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THE LOCATION OF THE GROUND FOCUS LINE
PRODUCED BY A SUPERSONIC AIRCRAFT
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An aircraft flying at a speed higher than that of the propagation of sound
produces a supersonic boom, and it has been observed that certain changes in
the flight velocity or direction are accompanied by focussing the boom. In
this paper procedural algorithms are presented which permit determination
of the points on the Earth’s surface at which this phenomenon occurs, for any
manoeuvre (in section 2) and for accelerated reetilinear flight (in section 3).

1. Introduction

An aircraft flying at a supersonic velocity is the source of an acoustie
disturbance called a sonic boom or N wave (Fig. 1).

This wave can be characterized by two parameters: the shock wave pressure
jump Ap and the time At of its rising. It has been noted (e.g. WANNER
[6]) that under certain conditions the value of Ap is very large (of
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Fig. 1. N wave signature for flight at supersonic speed

the order of tens of kG /m?). This is caused by the focussing effected by a super-
position of sonic booms. The rapid change of sign of Ap (from an excess pressure
to & negative pressure — Fig. 1) is liable to cause damage to building-structures
and living organisms (including the failure of internal organs).
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The problem of localization of the focussing is of importance since although
focussing is a hazard for the human environment, it is unavoidable if the bene-
fits of supersonic aircraft are to be exploited. The primary cause of focussing
is usually an aircraft manoeuvre, i.e. a change of velocity or flight direction.
It is important that this flight manoeuvre (e.g. acceleration to supersonic
velocity) should not lead to the focussing of waves on densely populated agglo-
merations or on recreation and rest areas.

In section 2 of this paper a procedural algorithm is proposed which permits
the localization of the focussing region for any aireraft manoeuvre. The starting
point for this procedure is the condition that at least two N waves will coincide
in space and time. In other papers dealing with this problem (e.g. [2, 6, T])
the focussing points are identified with the so-called aper poinis and thus
tend to obscure the physical meaning of the focussing phenonmenon. The algorithm
developed for the case of rectilinear accelerated flight (section 3) is much simpler.
It is based on a particular effect which occurs during this manoeuvre.

2. Determination of the focussing region in the general case

In the close proximity of the aircraft the sonic bang produces a Mach
cone. Each point of the cone’s surface can be considered to be the end of
a ray emitted from the apex of the cone at an earlier moment (Fig. 2). The set
of all rays emitted at any moment forms a “coupled cone” whose generating

(x4
Fig. 2. The Mach cone and a*““coupled cone” Fig. 3. Superposition (focussing) of waves
whose generating lines are the rays emitted N emitted at times ¢; and ¢,

at a time ¢

lines, in the proximity of the aircraft, are perpendicular to the generating lines of
the Mach cone. Two such coupled cones are shown in Fig. 3. Owing to refraction,
these rays are in fact curves and the surfaces are somewhat distorted.
Focussing of supersonic waves at the point (x,y) will take place when
at least two waves reach this point simultaneously. Two rays are marked in
Fig. 3 as paths along which the waves are propagated. If we denote the times
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of emission of the superimposing waves by ¢, and ¢,, and the times of arrival
at the point (x, y) by #” and #*, then the following equation must be satisfied:

) = (t,—t,) +1@. _ (1)
The length of the segment dl (Fig. 3) is
dl = {(do)* + (dy)* + (d=)*}'",

o2

)] "\

hence

For the expressions dx/dz and dy/dz of the acoustic rays in an inhomo-
geneous medium (derived for example in [1]) we have

dx = [a(z)cos 6+ W _(2)]cosd
dz  a(z){cos*® —cos? 0} + W _(2)cosd @)
dy  [a(z)cosOtand +W,(z)]cosd
dz  a(z){cos*d —cos? O}'2 + W_(2)cosd
where
sin @
¢ = y+arctan | cotana )
€08 d
€086 = cosy[cos dsina —sindcosacos D] —sinycosasin®,
with
. a(h)
a = arcsin .

It can be seen that du/dz and dy|/dz are functions of the flight parameters,
L.e. the velocity V, the flight direction defined by the angles y and 4, the angle @
which determines the position of the rays in the “coupled cone” (Fig. 4), and
the altitude = (W, and W, are components of the wind velocity, while a is
the velocity of sound propagation).

If R is the flight altitude, then the time for the propagation of the N wave
along any ray is

h h
5 il oo 1< fldoAts s faptt e
de kT _IW{(EE) +(z) + &

Condition (1) takes then the form

» 2/ 2 1/2
[l (@) e,
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The quantities V, y and 9, i.e. the arguments of the functions dz/dz, dy/dz
and h, which describe the flight, are, in general, functions of time.

At the point (x, y), where focussing occurs, the two or more intersecting
ray s will, in general, have different angles @ (Fig. 3). (In the particular case

h
G AT
Fig. 4. Definition of the angles y and ¢ Fig. 5. Focussing of N waves beneath the
describing the flight direction flight path

of the focussing, occurring directly under the flight path, @, = @,). Equation
(3) is thus dependent on the angles @,, @, and the times of emission t,, 1,:

H1(t17t27(p1s¢‘2) = 0. (4)

The apparent form of this irela;tion can only be determined when all
quantities in the expressions dz/dz, dy/dz (formula (2)), and the altitude h are
known functions, e.g. V(1) = V,+mt, a(z) = a,(1—p2), h = h, ete.

If we assume that at ¢ = 0 the aireraft is at the point # = 0,y = 0,2 = h,
then by integration of differential equations (2) we obtain the coordinates of
the point at which the ray emitted at a time {; (i = 1,2) meets the earth’s
surface:

h
o= XW)+[[£(V,7,0,9,2)d],_,, (5)
= 0
) oo
W= Y(ti)“}‘[ffz(v’y,5r@rz)dzlt;ti’ (6)
0

X(t,), Y(t;), h(t;) determine the position of the aircraft at the time of
emission of the i-th N wave.
Using the definition of angles y and o (Fig. 4), we have

ti li
X(t) = [ Veosyeossdr, Y () = [ Vsinycosdat. (7)
(1} 0
If the conditions x(f,) = x(t,) and y({,) = y(t.) are introduced into (5)

and (6), which denote that the focussing will take place only when the two N
waves emitted at the moments ¢, and ¢, will meet at the same point on the
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earth’s surface (Fig. 3), we obtain equations which, like the condition for the
synchronization of the sonic booms (equation (4)), can be rewritten in the form

Hz(tutz’@qua) :0: Ha(tutzy@uq—’z) = 0.

From these equations, eliminating @, and @,, we obtain

ty = f(ty). ' (8)

This equality shows that at the point (x, ¥) there will occur a superposition
of the waves emitted at times t; and f(¢,). It is obvious that different manoeu-
vres (i.e. variations of the flight with time) and different atmospheric con-
ditions, described by a(z), W, (2) and W,(2), will give different forms for the
function f. If the three above-mentioned equations do not take the form of -
equation (8), the focussing will not take place.

Let us assume that the functional relation (8) exists for the interval (f;, ;).
For any time ¢, within this interval, a time ¢, can be found which corresponds
to the time of emission of the N wave which coincides at the same point with
the wave emitted at time ¢,. For these times from equations (5) and (6) we
obtain a set of coordinates {w, y} at which focussing occurs.

3. The location of the ground focus line produced by a supersonically accelerating aircraft
(for the particular case of linear travel)

It has already been stated that manoeuvres involving a change of flight
direction can result in the phenomenon of focussing which can be of hazard.
Thus, irrespective of such considerations as comfort and safety during the
flight, planned flight paths are straight lines. During such a flight only one
manoeuvre is performed which may cause focussing — the initial acceleration.
The uniform retardation in the last stages of the flight does not cause focussing.

The procedure, proposed here, for the localization of the focus of the sonie
boom differs from the algorithm previously proposed. This procedure is based
on the phenomenon which in the most simple manner can be explained on
the assumptions that the medium, in which the N wave is propagating, is homo-
geneous (i.e. no refraction oceurs), and the rays are thus straight lines.

If the aircraft is flying at a constant altitude h along the z-axis at a vary-
ing speed V(f), then the condition for the synchronization (1) of the rays
beneath the flight path takes the form

], oot o
al {V*—a2}'? feity Sl AT {V2—q%)'2 c=t2.

From _the condition for the intersection at the same point of two rays
along which the N waves propagate at two different times, i.e. from x(t,)=
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= x(t,), we obtain

52 h h
Pl et ] oottt il 10
i [{VZ—az}”z]t:h [{Vﬁ-az}Wng 19

Assuming that the aireraft is flying with uniform acceleration V = a - mis

and at time { = 0, the angle aperture of the Mach cone is a = 3=, since
- : a 2
lim aresin = i
{—0 a—i—mt 2

The intersection of the wz-axis with the N wave propagating along the
rays (Fig. 6) lies at infinity. With increasing velocity this point approaches
the coordinate origin and later moves away from it. :

Az
\ Vz a+mt
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X . §
Fig. 6. The “motion” of the point of intersection of a ray with the z-axis during accelerated
flight (z is the point of minimum range)

Let us denote by x the point of intersection nearest to the origin of the
coordinate system and call it the point of minimum range.

A similar phenomenon will be observed along any straight line parallel
to the z-axis (i.e. for all y), even when the rays are curved, as in the case of
the earth’s (refractive) atmosphere. The points of minimum range are also
focussing points for the sonie boom.

If at t = 0 the aireraft is passing the point # = 0, then the point of inter-
section of the N wave (emitted at time {) with the x-axis has the coordinate

t
#(1) = f(a+mt)dt+

]

ha
f(a +mt)2 —a2}’

If the acceleration is not too high and the inequality

t
— < (11)
a
is satisfied, then from dx(t)/dt = 0 we obtain
h2f3
= (12)

2(am)'B’
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which determines the time of emission of the N wave reaching the point of
minimum range .
Under condition (11), equations (9) and (10) take the form

miy miy
14 1+ —=
a a
a(ta—t,) = h — — e
VA e
a a 13)
1 1 (

a(tz—tl)—l—lm(ti—ﬁ) =h[|—— - ————|-
2 ]/2 mt, ]/2 mi, ’
a 1]

The first of these equations relates to the times of emission {t,,?,} of
the sonic booms which reach the earth’s surface at the same time, but not
necessarily at the same place. The second equation relates to pairs {t,, t,}
which correspond to the times of emission of the N waves reaching the same
point, but not necessarily at the same time. In order to find the points of focuss-
ing it is necessary to find the pairs {¢,,t,} which simultaneously satisfy the
two equations.

If mhja? < 1, then from equations (13) we obtain

h R

=gmmae e iand . el =,
V2 amt, S 2 (am)'"*

ty

Thus the focussing takes place at the point of minimum range, as if the
ray during its travel along the z-axis stopped at this point (Fig. 8). This
results in the superposition of the N waves.
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Fig. 7. The definition of the angle & de- Fig. 8. The curve along which focussing
geribing the porition of a ray within the occurs (equation (15))

coupled cone
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Since the points of minimum range for accelerated rectilinear flying occur
over the whole area of sonic boom audibility, and not only beneath the flight
path as is shown in Fig. 6, it is obvious that the points of focussing lie on a
curve which is symmetrical relative to the flight path (Fig. 8).

The identity of the points of minimum range with the points of focussing
largely facilitates their determination. ; :

During the rectilinear flight along the z-axis, y = 0 and § = 0 (in Fig. 4).
This simplifies equation (5) to the form

{;

h
By = f 17(t)(lt+[ff1(V, qj’z)dz]rzri’

Y, [Ufifz(Va ?, z)dz],:,i-

Eliminating the parameter @, we have

4 »
Bl V(t)dt—f—[ffl(V,y,z)dz]t:ti. (14)
0 0

The times of emission of the N waves, which reach the points of minimum
range, are obtained from the equation

du(t;)

whence we may obtain the function in the form t; = h(y). Substituting this
relation into equation (14) we obtain a set of focal points in the form (Fig. 8)

x = f(y).

Let us illustrate this procedure with an example. If the rectilinear flying
is effected at a comparatively small altitude (h < 5 km), it is possible to assume
that the ravs are straight lines.

It can be seen from Fig. 7 that the coordinates of the points, at which
the rays meet the earth’s surface, are the following:

y

t
ha cos
e e T
2 0f s (Vcosd —a?)'2’
= hasin 9

F (VZeos 9 —a?)2

In this case the angle ¢ acts as the angle @ in defining the position of
the ray.

