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FLOW PATTERNS AND NOISE OF A CHOKED GAS JET EXPANDING INTO A DUCT

KRYSTYNA J. WITCZAK

Department of Aerodynamics, Warsaw Technical University (Warsaw)

Axi-symmetric, choked air outflow into a duct with an abrupt enlarge-
ment of its cross-section was investigated in order to establish the relations
between the flow pattern and the aerodynamic noise generated. Four main
kinds of flow structure, possessing different acoustic properties, were found in
the cases studied of the outflow from convergent circular and annular nozzles.
These patterns correspond to the occurrence of : cellular structure, self-excited os-
cillations, single shock wave (noise minimum) and supersonic flow. An acoustic
feedback type source of sound can appear under certain circumstances in the
cellular structure. The self-excited shock wave and pressure oscillations produce
noise characterized by discrete frequencies in the sound pressure level spectrum.
The reasons for the minimum noise generation, which takes place before the reat-
tachment of the supersonic stream boundary to the duet wall, are explained.
Prevention of strong oscillations by the insertion of spoilers at the nozzle lip
reduces the noise significantly over a wide range of supply pressures, however
it increases the noise minimum due to turbulence intensity growth. Recom-
mendations for nozzle and duct geometry for noise reduction are given.

1. Introduction

In high-pressure industrial installations the gas outflows from the slits
of reducing valves and the inflows into ducts with an abrupt enlargement of
their cross-section are predominantly choked. This means that the flow velocity
at the nozzle exit is equal to the sound speed and an excess in gas pressure causes
further jet expansion, the flow velocity in the duct thus attaining supersonie
values.

Observation of installations shows that these flows can be a source of strong
pressure oscillations and of high intensity noise with characteristic discrete
frequencies in its spectrum. These are all unwanted and harmful effects, since
the flow oscillations disturb technological processes, make the measurement
of flow parameters difficult and produce mechanical vibrations. The noise,
which accompanies them, causes the work circumstances for the operating
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personnel of such installations to be uncomfortable. For successful prevention
of the flow oscillations a study of the phenomenon is necessary.

A survey of published work, connected with noise from choked gas outflows,
showed that sound generation by free jets has been investigated rather thorough-
ly. However there are few papers devoted to outflows into a duct and they
are not profound.

It is well known that in a subsonic free jet the most effective emitter of
acoustic power 15 the mixing region, i.e. an intensely turbulent shear-layer
between the cent:al uniform jet core and the ambient air [1, 2, 3]. In superso-
nic flow, new souice. of additional noise appear which begin to predominate
over the turbulent mixing noise. A free choked gas jet possesses a cellular pat-
tern, formed by expansion, compression and shock waves. The structure
of cells and theii dimensions depend on the difference between exit and ambient
pressure levels.

The noise produced, due to the presence of cells in the stream, results
from interactions between turbulent eddies or larger vortices and shock waves
[1, 3, 4, 5]. It may be characterized by discrete frequencies in the spectrum,
by acoustic feedback (screech), or as the noise produced by the same sources,
but without feedback, being more broad-band but strongly peaked (shock
associated noise) [4, 6].

The phenomenon of sound generation by vortex and shock wave interaction
is not, as yet, fully explained. It is impossible to estimate theoretically the acous-
tic power of this type of source in the far field [6, 7].

The second kind of noise, which is characteristic of supersonic flows, takes
the form of directional high frequency waves, the so-called Mach waves, emitted
by eddies convected downstream on the jet boundary with a supersonie velocity
in relation to the ambient sound speed [5, 8]. The source of these waves is lo-
cated in the supersonic shear-layer near the nozzle.

The acoustic feedback type mechanism'is the most effective of all the mecha-
nisms responsible for generating aerodynamic noise. It has been shown that
in this case the acoustic efficiency can be as high as 59% [9], whereas in the
case of a uniform supersonic jet it does not exceed 0.6 9% [3]. The screech me-
chanism has been described by PowgrL [10, 11, 12] in the following manner.
Under favourable conditions, when the shear-layer on the jet boundary is
most susceptible to loss of stability, the acoustic wave generated by the flow
is capable of creating a vortex at the nozzle exit. This vortex is amplified in
the stream and — when it passes through a shock wave — an acoustic pulse
is emitted. Next, the acoustic wave disturbs the stability of the boundary layer
at the nozzle exit and this is the source of a new vortex. Thus, the feedback
loop is closed. For axi-symmetric screeching jets, the mode of vortices convected
downstream is either toroidal [13, 14] or spiral [12, 13, 14]. Similar phenomena
have been observed, when a choked gas jet impinges on a flat obsta-
cle [15]. .
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Investigations of the noise generated by flow in a duct have been mostly
concerned with ejectors [16, 17], variable cross-section channels [18, 19] and
reducing valves [20, 21, 22, 23].

The emission of discrete frequency sound with acoustic feedback was found
with a choked outflow from an ejector nozzle [16], just as for free jet. Studies
on the axi-symmetric air outflow from a convergent nozzle into a duct with
an abrupt enlargement of its cross-section revealed [18, 19] two sources of
the discrete frequency noise: one associated with the cellular flow structure,
and the second occurring when the normal shock wave was present in the duct.
On the basis of the work of JUNGOWSKI [24, 25, 26] and the present author
[27], it seems that strong self-excited oscillations of pressure in the dead-air
region, accompanied by shock wave oscillations, give rise to the second source
of noise. Reports relating to the study of reducing valve noise, contain experi-
mental data about the acoustic power and efficiency of different valve types,
and diseuss constructional modifications used to attempt to decrease the gene-
rated noise level. In order to split the mixing region of the stream outflowing
from the valve slit, perforated plates [23] or throttling labyrinths [20] are
most often placed at the low-pressure side.

In the investigations of axi-symmetric choked gas ovtflow into a duct
with an abrupt enlargement of its cross-section decribed below, the author
was guided by necessity to establish the relationship between the flow pattern
and the aerodynamic noise generated. Knowlegde of this relationship should
permit such designing of the channels of installations a: to lead to a decrease
in the acoustic power level emitted.

Notation

AP  amplitude in spectrum of pressure oscillation

D duet diameter

d nozzle diameter

d. central body diameter of annular nozzle

f frequency

OSPL overall sound pressure level in [dB] AOSPL = OSPL OSPL* [dB]
P pressure

P = Plpgs Py = PolPo*
Ap double amplitude of pressure oscillation
SPL sound pressure level in [dB] ASPL = SPL; — OSPL [dB]

® ratio of nozzle area to duct area
Suffixes
¢ central dead-air region
& at definite frequency
0 supply
w outer dead-air region
*

appearance of critical outflow from nozzle
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2. Outline of experimental studies and measuring technique

The axi-symmetric air outflow from a convergent circular or annular
nozzle into a duet with an abrupt enlargement of its cross-section (Fig. 1) was
investigated experimentally. The annular nozzle can be regarded as an approx-
imate model of reducing valve. High-pressure air was fed to the supply chamber
(1) and the test section (2) was connected with the atmosphere through the
set of outlet duects.
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Fig. 1. Circular (a) and annular (b) nozzle arrangements investigated
1 — supply chamber, 2 — test section

The OSPL measurements and the spectral-analysis were performed using
Briiel and Kjaer equipment. A half-inch microphone was placed in the free
field outside the duct, at a distance of 0.4 m away from its axis. Since it was
found that the character of the spectra in the neighbourhood of the test section
are subject only to minor changes, a representative microphone location was
assumed to be a point in the horizontal plane at the height of the duct axis.
The microphone was placed at an angle of 45° to the duct axis, and directed
towards the nozzle exit, near to which the most powerful sources of noise are
located. .

The flow patterns were investigated by measurement of : the static pressure
distribution along the duct; traces of the oscillating pressure and their associa-
ted spectra; flow visualization using schlieren and shadowgraph methods;
and streak-pictures (-t plane). In order to make even a partial visualization
possible, a portion of the duct wall, equal in width to half of the diameter, was
removed and replaced by flat windows made from optical glass.

3. Flow patterns

The diagrams in Fig. 2 show the nondimensional pressure in dead-air
regions downstream of the circular (a) and annular (b) nozzles versus the non-
dimensional supply pressure, starting from the beginning of critical outflow.
In the range of decreasing p,, the subsonic stream boundary reattaches to the
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Fig. 2. Nondimensional pressure in outer (p,,) and central (p.) dead-air region versus nondi-
mensional supply pressure (7,); choked outflow from circular (a) and annular (b) nozzle into
the duet

A — cellular structure, B — self-excited oscillations, ¢ — supersonic reattachment, D — oscillations with acoustic
feedback, ¥ — closed central dead-air region

duct wall (the so-called subsonic reattachment). When the supersonic stream
boundary isolates the dead-air region and 7, increases, p,, maintains its minimum
constant value (the so-called supersonic reattachment).

At first the flow possesses the features of an underexpanded free jet. The
dead-air region is large, since the subsonic stream boundary reattaches to the
duct wall a long distance away from the nozzle. The photographs in Fig. 3 and
4a (p,, = 0.350-0.180) show the cellular structure of the supersonic region down-
stream of the circular nozzle, and the photographs in Fig. 4b (p,, = 0.400-0.180)
show the annular form of the cells in the flow downstream of the annular
nozzle.

As the supply pressure further increases, self-excited flow oscillations oceur,
which are characterized by eyelic variations in flow pattern connected with
oscillation of the shock waves and the reattachment zone. Figure 3, for example,
shows the changes in flow pattern from a cellular structure to a single shock
wave with a frequency of 180 Hz (p,, = 0.140), and the changes in shape and
position of a single shock wave in the flow oscillating with a frequency of 560 Hz
(P, = 0.066).

After the decay of the self-excited flow oscillations (7, = 0.046), before
supersonic reattachment, downstream of the single bulging shock wave, near
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Fig. 3. Schlieren visualization of flow downstream of circular nozzle
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the circular nozzle, a subsonic flow is spread along the duct (Fig. 3 and 4a).
The volume of the dead-air region is close to fhe minimum, and the super-
sonic zone occupies a very small portion of the duct. For the annular nozzle,
the single shock wave takes an annular shape and supersonic flow with a typi-
cal cellular structure occurs in the stream centre (Fig. 4a).

SB MD SL

Fig. 5. Flow patterns of choked jet expanding into the duect (eircular nozzle)

B — stream boundary, ¢ — compression wave, D — dead-air region, £ — expansion wave, M D — Mach disk,
& — shock wave, SB — supersonic stream boundary, SF — boundary of supersonic flow, SL — slip line, SP —
shock wave projection
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Fig. 6. Flow patterns of choked jet expanding into the duet (annular nozzle)
B — stream boundary, ¢ — compression wave, CD — central dead-air region, ¥ — expansion wave, OD — outer
dead-air region, § — shock wave, supersonic stream boundary, SIF — boundary of supersonic flow,

SP — shock wave projection

The supersonic reattachment causes the occurrence of oblique shock waves
with a Mach disk (Figs. 3 and 4a) in the flow downstream of a circular nozzle
(P = 0.037), and a set of intersecting oblique shock waves (Fig. 4b) downstream
of an annular nozzle (p,, = 0.042).

Figures 5 and 6 show the main kinds of flow patterns (without unstable
processes) drawn on the basis of the visualization, with extrapolation over
the invisible portions of the duct cross-section.
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4. OSPL and spectral-analysis of the noise

The measurements of the overall sound pressure level revealed a strict
relation between the flow pattern and the generated noise (Fig. 7). Attention
should be drawn to the fact that the changes in A OSPL, with rising nondi-
mensional supply pressure, are accompanied by a continuous increase in the
outflowing air mass, since the rate of flow is proportional to p,.
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Fig. 7. Variations in overall sound pressure level with increase in nondimensional supply
pressure; choked outflow from cireular (7) and annular (2) nozzle into the duct

A — cellular structure, B — self-excited oscillations, ¢ — supersonic reattachment, D — oscillations with
acoustic feedback

Starting from the occurrence of the eritical conditions at the nozzle exit,
in the range of the cellular structure, the noise level increases — in the beginning
almost linearly — dnd then this increase stops. The strong noise maximum
(P &~ 1.3) in the case of the outflow from an annular nozzle is related to the
appearance of the particularly effective (acoustic feedback) source of sound
with discrete frequencies (3.2 and 6.4 kHz in the spectrum in Fig. 14a). This
type source was not observed in the flow downstream of the circular nozzle,
but the peak in the spectrum at about 7.3 kHz (Fig. 8a) indicates the sound
generated by the interaction of flow disturbances and shock waves.

