels, representing
the extent of the cleft in the palate or the velum’s motive capability, exerts
an essential and measurable influence on the formant structure of an oral
vowel, additional measurements of spectral characteristics of the neutral vowel
o have been performed at a few different values of the coupling factor, corre-
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gponding to areas of the nasal tract’s inlets equal to S, = 0.125 8,1, S,
= 0.25 8, max, and 8, = 0.5 8, pax, respectively. The results of the measure-
ments are shown in Figs. 12, 13 and 14.

dsh K
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Q=025 05710 25 50 |10 kHz

Fig. 12. Radiation frequency characteristic of both model channels: the mouth and the
nasal tract with partial nasalization, corresponding to an inlet area of the nasal channel
of 8, = 0.125 Symax- The frequency scale has been multiplied by &
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Fig. 13. Radiation frequency characteristic of both model channels: the mouth and the
nasal tract with partial nasalization, corresponding to an inlet area of the nasal channel
of 8, = 0.25 Symax. The frequency scale has been multiplied by 5

5. Conelusions

The nasalization effect of an oral vowel caused by the velum’s cleft (pala-
toschisis molle) appears in the form of theoretically predicted and experimen-
tally verified modifications of its spectral characteristics. These modifications
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consist, generally, in the deformation of the spectral envelope and in the enrich-
ment of the vowel’s formant structure. Besides additional formants, which
do not exist in purely oral articulation, some antiformants appear due to the
shunting effect of the nasal tract. Although both the theoretical considerations
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Fig. 14. Radiation frequency characteristic of both model channels: the mouth and the
nasal traet with partial nasalization, corresponding to an inlet area of the nasal channel of
8, = 0.5 8, max- The frequency scale has been multiplied by 5

and the experimental investigations concerned a hypothetical model of the
neutral vowel H with full acoustic coupling of the mouth and nasal tracts,
the resulting conclusions have a rather general character and after similar metho-
dological treatment may be adapted to other vowels. For the particular case
of the neutral vowel H the following phenomena have been observed:

(a) Increase of the first formant (#1) frequency by about 12°9/,.

(b) Appearance of additional formants at frequencies equal to 1250 Hz
and 1700 Hz.

(¢) Appearance of antiformants at frequencies equal to 1400 Hz, 2800-2900
Hz and 4200 Hz, approximately.

(d) Disappearance of the second formant F2 at the frequency F, = 1500 Hz
due to the appearance of a zero in the vocal tract’s transmittance function
at a frequency N, = 1400 Hz.

At the same time a slight lowering of the peaks of the spectrum envelope
and a corresponding broadening of the bandwidths ‘in the formants F1 and
F2 of the nasalized vowel become quite visible. This phenomenon, which was
also observed in the case of nasal consonants (cf. e.g. [6]), has not been inter-
preted analytically in view of the faet that losses in the vocal tract were
a priori neglected.
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Comparison of the spectral characteristics of the neutral vowel H at various
degrees of nasalization, realized in model investigations by a gradual increase
in the inlet area of the nasal tract (ef. Figs. 12, 13 and 14), permit preliminary
conclusions that enlargement of the extent of the cleft results in:

(a) Increase in the frequency of the first formant of the neutral vowel H.

(b) Increase in the frequency of the additional formant occurring at about
1250 Hz.

(¢) Increase in the antiformant frequency N, ~ 1400 Hz.

(d) Lowering of the spectral envelope peaks of formants originating from
the oral vowel and increase of formant peaks appearing due to nasalization,
especially in the case of the additional formant at about 1250 Hz.

The frequency shifts of formants and antiformants due to the increase
of nasalization, i.e. due to increase in the extent of the cleft, do not exceed 109/,.
The changes of the formant and antiformant levels corresponding to variations
of the coupling factor from 8, = 0.126 S,.x 10 8, = 8, m.x lie within the
limits of 5 dB.

