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LOCATION OF THE SOURCES OF VIBROACOUSTIC DISTURBANCES IN CONTINUOUS
MECHANICAL OBJECTS IN THE CASE OF A BOTTLING LINE

M. ANDRZEJEWSKI, C. CEMPEL

Institute of Technical Mechanics, Poznan Technical University
(60-965 Poznain, ul. Piotrowo 3)

This paper presents methods of locating sources of vibroacoustie distur-
bances in continuous mechanical objects. This problem is discussed in the case
of the bottling line in a food industry enterprise. As a result of the investiga-
tions, the methods of investigation presented were found to be valuable. Their
application in minimizing the acoustic activity of individual partial sounrces is
also indicated.

1. Intreduction

Location of the noise sources in industrial interiors where individual ma-
chines can be regarded as point sources, is not very difficult methodologically,
e.g. using the method whereby successive sources are eliminated, or that of
coherence analysis [1, 3]. An advantage of the latter method is that it permits
assessment of the energy contribution of the individual partial sources to the
total noise in ‘the interior, without eliminating them from the technological
process. One should also mention a new method of directional location using
a detector of noise sources which is based on the directional properties of ap-
propriate microphone transducers. X

Location of noise sources becomes more complex when the object under
investigation does not satisfy the basic requirements of a point source of sound.
Thus the question arises as to when and under what eonditions a noise source
can be considered to be a point source.

A machine radiating sound into space is recognized as a point source
when the following assumptions are met: that the distance r of the observation
point is several times longer than the greatest linear dimension, a, of the source
(r > a) and that the radiated wave length A is also short compared to the obser-
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vation distance (r > 1). When for any reason these two conditions are not
satisfied, the noise source will be called continuous and the machine a continuous
mechano-acoustical object.

There is a whole group of technological units, e.g. production lines in
rolling mills, bottling lines in the food industry etc., whose linear dimensions
are comparable to the dimensions of the industrial interior. Under such con-
ditions of sound radiation it is difficult to find in the interior such a position
for the observation point » that the requirements of a point source of sound
can be met. In these cases the noise source should be recognized as continuous. It
can be assumed in advance that the methods of location and identification
of noise sources in industrial interiors applied to those machines that can be
regarded as point sources (lathes, milling machines, compressors and fans ete.)
require suitable modification for application to the case of the analysis of
a continuous source. This results, among other things, from the fact that eliminat-
ion of one component element of a discrete source (e.g. in a production line in
a rolling mill or a bottling line) automatically causes the others to be eliminated.
This makes it impossible to eliminate successive units of such a plant. This is
the basic difficulty in the vibroacoustic analysis of continuous mechanical objects.

This paper is devoted to the location of the basic noise sources in continuous
mechanical systems in the case of a Pepsi-Cola bottling line [2] .

2. Formulation of the problem -

Fig. 1 shows a block diagram of the bottling line discussed. It can be seen
from Fig. 1 that the basic units of the line are interconnected, forming produe-
tion line of a number of container conveyors of different design. The question
arises as to which elements of the line radiate noise into the environment and
what their share is in the total noise. The second aspect of this paper is the
definition of the contribution to the total noise in the interior of the conveyors,
whether empty or carrying bottles. This is a result of the fact that the admissible
noise level is exceeded by 3 to 5 dB(A) along the production line. It should
be noted that the noise radiated by the bottling line presented has a random
character. It is a combination of continuous and pulsed noise of different origins
(mechanical and aerodynamic).

3. Method of investigation and measuring apparatus

In order to carry out the task set the following investigations were per-
formed:

— the development of a simplified acoustic map of the noise hazard
zones in the interior housing the line in order to locate the most dangerous



R —wwmm

VIBRO-ACOUSTIC DISTURBANCES 277

i 2 3 4 § 67030110 0 Wb " 7 109 20 271 3223 5

xvI @

line == B
wm E ), ~ IV\ I &

),
@l
2
I

e

()|
s

~
@

D Il

v
- p
m I e g

U1
line I = N

input ——= A 4 4 T%E 3
I ﬂ_

-4 1
PR e §R Iy TPSRIURCF - I 0 1708 1920 3 d 1T

Fig. 1. The block diagram of the position in the interior of the Pepsi-Cola bottling line with
the noise hazard zones and the spacing of the points for measuring the partial sources plotted

(I-IV hazard zones)
A — unloading machine, B — washing stand, C' — viewer, D — bottling machine, E — unloading machine
for empty bottles; ® — a grid measurement point, O — a point for measuring the partial source noigte, ® —
a point for measuring the total noise L, = 88 dB (A) <II; III)

points acoustically, and the determination of the mean noise level L,, weighted
with respect to the area. This is particularly significant for the selection of the
position (zone) for measuring the total noise in the interior as is necessary in
the coherence method for the location of noise sources;

— the use of the coherence method for the location of partial noise source
in order to determine their energy share in the total noise in the interior;

— the investigation of the acoustic pressure distribution along the con-
veyor belts only in order to detect those points in the conveyors which are
characterized by an increased acoustic activity. This is another way of locating
partial noise sources along the conveyor belts.

The whole of the investigations in the present paper were performed using
the set of devices shown in Fig. 2. With exception of the vibration and noise
locator (a device of the authors’ design, which makes it possible to determine
the normalised correlation function of two vibroacoustic processes on the
basis of sign correlation — a polar correlator), it satisfies the requirements
of the Polish Standard PN-64/T-06460.
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IT — the path for recording the variations in the noise
level of the conveyors, I7l — the path for measuring the
; acoustic quasi-map of the interior, 7 — a 1" Briiel and Kjaer
4 - measuring microphone for measuring the partial source
\s
N

noise, 2 — a directional horn, 3 — a measuring microphone
for measuring the total noise, 4 — a 2203 Briiel and Kjaer
Precision [acoustic pressure level meter, 5 — a 2204 Briiel
': and Kjaer precision {acoustic [pressure level meter, 6 — an

LDH IMT PP vibration and noise locator, 7 — a 2305 Briiel
and Kjaer level recorder

4. Results of the investigation and their analysis

On account of the variety of investigation methods used to estimate the
vibroacoustical activity of the bottling line the successive stages of the in-
vestigation are discussed individually, with an indication of their agreement
as to the correct location of the partial sources in the bottling line.

In order to develop a simplified acoustical map (noise hazard zones) of the
interior, a 1 m X1 m grid was superposed on the whole surface area of the
interior. The measured quantities were in this case the noise levels measured
with respect to the characteristics of the device: the correction characteristic
(4) and the linear characteristic (Lin). In these measurements the measuring
microphone (path III, Fig. 2), was placed at a height of about 1.5m above
the floor of the interior. On the basis of the results obtained the following inter-
vals of noise levels in dB (A) were assumed as the limits of the hazard ZOnes:

I — L, e(84; 86),

II — L;; e(86.5; 88),
IIT — L;; e {88.5; 90),
IV — Ly e{90.5; 935.

On the basis of these intervals, the hazard areas corresponding to the indi-
vidual zones were plotted and the limits of the areas were sot using algebraic
interpolation (the arithmetic mean) between the noise levels of the neigh-
bouring measurement points. The boundaries of the individual areas and their
8ize are shown in Fig. 1. On account of the large number of measurement points
it was assumed that each zone could be represented by the mean level L,; in
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dB(A) (i = I, II, III, IV) determined as the arithmetic mean of the intervals
of the zones. Thus the mean levels of the individual zones are I — L,;; ~ 85dB
(A), II —L,;; ~87T dB(A), III — L,;;; 89 dB(A) and IV —L,p
~ 92 dB(A). - ; : £

The assumption of such zones permitted determination of theé degree of

hazard to the workers’ health due to the noise in the interior (a problem of minor
importance and not discussed in detail in this paper) and also the problem of
primary importance, the identification of the places of highest noise level.
In the present case these occur in zones III and IV of the acoustic hazard
zone. :
Analyzing the distribution of the individual areas along the line, starting
from the input of the production line, it was found that the places that are
characterized by the greatest acoustic activity are, apart from the basic units
(washing stand, bottling machine, and unloading machine), all types of nar-
rowing and bends in the conveyor belt. These places were arbitrarily called
the characteristic points. It is at these points that intensive collision of bottles
occurs. With consideration of the fact that a local increase in the noise level
occurs at the characteristic points it can be assumed that the points where
bottles collide on the conveyor can in addition to the basic units, be included
in the main noise sources in the interior.

Although the simplified acoustic map (Fig. 1) permitted separation of the
basic noise sources in the bottling line, it gave no information on the energy
share of the individual partial sources (the units and characteristic points of
the conveyor line) in the total noise in the interior. This is significant, since
apart from the significance in terms of the energy of the individual sources,
it also gives the ranking of potential measures for minimizing the noise.

The latter end is served by the coherence method of location, which con-
" sists in the measurement of the band function of the normal coherence. It is
a measure of the similarity of two vibroacoustical processes: the first being the
total noise in the interior — path I in Fig. 2, the second being the noise radiated
by an elementary source — path II in Fig. 2. It can be used to determine the
maximum statistical similarity between the total noise in the interior and the
sound disturbances of the individual partial sources in the spectral domain.
The present investigation used for this purpose octave bands of the following
central frequencies: 100, 250, 500, 1000, 2000, 4000 and 8000 Hz.

Knowing the coherence function of the processes investigated,  and v,
in the ith frequency band, similarity or identity can be determined, since:

va,(fi) =1 if the processes are statistically identical in the band A4f;;

0 < y2,(fi) <1 if the processes are statistically similar in the band Af;;

vay(fi) = 0 if the processes are statistically different in the band Af,.

In order to determine the share of the elementary source in the total noise,
it is necessary to set a limit, from which the partial source will to a greater
or lesser extent affect the overall noise level (total level) in the interior.
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From acoustics it is known that when the difference in the noise levels
of two sources exceeds 10 dB [2], then the influence on the total noise of the
source with a lower sound level can be neglected. Taking this into account,
a boundary value (in terms of the sound pressure) can be established, below
which the noise from an elementary source will not affect the total noise level
10 dB = 0.316.

Thus the power radiated by a partial source can be neglected if

1Yy (fi)] < 0.316 <> ?fw(fi) < 0.1,

i.e. 0.1 is the boundary value of the coherence function.

It can be seen from the above remarks that the coherence method for the
location of noise sources requires a measurement of the total noise (measure-
ment in a diffuse acoustic field) and a measurement of the sound disturbances
from the source itself. The set of necessary apparatus for the task to be carried
out is shown in Fig. 2.

The position of the microphone for measuring the total noise level (path I,
in Fig. 2) was chosen on the basis of the noise hazard zones established. The
mean noise level L, dB(A), weighted with respect to area, was determined
for the whole of the interior using the relation

IV
Z St’Imi
L, = 1010g»‘f3-§~— [dB(A)],
where 8; is the area corresponding to the ith zone [m?], I,,; is the sound inten-
sity [W/m?] corresponding to L,,; (the mean level of the ith zone),

L,; = 10log ﬂ““ [dB(A)],
0
8, is the total area of the interior [m?], I, is the intensity of reference sound,
Iy =107 W-m™%

In the case under investigation, the L, level was 80 dB(A). Considering
further the intervals of noise level for the individual hazard zones, it was found
that L, e {II-III) zones.

Accordingly, the microphone for measuring the total noise in the coherence
method, was placed at the boundary of zones II and III (Fig. 1). The partial
sources in the present method were the basic units of the line and the so called
characteristic points (points of narrowing and bends in the conveyor belts
ete). Their situation is also shown in Fig. 1.

The values of the function 92,(f;) as a function of the central frequencies
of the octave bands are listed in Table 1 and also shown graphically in Fig. 3.

Curves 4 (washing stand) and 10 (bottling machine) show the share of the
noise from these units in the total noise. The boundary value assumed for
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Table 1. The values of the coherence function 3, (f;) for noise processes in an interior housing
the Pepsi-Cola bottling line

Measurement : fi [Hz]

point (Fig- 1) | 100 | 250 | 500 | 1000 | 2000 | 4000 | 8000 | 2,()*
1 0.06 | 004 | 012 | 031 | 018 | 016 | 0.08 0.14
2 0.08 | 0.00 | 0.15 | 042 | 018 | 016 | 0.07 0.15
3 0.05 | 002 | 0.15 | 045 | 022 | 011 | 0. 0.15
4 0.06 | 003 | 012 | 038 | 020 | 012 | 0.00 0.14
5 0.08 | 002 | 026 | 045 | 012 | 010 | 0.04 0.14
6 0.07 | 0.02 | 015 | 042 | 018 | 009 | 0.05 0.14
7 0.06 | 001 | 012 | 043 | 016 | 0.1 0.09 0.14
8 0.05 | 0.0 | 013 | 0.35 | 015 | 0.09 | 0. 0.12
9 0.07 | 002 | 0.12 | 041 | 017 | 011 | 0.09 0.14
10 0.08 | 0.0 | 013 | 036 | 015 | 0.09 | 0. 0.13
11 0.06 | 0.0 | 011 | 0.29 | 011 | 0.1 0.08 0.11

11

SohUo* | 07 | 016 | 146 | 439 | 182 | 1.23 | 0.0 =

=1

* — the mean coherence value of the individual measurement points,
** — the sum of the coherence values in an octave.

Yay(fi) = 0.1 is in these cases exceeded in the bands from 500 to 8000 Hz.
A comparison of the values of the function yZ,(f;) for the two units showed
that the share of the bottling machine was slightly lower than that of the washing
stand. This means that the noise from the washing stand affects the total
noise level to a greater extent than the noise from, for example, the bottling
machine. The other plots in Fig. 3 show the share of noise from the individual
characteristic points of the conveyors in the total noise in the interior. It can
be seen from these plots that those points of the conveyors where intensive
collision of bottles occurs (measurement points 2, 5, 6, 7) contribute most
energy to the total noise. The sources deseribed by measurement points
8, 10 and 11 come next in terms of their energy contribution.

An analysis of the behaviour of the coherence spectra showed that at all
the measurement points, a maximum of the function occurs in the octave
at 1000 Hz and oscillates aronnd a value of p* = 0.4. This suggests that all
the partial sources established in the simplified acoustic map exert almost
equal influence on the total noise level, i.e. they are energetically equivalent.
The plot in Fig. 4 confirms the above observations. It can be seen from this
figure that the mean value of the coherence of the individual partial sources
falls in the interval 0.11 < y,,(f;) < 0.15, i.e. the values are very close.

In order to gain additional information on the share of the individual
octaves in the total noise, it is necessary to analyze the behaviour of the values

11
of 3 y;,(f;) shown in Table 1. They were obtained by summing the values
i=1
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Fig. 3. The coherence noise speotra in an in-
terior housing a Pepsi-Cola bottling line (cohe-
rence: total noise — a specific area of the
line) 3
1 — the input to the unloading machine, 2 — the narro-
wing behind the unloading machine, 3;— the bend before.
the washing stand, 4 — the work post before the viewer,
§ — the bend after the washing stand, § — the narrowing
before the viewer, ¥ — the bend before the viewer, 8 — the
input to [the viewer, 9 — the bend before the bottling
machine, 160 — the work post at the bottling machine,
11 — the change of direction before the unloading machine
for empty bottles (the discontinuous line denotes the
boundary value "W)
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of the coherence spectra of all the measurement points in the individual octave
bands. It can be seen from these values that the noise in the interior housing
the bottling line has a broad-band character with a particular components
in the 1000 Hz octave band. The values of 3 y? greater than zero are a result
of measurement errors due to the mutual correlation of the individual sources.
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Fig. 4. The mean coherence value of the individual partial sources
Notation according to Fig. 3

In these cases an excess value of the normal coherence function occurs as a result
of unknown linear relations between the noise from the individual partial
sources and the total noise. These errors can be avoided by using the partial
coherence function between the acoustic signals: the noise of elementary source —
the total noise. It is also possible to avoid this error by separating the partial
sources, but in the present case this is impossible on account of the discrete
character of the bottling line.

The briefly presented coherence method for the location of noise sovrees
in a mechanieal continuous system fully confirmed the correctness of the conclu-
sions arising from the simplified acoustic map as to the kind of basic noise
sources oceurring in systems of this class.

These two methods of locating the noise sources in continuous plants can be
complemented with a method consisting in the investigation of the acoustic
pressure of a production line in a mobile system related to the line. It permits
a precise and continuous analysis of the acoustic phenomena occurring in the
work of a plant investigated. A method of this kind was used for the bottling
line described, where the investigations were performed in three variations, i.e.

