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Oscillations of Bubbles Generated by Imploding
and Exploding Hollow Glass Spheres in Liquids
Summary W

-Experimental data found in the literature on oscil-
Iations of bubbles generated by imploding and ex-
ploding hollow glass spheres in liquids are used to
estimate oscillation intensities and the partition of
energies in these bubbles: It is found that in the exper-
fmental bubbles; in contrast-to- 4 theoretical model,
excessive dissipation of energy-oceurs which greatly

~teduces the intensity of oscillations. The cause of in-
creased energy dissipation and decreased intensity of
‘oscillations is seen in the wall distortion due to glass
fragments surrounding the bubble. A distortion fac-
tor is iniroduced to describe-the degree of the bubble
wall deformation.

Schwingungen von Blasen, die durch implodierende
und explodierende hohle Glaskugeln in Fliissigkeiten
erzeugt werden
Zusammenfassung

Unter Benutzung experimenteller Literaturdaten iiber
die Schwingungen von Blasen, die durch implodierende
und explodierende Glashohlkugein in Flissigkeiten ent-
stehen, werden die Schwingungsintensititen und die
Energicaufteilung in den Blasen abgeschitzt. Es zeigt

sich, daB in den experimentellen Blasen eine im Vergleich
zu theoretischen Vorhersagen auBergewdhnlich hohe
Energiedissipation auftritt, welche die Intensitdt der
Schwingungen stark vermindern. Der Grund fiir die er-
hohte Energiedissipation und die verminderte Intensitit
der Schwingungen wird in der Verzerrung der Blasen-
wand durch Glasfragmente gesehen, welche die Blasen
umgeben. Zur Kennzeichnung der Blasendeformation
wird ein Verzerrungsfaktor eingefiihrt.

Les oscillations de bulles engendrées en milieu liquide
par Pimplosion ou Pexplosion de sphéres creuses
en verre

Sommaire

A partir de données expérimentales déja publiées con-
cernant les oscillations de bulles engendrées par implo-
sion ou explosion de sphéres de verre creuses dans divers
liquides, on a effectué des estimations des intensités d’os-
cillation et de la répartition de I’énergie dans les bulles.
Contrairement 4 un certain modéle théorique, I’analyse
des expériences met en évidence un excés de dissipation
d’énergie qui se traduit par une réduction rapide de I’am-
plitude d’oscillation. La cause commune de cette dissipa-
tion énergétique accrue et de la décroissance rapide des
oscillations est attribuée 4 la présence de débries de verre
sur la paroi de la bulle. On a donc introduit un facteur de
distorsion de paroi pour décrire le degré de déformation
de la paroi de la bulle.

1. Introduction

Imploding and exploding hollow glass spheres have
been used in model experiments on sonoluminescence
[1, 2], as a source of impulsive underwater sound [3-
5], and in investigations of low-energy underwater
explosions [6]. They are also being used in modern
industrial explosives for sensitizing purposes [7]. (In
the last case they are of very small dimensions and are
called microballoons).

During implosions or explosions of the hollow glass
spheres in the liquids, freely oscillating bubbles are
produced. In the experiments cited above a number of
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data on the wall motion of these bubbles and on the
pressure waves radiated during their oscillations were
collected. In this paper an estimation of the bubble
oscillation intensities and of the associated energy
losses will be presented on the basis of these data. For
this purpose the procedure and results recently given
in [8—10] will be used. The results obtained here are of
interest not only because they throw more light on the
experiments with imploding and exploding glass
spheres, but also because they demonstrate rather
clearly the difficulties current research on bubble dy-
namics is encountering in general (though, as will be
shown in the paper, in the case of glass spheres the
difficulties are increased by the presence of the glass
fragments in the liquid).

Throughout the paper non-dimensional W and Z
variables and certain energy relations and scaling
functions will be used. The definitions of these quanti-
ties are to be found in Appendices A and B. The
corresponding scaling functions are displayed in Ap-
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pendix B. Finally a list of nomenclature is given in
Appendix C.

2. Experiments with pressurized glass spheres

When a pressurized thin-wall hollow glass sphere
submerged in a water tank is shattered, a weak shock
wave is radiated into the liquid and the released gas
bubble begins oscillating. This technique was used by
Heuckroth and Glass in a study of low-energy under-
water explosions [6].

Let us consider the data displayed in Fig. 12 (runs
SU-23 and SU-30) of [6]. In this particular case the
radius of the glass sphere (the initial radius of the gas
bubble) was R, = 50.8 mm (2 in), the non-dimen-
sional initial pressure of the gas P, = 20, the ambient
pressure in the liquid p_, = 100 kPa, the density of the
liquid (water) g, = 10*kgm ™3 and the gas used was
air (polytropic exponent y = 1.4). According to the
published data the released bubble expanded to a
non-dimensional maximum radius W,, = 3.47 and
then contracted to a minimum radius W,,, = 1.85.