6. Final remarks

The results of the theoretical and experimental investigations reported
above confirm the possibility of the objective evaluation of the influence of
cleft palate, resulting in nasalization, upon the phonetic-acoustical parameters
and, particularly, upon the spectral characteristics of oral vowels. This influence
is measurable and may be interpieted analytically.

The analysis of the formant-antiformant structure in pathological and
postoperative cases of cleft palate gives information on modifications of the
acoustical structure of the speech organ due to anatomical disorders. The
information is valuable for physicians since it creates new possibilities in
objective diagnosis and control of the rehabilitation treatment of cleft palate
by means of a spectral analysis of the speech signal.

An essential feature in palatoschisis, of particular interest to the physician,
is the extent of anatomical disorders in the palatum and/or velum, expressed
in terms of acoustic circuit theory by the shunting effect of the nasal tract.
The detailed quantitative investigations of this phenomenon were not the
subject of the present work. The results of preliminary experiments proved,
however, that objective acoustic methods for phoniatric diagnosis of cleft
palate cases may be applied as well to qualitative as to quantitative evaluations
of the extent of pathological disorders. Theoretical and experimental research,
aimed at these applications, has been recently initiated in the Department of
Cybernetics Acoustics of the Institute of Fundamental Technological Research,
Polish Academy of Sciences, in close cooperation with the Phoniatric Centre
of the Central Clinical Hospital of the Medical Academy in Warsaw.
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DIFFRACTION OF LIGHT BY ACOUSTIC WAVES IN CRYSTALS

ZYGMUNT KLESZCZE WSKI, MARIAN WOJEWODA

Institute of Physics, Silesian Technical University (Gliwice)

Diffraction of light by acoustic waves at high frequencies, i.e. Bragg
diffraction, is discussed, and the possibility of investigating the acoustic and
acousto-optical properties of erystals using this method is presented. The mea-
suring systems used, measurements of the propagation velocities and absorption
coefficients of acoustic waves, and the photoelastic constants for crystals of
melt quartz, TiO,, CaF,, Bijy, Ge0y, and LiNbOg are presented.

1. Introduction

Investigation of the diffraction of light by acoustic waves is an important
method of defining the acoustic and acousto-optical properties of solids [1, 2,
4, 7]. It is possible, however, using this method, to determine the velocity
of wave propagation and thus also the corresponding elastic constants. Know-
ledge of these constants is necessary to evaluate the practicability of using
erystals in many fields, for instance in field modulation. When investigating
the diffraction of light by acoustic waves, two cases [4, 7] are usually considered :

1) Raman-Nath diffraction, observed at frequencies for which the relation-
ship A2/2 > 1 is satisfied (where 4 and A represent the acoustical and optical
wavelengths, and ! the width of the acoustic beam);

2) Bragg diffraction, observed at higher frequencies for which the relation-
ship A2/4 < [ is satisfied.

In this paper we shall be dealing with the latter case.

Invoking the principles ofj conservation of momentum and conservation
of energy for a photon-phonon collision, one may write

k; =k, tgq, (1a)
Wy = wlﬂ:gy (1b)

where k,, k., and q represent wave vectors of the incident light, scattered light
and acoustic waves, respectively.

Since w; =~ w, > £, it can be assumed that the lengths of the wave vectors
E, and E, are changed because of the different values of optical refraction index
in the directions of the incident and scattered light, k.e. k; = k,n, and




160 Z. KLESZCZEWSKI, M. WOJEWODA

k, = Eyn,, where k, is the wave vector of the light wave in a vacuum, while
n, and m, are values of the optical refraction index in the directions of the
incident and scattered waves.

With this assumption, and using formulae (1a), (1b) and Fig. 1, it is possible
to obtain expressions for the angle of incidence 6, and diffraction 60, of light,

; ) v \?

s 0, = 5.2 [1 + (—M) (nf—ng)], (2a)
) A v \?

sinf, = 2?::’0 [1— (Anv) (%f—ni)]a (2b)

where 1, denotes the wavelength of light in a vacuum, and » and » the fre-
quency and velocity of acoustic wave propagation, respectively.