1. the entire bottling system worked under nominal load, i.e. with an
output of about 90 000 bottles per shift; the measuring microphone was placed
at a distance of about 0.15 m above a given bottle and moved at the velocity
of the conveyor along the entire line from the unloading machine to the loading
machine;

2. the basic units of the line (the unloading machine, the washing stand
ete.) were shut down, only individual sections of the conveyor system being
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worked loaded with bottles, and the measuring microphone was placed relative
to the moving source as in the previous point;

3. the basic units were shut down, only empty sections of the conveyor
gystem were moved (measurement being made at a given moment); the mea-
suring microphone moved along with the conveyor at a distance of about 0.2 m
from its surface.

dB(lin)

ol S ) ©) = © ® ® D
100 "\I,r\‘1"\\.l'\i,\,’\fj:w\/“L = ﬁ’w%
90‘ 91 N T A % /‘WJ\_//\UW = ,f

/.%m/ N J/V ko

= s 75 75

1 e ,\-Tf:,f\kf\_,-—gﬂv ﬁw e z
- e '\_hj,\/—‘i NE e~ ]
dBflin)

1" ’ @ y @ @ @

160 A EEs A EZGT 100 iy

@ 10.
%@wf j\_ \ MW w\;f“f\f:w
80 : 5 /-’%-« P KN WWJWV

R dalaagal

70 P V—

60 s

Fig. 5. The variation in the acoustic pressure level along the conveyor line
Notation as Fig. 3; & — line under nominal load, b — line under nominal load but without basic units, ¢ — empty
conveyors

The quantity measured was the noise level measured with respect to the linear
characteristic of the measuring set, i.e. in dB(Lin). The variations of the acoustic
pressure recorded for the line are shown in Fig. 5. Fig. 6 was constructed from
the variations shown in Fig. 5, and gives the variations in the noise level of the
conveyor system as a function of their characteristic points (narrowings, bends,
straight sections ete.). This figure also shows the linear values of the total
noise level and of the background noise, which determine the validity of the
results obtained.

It can be seen from the behaviour of the curve corresponding to the nominal
line load that the highest noise levels occur where intensive collision of bottles
takes place. These are the points designated as 2 — narrowing after the unloa-
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Fig. 6. The variation of the noise levels of the conveyor system as a function of its charac-
teristic points
a — the conveyor line under nominal load, b — the conveyor line with the basic units shut down (i.e. only the
conveyors with bottles), ¢ — the conveyor line only at: I — the unloading machine, 2 — the narrowing after
the unloading machine, 3 — the straight section after the unloading machine, £ — the bend before the washing
stand, 5 —the straight section after the washing stand, 6 —the bend after the washing stand, 7 —the narrowing after
the washing stand, 8§ — the bend before the viewer, 9 — the straight section before the viewer, 10 — the input
to the viewer, 11 — the section before the bottling machine, 12 — the straight section after the bottling machine,

13 — the bottle meter, 74 — before the machine for unloading empty bottles; 4 — total noise level, B — acoustic
background, € — measurement points

ding machine, 7 — narrowing after the washing stand, 70 — input to the viewer
and 74 — before the unloading machine for empty bottles. It can be seen that
these are the basic noise sources in the conveyor system. The bends of the con-
veyors are the next type of source, but these are of lesser significance, compared
to the previous ones. '

The curve corresponding to the second part of the investigation identifies
in a more precise manner those points of the conveybrs, where the maximum
noise levels oceur. These are narrowings (points' 2 and 7), the points ‘where the
containers enter the viewer (point 10), and the section of the curved line to-
gether with the bend before the bottling machine. Slight differences in the
noise levels at these points were determined for the first and second working
variations and they suggest that these points of the conveyors are among the:
basic noise sources in the interior. The values of these differences show, however,
the magnitude of the influence of the basie units on the noise levels at the points
of the conveyors under discussion.

The last curve, plotted from the third part of the investigation, shows the
variation of the acoustic pressure level along the conveyors when they run idle.
An analysis of the behaviour of this curve as a function of the position of the
characteristic point of the comveyors, showed that on straight sections the
noise level corresponds approximately to the noise level of the acoustic back-
ground. An increase in the level of sound disturbances was observed only at
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those points of the conveyors where the straining and driving elements are
situated. The questions arise as to whether the mechanical noise from an empty
conveyor affects the total noise level in the interior and whether an empty
conveyor can be regarded as a partial source. In order to answer these questions
it is above all necessary to determine the real noise of the empty conveyor.
This ean be done using relation [2]

Lpp = Lpyp—AL  [dB], (4)

where Lp, is the real noise level of an empty conveyor, Lp, p is the noise level
of an empty conveyor determined according to the third method above, AL
is the correction [2] determined for A = Lp, p— Ly [dB] (Lp,p > Ly), it
4> 10 dB, then AL = 0; when 4 = 0, then AL = 3 dB, and L, is the back-
ground noise level. :

Using relation (4) it was found that the noise radiated by the machinery
of the conveyors (the component of mechanical origin) does not exert any essen-
tial influence on the total level of sound disturbance in the interior, for the
nominal load of the bottling line. This is to say that the purely structural ele-
ments are not significant noise sources.

5. Conclusions

As a result of the investigations performed it was found that the three
methods used for the location of noise sources in continuous mechanical systems
are convergent in their main results, i.e. they define the same noise source,
which determine the total noise level. For this reason these methods can be
used with due care in other investigations of continuous plants of a similar type.

An advantage of the measuring procedures is the fact that in addition to
source location they make it possible to estimate the noise hazard (in terms of
a simplified acoustic map of the interior) to the health of the employees, and
to determine the energy share (using the coherence method) of the individual
partial sources in the total noise. The latter method also makes it possible to
choose the optimum way of reducing excess noise.

This investigation also happened to show that the coherence method some-
times gives erroneous results in the energetic quantification of partial noise
sources for continuous sources (see Table 1). Degpite this, it permits some tentative
qualitative and quantitative conclusions to be drawn. Its modification must,
however, be proposed or otherwise another method must be developed, which
is designed to be applied to a continuous noise source. The acoustic map used in
the investigation once more showed its usefulness for noise hazard estimation.
Moreover, the investigation of the noise level in a moving line system, which
has been used here for the first time, is worth recommending as a method of
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locating the areas of high noise level within the continuous source itself. The relia-
bility of this method and also its possible mutations will doubtless be investi-
gated in the future.
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Tor many years phenomena of aerodynamic sound production have been
known in the physical aspect, while a mathematical deseription of it is still in-
sufficient. Therefore, investigations which have the increase of theoretical know-
ledge of this problem in view, have been performed. These investigations are concer-
ned mainly with the interactions between aerodynamic and acoustic phenomena.

However, in some cases of aerodynamie sound production, mechanical vibra-
tions are of importance.

The aim of this work is investigation of the set-up in which mechanical
vibrations play an important part in aerodynamic sound production. An at-
tempt is made to explain the mutual aero-vibroacoustic interactions by means
of feedback systems. Laboratory tests were carried out in order to perform
the preliminary verification.

1. Introduction

Development of aircraft industry caused the main interest in aeroacoustics
to be directed recently to the noise generated by supersonic flows. On the other
hand, the noise of subsonic flow has been treated as a well-known phenomenon
which belongs to the classic science. However, the conditions of sound genera-
tion by subsonic flows are known in terms of quality for simple arrangements
only. In reality, more complicated systems occur. Therefore, the above problem
is again an object of interest as can be seen in works [4] and [5].

Aerodynamic sounds containing the discrete frequencies frequently occur
[1, 6, 7]. The systems producing the discrete frequency sounds depend on a good
many parameters. The generation of such sounds is often found in fluid flow
machines or installations, and it is still an insufficiently examined question.

2 — Archives of Acoustics 4/80
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The aim of this work is investigation of one example of the discrete frequency
sound generated aerodynamically, and an analysis of influence of several factors
on the generation conditions. It is a continuation of works [2,3].

2. Generation conditions of definite frequency signals

The generation conditions of definite frequency signals may oceur in
feedback systems. An influence of the output signal with adequate amplitude
and phase on the input of the system is characteristic for this kind of systems.
A selection of adequate values of amplitude and phase, thus making the genera-
tion possible, leads to two basic conditions: phase condition and amplitude
condition [8]. Acording to [8]: “phase condition for the oscillator lies in this
that a sum of phase shifts in a system is a multiple of the round angle. Since
the oscillation frequency is éstablished when the phase condition is satisfied,
phase condition can be called the frequency condition. The amplitude condition
for the oscillator is a state, in which a loss of energy is less than the energy
delivered to the system or equals the delivered energy. The equality ocecurs
when ' a steady state of oscillations’ exists”.

The edge tone productlon, descrlbed among others by POWELL, is an exam-
ple of aerodynamically generated sound. Powell explains this phenomenon
by means of aeroacoustic feedback as follows: disturbances (vortmes) arise,
when dn gir jet (Re < 3000) is issuing from a nozzle in the shape of long slit.
When an air jet is issuing from a nozzle in the shape of the long slit, disturbances
at the nozzle lip are arising and travelmg downstream. As a result of the jet
hitting the sharp edge downstream from the slit, a sound wave is emitted and
propagates also upstream to the nozzle lip. The sound wave, reaching the slit,
initiates a new disturbance propagating downstream. Thus, the influence of the
acoustic field initiated by the flow again on the flow, makes a feedback loope

This phenomenon may be also explained on the basis of the hydrodynamit
theory, where it is assumed that the vortices occurring around the wedge affec.
the changes of flow field at the nozzle lip. In more complicated cases, mechanical
vibrations of the system accompany the generation of the aerodynamic sound.
Thus, the above mentioned amplitude and phase conditions involve additionally
the impact_of the mechanical system on the aeroacoustic field. It has an effect
on the enlargement of the system of feedback loops.

3. Block diagram of the test arrangement

~~ The set- -up presented in Fig. 1 was taken into consideration. An air jet
1ssu1ng from a circular orifice hits a flat bar, whose lower part is inside the
a,coustlc resonator. The discrete frequency sound generated in this set-up has
some similar features to the edge tone, but there is also a difference in the range
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of -velocity (Re > 30 000), as well' as in the shape of the nozzle. Moreover, the
process of generation iy more complicated due to mechanical vibrations of the
bar. In order to draw'a distinction between the two types of generation, the
sound produced in the test arrangement was: called the quasi-edge tone. Let
us take into consideration the arrangement shown in Fig. 1, but without the
acoustic resonator. Since the conditions required for the classical edge tone
generation are not satisfied, a broad-band noise without the discrete frequencies
is obtained. The amplitude condition is not satisfied due to the weak feedback
between acoustic and aerodynamic fields. If the acoustic resonator (in' the shape
of the cylinder) is present, as shown in Fig. 1, an acoustic wave oceurs at the
edge of the bar and is reflected by the wallg of the resonator. It results in rein-
forcement of some frequencies corresponding to the resonant frequencies of
the resonator. If the walls of the acoustic resenator are rigid, it is a half-wave
resonator, which for the basic tone is characterized by an antinode of acoustic
velocity. Therefore, the bar is' set in’ motion (transverse vibratiens) correspon-
ding to the resonant frequency of the resonator. The vibrations of the bar
reinforce the acoustic wave, which' then reinforces the intensity of vortices if
the phase condition is fulfilled.

S N NN R A SR

Fig. 1. Diagram of the test arrangement

Futhermore, the resonant phenomena of the vibrations of the bar can play
a part in this process. Additional reinforcement of the vibrations of the system
appears when the length of the bar is well chosen viz. one of the resonant fre-
quencies of the bar corresponds to the frequency of the signal produced. This
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physical process may be described by means of a block diagram, whose ele-
ments correspond to the respective physical phenomena. The mutual inter-
actions of aero-vibroacoustic phenomena lead to the feedback system.

There are two following types of feedback loops in the investigated arran-
gement:

1. Resonant loops, in which the output and input signals are of the same
type. The transfer functions of these elements are characterized by a dominant
frequency.

2. Non-resonant loops, in which the output and input signals are not of the
same type.

The following feedback loops can ocecur:

resonant loops

I — aerodynamic feedback connected with disturbances of the jet at the
outflow from the circular orifice,

II — acoustic feedbackcon nected with proper vibrations of the half-wave
acoustic resonator,

III — mechanical feedback connected with transverse vibrations of the bar;

non-resonant loops

IV — acoustic-aerodynamic feedback between the acoustic wave inside
the resonator and vortices cast off from the edge of the bar,

V — mechanical-acoustic feedback between the vibrations of the lower
part of the bar and the acoustic wave in the resonator,

VI — mechanical-aerodynamic feedback between the vibrations of the lower
part of the bar (induced to resonant vibrations) and the disturbances of the
air outflow,

VII — external acoustic feedback between the acoustic wave emitted by
the upper part of the bar and the acoustic wave inside the resonator.

Respective loops of feedback consist of blocks of adequate transfer functions.
The perspective trend of research in this domain is a quantitative description
of the above-mentioned mutunal interactions, in order to determine analytically
the amplitude and phase conditions. At this stage it is too difficult. In this con-
nection the work is limited to the proposal of the formulation of mutual inter-
actions in a block diagram as presented in Fig. 2,

Respective loops are denoted in Fig. 2 by Roman numerals (I-VII). Additionally,
the dashed line deseribes a cancellation loop which is discussed further on.

There are the following transfer functions (t.f.) in Fig. 2:

Gy, — t.f. of aerodynamie system,

Gyy — i.f. of aerodynamic feedback (loop I),

Gyg — t.f. of system converting from aerodynamic energy to acoustic one,

G, — Lf. of acoustic system (resonator),

Gaq — L.f. of acoustic feedback (loop II),

Gpa — t.f. of mechanioal system (lower part of the bar),

Gmg — t.f. of mechanical system (upper part of the bar),

Gmm — t.f. of mechanical feedback (loop III),
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Fig. 2. Block diagram of the arrangement

Gy — t.f. of acoustic-aerodynamic feedback (loop IV),

Ga — t.f. of mechanical-acoustical feedback (loop V),

Gpmp — t.f. of mechanical-aerodynamie feedback (loop VI),

@4 — t.f. of external acoustic feedback (loop VII),

Gmae — 1.f. of system converting from the mechanical energy to acoustic one (for
upper part of the bar),

Gae — t.f. of cancellation system (loop VIII).

This block diagram is a first attempt at a general description of the genera-
tion phenomena. At the next stage of research a deseription of respective transfer
functions is provided. Nevertheless, a block diagram gives a general view of the
nature of phenomena which may be involved in the process of generation.

The transfer functions shown in Fig. 2 can represent:

1) a delay resulting from propagation of sound wave in air, which gives
a phase shift

T
P &

where # — the length of the path of the propagating disturbance, ¢ — the pro-
pagation velocity of acoustic, mechanical or acrodynamic disturbance, respecti-
vely (it is connected with the phase condition);

2) resonant properties of oscillatory elements, which is connected with the
amplitude condition.

There are three resonant elements in the test arrangement: the acoustic
resonator, the bar and the flow of gas. If the frequencies deseribing the resonant
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properties of these elements have the same value, the optimum conditions of
generation occur. These frequencies can be calculated from the following formu-
lae:

L. The frequency of proper oscillations of the half-wave acoustic resonator

ne
'f=ﬁ! ﬂ=1:213:'--! (1)

where ¢ — sound wvelocity in air, D — eylinder diameter.
2. The frequency of the transverse vibrations of the bar can be calculated
from the dependence:

s
viz’
where h — radius of the bar cross-section, b — bar thickness, I — bar length,
¢, — the propagation velocity of a longitudinal wave in the bar, ¢, — factor
depending on the type of clamping.
For the bar clamped at one end and free at the other
2n—1
4y = g

mhe, ne, b

azdeblinicg : Siobimy s
fm i o2 Gny hence fm 4]/512 q, for & (2)

for o — 1 28

3. STROUHAL frequency f,, which describes the maximum value of mnoise
spectrum arising during a subsonic outflow at the velocity « of an air jet from
a circular nozzle of diameter d. :

It can be calculated using the formula

Sh
fan = _d_u, (3)

where S8h — Strouhal’s number.

Inﬂuénce of the external acoustic field on the generation conditions. It is
evident from the analysis of the performance of the test arrangement that the
acoustic resonator is of importance in the generation of the quasi-edge tone.
We call it a basic resonator and the acoustic field produced by this resonator
is called the internal field. As a result of multiple reflections between the walls
of the resonator and a vibrating bar, a standing wave occurs. The standing
wave causes the reinforcement of vibrations for resonant frequencies of the
resonator. In consideration of the strong influence. of the acoustic resonator
on'the generation conditions, the question arises: to what degree the external
acoustic field can affect the condition of the resonator performance, i.e. on the
process of generation. The external acoustic field can be obtained, if we create
a resonator at the upper part of the vibrating bar as a reflecting plate against
the bar. The additional standing wave can be created on the various levels of the
bar (Fig. 3). According to the phase agreement or disagreement of the instantaneous
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values of acoustic pressure of the two standing waves, the remt'orcement.
or the cancellation conditions, can occur respectively.

For higher modes of transverse vibrations of the bar, respective parts of the
bar ‘vibrate with the opposed phase. Location of the reﬂectmg plate at various
levels of the vibrating bar is presented in Fig. 3 The plate was placed a.gamst

a) b)

level 2 x= A/;g xzpa2 B
level 1 F"__
il
1
level O ;
UL |

] !

flow Flow

Fig. 3. Arrangement with an external acoustic field

a) cancellation on level 1 and reinforcement on level 2 (for z =21/4); b) cancellation on level 1 and reinforcement
on level 2 (for z=14/2)

both parts of the vibrating bar. Levels 1 and 2 shown in Fig. 3 correspond to
two parts of the bar with opposed phases.

On the basis of the theory of image sources [10] it can be proved that the
conditions of reinforcement or cancellation for levels 1 and 2 are reversed if
the reflecting plate is moved additionally by 2/4, Fig. 3b. These conditions are
presented in the block diagram in Fig. 2 as the eighth feedback loop (VIII).