When the shock waves in the first cell become stronger (Mach disk), the
noise diminishes and only self-excited flow oscillations cause an increase
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Fig. 8. SPL spectra of noise generated by choked outflow from circular nozzle into the duct;
ranges of cellular structure (a) and self-excited oscillations (b)
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in 4 OSPL. The noise level changes according to the stability of the phenome-
non and some discrete harmonic frequencies of the oscillations appear in the
spectrum. The discrete frequencies in the spectra of noise and of flow oscilla-
tions (Fig. 9) are identical. As the frequencies of the oscillations become higher,
A OSPL decreases, and after their decay, just before supersonic reattachment,
a distinetive noise minimum occurs.

SPLA
(8]
80 ¢ 0SPL=85d8
70 |=—0.046 2.83 2 PN AT AOSPL=1.5dB
a) ——-0.040_3.27 Wi e e PATR e e e
60 5 X v & P i A L 0SPL=82dE
4 P RAN AN AOSPL=10
50 J & BT SR
Pw P : -~
90 5093440 i Ay 0SPL=99.5d8
g0 |F==0.037 4.49 o Lt N N7 N TN YAOSPL=16dB
b) 7 ha, o A9 ‘:",ﬂ-" '\‘ /', N i ‘e
70 A e /'2/.' L"“w/ s “NOSPL=92d8
60 pr\ N KN LT TS AOSPL=170d8B
A ot ‘Q’\J","J VAN
0 g 7o P R fasn el T e
90021 03|a4 061081 174178 251351 5 |7 19] 12 |1SI20f‘[7ng]

225035 0.5 07 08 .12 162 3 4 6 810 14 18

Fig. 10. Spectra of noise generated by choked outflow from circular (I) and annular (2)
nozzle into the duet; ranges of minimum noise (a) and supersonic flow (b)

It is found from a comparison of the spectra of the minimum noise, generated
by the outflows from both nozzles (Fig. 10a), that in the range from 3 to 4 kHz
the SPL for the annular nozzle is more than 5 dB higher than that for the circu-
lar nozzle. This explains the occurrence of the deeper noise minimum at the
outflow from the latter. It may be supposed that the sound of 3 — 4 kHz is
connected with the cellular structure of the supersonic flow in the central por-
tion of the duct. It is known that this zone does not appear in the outflow from
a circular nozzle.

When the supersonic flow spreads along the whole test section, 4 OSPL rises
continuously with increasing 7,, the character of the spectra (Fig. 10b) for
both types of nozzle being similar.

The appearance of self-excited flow oscillations and acoustic feedback can
be prevented by the insertion of spoilers at the nozzle lip (Fig. 11). The influence
of the spoilers on the flow is fully exhibited in the 4 OSPL diagrams (Figs. 12
and 13), and in Fig. 14 where the spectra of the noise generated by outflows
from the nozzles with and without spoilers are compared. The decay of oscilla-
tions and the considerable reduction in the shock associated noise are, unfortu-
nately, accompanied by an increase in the minimum noise level due to the growth
of turbulence intensity.
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5. Acoustic properties of the flow patterns

The four main kinds of flow pattern, possessing different acoustic proper-
ties, were found in the outflows from both nozzles studied — cireular and annu-
lar. These patterns correspond to the occurrence of :

(a) eellular structure,

(b) self-excited flow oscillations,

(e) single shock wave (noise minimum),

(d) supersonic flow.

5.1. Cellular structure. In the range of cellular structure, superimposed
on the turbulent mixing noise is the sound from two predominant sources:
from interaction of vortices and shock waves, and from the flow in large dead-air
regions. The source of the shock associated noise in the outflow into the duct

2 — Archives of Acoustics 3/76
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is less effective than in a outflow directly to the atmosphere (Fig. 15). The
noise of a free jet is generated by an acoustic feedback type of mechanism
(strong maximum of A4 O8PL). The case of the annular nozzle confirmed that
this mechanism may also exist in the flow along a duct and takes place within
the same range of nondimensional pressures as for a free jet. The following facts
are indicative of acoustic feedback : the rate of jet decay is greater than without
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Fig. 14. Comparison of A SPL spectra for choked outflow from annular nozzle with (1)
and without (2) spoilers; ranges of oscillations with acoustic feedback (a) and self-excited
oscillations (b)
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oscillations, the amplitude of the flow oscillations grows with increasing distance
from the nozzle, disturbances are convected downstream on the jet boundary
and decay after impinging on the duct wall.

From a detailed analysis of the phenomenon [27, 28] we can suppose that
the acoustic feedback type of mechanism in the flow along a duct proceeds
a little differently from this in a choked free jet. Within the range of the shear-
-layer instability, a spiral vortex separates continuously from the nozzle lip.
The vortex circulation-time around the lip of the nozzle orifice is equal to a pe-
riod of the flow oscillations. The vortex is convected dowstream on the flow
boundary and becomes stronger. When it impinges on the duct wall at the
reattachment zone, a sound wave is emitted, travels back to the nozzle exit
through the dead-air region, maintaining the vortex shedding and closing the
feedback loop.

The mechanism described above is rather similar to the situation when
a choked gas jet impinges on an obstacle [15].

At a value of 7,, corresponding to the end of the presence of cellular strue-
ture, when a shock wave pattern with a large Mach disk appears in the first
cell, 4 OSPL diminishes, since the vortex and shock waves interaction be-
comes weaker. In addition, the dead-air regions and the noise emitted from
them are reduced. Under these circumstances the A4 OSPL for the cir-
cular nozzle is a little higher than for the annular one (Fig. 7). This can be
explained by the shorter supersonic region in the flow downstream of the
latter nozzle.

5.2. Self-excited flow oscillations. The next source of discrete frequency
noise — self-excited flow oscillations — occurs in a specific range of p,, de-
pending on ¢, in the neighbourhood of Pu, (Fig. 16).

Investigations of the phenomenon and its mechanism have been described
in detail elsewhere [27]. It was established that the frequency of the oscilla-
tions depends not only on the ratio of the pressure in dead-air region to the sup-
ply pressure (7,) and the duct diameter (D), but also on the duct length (L).
Among others, we find sudden changes in the oscillation frequency and ranges
of evident instability of both amplitude and frequency. When the exciting
frequency is close to the frequency of natural gas oscillations in the duct, the
flow oscillations are amplified. In this case maxima appear in the diagram of
A OSPL versus p,.

The essence of the mechanism of self-excited flow oscillations is as follows.
Under some conditions the equilibrium of the dead-air region can be disturbed,
i.e. the mass flow ejected from the dead-air region ceases to be equal to the mass
flow reversed back into it from the reattachment zone. The flow separates
from the duct wall, and changes in the magnitude of the dead-air region and
shock wave oscillation occur. The time-varying effects in the dead-air region
vary the boundary conditions of the main flow and this results in a fluctuation
of flow parameters. The dead-air region and main flow interaction is delayed
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due to inertial effects (for instance — the upstream motion of compression or
expansion waves) preventing the formation of equilibrium between these
two regions and maintaining unsteady processes.

When the self-excited flow oscillations appear, the low frequency sound —
in a range of frequencies up to about 3 kHz — contributes more to the noise
spectrum (Fig. 14b).

With a rise in the supply pressure the frequencies of oscillations inerease,
while changes in the flow pattern become weaker. Thus the amplitudes
of oscillations diminish and, moreover, the dead-air region and the zone of super-
sonic flow are contracted. Owing to the influence of all these factors the 4 OSPL
displays a tendency to reduce.

5.3. Single shock wave (noise minimum). The most advantageous flow pat-
tern — from the point of view of the noise generation — occurs in the duct
after the decay of self-excited oscillations. It is evident from Fig. 7 that the
reduction in A4 OSPL in the case of a cireular nozzle is very strong, because it
reaches — in spite of an almost triple increase in the mass rate of flow — the
level recorded at the beginning of critical ontflow from the nozzle. The noise
minimum appears as a result of a considerable flow velocity reduction due to
the presence of a single shock wave near the circular nozzle. In these
circumstances, the noise spectrum represents, in fact, the broad-band
noise of turbulent subsonic flow along the duct, because the supersonic region
is minimal.

The minimum noise level for the annular nozzle is 1.5 dB higher than for
the circular nozzle owing to the fact that the shape of shock wave is annular
and supersonic flow occupies the central portion of the duct.

A flow structure with similar acoustic properties (noise minimum) was
obtained as a result of the interaction of two co-axial supersonie jets — circular
and annular [29]. Its characteristic feature was also a minimal supersonic
region due to the formation of a shock wave pattern near the nozzle in both
jets. It was estimated that the contribution of the supersonic region to the
emission of acoustic power was less than 1%, almost all the noise being genera-
ted by the subsonic mixing region of the jets.

5.4. Supersonic flow. When the supersonic stream boundary reattaches
itself to the wall, supersonic flow with a system of oblique shock waves appears
in the duct. The supersonic region spreads downstream along the duct as the
supply pressure grows, but the Mach number on the stream boundary and the
tlow pattern near the nozzle remain unchanged. The noise in this range in-
creases continuously. The difference between the A4 OSPL levels (Iig. 7) just after
the supersonic reattachment, can be explained by some dissimilarity of the
flow structures downstream of the nozzles. The shock wave pattern in the case
of the circular nozzle exhibits Mach disks, thus in a small region the flow is
subsonic. On the other hand, downstream of the annular nozzle the et of inter-
secting oblique shock waves is doubled; shocks are formed in the reattachment
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zone at the duct wall and at the boundary of the central dead-air region in the
place where the flow direction is changed. The progressive rise in 4 OSPL is,
however, similar for both nozzles.

6. Conclusions

The noise generated by choked gas outflow into a duct with an abrupt
enlargement of its cross-section is closely connected with the type of flow pattern.
As the supply pressure grows, cellular structure, self-excited flow oscillations,
single shock wave and supersonic flow occur consecutively in the duct down-
stream of the nozzle.

In the flow along the duct acoustic feedback can appear, but it is impeded
and less. effective than in a free jet, its mechanism differing a little from the
{screech) mechanism. In order to fully understand the phenomenon of acoustic
feedback in the flow along the duct, the conditions necessary for its presence
should be established. We can suppose that since the vortex has to impinge
on the duct wall under favourable circumstances in order to emit an acoustic
wave, which closes the feedback loop, this phenomenon cannot appear for both
small and large ¢. In the first case, the vortex decays before arriving at the wall,
and in the second case it impinges on the duct wall before it has been appro-
priately amplified.

The investigations performed revealed that flow oscillations — of both
acoustic feedback and self-excited types — are the most effective noise
sources in the range of p,, up to supersonic reattachment. The discrete frequencies
in the spectra of the noise generated, when these two types of oscillations are
present, agree completely with the frequencies of pressure oscillations in the
flow. Under such circumstances a spectral analysis of the sound recorded in
the free field outside the duct could be helpful in determining the frequencies
of the flow oscillations.

The most favourable flow circumstances, characterized by the emission
of minimum acoustic power, occur in the duct just before supersonic reattach-
ment, when the single shock wave near the nozzle causes a considerable reduction
in flow velocity.

The insertion of spoilers at the nozzle exit prevents strong flow oscillations,
diminishing the noise in a wide range of supply pressures. It does, however,
increase its minimum value before supersonic reattachment due to the growth
of turbulence intensity.

The main conclusions of practical significance to be drawn from this work,
are as follows.

The more the outflow into the duct is similar to a free jet (small values of
@), the stronger is the shock associated noise and the noize emitted from the
dead-air region.
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For a high ¢ the supersonic stream boundary reattaches to the duct wall
at a low supply pressure. In view of the noise generation supersonic flow along
the duct is undesired.

In the case of devices having little change of supply pressure, the
geometrical dimensions of the nozzle and the duct should be chosen in
such a way that the operating conditions correspond to the noise minimum.
These conditions can easily be established since they occur just before Puwyy,.
It is more purposeful to select the lower values of ¢, e.g. of the order of 0.2 to
0.3, because the range of the noise minimum is wider for these values and,
moreover, because the appearance of supersonic reattachment requires a higher
change in the supply pressure.

If the supply pressure of the 1nstallat10n is varied over a wide range, the
ratio of the nozzle area to the duct area should be so selected that Pwmy,, and
thus supersonic flow along the duct, are avoided. Strong flow oscillations can
be prevented by the insertion of spoilers at the nozzle exit. In this case, the
device is characterized by an almost constant noise level, in spite of large changes
in the supply pressure.
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CORRELATION METHOD OF MEASUREMENTS OF SOUND POWER IN THE NEAR
FIELD CONDITIONS

STEFAN CZARNECKI#* ZBIGNIEW ENGEL**,
RYSZARD PANUSZEK A%

The results of sound power measurements under near field conditions
have been compared with the results obtained for far field conditions. For near
field measurements correlation and phase methods were used. Far field conditions
were investigated by means of reverberation and free-field methods. The experi-
ments were performed on a piston in an infinite baffle, the situation assumed
in the calculations.