The authors also presented the theoretical time his-
tory of the bubble wall motion computed with Ray-
leigh’s equation of motion. It can be seen that at the
early stages of the bubble expansion, the theoretical
curve agrees with the experimental points rather well.
At the first maximum the theoretical value Wy, = 3.35
is slightly below the experimental points, and at later
stages the deviation between the experiment and the-
ory further increases. This deviation is attributed by
the authors to the increased non-radial motion of the
water brought about by the boundary surfaces of the
small experimental tank [6].

The equilibrium radius of the bubble equals [11]
W, = (B¥,)'/*" = 2.04. Hence the theoretical amplitude
with which the bubble was excited to oscillate is
A = Wy /W, =1.64 (here the theoretical value of
Wi = 3.35 was used). For a given pressure B}, and
exponent y the amplitude could also be directly deter-
mined from the scaling function 4 (B}, 7) given in [10].

Let us now examine the compression phase. The
theoretical value of W, corresponding to 4, = 1.64
and y = 1.4is W,,, = 1.05. (This can be determined, for
example, by using the scaling function Z,,(4,7) given
in [8]. For given A, and y one finds that the minimum
radius is Z,,; = 0.313. Then W, = Z_; Wy,.) How-
ever, the bubble does not contract to this theoretical
minimum radius, but, as already pointed out, to a
much larger value W, ; = 1.85. As can be verified (by
means of the same approach as above but now in the
reverse order) this radius corresponds to an amplitude
A, =1.33.

The partition of energies associated with the first
bubble oscillation is summarised in Table 1. The ener-

Table I. Energy partition in the experiment with pressurized
glass sphere [6] (the first oscillation).

 Theoretical " -Expérimental
values values
A, =166 4; =133
W= 1.05 W, =1.80
W=W, Euwo 50  100% 50  100%
W=W,, E.u 469  939% 239  478%
E., 0.2 0.3% 53 10.6%
AE,, 29 58% 208  41.6%
AE,, 29 5.8% 2.1 4.2%
AE,, 0 0 % 187  374%

gies given in Table I were computed by means of the
formulae from Appendix A. The experimental energy,
E ., was assumed to be the same as the theoret-
ical one because it was found [9] that E,, is deter-
mined by the value of B, first of all and hence is
little influenced by the energy losses at later stages.
The energy E,,, can be determined from the func-
tion E, ,(A4,p,) given in Fig. B3 in Appendix B.
For 4A=133 and p,=100kPa one finds that
E,pn=001E, ;- Then E,,,,=0.01 E ,, =0.01 W}7,.

As can be seen from Table I, approximately 37.4%
of the initial internal energy was dissipated during the
first bubble oscillation (above all during the compres-
sion phase) by a dissipative mechanism that was not
taken into account in the theoretical model used to
compute the scaling functions. In our opinion such a
large energy dissipation cannot be attributed to the
vertical motion of the bubble as suggested by Heuck-
roth and Glass [6]. First, for A, = 1.64 and the maxi-
mum radius Ry;; = 0.18 m it is possible to determine
in the bubble map (Fig. 6 in [12]) that the bubble
considered belongs to the sizes of bubbles for which
the effect of gravity should be negligible. Second, it is
known that the influence of gravity is most pro-
nounced in the vicinity of W, , (see, e.g. [13]), and
therefore the largest energy losses are also to be ex-
pected here. However, from the published data [6] it
follows that significant energy losses occur immedi-
ately after Wy,.

It seems to us that the factor responsible for the
unaccounted losses is a bubble wall distortion, and
turbulence thus induced in the liquid. (The bubble
wall distortion is due to the presence of the glass
fragments surrounding the bubble.) This assumption
is further supported by the analysis given in the fol-
lowing sections.

3. Experiments with explosive gaseous mixtures

Popov and Kogarko [5] describe an experiment in
which they filled a hollow glass sphere of a volume
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V.o = 60 x 10> mm® (R, = 24 mm) with an explosive
gaseous mixture 2H, + O,. When the gas was deto-
nated, the sphere was shattered, a weak shock wave
was radiated into the surrounding liquid, and the re-
leased vapour bubble started oscillating. The authors
registered a bubble wall motion and radiated pressure
wave. The wave was picked up with a hydrophone
placed at a distance from the bubble centre r = 55 mm.
The experiment was performed in a water tank
(p, = 100kPa, g, = 10° kg m™3).