4. Experimenlﬂ

The experimental arrangement is shown in Fig. 4. An air jet 1ssumg from
the circular orifice hits the sharp edge of the flat aluminium bar placed in the
axis of the flow. The distance between the edge and the orifice can be changed
stepfree. A cylmdncal reflecting surface, resting upon ‘the plate with the outﬂow
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orifice, surrounds the lower part of the bar. The range of dimensions and para-
meter changes being investigated is presented in Table 1.

The following magnitudes were measured : the sound pressure level, and the
spectrum of the generated signal, the mechanical vibrations of the bar, and the
stagnation pressure of the flow.

Table 1. Geometrical and aerodynamical parameters

No Notation | Symbols Range of
changes
1 | Cylinder diameter D 35- 80 mm
2 | Cylinder height H 100-200 mm
3 | Bar thickness q 2- 4mm
4 | Bar width 20 mm
5 | Bar length 500 mm
6 | Bar length between edge
and clamping point 1 100-300 mm
7 | Orifice diameter d 6 mm
8 | Edge stand-off distance a 10-40 mm
9 | Reynold’s number Re 3-10%-105
10 | Jet velocity at a distance
(edge removed) u 100-260 m /s

Acoustical measurements were carried out using the typical Briiel and
Kjaer equipment containing a 1/2” condenser microphone with a preamplifier,
the 2107 analyser and the 2304 level recorder. The set-up was tested in a semi-
anechoic room. Acoustic pressure was picked-up by a microphone placed
in the free progressive wave in order to avoid interference with a reverberant
field.

Mechanical measurements were carried out using a 8307 type Briiel and
Kjaer miniature accelerometer. The distributions of acceleration along the bar
were measured for different fixing points of the bar. Aerodynamic measurements
were carried out using a Pitot tube and a manometer. The stagnation pressure
was measured at the jet axis in a jet core and at the distance a = 30 mm
from the orifice. From these results, the velocity of air jet was caleulated.

The following tests were carried out: .

a) Dependence of frequency and amplitude of a discrete tone on the para-
meters of the test system. ;

b) The distribution of accelerations along the bar and the level of the gene-
rated discrete tone for different lengths of the bar.

¢) Possibility and conditions of discrete tone cancellation by the acoustic
feedback.
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5. Results of measurements and calculations

;}) Amnhmde and,&equency of a qurete tone.. The results of measuremeqts
are. ;):resen‘ted i Elg 5 and 6. rﬂ;}xe spectrum Qf the mvestlga.ted' q_ua!m-edge
tone is shown, in, Fig rﬁ_ior the ]queloelty % = 220 m /s Ttis gvulent that a smmd
pressure. level for fa.=2500 Hz, (SPLm,) is about 120 dB and. the rema,xmng
parb of. the speet,rum is lower by (20- 30) dB. :

SPL A

(dB] SPL._. =120 dB
120 28 -

u=220m/s
110 : :

/\ |

\-’.* : _ _D-80mm

S0

80

70 -
X Motk 20k f{Hzl

Fig. 5. Dependence of SPL on frequency for qua..si—.edge tone generation

The effect of the following parameters was, tested:

— the distance between the orifice and the edge of the bar {Fig. Gd:),

— the velocity u of the air jet (Fig. 6b), ‘

— the diameter D of the acoustic resonator (¥ig. 6c, 6d).

The obtained results indicate that the resonant. frequency of the acoustic
resonator determines. the generated dominant frequency. It su,ggests that the
feedback described by transfer functions G,, and Ga (Flg 2).i8 very strong
and determines the generation conditions. Tt was found that the. jet veioclty U
and the edge stand-off distance (a) do not affect the frequency of the generated
tone (Fig. ﬁa, 6b), while they affect the amplitude of the mgna,l It is expected
that the greatest amplitudes of the quasi-edge tone should occur when the re-
sonant. irequencles of the arrangement described by relations (1)- (3) are Bumla,r

 Effect of the cylinder -diameter

The frequency f of the acoustic system calculated from formula (1) for the
resonator diameter D — 80 mm is 2150 Hz, Tt resulfs. from the caleulations
(dashed curve in Fig. 6d) and the measured results that the measured frequencies
are greater than the calculated ones. It is due to the fact that the calculations
‘were carried out for an ideal half-wave- resonator ]

- Effect of the flow parameters '

On the basis of analysis of the results shown in Fig. 6 it is evident that for
the orifice diameter of 6 mm the best generation conditions occur when the jet
velocity » at the edge is 220 m/s.
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Fig. 6. Variations of SPL and dominant frequency fy with changes of parameters (a, py, D)

b) Distribution of transverse accelerations along the bar. In order to find
the influence of vibrations of the bar on the generation conditions, the measure-
ments of SPL,;,, depending on the length of the bar were carried out. The length
of the bar 1 is the distance between the free end of the bar and the clamping
point. The measurement results shown in Fig. 7 prove that the optimum gene-
ration conditions arise when [ is 19 cm (the best conditions), 23 and 13.5 cm.

In order to calculate the frequency of transvere vibrations of the bar, the
velocity of the longitudinal wave ¢, was measured. It was found that the velocity

., = 5180 m/s. :

Inserting that result into formula (3) for the bar lengths of maximum
generation, one can obtain the following values of modal frequencles for trans-
verse vibrations of the bar, (Table 2).

It is ewdent\tha.t_‘the value of measured frequency (f; = 2500 Hz) cor-
responds to:

—  the third vibration mode for | = 13.5 cm,

- the fourth vibration mode for. L= 19 cm,

— the fifth vibrations mode for ! = 23 cm,
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Fig. 7. SPL versus the bar length I

Table 2. Modal frequencies for
transverse vibrations of the bar

! [em]

n 13.5 ’ | 23

[Hz] | [Hz] | [Hz]

|

1 384 194 | 133
2 865 437 ' 289
3 | 2403 | 1213 | 828
4 | 4710 | 2378 | 1623
5 7791 | 3934 | 2684

n — mode number, ! — length of the bar

Acceleration was measured for the bar length I = 19 em in order to check
agreement with the calculated results. The results shown in Fig. 8 — eurve 1,
indicate that the nodes of the standing wave in the bar correspond to distances
of 7 and 12 em from the fixing point, i.e. 0.368] and 0.631l, respectively.

A chart of the vibration distribution for the clamped bars (9) indicates
that the nodes of the standing wave for the fourth vibration mode correspond
to distances of 0.3551; 0.6441; 0.906] (Fig. 8 — curve 3). Thus, these values
coincide well with the ones obtained in checking measurements.

The analysis performed proves that the maximum of SPL,;,, corresponds
to the resonant frequencies of the bar, which confirms the assumption that the
vibrations of the bar are of substantial importance in the process of quasi-edge

tone generation.
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Fig. 8. Distribution of accelerations a, along the bar for | = 19 em
1 — without cancellation, 2 — with cancellation, 3 — character of distribution after [9]

c) Discrete tone cancellation. To verify the hypothesis of the influence
of the external coherent acoustic field on the conditions of quasi-edge tone
generation described in chapter 3, the following experiment was made. A reflec-
ting plate was placed just opposite two antinodes (level 1 and level 2). Shifting
the plate from and towards the bar caused the change of feedback and therefore
the conditions of discrete tone generation. ,

Measured results of SPL versus the distance « between the reflecting plate
and the bar, for levels 1 and 2, are shown in Fig. 9. By approaching the distance
z = (2n—1)A/4 (at level 1) or z = ni[2 (at level 2) the discrete tone was ceasing
and the overall SPL was sliding down to its minimum value SPL = 95 dB.
Moreover, the increase of SPL is obtained when the plate approaches = na/2
at level 1, or ¢ = (2n —1)4/4 at level 2. This corresponds to the considerations
presented in chapter 3. The external coherent acoustic field has much the same
influence on the vibration of the bar. The comparison of the vibration distribu-
tion without and with feedback due to the plate is shown in Fig. 8. One can see
that for a negative feedback (the cancellation) vibration is much smaller (Fig. 8 —
curve 2).

Conclusions concerning discreie tone cancellation

1. A general hypothesis of the feedback between acoustic waves and bar
vibration is proper.

2. Insertion of the reflecting plate against the bar enables the cancellation
of the quasi-edge tone.
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3. The presented approach is of practical importance i construction
of fluid-flow machinery. The power of generated sound can be reduced by:
attenuation of feedback, avoiding resonant frequency, and by the effect of the
signals opposed in phase.

{dB1]
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100

90 ! L 1 | 1 I -
£ a 2 4 6 8 16 12 xleml

b T ' e

b) SPLA
[a8]

110 -

"Go [ 3

0 I 't e L 1 o

2 o- 2 4 § g 18 12 xlem]

Fig. 9. SPL versus distance « between the plate and the bar
#) plate shifted on’ level 2, b) plate shifted on level 1

It is assumed that these phenomena are more complicated in reality.
This work is only a preliminary attempt at a total description of the feedback
between aerodynamic, acoustic and mechanical systems.

The authors wish to thank Professor Wiktor JUNGOWSKI for the valuable

discussion and remarks.
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AN IMPULSIVE SOURCE OF STRONG UNDERWATER ACOUSTIC DISTURBANCES
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-

The present paper discusses the problems connected with the construction
of animpulsive high-power electroacoustic transducer. The operating principle of
the transducer is the discharge of a capacitors by a thin wire.

The paper also shows the electrical system of the transducer and gives
the values of the basic electrical components (parameters) of the eircuit.

The transducer generates acoustic disturbances of very short duration,
which permits this type of source to be used in studies of sea physies.

The paper presents the results of the investigation of the source itself,
performed in an anechoic basin. The maximum level of the acoustic pressure
obtained at a voltage U = 3.8 kV and a capacitance ¢ = 450 pF was 230 dB re-
lative to a pressure of 1 pPa, at a distance of 1 m from the source.

Introduction

Experimental investigations in underwater acoustics require strong sources
of acoustic waves. They are particularly necessary in the investigation of sound
scattering and absorption, in the measurement of the velocity of sound, and
in the investigation of the structure of the sea bottom. They are afso used to
investigate reverberation and scattering from the rough sea surface.

‘The classic high — power transducers are severely limited in their use.
The maximum efficiency (the maximum level of the acoustic pressure) is
limited by overheating, possible electrical breakdown, or by the ecavitation
threshold. A disadvantage of the magnetostrictive and piezoelectric transducers
is that their maximum efficiency can only be obtained at a frequency equal
to the frequency of the mechanical resonance, which causes the disturbances
radiated by these sources to have almost the character of harmonic waves (in
the case of a sharp resonance). These transducers are not very useful for in-
vestigations at low frequencies.

3 — Archives of Acoustics 4/80
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Workers very often use strong sources of underwater acoustic disturbances,
i.e. underwater detonations of explosives [3, 4, 5, 12]. A disadvantage of these
sources is that the repeatability of the sound effects accompanying them is
low, for a given mass of detonating explosive, which makes statistical processing
of the results difficult. Moreover, this method of investigation is dangerous.

The recent years have seen an increasing use of impulsive gources, driven
by a discharge of capacitors [, 8, 11, 12, 14]. Electrical energy is transformed
to acoustical energy, using different physical phenomena. Magnetic short —
cirenit transducers [8], breakdown (spark) discharges [12] and the so-called
exploding wires (discharge by a thin wire) [5, 11] are most often used.

This paper will present the results of investigations performed in an ane-
choiec basin which permitted the acoustic characteristics of an exploding wire
to be investigated over a wide range.

2. The short characteristic of the discharge of capacitors by a thin wire placed underwater

The discharge of capacitors by a wire underwater is different in its essential
mechanism from the breakdown discharge (sparker). The wire strung between
the electrodes prevents the breakdown stage from occurring, and the distance
between the electrodes can be longer at the same electrodes voltage.

The use of a bridge between the electrodes essentially decreases the duration
of the pulse, which in turn causes an increase in the energy density at discharge,
thus making this process more violent, compared to that of a breakdown dis-
charge. The effectiveness of converting electrostatic energy to acoustical energy
is several percent higher.

Fig. 1. The process of the discharge of the capa-
citor by a thin wire underwater

In the case when the eircuit of the wire sparker was short circuited a rapid
heating of the wire strung between the electrodes initially occurs as a resulb
of the Joule heat. At this stage of the discharge there is still no influence on the
magnetic field of the wire through which the electric current is flowing. In the
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next stage, the wire melts and turns'into a region of ionised gas called the plasma
filament. In connection with the plasma filaments, the pinch effect caunses
na.rrowmg of the discharge channels. Most probably droplets of plasma are
formed m these wh:ch are the sources of the pressure waves.

high
o0 ] woltage '__E'_)( '
220V supoly | CI AMA i

system } R C L

Fig. 2. The eleotrical system of the transducer and supply eircuit

The process of the discharge of capacitors by a thin copper wire is shown
in Fig. 1.

3. Design and performance principle of the transducer

The magneto system consists of a battery of eapacltors adapted for pulse
performance, a connector, supply cables, supply source and transducer. The
sparker has two electrodes, between which a thin copper wire is strung. The
electrical system of the wire sparker together with the supply circuit are shown
in Fig. 2.

The parameters of the supply system and the remaining data are the
following: the supply voltage U = 0-4 kV, the capacitance of the
capacitors €' = 450 pF, the capacitance of the circuit ¢, = 7.3 uF, the resis-
tance of the cireuit B, = 0.09 Q, the resistance of the copper wire R ~ 0.056 Q,
the inductance of the circuit L = 10 pH, the diameter of the copper wire d
=2-10"*m.

Fig. 3 shows a block diagram of the measuring system, which consists
of the following elements of the measuring chain (all manufactured by Briiel
and Kjaer): a 8103 type measuring hydrophone with a transmission band
+2 dB of 0.1 Hz-140 kHz; a 2626 type conditioning amplifier with a trans-
mission band -+2 dB of 03 Hz-100 kHz; a 2606 measurmg amphfler with
a transmission band +0.5 dB of 2 Hz- 200 kHz.

An oscilloscope O0G-2-31 RFT with memory with a transmission
band of 0-10 MHz was also used. The analogue — digital system used had a trans-
mission band of 0-50 kHz (the sampling rate was 10° kp/s).

The signal from the hydrophone (which had a receiving characteristic
that was flat to 100 kHz) was, after amplification, supplied to an oscilloscope
with a memory. It was also transformed to a digital form and fed to the compu-
ter. The power spectrum and the autocorrelation function, were de-
termined using an FFT algorithm.
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4. The results of the experimental investigations

Using the system shown in Fig. 2 for the generation of strong transient
acoustic disturbances and the system shown in Fig. 3 for recording the

waveform and the speetral — correlation analysis, a number of characteristics
of the pulse source were determined.

R

5 e ¢ jJ— 3

trigger

-

Tig. 3. The diagram of the measuring system
1 — transducer, 2 — a 8103 type Briiel and Kjaer measuring hydrophone, 3 — a 2626 type Briiel and Kjaer
conditioning amplifier, 4 — a 2606 type Briiel and Kjaer measuring amplifier, 5 — an. oscilloscope OG 2-31
type RFT with memory, 6 — the analogue-digital convertor, 7 — an ODRA-1305 type computer, § — an X/¥,
9% — a receiving hydrophone

Fig. 4. The pulse shape generated by the exploding wire

The first basic characteristic measured for the source is the pulse shape
generated, which is shown in Fig. 4. Fig. 5 shows the dependence of the peak
level of the acoustic pressure on the charge voltage of the capacitors.
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(z0.1m C=450uF
230

220 - /

210 /
200 /b

190

the acoustic pressure level [dB] relative to 1 uPa

180

Q 0.5 1.0 1.5 2.0 25 3.0 3.5
charge voltage of capacitors [EV]

Fig. 5. The dependence of the peak level of the acoustic pressure on voltage

- & 1=01m U=3.5kV

= 230

225 : /

//

210 //

o 100 200 300 400 500

capacitance of capacitors [pF]

the acoustic pressure level (dBI relative to

Fig. 6. The dependence of the peak level of the acoustic pressure on eapacitance

Fig. 6. shows the dependence of the peak level of the acoustic pressure on the
capacitance of the capacitors. Fig. 7 shows the time history of the pulse, the
autocorrelation funetion and the power density spectrum, while Fig. 8 shows
the dependence of the acoustic pressure level generated by the wire sparker
as a function of the distance from the source.
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235
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the acoustic pressure level [dB] relative to 1 yFa

1\

L,

| - 3
.5 2 3 4 Sy tor Byt s e (S 10

distance from the source [m]

Fig. 8. The dependence of the acoustic pressure level on distance

5. Discussion of the experiniem_a.l results

The experimental investigations performed gave the characteristics of the
acoustic pressure level as a function of voltage and capacitance. The dependence
of the acoustic pressure level on voltage is linear. The acoustic pressure level
depends on the square root of capacitance, and is in agreement with the depen-
dencies given in [5]. : :

The effectiveness of the conversion of electrical energy to acoustic energy
for the exploding wire is higher than that of the sparker type transducer [5, 6].