If the motion is uniformly accelerated, then

|

t
Of V(§)d = it
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In this case it is preferable to use the velocity V rather than the time ¢.
We may further obtain

s Vz—qi al/h‘+u
2m.  (VE—a?)"’

corresponding to equation (14).
Differentiating x(f) with respect to ¢ we obtain

1=l {hz +y2}1f2 {I,r2 A ﬂ?} --3_f2m =

The value V, which satisfies this equation, corresponds to the time of
emission of the N wave of the shortest range. Eliminating V from the last
two equations, we obtain the equations of the loei along which the focussing
oceurs:

8 m
it 27——.r3+h~f0 (15)
pr i

WANNER [7] has obtained the same result by another method.

4. Conclusions

Due to changing flight parameters (a manoeuvre), the phenomenon of
focussing may oceur during flights at supersonic speeds.

On the basis of the algorithms, proposed in sections 2 and 3, the location
of the focus may be determined if data deseribing the flight are known. Relevant
data are the velocity V (), the angles y and & that characterize the direction,
the altitude h(f) and the velocity of sound propagation in the atmosphere
a(z) (which depends on the altitude).

As has already been stated, the foeussing phenomenon is unavoidable
because of the necessity of performing an acceleration manoeuvre.

Considering the possibility of a high intensity of superimposing N waves,
every effort should be made to ensure that focussing regions occur over agri-
cultural, forest or desert areas. This presents a new problem which is to some
extent the reverse of that dealt with in this paper.

It is to define the functions V(t), 6(t) and h(t), i.e. the way in which the
flight should be programmed so that focussing occurs only over a predetermined
area.

It would appear that the solution of this problem on the eve of regular
supersonic flights is of paramount importance in the protection of the human
environment.
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MEASUREMENT OF THE VISCOELASTIC CONSTANTS
OF THE CELLULOSE USED FOR A LOUDSPEAKER MEMBRANE
AND THEIR EFFECT
UPON THE ELECTRO-ACOUSTIC PARAMETERS OF THE LOUDSPEAKER

ANDRZEJ DOBRUCKI, CZESLAW ADAM ROSZKOWSKI

Institute of Telecommunication and Acoustics of Wroelaw Technical University (Wroclaw)

The concept of a complex Young’s modulus, characterizing the properties
of materials with internal loss, has been introduced. The methodology of the
measurement of Young’s modulus and a detailed description of the method
of measuring this quantity for cellulose used for a loudspeaker membrane is
given. Results of measurements of the viscoelastic parameters of six kinds of
cellulose are presented, and a marked influence of the absolute value of the
complex Young’s modulus for cellulose on the upper frequency limit of a loud-
speaker with a membrane made of this cellulose is shown. Subjective investi-
gations of loudspeakers have confirmed this conclusion.

1. Introduction

In previous works on the theory and design of loudspeakers it has been
assumed that Young’s modulus of the membrane material is a constant and
real. No consideration has been given to the losses involved and it has also
been assumed that the modulus has a constant value which is independent
of frequency.

The purpose of this paper is to show the dependence of the complex Young’s
modulus and loss factor on the frequency. Thereafter, a method is presented
for the measurement of the mechanical properties of materials used for the
production of loudspeaker membranes and the results of measurements of
the absolute value of the complex Young’s modulus and loss factor (loss angle)
and their dependence on the frequency of vibration for six different kinds
of cellulose. Finally, the results of an experiment are presented which was
aimed at determining the effect of the material of which the loudspeaker mem-
brane is made on its acoustic properties. The experiment involved the con-
struction of 18 loudspeakers of the same type, differing only in the kind of
cellulose from which their membranes were made (from each kind of cellulose, '
three loudspeakers were made).
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2. The Young’s complex modulus

For linear elastic bodies we have the relation called Hooke’s law. This
relation in a Cartesian system of coordinates, using the notation of tensor
caleulus, takes the form

0 = Cal, (1)

where o; represents the stress tensor, ¢, — the strain tensor, and Cijrp — the
tensor of elasticity constants.

In the case of an isotropic material the number of independent components
of the tensor of elasticity constants is reduced to two. Equation (1) can then
take the form

’ r
o = Gy 0y = Gleij? (2)

where &, denotes the shear modulus, &, — the modulus of all-sided (all-round)
compression, ¢; — the strain deviator, and o}; — the stress deviator.

The deviators of strain and stress are given by equations (2a) and (2b)
respectively :

Cy = €y— Eekk iy (2a)
U:Tj === 3 Ok Oy« (2b)
It is possible to present equation (1) as follows:
1+ v
6 = BT Oy — 57l Opse O « (3)

Between the constants G, and G,, Young’s modulus E and Poisson’s ratio »
there are the explicit relations (4):
= =g By
26,+6G,’ 2G,+ G,

(4)

For lossy materials these relations become more complicated, and the
interdependence of the stress and the strain at a given moment depends on
the whole of the preceding relations between these two magnitudes. Hooke’s
law for materials of this type can be expressed using an integral convolution

i
d
o(t) = fG-ijkl(t_T) _e,gr(—c)

dv, (5)
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where G, ({ —7) is the tensor relaxation funetion. Equation (2) can be written

in the form

o (t) = J Gz(t—r)_?i’gf;(.ﬂ dv,
fo , (6)
aij (1) = j G, (t—7) qegg(ﬂ e

It is assumed that the strain e;(z), and thus also the strains eij(r) and
¢..(7) are sinusoidal funetions of time,

i 3 ' iy -
e (T) = 836", - €(7) = €', (7)

where z;; and . are independent of time. It is also assumed that the motion
lasts infinitely long, thus nonstationary states can be neglected. Substituting
§ =t—r, we obtain

-+ 0o

Gkk(t):jmgkkejwt f Gz(‘f)@_jwsdf-.-

0 (8)
oy(t) = jweye™ [ @ (&e I de.

The integrals in formula (8) are Fourier transformations of the relaxation
functions G,(t) and G,(t). These transformations, when multiplied by jw, are
written respectively as

+oo
jo [ Gy(&)e™aE = Gy(jo),

gre? (9)
jo [ @ (&6 dE = G, (jo).

The quantities @,(jo) and G, (jo) are called respectively the complex com-
pression. modulus and compler shear modulus.

While for elastic materials the elasticity constants F and » are used, for
viscoelastic materials one can introduce a complex Young’s modulus E(jw)
and a complex Poisson’s ratio v(jw):

P 3G, (jw)G,(jo
Biionie. s 1{.? ) 2M(.7 ) ,
2G,(jw) + G, (jo)
o éz(jw)“é1(jw)
o) B
26 (jo) + G4 (jo)

Poisson’s ratio over a frequency range of about 20 kHz [1] is real and
independent of the frequency. The phase angle é of Young’s modulus is called
loss angle while the tangent of this angle is termed the loss factor.

(10)
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3. Measurement of the complex Young’s modulus

The method of measuring the complex Young’s modulus is based on the
measurement of resonance frequencies and of widths of the resonance bands
of a bar of the material to be tested. This bar is free at one end, clamped at
the other and induced to vibrate transversely [4]. The measurement system
is shown in Fig. 1. A specimen of the material is placed in the exciter which

[‘A g Frequency meter
s;eg‘mmefer lype PFL-4 o y Beat
requenc
2773 bv ot 4
{ Stroboscope w22
2991
it
B e

e

Microphone L

Specimen
Vibrator \r

\

o

[

Fig. 1. System for measuring the complex Young’s modulus

is driven by a generator of sinusoidal vibrations. The vibrating bar produces
in its proximity an acoustic pressure proportional to the amplitude of vibra-
tions. This pressure is measured using a microphone and a spectrometer.
With the aid of a stroboscope one seeks, while tuning the generator by hand,
successive modes of vibration. The frequencies of these modes are read by
means of a precise frequency meter. By detuning the generator one obtains,
in the proximity of/a given mode of vibration, two frequencies for which the
pressure level drops by 3 dB below the pressure level at resonance. These fre-
quencies determine the band width of a given resonance. The complex Young’s
modulus is evaluated from the formula

12 fn) ; (11)

B — (jd)-s.8mte 1 =

where o denotes the density of the material [kg/m3], I — the active length
of the bar [m], h — the thickness of the bar [m], f, — the frequencies of sue-
cessive modes of vibration [Hz], and d — the loss factor.
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The values of the coefficients k, depend only on the number » of the mode
of vibration and are stated in Table 1.

Table 1. Values of the coefficient k,, for the first eight modes of

vibration
Mode No. | 1 : e ‘ 3 # 4 | 5 ] 6 | 7 [ 8
ks, |3.52 | 22.0 | 61.7 | 121 ’ 200 \ 209 | 417 | 555

4. Measurement of the Young’s complex modulus of cellulose
used for loudspeaker membranes

Measurements of the complex Young’s modulus were made on prepared
specimens of six grades of cellulose used for the preduction of loudspeaker
membranes. The specimens were cut in the form of cellulose dises in the manner
shown in Fig. 2. For each Lind of cellulose about 60 specimens were cut out.

o0oooonn
Janocononngo
ouaooonoooonooon

lo00ononooon
joonoooo

Fig. 2. The method of cutting out specimens for measurement
from a pressed cellulose dise

Of these 60 specimens 10 were selected, the density and thickness of which
corresponded with the prescribed tolerances to the density and thickness of
loudspeaker membranes GDN 16/10.

All the specimens were cut out by means of one punch die. The shape
and dimensions of the specimens are presented in Fig. 3. The specimen was

b | P (=359%0.05mm
Y r=10mm
s

Fig. 3. Measurement specimen

then placed in the vibrator. For the measurements the vibrator produced by
WZG TONSIL was used. It is constructed on the basis of a high-power loud-
speaker. :

In an anechoic chamber the pressure to frequency characteristics of the
sound radiated by the exciter was measured. During this measurement the

2 — Archives of Acoustics 3/77
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microphone was located at the same place as it was during measurements of
the specimens. In order to ensure a correct measurement, the level of the
sound emitted by the vibrator should be smaller by at least 20 dB than the
level of the pressure produced by the specimen at the location of the measuring
microphone. Since the vibrator did not satisfy this condition, sound emitted
by the vibrator was attenuated. The method of attenuation is shown in Fig. 5.
The frequeney characteristies of the sound emitted by the vibrator before
and after attenuation is presented in Fig. 4.

o8] [a8]
g E?';: 1 Z
40 F20k | H8-60
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Fig. 4. Frequency characteristics of the sound emitted by the exciter before and after atte-
nuation

Nut ta z‘zg/iz‘ the jaws holding
5&/’4 the specimen

Specimen

Felt, 7mm thick
sl — Cardboard, 2mm thick
Polyurethane sponge,
70 mm thick

Fig. 5. The method of attenuating the exciter and of mounting the specimen in the exciter
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The specimens were placed in the jaws of the vibrator with a constant
pressure. Due to the lack of a torgue wrench this was done by tightening the
nut so that a mark on the nut was always in the same position. The precision
of the constant pressure was thus of the same order as the precision in selecting
the specimen thickness. Nevertheless, the inaccuracy in establishing the pressure
force was chiefly the main reason for measurement errors. In future measure-
ments with torgue wrenches it will be absolutely necessary to obtain a certain
constant pressure force. The procedure of mounting the specimen in the vibrator
is shown in Fig. 5.

Measurement of the pressure level produced by the specimen was performed
with & 1/2 in. microphone B&K type 4134. Since the front of the microphone
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Fig. 6. Frequency characteristics of the efficiency of a microphone with a probe and sound-
-proof tube

was overlarge in relation to the specimen width, a tubular probe was placed
on the microphone. This greatly facilitated the handling of the microphone
over the specimen during the measurements, reduced disturbances due to the
microphone and meant that the microphone did not integrate the pressure
over the whole of the specimen area but received the pressure approximately
from one point. Since the resonance of a microphone with such probe occurs
at a frequency of about 5500 Hz, the tube was made sound-proof with fibrous
material.

The frequency characteristics of the efficiency of the microphone with
its probe and sound-proof tube is shown in Fig. 6. The measuring microphone
is placed over the specimen and then moved along the specimen to the place
where the level of the pressure produced by the specimen was highest. B.g.
for the second mode of vibration, the position of the microphone over the
specimen is shown in Fig. 7.