The observed bubble expanded to a maximum ra-
dius Ry; = 53 mm (W, = 2.2), then contracted to a
first minimum radius W,,; = 0.15 - -- 0.3 and again ex-
panded to a second maximum radius W, = 0.875.
The peak pressure in the shock wave was p,, =
440 kPa, and the peak pressure in the first bubble
pulse was approximately 2 to 4 times higher than p_,
ie. p,, = 880 ---1760 kPa. This is a rather well docu-
mented experiment. It is only seldom in the literature
that the data on the bubble wall motion and radiated
wave can be found together. Unfortunately, however,
it is not clear from the text whether the two records
belong to the same bubble.

The non-dimensional peak pressure in the shock
wave as determined from the data .given above is
Puwpo = (Ppo/Pw) /Rmo = 10.1. Thus the initial maxi-
mum pressure at the bubble wall equals Bf, =
Pwpo + 1 =11.1, and the equilibrium bubble radius for
the growth phase is W/, = (BX,)'/*" = 1.9. (As the re-
sult of the chemical reaction the bubble contains water
vapour, the polytropic exponent equals approxi-
mately [14] y = 1.25.) The corresponding theoretical
first maximum radius can be determined for given
values of Rk, and y from the scaling function
Wy (B¥,7) given in [10]. One finds that W, = 2.92.
Then the theoretical amplitude of the bubble oscilla-
tion for the growth phase is A = Wy,/W,, = 1.54.
(This can also be determined directly from a function
A(BF,y) given in [10].) As the experimental first max-
imum radius is W,, = 2.2, the experimental growth
amplitude is 4] = 1.16.

A comparison of the theoretical and the experimen-
tal values of both W, and A reveals that in this
experiment, in contrast to the previous example [6],
energy losses occur already during the bubble growth.
A detailed break-down of the energies for the growth
phase is given in Table I1. The experimental energy
E. was assumed to be again the same as the theoret-
ical one.

Let us now evaluate the first collapse and rebound
phase data. For this purpose the scaling functions
Puo( A7), Z (A7), 2(A,7), and AE,,(4,7) given in (8]
will be used and the evaluation will be performed in
the Z-system of variables. The non-dimensional peak
pressure in the first bubble pulse, p,,; =(Pp1/P o} 7/Ru1»

Table II. Energy partition in the experiment with explosive
gaseous mixture {5] (the growth phase).

| Expermeonnl
values .

444  100%

W=W,, 444 100%
W=Wy Euym 169  448% 246  554%
o 239 538% 97  21.7%
AE,, 06 14% 101 229%
Ew 06 14% 06 1.4%
AE 0 0% 95 215%

ranges from 9.1 to 18.3. Using the scaling function
P, (A,7) one finds that for y = 1.25 the corresponding
collapse amplitude is A] = 1.88--- 2.11. The first
minimum radius, Z,,; = R,,;/Ry,, ranges from 0.068
to 0.136 (the average value is (Z,;> = 0.1). Using
the scaling function Z_(A,y) one finds that A} =
2.07---2.66. (For the average minimum radius
{Z,..>=0.1 one obtains an average amplitude
{A7> =2.25). Finally, the first damping factor is
o, = Ry,/Ry; = 0.40. Using the function «(A4,y) one
obtains 4] = 6.4.

In a recent paper [14] it was shown that the collapse
of a vapour bubble is governed by the amplitude
A7 = 3.29. This amplitude is much larger than those
determined here from experimental data on p,,, and
Z...,» and much smaller than that determined from
data on a,. The reason for this discrepancy is again
energy dissipation not accounted for by the theoreti-
cal model used to calculate the scaling functions.
Popov and Kogarko [5] attribute the energy losses to
heat conduction. Even though the influence of heat
conduction cannot be completely excluded, in the
author’s opinion it does not play a decisive role (see,
e.g., the bubble map in [12]). The interpretation sug-
gested here is that the glass fragments surrounding the
bubble distort the bubble wall and thus induce inten-
sive turbulence. The resulting energy losses then slow
down the collapse and limit the bubble regrowth. A
detailed break-down of the energies for the collapse
and rebound phases is given in Table III. In Table III
the experimental minimum radius Z,_,, and amplitude
A7 are the average values as determined above.

Since an ideal vapour bubble is a non-equilibrium
thermodynamic system, the simple energy formulae
given in Appendix B are, strictly speaking, not appli-
cable here. Nevertheless, to a first approximation the
bubble can be treated as a gas bubble oscillating with
a theoretical amplitude A7 =3.29 [14] (the corre-
sponding initial minimum pressure being B¥ =0.012).
Then, with respect to the specific behaviour of the
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Table I11. Energy partition in the experiment with explosive
gaseous mixture [5] (the collapse and rebound phases).