The expression describing the value of the acoustic energy in terms of the
time function of the pressure, measured at a distance » from the source, with
the assumption of a point source, (whmh is satisfied for a short distance between
the electrodes) has the following form:

4drr?

ok

f Py 1)

" . s ]
where E,, is the acoustic energy of the pulse, ¢ is the density of the medium,
¢ is the sound velocity, p () is the acoustic pressure, and r is the dmtanca from
the receiver to the source. :
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The electric energy accumulated in the capacitors is determined wusing the
known relation:
U2C
. 2
5 (@)

The effectiveness of the conversion of electric energy to acoustic energy
is defined by the ratio of relation (1) to relation (2) in the following form

E =

B, 2mr?

st i UZO"O p*(t)dt-100 [%]. (3)

In the investigations performed the effectiveness of the transducer was
about 11 percent. An increase in the effectiveness of the exploding wire can be
achieved (for the same electrostatic energy) by increasing the voltage and de-
creasing the eapacitance of the capacitors [b, 6].

It follows from the character of the disturbance that the pulse spectrum
is broad-band, while the autocorrelation function is “narrow”. Disturbances
of this type are very convenient for the investigation of the sea, and particularly,
a shallow sea, where temporal resolution between the direct pulse and the
reflected pulse is essential.

The measuring technique offers greater difficulty, since the acoustic pulses
generated are very short, which imposes great requirements on the measuring
apparatus, particularly in terms of the width of the transmission band [9].

The drop of acoustic pressure as a function of distance is greater than 20 dB
with a tenfold increase in distance.

In conclusion, it should be noted that the 1mpulslve source of acoustie distur-
bances described can be used in investigations of the acoustics of the sea. It can
also be used in small measuring basins on account of the very short duration
of the pulse. It is also mterestmg to note its possible use in the investigation of
the structure of the sea bottom, using the production of a side wave.

The sparker has a relatively simple design and performance principle.
The optimum effectiveness of the sparker is achieved with dimensions of the
eopper wire such that its length ranges from (5-10)- ‘107 m and d:ameter
(02 -0.3):107% m. Care should also be exercised to ensure that the resistance
at the point where the wire connects with the electrodes should be as low as
posmble The shape of electrodes does not play an essential role in terms of
its effectiveness, but is essential in terms of the barrier in the propagation
path of the acoustic pulse.

1
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EXPERIMENTAL DETERMINATION AND PRACTICAL APPLICATION
THE FOUR-POLE PARAMETERS OF STRUCTURE-BORNE SOUND ISOLATORS

G. MELTZER, R. MELZIG-THIEL -

Zentralinstitut fiir Arbeitschutz DDR (8020 Dresden, Gerhart-Hauptmann-Strasse)

A

Theoretical fundamentals are derived for measuring the four-pole para-
meters of vibration isolators at real loads. Since the dynamic properties of
rubber springs-depend on the initial load, the vibration forece and velocity are
measured on the isolator interfaces for a given initial load. Four-pole parameters
are determined for rubber springs and steel springs. The frequency characteri-
stics of the parameters, caleulated from the measured results, are compared
with the theoretical frequency characteristics. Furthermore, approximate
relations for the determination of the four- pole parameters are derived, and
verified by experiments. Practical application of the four-pole parameters of
vibration isolators is illustrated by examples in which calculations are performed
for: structure-borne sound wave isolation by longitudinally vibrating continua
and the excitation of structure-borne sound by machines.

Nomenclature*

— cross-sectional area

Uyys Uggy sy, g, — complex four-pole parameters,
E

&
&
&1s &1
& &,
N

oL,

f

fo

fi

b

16k, B

— elastic modulus,

— complex force,

— short-circuit force,

— ocomplex forces at the four-pole input,

— complex forces at the four-pole autput

— number of isolators,

— propagation gpeed of longitudinal waves,

— frequency,

— natural frequency ‘of the one-mass- -system (see Fig. 16).
— first natural continuum frequency of the isolators,
— complex admittance,

— modulus of admittance,

* In this article all complex quantities are expressed by Gothic letters.



316 G. MELTZER, R. MELZIG-THIEL

hp — floor admittance,

by — admittance of the test-foundation,

hy — admittance of isolators,

has — machine admittance,

k — wave propagation number,

i — length of a longitudinally vibrating continuum,

m — Inass, ¥

n — continuum compliance; spring elasticity in the frequency range without na-

tural continuum frequencies,

v — complex velocity,

b — rmg. value of velocity,

vp — velocity at the place of machine mounting,

vp — vertical velocity component at the test-foundation,
oM — velocity of the machine,

v;,0;,  — complex velocities at the four-pole input,

g, Uy — complex velocities at the four-pole output,

3 — loss factor,

A — wave length,

e — density,

w = 2nf — angular frequency.
1. Intreduction

Every longitudinally vibrating continuum has natural frequencies which
depend on its elastic properties and its mass. With a constant cross-section
the frequency f,, for example, at which acoustic waves are freely transmitted
by a structure-borne sound isolator due to natural resonance can be computed
from ; :

f=rst L e-1,23... (1)
nm

It is well-known that such natural continuum frequencies oceur also in the
rubber and steel springs which are used for structure-borne sound isolation.
Therefore, it does not suffice to know the spring compliance when computing
e.g. the structure-borne sound of buildings excited at high frequencies by ma-
chines with elastic supports. To be able to compute the vibration transmission
or isolation when structure-borne sound isolators are coupled with the other
vibrating structures (e.g. machine casing, supporting structure) one must know
the frequency-dependent four-pole parameters of the eontinunm and inciude
them in the computation.

In the following we should like to show how to measure the four-pole
parameters of structure-borne sound isolators in the acoustic frequency range
for real loads. In addition, the practical application of four-pole parameters
of springs is explained when computing both the structure-borne sound isolation
of a spring with a head mass, and the structure-borne sound excitation at the
place of mounting of elastically supported machines.
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2. Computation and measurement of the four-pole parameters of structure-borne sound
isolators

2.1. Theoretical frequency response of the four-pole parameters of springs.
We proceed from the wave equation for the wvelocity v(x) of a longitudinal
vibrating elastic continuum

0% v

o R ™

=0 (2)

The connection between the force F(x,t) and the velocity v(x, ) is as
follows
or

ov
—_— = —AF—.
ot ox (3)

Solving (2) for the case of harmonic excitation, we get the general solution
v(x) — Cycoshjk(l — ) + Co8inhjk (I — ). (4)

Considering the boundary conditions and notation according to Fig. 1
we obtain the following four-pole equations which connect the complex input
quantities §(0), 0(0) and the output quantities (1), o(l):

L)
l | x=(, v(l)
!
I
|
P
Sl /‘7&"“-;4
TS
|
At ——F x:0, vi0)
/
T
Fig. 1. Derivation of the four-pole parameters of a 1
longitudinally vibrating continuum Fro)

F(0) = coshjkl-F (1) + A—f—ﬁ sinhjkl-v (1),
(5)
(]

T AEBk

v(0) sin ikl - (1) + cos hjkl v (1).

We adopted the form of the four-pole equations with the coefficients U,
of the chain matrix which are used in references [2, 5, 6] and [7] and others
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to - characterize the wvibration -isolators: ¢ P :
§(0) = L FD) +Lan (), 0(0) = A, F(1) + Wy (1). (6)

According to [1] the materla,l damping can be descrlbed appronmately
by a complex wave propagation number

a» 2 7 . 7
sty [y p el s 2 TR W
d OL( i3) ( ] 2) "
The four-pole equations (5) now take the following form:
AEk

§(0) cosh(g +j) ol —£(1+j;’)sinh(-;’l+j)koz F(0)
i sy st ¥ e

v(0) ABL, (1 32)sxnh(2+j)kal cosh(a —I-j) kol (1)

(8)

When the damping is very small ( ~ 0) then the four-pole matrix becomes:

in k,l
coskyl jom 81: l"
ey 0
=1 kg ®)
jon coskyl
Teol

Independent of the material damping, one obtains the following approxi-
mations at low frequencies from equation (8):

Wy =Wy, 1, Up ~jom, Ay ~ jon, (10)

with ,, characterizing the mass impedance of the continuum and 9, characteri-
zing the spring admittance.

The natural frequencies of longitudinal vibrating continua are at k,l
= vn according to eq. (1). At these frequencies the parameters %, and Uy,
have minima or — with the material damping disappearing — zeros, respeeti-
vely. At the half frequencies 3»f, (i.e. kol = »-w/2) the parameters 2U,, and A,,
show minima or zergs.

The four-pole parameters were determined for springs with different ma-
terial damping. The frequency characteristics are plotted in Fig. 6 to 12 for
comparison with the measured results and discussed in section 2.4.

2.2. Fundamentals for the measurement of the four-pole parameters of
springs. Several proposals for the measurement of the four-pole parameters
of vibration isolators have already been described [6-9].

The disadvantage of these methods, however, is that the four-pole para-
meters of the springs cannot be determined under a real load. For example,
the method described in [6, 8] requires two measurements (with the static
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load of the spring ~ 0 N or < 200 N). Thus it is not possible to carry out an
exact determination of the load-dependent vibration characteristics, in parti-
cular, of rubber springs.

We therefore developed a measuring method permitting measurement of the
four-pole parameters of vibration isolators at static loads which correspond
to practical cases of isolators. These parameters will be different for different
static loads applied in the experiment. This method is necessarily more compli-
cated than the methods described in [6-9] and those used for determining the
four-pole parameters of networks in electrical engineering, because the “no-load”
case (i.e. when static load is equal to zero) will not be used in the measurements.

In the initial state of the four-pole which is to be measured, the following
relations for the input and output quantities will be valid (see Fig. 2):

Fr = Uy Fa+ Wpo0y, 03 = Wy Fy + Wno0s. (11)
- | i ¥
ra—— | ————0
b, ‘ », l e L‘vz 6}

a) initial state

B &
o :
b, -D,’ ‘ - ‘ .‘DZ' 52

Fig. 2. Derivation of the measuring method
for the determination of four-pole parame-

: s
Som of vibration isolators b ) reversal of the isolator in the test arrangement

After reversal of the isolator (which is generally asymmetric) in the test
arrangement we obtain

&= 91223};"*‘3[12”_;: 0 = ﬂalgfil‘ Ay 05 $paf (12)
We took into consideration that due to the reciprocity theorem
Wy Wag — Wy oWy =1, - 145 (13)

The relationships for the determination of the chain matrix parameters
follow from equations (11)-(13): gt

& _ 3
o=t Bt - (14)
. ARV 4

B
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&e 0, :
=By gy 15
22 31 + 81 12y ( )
g e (16)
32 2
D
A,y 2%% —0_2%22- (17)

If a vibration isolator behaves approximately like an ideal spring in a given
frequency range (i.e. no natural continuum frequencies occur), then the input
and output forces are nearly equal: §, ~ &,. In addition § = &, and §, — &
is valid for symmetric isolators. Thus it follows that outside the natural con-
tinuum frequencies the numbers in the numerator of the expression for A
according to eq. (14) will be approximately equal, which makes the numerical
computation of ,, unstable.

By comparison with the results of practical investigations of steel and rubber
springs it has been verified that the measured results of the parameter 90,
deviate greatly from the expected theoretical frequency characteristic (see also
section 2.4). Although the parameter %,, is included in equations (15)-(17) for
the determination of the other four-pole parameters, it has been shown that the
frequency responses of the parameters %,,, %A,, and A,, which were computed
according to equation (8) and those determined from measurements according
to equations (15)-(17), coincide well (section 2.4).

Thus it becomes obvious that at least outside the natural continuum fre-
quencies the following approximations for symmetrical springs are possible:

&1
m:11 o =Q‘[22f
3. (18)
—iBEuaii st :
it s e

The justification of relationships (18) and (19) is discussed in section 2.4.

2.3. Measurement of the four-pole parameters of different springs. The
test objects for the measurement of the four-pole parameters are summarised
in Table 1.

Figures 3 and 4 show the test arrangement. An electrodynamic exciter
serves as a vibration source. The static load was measured with the help of
a KWH 200 type semiconducting force transducer (manufacturer: VEB Robo-
tron Messelektronik Dresden). To measure the exciting forces and velocities
according to Fig. 3, we used quartz load-cells and piezoelectric pick-ups. The
mechanical measuring chain was installed in a sectional steel frame so as to
apply any static load up to 1 kN with the help of a regulating screw,
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Table 1. Test objects for the determination of the four-pole para-

meters
First natural
continuum
: Mass | Compliance| frequency Loss
Bpring Sype [kg] [s2-kg-1] computed factor
from eq. (1)
[Hz]
Steel spring (No.
25 spring from
P50/125 Type Vi-
bration Isolator 0.08 7.1.10-% 210 10-4
of VEB Schwin- d
gungsisolatorenbau
Radebeul)
Prismatic rubber
spring 0.560 3-10-8 1220 0.1
(27 % 27 x 63 mm?)

- adjustment scraw
for static load

+
-t|- elastic intermediate
piece

|—t- test object
load cell -{- || accelerometer
—1— plate holding the

acceleration pick-up

_ EsE|21 B
exciter | rubber holder
]

| elastic intermediate
piece

g

KHH2004 100

7 A 5 7 S

Fig. 3. Test arrangement for the determination of the four-pole parameters of vibration
isolators

4 — Archives of Acoustics 4/30
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Fig. 4. Test arrangement for the measurement of the four-pole parameters of springs
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It must be mentioned that it was not possible to measure the forces imme-
diately at the boundary surfaces of the investigated springs, because additional
masses (such as pressure plates, vibration pick-ups) were brought in between
the electromechanical transducers of the load-cells and the test object. Consi-
dering Fig. 5 the measured forces F,, and F,, were corrected by in-phase
substraction and addition of the mass forces. The measurement of the phase —
angles was made by use of an RFT phase-detector.

a0 % 5

m I{ 9 | testobject | ¥ ¢I m

m

Fig. 5. Correction of the measured forces in Gz &y - joy m
the determination of the four-pole parameters 3
of vibration isolators 2% “om+jW0z M

2.4. Comparison of the four-pole parameters of different spring types deter-
mined in the experiments and with those found by computation. Figures 6 to 8
show the comparison between the fou¥-pole parameters of the steel spring which
were computed according to equation (9) and those obtained from measure-
ment. The measurement results conld be obtained from exact relationships
in equations (14) to (17) as well as from the approximations (18) and (19).
When comparing the exact calculation and the approximation of the parameters
determined by the measurements, we find good agreement regarding the moduli
as well as the phase angles of the four-pole parameters %,,, %y, and Ay, . Thus,
it has been shown that approximations (18) and (19) are applicable not only
outside the resonance frequencies.

The experimental measurement results and the theoretleal computatmna]
results of the steel spring four-pole parameters do not show wide deviations
regarding their essential characteristics. According to approximations (10)
the frequency characteristics of the parameters |%;,| and [%U,,| for f < 100 Hz
come close to the straight lines of the mass impedance of the spring or the spring
admittance. The first natural continuum frequency of the steel spring (m = 80 g,
o= 7.1-107° §2-kg™') as determined from equation (1) lies at f, = 210Hz.
The first and second minimum of the measured frequency response of the
parameters |U,;| and |Wy,| lie — as can be expected from equation (9) — at
3f and }f,. In the measured frequency response of |W,;| evident minima appear
with the necessary 180° jump in the phase angle in the investigated frequency
range up to 1000 Hz at

f =% Sl UL
mmn
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To interpret the increase of maxima in the frequency response of ||
we computed the theoretical response for different loss factors according to
equation (8). The results were plotted in Fig. 9 to be compared with the measured
frequency response of |%,,|. One finds that the increase in maxima of |U,,]
can be explained by a higher loss factor. At the same time the question is left
open as to why there are still evident minima between the increasing maxima
in the curve determined from measured results which do not appear in the
theoretical results. Probably a damping law is concerned, which is unknown
a8 yet, and which should be considered in the theoretical determination of the
f.our-pt;le parameters of steel springs.

/;'?1 5
ol
[skg™'] i
2 A~
i
w0’ 7
v /
5 7 §
= A
T
,’s'zl | £ L ".,
# ' - ﬁ il
5 | | dn ol
?
|
2 [ i
102 501 Dl 5 10° ftHD
300° T T
P | { v
- ERL 5s 1 E.i B H
| | N A1
240° i 1 i
210° | '
180° ?
150° J‘;
Fig. 8. Four-pole parameter Uy of a s ;
No. 25 steel spring i
— — — theoretical curve using eq. (9), x— ——x 90°
computed from measured data using eq. (17), 50°
O——0 approximation using eq. (19), —- — the- .
oretical spring admittance 30° - 7 , 1
(n=7.1-10"5g2-kg—! = 5 e 2 5 10° f[Hz]
g77)

The parameter |[U,,| in which one expects the same frequency response
as in || according to equation (9) shows only allusively a i-egulamity in the
position of the minima. The reason for this difference between the computed
and the measured values lies in the difficulties occurring in the determination
of [A,,| from the measured values as has been mentioned already in section 2.2,
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1%/

[shg] % /

v

w"’l 2 2 %
28N 3 §-§-2 5 0 }im

Fig. 9. Computation of the four-pole parametfer %y of a No. 35 steel spring from theory and
measured data

X— ——x computed from measured data; theoretical curves using eq. (8), — — — 1 =0.01, —+ — 9 =0.1,~———4=0.3,
theoretical spring admittance (n = 7.1-10—3 s2.kg—1)

With the prismatic rubber spring (see Fig. 10 to 12) there is good agreement
between the frequency responses of the moduli and phase angles of the four-pole
parameters 2U;,, A, and A, which were obtained both exactly from the measured
values according to equations (15)-(17), or approximately from equations (18)
and (19).