Since the resonance frequencies of free vibration of the bar are distributed
rather rarely, the specimen was shortened during the measurement process.
The length of the shortened specimen was measured with an accuracy of
0.1 mm, and the measurements were repeated. In this manner new resonance
frequencies ranging between the resonance frequencies of the specimen before
its shortening were obtained. When the number of measuring points was still
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For level meter

Fig. 7. An example of placing the microphone over the

B_-/\\ gpecimen at modes of vibration other than the funda-

mental

too small, the specimen was again shortened. The specimen not be shortened
to more than half of its original length because it then stops vibrating as a
bar and begins to behave as a plate, thus introducing large errors. The upper
frequency of measurement was 10000 Hz and resulted from the fact that at
this frequency the wavelength in the specimen is of the same order as the width
of the specimen and the specimen can no longer be regarded as a vibrating bar.

As an example, the results of measurement for one of specimens of eellu-
lose No. 6 are given in Table 2. Since 10 specimens of each cellulose kind were
measured, a total of 60 similar tables were obtained.

Table 2. Measurement results for specimen No. 16 made of cellulose

No. 6
‘ |
olkg/m®] h[m] | fu[Hz] "Afn[uz] d tm) | Lide

95.1‘ 8.0 | 0.08412 \ 0.03375
161.7|  13.0 | 0.08040  0.02575
284.0|  20.1 | 0.07074 | 0.02000
420.1| 27.9 | 0.06641 | 0.01765 |
| 6520  35.0  0.05368  0.03375
1871 0] 4786

: | }0.04435 0.02575
454 | 0.000426 1847.0 66.5 | 0.03600 | 0.02000
, | 1851 ‘ 61 | 0.03300 | 0.03375
i 2960 133 0.04493 | 0.02575
' 130 | 0.03737 | 0.03375 |

S Ot W W DD DD DD e e e

| |
| 3479 |
| 5965 262 0.04392 | 0.03375 |
| 8521 330 | 0.03873 | 0.03375

The values of the loss factor have been calculated directly from the reso-
nance curves, while the absolute values of the complex Young’s modulus have
been calculated from formula (11). As an example, the results of measurements
in the form of graphs for cellulose No. 6 are shown together with measuring
points in Figs. 8 and 9. It can be seen from these figures that the scatter of
the measurements is considerable. For this reason the measured points for all
cellulose kinds are not given in this paper. Only averaged mean curves of
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quency of vibration for cellulose No. 6
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Fig. 10. The dependence of the absolute value of the Young’s complex modulus on the
frequency of vibration for cellulose kinds from 1 to 6

the absolute value of the complex Young’s modulus and the loss angle are
given, as a function of frequency, for all six cellulose kinds numbered from 1

to 6 (Figs. 10 and 11). From these figures it can be

seen that the results for

the individual cellulose kinds differ considerably from one another in terms
of their complex Young’s moduli, whereas the loss factors are approximately

the same.

5. Influence of the membrane material on the properties of the loudspeaker

Loudspeakers were manufactured by WZG TONSIL from the kinds
of cellulose tested, according to loudspeaker specifications GDN 16/10. All.
the design requirements of loudspeakers were strietly met, so that differences
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Fig. 11. The dependence of the loss factor on the frequerncy of vibration for cellulose kinds
from 1 to 6

between loudspeakers could arise only from the varying properties of the mem-
brane materials. Parameters of these loudspeakers were measured and from
the analysis of the measurements on the loudspeakers it has been established
that the Young’s modulus has an important effect on the upper frequency of
loudspeaker. This is shown in Fig. 12. In view of the approximated values of
the loss coefficients, no relation was found to exist between the loudspeaker
parameters and the magnitude of the loss factor.

No influence was found of the parameters of the viscoelastic materials
used for loudspeaker membranes that were measured upon other electroacous-
tic parameters of the loudspeaker, except the upper frequency limit. Since
the upper frequency limit increases with an increase in the absolute value of
Young’s modulus, the loudspeakers with membranes made of material with
the larger values of Young’s modulus should have the better properties. This
thesis was confirmed by subjective investigations [5]. The results obtained
are shown in Table 3.

Subjective measurements have supported the thesis that the quality of
a loudspeaker depends on the complex Young’s modulus and increases with
an increase in the absolute value of the latter.
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Table 3. Resulfs of the acoustic investigation of loudspeakers with membranes made
from the cellulose kinds tested

| [ | I |
Loudspeaker with membrane of " 1 ‘ 9 3 ‘ " 5 ‘ 6
celluloge No. | ‘ ‘ l
Fraction of voice in subjective I 0.51 | 0.63 l 0.70 | 0.13 | 0.40 | 0.62
measurements J ¢ i ‘ 2 : : E
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ON THE EVALUATION OF THE PRESSURE COEFFICIENT OF THE SURFACE TENSION
OF LIQUIDS BY MEASUREMENTS OF THE VELOCITY OF ULTRASONIC WAVES

EUGENIUSZ SOCZKIEWICZ

Institute Physics, Silesian Technical University (Gliwice)

A formula has been derived to evaluate the pressure eoefficient (Js/dp)yp
of the surface tension by measuring the velocity of propagation of ultrasonic
waves. It was found that the caleulated values of this coefficient are in good
agreement with the experimental data obtained by other authors. The values
of the coefficients (do/ap)p and o~!(ds/dp)p have been calculated for a number
of liquids. The results obtained permitted us to determine the density of the
surface layer of a liquid at the interface with gas. For saturated hydrocarbons
and alcohols both the value of the coefficient o~!(da/dp)p and the percentage
reduction of the density, of the surface layer in relation to the liquid density
decrease monotonically with the increasing length of the chains of molecules
in a given chemical compound.

1. Introduction

The effect of pressure on the value of the surface tension of liquids depends
on the kind of gas above the liquid surface. The solution of gas in the liquid
leads to a reduction on its surface tension [3, 8-10]. Rusanov [8], and also
SAHLI [9] have found experimentally that the surface tension of liquids in-
creases with increasing pressure, only when the gas above the liquid neither
dissolves in it, nor is subject to absorption by the surface layer. In the papers
cited the gas used to obtain the pressure [8] was helium or the pressure was
produced by means of centrifugal forces [9] to avoid the solution of gas in
the boundary layer. Further consideration concerns the effect of pressure on
the surface tension of liquids, when the gas does not dissolve in the boundary
layer.

2. Empirical relationships defining the pressure dependence of the surface tension of liquids

PARTINGTON, in his monograph [6], gives a number of empirical relations
between the isothermal compressibility of a liquid and its surface tension.
Thus, according to RICHARDS and PALITZSCH, the relation

dynes
-———] (1)

o' = 2.53 x 1078
ﬁfg cm X atm
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holds true over a pressure range from 100 to 500 atm, where f, is the isothermal
compressibility of the liquid and ¢ is the surface tension of the liquid.
According to TYRER, the relation

(2)

Bra*® = 1.2 10737 [ Syuss ]

cem xatm xdez'?

is satisfied for pressures up to 1 atm, where 7' is absolute temperature. GoPALA
RAo [2], using phenomenological considerations, has established the formula

A 1/t
.= (#) s (3)
Br
in which A and 7 are constants for a given liquid.
The above formulae indicate an increase in the surface tension of liquids
with inecreasing pressure, since the isothermal compressibility decreases with
increasing pressure.

3. Eétviés’ rule and the dependence of the surface tension on the pressure

It will be shown that the formula describing the pressure coefficient of
the surface tension can be derived using E0Tvos’ rule [6]

eV*® = K(T,—1T), (4)

where V' denotes the molar volume of the liquid, 7, is the eritical temperature
(in Kelvin degrees), K is a coefficient independent of the temperature, and
the other symbols are as stated.

At the same time it should be proved that the coefficient K is independent
of pressure variations. This can be done using BRILLOUIN’S [1] generalized
analysis of the various types of packing structure of molecules in liquids. Ac-
cording to BrILLouIN, thermal motions of the surface molecules propagate
throughout the surface in the form of capillary waves, whose phase veloecity
w;, a8 can be easily proved are given by [4]

ow\3
o= (—‘} 3 : (5)
01
where g, is the surface density of the liquid layer and o is the cyclic frequency
of the molecular vibrations. From formula (5) we obtain
ay?
?
01

2

w

(6)

where y is the wave number. For the group velocity w, of the capillary waves
we have
' dw 3

F— = e . 7
Wy dy 2’w1 (7)
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Brirrouin has shown that the capillary waves apply, per unit length of
the boundary of the surface, a force F which can be expressed by

wy &€
= (8)

Hoe "
w, 2

provided that the waves are completely diffused. The quantity e in equation (8)
denotes the energy of the thermal motions of molecules per unit surface area
of the liquid. This energy can be expressed by

__SRT

e= y
S‘ni

(9)

where R is the gas constant and S§,, is the surface area of a monomolecular
layer of a mole of the liquid. If the surface tension at an absolute temperature
T=0Kis denoted by o,, then it follows from formulae (7)-(9) that at a tempe-
rature T we have

% Bia % 9RT 10)
Gt 4€_U°—4Sm (
which implies that
do 9
s Rl R 11
( 7). 8 = T By (11)

where the area 8,, of the surface can bie expressed in terms of the molar volume
of the liquid. This, however, requires the knowledge of the packing structure
of the molecules. It can be easily shown that for a cubic packing structure
with an intermolecular distance d we have the following relations (where N
is Avogadro’s number) for the molar volume:

V. = Nd? (12a)
in the case of a simple cubic (S.C.) structure;

4
V =S N (12b)
3V3

for a body centred cubic packing structure (B.C.C.);

1

for a face centered cubic structure (F.C.C.).
According to BRILLOUIN the surface §,, can be expressed by the formula

8, = Nd. (13)
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From formulae (12a)-(12¢) and (13) we obtain in sucecession:

8, = NWBsys (14a)
for S.C. molecular packing;
3¥3 \*
Sm = (_ii_) I‘Tl,‘ﬂ V2l3 (14b)
for B.C.C. packing;
f Sm e 21,‘3371;&3 V2,’3 (140)

for the structure with the most dense packing (F.C.C.).

From formulae (11) and (14a)-(14¢) Eotvos’ coefficient K for the different
packing structures can be easily evaluated. We obtain the following values:
2.21 x 1077 [JK '] for 8.C. structures, 1.86 x 10~ [JK '] for B.C.C. structures,
and 1.7567 x 107" [JK '] for F.C.C. structures.

Experimental values of the coefficient for normal liquids with spherically-
-symmetrical molecules are typically about 2.2 x 10~7 [JK™'], and this leads
to the conclusion that the packing structure of these liquids is of the 8.C. type.

It can thus be concluded that Eotvos’ coefficient does not change with
pressure variation, provided that the packing structure of the molecules does
not change at the same time, i.e. provided that the pressure is not too large.
A precise statement of the limiting pressure below which the value of Eotvos’
poefficient remains constant would require knowledge of the temperature
cependence of the surface tension of the liquids for various pressures. These
data are not available from the literature. The limit ean, however, be evaluated
as is shown in section 5 of this paper, to within about 10° [Nm™2%].

Since Eotvos’ coefficient does not depend on the pressure, from equation (4),
for pressures that are not too large, we obtain

1(60) +2 1 (GV) 5 (15)
Lo i ST o o [ SRR D
a ap T 3 V ap U

Use now the formula for the propagation velocity of ultrasonic waves,

gt — X
obr ’
where x denotes the ratio of the specific heats of the liquid at constant pressure
and constant volume, f, is the isothermal compressibility of the liquid, o —
the density, and w — the phase velocity of the ultrasonic waves. From (15)

and (16) we obtain the following expression for the pressure coefficient of the
surface tension of a liquid:

(16)

do o
S i 1
(GP )T 3 ow? S
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The values of the coefficients (do/dp), and o (da/ip)y, evaluated from
formula (17) for a number of liquids, are shown in Table 1. Experimental data
concerning ¢ were taken from tables by LANDOLT-BORNSTEIN [5], the values
of the surface tension from [7], and the values of » from [11]. The error of

Table 1. Values of the pressure coefficients of the surface tension of liquids
(do/op)y and o~1(dg/dp)p obtained from formula (17) at temperature of

293 K
Substance (9a/op)p x 101 [m]| 6~ (de/dp)p x 10~ [m—2N-1]
bromoform 1 1219 i 0.37
chloroform 1.82 0.67
carbon tetrachloride | 1.85 0.69
carbon disulphide 2.00 0.62
bromoethane 1.64 0.68
iodoethane 1.85 | 0.63
n-pentane 2.33 | 1.40
isopentane 2.08 | 1.39
n-hexane 2.04 1.11
cyklohexane 1.76 0.69
n-heptane 1.93 T 0.95
n-octane 1.81 0.83
isooctane | 1.82 0.97
n-nonane | 1.8% 013
n-decane i 1.70 0.71 5
n-dodecane 1.61 0.63
n-tetradecane | 1.57 0.59
n-hexadecane 1.55 0.56
o-xylene 1.59 0.53
m-xylene 1.62 0.56
p-xylene 1.62 0.57
toluene 1271 0.60
benzene 1.82 0.63
nitrobenzene 1.36 0.31
methyl aleohol 1.83 0.81
ethyl alcohol | B SR 0.75
n-propyl aleohol | 1.55 : 0.65
isopropyl aleohol ' 1.56 ! 0.72
n-butyl alcohol 1.45 0.59
isobutyl alcohol 1.50 0.66

the calculated values of the pressure coefficient of the surface tension (do/dp)y
does not exceed 0.3°/,. SAHLI [9] has experimentally obtained a value of
(da/0p)p = 1.8 x 107" [m] for alkanes and this coincides within experimental
error with the mean value of the coefficient (do/dp), calenlated for these com-
pounds in Table 1. J
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Furthermore, the pressure coefficients of the surface tension o~'(do/dp),
of a number of homological saturated hydrocarbons decrease with the in-
creasing number of the homologue, i.e. with an increase in the length of the
chain forming the molecule. A similar pattern is also observed for n-alcohols.