. ‘Th;eor;etyicalﬁ Experimental
~valyes -values :
AL =329 An =235
L Z,=003  (Z,>=010
ZMZ =07 . Zug % 30,40
Z=Zwi Epm 100% 100%
Z=Zp Epm 0 % 0.1%
AE,, 60.6% 222%
AE,, 39.4% 77.7%
E 39.4% 11.5%
AE,, 0 % 66.2%
Z=Zy; Epm 35.8% 6.4%
E, 1.4% 47%
AE,, 62.8% 88.9%
E,, 62.8% 20.5%
AE,, 0 % 68.4%
vapour bubbles, the experimental energy E,,; is as-

sumed to be the same as the theoretical one. However,
in determining further energies in Table 111, the theo-
retical and experimental values of Z | and Z,,, are
used to find the theoretical and experimental energies,
respectively.

In determining the experimental values of E,,
and E,,, it was assumed that the bubble oscillates
like a gas bubble with the amplitude A4, =2.25
(P, = 0.048). The energy E,,,, was then found in the
usual manner described above ((Z,,,> = 0.1). The en-
ergy E,,, can be determined by means of the scaling
function AE,, (4,7) [8]. For A = 2.25 and y = 1.25 one
obtains E_,, = 0.205.

A fact worth noting is the relation between R, and
R, and between p,, and p,,. For gas bubbles it is
always true that R, < R,,; and p,, > p,, [10]. How-
ever, in the experiment considered it was found that
R.o >R, and p,, <p,;. Popov and Kogarko [5]
explain this “unusual” behaviour by heat losses from
the gas bubble. In the author’s opinion heat losses
from the gas bubbles can increase the difference be-
tween R, and R, , and between p,, and p,,, , but they
cannot reverse the inequality sign. However, as has
been mentioned above, the bubble produced in this
experiment is a vapour bubble and as dicussed else-
where [15] the relations R, > R, and p,, < p,, are
rather typical of vapour bubbles.

4. Experiments with imploding glass spheres

When a partially evacuated hollow glass sphere is
shattered in water, the gas contained in the sphere is
compressed by the liquid and the bubble thus gener-

ated performs several oscillations. During each bubble
compression a pressure pulse (bubble pulse) is radi-
ated into the liquid. Orr and Schoenberg [4] used
implosions of such spheres as simple, inexpensive,
deep-underwater, wide-band sound sources.

The two authors used glass spheres of a radius Ry,
(initial radius of the gas bubbles) ranging from 117.5
to 216 mm. The spheres imploded at various depths in
the ocean (i.e. under various ambient pressures p, )
and the authors registered the radiated pressure
waves. The captured waveforms are displayed in
[4]. The authors also give in a tabular form (Tables I
and II in [4]) the numerical values of the peak
pressure p,; = py; — P, Of the trough pressure
Pe1 = Pm1 — P (Pm1 and p,,; are the maximum and
minimum pressures in the wave, respectively, and the
values of p,, and p,, are converted to a distance
r=1m from the bubble centre), of the energy stored
in the wave, AE_, and of the characteristic time inter-
vals T;, T, T;, and T,.

As a concrete example let us consider the sphere
No. 1 in [4]. The values recorded for this particular
sphere are summarised in Table IV. In this table P, is
the initial pressure at the bubble when R = Ry, (the
gas pressure in the evacuated sphere). The compres-
sion time, T;,, was computed from the characteristic
time intervals as follows: T,, = T} + T, + T3/2.

From these data the non-dimensional peak pres-
sure is p,,, = 1.77. A theoretical variation of p,, with
A is displayed in Fig. B2 (Appendix B). For p,,, = 1.77
and p_, = 30 MPa one can find that the correspond-
ing amplitude is A; = 1.55. This is a very low am-pli-
tude when compared with the theoretical one
Ay =(P¥) 37 =441 {11]. It is assumed that such a
drop in the intensity of the bubble oscillation is due,
as before, to the distortion of the bubble surface by the
glass fragments and the associated turbulence.

The non-dimensional trough pressure for sphere
No.1 is p,,; =(Py1/P)T/Ryy = — 0.36. Then the
minimum pressure at the bubble wall is equal to
P¥ =p,.+1=0.64 The corresponding amplitude
is A, = (P*)~ /3% = 1.11. This is an even lower value
of A, than that determined from p,,,. The reason for
this has perhaps to be seen in the fact that the trough
pressure p,; occurs not at the beginning of the com-
pression phase (as required by the relation for P¥
used to compute A4,) but approximately at the time

~ 2T, , when the acoustic pressure is already smaller.

Table IV. Experimental data on sphere No. 1 (Ref. [4]).

yoor Poi P Ty AR,
k] Lom MPa MPa ms  MIJI
216 355 70 141 136 —276 195 0.288
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This shift in the occurrence of p,; (and hence in the
value of p,,) is most probably also due to the presence
of the glass fragments.