Quite good agreement of the results was obtained at low frequencies.
For the higher frequencies this agreement appeared to be worse although this
disagreement has been explained theoretically.

The usefulness © £ a correlation method for the measurement of sound
power under near field conditions was confirmed. The method ean be used in
practice for the evaluation of the sound power generated by different parts
of machinery.

1. Introduetion

One of the main problems of machinery noise is the identification of its
sound sources, i.e. the location of the main sound sources of the machine,
the determination of their sound power, and finding their frequency re-
sponse.

In a previous paper [1], the fundamentals of the application of the cor-
relation method to the evaluation of the sound power of vibroacoustical sources
were presented. The method was based on the measurement of the cross-cor-
relation function between the mechanical velocity of a vibrating element and
the sound pressure in the near-field of its radiation.

* The Department of Aeroacoustics, Institute of Fundamental Technological Research,
Polish Academy of Sciences (00-049 Warszawa). :
** Institute of Mechanies and Vibroacoustics, Academy of Mining and Metallurgy
(30-059 Krakow).
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The main errors which can occur in the near-field measurements are:
an increase of sound pressure due to reflections between the microphone and
the vibrating surface, the influence of the phase shift between velocity and
acoustic pressure [2] which i3 dependent on the distance of the microphone
from the vibrating elements and the phase shifts of the measuring channels.
Moreover, the investigation of the sound power near the source is intended to
restrict the influence of radiation from neighbouring sources on the acoustie
pressure being measured. These studies are thus of essential for the quantita-
tive estimation of the acoustic power radiated by particular elements of the
machinery or device under test.

The aim of this paper is to compare the results of the estimation of acoustic
power using the correlation method in the near-field to the results obtained
in the far field using the free field [3, 4] and reverberation methods.

The experiments were performed for a vibrating circular piston placed in
a large baffle. This permitted verification of the experimental results by analy-
tical calculations. The calculations were based on theoretical relations [5, 8]
and on measurements of the phase shift between the vibration velocity of the
source surface and the sound pressure.

2. The acoustic power and characteristic impedance of a piston vibrating in an infinite baffle

The overall sound power of a circular piston vibrating in an infinite baffle
can be represented, for a sinusoidal signal, by the expression

o :
1
W, = T f [Re ff rva:m"-"jmip.zmgj'(m‘-i-%m‘}dﬂ]dt’ 1)
0 S

where T — the period of vibration, Re — the real part of the expression, v,
and p,, — the amplitudes of acoustic velocity and sound pressure near to the
piston, respectively, § = nma® — the piston area, & — the radius of piston,
@pe — the phase shift between the sound pressure and the acoustic velocity.
It is the argunment of the acoustic impedance Z of the piston, which is given by

=

A i !Z|ei9’pvt — Rp +ij, (2)

am

where E, — the radiation resistance, X,, — the imaginary part of the piston
impedance. The phase shift angle ¢,, can be determined from the relation

X
Pput = tan™ 2", (3)
‘D
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which requires calculation of the components of the impedance of the piston
loading.

In general, it is difficult to calculate the impedance of a piston with a non-
-uniform distribution of vibration velocity on its surface [6,7]. Assuming one
of kinds of the boundary conditions of piston in dependence on the method of
its fixing, it is possible to determine the eigenmodes of the piston. For the fre-
quencies of eigenmodes the maximum non-uniformity of velocity distribution
will appear. The lowest frequency of an eigenmode should be treated as a li-
mit below which it is possible to assume that the distribution of vibration ve-
locity on the piston surface is approximately constant. These frequencies are

— for a supported piston

b E
— for a rigidly fixed piston
b E
fo =047 — PR (5)

where b — the thickness of the piston, a — its radius, # — Young’s modulus,
o — the density, » — Poisson’s ratio.

To eliminate the non-uniformity of the velocity distribution on the piston
surface the area of piston can be replaced by an equivalent area S,, with a con-
stant distribution.

For the fundamental eigenmode frequency we have, for a

— supported piston [8]

Seq = 0.43 8, (6)
— and for a rigidly fixed piston
Seq = 0.29 8. (7)

This means that the level of the sound power radiated by the piston is
3.7 dB lower than the level of the power calculated for a constant velocity dis-
tribution over a supported plate, and 5.4 dB lower than for a rigidly fixed plate.
It follows that the agreement between the calculated and measured results
is attained only below the lowest eigenmode frequency f;.

Neglecting the non-uniformity of the velocity distribution at frequencies
near f,, and above it, gives too high results for the calculated sound power.

Let us assume that the acoustic velocity v, at a small distance from the
piston surface is equal to the velocity v, of the vibrating piston which has
a constant velocity distribution.

Then, after integrating expression (1), we obtain the following expression
for the real part of sound power radiated by the piston:

Wa e %pm@mSCOSQD’“. (8)
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Using (2) and (6), expression (8) can be tranformed to a form convenient
for calculations:

W, = {5 R,S. (9)

The radiation resistance R, and phase shift Ppot AN be determined from
the well- known formula for the impedance of a piston in an infinite batfle,
J1(2 ka,)] y [Kl(z ka)

09

ka g 2(k032_~] = R.'D o . (10)

= @0(:[1+

where k = w/e — wave number, @ — radius of piston, go — air density, ¢ —
sound speed, J,(2 ka) — Bessel function of the 1st kind and 1st order, K, (2 ka)
— Rayleigh function.

If ka < 1, then

L2 a?
B, = o005 (11)
8ka
Xy = 0o 3 (12)
3r
a1
Ppot = tan yis e (13)
If ka > 1
.Rp = Q[,C, (14)
, 2
AT PR : (15)
nka
= fan ! 2 (16)
Tym =0 cha

The level of the real pait of the sound power in relation to the reference
power W, = 107" W/m?® is

: W ;
L, = 10 log—* = 10 log @00 rhfate x 10  [dB] for ka<1, (17)
0
and
-”I'a QOG s o 12 N n
Ly = 10log il 10]0g71m T X10'* faBT " for ka1, (18)
=

For a constant velocity distribution on the piston surface, the distribu-
tion of acoustic pressure near the piston should be constant. At longer distances
from the vibrating surface the directional piston characteristics will differ more
and more from a hemispherical one as the value of ka increases. This effect
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occurs for values of ko > 1 and causes a decrease in the mean value of the sound
pressure level in the far field. This means that for ka > 1 the values of power
measured under far field conditions will be smaller than the values for near
field conditions.

3. Measuring conditions and testing method
The schematic diagram of the testing arrangement is shown in Fig. 1.

It includes: the driving system and the emitting source in the form of a circular
piston in a baffle. The piston 1 with a smooth and flat surface is fixed to the

| VVVAVV
&

;/ 2 ]

Fig. 1. Schematic diagram of the experimental arrangement for measurements of the aco-
ustic power of a piston in a batfle
1 — piston, 2 — baffle, 3 — driver BK 4801, £ — acceleration pick-up, § — microphone

head of an electrodynamic driver 3 (BK 4801). The driver base is attached
to the support structure located in an anechoic chamber. The piston plate
forced by the driver head is capable of vibrating in the circular hole of the battle.

A steel piston with a diameter of 2 = 14 mm was used. It was driven with
a constant amplitude of vibration velocity v,, = 5 em /s within the range of
measuring frequencies. The piston thickness was b = 0.5 cm.

For steel E =2 x10! N/m? o = 0.78 kg/m? » = 0.27. In the system
under consideration the boundary conditions are not distinetly determined.
However, it will be assumed that the best approximation to the boundary
conditions are those corresponding to the supported plate. With this assumption
and with data of the piston given above, from (4) we obtain the fundamental
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eigenmode frequency f,, = 1100 Hz. The condition ka = 1 for the piston under
consideration corresponds to a frequency of 775 Hz.

The piston was placed in a square baffle of side length { = 2 m and thick-
ness 0.5 cm. The baffle was made from plywood and was clamped at the edges,
by means of steel rods, to a structure which was not rigidly connected to the
base of the drivers.

The lowest measuring frequency was established to be 200 Hz in order
to fulfil the condition of the baffle dimensions I > 4.

With the above parameters of the system the calculated and measured
results for both near and far field should agree within the frequency range from

lszH'al? :

Fig. 2. Block diagram of the measurement system
1 — generator BK 1026, 2 — power amplifier BK 2707, 3 — measuring arrangement shown in Fig. 1, 4 — accele-
ration pick-up BK 4343, 5 — microphone BK 4138, 6 — amplifier BK 2626, 7 — integrating system BK 2625,
§ — microphone amplifier BK 2603, 9 — band-pass filter BK 1614, 10 — gsound lever meter BK 2203, 11 — pre-
amplifier BK 2619, 12 — microphone amplifier BK 2603, 13 — band-pass filter BK 1614, 14 — vibration meter
BEK 2510, 16 — phase shift meter BK 2911, 16 — analogue correlator DISA TCA system

.

i e i
[ S ——

-
=

200 to 775 Hz. In order to quantitatively verify the discrepancies at higher
frequencies the measuring range was extended up to 2000 Hz.

The measurements were made by means of a 1/8'' microphone, type BK
4138, placed at a distance of 0.5 cm from the piston surface. In order to check
the discrepancies in the results, produced by reflections between the micro-
phone and the piston surface, measurements were performed for two
positions of the microphone (Fig. 1), namely: perpendicular (a) and parallel,
(b) to the piston surface. The piston velocity was measured by means of an
accelerometer pick-up, type BK 4443, in conjunction with an integrating
unit, type BK 2625.

Signals were transmitted from the microphone and pick-up to r.m.s. meters
through two measuring channels (Fig. 2). The power level was determined in
dB referred to a power of W, = 107" W:
et Vg T G2 COS @0y

W,

The sound power of the piston was determined by employing two methods:

(a) a phase method using a phase meter BK 2971,

(b) a correlation method using a DISA correlator, type 556D70, in accord-
ance with the block diagram shown in Fig. 2.

L, = 10log 2 [dB]. (19)
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During preliminary testing, the effect of the following factors that would
cause possible disagreement between the measured and calculated results was
considered :

— a non-uniform distribution of vibration velocity over the piston surface,

— the position of the microphone,

— the phase shifts in different measuring channels.

The non-uniformity of the distribution of vibration velocity over the pis-
ton surface was examined by changing the position of the vibration pick-up
on the piston surface. The maximum deviation AL of the velocity level and
the change of the phase shift Ag,, with respect to the values obtained with
the pick-up positioned at the centre of the plate, were measured. At a fre-
quency of 1000 Hz, the results were AL =1 dB, Ag, = 29, while at 2000 Hz,
AL =3 dB, Ag, = 7° Thus, in accordance with the calculations, the distri-
bution of vibration on the piston surface can be assumed to be constant below
1100 Hz. For higher frequencies the non-uniformity of the velocity distribution
must be taken into account.

Table 1 gives the results obtained for the 1/8'" microphone arranged per-
pendicularly and parallelly to the piston surface. The results indicate that there

Table 1. Differences in the sound power levels AL and in the phase shift angles Agp, at two
different microphone positions

f[Hz] 200 | 400 | 600 | 800 | 1000 | 1200 | 1600
AL[dB] = L, — I 0.5 | 05 | 05 | 0.5 | 0.0 [—1.0|—1.5
A9y = 95, — 93 wg | 23| «8lousl g —4] -8

exists a small difference of levels, AL = L, — I, and phase shifts, App = @, —
— @y, for frequencies below 1000 Hz with a tendency for them to grow at
higher frequencies. :

The measured values of phase shift must be corrected due to the additio-
nal phase shifts (dependent on frequency) introduced by the measurement
channels. ‘

Denoting by ¢, the phase shift value indicated by the phase meter, we
can write the real value of phase shift between the sound pressure and the
piston velocity as

Ppo = @0+ Ay, (20)

where Agp is the error in the phase shift introduced by the experimental ar-
rangement.

In the measuring arrangement used in these experiments the errors Ay
consist of the following components: ¢p — from the amplifiers of the sound
pressure measuring chanuel, ¢, — from the amplifiers of the velocity measuring
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channel, ¢,, — from the microphone, and ¢,, — from the delay of acoustic
pressure as a result of the distance r between the microphone and the piston
surface

or
Ppe = — X360°. (21)
¢
Taking into account the signs of the phase shifts, we obtain
Ap = Qp—@o— Ppm + Pps- (22)

The calenlated and measured values of phase shifts for the measuring
frequencies are presented in Table 2.