4. Computation of the density of the surface layer of a liquid
from the dependence of the surface tension on pressure
RusaNov, KorcHUurROovVA and KHABAROV [8] state a relation between the
pressure coefficient of the surface tension of a liquid and the relative change
of density of the surface layer of the liquid,

- A\
S.emi o 5EC l (ﬁ) 5 (18)
e o\dp/rp
Table 2. Density p, of the surface layer of various liquids at 293 K, evaluated from formula (19)
V3
(—) % 101 = _ e—0
Substance N o[kg m~3]. | p,[kg m~3] - 100 9%
fm]
bromoform ‘ 5.26 2890 2826 2.23
chloroform \ 5.11 1487 ' 1434 3.56
carbon tetrachloride ‘ 5.43 | 1594 1540 3.40
carbon disulphide ‘ 4.64 | 1264 1209 4.32
bromoethane 4.98 | 1461 _ 1413 3.29
iodoethane 5.12 1936 1866 3.62
n-pentane | 5.76 626 601 - 4.04
isopentane 5.78 620 598 3.61
n-hexane 6.01 659 ! 637 3.39
cyclohexane | 5.64 778 ‘ 754 8.12
n-heptane 6.24 A 684 663 3.09
n-octane ' 6.46 7 702 682 | 2.84
isooctane i 6.50 691 ; 671 2.80
n-nonane 6.60 . 718 700 2.63
n-decane |7 temge 731 713 2.47
n-dodecane | 722 | 750 733 | 2.2
n-tetradecane | 7.56 ‘ 763 747 ; 2.08
n-hexadecane | 7.86 | 774 i 759 1.97
o-xylene } 5.87 ‘ 380 [ 856 2.72
m-xylene ,‘ 5.89 w 864 840 2.756
p-xylene | 5.89 { 861 837 | 2.74
toluene | 5.61 | 866 840 | ©3.05
benzene i 5.29 ; 878 848 3.44
nitrobenzene ; 5.53 1206 1176 2.46
methyl aleohol ! 4.06 ; 792 756 4.50
ethyl alcohol Lot cosdiBlbey o | 790 760 3.86
n-propyl alcohol 4.99 : 804 7179 ; 3.09
isopropyl alcohol ‘ 5.03 r 786 762 ' 3.05
n-butyl aleohol ! 5.34 ‘ 810 788 2.72
isobutyl aleohol \ 5.35 802 | 780 2.74
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where ¢ denotes the thickness of the surface layer, and the other symbols are
as stated. Assuming — according to Rusanov — that the thickness of the
surface layer of the liquid is equal to the mean intermolecular distance d, cal-
culated from formula (12a), we obtain the following expression for the density

of the surface layer:
) )
Ql = =2 J.-\'r ap =3 >

Table 2 gives densities of the surface layer of various liquids. It can be
seen that the density of the surface layer of a liquid is several percent lower
than the density of the liquid itself. For a number of homological saturated
hydrocarbons this reduction decreases with an inereasing homologue number,
from 4.04°/, for n-pentane to 1.97°/, for hexadecane. A reduction in the value
of the expression (p— p,)/e, with an increasing number of carbon atoms in
the molecule, can also be observed for n-aleohols. :

5. Conclusions

From the considerations presented in this paper the following conclusions
can be drawn:

1. The coefficient K in Eotvos’' formula, deseribing the dependence of
the surface tension of a liquid on the temperature, is independent of the pressure -
unless the pressure is sufficiently high to change the packing structure of the
molecules.

2. The formula derived in this paper, describing the pressure coefficient
of the surface tension of a liquid, provides results which are in agreement with
those obtained by other authors, e.g. SAHLI et al. [9]. SAnL1 states that, in
the case of carbon tetrachloride, the pressure coefficient of the surface tension
begins to increase with inereasing pressure no earlier than at a pressure of
2 % 10° [Nm~*]. This implies an evaluation of the limiting pressure, at which
the packing structure of the molecules remains unchanged, on about 10° [Nm™?].

3. Formula (17) makes possible to evaluate the density of the surface
layer of a liquid from the propagation velocity of ultrasonic waves in the liquid.

4. In a series of hemological saturated hydrocarbons the value of the
pressure coefficient of the surface tension (do/0p), decreases with an increase
of the homologue number. In the case of alecohols, it decreases with an increase
in the number of carbon atoms in the molecule.

5. The density of the surface layer of a liquid is several percent lower
than that of the liquid itself. In a homological series of saturated hydrocarbons,
or of aleohols, the percentage reduction of the density of the surface layer,
relative to the density of the liquid itself, decreases monotonically with an
increase in the length of the chain which forms a molecule of a given compound.
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TRANSVERSAL BLEUSTEIN-GULAYEV (B.G.) SURFACE WAVES
ON A PIEZOELECTRIC CERAMIC

WINCENTY PAJEWSKI

Institute of Fundamental Technological Research, Polish Academy of Sciences (Warszawa)

In this paper the results of investigations of piezoelectric ceramic of the
type lead zirconate-titanate (PZT) used as a basis for acoustic-electric waves
(B.G.) are presented.

The inhomogeneous structure of the ceramic, which results from a parti-
cular technological process, was observed to influence the surface wave propa-
gation. The ceramic structure, which causes veloeity differences in the propaga-
tion velocity of an acoustic wave in the surface layers, can preclude the possi-
bility of transversal surface wave propagation or can create more favourable
conditions for its propagation depending on whether the volume wave velocity
increases or decreases within the surface layers.

Investigations were carried out with plate and inferdigital transducers
for the generation of waves on the ceramic.

1. Introduction

Piezoelectric ceramic of the PZT type, is a material possessing' good. piezo-
electric properties and is cheap and readily available. It has already found
wide application in piezoelectric devices.

In view of the difficulties in obtaining suitable materials for acousto-
-electronic devices the idea emerged of using this piezoelectric ceramic as a
basis for surface waves because of its characteristically large electromechanical
coupling coefficient.

The currently produced ceramic has a basic fault, namely porosity. Poro-
sity and graininess of the ceramic result from the technological process of
its production. The obtained grain size (of the order of several or a dozen microns)
constitutes an obstacle to the generation of elastic waves of high frequency.
The discontinuity of the surface accounts for difficulties in polishing it suitably
which is a basic condition for small surface waves attenuation at the higher
frequencies.

3 — Archives of Acoustics 3/77
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Surface waves which are less sensitive to the surface condition are Bleu-
stein-Gulayev (B.G.) waves which can penetrate quite deeply into the material.

Works on the utilization of the currently-produced ceramic (PZT) as a
medium for surface waves [4] points to the possibility of using the ceramiec
at intermediate frequencies for colour television, and in delay lines at fre-
quencies up to 30 MHz [5].

The technology of piezoelectric eeramics "is constantly developing. Its
properties are constantly being improved and this encourages the investigation
into the generation and propagation of surface waves in ceramics. At present,
only the conclusions drawn at lower frequencies are of a more general character,
as results from the following pages of this paper.

2. Properties of Bleustein-Gulayev waves

A B.G. wave constitutes a special case of a LovE wave which is propa-
gating at the boundary of two media, in which molecules on the surface of
the body and in its proximity are set into motion transversal to the direction
of wave propagation. The motion of the molecules is related to the shear de-
formations in the plane of wave propagation. However, the conditions for
the generation of B.G. waves are different from those for the generation of
Love waves and are defined by the properties of the piezoelectric material.

B.G. waves can be considered to be a limiting state towards which a trans-
versal volume wave moves under certain boundary conditions [1]. The pro-
perties of B.G. waves can be easily assessed with the aid of the relevant
equations.

The propagation velocity of a B.G. wave at a free surface is described

by the formula
¢ =S+ 1—(—1u~— - 2] (1)
s 1+ele, 1+k2] ]

where ¢ is the shear modulus, ¢ — the density of the material, &, — the electric
inductive capacity (permittivity) of the medium adjoining the air surface,
¢ — the electric inductive eapacity of the material, and k& — electromechanical
coupling coefficient of the material.

In the case of a piezoelectric for which &/¢, = 730, this velocity is very
near to the velocity of the transversal wave expressed by the formula

¢
vh = —(1+k). (2)
The velocity of the B.G. wave at a surface with a thin metallization layer
and for which g, — oo and 1/(1-+&/e,) -1 can be assumed, is given by

2 L 1 ] ¢ 14282

T @+kr] e 14k 5

[
= (1+k?) [1
e
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It can be seen that the velocity of the B.G. wave at a metallized surface
is smaller than the velocity of the transversal wave. For instance, for a piezo-
electric ceramic with a coefficient & = 0.5 this veloecity is v,, = 0.980, i.e.
the difference in velocity is barely 2°/,. The penetration depth of the B.G.
wave in the case of non-metallized surface is expressed by the formula

A 2
e _____(1 ; ) (4)

In the case of a piezoelectric ceramic e/e, = 730, hence k = 0.7 and
h = 2374. Thus the B.G. surface wave is in this case very weak, all the elastic
energy being bound with the transversal volume wave.

In the case of a metallized surface when ¢, > ¢, we have

A

2mk?’

kE— h = 0.644, (5)
thus the larger part of the energy is concentrated in a surface layer 0.6 thick.
The properties of acousto-electric waves can be utilized for investigating
the structure of a piezoelectric ceramic. A necessary condition for the propa-
gation of a transversal wave on the surface of a medium is that the velocity
of the surface wave be smaller than the velocity of the transversal volume
velocity. This condition is satisfied in the case of a piezoelectric ceramic when
the ceramic is covered with a metallic layer which brings about a reduced
rigidity of the surface layer by eliminating the internal electric field.

3. Methods of the generating acousto-electric waves in.a ceramic

The generation of acousto-electric waves is quite a complicated problem,
since along with the surface wave transversal and longitudinal bulk waves
are generated. The isolation of the surface wave is thus complicated, especially
in the case where the velocities of the transversal bulk wave and the surface
wave are nearly the same.

The process of exciting a surface wave by means of a digital transducer,
as is widely used, requires an especially selective transducer. Digital trans-
ducers with a large number of teeth meet such a requirement, but in practice
this causes some difficulties. In the investigation of ceramiecs transducers with
a smaller number of teeth or plate transducers can be used.

The latter are especially well-suited for the investigation of the properties
of materials by means of surface waves. In order to excite surface waves using
a plate transducer, it is sufficient to place at the side of the plate a transducer
with transversal vibration and polarization parallel to the surface. It is a good
practice for the transducer width to cover the thickness of the surface layer
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in which the generation of waves occurs. This procedure for the generation
of surface waves is of considerable practical importance, since owing to it we
may avoid the laborious process of makiig digital transducers on the ceramie.

4. Experimental results

A digital transducer with four pairs of electrodes and an active tooth
length of 4 mm, and also plate transducers, were used for the generation of
B.G. surface waves. With the aid of two identical transducers a line, polarized

b b a : L
o Tlig. 1. Digital transducer on ceramic plate
ﬁ c /4%547/’ to be examined
=

a) plate of piezoelectric ceramic, b) transmitting and
receiving transducer, ¢) metallized surface

vertically to the direction of the wave propagation and parallel to the plate
surface, was constructed on the plate piezoelectric ceramic. The shape of the
plate is shown in Fig. 1.