The non-dimensional acoustic energy equals AE,, =
AE,/E ; =0.192. For this value of AE,, =E,,
Fig. B4 shows that the corresponding amplitude is
A, =130 (p,, =30 MPa).

The non-dimensional compression time is T, =
T.,/[Ru1 (@/Px)?] = 1.70. This value is even larger
than the theoretical compression time of bubbles os-
cillating with an amplitude A — 1. (In this case the
compression time is a maximum and equals T, , =
n/(37)}/?2 = 1.53 [16].) This again indicates that the
bubble compression is strongly slowed down by the
glass fragments.

The energy partition for sphere No. 1 is given in
Table V. The experimental amplitude A4, in Table V
was determined from the peak pressure p,;, and the
corresponding value of Z,, was found for this A, and
P =30 MPa in Fig. B1. However, for determining
the experimental energy E,,,,, we made use of the am-
plitude 4,, as determined from AE,, above. Then for
A, =130 and p,, = 30 MPa Fig. B3 gives E,,, = 0.12.
The theoretical value of Z,,, in Table V was computed
by means of Herring’s simplified equation of motion
for the pressures P, = 70 kPa and p, = 35.5 MPa.

From Table V it follows that the energy dissipated
during the bubble compression amounts to as much
as 87% and 90.6% of the available initial potential
energy for the theoretical and experimental bubbles,
respectively. However, whereas in the theoretical bub-
ble, dissipation is due to acoustic radiation only; in the
experimental bubble only a fraction of the dissipated
energy is carried away by the leading edge of the
bubble pulse. In the latter case most of the energy is
dissipated by an unknown mechanism (most probably
turbulence).

The large energy dissipation has interesting conse-
quences. First, as there is only fraction of the initial
energy left for further oscillations the intensity of

Table V. Energy partition in the experiment with imploding
evacuated sphere [4] (the compression phase).

Theoretical  Experimental
values values:
Ay =441 Al =1.55
el =006 . Z,, =044
Z=Zy, E,m 100% 100%
Z=2Z,, pm1 0 % 8.6%
E, a1 12.9% 0.8%
AE,, 87.0% 90.6%
E,o 87.0% 12.0%
AE,, 0 % 78.6%

successive oscillations is very small. Hence in the
displayed waveforms (Fig. S in [4]) the first bubble
pulse dominates the picture. (One can also notice
minute peaks for later times. These are, most proba-
bly, the second, third, and further bubble pulses.)
Second, due to high energy dissipation a satura-
tion can be observed in experimental data: even
if the amplitude A4, is further increased, the radi-
ated energy grows only insignificantly. For ex-
ample, sphere No.1 was evacuated to a pressure
P,, =70 kPa (4, = 4.41) and sphere No. 4 to a pres-
sure P, = 7kPa (p, = 32.6 MPa, hence 4, = 7.47).
Though the theoretical amplitude was much higher in
the second case, no distinct difference can be seen in
the recorded values of AE,, (see [4]).

Even earlier experiments of this sort were reported
by Urick [3] who used ordinary air-filled glass bottles
sealed merely by screwing on their plastic caps. As an
example let us evaluate a waveform produced by a
one-pint bottle (V;,; = 0.473 x 10 *m ™~ 3; radius of an
equivalent spherical volume Ry; = 48.3 mm) implod-
ing at a depth h =390 m (h = 1280 ft; p,, = 4 MPa).
The waveform is displayed in Fig. 1 of [3]. The values
of several quantities estimated from the displayed
waveform are summarised in Table VI where r is the
difference between the implosion depth of 390 m
(1280 ft) and the depth of the receiving hydrophone of
15.5 m (50 ft).

Table VI. Experimental data on one-pint bottle [3].

RM1 pw et Enl y r ppgpu ' .1;1 ﬁl
mm MPa kP& m Pa P2 ms
483 4 100 14 375 220 —100 178 025

The non-dimensional peak pressure in this example
is p,,; = 0.43. The corresponding amplitude as deter-
mined from Fig. B2 for p,, = 3 MPais 4, = 1.13. This
is a lower value than that determined from the data of
Orr and Schoenberg [4]. The reasons for the lower
intensity of bubble oscillations may be two. First, it is
the non-spherical form of the bottle which decreases
the intensity and, second, there is a lower theoretical
amplitude 4, = 2.41.

Similar lower values of the amplitude are found
when evaluating the trough pressure. In this case
Po1 = — 0.19, P* = 0.81, and hence 4, = 1.05. In the
case of the compression time, an excessively large
value is determined again, i.e. T, = 2.33. One should
also notice the very low value of the damping factor
By =T,,/T,, =025 [8] (here T, =2T; T,; and T,
being the times of the first and second bubble oscilla-
tions). The energy partition for this experiment is
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Table VII. Energy partition in the experiment with implod-
ing one-pint bottle [3] (the compression phase).