Table 2. Results of measurements and caleulations of phase shifts

fIHz] 200 | 400 | 800 | 800 | 1000 | 1200 | 1600 | 2000
Pp— Py 12 TR R e 2
q;;m_ 4 otony 0 0 0 |05 1isaiy 3 _5__
.p;,_ g . B (B 0 BN e Y L (R : 8.3 | 104
Ag® 108 2ot 169 2.3 - -2 18 |50 =84
Py 70 76 | 46 57 55 8 36-— 392 -122
Pov g & 80.8 | 73.9] 62.9 | 59.3 | 52.3| 34.8] 32.7 | 18.6
qu el wde 80 "69 62 | 66 59 | 40 |33 _1;;'_
o . onlailated) 81.5 | 74 | 65 | 59.5
57.5 | 48 | 45 | 36.56 | 31

4. The results of measurements and calculations of acoustic power under near field
conditions

(a) The phase method. The sound power level of the piston was determined
on the basis of the following measurements: the r.m.s. value of acoustic pres-
Sure Puy, the r.m.s. value of velocity of the piston v, and phase shift ¢,,.

The results of the measurement of phase shifts as a function of frequency
are presented in Fig. 3. The curve ¢, represents the measured values without
correction, ¢,, — with the correction according to (20), (21) and (22), gpw —
the values calculated from (13) for frequencies below 775 Hz and from (16) —
above this value.

The measurements of the sound power level obtained by the phase method
on the basis of (19) are presented in curve L, of Fig. 4. The curve L, in Fig. 4
shows the values calculated from (17) for frequencies below 775 Hz, and
from (18) above this value.
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20 |

| 1 1 1 I 1 1 L AR
200 400 600 800 1000 1200 74900 1600 1800 2000 f[ilz]'

Fig. 3. Results of measurements and caleulations of phase shifts ¢ as a function of frequency
using: @py — phase method with phase shift correction, ¢, — the phase method without
corrections, ¢, — the correlation method, ¢,,; — theoretical caleulations

L A
(a8

98
94|
90 |

86 |-

82

200 400 G0 800 7000 7200 7400 7600 1800 FlZ
Fig. 4. Results of measurements and caleulations of the sound power level of the piston as
a function of frequency using: Ly, — the phase method, L, — the correlation method, Ly, —

the free field method 180, Ly — the reverberation method, L; — theoretical calculations
on the basis of approximate formulae

(b) The correlation method. The cross-correlation function of two sinusoidal
processes with amplitudes 4, and 4, and initial phases ¢, and ¢, takes the form

5
1
E(r) = lim T f A, sin (ot + @) Aysin (o + @, + o1)dr,
T—+00 o

which, after being integrated, is simplified to the form
R(7r) = A, 4,008 (¢, — ¢, — 01). (24)

3 — Archives of Acoustics 3/76
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This relation indicates that the sound power can be determined by means
of a cross-correlation function if it is assumed that

Wa

am U
Bir) =—*, 4, =22 4, =m 45—y, (25)

and then
v
g pa":'a—mcos((p,,—mr). (26)
According to (20), the measured value of the phase shift ¢, differs from
the actual phase shift ¢,,, near the piston, by the phase shift introduced by the
measuring arrangement. We can therefore write

B(z) = L a”;'ﬂcos(qap,,—i— Aot or). (27)

Hence, the radiated power described by equation (8) is determined if the
condition
wt = Ad¢p (28)
is satisfied.
The values of 7, for which the sound power level has been determined at
particular frequencies, are found by considering the phase shift values presented

R(r)“

f=2000Hz

Fig. 5. An example of the cross-correlation curves used for the calculations of phase shiff
@: and sound power level L, for different distances » between the microphone and the piston

in Table 2. Figure 5 represents a specimen of the correlation curves at 200 Hz
for different distances r between the piston and the microphone. The sound
power level obtained by the correlation method was calculated from the expres-
sion

L, =10 log ’ (29)

R(r)8
W,

and presented as the curve L, in Fig. 4.
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From (27) it is also possible to determine the phase shift ¢, for the value
of 7,, for which the function takes the maximum value, i.e. for

cos(p,+ dgp —w1,) =1, (30)
hence ;
e = 0Ty — Ay, (31)

The valués of the phase shift obtained by the correlation method are pre-
sented as a function of frequency by the curve ¢, in Fig. 3.

In order to avoid complications related to the error in the phase shift
Ag, it is more convenient to perform the measurements with a phase shift-
meter which cancels Ag for particular frequencies.

5. The results of measuring acoustic power under far field conditions

(a) Free field conditions method. According to the ISO recommendations,
the acoustic power level of a source is calculated from

W
Lyso = 10log —= = 20log £

0 Pao

S
+10log — (32)
8,

where p, is the averaged r.m.s. value of the sound pressure [N/m®], Pg =
2 x107°[N/m?] — the r.m.s. reference sound pressure, S = 2mr® — the area
of a hemisphere with radius 7, over which the sound pressure is measured,
and 8, = 1 m? — the reference surface area.

Tf all measuring points are located on one hypothetical hemisphere, then
the average value of the acoustic pressure for a given space would be deter-

mined by the relation
]/ Z p “‘ (33)
pao

where p,; is the value of the sound pressure at the i-th measuring point, ¢ —
the number of a measuring point in an anechoic room (there were six positions
of the microphone at a distance of » = 1 m from the piston), and n — the number
of measuring points.

The measurements of the sound power level of the source, after avera-
ging the sound pressures in free field conditions, are presented by curve L,,
in Fig. 4.

(b) The reverberation method. The level of the sound power of the source
in the reverberation field is described by

i (34)

W, Pao
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where p, is the averaged r.m.s. value of the sound pressure for a microphone
placed in the far field, T — the reverberation time [s], ¥ — the volume of the
room [m?3].

The measurements were performed in a reverberation chamber with a vo-
lume of ¥ = 196 m3. The results of measurement of the reverberation time
after installation of the equipment (from Fig. 1) are given in Table 3.

The measurement results of the sound power level of the piston obtained
by the reverberation method are illustrated by curve Ly in Fig. 4.

Table 3. Characteristics of the reverberation time of the reverberation chamber as a fune-
tion of frequency after the equipment has been placed in it

f[Hz] 200 | 400 | 600 | 800 | 1000 | 1200 | 1600 | 2000

T [s] 6.4 | 6.7 5.8 5.0 5.2 4.5 3.2 3.3

6. Discussion of the results

The comparison of the calculated and measured results of the sound power
level of the piston obtained for near field conditions and for far field conditions
shows that there is a very good agreement at low frequencies. However, for
higher frequencies, this agreement become worse.

The disagreement for higher frequencies is due to two factors: non-uni-
formity of the distribution of the velocity on the piston surface, and non-uni-
formity of the directional characteristics of the sound pressure radiated by the
piston.

The non-uniformity of the velocity distribution depends on the mechanical
properties of the piston expressed by its eigenmode frequencies. If follows from
theoretical considerations that the experimental results would be expected
to be 3 to 5 dB smaller than those calculated for the fundamental eigenmode
frequency.

The non-uniformity of the distribution of the sound pressure depends
on the non-uniformity of the velocity distribution on the piston surface and
on the value of ka. For ka > 1 the piston will exhibit directional properties,
which will effect the non-uniformity of the distribution of the acoustic field in
the far field and, therefore, thus cause an increase of measurement errors.

The experimental results confirm the above conclusions on the disagreement
of the results at higher frequencies. Near the first eigenmode frequency of the
piston, the values measured by different methods show the sound power level
to be about 4 to 5 AB lower than the calculated values.

Moreover, for ka > 1 the dispersion of the results increased and, therefore,
it was necessary to use a greater number of measuring points.
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7. Conclusions

1. The near field method of measurement of the sound source power level
is suitable for measuring the vibrating elements for the low frequency range.

The accuracy of the method becomes worse for the frequency range over
the eigenmode frequencies of the elements under test, when the element has
dimensions large compared to the wavelength.

2. At higher frequencies, it is necessary to average the measurements of
the vibration velocity and sound pressure at several measuring points or to
calculate an equivalent vibrating area.

3. The correlation method is a very simple way of measuring the level
of the power of the sound source. However, it requires to take into account
the phase shifts of the measuring arrangement.

4. It could be expected that the present work should enable the correlation
method to be applied for measuring the sound power level generated by parti-
cular elements of machinery.
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THE CHARACTERISTIC DIFFERENTIAL SPECTRUM
OF A CONVENTIONAL SUBSTITUTE SIGNAL SOURCE IN MACHINERY TESTING

WOJCIECH CHOLEWA

Silesian Technical University (Gliwice)

The paper concerns the evaluation of the acoustic signal which carries
information on the dynamics of the interaction of machine elements. A method
is presented which can be used for the experimental testing of machine character-
isties by periodic excitation of the machine. The essence of this method is
a new evaluation of the signal in the form of characteristic differential spectra
which are dependent on the dynamics of the interaction of elements of the object
to be tested and independent of the position of the microphone.

1. Introduction

The testing of machines by acoustic methods may involve attestation,
diagnostic and constructional tests. This paper does not deal with attestation
tests, the main purpose of which is the evaluation of noise and vibrations in
the light of ergonomic criteria. The purpose of constructional tests is to check
the tested object for design correctness. The purpose of diagnostic tests is
the appraisal of the condition of a tested object. In the tests described here
evaluation of the design and condition is made indirectly by evaluation of
the dynamics of the interaction of the elements of the tested object. The
conclusions will be based on the statement that the acoustic effects and vibra-
tions of the object depend on the dynamics of the interaction of elements.
Constructional tests should include several machines while diagnostic tests
should cover only a single machine.

Tt has been assumed that the object to be tested may be described by

(EASTA WD), (1)

where K is the design of the tested object determined by the geometrical,
material and dynamic features of the construction [3]; it constitutes the input
information of the production process whose result is the tested object; ST
is the condition of the tested object and describes a set of evaluations of the cor-
rectness test of operation and degree of wear of the object; WD are the operating
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conditions that describe a set of inputs and outputs of the tested object (e.g.
speed, power).

The design is understood to be the result of the designing process, but
not a direct description of the tested object. For instance, a geometrical
constructional feature concerning the shaft determines a permissible deviation
of the diameter or the tolerance of the execution of the construction of such
products including, among others, the tested object. This feature does not descri-
be the value of the diameter determined by measurement of the tested object.
The statement that the tested object correspondsto its design is an assump-
tion that requires verification, which will consists, in part, in checking that
the measurement system is within the assumed tolerance field.

One of the basic methods of analysis used in acoustic methods of machinery
testing is a frequency analysis of the signals. A signal here means the acoustic
effect or vibrations of the tested object. Signal spectra are a direct result of
experimental tests. A signal spectrum in this paper will be the distribution of,
the signal power in consecutive frequency bands with constant relative width.
determined for a certain frequency range. It has been assumed that the descri
bed spectrum is a set of power levels in these bands,

W:{w(fi)?j:jp!""jk}’ (2)
where W denotes the spectrum as a set, w — the signal power level in the fre-
quency band [dB], f; — the mid-band frequency [Hz]), j — the index (serial
number) of the frequency band varying from Jp Y0 ji for bands of mid-frequencies
from f, to f.

We use a simplified notational form for the definition:

(2) w :{w(.?)y .7 =jp7"'7jk}' (3)
The classification of the frequency range into bands of constant relative
width and the establishment of indices for the frequency bands has been for-
mulated in order to adopt a uniform system of notation.
It has been assumed that
— 1000 Hz is always the mid-range frequency;
— the index of the band with mid-frequency 1000 Hz equals zero, i.e.
fi =1000 Hz—j =0,
f; <1000 Hz—j < 0, (4)
fi > 1000 Hz—j > 0;

— the number which determines the accepted classification into bands
and indirectly determines the band width is the so-called band spacing x,
& = finlf

From the above we obtain
f; = 1000 2? [Hz]. (6)
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Experimental tests have been performed for various conditions of the tested
object. A limitation has been accepted that the tested objects are machines
for which a certain characteristic excitation frequency f,, can be defined. For
example, one of characteristic excitation frequencies f,, for gear transmissions
is the meshing frequency f,,

ne
fm :fs"é_a' [HZ], (7)

where n is the rotational speed of the toothed element [r.p.m.] and z — the
number of teeth on the toothed element.