In the case under consideration the wave generation is related to the
piezoelectric constant d,; which produces shear deformations under the action
of an electric field.

The properties of transducers and lines were investigated using pulses
of the order of microsecond with different carrier frequencies. At first, measu-
rements were made on ceramic with a free surface and, secondly, with a metal-
lized surface. :

It results from the work of REDWooOD et al. [4] that in the case of a non-
-metallized surface the coupling of the surface wave is very weak and its pene-
tration depth very large, so that practically only a transversal wave is gene-
rated in the thin plate.

Investigations performed with home-made ceramic, in which the direction
of the pressure during pressing was vertical to the surface along which the
wave was propagating, gave no positive results (Fig. 2).

Measurements of the transversal wave, generated by an interdigital
transducer on plates with metallized and free surfaces, have not shown any
essential differences. Indeed, in some cases the velocity of waves on the me-
tallized specimens was higher than the velocity on the non-metallized ones
(Fig. 2). Thus the necessary condition for the existence of transversal surface
waves was not met.

‘For further investigations the specimen used were cut from round plates,
made in such a manner that the direction of the pressure during pressing was
parallel to the surface at which the surface wave was propagating.
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Fig. 2. Pulses received at the output of the line in Fig. 1
(f = 2870 MHz; 2 ps/div)

a) free surface vy = 2380 m/s, b) metallized surface Yo = 2380 m/s

Figures 3a, b show acoustic pulses generated and received on the surface
of such a specimen by digital transducers at a frequency of approximately
2.5 MHz. Figure 3a shows pulses propagating along the free surface: the first
impulse corresponds probably to the surface wave, the following ones to pulses
reflected from the specimen ends. Figure 3b shows a surface wave on a metal-
lized surface, in which case the reflections are weaker due to the bevelled edges
of the specimen, while the increasing surface wave pulse can be seen early.
From the difference of the wave velocities (Figs. 3a and 3b, Figs. 5a and 5b)
it is possible to calculate the electromechanical coupling coefficient %, according
to the formula k, = v, —v,,/v,. In this case k, = 0.23.
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Fig. 3. Pulses received at the output of the line made of the

ceramic plate (f = 2.5 MHz, 5 ps/div)

u) free surface rg = 2380 m/s, b)) metallized surface vg,, 2320 m/s

The investigations of wave propagation on the non-metallized surface
supported the suggestion that the first pulse in Fig. 3a is the one arising from
the transversal surface wave. The thin metal coating on the surface causes
a considerable increase in this pulse and reduces the wave velocity (Fig. 3b).

In order to identify more exactly the surface and transversal bulk waves,
experiments were performed on large pe: pendicular parallelepiped of piezoelec-
tric ceramic of foreign manufacture (Philips). Plate transducers, placed on side
walls of the perpendicular parallelepiped (Fig. 4), were used for the generation
of transversal surface wave.

Surface and bulk waves in the case of both metallized and free surfaces
were investigated. For this purpose the transmitting transducer within the
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Shear wave 1transaducer

1 2
e R O S =
2‘-—-.‘: ______________ Lo —_—7
‘‘‘‘‘‘ )
Ceramic

Fig. 4. Position of plate transducers for excitation of transversal surface wave

1 — transducer, 2 — ceramic to be examined

surface wave zone was immobilized, while the receiving transducer was moved
away from the surface by 0.3, 1 and 2 mm. With such experiments evident
differences were found in the image of the pulse at metallized and free surfaces.

Fig. 5. Acoustic pulses excited by the plate transducers (f = 5 MHz, 5 us/div)

a) free surface, receiving transducer placed at distances 0, 0.3 mm, 1 mm and 2 mm from the ceramic surface
v = 2440 m/s, b) metallized surface, receiving transducer placed at distances 0, 0.3, 1 and 2 mm from the ceramic

surface v = 2380 m/s

Figure 5a shows the image of the pulse at a free surface and Fig. bb —
at a metallized surface. In Fig. 5b it can be clearly seen that the decay of the
received pulse as the transducer is shifted, while in Fig. ba the pulse first
increase and is observed to be followed by a decrease. The peak corresponds
to an angle of about 20°.
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The described phenomena, accompanying the propagation of surface and
bulk waves on piezoelectric ceramic, are related to its layer structure. The
layers nearer to the surface are more dense and less porous; their structure
depends on the method of pressing and firing the specimens. Generally, the
specimens are round in shape and are formed in a female mould of circular
cross-section under the aection of axial pressure. This pressure causes uneven
compaction between the surface that comes into contact with the punch and
the interior of the plate, caused by the inner friction of the ceramic composi-
tion. During firing the plate surface may have a higher temperature than the
interior. This brings about a greater loss of lead from the surface layer and
thus more intensive sintering. This process leads to an increased acoustic wave
velocity in layers near to the surface and decreased velocity nearer the centre
of the plate, the change being continuous. This property of the ceramic makes
the generation and propagation of transversal surface waves difficult or even
impossible. The coating of ceramic with a thin layer of metal and the sub-
sequent decrease in the rigidity of the surface layer compensates only the higher
rigidity of the layer because of inhomogeneous structure of ceramic. Conse-
quently, the result is such as shown in Fig. 2.

In the case of the specimen shown in Fig. 3, the reverse phenomenon can
be observed. Here the influence of the surface layers has been eliminated.
Furthermore, the velocity of the transversal waves in the surface layer is
smaller and increases towards the centre of the plate. Such conditions favour
the generation of acoustic transversal surface wave with acousto-electric pro-
perties. Such waves can exist in this particular case without the plate being
metallized. The metallization process only increases the difference in veloeity
between the interior of the specimen and its surface, thus considerably in-
ereasing the pulse amplitude of the surface wave (Fig. 5).

The changing velocity of the transversal wave at the surface of the specimen
also affects the direction of propagation of the transversal bulk wave, by caus-
ing deflection of the direction of propagation of the bulk wave. This explains
the behaviour of the transversal wave pulses in Fig. ba.

REDWOOD has also foreseen a similar deflection, but in his paper the change
in the velocity of the transversal wave in layers near the surface has oceurred
for the metallized surface and was eaused by a change in ridigity modulus [4],
resulting from the decay of the electric field.

The described phenomena and their explanation provide some possibility
for the rational utilization of the structure of a piezoelectric material to im-
prove the efficiency of the generation of transversal surface waves. With the
present state of technology it is possible to utilize layers whose properties
have already been determined.

Transversal waves with polarization vertical to the ceramic surface (thus
to the axis z) were also generated by using plate transducers according to
the arrangement shown in Fig. 6. It can be seen from the photographs that
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PZI1

Fig. 6. Acoustic pulses on the piezoelectrie eeramic when the transducer has a polarization
vertical to the surface (f = 2.358 MHz, 2 ps/div)
a) transducers at a free surface g = 2170 m/s, b) at a metallized surface vp= 2170 m/s, e¢) transducers situated
at the distance from the surface vp = 2170 m/s

in this ease no surface wave effects have been achieved. The velocity of waves
beneath the surface and at the centre of the specimen was the same: 2170 m /s.
The lack of the occurrence of surface waves (e.g. Rayleigh waves) was probably
due to the irregular surface.

Similar experiments to those on ceramic wore performed with erystals
of lithium iodate on the a and y surfaces. As a result of the measurements
made with plate, mean values of the coefficient k, for ceramic and lithium
iodate were determined:

piezoelectric ceramic (PZT): k, = 0.24, k = k;; = 0.56;

lithium iodate LIO;: k, = 0.3, k = k; = 0.65.
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INVESTIGATIONS OF THE HYDRATION
OF POLYETHYLENEGLYCOLS USING AN ACOUSTIC METHOD
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Institute of Chemistry, Jagiellonian University (Krakow)

Measurements of the veloeity of ultrasound in alecohol — water solutions
of polyethylene glyeols with molecular weights 400, 1500, 2000, 15000 and 20000
at a temperature of 25 4+ 0.1°C have been made and the values of the hydration
numbers defined by the Yasunaca method.

1. Introduction

The YAsuNAGA method for the determination of hydration, is one of se-
veral known methods based on acoustic measurements. One of the first methods
which subsequently provided the basis for further investigations was PAs-
SYNSKY’'s method [1], with the aid of which it is possible to evaluate the hy-
dration of electrolytes and non-electrolytes

where h is the hydration in terms of grams of solvent per gram of solute, f
and g, are the adiabatic compressibilities of the solution and solvent respectively,
and ¢ is the number of grams of the solute dissolved in 1 gram of solution.

In deriving this expression, PASSYNSKY did not consider the compressibility
of the solute. Such a simplification can only be valid for electrolyte solutions
and for small solute concentrations.

An interesting modification of PAssYNSKY’S method was made by ErRNsT
and JEZOWSKA-TRZEBIATOWSKA [2] in the determination of the hydration
numbers of some uranyl salts in an aqueous-organic mixture. To determine
the hydration of uranyl sulphate and uranyl nitrate they used PASSYNSKY'S
standard method while in the case of solutions of the same salts in a mixed
water-dioxsan solvent they stated the following formula for the hydration
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number :

1N — i A 03 ng _1,0E
2 Oy Cy Vll)ﬂl’

, (2)

where ¢, ¢,, ¢; are the concentrations of water, electrolyte and dioxsan, res-
pectively, in moles per 1 of solution, @k, is the apparent molar compressibility
of dioxsan in solution, f and 4] are the adiabatic compressibilities of the solution
and of water, respectively, and V! is the volume of water.

Generally speaking, @k, in this formula depends on the composition of
the solvent and the concentration of the electrolyte, in order to determine
these values and to evaluate the hydration numbers, use has been made of
a special procedure involving the introduction of an organie constituent into
the solution. ;

Another method of determining the hydration numbers was proposed
by SuIo [3, 4] using the dehydration properties of such liquids as ethyl alcohol
or acetone. :

The methods described above require a knowledge of the adiabatic com-
pressibilities, and thus involves the necessity of the measuring both the sound
velocity and the density of each solution.

In the method developed by YAsunaGa for the determination of hydration
only the measurement of the velocity in the alcohol-water solutions is necessary.
It i3 known that the dependence of the sound velocity on the alcohol con-
centration for alecohol-water mixtures is parabolie, its maximum being precisely
defined for each temperature [5]. The addition of any substance causes a shift
of the peak of the parabola in the direction of lower concentrations of aleohol.
The diiference between the abscissae of the maxima of the curves obtained
is caused by the molecules of the solute bonding part of the water. With this
assumption we have

A dn
W, W, &
0 1 &

where 4, and W, are the amounts of aleohol and water corresponding to the
maximum for alecohol-water mixtures without solute, 4, and W, are amounts
of alcohol and water at the maximum for alcohol-water solutions containing
a certain amount of solute and W, is the hydration in terms of percentage
volume.

This paper presents measurements of the propagation velocity of ultra-
sound in aleohol-water solutions of polyethylene glycols with five different
molecular weights over a range of concentrations from 1.4 g to 14.3 g per
100 g of water.

The investigations were aimed at determining the hydration of poly-
ethylene glycols by YASuNAGA’s method and also the optimization of the con-
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centration of macromolecules for which this method gives reproducible results.
The investigations involved measurement of the propagation velocity of ultra-
sound using a ‘‘sing-around” method at a frequency of 10 MHz and at a tem-
perature of 25+ 0.01°C.

2. Experimental arrangement

All the materials used for the investigation of polyethylene glycol were
made by BDH Chemicals Ltd. Measurements of the sound velocity as a function
of ethanol concentration were performed for axis ‘concentrations: 1.43, 2.86,
5.71, 8.57, 11.43, 14.29 g per 100 g of water for each polyglycol of the form

CH,—(CH,—CH,—0), —CH,—OH.

|
OH

Apparatus. The measurements of the sound velocity were made with
the system shown in the block diagram of Fig. 1.