 Theoretical
values 'y,

Z= ZMl Esz1

100%
Z=Zp  Epm 0.3% 475%
AE 58.1% 22%
AE., 41.6% 50.3%
E 41.6% 1.7%
zbpl
AE,, 0 % 48.6%

given in Table VIL In this table the experimental
acoustic energy E,,; was determined from Fig. B3 on
the basis of 4, =1.13 and p_, = 3 MPa.

In model experiments on sonoluminescence Schmid
[1] and Miiller [2] used evacuated Christmas-tree glass
balls. For example, in Fig. 2 in [1] Schmid gives a
record taken by high-speed photography of an im-
ploding sphere having an initial radius Ry, = 35 mm.
This sphere was evacuated to a pressure P, = 3.2 kPa
(24 torr). As in this case poo'= 100 kPa and y=14
(air), the theoretical amplitude is 4, = 2.27. Schmid
determined that the compression time equalled
T,, =4 ms. As this particular experiment was per-
formed in water (g,, = 10°kgm™3), the non-dimen-
sional compression time is T,.; = 1.14. By means of
the scaling function 7, (A4, y) given in [8] one finds that
this compression time corresponds to an experimental
amplitude 4, = 1.42. Note that in contrast to the pre-
vious experiments [3, 4] the compression time can now
be used to determine the amplitude A,, and the value
of A, agrees rather well with previous findings. From
Fig. 2 of [1] it also follows that the compression was
highly non-symmetrical. Similar conclusions can be
drawn from investigation of Miiller [2]. Both re-
searchers have also reported a large scatter of experi-
mental data. This scatter is to be attributed to the
randomly acting dissipative mechanism that is in-
duced by the non-symmetric highly distorted bubble
compression.

Table VIII. Comparison of experiments with imploding and exploding glass spheres.

5. Discussion and conclusion

The evaluation of the available experimental data
on imploding and exploding hollow glass spheres in
liquids revealed excessive dissipation of energy and
greatly reduced amplitudes of bubble oscillations. The
results found are summarised in Table VIIL It shows
that the unaccounted energy losses AE,, grow with
the theoretical amplitude of the oscillations A4,. Also
worth noting is that all the bubbles belong to the
category of scaling bubbles, i.e. the effects of gravity,
surface tension, viscosity, and heat conduction should
be insignificant for them.

If one comnsiders the purposes for which the glass
spheres are used one can distinguish two groups. The
first group encompasses applications which require
high maximum temperatures at bubble compression,
0y - To this group belong the experiments of Schmid
[1], Miller [2], and the use of microballoons in indus-
trial explosives [7]. The second group encompasses
applications where high acoustic radiation AE, is re-
quired. To this group belong the experiments of Urick
[3], Orr and Schoenberg [4], and Popov and Kogarko
[5].

From the energy partition results and from
Table VIII it follows that in order to obtain high 8y,
and high AE, it is necessary to use as high theoretical
amplitudes 4, as possible, and to minimize the energy
losses AE,. As far as the amplitude is concerned this
requires either highly evacuated spheres (B, — P,
where P, is the liquid vapour pressure) or vapour bub-
bles (produced by explosive mixtures 2H, + O,). The
second way of achieving high amplitudes is to use high
ambient pressures p . As far as AE,, is concerned, it is
evident that the glass vessel should be spherical. How-
ever, further experiments are needed to determine the
optimum form of the glass fragments (e.g. many small
splinters or few large pieces, etc.).

From Figs. B3 and B4 and Table VIII one can see
that acoustic radiation grows in direct proportion
with 4, and p_ . Hence, as a second requirement for
obtaining high 6y, it is necessary to keep p,, as low as
possible. On the other hand to obtain a high AE,, the
ambient pressure p,, should be as high as possible.

Authors Ry b U AE By
: mm e -— . (compression
S - theoretical - experimental - - - phase)- -
H + G [6] 176.3 1.4 0.1 1.64 1.33 37.4% 0.8%
U [3] 48.3 1.4 4.0 2.41 1.13 48.6% 1.7%
P+ K [5] 53 1.25 0.1 3.29 2.25 66.2% 11.5%
O+ S [4] 216 1.4 35.5 4.41 1.55 78.6% 12.0%
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Because of our findings the results published by
Schmid [1] and Miiller [2] can be seen in a new
light. The amplitude 4, = 142, for example, found
here for Schmid’s experiment corresponds to a
minium radius Z; = 0.45. Hence the maximum tem-
perature of the gas in this experiment was approxi-
mately 6y, =6, 223"V =764 K (y = 1.4, tempera-
ture of the liquid 8, = 293 K). This is a much lower
value than the one assumed by Schmid [1] and Miiller
[2). Thus it supports the findings of Crum and
Reynolds [17] that sonoluminescence can be observed
even for moderate intensities of bubble oscillations.