[ e
g

Fig. 1. Wave vector diagram for photon-
phonon scattering

If ny =mny =mn, ie. if the medium is optically isotropie, then

sin 0, = sin 0, — %';— (3)

In the general case it is necessary to know the coefficients of diffraction
n, and n, of the angles 6; and 0,, i.e. one must know the surface of wave vectors
in a given crystal. This problem is very interesting and has been discussed
in papers [b, 6].

Henceforth we can dispense with a detailed knowledge of the Bragg
diffraction geometry. It can be seen from formulae (2a) and (2b) that it is
possible to determine the velocity of wave propagation in a given direction
by measurement of angles 6; and 6,. On the other hand, by making a measu-
rement of the intensity of diffracted light it is possible to determine, for a given
crystal, the photoelastic constants and the absorption coefficient of acoustic
waves. It is known [4] that the ratio of the intensity of the light diffracted
by the acoustic wave to the intensity of incident light is

I =apiieP,

e iR 4
25 2139'03 ’ (4)

%
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where I, denotes the intensity of incident light, I — the intensity of diffracted
light, P, — the intensity of the acoustic beam, ¢ — the density of medium,
and py; — the photoelastic constants.

Measurements of the photoelastic constants using formula (4) are usually
made in relation to some reference substance. The method of measurements
is shown in Fig. 2. The reference substance (preferably melt quartz) is glued

G Sy

Fig. 2. Method of measurement of photoelastic J
constants using one transducer Jg J3
1 — specimen, 2 — investigated pattern, 3 — transducer

Ay
A Y

with the substance to be tested. The acoustic wave is induced from the refe-
rence substance side. If the measurement of the intensity of diffracted light
of the incident and reflected waves (I, and I,) is made on the crystal-air boun-
dary for the reference substance as well as for the tested substance (I, and I,),
then

(1213 )”2 _ nSp*/ov®  tested substance, &)

I,LI,]  n°p?ev® reference substance.

It is also possible to make measurements of photoelastic constants by
indueing to the acoustic wave both from the side of the reference substance
and from the side of the substance to be tested [3]. This method should be
followed when intensive absorption of acoustic wave occurs in the medium.

As can be seen from formula (4), the intensity of diffracted light is pro-
portional to the intensity of the acoustic beam. It is thus possible to determine
the attenuation coefficient of acoustic waves. If we make measurements of
the intensity of light diffracted by the acoustic wave at two distances from
the transducer @; and #,, the absorption coefficient can be determined from
the formula

a[dB] 5 8.686 Ei I(w,) , - (6)
cm 2(wy—wy)  I(@y)
where I(@,) and I(w,) represent the intensities of diffracted light correspon-
dingly to distances #, and @, from the transducer.

This measurement can be made for continuous and pulsed waves. In the
former case, the crystal is moved in the direction of the acoustic wave and
the intensity of the diffracted light measured for two positions of the erystal.
While in the latter case, the crystal remains immobilized while the measurements
are taken of the intensity of the light resulting from the acoustic wave, which
has been reflected repeatedly from the faces of the crystals (see e.g. Fig. 9a).
The method is particularly useful in cases where the absorption of the acoustic
wave is insignificant, but it requires the use of crystals with precisely parallel
faces.
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2. Measuring system

The measuring system for investigating the diffraction of light by acoustic
waves is shown in Fig. 3. The light source is a 10 mW He-Ne laser, and the
source of acoustic waves is a transducer of lithinm iodate eperating at a fun-
damental frequency 200 MHz or a thin layer transducer of CdS, operating
within the frequency range from 700 to 1300 MHz. The acoustic wave was
modulated by a square pulse with a repetition rate of 10 kHz and a pulse
duration of 0.5 ps. The intensity of the acoustic wave was about 0.1 W/em?2

Fig. 3. Diagram of the experimental design used in the investigation of the light diffraction
by acoustical waves