The deviation of the measured values from the theoretical values computed
using equation (8) remains small for all 4 parameters if a loss factor of 4 = 0.1
is assumed over the whole of the investigated frequency range. Obviously, the
approximations expected for low frequencies according to equation (10) are
fulfilled.

3. Examples of the application of the four-pole parameters of structure-borne sound iselators

3.1. Computgtion of the structure-borne sound isolation of a lengitudinally
vibrating continuum with an attached head mass. As a measure of the structure-
borne sound isolation the ratio of the velocities v, and v, at the input or output
of a vibration isolator which is installed in a spring — mass — system (see
Fig. 13) will be considered. This velocity ratio characterizes the effect of a strue-
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o
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G 270°

b ¥, Fig. 12. Four-pole parameter Uy,
e of a prismatic rubber spring
---- theoretical curve using eq. (8),

90°
x— ——x computed from measured data
using eq. (17), O——Q approximation using

2 f[Hz] ed.(19), —-— theoretical spring admittance
(n =3-1076 g2-kg=])

180°

10’

ture-borne sound isolation with kinematic excitation in the case when the exci-
tation has no reverse effect (i.e. it is a pure motional excitation). From the four-

(20)

-pole equations
0, = Wpy Fa+ WsaDs,y

F1 = Ui §e +Uyo0.,

mass m A
= —r b & &
[
vibration 0 (4) ‘JJ b- 1
1solator ! * 2 g
g il
Lo, ————
electromechanical circuit diagram

| |
&,

vibration modetl
Fig. 13. Characterization of the structure-borne sound damping of vibration isolators
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and the condition §, = jwmv, to be read from the circuit diagram (see. Fig. 13)
one obtains as the modulus of the velocity ratio:

D
— = |y joom + Wy,|. (21)

Dy

From equation (8) we obtain for the longitudinal vibrating continuum

= cos(l—j g—)kol Aw;?wk (1 —j )sin(l—jg—)kol.

The ratio |v,/v,| was computed for the loss factors n = 0; 0.1; 0.3 with the
ratio Myyne/m = 0.001; 0.01; 0.1; 1. The results are plotted as 20log v, /v,| dB
levels above the frequency ratio f/f, in Figs. 14 to 16.

The mass ratios mgyy,,/m characterize certain spring types.

In many cases one chooses f, ~ 10 Hz when mounting machines on rubber
springs. The first natural continuum frequency f, of rubber rubber spring
isolators which are commonly used lies at f, ~ 1000 Hz. Thus, one obtains
folfy =107%. We know, however, that

: 1 1 T e m
oy ey e
2m nm w (77—

qn’spring (fo ) (23)
m fi

8o that one may expect Mgy n./m ~ 0.001 for rubber springs. The loss factor
of rubber is  ~ 0.1.

Analogously, for usual steel springs we obtain f, ~ 5 Hz, f, ~ 150 Hz,
Jolfy = 3:107% From equation (23) it follows that mgy,./m ~ 0.01. The loss
factor of steel springs is n ~ 0.001, ..., 0,01. Thus from the above considera-
tions Fig. 14 refers to rubber springs and Fig. 15 to steel springs. Fig. 16
illustrates particularly the frequency dependence of the ratio |v,/v,| at higher
frequencies. We observe that the expression 20log |v, /v,| dB increases by 40 dB
per decade above the natural frequency of the spring-mass-system considered
when it has a low loss factor. Above the first natural continuum frequency f,
the rise of the curve is 80 dB/decade. With very weak damping the maxima
of the curve 20loglv,/v,| lie on a straight line rising with 20 dB /decade. This
result is in contrast to the results of reference [4] where, above the first natural
continuum frequency, a frequency response of 20log |v, /v,| rising by 80/decade
was indicated. If one increases the damping of the spring then above second
natural continuum frequency there is a greater slope of the curve connecting
the maxima. Thus, due to the high damping as for the parameter |2, | in Fig. 9 —
there are no distinet natural continuum frequencies at all. It is this slope of
[v; /05| at higher frequencies (which seems to contradiet experience) which causes
us to be interested in the following question: Can a strongly damped steel

Dy

(22)




G. MELTZER, R. MELZIG-THIEL

330

£0=0U V——V ‘T0 =l X———X ‘9 =4 O—O
10°0 = w/3Ud8y jo3 |Za/la] (Ao onex Ly0pRA oy Siup

- S I

oo

g

(s

I

5

Z

S

0=U V-~V 10=l X——=X 0=1U4 O———0
1000 = w3 % 1o |%a/Tal eae] onex Ly10PA T Sig
ST ean s R T &g e Z
07- o€
0¢- 0z
0 1 Ol=
1 yf

oi- 0
0 ol
o E\ 24
oz / o€
oc or

{

: I
07 ,} \\_\ 05
05 5 09
\..w(\.‘\“o
@

] A

09 ooa e 11,
& 1)
08" 2

s N%\mnam

[grj

08 |
\ﬂ\mecm



STRUCTURE-BORNE SOUND ISOLATORS 331

gpring be more appro;iriate for structure-borne soundkisolation than a rubber
spring? Considering the available results this can be the case only if the
20log |v, /v,| curve of the strongly damped steel spring will, due to its steeper

20109/
i

70

60

50

40

30

20

10

3

U
S
e

2 G2 Dl R & . w024

Fig. 16. Velocity ratio level |o;/oy| for mgpping/m = 1
O—On =0, X===x n =103

slope, intersect the curve of the rubber spring rising by 40 dB/decade above
the second natural continuum frequency.

It can be seen from Fig. 15 that this circumstance will arise in the frequency
range of interest (i.e. up to 1000 Hz) only if the steel spring isolators will have
a loss factor > 0.3 and if mgy,./m — 1. This is realizable only by “series-
-connected lumped-parameter systems” containing additive damping elements
or otherwise damped springs.
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3.2. Computation of the structure-borne sound excitation at the place of
mounting of elastically supported machines. The general case of machine moun-
ting on isolators with natural continuum frequencies can be characterized by
the electromechanical circuit diagram shown in Fig. 17. Including the complex

8- % &
g T N,
M ANE »
(‘% Mﬂ‘ (%] J‘ (I\%lepﬂzz) b.u lﬂﬂ
L. v . ~ A._‘,-—’
machine N isolators floor

Fig. 17. Derivation of the relationships for the calculation of the structure-borne sound

coefficients 2, of the chain matrix of a single isolator the four-pole equations,
which in a system of N analogous isolators link the input and output quantities
(see Fig.17), are as follows:

1
8 =Uulp+NUpvp, v = F o1 Fp+Wsevp. (24)
The force fed into the vibration isolators is
n -
81 = Fo— L. (25)
Dar

The short-circuit force §, can be determined during the operation of a machine
which is rigidly mounted on a test foundation (ref. [3]):

bm S bF
Fo = — 0y, (26)
R
From relationships (24) - (26) we obtain a computational method for (multipli-
cation) determining therms. value of the velocity © ; at the place of mounting of an
elastically supported machine when the effective velocity ¢, (which is produced
by the machine rigidly mounted on a test foundation) is known

S Dy +Dhar : ~ (27)

Up = F
Q111 1 1 sz
— + N — =+
sebu 2+ %) 5752 %)

Assuming that the natural continuum frequency of the applied isolators
does not lie within the frequency range up to 1000 Hz which is of interest, we
can introduce the four-pole parameters of an ideal spring according to equation
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(10) into eq. (27). It then becomes

CHGE L~ 34 I)D([)F:“I)M) oo (28)
bF’(bM"" FbIJr[)D) 1
Now, with the conditions o® [10]
; 3
1Darl > (Bol;  [brl; 5T Bzl > (B! (29)

considered in equation (28) one obtains the simple approximate relationship:

hp. hy
P SI0M o 30
Up hj' (1IN)hIUF! ( )

where only the admittance moduli are used.

The ranges of operands of equation (27) applicable in practical cases can be
taken from [10].

Thus, the following conditions for the admittance moduli and four-pole
parameters have been derived:

A

= > NAy,, (31)
hp
: |
FAZI

— > Au, (32)

D

hy > hyy (33)
1
FAEI > hM- (34)

With relationships (31) to (34), equation (27) takes the simple form

hph
PRS- N (35)

&
hF"l‘\f'Azl

 Here, %,, proves to be the most important parameter for the computation

of the structure-borne sound excitation. The four-pole parameter |[A,,| rather

than the isolator admittance by is set in eq. (35) which makes a difference to
equation (30).

Fig. 18 shows the comparison of the results computed from equations

(27), (28), (30) and (35) with the measured results relating to the mounting of

a machine model on No. 25 steel springs (electrodynamic exciter on steel



334 G. MELTZER, R. MELZIG-THIEL

mass, see ref. [10]). For a quantity characterizing the difference between
computation and measurement we used the level difference AL, between the
computed and the measured velocity level at the place of mounting :

AL, = 20log —2%™.  4R]. (36)
¥ pmeasur.

One can see that by using the isolator admittance in equations (28) and (30)
there is considerable deviation between computation and measurement at
Jf > 100 Hz. However, the application of the four-pole parameters from equa-
tion (27) or the parameter 4,, from equation (35) characterizes the effect of
the natural continuum frequencies of the steel springs much better. The results
of Fig. 8 can be used to show this. The modulus of the four-pole parameter 9,,
for f > 100 Hz clearly remains below the theoretical admittance of the No. 25
steel spring. This means that the springs used seem to be considerably harder
due to the natural continuum frequencies than is indicated by the spring cons-
tant. The increasing difference between bzl and A,,| in Fig. 8 corresponds
to the difference between the measurement and the computation according to
equations (28) and (30) which increases with frequency (see Fig. 18).

aL,
(a8l

fa £ 3 e

4

>

™~
,’;‘

PD"/

20 ‘%‘ < Fig. 18. Differences between the com-

N \‘\’\ e puted and measured velocity levels for

SRR SR T the elastic mounting of a machine
. Ny’ model on steel springs

; O——0 computation with four-pole parameters us-

'n‘ I ing eq. (27), x — —— x complex computation using

X eq. (28), A—-— A approximation with hy using eq.

35), O— —— ximati ith 2
10? 2 5 07 flr1, 2% D= ——{) appra Sl R o

The fact that the structure-borne sound excitation can be much better
calculated by substituting 4,, for k; in equation (30) leads us to the coneclusion
that the compliance n of steel spring ean be corrected above the first natural
continuum frequency. Evidently, h; ~ A,,, and with h; = on for the steel



STRUCTURE-BORNE SOUND ISOLATORS 335

spring compliance (see eq. (9)) it follows that

sink,l
kol

(37)

1
n=—A»A, ~n
w

(ny = steel spring compliance below the first natural continuum frequency).

On average, the compliance decreases with frequency and has additional
minima at the natural continuum frequencies.

Experiments have shown that with rubber springs, due to the smaller
influence of the natural continuum frequencies in the frequency range up to
1000 Hz, one can compute the structure-borne excitation from equation (30)
and dispense with the four-pole parameters.
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THE INFLUENCE OF THE ELECTRIC FIELD ON SURFACE WAVE PROPAGATION
IN A PIEZOELECTRIC—SEMICONDUCTOR SYSTEM

Z. CEROWSKI, A. OPILSKI

Institute of Physics, Silesian Technical University
(44-100 Gliwice, ul. B. Krzywoustego 2)

-

The present paper describes the influence of a transverse electrio field
on surface wave propagation in a piezoelectric —semiconductor system, with
consideration of surface states. The calculations show that a transverse electric
field causes a change in the value of the attenuation coefficient and propagation
velocity and can be used to control the magnitude of the attenuation.

1. Introduction

A surface Rayleigh wave with two displacement components causes longi-
tudinal and transverse components of the acoustoelectric field to occur in
@ piezoelectric medium. The longitudinal acoustoelectrical field has been in-
vestigated in a number of papers [1-3]. Many aspects of the acoustoelectric
transverse effect can be studied. Papers [4-7] report on the investigations
of the acoustoelectric transverse effect, which determined the influence of
various parameters on the electromotive force of the acoustoelectric transverse
effect. The amplification of the wave can be controlled by the application of
a variable electric field causing a transverse drift of the current carriers [8-10].

In a piezoelectric —semiconductor system without acoustic contact the
electric field penetrates into the semiconductor to the depth of the screening
radius [11]. At this depth the influence of the surface states is greatest. Thus
account of the surface states [3] should be taken in consideration of the beha-
viour of acoustoelectronic phenomena.

This paper discusses the influence of a dc transverse electric field
on Rayleigh surface wave propagation with consideration of the surface states.

5 — Archives of Acoustics 4/80
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2. The basic equations

In a piezoelectric —semiconductor system (Fig. 1) the wave propagating
on the surface of the piezoelectric is described by the following equations

U oT,
e 6zz; = am:c v Ty = Coum Ulm—b’jikE;l},
; ¢
(1) (1) EDS:} )
‘Dn = €uim Ulm—sijj H F e 0’
mﬂ

where U, are the displacement components, T';, are the components of the strain
tensor, U, are the components of the deformation tensor, E{" are the com-
ponents of the vector of the electric field in the piezoelectric, D! are the com-
ponents of the vector of electric induction in the piezoelectrie, ¢4, are the compo-
nents of the tensor of the elastic constants, ¢, are the components of the tensor
of the piezoelectric constants, &;, are the components of the tensor of the di-
electric permittivity, and g is the density of the piezoelectric.

e

Ve
o
r
4
2 ]
® !
:
f
<
%
Fig. 1. The piezoelectric —semiconductor system in which a surface Rayleigh wave pro-
pagates

1 — piezoelectric, 2 — semiconductor, X; — the propagation direction of the wave, X3 — the direction perpen-
dicular to the propagation plane of the wave

In the piezoelectric, the electric field coupled with the surface wave, and
the electric currents that it causes are described by the equations

oD .
S =—gn, = GikE(ig)-{_quk

on
o, \ o,

(2)
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where D)) are the components of the vector of electric induction in the piezo-
electric, n is the variation of the bulk density of the carriers caused by the
wave, j, are the components of the current, B> are the components of the vector
of the electric field in the piezoelectric, o, are the components of the tensor
of electrie conductivity, D, are the components of the tensor of the diffusion
coefficient, and ¢ is the charge of the carriers.

Assuming that the piezoelectric crystal is hexagonal and that the wave
propagates in the plane (001) in the direction [100]; and after an isotropic
approximation of the elastic, piezoelectric and electric constants [1,3], i.e.
introducing

O11 =0y =OCi5F+0y, = O =0Cuyy Cy =p'y 05 =4,
On =05 =0 "0 = =26, B = 8y = 8y = &,
equations (1) will take the following form
eUsu = (A+p')(Uy, 1+ Uyy) 1 +0" AU, + 260} (3)
eUsue = (A+w)(Uys + Usg) s+ ' AT, + ogf) — 2053
e(Usis+ Us 1y —2Uy 43) — g8, AgV = 0.