It goes without saying that the results presented
here represent first approximations only. The main
sources of inaccuracies are the scaling functions used
to determine the amplitudes of oscillation, minimum
bubble radii, etc. The reason for this is that these
functions have been calculated with bubble models
that do not take into account energy dissipation due
to bubble wall distortion. Even if there are uncertain-
ties regarding the exact values of the computed quan-
tities, we believe that the results are valid in a general
sense.

As discussed elsewhere [8], an oscillating bubble is
described by two parameters. These are the bubble
size and the amplitude of the oscillations. However, in
the light of the results presented here it seems that if
we are to arrive at a more exact description of the real
bubble a further parameter is needed characterizing
the degree of the bubble wall distortion. We suggest
calling this new parameter a distortion factor, ¢, and
to define its numerical value as the ratio of the unac-
counted energy AE, to the initial bubble energy. (As
the initial energy we have considered E,y or E, in
the W or Z systems, respectively.) As follows from
Table VIII, the distortion factors computed here for
the first compression or collapse phases, ¢,,, range
from 0.37 to 0.79. It is hoped that the glass spheres
could be used to produce oscillating bubbles with a
prescribed degree of distortion (e.g. by varying the size
and form of the glass fragments), and that these un-
usual bubbles could subsequently be used for map-
ping the bubble behaviour.

Appendix A: Expansion system

In the expansion system of variables the non-di-
mensional radius, time, energy, pressure at the bubble
wall, and peak pressure in the wave at a point r in the
liquid are defined as

|14 :R/Rm09 tht/[RmO(Qoo/poo)UZ]ﬂ Ew=E/Epm0’
P*=P/poos pwpz(pp/poo)r/RmO'

Here R, is the initial bubble radius, ¢, the liquid
density, p, the ambient pressure in the liquid, and

E o = 27mp, R}, the potential energy of the liquid
when R =R,,.

The energy relation in the expansion system can be
written as

AIzwi = AEwp + Ewk + AI;wd (A 1)

where the initial internal energy of the gas (referred to
infinite adiabatic expansion) equals
Po

E im0 = w1

(A2)
U

Here RY, is the initial (maximum) gas pressure and y
the polytropic exponent of the gas. For a wall position
W the internal energy is

E,= EwiMO w=30=D (A3)

and hence the change in the internal energy during the
wall motion from W, , to W equals

AEwi = EwiMO —E,; (A4)

The change in the potential energy of the liquid is
given by

AE,,=W3—1 (A5)

Finally E,, and AE,, designate the kinetic and dissi-
pated energy, respectively. When W =W, and
W = W, it can be assumed that the kinetic energy
E, =0

The dissipated energy equals

AE,, = AE,, + AE,, (A6)

where AE,, is the radiated acoustic energy and AE,
encompasses all other energy losses. Theoretical
acoustic energies carried away by the shock wave,
E. ., and the leading edge of the bubble pulse, E, .
can be determined from eq. (A 1) using the theoretical
values of W, and W, respectively. As acoustic
losses only are considered in our theoretical model,
then AE,,, = 0. Hence, when W = Wy, AE 4 = E .
In the second case (W =W, ,) AE,, = AE,,, where
the total acoustic energy radiated up to W,,; equals

AEwa = Ewsh + Ewbpl (A 7)

The experimental energies are computed in the
same way, but now AE_, +0 and the experimental
radii Wy,; and W, have to be used.

Appendix B: Compression system
In the compression system of variables the non-di-

mensional radius, time, energy, pressure at the bubble
wall, and the acoustic pressure in the wave at a point
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r in the liquid are defined as

Z =R/RM17 tz =t/[RM1(Qa)/poo)1/2]’ Ez:E/Ele
P*:P/poo’ pza:(pa/poo)r/RMl

Here Ry, is the first maximum bubble radius,
E i = %7p, Ry, the potential energy of the liquid
when R = Ry, p, = p — p,, the acoustic pressure, and
p the absolute pressure in the wave.