It has been assumed that the characteristic frequency f,, is equal to the
mid-band frequency of one of the bands with fixed relative width. This
obviously limits the operating conditions which may be established during
testing. For instance, if the tested object is a gear transmission, then the ro-
tational speed can be evaluated from the following formula:

n; = 60000 #’/2[r.p.m.] for j =0, 41, +2,... (8)

The index m, in the denotation of the characteristic frequency f,,, is an
integer equal to the index j of mid-band frequency f; equal to f,,. Thus from
equation (6)

m = 10g,(f,,/1000). (9)

2. Spectra of the characteristic and resonance signals

The spectra of signals determined for various operating conditions of a large
number of gear transmissions [1, 4, 6] have been compared. Special attention
was paid to the occurrence of local maxima of the spectrum caused by resonance
phenomena, as well as to the occurrence of maxima that correspond to the
harmonics and subharmonics of the meshing frequencies. It has bheen found
[1] that, for a limited range of operating conditions, the signal spectrum can
be regarded as the sum of the spectra of three independent signals,

W =8+R+1L, (10)

where W is the spectrum of the analyzed signal, § — the spectrum of a signal
called the characteristic signals, R — the spectrum of a signal called the
resonance signal, and L — the spectrum of a signal referred to as pink noise.

The characteristic signal depends on the dynamics of the interaction of the
elements of the tested object and on the value of the characteristic frequency f,,
determined by the design and operating conditions of the object.

A feature of this signal is the stability of its spectrum described on a rela-
tive scale of frequency, that is on a frequency scale referred to the characteristic
frequency f, (Fig. 1).
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Fig. 1. Characteristic spectrum: a) in terms of an absolute frequency scale for various
characteristic frequencies, b) in terms of a relative frequency scale

The spectrum of the characteristic signal can be written:
— in terms of an absolute scale of frequency as

8 = {8ald)s § =dpy -1 da}s (11)

where s,,(j) is the value of the power level of a typical signal in the j-th fre-
quency band for a characteristic frequency equal to f,,;
— and in terms of relative scale of frequency as

B = fell k=, o o R, (12)

where
8(k) = 8p(k+m). (13)
The resonance signal does not depend on the operating conditions of the

tested object. Its spectrum describes the resonance properties of the object
and can be denoted as

R ={r(i)y § =Jpr > Jic}- (14)

In view of the necessity to establish reference levels for characteristic and
resonance signals it has been assumed that:
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— the level of the spectrum of the typical signal s(k) for the mid-band
frequency f; = f,, is equal to 0 dB,

8(0) = 0[dB], (15)

— and the level of the resonance signal spectrum for the mid-band fre-
quency of 1000 Hz is equal to 0 dB,

r(0) = 0 [dB]. (16)

Bearing in mind the assumptions (15) and (16) and the dependence (10),
a third signal in the form of pink noise has been introduced. The spectrum of
this signal is described by a constant level I, of the power in all frequency bands.
It can be interpreted as the power w(j) of the analyzed signal in the mid-fre-
quency band (at 1000 Hz) for operating conditions that cause the occurrence
of a characteristic frequency f,, = 1000 Hz.

Within the range of the tests performed on gear transmissions [1], a rela-
tionship between the tested object, the measuring conditions and the spectra
defined (8, R, L), was found to exist (Fig. 2).

K A ST AW E 4
Investigated

l Db‘/GCf ;

W = S + R + L Spectra

5o
Fig. 2. Relationships encountered be- St
» Conditions

tween the tested object, the measuring
conditions and the defined spectra S,R,L of measurements

For the calculation of the spectra 8, R and L, it is necessary to measure
spectra for various operating conditions, i.e. for various characteristic frequen-
cies. The number of different characteristic frequencies for which spectra W
are determined should be at least 2. If the number is greater than 2, it is possible
to calculate the spectra to be determined and to define the confidence interval
for their components.

3. Determination of the spectra S, I and L-differential speectra

The results of measurements made are spectra W,, determined in the range
fo»—f at characteristic excitation frequencies f,, equal to successive mid-band
frequencies m, m+1, ...
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Let the number of f,, be equal to 2. On the basis of equation (10) we can
write

W = Su+ B+ Ly, (17)
and '
Wnir = Sppr+B+ Ly (18)
In equations (17) and (18) the unknowns are 8,,, 8,,.,, R, L, and L,,,,.
Using (13) we can write equations (17), (18) in the form:

Wi (Jp) = 8(Gp —m) +7(jp) + Ly,
(J,,+l) = 8(3p+1 m)+:*(3p+l)+ (19)

m(.?k) & ( m)'l'?(.,k)_]'lms

Wi y1(Jp) = S(jp“(m+1 )‘H' Jo) +lmis
m+1(3p+1) = s(sp+1 (m +1))+7( 3p+1)+ 1) (20)

merl(Jk -3(.714 m+1))+”(3k)+lm+1

It can be proved that after giving consideration to the conditions (15)
and (16), this set of equations has at least one degree of freedom, i.e. it is an
indeterminable set. A larger number of degrees of freedom can be encountered
in the case of a disadvantageous arrangement of the values of the components
of the spectra W,,, W,,.,.

To solve the set of equations (19) and (20), we remove the unknown com-
ponents of the spectrum R by subftraction of corresponding equations

wm(jp)wwmu(jp) = $(jp—m) —$(jp—m—1)+d,
(Jp+1) m+!(.7_’p+1) = S(Jp+1 m)—s( —m)+d, (21)
wm(Jk)“me(jk) = S(Jk‘"m)“s(J —m 1)+d
where
8 =ly—ly.1 (22)
Substituting from (15) into (21) we get
Wy (M) — Wy i1 (M) = 0—8(—1)+d, (23)

Wy (M +1) — w0, (M 41) = (1) —0+d.

Thus the solution of the equation set (21) may be obtained in the form of
a family of solutions, with family parameter equal to d.
The form of the solutions is

8 ={s(k), k =j,—m—1, ..., jy—m}, (24)
where s(k) is defined by the recurrence relations
s(k) = 8(k—1)+wy(m+k) —wy,,,(m+k)—d, (25)
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and
s(k) = 8(k+1)+wp iy (m+E+1)—w(m+Ek+1)+d. (26)

Proceeding in a similar manner it is possible to determine the spectrum FE.

The concept of differential spectra A8 and AR, defined as invariants of the
family of solutions of the set of equatmns (21) may be introduced. For the form
of these spectra we have

48 = {4s(k), k.=j,—m,..., F—m—1}, (27)
AR = {Ar(j), J =Jp+1,..., 5—1}, (28)
where :

As(k) = s(k)—%[s(k—1)+s(k+1)], (29)
Ar(§) =r(G) —4lr(G-1)+r(G+1)]. (30)

Substituting from (25) and (26) into (29) we obtain:
As(k) = F[wm(m+ k) —wp(m+E+1) + 0y, (m+F+1) —10,,,,(m+k)]. (31)

Similarly:

= $[0m(4) + Wpny1.(4) = 0 ( —1) — 0y (+1)]. (32)

The graphleal representation of the components of the spectrum AR is
shown in Fig. 3. It should be stressed that the components of this spectrum are
very sensitive to local extremes of the spectrum.

r(j)A

Fig. 3. Component Ar(j) of a differential 1
resonance spectrum 75'-7 f_} ff+1

4. Deviation of differential spectra

The above method of determining the spectra A8, AR on the basis of
knowledge of the spectra W,,, W, ., does not permit the determination of the
deviations and confidence 1nterva1 for components of the spectra A8, AR that
are looked for.
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To determine the deviations of the spectra of interest, it is necessary to
know the set of spectra W, Wpiry .oy Wiyn, Where h is higher than unity.
j The determination of the spectra 48 and AR now involves solving the
following equations:

Wm e Sm"{‘R'[‘Lms

Wm-g-l e Sm+1+R+Lm+u (33)
}Vm-(-h = ‘Sm+h +R+L‘m+h'

Attention should be called to the fact that the spectra W, Wy 4, ...y
are determined by measurement and as such involve a certain deviation due
to the measurement itself. These deviations cause the spectra A4S, AR, determi-
ned according to equations (31) and (32), from successive pairs of equations
of (33), to be different and thus to cause a variance in this equation system.
An additional reason for the variance of the equation set (33) may be ascribed
to the fact that the assumptions on which it is based have not been fully satis-
fied.

To obtain the most reliable solution 48, AR, the so-called {agreement}
of the equation set (33) is found in the form

WotE, = 8+ R+ Ly,

AT s (34)
Wm+h+Em+h o Sm+hR+Lm+h7
where
Em:{em(j): J =jp7"‘3jk}3 (35)

¢,,(j) denoting the random values that indicate the existence of some slight
measurement deviations. ;

In order to solve the equation set (34), two conditions are assumed:

— the equation set (34) is compatible;

— the sum of squares of the sets H,, E,.,..., is the least possible:

m+h Ik
P =) > é(j) > min. (36)

i=m j=ip
Condition (36) enables the auxiliary unknowns e; to be removed and makes
it possible to form the equation set (34) into a compatible set of linear equations
with regard to 8, R and L. The equation set obtained in this manner has,
like the set (19) and (20), at least one degree of freedom. The solution can be
determined in the form of invariants of a family of solutions, that is, in the
form of differential spectra 48, AR. This procedure permits the definition of
deviations of the determined magnitudes of 48 and AR. A disadvantage of

this method is the necessity to solve very large sets of linear equations.
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To avoid this problem, the following method for the determination of the
solution of equation set (33) may be used:

— to divide the given spectra W into pairs of successive spectra (=
Wm+1)1(wm+1s Wonie)ay oo

— to determine for each pair according to (31), (32) the solution (48,
AR),(48, AR),, ..., which should be interpreted as approximate solutions;

— to accept the mean approximate solution as a solution of the set (33);

— and to determine the deviation of the solution obtained by comparing
it with the approximate solutions.

5. Substitute signal source

The method described above for the evaluation of acoustic signals, is
convenient for tests performed in laboratory conditions with negligible parti-
cipation of the background. Full advantage is taken of the measurement re-
sults obtained for one location of the sensing device.

As it is necessary to conduct investigations in industrial conditions, a mo-
del of the system: object-sensing device (Fig. 4) has been used, and the notion
of a substitute source introduced.

5 g
i ;
d é P(i)

T(7)
. ® © (+7

/

Fig. 4. Model of the system : tested object — sensing devices

Z@

The substitute source is a conventional source. For an established measur-
ing point system it replaces the tested object. According to the accepted model
for each measuring point ¢ we may write

P(i) =Z—-1T(), (37)
where P (i) is the spectrum of the signal at the measuring point ¢,

P('i) :{p(iyj))j :jp:-"sjkL ] (38)
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Z — the spectrum of the substitute signal source,

Z:{z(j)’j :jpﬁ'--sjk}s (39)
and T (i) — the attenuation spectram between the substitute source and the
measuring point %,

) ={t(7’1.7)!.7 tjp"")jk}' (40)

For any frequency band j, as well as for successive measuring points i,
it is possible to write equation (37) in the form

z(j)_t(ipsj) = P('i’pyj%
z(j)‘t(im+1:j) =Ptip+1pj)7 (41)

z(.’” _t(":k!j) &r .'p(";ksj)?
where I = {i,,4,41,..., i} denotes a set of indices for the measuring points.
The solution of the equation set (41) can be represented in the form of a fa-
mily of solutions with one parameter a(j)

2(j) = *(@) +a@], 6, J) = [t*(,5) +a()], (42)
where 2*(j), t*(i, §) is any pair of solutions satisfying the set (41).

From formulae (42) it can be seen that since the solution of the set (41)
is dependent on the parameter a(j) which is freely variable with frequency,
the spectrum of the signal of the substitute source can take any form. For
this reason it is not possible to use such spectra directly in the investigations.
However, the idea of a substitute source will be useful for generalizing the
method of determining differential spectra.

6. Characteristic differential spectrum for a substitute signal source

It has been assumed that the spectrum of the substitute signal source
is the spectrum of the analysed signal

Z=W. (43)
Hquation (10) can be written in the form
Zpm = Spt+ B+ Ly, (44)
where, from (37),
= Py (1) +T(i). (45)

The index m is defined by formula (6).
The concept of a resonance spectrum R (i) can be introduced. For a measur-
ing point ¢ it is defined as
R(i) = R—T(i), (46)
where
R(i) = {r(i,]J jzj:p:---rjk}’ (47)
”(%3) = r(§) —1(¢, J). (48)
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A similar dependence can be written for several measuring points ¢, i 41,
Hence we obtain:

P‘m(z) o Sm ‘-f-'R(’I-)—I—Lm,
Pm+1( ) o S‘m+l+R( )+ L‘m+l’ (49)

jm(?’ il) il Sm Z (""+1)+Lm9
Poi41) = 8+ EB(E+1) + Ly,

These equations can be solved in a similar manner to equations (33),
i.e. by averaging successive approximated solutions. Accordingly, we obtain
differential spectra A8, AR (i). The spectrum A8 is the characteristic differential
spectrum for the substitute signal source. The spectrum AR(i) is the diffe-
rential spectrum of the resonance spectrum determined for the i-th measuring
point.