1 — laser He—Ne, 2 — cristall, 3 — h. f. generator, 4 — modulator, 5 — photomultipler, 6 — oscyloscope

The transducer of lithinm iodate was glued to the melt quartz to be used as
a reference substance. The light scattered as a result of dispersion was recorded
by the photomultiplier M12FQC51 from which the signal was transmitted to
the oscilloscope. The pulses obtained are shown schematically in Figs. 4 and 5.

z,}‘x i /

i~

X

- // »
it .
- ‘ s
T - -
\\\ i N
J 7NN
/ \\ 7 Ty
2 -
Js J"
2
Jz
U U J UJ U 7 Fig. 4. Diagram of oscillogram patterns for
77 J3 i 7 <3 standard sample
o g 7 Fig. 5. Diagram of oscillogram for investi-
21 z gated substances

In case of the light diffracted in the quartz itself (Fig. 4) the first pulse
(I,) corresponds to the diffraction by the wave incident directly from the
transducer, the other pulse (I,) corresponds to the diffraction by the wave
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reflected from the end of the erystal, while the third pulse (I;) — to the diffrac-
tion of the light reflected from the transducer ete. As the laser beam moves
towards the end of the crystal, the distance between the pulses I; and I, de-
creases, but that between the pulses I, and I, remains constant at a value
corresponding to the time of passing through the double crystal length. When
the specimen erystal (Fig. 5) is gived to the quartz reference, the acoustic
wave is reflected from the crystal —air surface. Thus for small acoustic wave
absorption in a specimen crystal the following pulses can be seen: the first
pulse that corresponds to the diffraction by the wave emitted by the transducer
and passing directly through the reference pattern-tested crystal surface of
separation. This is followed by pulses that correspond to the diffraction of
light by acoustic waves reflected from following surfaces: specimen crystal —
air, specimen crystal — reference substance, reference substance — transducer,
etc. depending on the length of crystal and the velocity of acoustic wave pro-
pagation.

Fig. 6 shows the system used for measuring the absorption coefficient
of the acoustic waves. The light beam reflected by the acoustic wave is divided
into two parts by means of a semi-transparent mirror. One of them, after
being reflected from a totally -eflecting mirror, is passed through the polarizer

10

Fig. 6. Diagram of the experimental design used in the measurement of the absorption
coefficient of acoustic waves

1 — laser He —Ne, 2 — tested cristall, 3 — high frequency (h. f.) generator, 4 — modulator, 5§ — semi —trans-
parent mirror, 6 — mirror, 7 — polarizer, § — mechanical modulator, 9 — photomultiplier, 10 — oscilloscope

and the mechanical modulator and is incident on the photomultiplier. The
second part of the diffracted beam is passed through the modulator. The signal
from the photomultiplier is fed to a double beam oscilloscope. The mechanical
modulator, operating at a frequency of about 200 Hz, allows only one light
beam to pass at a given moment onto the photomultiplier. In this manner
it is possible to observe on the oscilloscope two rows of pulses on each beam.
The height of pulses coming from one of the diffracted light beams can-be
adjusted by the polarizer. Using this facility and that of the oscilloscope for
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the mutual displacement of pulses, it is feasible to superimpose two sets of
pulses. Knowing the path @,-@, travelled by the acoustic pulse and the ratio
I(®,)/I(m,), it is possible to evaluate the absorption coefficient of acoustic
wave from equation (6).

3. Discussion of experimental results

The diffraction of light by acoustic waves has been investigated in melt
quartz, rutile, calcium fluoride, lithium niobate and bismuth-germanium oxide.

Experiments have been aimed at assessing the suitability of the system
for measurement of the propagation velocity and the absorption coefficient
of acoustic waves, and also in determining the photoelastic constants of certain
crystals. The measurement accuracy of each of the above-mentioned physical
quantities has also been determined.