Equations (2), after taking into account the external longitudinal electric
field B, and the transverse field E, will be expressed in the following way

divD® = goe, dp® = —gn, qn, = —odg® + quliyn, +quEsn 3+ qDAn. (4)

Introducing the acoustic potentials as in [3] and considering that all the
variable quantities in the piezoelectric depend on the coordinates and time as

exp [¢(ke, — wl) + kf,a,],

where % is the wave number, o is the angular frequency of the wave and g,
is the coefficient of penetration of the wave into the medium; from calculation
by the method of successive approximations and considering that the value
of the electromechanical coupling coefficient 1 = €%gy¢, pa; (a, is the propaga-
tion velocity of the transverse wave) is low, equations (3) give the coefficients
of penetration of the wave, #,, f,, f, and the relations between the amplitudes
¥, @, ¢). Thus the solutions will have the form [3]

¥ = 3 A, e[i(kw, — ot)+ kB w,],

=1

3 3
D — 2 B, elithay=ot)+kbyas) _ Zaﬂ A, elitker) = ot)+kByzs) (5)

n=1 n=1

3 3
o™ — 2 0, elitkzi=ot)+ kiyas) _ 2 yo A, clitkz=ol)+ kbyag)
=]

n=1
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3. The boundary conditions

The boundary conditions for the assumed piezoelectric — semiconductor

system are the following:
— the elastic straing become zero

Ty=0, i=1,2
— the tangential components of the electric field are continuous

oD =¢;

— the normal components of the vector of the electric induction are dis-

continuous
DY —DY = —qu,

where n, is the variation in the surface density of the carriers in the conduction
band,
Dg) e 30319993) +e( Ul,l —=2U, ), D.S.z) s 3032?’? .
Considering that
n = Fexp[i(kx, — ot) — Qka,) (6)
and thus from Poisson’s equation
q}(z) == ~(04e-kx3 _I__Gs e—kﬂzs) et'(kzl-—ml) 3 (7)
Then considering that the equation of continuity for the layer at the sur-
face has the form
Pgq = — 0,1+ QuE Ny 15+ QB g5 + QDM 115 — Gy 5 (8)

one obtains the boundary conditions in the form

3
N A, [(B:—1+2m)a, —2imB, —2mayy, = 0,

n=1

3
D A4,[2iBu0,+1+ B+ iny,] =0,

n=1

3
e € C,
2 I[ (0t 0200 =2 # eyt
n=1 2 liwrMQ(y—f—x-{—i.QM e 5§

w @p

+[(1 +2ﬂi)anh3iﬁn]cn] =0, (9)
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where £ is the coefficient of penetration into the semiconductor [12], n, = xn,
is the surface density of the carriers in traps,
' x = 1y(1 +iwr,) |1, (1+ 0?7))
is the occupation coefficient for the surface states [3],
7 = [Ca(Ny—me)]™"
is the lifetime of the carriers in the conduction band,
Ty = [On("?'so+”1)]_l

is the lifetime of the carriers in the traps, C, is the coefficient of capture of the
carriers by the traps, N, is the surface density of the traps, ny, is the filling den-
sity of the traps if no wave propagates, n,, is the surface density of the carriers
in the conduction band in the equilibrium state, n, is the density of the carriers
thermally ejected from the traps, F, 0,, C; are determined from the equation
of continuity for the layer at the surface (8), Poisson’s equation and the conti-
nuity of the tangential components of the electric field,

3
go8ak® 3 C,

F AELg TS n=1
iwruq(y+n+i£2 1By —l—im),
© ©p
3
C,=|1- Om (10)
_ imtm(}'—i—x-{-i — )

s = : Zom

kE.
'iw'rM(y-'-l-;s+'i.Q oo +’ii) (1— Q%) »=1
w wp

a,, ¥, are the relations between 4,, B, and C,,
Ty = 0, = 068,
is the Maxwell frequency,
y = 1+ pukE,|o
is the drift parameter and o, = #*/D is the diffusion frequency.

4. The solution of the problem and conclusions

In order to determine the variation of the propagation velocity and of
the attenuation coefficient, the determinant of the boundary conditions (9)
W (k) should be equated to zero and % should then be found from this equation.
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Since k = k,+k,, where k, results from the consideration of the piezoelectric
effect, the surface states, the longitudinal and transverse electric fields, and thus
k, < ko, W(k) = 0 can be expanded into a series with respect to k,. By inserting
the expressions for €, and C; into the third boundary condition (9) we obtain

g ) 20+1
toryly+x+i82 w).Q(l-%.(;‘)

E, .
5 i ys
w wl

+(1+28,) e, —3if,r =0,  (11)

or in an approximate, but much more convenient form,

3
2,0

n=1

- &g p
B i e : ; »
kE o4
[ f1 i iwrMQ(y«kx-l—i.Q # —i—i-—w) 3

o op
+(1 +2ﬁi)aﬂ—3iﬁnl =0; (11a)

where p =1 for Q< 1, p =3/2 for 2 =1 and p =2 for Q > 1.

Considering that Q = 2,+i2, and analyzing the case 2, < Q, after
the calculation of the variation of the propagation velocity and the attenuation
eoefficient we obtain the following expressions

dv oty N,
- N

k
Ty (1+f'3)(y +a)=+(b + 0,0 +3)[(1 o2 (b+ oF E')wrM+-’-'1f~’—]
& () wp & ) e
2 . %
(1+2) o arora (1 +22) 0+0) 2

1 1

+ .2) mﬁ_.&,ﬁ]_ 0,
wp 2, ¢

e anM.N-1 .
= M : S - |

e
p— (y+a)
&

2 = ’
(=) o arors [(1+-2) (o4 2252 4 2 Jorucr -2 la,
& €1 W @p 2, & j

X
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where a-+ib = %,

= 2mpy —1 — ﬁi_ +4mf, 2“

N, = 3ﬁ2[ Bl —1+2m) — P

A [ |

Mo = (L BB L 2m) o —2mpt 14— mp o).
m 2im
The above expressions show that the values of the attenuation coefficient
and the velocity depend on the longitudinal and transverse electric fields and
on the parameters characterizing the surface states. The change in the sign
of the attenuation coefficient, i.e. the change from attenuation to amplification

can thus only be caused by a longitudinal field. The transverse field only chamges
the value of the attenuation coefficient and the velocity.

[ e

Fig. 2. The dependence of the attenuation coefficient on the transverse electrio field Fj

The transverse field, depending on its direction of application, imposes
an inflow or outflow of the energy carriers to the surface on which the wave
propagates. In other words it causes a change in the conduction near this sur-
face, and thus has an effect similar to that of illumination in the case of a photo-
semiconductor.

If the transverse field causes an outflow of the eharge carriers from the
surface, then as its value increases, the attenuation decreases, tending to zero
for high values of the field intensity (Fig. 2). With increasing field strength
the velocity increases to the value n(N,/M)(L+e,/e,)”" (Fig. 3).



344 Z. CEROWSKI, A. OPILSKI

§ avv

Fig. 3. The dependence of the relative change in the wave propagation velocity, on the
transverge electric field H;

_ If the transverse field causes an inflow of the charge carriers to the surface,
then increasing the field strength to:

v [ oty e, /e _“_’_]
Qp 1’1(1+w’rzM) Ty (14 ey /e,) 2y @Wp

the attenuation increases to the value

’?‘& Pesfe, _ -
M oty (l+e./e)(y+a) 2,

and then decreases to zero for high values of the field intensity (Fig. 2). As the
field increases strength to the value
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and then increases, taking the value 5(N,/M)(1 + &,/e,)™" for a field strength of
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increasing again to the value
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at a field strength of

U [Tz(i+“’72) pesfe, +—w—+ ]
Qp "1(1“*'“’2"22) 0Ty (1 +&5/e,) 2, Wp 8 3

and with further increase in the field strength, the velocity variation decreases
tending to the value %(N,/M)(14¢,/e;)”" for high field intensities (Fig. 3).

These considerations lead to the conclusion that the value of the transverse
field for which the variation of propagation velocity has an extremum and the
attenuation its greatest value may be calculated using the parameters charae-
terizing the semiconductor, i.e. the lifetime of the carriers in the conduction
band 7, and the lifetime of the carriers in the traps r,. The behaviour of the
attenuation coefficient with respect to the transverse field applied which was
obtained in the present investigation was the same as in the experimental pa-
per [9].

For the transverse field leading the charge carriers to the surface on which
the wave propagates when its value is in the range

272 F; )
[ W Ty i Peafey g ],

o7, (14 w1} oty (1 +e,5/e,) 2, w_D

v
0<E <2
<E< e
the attenuation coefficient is greater, while in other ranges it is smaller than
without the transverse field.
A maximum value of the attenuation coefficient is

1 [ w31, peg /ey fg o ]
(7+a) L ory(1 + w73) ot (14 &, /e;) £, wp

times greater than for H; = 0. Considering the data in [3] and wry ~ 1, &
=10, & = 40, y =1, the value of the attenuation coefficient is between 1
and 10 times greater.

The frequency at which the absorption coefficient reaches its highest

1+

value is .
- syl Pesfey
m 2,2 LE. P 1/2°°
1] (H?){(Ha)%[_—m—*.ﬁ 3 L1 gy i 3]}

1 wt’l(l—f-w"ti) Op

If the transverse field leads the charge carriers and is

v ot o |
s oA [wrl(l T 75;]’
then the frequency at which the maximum absorption occurs is higher, while
for other values and in the directions of Hs, it is lower than without the trans-
verse field.
It follows from the above considerations that since with a transverse field
one can change the value of the electronic attenuation (amplification), it has
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a similar influence as a change in the illumination of the semiconductor. Affec-
ting concentration variation by illumination requires photosensitive semicon-
ductors and the possibility of illuminating them, which is not always possible.
It is thus more convenient to cause changes in concentration by changes in
the transverse electric field. It is significant for the determination of the value
of the critical field. Measurements always provide the total attenuation coef-
ficient, with consideration of the losses resulting from reasons other than ele-
ctronic attenuation. The value of the critical field depends only on the pro-
pagation velocity and mobility, while the value of the attenuation coefficient
also depends on the concentration of the carriers, which can be changed using
illumination or, as was shown above, by a transverse field. By changing the
concentration of the carriers we obtain various dependencies of the attenuation
coefficient on the drift parameter, which will cross at a point where the para-
meter is zero.
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THE INVESTIGATION OF THE STABIUZATION OF THE STRUCTURE OF AQUEOUS
SOLUTIONS OF HEXAMETHYLPHOSPHORTRIAMIDE USING AN ACOUSTIC METHOD

PIOTR MIP CZNIK

Acoustics Department, Uniwersytet Adama Mickiewioza
(60-769 Poznai, ul. Matejki 48/49)

Measurements of the density and of ultrasonic velocity at a frequency
of 15 MHz in aqueous solutions of hexamethylphosphortriamide (HMPT) over
the temperature range 283.15-323.15 K for the whole concentration range
are reported. On the basis of the quantities measured, the adiabatic compressibi-
lity, the deviation of the molar volume of the solution from the additive volume,
the partial molar volumes and partlal molar oompresslbzhmes of the compouents
have been calculated.

The sharp extremes of the ultrasonm velocity, the adiabatic compressibi-
lity, the excess compressibility and the partial molar volumes ocecurring in the
range of low concentrations of HMPT (0.04(323.15 K)-0.07(283.15 K) molar .
fraction) can be attributed to the stabilization of the structure of water in the
solution in consequence of the growth of clathrate structures of composition
8X.136 H,0. The variations of the dependence of the partial molar compressibi-
lities: of the components on the concentration indicate a strong intramolecular
interaction between the components in a solution, and in particular, over the
range of low HMPT concentrations.

1. Introduction

Many papers [4, 8-10] have reported investigations of the phenomenon
of the stabilization of water by dissolving molecules of non-electrolytes in it.
This phenomenon lies in a decrease of the thermal agitation of the molecules
and the formation of intromolecular-bonds in the. water, while non-electrolyte
additives act on the mutual ordering of the water molecules in the same way
as a decrease in temperature. The efficiency of the additives in stabilizing the
structure of the water and the mechanism of their action is conditioned by the
structure of the molecules of the non-electrolytes. The stabilization of the struc-
ture can be observed in the region of relatively low concentratlons of the non-
aqueous component: x, < 0.3 molar fraction. :
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The phenomenon of structure stabilization, which occurs in the solution
a8 a result of mutual intermolecular interaction, gives rise to extrema in many
physical quantities as functions of concentration.

A characteristic feature of the aqueous solutions of non-electrolytes is,
among other things, the occurrence of a maximum in the ultrasonic velocity
and a minimum in the adiabatic compressibility as functions of concentration.
The non-electrolytes, which show this type of behaviour in their aqueous solu-
tions, include amines (ethyldiamine and benzoamine [11], acetic acid and dioxane
[17). A maximum in the propagation velocity of ultrasonic waves has also been
observed in aqueous solutions of tetrahydrofran, 1,4-dioxane and ¢-butyl alcohol
over the concentration range 0.03-0.08 mole fraction [2]. The position of the
maximum is attributed to the formation of structures composed of stable
threedimensional clathrate compounds of 17 hydrates, i.e. 8X-136H,0 (X is
a non-electrolyte molecule).

CHEKALIN and SHAKHPARONOV [5], on the basis of the results of the measu-
rements of the ultrasonic velocity and of radiospectroscopic investigations,
showed that the dissolving of non-electrolyte molecules in water is accompanied
by a change in the composition of the hydrogen bonds between the water
molecules. The clathrate compounds form themselves in a similar way to the
clathrate compounds in the hydrates of ice. In the voids of these compounds
there are molecules of the nonelectrolyte. This causes a decrease in the compres-
sibility, an increase in the viscosity, and in the ultrasonie velocity ete.

However, the ocemrrence of a maximum in the ultrasonic velocity in solu-
tions is not always attributed to the formation of spatial structures. The maxima
that occur in the ultrasonic velocity at a concentration of approximately 0.2
molar fraction in aqueous solutions of N-methylformamide, N,N-dimethyl-
formamide and N,N-dimethylacetamide were attributed by Kawaizumi, OHNO
and MIYAHARA [13] to the formation in the solution of unbounded compounds,
with the position of the maximum velocity showing the type of these compounds.

The present paper attempts, on the basis of the results of the measurements
of the ultrasonic velocity in, and the density of the medium, to determine the
type of structure stabilization that occurs in aqueous solutions of hexamethyl-
phosphortriamide (HMPT), a compound belonging to the group of weakly associa-
ted liquids. '

2. The properties of hexamethylphosphortriamide ([N(CHj);]sPO) and its aqueous solutions

The hexamethyltriamide of orthophosphoric acid (HMPT) is a liquid of
unstable structure [14]. The structure of the liquid HMPT is characterized
by a small association (there is free rotation of the molecules, and HMPT has
a relatively low packing coefficient y = 0.51). However, the possibility of the
existence of associates with very short lifetimes cannot be excluded. The cha-
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racter of the association is different from the association occurring in water.
The packing of molecules in the liquid is not dense, and its character changes
relatively easily with temperature (—dlng/dT — 8.82-107* deg™", where g is
the density and T is the temperature).

On the basis of measurements of dielectric relaxation [7] and the proton
spin — lattice relaxation [14], the following conclusions were drawn in telation
to the structural changes occurring with the solution of HMPT molecules in
water:

— the methyl HMPT groups exist in the voids of the structure of the water
without noticeably reconstructing it;

— with concentrations of HMPT up to 0.1 molar fraction, the structure
of the water is relatively weakly affected, and the process of its destruction
increases with a concentration of 0.5 molar fraction;

— water weakly affects the HMPT structure;

— for small amounts of solute, the HMPT molecules, which form hydrogen
bonds with the water through the oxygen beside the phosphorus, do not destroy
the lattice of hydrogen bonds; in

— the stability of the structure of the solution over a concentration range
of 0-0.15 molar fraction of HMPT is much greater than that for pure water.

The results of the investigation of the properties of the HMPT water
solutions reported in [7, 14] do not, however, give an unambiguous answer to
the question of the character of the intermolecular interactions, particularly
for low concentration of HMPT. It is therefore useful to conduct additional
investigations using the methods of molecular acoustics.

3. The method of investigatlion

The measurements of the ultrasonic veloeity in aqueous solutions of hexa-
methylphosphartriamide were performed with a pulse — phase interferometer
at a frequency of 15 MHz. The measurement error did not exceed 0.1%. The
medium investigated was thermostabilized with a precision of 0.05 K, while
the temperature measurements were performed using copper — constantan
thermocouple connected with a digital voltmeter, permitting the temperature
to be read with a precision of 0.025 K. The measurements of density were
performed by the pycnometric method with a precision of 0.02%. The p.f.
brand HMPT of West German production and double distilled water were
used in the investigations.

The ultrasonic velocity and the density of the medium. The experimental
results of the measurements of the density of the medium and of the ultrasonic
veloecity in aqueous solutions of HMPT as functions of concentration and tempe-
rature are shown in Table 1, while. Fig. 1 shows the temperature dependence
of the ultrasonic velocity for individual concentrations. It follows from these
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dependencies that for concentration @, = 0.006 molar fraction (curve 2) the
character of the change is similar to that for water, while for a concentration
of 0.02 molar fraction (curve 3) the velocity is, over a certain temperature
range, independent of temperature. For concentrations above 0.02 molar
fraction, the character of the variation is analogous to that for pure water,
which indicates a destruction of the previous structure of water (i.e. the hydro-
gen bonds between the water molecules have changed their distribution).

v
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1600 ﬁ"";—-q,,
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1500 = 7
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! 1 ]

293.15 303.15 313.15 32315 TIKI
Fig. 1. The dependence of the ultragonic velocity on temperature in agueous solutions of
HMPT

curves 1-11 corespond to concentrations of 0.000, 0.005, 0.020, 0.050, 0.100, 0.150, 0.200, 0.275, 0.492, 0.691,
1.000 molar fraction of amide

Figs. 2 and 3 show respectively the concentration dependencies of the
density of the medium and the ultrasonic velocity. For both the density of the
medium and ultrasonic velocity a maximum occurs at a well defined composi-
tions of the solution. (The maximum density occurs for z, ~ 0.15 molar frac-
tion; while a sharp maximum in the velocity oceurs over the concentration range
0.04 (323.15 K)-0.07 (283.15 K) molar fraction of amide.) With an increase in
the temperature this maximum thus shifts towards lower concentrations of
HMPT, as for aqueous solutions of alcohols [16]. The point of intersection of
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the two curves of the velocity at the different temperatures oceurs for a con-
centration z, = 0.021 molar fraction; and the velocity does not depend on
temperature (in the temperature range 283.15-313.15 K).