According to the assumptions introduced, the spectrum A8 is conditioned
by the dynamics of the interaction of elements of the tested object. The analysis
of this spectrum can be very effective in the diagnostic and constructional
testing of machines. It should be stressed that the spectrum 48 is not dependent
on the location of the sensing device.

7. Verification of method

The purpose of the verification is to check the validity of the assumption
regarding the effect of the dynamics of the interaction of the elements upon
the shape of spectrum A8.

The verification tests were performed using gear transmissions [1] as the
tested objects. In the transmission gears tested the dynamies of the interactions
involved in the of three different shapes of meshing teeth have been differen-
tiated. Transmissions with straight, helical and straight teeth of a different height
have been tested.

The tests were performed in an anechoic chamber with the aid of standard
Briiel and Kjaer apparatus. The microphone was placed at three different
measuring points. The operating conditions were such as to obtain at least
three values of meshing frequency. The signal spectra were measured in third
octave bands.

Figure 5 shows characteristic differential spectra of the substitute signal so-
urce calculated for the three different shapes of teeth that determine the different
dynamics of intermeshing. In Fig. 5 the broken line indicates the confidence
intervals of component levels of the spectrum. These intervals are calculated
by assuming a significance level of 0.9. Comparing the spectra shown, and taking
into consideration their confidence intervals, it can be demonstrated [1] that

4 — Archives of Acoustics 3/76



226 - W. CHOLEWA

dBALAS

I ™
Y wf ™

7 L

e

3._

1;«11’@_1“»%’% : Ml#ﬁ_l;k
f [m W
_3:

=Gt

b)

S+

=X -3
h X
N

S !

i by

Fig. 5. Typical differential spectra for transmission gears of differently shaped teeth
a) straight teeth, b) helical teeth, ¢) straight teeth of a different height



THE CHARACTERISTIC DIFFERENTIAL SPECTRUM 227

they have essential differences. The conclusion can be drawn that different shapes
of the spectrum A8 correspond to different dynamics of intermeshing.

8. An example of the method application

The possibility of using the above method may be shown by an example.
The tested object will be a single-stage transmission gear. The number of teeth
of the pinion is 2, = 32, and of the wheel 2z, = 49. The condition of the trans-
mission is unknown. The possibility of performing the tests in laboratory
conditions with the background being neglected, will be assumed.

The purpose of the investigation is the evaluation of the condition of the
transmission gear in operating conditions that limit the pinion speed from 1000
to 1500 r.p.m. To determine the spectra a third octave analyser was used, with
the microphone in a fixed position. Accoording to formula (5) for third octave
bands

0 :
z = V10 = 1.2589.

The speed of the pinion in the transmission gear required during testing
can be evaluated from formula (8). For the condition 1000 < n < 1500 r.p.m.
the following values have been calculated:

n_, = 60000 x1.2589%/32 = 1183 r.p.m.,
n_y = 60000 x1.2589~1/32 = 1489 r.p.m.

According to formula (7) these speeds correspond to excitation frequencies

1183 x 32
foy = == = 630.0 Hz,
and
1489 x 32
fii —-—é-;(——- — 794.3 Hz.

Investigation of the acoustic effect was carried out for the calculated
rotational speeds. The microphone was provided at a measuring point located
over the contract area at a distance of 1 m from the transmission gear box.
The signal spectra obtained shown in Fig. 6. Typical differential spectra have
been calculated according to formula (31) and are shown in Fig. 7

Analysis the spectrum 48 reveals maxima for frequencies f,, 4 f,, 0.25 f,,
0.0315 f,, 0.02 f,. The frequency f, is the meshing frequency. The frequencies
0.0315 f, and 0.02 f, correspond to the frequencies of the pinion and the wheel
fo1s fos calculated from the formulae

n N2y

3 fo1 "__'E(T? foz S 60 zs'

(50)
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On the basis of investigations of transmission gears over many years, it
can be said, in virtue of the occurrence in a spectrum of local maxima at relevant
frequencies, that it is possible to determine the probable condition of the tested
object in accordance with the following data:

f, — nonlinear entering of teeth into contact causes an excessive
dynamic in the intermeshing, -
4 f, — eccentricity of the base circle of cut teeth,
0.25 f, — unevenness of execution deviations on the circumference
of the toothed element,
for = 0.0315 f, — no balancing of the pinion,
foe = 0.02f, — no balancing of the wheel.

The description of the maxima occurring on the basis of the measurement
results alone (Fig. 6) is not explicit, and alone they cannot provide the above
conclusions.

It should be stressed that in practice it is necessary to measure the spectra
in bands narrower than third octave bands. The method described imposes
no limitations in this respect.

9. Conclusions

The method described for evaluating a signal in the form of typical differen-
tial spectra can be used in constructional and diagnostic tests of machine
characteristics for some periodic excitation.

The typical spectrum introduced is independent of the position of the micro-
phone or the vibration sensing device. This independence is of great importance
in drawing conclusions about the state of the tested object.

The method proposed can be used with advantage when introducing auto-
mation of the measuring system and results of the spectrum analysis are obtained
in a form permitting the direct input of these results as data for caleulation on
a digital machine. This requires the use of a spectrum analyser with an output
via a digital-analoque converter to the paper punch, or of a spectrum analyzer
operating on-line with a digital machine, or a special analyzer with an analogue
input which can rapidly perform Fourier transforms.
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A BEKESY AUDIOMETER WITH ELECTRONIC SIGNAL LEVEL CONTROL
AND ITS APPLICATION TO PSYCHOACOUSTICAL MEASUREMENTS

ANTONI JAROSZEWSKI, ANDRZE] RAKOWSKI

Laboratory of Musical Acoustics, Academy of Music (Warszawa)

Improvements introduced in the new version of a Békésy automatic
audiometer with electronic control of signal level are desecribed, with some
details of the separate circuits used.

Examples of the uses of the new audiometer in threshold audiometry and
gome other applications are discussed.

1. Introduction

Some years ago the concept of the realization of the Békésy audiometer
with electronic control of the signal level was published [15]; the possibility
of the realization of this concept using conventional generally available labo-
ratory equipment being pointed out. The new audiometer thus developed was
patented in Poland [16]. The simpler version of this concept was later given
by MoHL [14]. The common feature of Békésy type audiometers is the possibi-
lity of the continuous tracking and recording of the threshold level, as a fun-
ction of time (at a constant frequency) or as a function of frequency, which
automatically changes with time at a predetermined constant rate. The subject’s
task is to keep the signal level near the threshold by operating a switch which,
depending on the position, causes the continuous growth or decrease of the
signal level.

With regard to typical commercially available automatic Békésy audio-
meters, and some unique laboratory-developed systems of that kind [4, 13],
one of the basic advantages of the new audiometer is the elimination of elec-
tromechanical step attenuators. The signal level is controlled continuously,
using electronic volume control circuits, rather than step by step as in previous
constructions in which potentiometers \or attenuators and servomotors were
commonly used.

The new Békésy audiometer with electronic level control, which has been
used and progressively improved for over 6 years in our laboratory is basically
constructed with typical Briiel and Kjaer laboratory equipment.
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The latest version of the audiometer is characterized by the following
specification:

L. Frequency range (without threshold equalizer) 20 Hz-20 kHz.

2. Frequency range with threshold equalizer 40 Hz-12 kHz.

3. Time of frequency scanning over the range 20 Hz-20 kHz, 10 s — over
100 hrs.

4. Dynamic range of the record 10, 25, 50, 75 dB (depending on the record-
ing potentiometer used).

5. Paper speed 0.003-100 mm/s.

6. Writing speed 2-1000 mm/s.

7. Signal level control rate 3, 10, 30, ..., 100 dB/s.

In the present report some representative results of measurements carried
out using the improved version of the audiometer are given to illustrate its
possible applications in the fields of psychoacousties and clinical audiometry.
The new units which have been constructed and introduced since the first
version of the new audiometer was publis hed [15] aredescribed in some
detail.

2. Threshold equalizer

As a rule isophonic threshold equalization is introduced in clinical audio-
meters now in use. In such audiometers, or specifically on the audiograms,
the normal hearing in the 18 to 25 years age group is represented as a straight
horizontal line. Deviation of the record below this line corresponds to hearing
loss and, vice versa, deviation of the record above the normal hearing line cor-
responds to hearing better than the average.

In order to make the operation of the new audiometer as close to the re-
quirements developed and well accepted over the years of clinical practice
as possible, threshold equalization was introduced in the present version.
This results in a simplified interpretation of the records obtained compared
to those from the former version, as well as in some improvement in accuracy.

The frequency response of the threshold equalizer was assumed to be equi-
valent to the Zwickur and FELDTKELLER data [17] with an aceuracy of appro-
Ximation +1 dB. Active elements were used in the network to simplify the
computation and to avoid attenuation which is usually significant in passive
networks. Active elements are also more easily available and much smaller,
particularly in the low frequency range where inductances for the passive
LCR networks reach from 5 to 10 H.

The preliminary modelling of the equalizer networks was performed using
a digital computer*. The final adjustments of the frequency response were

* Computer programme in ALGOL-Archives, Lab. of Musical Acoustics.



A BEEKESY AUDIOMETER 233

done on the completed network using an analogue tracer and a step by step
error elimination technique.

The assumed frequency response of the equalizer was obtaimed using three
almost independent networks. Their outputs are added in the output amplifier
supplying power to a 600 ohm load (6 V at 40 Hz). This load is the input im-
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Fig. 1. Block diagram of the threshold equalizer according to Zwicker and Feldtkeller data
[17] with symbols used in the computer programme
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Tig. 2. Frequency response of the threshold equalizer

pedance of the modified version of the Beyer-DT-48 headphones equalizer
described by Zwicker and FELDTKELLER [17].
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The low and high frequency networks consist essentially of operational
amplifiers with {shunted T} filters in the feedback loops. The mid-frequency
network, apart from passive elements contains an RC differential network and
inverter to shape up the {drop}) between the frequencies 2 and 5 kHz, Fig. 2.

With the two equalizers involved, the record of a normal hearing
threshold on the audiogram is close to a straight horizontal line, halving
the spikes.

3. Timer

In the new version of the audiometer, there is also a possibility of measu-
rements using tone pulses. In clinical audiometry tone pulses are used in the
Jerger’s test, in which continuous and pulsed tone audiograms are compared.
This test is known to be particularly useful for diagnosis in Meniére’s
syndrome and 8th nerve pathology, and investigation of the skull after injury
cases. !

Two versions of the timer are in use. The simple one consists essentially
of a multivibrator and power amplifier which activates a mini-relay switching
the signal on and off. The repetition period is controlled by an externally adjus-
table time constant over a range from 0.5 to 2.0 s. The duty cycle, equal to
0.5, is constant over this range so that the duration of tone pulses is adjustable
from 0.25 to 1 s. The timer is so constructed that the use of two separate signal
sources, for example two sine generators at different frequencies, switched
alternately, is also possible. Step frequency modulation can thus be obtained.
A band pass filter is used to eliminate undesired transients.

The other version of the timer is based on the use of a multichannel analo-
gue modulator described elsewhere [9]. Pulse trains adjustable within a wide
range thus can be obfained: the duration of signal pulses and the infervals
between them can be set independently from 1 ms to 6.6 s. In addition, the
flanks of the signal pulses (their rise and decay) can be varied from 1 to 500 ms
using linear slope analogue modules, or Gaussian envelope analogue modules.
Gaussian envelopes are available with different ¢fuzziness) coefficients.

In the case of measurements run without threshold equalization, the analo-
gue modulator can be connected directly to the output terminals of the 1024
Briiel and Kjaer generator. With threshold equalization however, in which
case the input signal to the equalizer should be 12 V, the analogue modulator
should be connected at the input of the 1024 power amplifier since the nominal
input signal level to the analogue gate is 1 V.

Combining the Békésy audiometer with the analogue modulator is parti-
cularly convenient in measurements of simultaneous or post-stimulatory mas-
king or pulsation threshold. Békésy tracing is very useful in these cases and
results in a simplification of procedure and a significant decrease in the duration
of the experiments [7].
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4. Headphone equalizer

For some purely technical reasons the Telephonics TDH-39 headphones
with MX 41 AR cushions were used in the present version of the audiometer,
replacing the headphones used formerly, Beyer DT-48. Thus the previous
headphone equalizer constructed according to Zwicker and FELDTKELLER
data [17] was modified to suit the frequency response of the TDH-39 headpho-
nes. These headphones are widely used in audiometry and in psychoacoustical
measurements. Improved contact with the pinna results in greater reliability
of the measurements at low frequencies and at high frequencies the equalizer
network can be relatively simple.