Figs. 7-9 show some of oscillograms obtained. In these drawings the
distance from the transducer to the laser beam is denoted by «. Figs. Ta and
7b are made from bismuth-germanium oxide with the acoustic wave propagation
in the [100] direction and the light wave in the [010] direction, the length
of erystal being 10 mm. Figs. 8a and 8b also present results of the diffraction
of light in bismuth-germanium oxide for the case where ¢ coincides with the
[001] direction and k with the [010] direction. The length of crystal in this
direction is ! = 29 mm. Figs. 9a and 9b show the pulses obtained in rutile
with ¢||Z and I = 30 mm.

Table 1 contains the values of the Bragg angles for crystals investigated
and also the calculated values of the velocity of propagation of longitudinal
acoustic waves at a frequence of 215 MHz.

The accuracy of determining the speed is principally dependent on the
accuracy of the measurement of the Bragg angle, thus of the distance trans-
ducer-photomultiplier and the displacement of the photomultiplier. It amounts
to about 0.2°/,. This aceuracy may be affected by the error in determining the
index of refraction. This method is very accurate and can be used for the de-
termination of photoelastic constants for investigated crystals.

Table 2 states the values of the absorption coefficient of acoustic waves
with frequencies 825 MHz measured by the above described method, Table 3
contains the values of some photoelastic constants for investigated crystals.

The accuracy of the determination of the absorption coefficient is about
15°/, and that of photoelastic constants — 10 to 12°/,. The error at the mea-
surement of a is affected mainly by irregularities of crystal faces as well as by
the divergence of an acoustic beam.

The test results indicate that the described method and used measuring
systems can be successfully utilized for testing the acoustic and acoustic-and-
-optical properties of crystals.
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Fig. 7. Oscillogram patterns for bismuth germanium oxide; | X; k|| ¥, I = 10 mm, time
scale 2pusfem, a) 2 =7 mm, b) =4 mm

6 — Archives of Acoustics 2/76



166 Z. KLESZCZEWSKI, M. WOJEWODA

Fig. 8. Oscillogram patterns for bismuth germanium oxide; ¢|Z, time scale 5 ys/em,
!l =29 mm, a) = 21 mm, b) x = 14 mm
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Fig. 9. Oscillograms for rutile; q||Z, time scale 5 ps/em, ! = 30 mm, a) # = 19 mm, b) 2z = 11
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Table 1. Values of the Bragg angle and velocities of longitudinal
acoustic waves for the crystals investigated

Substance n Direction Op ¥V [m/s]
Melt quartz 1.45 - 25'560” | 5890415
TiO, 2.58 [100] 11°20”" | 7860 +20
CalF, 1.43 [100] 2200 | 7070420
Bi;3Ge0,, 2.56 [101] 25’50” | 3300410

[001] 2600 | 321010
LiNbO, 2:20 [100] 16’50 | 6530415
[001] 1400" | 7330+12

Table 2. Absorption coefficients
of longitudinal acoustic waves
for the erystals investigated
(f =825 MHz, T =293 K)

Substance a[dB/em]

Melt quartz T+1,5
Ti0, 0,940,2
CaF, 4,5+0,7

‘Table 3. Measured values of the
photoelastic constants for the
erystals investigated

Substance Pij
CaF, Py = 0.06
Pip = 0.23
TiO, P1g = 0.18
Pu = 0.10
Pyg = 0.17
LiNbO, P = 0.04
Pys = 0.08
Py = 0.18
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22ND OPENED SEMINAR ON ACOUSTICS
Swieradéw Zdréj, September 8-13, 1975

The Seminar was held September 8-13, 1975 at Swieradéw Zdréj. The promotor of
the Seminar was the Wroctaw Section of Polish Acoustics Society as well as the Institute
of Telecommunication and Acoustics of Wroectaw Technical University.