The phenomenon of the intersection of the curves of the ultrasonic velocity
as a function of concentration, can be observed in many aqueous solutions
of non-electrolytes [6, 16]. ENDo [6] interprets the occurrence of this pheno-
menon as the formation in the solution of clathrate compounds, with the con-
centration corresponding to the intersection of the curves indicating their
composition. This interpretation is however, unjustified, since it totally neglects
comparison with other parameters which show a similar dependence to that
of the ultrasonic velocity e.g. the density of the medium, and the ultrasonic
absorption coefficient.
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0.99
i | | | | | | | |

= ¢ OF - 03 oe=Sas  cos—ay a8 09 W
Molar fraction of the amide

Tig. 2. The concentration dependence of the demsity in aqueous solutions of HMPT
curves 1-5 correspond to temperatures of 283.15, 203.15, 303.15, 313.15, 323.15 K

Adiabatic compressibility and the excess compressibility of solutions. On the ba-
sis of the measured values of the ultrasonic velocity in, and the density of the
medium, the adiabatic compressibility of the solutions §, was calculated. Two
facts should be noted in the analysis of the concentration dependence of B,
shown in Fig. 4; the occurrence of the minimum; and the point of the inter-
section of the curves, which is independent of time. The former corresponds
with the occurrence of the maxima in the ultrasonic veloeity and in the density;



STRUCTURE OF HEXAMETHYLPHOSPHORTRIAMIDE 3563 .

while the latter, corresponds with the occurrence of the intersection of the curves
of ultrasonic velocity at different temperatures. The minimum in the adiabatic
compressibility in aqueous solutions of HMPT (Fig. 4) occurs over the same
concentration range as the maximum velocity (Fig. 3).
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Fig. 3. The dependence of the ultrasonie velocity on concentratio in agueous solutions
of HMPT
ecurves I-5 correspond to temperatures of 283.15, 293.15, 303.15, 313.15, 323.15 K

The sharp extrema of the adiabatic compressibility and the ultrasonic
velocity occurring over the concentration ranges of 0.04 (323.15 K)-0.07
(283.15 K) molar fraction indicate that the greatest structural stability is achie--
ved over this concentration range. It is thus most likely that the clathrate
compounds 8X -136H,0 will form in the solution, where the molecules of HMPT
enter the voids of the hexadecahedra formed by the water molecules. The for- -
mation of the clathrate compounds causes a decrease in the adiabatic compres-
sibility and an increase in the ultrasonic veloeity in the solution, which proceeds
until the voids are totally filled. Further increase in the compressibility is
conditioned by the occurrence in the solution of additional molecules of amide, -

6 — Archives of Acoustics 4/80
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which do not enter the voids of the clathrate compounds. The destruction
of the clathrate compounds is indicated by the occurrence for #, =~ 0.15 molar
fraction of a maximum in the density of the medium, where the structure is
most densely packed, and for which the water molecules are linked to the amide
molecules by hydrogene bonds.

I Io-" m? N-'J
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35

0 ot az a3 04 05 06 07 0809 10
Molar fraction of the amide

Fig. 4. The dependence of the adiabatic compreesibility on concentration in aqueous solutions
of HMPT
curves I-5 correspond to temperatures of 283.15, 293.15, 303.15, 313.15, 323.15 K

The excess adiabatic compressibility of the solutions was ealculated from
rélation

4 7
ﬁf = B, '“_'7 [@, V) Bon+ @2 Vaby, 0], (1)

where #,, #, are the molar fractions of water and amide respectively; V =, V, +

+ @, ¥, is the volume of a mole of the solution ecalculated in an additive manner;
V., V, are the molar volumes of water and amide, respectively; f, ,, f, , respecti-
vely, the adiabatic compressibilities of the water and the amide.

It follows from the results shown in Fig. 5 that the values of g2 are always
negative, i.e. the f, are lower than those of the compressibility calculated in
an additive manner. The solution of HMPT in water causes a decrease in the
excess compressibility of the solution to a particular concentration

Rrbaor » Lond
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(0.07(283.15 X)-0.125(323.15 K) molar fraction, beyond which further addition
of the amide causes an increase.

The additional molar volume of the solutions and the partial molar volumes
of the components in the solution. The change in the volume of the solution
prepared, per mole of the solution, was calculated from the relation

oMtz M,
0

where M,, M, are the molecular weights of the water and the amide, respecti-
vely; o is the density of the solution.
H
10 mi N
0

av —[zVi+2,V,], (2)
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=15

o ; , 03 04 a5
Molar fraction of the amide

Fig. 5. The dependence of the excess adiabatic compressibility on concentration in aqueous
solutions of HMPT
curves I-5 correspond to temperatures of 283.15, 293.15, 3038.15, 313.15, 323.15 K
The deviation of the volume of the solution from the simple additive
volume as a function of concentration is shown in Fig. 6. A decrease in the
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volume of the solution, which takes its extreme value over the concentration
range 0.2-0.5 molar fraction, can be observed for the whole conecentration
range. A decrease in the molar volume of the solution accompanying the solution
of the amide in water also confirms the formation of the clathrate structures,

AV
£10™%m’/mol)]
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-05

=15
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< 8! 02 03 0F 05 06 RF 00 09 3D
Molar fraction of the amide

Fig. 6. The variation of the volume of the solution with conoentration in aqueous solutions
: of HMPT i
curves 1-5 correspond to temperatures of 283.15, 293.15, 303.15, 313.15, 323.15 K

with the molecules of the amide entering the voids of the polyhedrons, thus
decreasing the total volume of the solution. The width of the minimum AV
suggests, however, the existence of elathrate structures up to a concentration
of 0.5 molar fraction of the amide.

The characteristic behaviour of the partial molar volumes of the compo-
nents in the solution was derived from the dependence of the density on con-
centration. The partial volumes of the components in the solution were calcu-
lated from the relations

@ /]
M19+(M1—’ —|~M2) o
- _(aV) - s ou, )
- aﬂ’l g T 92 y .
de

M,— (M1+'$—2Mz) ay
]

Be aov
]72 — ( — ) = - ’ (4)
Oy T e
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while Fig. 7 shows the dependence on concentration of the difference of the
molar volumes of the components in the solution (¥, and V,) and the molar
volumes for an infinite dilution (V) and V,). It follows from the curves that
a decrease in the molar volume of the amide occurs in the solution, reaching its
extreme value for x, ~~ 0.05 molar fraction, beyond which it rapidly increases
up to a concentration of 0.2 molar fraction. Contrary to the behaviour of the
molar volume of HMPT in the solution, an increase in the molar volume occurs
at a concentration of 0.05 molar fraction.

The character of the curves for the aqueous solutions of HMPT shown
in Fig. 7 is analogous to that of the aqueous solutions of alcohols [15] and amines
[12]. The sharp minimum of the function (V,— V2)(x) for x, = 0.05 molar
fraction confirms the existence of the clathrate structures in the solution and
indicates that with fully filled free voids the molecules of the amide change
their distribution in the direction of greater packing, while the maximum of the
funetion (¥, — V9)(«) indicates the reconstruction of water in the direction of
lower packing.

The partial molar compressibility of the components in the solution. The
quantity characterizing the compressibility of the individual components in the
solution is the partial molar compressibility in the form

ap .

i =

(5)
which is the pressure change of the partial molar volume. By differentiation
of the partial molar volume
= ov
7 (

i

) for § =1, % j =3,1;4 24, (6)
aﬂ’i‘ nJ-,T

and under the assumption that n,+mn, = 1, i.e. for one mole of the solution,
the following dependencies are obtained for the partial molar compressibilities:

1 ndpPgsie somy B
Kl e T ap e ﬁvl_V‘vP. 31‘2’ (7)
o op
—_ — - o =
K, op BV o+ Vay o, (8)

The dependence on concentration of the quantities K, and K, determined
from relations (7) and (8) is shown in Figs. 8 and 9. Analyzing the curve for the
partial molar compressibilities for HMPT we see that the compressibility of
an amide molecule in the solution is low for dilute solutions (Fig. 9), with a sub-
sequent increase up to an concentration of 0.075 molar fraction. There is a cha-
racteristic point of inflexion at a concentration of 0.05 molar fraction, beyond
which the increase in K, is very rapid. Contrary to the behaviour of the adiabatic



P. MIECZNIK

358

LdWH Jo
suopnios snoenbyw Ur uorjvIUesU0O WM I9jBM Jo LyIIqr
-ssorduroo oneqeIpe [eried oyy jo uwopnerivA oug, '8 'S

SpiuUD 3y} JO U0NODI| JDJO
50 70 £0 z0 10 0
I I I I

HGLECE =1

k.mhm-pm. et i W

-
e H1OWN /W), 01 1

dos he -

LJdWH J0 uonnios snoonbe ur woreIjueouss jo suorouny
8v oprue oy} Jo (54 —%4) pus Iogea oYy Jo (Jg ~T4)
sowmpoA JIejow [eraed oyj JO WOHEMEBA Oy, ‘L ‘Sig

SpIWD 3y} JO UCNIDIJ IDJOp

S0 70 £0

44

HGUETE =t
MHSIEQE —o—

MGLESE —o=e

1

Si-

0l-

0
thow/w), o1

-



STRUCTURE OF HEXAMETHYLPHOSPHORTRIAMIDE 3568

compressibility of the amide in the solution, the partial molar compressibility
of the water, K,, decreases with increasing concentration of the amide (Fig. 8).
Up to a concentration of 0.05 molar fraction, K, is almost independent of con-
centration, and subsequently decreases rapidly up to a concentration of 0.0756

-9V, /dp
L07%m®/ Nmol)]
100
80 t

60

40

20
—o— 283.15K
0 —— 303.15K
Sy 32315 K
=20
| | | ]
0 ol 02 03 04 as

Molar fraction of the amide

Fig. 9. The variation of the partial adiabatic compressibility of the amide with concentration
in aqueous solutions of HMPT

molar fraction. The decrease in the compressibility of water for x, o 0.02 is
caused by the lower compressibility of the clathrate structures, while the sta-
bility of K, over the range 0.02-0.05 molar fraction indicates that the mole-
cules of HMPT enter the voids formed by the clathrate structure of water.
The occurrence of additional amide molecules, which do not enter the voids
of the clathrate compounds caused an increase in K, and a decrease in the com-
pressibility of the water, K,. The relationship of K,(v) and K,(») indicates
a strong intermolecular interaction between the components in the solution,
particularly over the lower range of concentrations.
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5. Final conclusions

Ultrasonic and volumetric investigations of the structure of aqueous
solutions of hexamethylphosphortriamide indicate the occurrence, at low con-
centrations of the amide, of clathrate structures with the composition 8X-
-136H,0. The stability of the structure of the solution for this concentration
is much higher than that of pure water, and thus stabilization of the structure
of water occurs. These results are not in full agreement with the coneclusions
proposed in [7] and [14]. The present paper does not, however, exclude the
possibility of the formation of complexes of molecules of water and HMPT by
hydrogen bonding for concentrations a, > 0.2 molar fraction, where the des-
truction of the clathrate structures already occurs. Complexes of the types
HOH ... HMPT and HMPT ... HOH ... HMPT were discovered in the in-
frared absorption spectra for concentrations of about 0.5 molar fraction of
HMPT [3].
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THERMODYNAMIC PARAMETERS OF AN ULTRASOUND RELAXATION
PROCESS IN 2-NITROBUTANOL-1

ADAM JUSZKIEWICZ, ZOFIA BARTYNOWSKA-MEUS

Institute of Chemistry, Jagiellonian University
(30-060 Krakéw, ul. Karagia 3)

Measurements of the velocity and absorption coefficient of ultrasound
were carried out in 2-nitrobutanol-1 with respect to the frequency of the sound
and the temperature. The relaxation process can be accounted for in terms
of a rotation about the C —C bond. The relaxation parameters for the observed
process have been determined.

1. Introduction

Disubstituted butane derivatives are very interesting for ultrasonic in-
vestigations because within this group of compounds the existence of relaxation
effects connected with a restricted rotation about the C —C bond can be expec-
ted. As a result of this restricted rotation process, molecules of different confor-
mational forms are present in the environment.

Investigation of the absorption frequency spectrum and the ultrasound
velocity enables us to observe such effects and to determine the kinetic and
thermodynamic parameters of the ultrasonic relaxation process.

The aim of this work was the investigation of the relaxation effects in
2-nitrobutanol-1, a representative of the f-nitroalcohols which have not pre-
viously been examined with acoustic methods.

The investigated substance was also of interest because its two polar
groups —OH and —NO, can form an intermolecular hydrogen bond, which
constitutes an additional factor stabilizing one of conformational forms.

In our previous paper [1] results of measurements of the ultrasonic velocity
and absorption coefficients for 2-nitrobutanol-1 have been presented. However,
the frequency range was too narrow to permit a full description of the examined
phenomenon.
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The present studies, carried out over widened frequency and tempera-
ture ranges allow us to determine all the characteristic parameters of the ultra-
sonic relaxation process connected with the rotation of the 2-nitrobutanol-1
molecule about the C —C bound.

The measurements were made over the temperature range —55 to +80°C
with an high frequency apparatus US-4, which has been described previously
[2], and with an ultrasound spectrometer CSU-250 over frequency range
2.5-57 MHz. The ultrasound velocity in the same temperature range was de-
termined with a modified pulsephase interferometer UI-14, over the frequency
range 2.5-156 MHz.

2. Experimental part

As the ultrasonic attenuation of the investigated substance is of the order
of 107", it was necessary to make the measurements using very thin liquid
films, of the order 100 ym. In order to achieve adequate acearacy in measuring
this distance we used a modified Abbe cathetometer, made by Carl Zeiss J. ena,
which measured the distance to an accuracy of 40,5 um.

~ Accurate measurement of the temperature in the experimental vessel was
achieved by using a compensating method and a resistance thermometer. The
resistance thermometer was made of platinum and gave an aecuracy of 4-0.01°C,
it has a very stable characteristic curve over long periods of use. For the in-
vestigations, 2-nitrobutanol-1 produced by the firm Fluka AG of Switzerland
was used. The initial experiments were carried out over the temperature range
0° to 80°C. They showed a slight decrease in the ultrasonic attenuation with
increasing temperature [1]. The results of these measurements showed the
necessity of extending the investigated temperature range below 0°C. Absorp-
tion coefficients were measured for the following frequencies: 2.5, 5, 7.5, 10.0,
12.5, 13.4, 15.1, 17.9, 21.1, 35.9, 44.2 and 57.3 MHz over the temperature
range —55 to +410°C. The velocity of ultrasound was determined for fre-
quencies of 2.5, 5, 7.5, 10, 12.5 and 15 MHz. Within the investigated frequency
range, dispersion of the velocity was not observed.

3. Discussion

The analysis of the curves of a/f? versus logf (Fig. 1) leads us to conclude
that in 2-nitrobutanol-1, in these ranges of frequency and temperature, we can
observe relaxation processes associated with conformational rearrangements
of this compound. It may be described by the equation [3]

A

afff=——-—— 1B, (1)

1+(flfe)?

where A and B are constants, and f, is the specific relaxation frequency.



ULTRASOUND RELAXATION PROCESS 365

{a/f) 701‘11
[s%cm™)

S0ri=

20

0 =

1 ! L

0 1 2 logf [MHz]

Fig. 1. The plot of a/f? vs. logf
1 - =50,0°C; 2 — —47.5°C; 3 — —45,0°C; 4 — —42.5°C

A coefficient of relaxation absorption per wave-length, g, was calculated
from equation
# = (a[f*— B)c,f, _ (2)
where ¢, is the velocity of sound at low frequencies and B is the limiting of
a/f* for high frequencies (Table 1).
The values of u are shown in Fig. 2. The relaxation terms (Table 1) were
calculated from: '

T = (2nf) 7. (3)
Table 1. Thermodynamic parameters 4, B, r and velocity ¢, for 2-nitro-
butanol-1

T 4 B ¢ | Tx1078
°C1 [10'7 g%.cm-1] [10'7 g%.cm-1] [m/s] [s-1]
—50.0 84 865 7000 1674 5.31
—47.56 35 057 6500 1668 2.27
—45.0 25 307 5000 1660 1.59
—42.5 15 448 3180 1652 0.96
—40.0 14 388 2500 1646 0.88
—37.5 12 266 1500 1638 0.76
—35.0 8570 500 1632 | 0.72
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Enthalpy difference values 4H, were found from the directional coefficients
of lines representing the dependence of log (T uy../¢%) on T~'. Values of the acti-
vation enthalpy AH; were obtained from the dependence of log(f./T) on tempe-
rature. The entropy 48; was determined from a knowledge of the constant term
in equation of the line representing the dependence of log(f,/T) on T~'. The
activation enthalpy AH; was calculated as the sum of AH; and AH,. The
ultrasonic parameters ¢,, A4, B, v for 2-nitrobutanol-1 are listed in Table 1.

u10°4
200 i~
150 -~
100 —
4
50 i~ %3
! i
I ] =
D e ‘ 1 2 logf [MHzI -
Fig. 2. The plot of p vs. logf
I — —50°C; 2 — —47.5°0; 3 — —45.0°C; 4 — —42.5°C

The relaxation process which we observed in our sample is related to the
rotation of the molecules around the C—C bond. Theoretically three different
conformations are possible for 2-nitrobutanol-1 and are shown schematically
in Fig. 3. Owing to the presence of NO,, C,H; and OH groups in the molecule
of 2-nitrobutanol-1, the conformers have different energy levels. Of the three
considered here the first seems to be the least stable (i.e. it has the highest
energy level) because of the steric hindrance caused by the NO,, C,H, and OH
groups. The second and third conformers have much lower energy levels, but
the second will be probably the more preferred as the two polar groups, NO,
and OH, may form hydrogen bonds [4, 5].