5. Conventional threshold measurements

Typical examples of the hearing threshold records obtained using the new
version of automatic audiometer are presented in Fig. 3. Three various threshold
tracings are recorded on the same paper, corresponding to normal hearing (a),

L

ag
+45

+30

+15

=75

/

=30 B T
? 0 20 50 100 200 500 1000 2000 5000170000 20000 f[Hz]
Fig. 3. Typical threshold audiograms
a — normal hearing, b — hearing loss due to inflammation in the inner ear, ¢ — supranormal hearing between

2 and 3 kHz; tracings a and ¢: rate of level control 10 dB/s, tracing b: rate of level control 3 dB/s; recording
potentiometer — 75 dB, paper speed 1 mm/s, lower limiting frequency — 50 Hz, writing speed — 100 mm/s

clearly distinguishable hearing loss resulting from inflammation in the inner
ear (b), and hearing better than the average, particularly at mid-frequencies
(¢). The usual method of interpolation of the Békésy tracings is based on the
assumption that the upper half of the spikes lies above, and the lower half
below the threshold, the threshold usually being determined as a line halving
the spikes (i.e. the mean value of the extremes). This assumption, however,
does not seem to be fully acceptable and such an interpretation of Békésy tra-
cings should be regarded as only approximate, particularly at higher rates of
the signal level control.
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It has to be pointed out that in the audiometer described, hearing loss or su-
pranormal hearing are represented in the record or tracing by a deviation of
the recording in a direction opposite to that in typical, clinical commercially
available audiometers. To reverse the direction of the recording would require
substantial redesigning of the 2305 level recorder, which in the average labora-
tory is hardly possible and, in view of the other applications of the equipment,
of questionable value.

6. Special threshold measurements

One of the valuable features of the Békésy audiometer with electronic
signal level control set up using Briiel and Kjaer equipment (or comparable)
is the case of conversion of the dynamic scale of the recording. For the system
described here, this conversion can be achieved by changing of the recording
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Fig. 4. Threshold audiogram determined from 25 experimental tracings for the same subject
(Investigation of diplacusis binauralis [3])
Median values and interquartiles for 25 threshold tracings taken at equal frequency increments, rate of level
control — 3 dB/s, recording potentiometer — 10 dB, paper speed — 1 mm/s, lower limiting frequency — 200 Hz,
writing speed — 100 mm/s

potentiometer in the 2305 level recorder. The full dynamic scale of the record
may thus be chosen to equal 10, 25, 50 or 75 dB.

In normal practice a 75-dB scale is commonly used which allows the tracing
both of quite considerable hearing loss and of normal hearing, with sufficient
aceuracy.

Recording scales narrower than 75 dB, particularly 10 dB and 25 dB,
have proved to be very useful for more accurate investigation of the threshold
curves over a limited frequency range and/or at constant frequency. Limita-
tion of the frequency range to the range of particular interest, results from the
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obvious fact that for accurate tracing of the threshold curve, the rate of auto-
matic frequency scanning must be sufficiently low. At such low rates of fre-
quency scanning the tracing of the whole auditory range would be greatly pro-
longed and could result in tracing errors due to fatigue.

Tracing of the threshold curves with increased accuracy can be applied
to the investigation of, for example, diplacusis binauralis (an anomalous thres-
hold affecting the perception of pitch). An illustrative example of the usefulness
of such tracings is the audiogram presented in Fig. 4, obtained with 10 dB
recording potentiometer in the 4.0 to 4.25 kHz frequency range. This audiogram
resulted from 25 separate audiometric tracings obtained from one listener
(right ear). Circles in the diagram represent median value and vertical lines the
interquartiles. Median values were taken at equal time and frequency incre-
ments.

To determine the significance of the threshold level variations observed
in the experiment, particularly in view of the considerable dispersion of the
results, control measurements were also performed. In the control series,
the threshold tracing were obtained from the same listener (the same ear,
control tracings run immediately after the experimental tracings) following
the same procedure as in the experimental series. However, the automatic
frequency scanning was disconnected and the frequency set to 4.0 kHz. The
\
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Fig. 5. Threshold audiogram defermined from 25 control tracings as in Fig. 4. (Investiga-
tion of diplacusis binauralis [3]). Setting of audiometer controls as in Fig. 4

duration of each of the 25 control tracings was the same as in the exper mental
tracings and amounted to 140 s. The results obtained from the control runs
are presented in Fig. 5.

The results presented in Figs. 4 and 5 demonstrate well the degree of
accuracy which can be achieved by using the system described and by avera-
ging the results. The curve in Fig. 4, representing a fraction of the hearing
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threshold, shows distinet hearing loss near 4.05 kHz and some supranormal
hearing in the region of 4.15 kHz. The measurements of the other (left) ear
in the same listener resulted in a flat threshold curve to within +1 dB.

In the threshold curves presented in Figs. 4 and 5 a small discrepancy
between the threshold levels at 4 kHz is observed. It seems probable that this
discrepancy may have resulted from the procedure applied in the experiment,
namely from running the whole of the experimental measurements and then
the whole of the control measurements rather than alternating them. Some
small change of the threshold criterion in the subject could have introduced
the observed constant error of about 1 dB.

7. Temporary threshold shift measurements

In industrial audiometric tests, concerning the hazards of hearing loss
in employees exposed to high intensity sounds, it often appears necessary to
determine the amount of temporary threshold shift (TTS) as quickly as possible.
Such data are used for the determination of the risks of hearing loss and even-
tually for the determination of permissible daily exposures, or a reduction of
dangerous exposures [11, 12]. Similar hazards of hearing loss are observed also
in musicians, particularly those performing rock-and-roll music using high
power electroacoustic equipment [2, 5, 6].
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Tig. 6. Threshold audiograms before (a), and 9 min after exposure (b) to shock sound at
130 dB SPL; rate of level control — 10 dB/s, recording potentiometer — 75 dB, paper
speed —0.3 mm/s, lower limiting frequency — 200 Hz, writing speed — 250 mm/s

Examples of the TTS tracings obtained in various conditions are presented
in Figs. 6 and 7. In Fig. 6 the threshold audiograms before and after exposure
to shock sound at about 130 dB SPL and characterized by almost uniform
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spectrum density over the auditory range is given. The threshold audiograms
in Fig. 7 were obtained from the musician after 4 hours’ performance in the
{Hybrydy) students’ club dance hall, where the high power electroacoustic
system gave a peak intensity of 110 to 120 dB.
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Fig. 7. Threshold shift audiograms of a musician after 4 hours’ exposure to rock-and-roll

music at an intensity level of 110-120 dB, (a) — 9 min after exposure, (b) — 96 hrg after

exposure; rate of level control — 10,dB/s, recording potentiometer 75 dB, paper speed
— 0.3 mm/s, lower limiting frequency 50 Hz, writing speed — 250 mm/s

8. Jerger's test

The Jerger tests were performed in cooperation with the Dept. of Oto-
laryngology of the Warsaw Medical Academy, on subjects with Meniére’s syndro-
me. The measurements were performed with continuous and pulsed tones
using the simple version of the timer set to a repetition period of 0.5 & and
a 50 % duty cycle (i.e. 250 ms pulses). These tests were performed to compare
the results obtained with the data published by JERGER [10].

In fact the results showed some diagnostic significance for this method.
The threshold audiogram from one of the subjects with Meniére’s, obtained
at a constant frequency, is presented in Fig. 8 as an example.

It seems worth pointing out that this type of Békésy tracing was observed
in subjects with Meniére’s syndrome only in the high frequency region of the au-
ditory range, and only in subjects with a hearing loss of at least 20 to 30 dB
in that frequency region, mostly at frequencies corresponding to the maximum
hearing loss. In the other cases investigated the differences observed between
the continuous and pulsed tone tracings were less pronounced or undetected.



240 A. JAROSZEWSKI, A. RAKOWSKI

ds ‘
+20 =

+15 - o e e

+10 e

+5

g

= trct

0 30 60 90 720 tis]

Fig. 8. Jerger’s test audiograms — Meniére’s syndrome. Frequenecy 8 kHz: (a) — conti-

nuous tone, (b) — pulsed tone, 2 pulses per second at a 509, duty ratio, rate of signal control

3 dB/s, recording potentiometer — 25 dB, paper speed — 1 mm/s, lower limiting frequency
« — 50 Hz, writing speed' — 100 mm/s

It would seem that further research on a large number of cases is necessary
to evaluate the significance of this method for diagnostic purposes.

9. Masking measurements

Masking methods in psychoacoustics and in audiometry can be divided
into two classes i.e. simultaneous masking, and per and post stimulatory masking.

In simultaneous masking various methods based on the use of continuous
(as a funection of time) stimuli, pulse stimuli or their combinations are known.
In per and post stimulatory masking pulse stimuli are used as a rule.

The simplification of experimental procedure which results from the pos-
sibility of automatic signal level control, automatic frequency scanning and
automatic tracing and recording of the signal level is unquestionable. This
seems to be evident in masking experiments from the large number of papers
published over the last decade in which Békésy tracings in classic or modified
form were used [8].

To illustrate the usefulness of antomatic audiometry in the investigation
of simultaneous masking, typical masking curves for a 3 kHz sinusoidal signal
at various sensation levels, obtained using the system described (without
threshold equalizer) are presented in Fig. 9. Each circle on the diagram corres-
ponds to the average level recorded at the appropriate frequencies. The tracings
had at least 100 threshold crossings (spikes) and lasted about 120 s each. The
rate of level control was 3 dB/s. Some small diserepancies observed at the
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Fig. 9. Simultaneous masking curves for 3 kHz tone; parameter — masker gensation level

tops of masking curves in Fig. 9, from the theoretical results (about 2 dB dif-
ference) probably result from random errors in the tracings. In the case shown
the tracings were run only once with one subject.

10. Coneclusion

A Békésy audiometer constructed from conventional Briiel and Kjaer
laboratory equipment and some specially designed additional units has now
been in use for over 6 years. It can be used in a number of applications in hearing
threshold measurements and in the other psychoacoustical measurements.

The possibility of conversion of the recording scale, the possibility of
using pulse signals of varying character from the external units (described
elsewhere), and the automatie averaging of the tracings by suitable adjustment
of the 2305 controls, have been shown to be particularly useful.
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PROPAGATION OF HYPERSONIC WAVES IN SOME VISCOUS FLUIDS

ZYGMUNT KLESZCZEWSKI

Institute of Physics, Silesian Technical University (Gliwice)

Taking advantage of Mandelsztam-Brillonin dispersion the wvelocity of
propagation and the absorption coefficient of hypersonic waves at a frequency
of 8 GHz have been measured in the following viscous fluids: eastor oil, paraffin
oil, diethylene glycol, triethylene glycol and polyethylene glycol. The results
obtained are discussed on the basis of relaxation theory and IsAxovicH-CzZABAN
theory. :

1. Introduction

An analysis of the results of measurements of the velocity of propagation
and the absorption coefficient of hypersonic waves in very viscous fluids [4,
5, 8, 9] leads to the conclusion that relaxation theory [6] cannot be applied
to them since there is considerable divergence between the experimental data
and theoretical predictions. In the hypersonic region this divergence is even
more conspicuous. However, the range of experimentation at very high fre-
quencies is relatively small because of unfavourable conditions and this hinders
comparison between theory and experiment.

By virtue of the very high absorption, the only proper method of investi-
gating the propagation of hypersonic waves in very viscous fluids is an exami-
nation of the spectrum of molecular light diffusion. As a result of the scattering
of photons by thermal phonons there appear, in the spectrum of scattered
light, components of changed frequency, the so called Mandelsztam-Brillouin
components [1]. The vibration frequencies of these components are shifted
relative to the primary light frequency by an amount given by the formula

v [/}

f = 2uf,—sin=,

where f, is the primary frequency of the light wave, n — coefficient of light

refraction, v — veloeity of hypersonic wave, ¢ — velocity of light, 6§ — scat-
tering angle.

The absorption of hypersonic waves which always occurs in a medium
causes a certain broadening of components of the fine structure
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where dv denotes the half width expressed in wave numbers, and a the coeffi-
cient of absorption of hypersonic wave.

Thus, if we measure the distance between the fine structure components
and their half widths, we can evaluate from formulae (1) and (2) the velocity
of propagation and the coefficient of absorption of the hypersonic
waves.