The Organizational Committee was composed of: Chairman Zb. Zyszkowski, Assistant
Chairmen: St. Bgpkowsklr, W. Jankowskl, W. Masewskl, Secretary General E. TALAR-
czYK a8 well as members: Cz. BAaszrura, T. CISZEWSKI, A. GABOR, M. GLowAckl, R. GoD¥YN,
J. GoGOLEWSKI, T. GuDprA, A. Horéwko, Zb. JAKUBEEK, J. JAROSZYNSKI, J. KAMINSKI,
B. Kuresza, H. Kusek, H. KusTtrzycEA, K. Lowitska, W. MYSLECKI, St. NUCKOWSKI,
A. PoprEz, J. SWIERKOWSKI, B. TokArz, K. WaRszawskl, T. WAwWRYKOWICZ, Z. WASO-
WICZ, J. ZALEWSKI, J. ZARZYCKI.

The Seminar was attended by over 300 participants, including 18 persons from abroad.
Those present were scientists from Great Britain, Czechoslovakia, Denmark, France, the
German Democratic Republic, Sweden and Hungary.

Most of participants were PTA members, namely 179.

The participants were lodged in the buildings of Sanatorium Odra at smeradéw and
rest-homes.

Four plenary lectures as well as 145 lectures and reports in sections were delivered.
Individual sections comprised the following fields of acoustics:

Section A — Cybernetic acoustics, physiological acoustics, speech acoustics, musical
acoustics, psychologic acoustics and electroacousties.

Section B — Physical acoustics, architectural and room acoustics, noise and vibra-
tions.

Section C — Quantum and molecular acoustics, hydroacoustics and ultrasounds.

The time of one lecture in section was 15 min., the discussion following the lecture —
10 min.; a report lasted 10 min., discussion — 5 min.

The lectures submitted to the Organizational Committee at fixed term were printed
in Typographie Establishment of Wroelaw Technical University in two volumes entitled
«The Papers of 22nd Opened Seminar on Acoustics» numbering 650 pages. The lectures
of Polish authors are published in Polish. All lectures are preceded with an English summary.
According to the opinion of the participants the verification — used for the first time at
the 22nd Seminar — of lectures to be delivered has stimulated the authors to a better ela-
boration of their papers and has contributed to raising the scientific level of the Seminar.
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The «Papers» comprise a total of 114 lectures; thereof 13 were not delivered because
there authors were absent at the Seminar. Apart from lectures published in the “Papers”
eight reports and ten lectures submitted at a later date were delivered.

Lectures delivered by young scientific workers, members of Polish Acoustics Society
(PTA), all at the age under 35 have been evaluated within the framework of Marek Kwiek
competition. The competition involved 62 lectures.

Besides plenary and section deliberations there were held «round table» sessions on the
subject:

1. The use of digital techniques in acoustic metrology.

2. Acoustooptics and holography.

This new form of deliberations in the history of Opened Seminars on Acoustics has
aroused a vivid interest amongst their participants.

During the Seminar several organizational meetings were held, of which special men-
tion deserves the Convention of Delegates of Polish Acoustics Society (PTA) at which,
among others, the draft of a new statute of the Society has been discussed and new members
of Main Board were elected. A special event to the Convention was the conferment upon
prof. Wiktor Jankowski of the dignity of honorary member of PTA.

An event of special importance was the Session of Environmental Protection Section
at which in addition to the members of Environmental Protection Section also the con-
cerned representatives of industrial establishments of Lower Silesia participated. On the
agenda were problems concerning the sources of industrial noise and the methods of noise
control.

During the seminar the firm Briiel-Kjaer displayed its present activities in the field
of electroacoustic measurement.

An attractive diversification of the laboriously spent days were the evening social
get-togethers facilitating the establishment of scientific contacts amongst the members
of the Seminar. Doubtless they contributed to the friendly climate prevailing at the Se-
minar and further integration of the milien of acousticians.

Plenary lectures

. L. FiureczyNski, Ulirasonar methods of medical diagnostics.

. W. JANKOWSKI, Z. ZI1EMSKI, Resistance of hearing organ in experimenting with animals.

. L."Pimoxow, A new system of automatic recognition of objects, especially of speech words.