The values of activation enthalpy AH;, AH, the enthalpy difference AH®,
and the entropy of activation 48; are collected in Table 2.
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Fig. 3. Diagram of enthalpy for the rotational isomers of 2-nitrobutanocl-1

Table 2. Values of AH?, AH}, AH} and 485 for 2-ni-

trobutanol-1
AH, AHF AHF A8F
[keal/mol] | [keal/mol] | [keal/mol] | [eal/mol]
1.05 15.22 16.27 l —44.12

The high value of the activation enthalpy AH; indicates that the form II
is present in a significant majority.

Mechnical energy introduced into our system by acoustic waves id absorbed
in order to overcome the energy barrier involved in the transformation between
the second and third conformers.
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The paper presents the results of investigations ooncerning choice of the
oplimal shape (from the viewpoint of acounstical efficiency) of the holes of the
rotor and stator of a dynamic axial generator, the horn and pressure chamber of
which are common to all the stator channels.

Compared to the sound power and the efficiency for a generator operating
with the rotor preferred hitherfo a doubling of the values of the parameters waa
achieved for a generator which has an approximate rectangular funcfion for
the time-dependence of the active surface area of the inlet holes of stator channels.

1. Introduction

ALLEN and WATTERS [2, 3], MILNE [6] and WyYRzYKOWSKL [12] have
dealt in their papers with the effect of the shape of the rotor and the stator on
the acoystic parameters of an axial generator.

Allen and Watters have undertaken an attempt to develop a dvnanuc
generator producing a sinusoidal wave. Hitherto the work by both of these
authors has been purély experimental. The investigations involved the hole
systems (arrangement) of the rotor and the stator of the axial generator. _

Milne and Wyrzykowski have theoretically considered the effect of the
shape of the holes of the rotor and stator on the acoustic parameters of a dynamic
generator. The latter author provided a solution to this problem for a dynamic
axial generator, the stator of which is formed by the inlet holes of the cate-
noidal horns, with the acoustic impedance of the pressure chamber being negli-
gibly small compared to the impedance of the horn inlet. He has confined
hig considerations to the frequency range, in which the impedance of the horn

7 — Archives of Acoustics 4/80
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inlet can be regarded as independent of the frequency. The paper by Milne is
concerned with a particular case of these considerations.

A different version of the design of a dynamic axial generator congidered
by Wyrzykowski was in practice [4]. However, it is the most feasible to use
several horns, so that the optimal working range of these generators is confined
to comparatively low frequencies.

At higher frequencies, of the order of kHz, dynamic axial generators of
a different design were used [1]. They are provided with a separate stator with
channels which at one end fit into a common horn with an annulai cross-section,
while at the other end they lead into a common pressure chamber. The pressure
chamber of such a generator does not usually contain any sound-absorbing
elements.

The paper is the second one dealing with a dynamie axial generator of the
above-mentioned design. {

In the first paper [9] a theoretical model of the generator was presented.
The model showed agreement with experiment over the range of frequencies
for which it is possible to propagate exclusively plane waves in the acoustie
system of the generator, and for air pressure excess in the pressure chamber,
small: compared to the ambient pressure. ,

In this paper the results of investigations aimed at increasing the acoustic
efficiency of the generator are presented. The stimulus for the work was the
suggestion by JoNES [4] and WYRZYKOWSKI [13] that dynamic generators
produeing a rectangular wave can have twice the acoustic efficieney of those
producing a wave which has a sinusoidal variation in time,

2. Criteria for the choice of hole shape

The author has previously shown [9] that while operating a dynamic
axial generator with a catenoidal horn common to all the stator channels, it
is not possible to create a state in which the acoustic impedance of the inlet
hole of the stator channel is real and independent of the frequency. For this
reason it is not possible to apply the analysis of Wyrzykowski [12] to the above-
mentioned design of a dynamic axial generator. The necessity has thus arisen
of carrying out investigations aimed at the determination of the optimum
shape of the holes of the rotor and stator of this design of a dynamie axial
generator (Fig. 1) for maximizing the acoustical efficiency.

The following criteria for the choice of the shape of these holes have been

adopted:
‘ — the dependence of the active field of the inlet hole surface of the stator
channel on the time, 8(t), should as closely as possible, approximate a reetan-
gular function with a duty factor (being the ratio of the pulse duration of the
function 8(t) to its period) equal to 0.5; ;
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— the shape of the holes of the rotor and stator should be as simple as
possible in design.

A necessary condition for meeting the first of these criteria is an acceptance
of the equality of the times for which the inlet holes of the stator channels are
fully opened and fully closed by the rotor. Initially it can be said that the time
of opening (or.closing) of the inlet holes of the stator channels by the rotor
should be sufficiently small compared to the time the holes are fully open (or
closed). The problem of the definition of an acceptable value for the ratio of
these two times still remains. A reduction in the ratio leads to a reduction
in the number of holes which can be arranged on the circumference of
the stator channel thus increasing the mismatch of the impedance of the horn
inlet to the wave impedanee of the stator channél [9]. Finally, instead of incre-
asing the sound power and efficiency of the generator we could have d]_mmlghed_
the values of these quantities.

7z
N N

7
o
IS ISSTIL IS,
\

Fig. 1. Diagram of the acoustio system of a dynamic axial generator with horn and pressure

chamber common to all the stator channels

1 — pressure chamber, 2 — rotor, 3 — stator, 4 — horn
Taking into consideration the second of the above criteria we can on the
bagis of paper [12] define, for the rotor and stator shapes shown in Fig. 2,
the eurve of variation of the ratio ¢, (the amplitude of the first harmonic of
the function §(#) to the maximum values 8,, of this function) with the coefficient
of elongation, of these holes. The coefficient of elongation is defined as the ratio
of the time the inlet hole of the stator channel is fully open (or closed), to the
time of opening or closing of the hole by the revolving rotor of the generator.
The results obtained are presented in Fig. 3. From the figure one can
conclude that if it is assumed that the times of the inlet holes of the stator
channels being fully open and fully closed by the rotor are equal, for £ > 0.5 the
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Coefficients of expansion of the function S(f) into a Fourier series:

T
st a § ok 22 s [L(2endft) sin (2rnah) +9,(2mndfl) x
i
: ww el ¥ X cos (2rnall) ],
[sfaeld . ..p where 8y, = nd?/4, & = 2ald
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. > 48,, 1
\ - 8, = 2"; 2 I(mnd/l) sin (2renafl),
b 3 Q where S,rd%/4, £ = (2a—d)/d; I, (2) and S, (2)
are Bessel and Struve funetions of the first order,
{=4a > respectively
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#Q 28 15 = -;5% 5 sin (2rmal) sin (2enbH),
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S S (e SN : Fig. 2. Simple shapes for the holes of the rotor
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Fig. 3. The dependence of the. ratio of
the first harmonie of the funcftion 8 (£)
to the maximum value §,, of this fun-
; _ ction, on the coefficient of elongation
@ B 2 3 % £ for holes shaped’ as in Fig. 2 .«
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shape of these holes is not really essential. The value ¢, is then constantly greater
than 0.5. On the other hand if £ > 2, the value of ¢, is constant and equal to
0.63, being independent of both the shape of holes of the rotor and stator, and
the value of the coefficient of elongation. From the above discussion two con-
clugions can be drawn:

— in approximating the time variations of the active area of the inlet
hole of the stator channel by a rectangular function, the shape of the holes
of the rotor and the stator is of little practical importance. Thus a shape should
be chosen that is simple to realize in practice, e.g. the one shown in Fig. 2a,

— if possible, it is advisable to admit a value for the coefficient of elon-
gation of these holes as near as possible to two.

The use of holes in the rotor and stator of the generator, for which the
coefficient of elongation has a value greater than unity brings about a consi-
derable decrease in the number of channels in the stator, and thus diminishes
both the sound power of the generator and the maximum frequency of the wave
it produces. :

The evaluation of the acoustic parameters of a generator, the rotor and
stator holes of which meet the above criteria concerning the shape of the holes,
can at present be performed only by experiment, because of basic difficulties
encountered in the theoretical formulation of the problem. This paper will
thus compare experimentally determined values of the acoustic parameters
of the generator. The coefficient of elongation of the rotor and stator holes in
the generator will firstly be equal to zero, and secondly very close to unity.
It should be borne in mind that the number and the surface area of the stator
channel should be the same in order to keep the matching conditions of these
channels to the impedance of the horn inlet constant.

3. The generator investigated

The investigations involved the dynamic axial generator [8-10] the design
of whieh is shown schematically in Fig. 1. The generator has a catenoidal horn
common to all the stator channels with an annular cross-section. The pressure
chamber is also common to all these channels and dees not contain any sound-
absorbing elements. The generator stator has 50 channels of circular cross-sec-
tion, which are arranged evenly on the circumference of a circle, 100 mm in
‘diameter. The generator is equipped with replaceable rotors with holes shaped
as shown in Fig. 4. Both rotors satisfy the requirement of having the holes
of the stator channel open and shut for equal times. The coefficient of elonga-
tion, £ for the first of the rotors (Fig. 4a), which approximates by rectangular
function time variations of the active surface area of the inlet hole of the stator
channel, is equal to unity, while for the second classical one (Fig. 4b) it is equal
to zero.
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e SEReE- Fig. 4. The shapes and geometrical dimen-
' siong of the holes of the rotor and stator

of the dynamie axial generator tested
experimentally

4. Coefficient of acoustic efficiency

The preferred mostly used measure of acoustic efficiency of a dynamic
generator is the ratio of the sound power radiated by the generator to the power
required for the compression of the air mass taken by the generator from the
ambient to the supply pressure [1-4, 8, 9, 11]. It is called the mechanical-acous-
tical coefficient of the generator efficiency (the acoustic efficiency), and expres-
ses the effectiveness of the process of transforming the energy of compressed
air into acoustic energy. Accordingly, for the determination of the acoustie
efflclency one has to know the sound power radiated by the generator, and the
power used to supply the generator with compressed air.

5. The method for determining the sound power

The direct determination of the total sound power N, of the generator
can be dispensed with on the basis of the experimentally defined distribution
of the amplitude of the acoustic pressure in the far field at a constant distance
from the horn outlet of the generator. Its value involves the sound power of the
harmonie components of the wave radiated by the generator, and also the noise
caused by turbulent air flow through some of the elements of the acoustie system
of the generator. A selective method was used to single out from the complete
signal produced by the generator the necessary components: On the basis
of the measurements made it was found that the sound power of the higher
harmonies produced by the generator is negligibly small compared to the
sound power of the fundamental. For this reason in the following text of the
paper the results of the measurement of the sound power of the generator are
presented, since although they were obtained for the first harmonie, they can
be regarded as representative of the total sound power contained in the diserete
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components of the wave produced by the generator. The measurements of the
acoustic power of the generator were made using the measuring method and
apparatus ag given in [9].

6. The method for determining the supply power

The power used to supply the generator with compressed air is equal to
the power necessary for the compression of the air mass taken per time unit
by the generator, from the ambient pressure P, to the supply pressure P,
= Py+P,. The determination of its value requires the caleulation of the com-
pression work of compressing a unit mass of air in a polytropic process of a parti-
cular type, and of the mass air flow to the generator [7]

N, = L,M,. 50

The work performed in compressing a unit mass of air is defined as the
amount of work done in a comparable compressor equal to the technical work

in an isentropic compression
” P \(x=1)/=
o2
: 1

where P, and T, are correspondingly the pressure and temperature of the air
in the pressure chamber of the generator, P, is the atmospheric pressure, R
is the gas constant for air, and x is the isentropic exponent. The air temperature
in the pressure chamber of the generator is measured by means of a thermo-
couple and compensator (expansion pipe joint), and the excess pressure is mea-
sured by a manometer. :

The value of the mass air flow. M, supplying the generator was determined
by means of a measuring pipeline equipped with a quadrant orifice plate [5].
The  diagram of the compressed air installation supplying individual systems
of the generator is shown in Fig. 5. Air is forced by an electrically driven two-
stage piston compressor S (output 0.08 m®/s, at a delivery pressure of
8+10° N/m?) to an equalizing tank Z with a volume of 5 m?, whence, via the
oil separator 0, it is fed to

(I) the acoustic system of the generator via a pressure regulator Ry and
a regulating valve Z,; which permit precise regulation of the pressure of the
air in the pressure chamber and also via the measuring pipeline RP which
permits determination of the value of the mass air flow supplying the generator,

(II) the microturbine via a pressure regulator R, and a regulating valve Zp
which permit precise regulation of the angular velocity of the geuera.tor rotor,
and thus also of the frequency of the wave produced,

(IIX) the air bearings via a stop valve Z,.

L‘=
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The control of the supply parameters of the generator is performed by a set
of manometers.

In the measurements performed, the maximum relative error, with which
it was possible to determine the value of the supply power of the generator did
not exceed 15 9%,.

sl .TZI RP

G
et -l
- e

~

_// ™ -\\i/ ; N/
Fig. 5. Diagram of the compressed air unit supplying the generator

Thus, the maximum relative error, with which it was possible to determin
the value of the acoustic efficiency of the generator did not exceed 43.1%.

7. Discussion of the results of the measurements and conclusions

1t follows from the dependence of the sound power on the frequency of the
generator wave presented (in Fig.6) that, irrespective of the type of rotor
with which the generator is actually operating, the sound power decreases
above 4000 Hz, and also below about 2000 Hz. From the analysis of a theoretical
model of the generator [9] it can be concluded that the decrease of sound power
below 2000 Hz is related to the limiting frequeney of the horn while that oceuring
above a frequency of 4000 Hz is caused by the resonance properties of the pres-
sure chamber of the generator. The maximum sound power oceurs at those
frequencies for which the impedance of the horn inlet is matched to the wave
impedance of the stator channel.

1t follows from Fig. 7a that with increasing pressure in the pressure chamber
of the generator, there occurs an increase in the sound power produced. At
higher pressures an increasingly larger fraction of the energy of the compressed

SETTUPTY Ll g T
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air is transformed into the sound power of the noise induced by turbulence in
the acoustic system of the generator, which evidently must be realized at the
expense of sound power in the harmonic components. This causes a decrease
in the sound power of the generator for high values of the air pressure in its
pressure chamber.
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Fig. 6. The dependence of the sound power N, and the supply power N, of a generator
operating with the two types of rotors shown in Fig. 4, on frequency of the wave produced

It follows from the dependence of the sound power of the generator on the
frequency of the wave produced (Fig. 6), and of the excess pressure of the air
in the pressure chamber (Fig. 7a) that the sound power of a generator operating
with its rotor behaviour approximating the time variations of the active surface
area of the inlet hole of the stator channel by a rectangular function (Fig. 4a),
is twice as high as the power of a similar generator operating under the same
conditions with a elassical type of rotor (Fig. 4b).

The supply power of the gemerator (Fig. 6) shows a local minimum at
a frequency of about 8000 Hz. It follows from an analysis of a theoretical model
of the generator [9] that such minima occur at the resonance frequencies of the
stator channel. The minimum observed in the experiment is for the first of
these. With an increase in the air pressure in the pressure chamber of the gene-
rator (Fig. Tb), the supply power increased very rapidly. From the dependence
of the supply power of the generator on the frequency of the wave produced
(Fig. 6), and on the pressure of the air in ity pressure chamber (Fig. 7b), it fol-
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lows that the value of the supply power of a generator operating under given
conditions is practically independent of the type of rotor. -

From the considerations presented hitherto, and also from Fig. 8 it can be
concluded that the acoustic efficieney of a generator operating with a rotor
behaviour approximating time variations of the active surface area of the inlet
hole of the stator channel by rectangular function is twice as high as the effi-
ciency of the same generator operating under the same conditions with a classieal
type of rotor. With the increasing air pressure in the air chamber of the generator
(Fig. 9) the sound pressure decreases. The decrease in the acoustic cfficiency
of the generator operating with the rotor shown in Fig. 4a is faster than is the
case for the generator operating with the rotor shown in Fig. 4b. A more rapid
increase in the share of the supply power taken by those components which
correspond to higher harmonics in the wave produced by the generator would
be expected for a generator operating with a rotor of the former type than with
a rotor of the latter type.

3 : 3
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Fig. 7. The dependence of the sound power N, of a generator operating with the two
types of rotors shown in Fig. 4, on the excess air pressure P in its pressure chamber

The maximum value of the acoustic efficiency of a generator with an
excess air pressure in its pressure chamber of 0.2:10° N/m?, and operating
with a rotor giving approximately a rectangular function of time variations
of the active surface area of the inlet hole the stator channel was (18 +8) %.
The sound power produced was (12 +3) W. Increasing the excess air pressure
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Fig. 8. The dependence of the acoustic efficiency # of a generator operating with the two
types of rotors shown in Fig. 4, on the frequency of the wave produced
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in the pressure chamber of the generator to 1.0-10° N /m? decreased the maximum
value of the acoustic efficiency by as much as (5+2)% while its sound power
increased to (58 +-16) W.

The results obtained differ favourably form those Ppresented in previous
papers [1-3].
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