The energy relation in the compression system can
be written as

AE, = AE, + E, + AE,, (B1)

where the change in the potential energy of the liquid
is given by

AEzp = Eszl —E (B 2)

zp

It follows from the definition of the energies that
E,m; = 1and E,, = Z°. The internal energy of the gas
when Z = Z;; =1 (referred to infinite adiabatic ex-
pansion) equals

B
y—1

E —

ziml ™

(B3)

Here P}, is the initial (minimum) pressure at the bub-
ble wall. For a wall position Z the internal energy is

Ezi = Eziml Z—3(y—1) (B4)

and hence the change in the internal energy during the
wall motion from Z,; to Z equals

Finally E,, and AE,, designate the kinetic and dissi-

pated energy, respectively. When Z = Zyand Z = Z

it can be assumed that the kinetic energy E,, = 0.
The dissipated energy equals

AEzd = AEza + AE‘zu (B 6)

where AE,, is the radiated acoustic energy and AE,,
encompasses all other energy losses. The theoretical
acoustic energy carried away by the leading edge of

10
Poo= 0.1 MPa
5 —
S 3
Q.
30
0 |
1 15 2
A ——

Fig. B2. Variation of the bubble pulse peak pressure, p,,,
with the amplitude of bubble oscillations, A4, for different

AE,=E,,—E,., (B5) ambient pressures, p_, (y = 1.4).
1 T 1 I
051 - 05 = Peo= 30 MPa
~ P = 30 MP3 g
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Fig. B1. Variation of the minimum bubble radius, Z_, with
the amplitude of bubble oscillations, A, for different ambient
pressures, p, (y = 1.4).

Fig. B3. Variation of the acoustic energy carried away by the
leading edge of the bubble pulse, E,,,, with the amplitude
of bubble oscillations, A4, for different ambient pressures,
Py =14).
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Fig. B4. Variation of the acoustic energy carried away by the
bubble pulse, E,,,, with the amplitude of bubble oscillations,
A, for different ambient pressures, p,, (y = 1.4).

the bubble pulse, E,,,, or by the whole bubble pulsé,
E,,,, can be determined from eq.(B1) for Z=2_,
and Z = Zy,, respectively. As in our theoretical
model the only energy losses considered are acoustic,
then AE,, = 0. Hence AE,, = E,,, in the first case,
and AE,, = E,, , in the second case. The experimental
values can be computed in the same way but now
AE, #0and Z_, and Z, are the experimental radii.

In order to facilitate the evaluation of the experi-
mental data it is necessary to determine the theoretical
variations of the minimum radius, Z_, of the peak
pressure in the bubble pulse, p,,, and of the energies
E,, . and E,,, with the amplitude of the bubble oscil-
lations A for different values of p_. The computed
variations are given in Figs. B1 to B4. The computa-
tions were performed with the simplified Herring’s
equation of motion using the procedure described in
detail in [8].

Appendix C: Nomenclature

In the list of nomenglature the first symbols denote
dimensional quantities and the following ones non-di-
mensional quantities. The numbers in subscripts
(omitted in the nomenclature but used in the text)
denote the oscillation period, with zero denoting the
initial values in the expansion system. In the case of
vapour bubbles one apstrophe denotes the growth
and rebound phases, and two apostrophes the col-
lapse phase; (the apostrophes are also omitted in the
list of nomenclature).

time
collapse or compression time
time of oscillation

had
o~

N
o~

£

O’ﬂ Gﬂ
o3
S

=]
c

R,ZW bubble radius

Ry, Zg> W maximum radius
R.,.Z. W, minimum radius
R.,Z.,W, equilibrium radius
E,E E, energy

E,E, AE, E,,,AE,, potential energy

Eom»Epms Eopy  maximum potential energy

E > Eypm» Eqpm  Minimum potential energy
E,E, ,AE, E,,AE,, internal energy

Eos Esives Ewimt maximum internal energy
EisE ims Ewim minimum internal energy
ELE,, Eux kinetic energy

AE,, AE,,,AE,, dissipated energy
AE,,AE,,,AE,, acoustic energy

Eg, E s Egen energy in the shock wave
Epps E ot Eqp energy in the bubble pulse

energy in the leading edge of the
bubble pulse

Ebpl’ Eszl ’ Ewbpl

AE ,AE, ,AE,, unaccounted energy

P, P* pressure at the bubble wall

R,, Bf maximum pressure at the wall
P, P* minimum pressure at the wall
B, P¥ liquid vapour pressure

P pressure in the liquid

Pm maximum pressure in the liquid
P minimum pressure in the liquid
Po ambient pressure in the liquid
PasPras Pwa acoustic pressure in the wave
PpsPapr Pup peak pressure in the wave
PosPavs Py trough pressure in the wave
CoprCX speed of sound in the liquid

A amplitude of oscillation

liquid density

point in the liquid

polytropic exponent

damping factor

damping factor

maximum volume of the bubble
minimum volume of the bubble
depth in the ocean

distortion factor

distortion factor for the collapse
phase

0. ambient temperature

O maximum temperature

<> average value

~
8

]

:‘Q;‘%Qﬁ"

(3 ]
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