. B. RocaLa, The probabilistic characteristics of the signals lransmilles in electroacoustical
systems.

L e

s

Lectures in sections

Section A

1. B. Apamczyk, W. KuNiszyR-JOoZwiag, E. SMOrgA, P. ParczyXski, Hecho-reverberation
correlation by influence on the velocity of speaking.

2. Cz. Baszrura, W. Majewskl, Influence of frequency ranges on speaker identification
by means of statistical analysis of zero-crossing rates.

3. 8. P. BracHMAKSKI, A. MasNy, Z. .Wasowicz, Investigation of reverberation time

for typical living rooms.

A. E. BRoOWN, An assessment of differences between players of the horn.

G. BupzyXski, A. KuLowskl, Bowed string oscillation analysis.

K. DExAN, Investigations of brass insiruments.

A. Dosruckl, C. SzmALn, The results of objective loudspeaker estimation which takes

into consideration some properties of hearing.

by o
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8. M. M. DoprzaXski, K. LENCzEWSKA, Quantum effects in the mechanism of hearing.

9. M. DroBNER, W. GLOWACKA, Perception of simultaneity and no-simultaneity of sound.

10. M. DroBNER, 1. Romexr, Influence of fundamental note intensity on gquality of sound. i

11. R. DyBa, B. Z6nt0oGORSKI, Spectral analysis Doppler effect in loudspeakers. I

12. T. Fipecki, Contactless, unbiased magnetic recording of harmonic signals.

13. A. GaBor, J. Zawrzycki, Hlectroacoustical systems monlinearily and memory analysis
wsing Vollterra series.

14. M. GLowackr, B. RocaLra, J. SzyMBOR, Acoustical signals and noise in electroacoustical
systems. :

Competition.
16. W. Hamer, The effect of audiomoniloring room wpon the location of image sources.
17. H. Haraipa, J. Kruczek, I. NARUCKA, Chickens’ reaction to acoustic stimuli. |
18. S. HuiBowicki, J. RENOWSKI, The influence of the outer and middle ear frequency response
on the width of the eritical bands. !
19. D. Howrz, Investigations on a possible substitution of resonance wood by synthetic mate- |
rials. .
20. W. Jassem, Classification of Polish wvoiceless fricatives. ‘
21. J. Kacrrowski, W. MIk1eL, A. Szewczyk, Acoustical modelling in the physio-pathology i
of the human vocal system.
22. T. Korczewskr, T. FIpECK, Fast recirculating memory as o delay line for low frequency
signals. h
23. W. Kraak, G. Fuper, L. Kracur, Individual variabilities and differences in noise-
-induced hearing stress.
24 . H. Kupzpera, K. Myrkowsk1 ,The preparation of technical conditions for compulerizing {
the analysis of the speech signal. J
25. B. W. KvuLesza, B. Rocara, J. SoBoLEWSKI, Studies of shoriterm correlalion functions #l
|
l
\

15. H. HaraIDA, Acoustic research done during the IV International Henryk Wieniawski ;
I
i

of musical signals. “

26. H. Kusex, Attempt of determination of speech understanding degree during mental con- !
centration preceding physical effort. |

27. H. Kusek, Speech understanding during physical effort of static characteristics. |

28. W. Masewski, Cz. BASzrura, Speaker identification based on statistical distributions
of I, determined by means of zero-crossing rates.

29. W. Maxowskl, Audio motoring room of Musical Acoustic Ohair of State College of Music.

30. W. MikieL, J. Drzewieckr, J. JAgkusowicz, I. Kureczyk, K. KuprczYK, A logarithmic
analog [digital converter.

31. W. Mikier R. GueryNowicz, W. HAGMAJER, A logarithmic A|D conversion of peak
value of speech signal and a method of time representation of measurement data. 1

32. K. Muicka, 8. PrRus, The formation of loudness sensation for partially masking sounds. 3

33. W. My$LECKI, J. ZALEWSKI, A, Gos, Investigation the influence of gloital excitation pulse
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