SA -
To oR
| SRS
MOoP
T2 L/ 7
g 92
Fig. 1. Block diagram of the apparatus used for the measurement of the velocity of ultrasonie
wave

A — ultrasonic wave velocity meter of the type SA 1000, developed by the Institute of Fundamental Techno-
logical Research, Polish Academy of Sciences, Warszawa, which enables a measurement of relative velocity to
be made with an accuracy of up to 2 em s, 4 — high frequency resistance attenuator, M DP — small-dimension
metering pump, type 356 A developed by UNIPAN, Warszawa, which monitors the flow of ethanol into the
measuring vessel with an accuracy of up to 0,02 ml, 7, and T, — thermostat systems typeJNBE/NBER made
in GDR, which ensure constant temperature in the measuring vessel with an accuracy of + 0.01 °C, and NP —
measuring vessel with agitator and transmitting and receiving transducers @, and Q.

3. Results and conclusions

Figure 2 shows the graph of ultrasonic velocity as a function of ethanol
content for polyethylene glycol of molecular weights 400 and 20000, with
a marked shift of the parabola in the direction of smaller ethanol concentration
with increasing content of the substance examined.

.
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On the basis of YAsUNAGA’S formula

W, = Wi—4, W,
A,

) (4)

where W, is the hydration for a certain amount of the substance examined,
and the other symbols have the same meaning as in formula (3). The total
hydration of all the polyglycols at six concentrations has been caleulated and
then converted into 1 g of solute.

Table 1 shows the values of the hydration numbers for polyglyeols with
molecular weights 400, 1500, 2000, 15000 and 20000 for concentrations ranging
from 1.4 to 14.3 g per 100 g of water.

Table 1. Values of the hydration number (ml/g of dissolved substance)

¢[g/100 g H,0]

Polyethylene | S e LT
glycol 143 | 286 | 571 | 87 | 1143 | 1420
400 | 0.511 | 0.767 | 0.894 | 1022 | L1490 | 1175
1500 | 0511 ‘ 0.767 | 1.022 | 1.022 | 1.149 | 1.124
2000 © | 0511 | 0.511 | 0.894 | L1107 | 1149 | 1175
15000 0.511 | 0.767 = 1.149 | 1.022 ‘ 1.149 | 1.226
20000 ;‘ | 11490 | 1.226

1.022 | 1.022 1.149 | 1.072

From these results it can be concluded that for concentrations in the range
1.4-5.7 g per 100 g of water of polyglycols with molecular weights 400, 1500,
2000 and 15000 the values of the hydration numbers increase with increasing
of polyglycol concentration. Above a concentration of 5.7 g per 100 g of water,
the hydration numbers are within experimental error, constant and indepen-
dent of molecular weight. Within the concentration range 1.4-5.7 g per 100 g
of water, the total amount of bound water determined from the shift of the
parabola varies between 0.8-5 ml. The minimum dose of aleohol that causes
perceptible changes in the shift of the maximum point of the parabola is 0.2 ml
and this gives an equivalent amount of bound water of about 0.6 ml.

Thus, if the total amount of water bound per unit amount of solute is
smaller than 6 ml, the determination error is higher than 10°/,, and the obtained
results are barely trustworthy.

At coneentrations of 1.4-5.7 g per 100 g of water the determination error
considerably exceeds 10°/,, and at the lowest eoncentration examined is almost
as high as 60°/,, so that the results obtained in this concentration range cannot
be taken into consideration.

For confirmation of our conclusions, measurements of the time longi-
tudinal relaxation time 7', of water solutions of polyethylene glycols in the
above-mentioned concentration range have been made in the Radiospectro-
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scopy Establishment of the Physics Institute, Jagiellonian University, Krakow.
The measurement were performed with a pulse spin echo apparatus, operating
at a proton resonance frequency of 25 MHz by three method 180-90-180, at
constant temperature of 22°C.

The relation between the longitudinal relaxation time 7, for water so-
lutions of macromolecules and their concentration is described by the linear
equation [6, 7, 8, 9]

1 e =

T‘.I. = le + c, (D)
where T, is the longitudinal relaxation time and T,, the relaxation time of
pure water, while the quantity k is proportional to the amount of water bound
within the molecules of the solute.

The water found in the hydration envelopes of the macromolecules is
less mobile than the free water which is not bound to the maeromolecules.

A A
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Fig. 2. Propagation velocity of ultrasonic waves as a function of ethanol concentration for
ethylene polyglycol with molecular weight 400 and 20000

The relaxation process of the molecules of unbound water is therefore consi-
derably faster than that of water bound within the molecules of the solute.
When it is assumed that the interchange between molecules of free and bound
water is very rapid, a shorter relaxation time for the solution in comparison
with that of pure water can be observed.

The results for the longitudinal relaxation time T, for water solutions of
polyethylene glycols with molecular weights 400, 1500, 2000, 15000 and 20000,
over a concentration range from 4 to 10°/, by volume, have shown that the



212 A. JUSZKIEWICZ, J. POTACZEK

relaxation time does not depend on the chain length of the polyethylene glycols
tested. From this it results, in agreement with the results of the ultrasonic
measurements, that the amount of bound water does not depend on the mole-
cular weight of the polyethylene glveols, but only on their concentration in
the solution.

*

This paper was partly financed by the U.S. Agricultural Dept. under
Public Law 480 agreement.

References

[1] A. P. PassyNsKy, Solvatacija nieelektrolitov i shimajemost ich rastvorov, Zur, Fiz.
Chim., 20, 9, 981-994 (1946).

: [2] 8. Erxst, B. JEZOWSKA-TRZERIATOWSKA, Application of Passynsky’s method for
determination numbers of electrolytes in water-organic mixtures, J. Phys. Chem., 79, 20, 2113-
-2116 (1975).

[3] H. Sumo, T. Ocawa, H. Yosuiuasui, Measurements of the amount of bound water
by ultrasonic interferometer, J. Amer. Chem. Soc., 77, 4. 4980-4982 (1955).

[4] H. Swiro, Ultrasonic interferometer measurements of the amount of bound water.
Saccharides, J. Amer. Chem. Soe., 80, 1, 70-73 (1958).

[6] T. YasunNaGa, Y. Hirata, Y. KawanNo, M. Mivra, Ultrasonic studies -of the hy-
dration of various compounds in an ethanol-water mixed solvent. Hydration of inorganic com-
pounds, Bull. Chem. Soe. Japan, 37, 6, 867-871 (1964).

[6] B. Jacossox, W. A. ANDERSON, J. T. Ar~oLp, Study of the hydration of deoxy-
ribonucleic acid, Nature, 173, 772-773 (1954).

[7] J. DerireUX, D. WiLLiams, Influence of deoxyribonucleic acid on the intermole-
cular structure of water, Nature, 195, 699-700 (1962).

[8] B. BricHArskaA, Z. FLorkowskr, J. W. HeENNEL, G. HeELD, F. Noack, Investi-
gation of protein hydration by proton spin relaxation time measurements, Biochim. Biophys.
Acta, 207, 381-389 (1970).

[9] B. Lusas, The hydration of DN A macromolecules-theory and methods of determination,
Post. Biochem., 18, 31-57 (1972).

Received on 13th December 1976

L

M st st e 15




ARCHIVES OF ACOUSTICS
2, 3, 213-224 (1977)

AN ACOUSTIC METHOD FOR THE DETERMINATION
OF DISPERSIVECOMPOSITION OF ORGANIC SUSPENSIONS
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In this paper it is shown that the sedimentation analysis of an organic
suspension can be made rapidly using ultrasonic methods in which an ultrasonic
plane wave is used to induce very rapid sedimentation of the dispersed phase,
while a transversal ultrasonic wave is used to determine the course of the changing
concentration of the dispersed phase during sedimentation in the ultrasonie
field. A description of the measuring system as well as results of experimental
studies for determining the dispersive composition of some organic suspensions
are given.

1. Introduction

A knowledge of the dispersive composition of organie suspensions is
especially important during the inspection of technological processes. The
methods used hitherto in industry for the investigation of the dispersive com-
position of these systems are very time-consuming [4, 5, 6], and for this reason
are not suitable for the control of technological processes.

Thus, the problem arises of finding a rapid measurement method, i.e.
a method which would give virtually instantaneously information on the con-
ditions in the dispersive system as they change with time.

In this paper we show that the instantaneous condition of a dispersive
system can be determined with the aid of an acoustic method by measuring
the wave impedance of the tested dispersive system during the “settling” of
molecules of the dispersed phase in an ultrasonic field.

2. ““Settling” of molecules of the dispersed phase
in the field of a plane acoustic wave

In initially considering the influence of an acoustic plane wave on the
distribution of the concentration of molecules suspended in a dispersive system
we shall assume the following:

4 — Archives of Acoustics 3/77
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(a) the molecules of the dispersed substance have spherical symmetry,
with the molecule radius considerably smaller than the wavelength of the
ultrasonic plane wave;

(b) the radii and masess of molecules of the dispersed phase and the dis-
persing substance satisfy the relations r > ry and m > m;

(e) the medium is considered to be lossless so that instantaneous velo-
cities result only from the same wave conditions.

On the basis of these assumptions we can apply King’s [7] theory for
solving the problem concerning the action of the acoustic radiation pressure
on a sphere. According to this theory, in a sound wave propagating within
the system a suspended spherical molecule is acted upon by the force. In the
case of the plane wave this forece is expressed by the formula '

5 A 2[a*—3(1—go/e1)] .
¥ A2 2 L —
mgal4Pam x){aToTl g G i F
i 3(a®—8) 3
o } (1)
where
2n = 2+ 0o/e
a = kr, k:T,/ P =g, T1=———-a%*11
2n—1) ( 1)
Ty =9a"% T,=60a"" .. T,= {;:““ )

r denotes the molecular radius of the dispersed phase.
From expression (1) we obtain an approximate formula in the form

14+ 3(1—go/91)
2+ gol9:

where R(a‘) denotes the remaining terms of a series containing the terms z(a')
and higher.

With the assumption that the molecular radius of the dispersed phase is
_considerably smaller than the ultrasonic wavelength (a < 1), it is possible to
neglect the terms z2’a*) and higher in formula (1a), whence we obtain

F = mgy|A|2sin (2 k) a® 1+§(l_9°/g‘), (2)

2+90/01
where g, and g, denote the density of the dispersing and dispersed media, res-
pectively.
~ As can be seen from formula (2), this force is equal to zero for the nodes
and antinodes of the vibrations and attains its maximum between them. It
can be easily proved that the direction of this force depends on the value of

F = ngy|A|*sin (2 ka)a® + R(a’), ¢ =4,5,..., (1a)
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relative density g,/g; of the dispersed substance. Thus, for example, with a
relative density of the molecules of the dispersed phase g,/g, < 2.5, this force
is directed towards the antinodes, whereas with a relative density of the mole-
cules of '\g,/g, > 2.5 it will be directed towards the nodes of vibration. This
means that under the action of the wave pressure the molecules suspended
in the medium will move — depending on the value of g,/¢g; — towards the
antinodes or nodes of vibration. Thus in the presence of a stationary plane
wave in a dispersive system there is a change in the concentration distribution
of the molecules of the dispersed phase. These conclusions have been confirmed
by numerous experiments [3, 6, T].

The phenomenon described above constitutes an analogue of gravitational
sedimentation and therefore will in future be called acoustic sedimentation.

Let us first consider the process of acoustic sedimentation in a mono-
dispersive system. Let us assume that the molecules suspended in the system
move only under the action of the acoustic field, i.e. the dispersing medium
is sufficiently viscous and the size of molecules of the dispersed phase suffi-
ciently large. It is then possible to neglect the thermal and gravitational motion
of these molecules. The equation of motion for one molecule suspended in the
medium takes the form

(5g1—29,) (3)

?

S 2 (fy)osin (2 :
6 Ty s g | A |2 (kr)®sin (2 kx) (60,3 340)
where 7 denotes the viscosity of the dispersing medium, » — the molecular
radius of the dispersed phase, |4| — the amplitude of the acoustic potential,
g, and g, — the densities of the dispersing and dispersed media, and 2 — the
distance of a suspended molecule from the plane of an antinode.
Integrating this equation, we obtain

tan (kx) = tan(kz,)e™, (4)

where

_ 8n*r*E(bg, —2g,)
3221(6.g1+34)

and # denotes the acoustic energy density.