In this paper — by taking advantage of this method — the velocity of
propagation and absorption coefficient of hypersonic waves in castor oil, pa-
raffin oil, di-, tri- and polyethylene glycol have been measured. The in measu-
rements were made at a frequency of 8 GHz in the temperature interval
from —40 to 90°C. To obtain more extensive information, measurements in the
ultrasonic region, at a frequency of 3 MHz, were also made. The results obtained
will be discussed on the basis of existing theories of the propagation of waves
in fluids.

2. System for examination of the fine structure components

Fig. 1 shows the measuring system. The ligt source is a ruby laser with
A = 6943 A; pulse power M = 100 MW ; time of duration ¢t = 3 x107° 5. The
half width of the emission line was smaller than 0.01 em™. The laser light wa
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Fig. 1. Diagram of the Mandelsztam-Brillouin testing system

— ruby laser, 2 — vessel containing tested liquid, 3 — cooling, 4 — mat plate, 5 — Fabry-Perot interferometer,
6 — photographic film

F=50 F=2000 5

ocused by means of a lens of focal length f = 5 em, in a vessel containing thef
fluid to be tested. The vessel had alength I = 200 mm, and a diameter d = 40 em.
The purity of the fluids to be tested was determined by measurement of the
coefficient of light refraction, density and viscosity. The measurement re-
sults are given in Table 1.

The spectrum of scattered light was analyzed with the aid of a Fabry-
Perot interferometer IT51-30. The distance between interferometer mirrors
was 0.6 cm, and this corresponds to the scatter region é» = 0.83 em™. A cham-
ber with a focal length of f = 2015 mm produced an image on the photographic
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Table 1. Density, refraction coefficient and viscosity of tested fluids

(t = 20°C)
Substance 4 [%] n n [poise]

em
Paraffin oil 0.807 1.4421 2.21
Castor oil 0.963 1.4490 8.85
Diethylene glycol 1.118 1.4475 0.63
Triethylene glycol 1:123 1.4578 0.83
Polyethylene glycol 1.203 1.4621 0.92
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Fig. 2. 8pectrum of the fine structure of the light dispersion line in triethylene glycol:
a) Fabry-Perot interferogram, b) microphotogram
L — laser radiation, S1, S2 — stokes components

plate. The linear dispersion was of the order 107, All measurements were made
at the angle of 180°. The accuracy of measurement was approximately two
seconds of arc. The photographs obtained were analyzed by means of a micro-
photometer. Fig. 2 shows an example of the lines of the fine structure obtained.

3. Results and discussion of the measurements

An analysis of the dependence of the absorption coefficient in the ultra-hy-
personic region in castor and paraffin oil points to departures from a relaxation
theory with one or two times of relaxation and a complexity of relaxation pro-
cesses. Figs. 3 and 4 show the dependence of a/f? on logf for the above mentio-
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ned oils. Within the whole frequency region a square dependence of absorption
coefficient is not observed. The curves of a«/f? all have almost uniform slope,
without points of inflexion which would have been indicative of a determined
time of relaxation for a given mechanism. We should rather consider a superpo-
sition of a great number of relaxation processes, both of shear and volumetric
viscosity over a wide range of frequencies. Evidence for the occurrence of
volumetric viscosity relaxation is given by the fact that at frequencies above
10 MHz the total absorption coefficient for both oils is smaller than the value
of this coefficient in stokes. The calculation of these relaxation times, as also
the explanation of their molecular system is very difficult especially because
the substances under consideration are chemically complex fluids that possess
molecules of various sizes and shapes.

A
g—x?'&?
f'2
s2
[
20000 ¢
10000
~——— Fig. 3. Dependence of a/f2 on log f for
. L i castor oil
6 78 - 8. Wiy Experimental results: @ — by author, O — [7]
A
2(2 x70
[s2
ci
3000 +
2000 t
~
\\
1000 ¢ N
\\\
. ; s » Fig. 4. Dependence of aff? on log f
6 7 8 3 10 log ¥ for paraffin oil

It is worth noting that the maximum of the curve al as a function of
should occur for v = 1/w, i.e. at a point at which the dependence of a/r versus
7 is reduced to a half of its maximum value. This iy the result of the following
considerations.
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The value of a/tr — according to relaxation theory — is given by the for-
mula
a * (v, — v})

o (14 7?23’ (3)

where 7 is the time of the relaxation, v, and v,, the velocities of wave propagation
at very small and infinitely large frequencies respectively.
Depending on the value of wr the formula can take various forms:

for wr €1
a ® (v2, —17)
e i _H.é__"’ (4)
T 2,
for wr =1
2 —gd
e w_(is__ﬁ‘_),’ (4a)
T 41’0
for wr > 1
o, (4b)
3

Figs. b and 6 represent the measured dependencies al = f(r) and a [v = f(%)
for castor oil (Fig. 5) and paraffin oil (Fig. 6). One sees distinctly the shift of

A
QAAx 107
o

T
20 tw

105

Fig. 5. Dependence of ad (a) and a/r (b) on log n/T ; : : 8
for castor oil S T
+

the maximum of the curve towards higher values of = for both fluids. At the
same time it is assumed, as is often the case, that the time of relaxation is pro-
portional to the viscosity and inversely proportional to temperature,

rzB%, (5)

where B is a constant.
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dﬁxﬂar
o

60130

40 +20

20170

3 E ':f 0 %[Dgi_ Fig. 6. Dependence of ai (a) and a/r (b) on
i log /T for paraffin oil

The frequency dependence of the absorption coefficient for triethylene
glycol (Fig. 7) is similar to that for castor and paraffin oil. However, it should be
noted that for frequencies f < 15 MHz the curve is very steep, and this may
indicate the appearance in this area of relaxation process of duration v = 1075

200 N

SRR =
7 8 9 10 logF

Fig. 7. Dependence of aff2 on log f for triethylene glycol

or of several processes of very similar relaxation times. Above a frequency of
8 MHz, the total absorption coefficient is smaller than the values expressed
in stokes, thus already at this frequency shear viscosity relaxation occurs.

Velocity measurements as a function of temperature, both in ultra- and
hypersonic regions, are very interesting for many reasons. The dependence
of the velocity of ultrasonic waves on the temperature in paraffin o 1 ( J = 3MHz)
is shown in Fig. 8. At the first sight it seems that this curve is a curve of the
relaxation type. However, a thorough analysis of this dependence indicates
that this conclusion is inacecurate.



PROPAGATION OF HYPERSONIC WAVES 249

—40 -20 0 20 40 60TC

Fig. 8. Dependence of the acoustic wave Fig. 9. Dependence of
velocity on temperature for paraffin oil In (v*—vd)/(vd, —0?)
(f = 3 MHz) on In 5/T for paraffin oil

The discussion will use the well-known formula of relaxation theory

x5
v.—% .

= 02: wAz®, TG
i, —v

In Fig. 9 this dependence is shown by means of a broken line. Experimental
data are presented by dots. They arrange themselves with good accuracy on
the curve

2 2
v -9
b = or, (7)

2

v, —
but this does not result clearly from the theory of relaxation. The velocity of
acoustic waves (as does the absorption coefficient) depends on the frequency
and on the temperature. In fact, in all formulae there is the product wr. It has
already been stated that 7~ n/T. Thus if, with the temperature change from
—30°C, the viscosity would have changed by four orders, one can speak of
very high and very low frequencies for this case. In Fig. 8, v, and v, denote
only extrapolated velocities for very large and very small values.

Figs. 10 and 11 show the dependence of the velocity of hypersonic waves
as a function of temperature for diethylene and polyethylene glycol, and Figs.
12 and 13 the dependence of log(v* —uj)/(vi —2) on log n/T. When making
hypersonic measurements by Brillouin scatter method, a change in temperature
also (slightly) changes the frequency. However, because of very large changes
in the value of 7, » can be assumed constant to a good approximation. For these
liquids too there occurs great divergence from the predictions of relaxation
theory. Broken lines in Figs. 12 and 13 represent the dependence (v* —7) /(v —0?)
= w?7? (relaxation theory). The experimental points, as for paraffin oil,
arrange themselves on the straight line (v* —uj)(vi, —v?) = wr.
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Fig. 12. Dependence of In (v —v)/ (v, —+?)

on log7/T for diethylene glycol

[

Fig. 10. Dependence of the acou-
stic wave velocity on temperature
for diethylene glycol (f = 8 GHz)

Fig. 11. Dependence of the acou-
. Btic wave velocity on temperature for

80 Tc<c polyethylene glycol (f = 8 GHz)
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Fig. 13. Dependence of In (22 — v2)/(v3, — v2)

on logn/T for polyethylene glycol
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On the basis of above-mentioned values v, and v, the velocity of dis-
persion (v, —v,) [V as well as temperature coefficients (4v,)/(4AT) and
(dvy)[(AT) (Table 2). It is specific that for all tested liquids (dv,)/(AT)
> (Avy) (A1),

We will consider one more form for the dependence of the absorption
coefficient on frequency at various temperatures (Figs. 14 and 15). Thus, the
higher the temperature, the more nearly is the expression a/f* constant and
does not depend on the frequency. However, this is obvious since the higher

Table 2. Dispersion and temperature coefficients of the veloecity of
acoustic waves for tested liquids

Vo—vg | Ao m || dv,] m
— = 17 | 7 L
T ‘ Y AT lsdegl| AT Lsdeg
Paraffin oil 0.28 54 2.1
Diethylene glyeol 0.26 —b.8 —-2.3
Polyethylene glycol 0.19 —-17.0 —3.3
A
Eﬁxmﬁ
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o
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Fig. 14. Dependence of a/f* on frequency for ; 2 T=-15°C_
triethylene glycol at various temperatures 2 q § ip [MHZ]—
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; 5 1
—— : : : 7-22°C_ Fig. 15. Dependence of «/f? on fre

queney for paraffin oil at various tem-
peratures
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the temperature, the less viscous the fluid becomes. It can therefore be expected
that the formulae of relaxation theory will be satisfied since the latter predicts
that a/f* does not depend on frequency.

At present the most authoritative theory of acoustic wave propagation
in fluids of high viscosity is regarded to be the theory developed by ISAKOVICH
and CZABAN [2, 3], also called non-local theory.

At the root of this theory lies the assumption that a viscous fluid is an
inhomogeneous two-phase medium. Each of the phases of this medium has, apart
from normal thermodynamic parameters, two more parameters which determine
the concentration of holes. At equilibrium the concentration for both phases
is equal. The motion of an acoustic wave causes disturbance of the medium,
and thus also the change of parameters that determine the concentration of holes.
The return to equilibrium is effected by a diffusion of holes, the time of which
depends on the diffusion coefficient and the size of the phase with the smaller
concentration of holes. A retarded return of the medium to the state of equili-
brium relative to the change in ultrasonic wave pressure causes the absorption
and dispersion of sound velocity. Having justified the above assumptions,
the authors arrive at the following expression for the absorption coefficient
of acoustic waves:

for wr €1
a 2 wr(v?,—0l)
e :_+"; (8)
w 5 vy—vy

for wr > 1
g v-d 1
e (9)
w 8 15— Var

where

3
& v, it Y
B

It can be seen from formula (8) (for wr < 1) that this theory, like relaxation
theory, assumes that a/f* is independent of frequency, but this does not agree
with the expenmenta;l results obtained.

For high frequencies, it is hard to analyze the dependence of the absorp-
tion coefficient on the frequency since with the aid of Mandelsztam-Brillouin
scatter method only one experimental point is obtained. It is true that by chan-
ging the temperature, we can get a change of frequency but this is very small.
It was thus possible to compare experimental data with formula (9) at only one
frequency. Table 3 contains values of the absorption coefficient evaluated
from formula (9) (column 4), and measured (column 5), for castor oil, paraffin
oil and triethylene glycol. It can be seen that the agreement between experi-
mental and theoretical values of the absorption coefficient is satisfactory.
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Table 3. Theoretical and experimental values of absorption coefficient of hypersonie

waves
o102 ax10-3
Substance T[°CYfx10~°s~1]| (theory) (exp.)
[em~1] [em™1]
Castor oil 20 8.20 5.8 24
Paraffin oil 20 71 24 20
Triethylene glycol 20 8.46 15 21

It can be concluded that the theory of Isakovich and Czaban assumes that
the ratio (v* —vj)/(vg, — %) is proportional to wr, and that this is in agreement
with the experimental results described above. Similar conclusions can also
be draw from reference [10] where the velocity of propagation of hypersonic
waves in glyceril triacetate and propylene glycol has been measured using the
Mandelsztam-Brillouin method of forced dispersion. Thus, it seems that the
theory of Isakovich and Czaban in the region of high frequencies yields results
in good agreement with experiment, whereas at lower frequencies conside-
rable discrepancies occur.
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