Let us further assume that the suspended molecules do not interact (4 is
constant during the acoustic sedimentation) and initially are evenly distributed
within the whole of the distributing system, so that the number of molecules
suspended between planes @, and @, dx, is nydz,, where n, denotes the con-
centration of molecules at ¢ = 0. Then after a time ¢ of the acoustic sedimen-
tation the number of suspended molecules, contained between planes # and
@ -+ dx, is ndz, where n denotes the concentration of molecules after a time ¢

of the process.
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Under these conditions we have
ndx = nydx,. (5)

According to equation (5) we find from formula (4) that the distribution
of relative concentration (n/n,) is given by the expression

;—% — (eosh Bt — cos (2 kx) sinh Bt) ™. (6)
0

Figure 1 shows the distribution of relative concentration of suspended
molecules which hase been calculated for the case of a suspension consisting
of dispersed particles of radius 1 pm, viscosity = 18.5 eP, in an ultrasonic

o

T
3t j+/
5 e
4 /?’
e s -2
1L W )/-:/+
A{__.s—-: T Fig. 1. Distribution of molecular concentration of the
) et dispersed phase evaluated at times t; = 210 s and #, =
1 L - . . .
025 05w O0l5m o — 430 s during acoustic sedimentation
B o o W and S denote the corresponding positions of a node and an anti-
A node vibration

field of frequency 20 kHz and energy density 10~* J/em3, at ¢, = 210 s and
t, = 430 s.

The curves plotted in Fig. 1 for an ideal suspension show that at a small
intensity of the ultrasonic field (about 2 W /em?) the molecules of the dispersed
phase concentrate under the action of the wave pressure at the antinodes of
the stationary ultrasonic wave. Substituting particular values into formula (6)
it can be shown that in a plane x the concentration of molecules of the dispersed
phase at the nodes decreases, but at the antinodes it increases exponentially
with the duration of the acoustic sedimentation

ny = noe™ %, (Ta)

Ny = 'nOeBt! (Tb)

where n,, and n, denote the concentrations of the molecules of the dispersed
phase at the nodes and at the antinodes after a time ¢t of the duration of the

process.
From formulae (7a) and (7b) we obtain

NN, = M. (8)
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This relation constitutes the characteristics of a dispersive system in
which the sedimentation occurs under the influence of an ultrasonic field of
plane stationary waves.

Let us now consider the process of acoustic sedimentation of molecules
in a polydispersive suspension consisting of a certain number of different
sizes of molecules of dispersed phase.

Using formula (6) and the assumption that the density of the dispersed
molecules does not depend on their radius, the distribution of the volume
concentration of the dispersed molecules in a polydispersive medium during
acoustic sedimentation takes the form

Pt = 3, ¥o,i(00Osh B;t — cos (2 kz)sinh B ), (9)

where ¢, denotes the volume concentration of dispersed molecules in the
plane x at a time ¢, ¢, ; is the volume concentration of the dispersed molecules
of the i-th size at time ¢ = 0, and

_ 8nE(5g,—2¢,) 5
' 3iq(6g,+3g,)

where 7; denotes the radius of a suspended molecule of the i-th size and B —
the acoustic energy density.

From formula (9) it can be seen that the volume concentration of the
dispersed molecules in a polydispersive suspension — as in the case of mono-
dispersive system — decreases at the nodes of vibration, while at the anti-
nodes it increases exponentially during the acoustic sedimentation process.

3. Analysis of acoustic sedimentation

When an organic suspension is polydispersive, the molecules of fthe indi-
vidual fractions sediment under the influence of the field of plane stationary
waves at different rates. Let us assume that the volume of molecules of the
dmpersed phase consists of volume fractions ¢,, ¢,, ... corresponding to the
radii r,, 7,, ... Then we can write

‘P:Z‘Pi-

From formula (9), a change in the volume concentration caused by mole-
cules wholly leaving the area, e.g. at a node of vibration, is

Apus = D) pos(1—e BT, (9a)

where g, ; denotes the volume concentration of dispersed molecules of the i-th
size at t= 0.
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The change of volume concentration Ag,,, brought about during the
acoustic sedimentation, is determined by an ultrasonic transversal wave reso-
nator [10, 11].

Using:

(a) the expression for the wave impedance of a medium

Z;, =R, +iX,, (10)

(b) the relation between the viscous and elastic components of the wave
impedance at a frequency o <€ o, [8]

R; = X, = (nfn. 9" (11)

(¢) Einstein’s law for the viscosity of a suspension
s = No(1+bpey), : (12)

(d) the relation between the attenuation coefficient of an ultrasonic reso-
nator and the wave impedance of the medium [9]

a = koZp, (13)

we can derive a relationship between the volume fraction of dispersed molecules
and the attenuation coefficient of the resonator in the form

4 = ag(1+bgyy), (14)

where @, and «, denote the attenuation coefficients of the dispersive system
and the dispersing substance, while ¢, , is the volume fraction of the dispersed
molecules.

Hence, by measuring the attenuation coefficient of an ultrasonic resonator
it is possible to determine experimentally the time dependence of the volume
concentration of dispersed molecules in a particular region, e.g. at a node of
vibration during acoustic sedimentation.

From expression (14) it is possible to change the volume concentration
of dispersed molecules. In the region of a node of vibration it takes the form

s = =
A(Pw,t = Aaw,tb ’ (15)
where
- 2 2
Af @y aw,t
aw,t S Wl
a,

denotes the change of the relative attenuation coefficient of the vibrations
caused by a change in the volume concentration of the dispersed molecules
due to some leaving the region of the node of vibration.

If we give further consideration to the fact that B, is generally of the
order of 10~* and use expressions (9) and (15), it can be easily proved that
the basic equation of acoustic sedimentation can be written in the following
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manner:

e e by

/1(1.";’, = Aau,".+ fjﬂﬂ,,z —— Aa“"'+t77-dtﬂ' ~ . (16)

It consists of the following components:

(a) changes of relative attenuation coefficient Aa,, ,, contributed by the
fraction of molecules with a radius larger than a certain value, which could
leave wholly the region of the node of vibration, expressed in terms of the
initial concentration of these fractions, and

(b) changes of relative attenuation coefficient Aa,, caused by the part
of the molecular fractions with a radius smaller than the limiting value of
the radius, which have left the volume under consideration.

This change is in the form of the product of the instantaneous derivative
of the change of the relative attenuation coefficient caused by the acoustic
sedimentation of all the molecules at a time t and the duration of this process
up to the time ¢.

This equation is completely analogous to the expression representing the
settlement curve in the analysis of gravitational sedimentation. Thus, in the
analysis of acoustic sedimentation we can proceed further as in the gravitational
sedimentation analysis to the transition from a settlement curve to a distri-
bution curve. In order to determine the molecular distribution eurve of the

dispersed phase as a funetion of the radius, we evaluate the ratio d( AL&,,,‘,) |dt
for the molecules, which have left the region of the node of vibration

d(da,,)  d(Aa,,)dt

(17)

dr dr,f&t

The value of the ratio dr/dt can be found from the expression for the
‘“settlement” time of all molecules of radius » or greater,

L
t=—, (18)
?'2
where
: 3x10°A25(6 3
T e _7:‘(_9'1‘5‘ 9'(_1)__. (19)
8n*E(5g,—2g,)
Using expression (18), we obtain
dr Fady 7
S e S e 20
dt 2 3 2t (20)

Substituting into equation (17) the values for cl(ATxu,,,) /dt and dr /dt, we have

d(da,,) 20 @(Aa,,) )

dr r  dir
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This equation expresses the separation of the molecules according to
their size. '

Figure 2 shows the dependence of Aa,, on time, obtained experimentally.
When we draw the tangent to the curve at the point which corresponds to
the time of acoustic sedimentation t, it will intersect the ordinate axis at a

A

&

da,,  ——>
<
L=1
T

—
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Fig. 2. “Settlement” curve of molecules of the dispersed phase at a node of vibration during
acoustie sedimentation

certain value s which is equal to the change of the relative attenuation coef-

ficient of the resonator A_aw,, caused by the change of volume concentration
of molecules with radius » and larger, which have left the region of the node
of vibration after a time ¢, i.e.

d(dauht)

;. Bk —- Aau,,, — ‘daw,f_t nﬁff,,,

Drawing a number of tangents to the curve at points corresponding to '
equal lengths of time, we can determine on the ordinate axis the differences
in the lengths A(Aa,,). Since, however,

ds  d(4a,,)

- oA
we can find, knowing / (Aiaw‘,), the value of Ar. Thus, plotting r as the abscissa,
we obtain the curve of molecular separation [A(A_a",,,,)/Ar].

4. Measuring system

Experimental investigations of acoustic sedimentation were performed
with the measuring system shown in the block diagram in Fig. 3. The ultra-
sonic sedimentator consists of a source of ultrasonic plane waves, an electronic
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Fig. 3. Block diagram of the system for the measurement of acoustic sedimentation of the
dispersed phase

1 — electrie generator, 2 — magnetostrictive transducer with acoustic transformer, 3 — measurement vessel,

4 — ultrasonic wave reflector, 5 — sensor of measurement of the wave impedance of the tested system, 6 —
system of excitation and reception of vibration, 7 — electronic system for the digital recording of measurement
results

device for measurement of wave impedance of the suspension, an electronic
system for digital recording, a thermostat and a measurement vessel with
relatively rigid walls which effectively prevents the tested suspension from
vibrating radially.

The ultrasonic generator is an electrical system with magnetostrictive
transducer. The maximum power of the generator is 400 W and the transducer
frequency is 20 kHz. The measurement vessel is formed as a brass cylinder
of diameter 4 em and height 10 em. Over the measurement vessel there is the
ultrasonic transducer with an acoustic transformer. Brass has been used for
the construction of acoustic transformer. The lower part of the measurement
vessel is a eylindrical reflector, its height corresponding to 5/4 of the ultrasonic
wavelength in brass. The tranducer together with the acoustic transformer
over the vessel can be shifted continuously by means of a screw. The cross-
-section of the measurement vessel is shown in Fig. 4. Vertically to the direction

47 :
7
R 6]

5 o]

7 ——
2 / s Fig. 4. Cross-section of measurement vessel of

. Vi \ I the acoustic sedimenter

1 — reflector, 2 — acoustic transformer, 3 — ultrasonic ge-
TTTTIT] 3 nerator, 4 — sensor for measurement of the distance of the
reflector from the source of the ultrasonic waves, 5 — ther-

"—I mistor thermometer, 6 — system for measurement of the
wave impedance of the tested suspension, 7 — thermostat
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of movement of the ultrasonic transversal wave there is placed the ultrasonic
transversal wave resonator, one half of which is in the measurement vessel,
while the other half is in the coil of exciting and receiving vibrations [11].
The characteristic frequency of oscillation of the resonator is 30 kHz.

The acoustic sedimentation of the dispersed molecules in the tested sus-
pensions changes the action of medium on the resonator. Changes in the value
of the attenuation of vibrations of the resonator are directly recorded by a
digital printer.

5. Experimental proce dure

In order to check the results of sections 2 and 3, investigation of dispersive
composition using the above method were carried out on 2-component and
polycomponent suspensions. The choice of the components and composition
of the simple suspensions was decided by the composition and kind of the
multicomponent organic suspensions to be tested.

Firstly, an analysis of acoustic sedimentation on 2-component suspensions
with the following composition (designations of the composition according to
standard PN —MPCH —07) was made:

1 — suspension No 1 — 10°/,: 45/60°/, + titanium white,

2 — suspension No 2 — 10°/,: 45/60°/, + iron oxide red,

3 — suspension No 3 — 10°/,: 45/60°/, + poliogengelb RT 1560,

4 — suspension No 4 — 10°/,: 45/60°/, + monostral jast blue RFS.

These suspensions were prepared. according to the following method: the
pigment (in the ratio 1:1) has been mixed with resin mechanically and then
ground in a disc mill. The grinding conditions for all the suspensions were the
same. The suspensions obtained were thinned to a working viscosity according
to Ford cup for 30 s in a solution melolak B/II with 50°/, budanol. The speci-
mens, prepared in this manner, were subjected to acoustic sedimentation. The
results of the analysis of acoustic sedimentation are shown in Fig. 5.

Secondly, the analysis of acoustic sedimentation on phthalic-carbide
enamel (Manuf. No 3463-312-360) was made. (Samples were taken
directly from the Paints and Lacquer Factory. The investigations were carried
out'on samples taken from various industrial series; several samples being
prepared from each series. The results of the analysis of acoustic sedimentation
of these samples are shown in Fig. 6.

The duration of the acoustic sedimentfation for the single samples did
not exceed 8 minutes. When a digital computer was used to analyse the obtained
results, the time of the analysis of the acoustic sedimentation was equal to
the duration of the process of acoustic sedimentation of the molecules dispersed
in the suspension.
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Fig. 5. Distribution of pigment molecules in suspensions 1, 2, 3, £ according to their radius

determined : a) by the acoustic method 1, 2, 3, 4, b) by microscopy 1’, 2’, 8", 4, with confi-
dence limits for the determination of » of Ar = +0.5 pm
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Fig. 6. Distribution of pigment molecules in enamel series 1, 2, 3, 4, 5 according to their
size, determined by: a) the acoustic method 1, 2, 3, 4, 5§ and b) microsecopy 1, 2, 3', £, &',
with confidence limits for the determination of » of Ar = £+ 0.6 pm

For some suspension additional investigations of dispersive composition
were made by a microscopic method [5]. The preparation grain counting and
the calculation of real value of grain distribution were performed acecording
to the recommendations of the standard PN-70/C-04424. The results of in-
vestigations are shown in Figs. 5 and 6.

It follows from the results of the measurements presented in Figs. 5 and 6
that the distribution curves of moleculé size, determined by the acoustic method,
are in agreement with those obtained by microscopy.

6. Conclusions

On the basis of the experimental results obtained, it ¢an be said that
the above analysis and the conclusions resulting from it conveys a picture
of the process of acoustic sedimentation, with the aid of which it is possible
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to describe the characteristic features of the tested dispersive system. Thus
from the analysis and from the experimental data obtained the following can
be concluded:

(a) distribution curves of molecular size, determined by the acoustic
method, are in agreement with the results obtained by microscopy;

(b) the duration of the analysis of acoustic sedimentation is considerably
shorter than the duration of microscopic analysis and with the use of a digital
computer it does not exceed the duration of acoustic sedimentation which
lasts only a few minutes;

(e) it can be said, moreover, that the dispersive compositions of enamel
samples from various industrial series are different.

From the above it can be seen that the acoustic method, described for
the determination of the dispersive composition of organic suspensions, can
be used during the inspection of technological processes, since it permits the
time of the dispersion analysis to be shortened to several minutes and this
corresponds to the conditions prevailing during the production.
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ATTEMPTS AT THE ULTRASONIC VISUALIZATION OF THE HEART
IN REAL TIME

LESZEK FILIPCZYNSKI, JAN SALKOWSKI

Institute of Fundamental Technological Research, Polish Academy of Sciences (Warszawa)

In recent years several papers have been published aimed at the visu-
alization of the heart by means of an ultrasonie method giving a geometrical
picture of the distribution of tissues in a selected area of examination.

The first work on the visualization of the heart was carried out by KIKuUCHI
[5] but it was not until Bom [1] developed a method for visualization of the
heart in real time that more extensive clinical application was found (Fig. 1, I).

The pioneer of ultrasonic analysis in real time was SOMER [6] who was
the first to examine biological structures by means of a multielement transducer

n

 §
p

* Aﬂﬂmnhh c ;

36"
Fig. 1. Various methods of ultrasonic visualization of the heart in real time: I — with a
transducer array [1, 7], II — with one oscillating transducer [2, 4], III — with one revolving
reflector (IPPT-PAN)

P — piezoelectric transducers, ¢ — body surface, Z — ribs, B — revolving reflector
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Fig. 2. Ultrasonic seanner (overall dimensions 130 x 80 x 75 mm) with a revolving reflector
as shown in Yig. 1, [II

Fig. 3. Results of experimental investigations with an aorta phantom (FA4) in various
positions immersed in a tank containing water obtained with the system shown in Fig. 1, ITI
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in which all transducers were excited simultaneously with voltages of variable

phase.
A further improvement of such a system is that of THUrsTONE [7], in
which a multielement transducer array is controlled digitally by means of

a special programme.

N .
nE
]
PCx
a o
I MG (| MT
~{ZRW 5

Fig. 4. Simplified block diagram of laboratory system for ultrasonic heart visualization
in real time
C — timer, PCx — horizontal time base, N — transmitter, ¢ — scanner with ultrasonic transdueer, 8 — motor
with transmission gear, PK/N — angle/voltage transducer, O — electronic receiver, ¥ — oscilloscope sereen,
PCy — vertical time base, MOD — modulator, AR — automatic brightness system, ZRW — sensitivity-time
control (swept gain), KT'P — industrial TV-camera, MG —video-recorder, MT — TV-monitor, ¥ — photogra phic
apparatus

A different concept was proposed by Grirrrra and HeNrY [4] (Fig. 1, II)
and EGeLEToN et al. [2] with a single mechanically oscillating transducer.
A similar concept has recently been realized by WHEATLEY [8].

In the Department of Ultrasonics of the Institute of Fundamental Tech-
nological Research of the Polish Academy of Sciences a method of ultrasonic
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. Ultrasonic scanner (overall dimensions 100 x 75 x 50 mm) with a mechanically
oscillating piezoeleetric transducer (see Fig. 1, IT)

Fig. 6. Ultrasonogram of the heart obtained in real time
PK - right ventricle, LK — left ventricle, LP — left atrium, PZ — anterior leaflet of the mitral valve, TZ —
posterior leaflet of the mitral valve
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visualization has been proposed (Fig. 1, III), in which the ultrasonic beam
makes unidirectional angular sweeps at a constant angular speed. This is ach-
ieved by using a reflector in the form of a prism with a regular hexagonal base
revolving at a constant speed of about 5 revolutions per second. The reflector
is immersed in a liquid container the bottom of which is a thin foil for coupling
to the patient’s body. The ultrasonic secanner is presented in Fig. 2. The scanner
incorporates a piezoelectric transducer 10 mm in diameter with a frequency
of 3 MHz, an electric motor, the revolving reflector, and an electrical pulse
generating system which synchronizes the other electronic units of the apparatus.
The results of investigations using this system (carried out on a model made
of thin rubber to simulate the aorta) in a vessel containing water is shown
in Fig. 3.

The system, however, does not seem to be advantageous for cardiological
uses, because of the small angle interrogated by the ultrasonic beam — about 15°
(Fig. 1, III). This limitation is caused by ultrasonic shadows of ribs for the
frequencies used and by the (necessary) distance of the resolving reflector
from the body surface. : \

Therefore we intend to use the above method for other ultrasonic diagno-
stic purposes and have realized the concept presented in Fig. 1, IT [2, 4], in
which the ultrasonic transducer is placed directly on the skin between the
ribs and makes oscillatory motion at a frequency of 25 Hz.

A simplified block diagram of a laboratory device operating in a pulse-
-echo mode, with one tranceiving piezoelectric transducer operating at a fre-
quency of 3 MHz and with a repetition frequency of 2 kHz, is presented in
Fig. 4. Fig. b shows the ultrasonic scanner with the piezoelectric transducer
visible. Fig. 6 shows the first result of heart examination. The right ventricle,
the left atrium and ventricle and the posterior and anterior leaflets of the
mitral valve can be seen.

In order to obtain full investigational results it is necessary to record
the heart structure in motion. This has been done with an industrial TV-camera
and a video-recorder permitting repeated observation of the heart structure
in motion on a TV-monitor in addition to classical photographic documen-
tation.

The report should be viewed as a preliminary one. Further work will
necessarily involve the determination of the resolution of the method, the
fidelity of reproduction of the anatomical structures, the optimization of
these parameters, the investigation of the range of application of this
method and the development of a method of synchronizing photographic
documentation with electrocardiographic recording as this is necessary for
clinical tests.

Nevertheless, the results obtained imply the conclusion that ultrasonic
heart visualization in real time will soon become a clinical tool of great diag-
nostic significance in cardiology.

5 — Archives of Acoustics 3/77
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VI WINTER SCHOOL OF MOLECULAR, QUANTUM ACOUSTICS
AND HYDROACOUSTICS AND ULTRASOUNDS

Szeayrk, March 1977

VI Winter School of Molecular, Quantum Acoustics and Hydroacoustics and Ultra-
gounds was hold between 8-14 March at Szezyrk. The promotor of the Winter School was
the Institute of Physies of Silesian University in Gliwice and the newly organized Section
of Molecular and Quantum Acoustics attached to the Upper Silesian Depaitment of the
Polish Society of Acousties (PTA). The Chairman of Organizing Committee was dr Stanislaw
SzYMA.

The School was attended by over 30 participants from 10 secientific eentres. In course
of the School six sessions were held at which 27 lectures and reports were delivered giving
a general review of the research work in Poland in quantum acoustics, acoustoelectronies,
ultrasonie spectroscopy, hydroacoustics and ultrasounds.

List of lectures in their sequence of delivery

1. Session

J Zavawa, A. KLIMASEK, Determination of the modulus of elasticity of anisotropic
plates with cubic symmelry.

J Berpowski, Influence of isotropic effects on acousto-optical and dielectric properties
of DADA erystals.

Z. KuBik, A. OriLski, The action of an elastic surface wave on free charge carriers in
a semi-conductor-layer-piezoeleciric system.

Z. Cerowskl, J. GrocuowskA, Measurements of the wave propagation velocity by a
resonance method in TgS and its dependence on crystallographic directions.
2 Session

M. M. DoBrzaXsk1, The representation of a hypersonic wave as a coherent macroscopic
quantum condition.

L. Lipikski, Stochastic model of the stimulated ullrasonie low-temperature relaxation
of stress in polycrystals.

C. LEwa, Piezoelectric properties of polymers.

S. Surwikskr, Effect of selective extinction of strias in the process of bending high-power
light with ultrasound.

P. Kwiek, Holographic investigations of an ullrasonic field.

Z. Toczyski, Measurement of amplitude in wllrasonic wavequides used for the insoni-
fication of liqguid media.
3. Session

M. Szusrakowski, Light diffraction by acoustic surface waves.

A. Byszewskr, Utilization of the acoustic stroboscopic effect for the visualization and
investigation of vibrations in liquids and solids.
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1. MEgrTA, Light diffraction by acoustic waves in an isotropic medium, considering terms
of order Au2.

W. Pasewski, Certain properties of transversel surface waves.

Z. Jacopzisski, Calibration of wlirasonic transducers.

J. FINAK, A. Krzesi¥skr, A. Rawicz, ZnO-layers for acousto- apucs obtained by direct-
-current cathode dispersion.

4. Session

B. Zar16R, Conditions for the correct interpretation of the effect of the action of ultrasound
on liguid systems.

L. WERBLAN, 8. SKuUBISzAK, Some problems related to the measurement of the absorption
and group velocity of ultrasonic in liquid media.

S. Szyma, Acousto-eleclric method for the determination of the stabilily of physical pro-
perties of organic suspensions.

5. Session

E. Soczxiewicz, The dependence of the surface lension of a liquid on the pressure and
the radius of molecules.

J. ZwWiErNIK, Sound velocity in overheated steam.

Z. JacopziXski, Compression of pulses in ullrasonic echo-location systems.

M. ALEKSIEIUK, Generation and detection of acoustic vibrations at gigaherts ffequencws
using a Josephson joint.

6. Session

8. PIERARSKI, The acousto-electric effect.

Z. Cerowsk1, The influence of a transversal field on surface wave propagation on a semi-
conductor-piezoelectric boundary.

Taking advantage of the presence of interested persons on the 3rd day of the School,
the Board of Quantum and Molecular Acoustics of PTA convened a general meeting at
which 31 persons participated. At the meeting the board of the section was presented com-
prising: Chairman — A. OPILSKI (Instltute of Physies of Silesian Technical University,
Gliwice), Assistant Chairman — A. StiwiXskr (Institute of Physies of Gdansk University),
Seeretary — J. GrzyMek (Institute of Physies of Silesian Technical University, Gliwice),
Members — F. Kuvczera (Institute of Physies of Silesian Technical University, Gliwice)
and M. M. DosrzaXskr (Institute of Fundamental Technological Research, Polish Academy
of Seiences).

The participants of the meeting were also informed of the Statute of the Section,
approved by the Main Board of the PTA in November, 1976. Tasks facing the Section AMK
were also discussed and it was suggested that the yearly Winter School of Molecular, Quantum
Acoustics and Hydroacoustics and Ultrasounds be use for the coordinate and essential
appruisal of seientific research work conducted in the subject of “Quantum acousties and
acoustoelectronies” and also “Ultrasonic spectroscopy”, being interministerial problem
MR. I. 24.

According to the opinion of participants, VI Winter School was of a good scientifie
level, and the warm and cordial atmosphere, created by the Organizing Com mittee, contri-
buted to the establishment of close scientific contacts and exchange of views.

M. M. Dobrzmiski (Warszawa)

A



