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Experiments with Oscillations of Non-spherical Gas Bubbles
Oscillating in a Liquid-shock-tube
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Experiments with Non-spherical Gas Bubbles
Oscillating in a_Liqnid-shock-tube
Summary.

Non-linear oscillations of rion-spherical gas bubbles
in a liquid are studied experimentally. Bubbles are
excited -into  oscillation -using - a.-liquid-shock-tube.
Bubble shapes are monitored by-a rotating mirror
camera. Pressure waves radiated by oscillating -non-
spherical bubbles are picked up by a needle hydro-
phone. The paper concentrates on the analysis of
pressure records and associated acoustic energies. Ex=
perimental data are compared with-theoretical pre-
dictions. for spherical bubbles: It is found that.even
highly non-spherical bubbles radiate intensive. pres-
sure waves of almost the same form and strength as
predicted by the theory for spherical bubbles. Abrupt
changes in the length of the third oscillation period
occur when- increasing -the “driving pressure " step
strength. Similarly, anomalies in the measured peak
and trough pressures-are found. This teport is an
extension of a previous: paper, which was devoted to
non-lingar oscillations of spherical gas bubbles;

Experimente mit nicht-sphéirischen schwingenden
Gasblasen in einem Fliissigkeits-StoBrohr
Zusammenfassung

Es werden die nichtlinearen Schwingungen von nicht-
sphirischen Gasblasen in einer Fliissigkeit experimental
untersucht. Die Blasen werden mit Hilfe eines Fliissig-
keitsstoBrohrs zu Schwingungen angeregt, und ihre
Form wird mit einer Drehspiegelkamera beobachtet. Die
won den schwingenden, nicht-spdrischen Blasen abge-
strahiten Druckwellen werden mit einem Nadelhydro-
phon aufgenommen. Die Arbeit konzentriert sich auf die
Untersuchung der Druckmessungen und der damit ver-
bundenen Energien. Die experimentellen Daten werden
mit theoretischen Vorhersagen fir sphérische Blasen

verglichen. Es zeigt sich, daB sogar hochgradig nicht-
sphirische Blasen intensive Druckwellen fast von der
gleichen Form und Stirke abstrahlen, wie sie von der fiir
kugelformige Blasen giiltigen Theorie vorhergesagt wer-
den. Abrupte Anderungen in der Dauer der dritten
Schwingungsperiode treten auf, wenn der antreibende
Drucksprung vergroBert wird. Des weiteren werden Ano-
malien in den gemessenen Maximal- und Minimaldriik-
ken gefunden. — Diese Arbeit ist eine Erweiterung einer
fritheren Verdffentlichung iiber nichtlineare Schwingun-
gen sphérischer Gasblasen.

Etude expérimentale des oscillations de bulles
gazeuses non sphériques dans un tube a choc empli
de liquide

Sommaire

Cet article est consacré a I'étude expérimentale des oscil-
lations non linéaires de bulles de gaz non sphériques dans
un liquide. La technique consiste a produire une onde de
choc qui engendre les oscillations des bulles, a observer la
déformation des bulles & 'aide d’une caméra a miroir
tournant, puis a enregistrer a Iaide d’'un microphone a
aiguille les ondes de pression rayonnées par les bulles non
sphériques en mouvement. L’¢tude est concentrée sur
'analyse des enregistrements de pression et de Iénergie
acoustique associée, et 'on compare les données expéri-
mentales aux résultats théoriques valables pour les bulles
sphériques. On constate que des bulles méme fortement
non sphériques rayonnent des ondes de pression dont la
forme et Pamplitude sont analogues a celles que prévoit
la théorie applicable aux bulles sphériques. Des change-
ments abrupts de la longueur de la troisiéme période
d’oscillation apparaissent lorsque I'on augmente I'inten-
sit¢ de Péchelon de pression d’excitation. On observe
également des anomalies dans la répartition des pics et
des crevasses de pressions mesurées. Ce rapport fait suite
4 un article antérieur, qui était consacré a '¢tude des
oscillations non linéaires de bulles de gaz sphériques.

1. Introduction

Liquid-shock-tubes have proved to be a useful tool in
studies of bubble dynamics [1—4]. An obvious advan-
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tage of this method is that a pressure step generated in
a shock-tube, can excite bubbles into free oscillations
in a well-defined manner. However, there is a serious
limitation of this method: when a spherical bubble
interacts with the pressure step, its shape is usually
deformed. As spherical bubbles play a special role in
today’s research (i.e. only in this case are the existing
mathematical models simple enough to allow reason-
ably fast computations), the shock tube studies are
usually limited to the time interval during which bub-
ble sphericity is retained [4].
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However, long term observations of bubbles that
have been excited into oscillation by a shock tube can
be used to obtain valuable experimental data on phe-
nomena associated with non-spherical bubble shapes.
Smulders and van Leeuwen [1] studied bubble shape
oscillation using high-speed photography and re-
vealed, among other things, a good reproducibility of
complicated bubble shapes. In this paper we shall ex-
amine the pressure waves radiated during non-linear
oscillation of non-spherical bubbles, and the acousti-
cal energies associated with these waves. The results
presented here are a supplement to the earlier paper
[4]. However, whereas in Ref. [4] the main interest
concentrated on spherical bubbles, here non-spherici-
ty 1is stressed.

One of the earliest studies of the pressure waves
radiated by the oscillation of non-spherical bubbles
was conducted by Strasberg [5]. Strasberg found that
appreciable sound is radiated only when the bubble is
in volume pulsation and, according to him, it does not
seem that shape oscillations would ever result in sig-
nificant sound pressures. Recently an interest in
acoustic radiation of non-spherical bubbles was re-
vived by the theoretical work of Longuet-Higgins [6],
who showed that in the case of the shape oscillations,
the pressure field becomes large when a doubled fre-
quency of some spherical harmonic approaches the
frequency of the fundamental radial mode (volume
pulsations). According to Longuet-Higgins, this can
be regarded as a resonance between the driving spher-
ical harmonic and the radial mode of oscillation. The
experimental data presented here are analyzed in Sec-
tion 4 from the point of view of Strasberg’s [5] results.
However, no attempt is made to verify the Longuet-
Higgins [6] theory.

2. Experimental arrangement

The experimental arrangement used here to study the
oscillations of non-spherical gas bubbles is the same as
that described in Ref. [4]. Therefore only a brief sum-
mary is given here. The vertical shock tube used in the
experiments consisted of three sections. The high-
pressure section was filled with nitrogen at a pressure
p.. The low-pressure section contained air at atmo-
spheric pressure p; = 0.1 MPa. The lowest section of
the tube was filled with 85% diluted glycerine. The
high- and low-pressure sections were separated by a
membrane. The heating wires were used to tear up the
pre-stressed membrane at a precisely defined moment.

The experimental nitrogen bubbles were generated
at the orifice of a small L-shaped tube submerged in
glycerine. The bubbles rose with a velocity of about
0.06 m s~ 1. A light gate was used to synchronize bub-

ble ocurrence in an observation section with the dis-
charge of a condenser battery across the heating wires,
and the following initiation of a shock wave in the air.
The shock wave was transmitted into glycerine as a
pressure step having a rise time of about At = 20 ps.
The pressure step strength, Ap, varied according to p,
and ranged from O to 1.1 MPa. The constant part
behind the leading edge of the pressure step lasted for
approximately AT = 750 ps. This is the maximum
time interval for observation of the phenomena stud-
ied.

The pressure field, p, in the liquid was monitored by
a needle hydrophone, the sensitive area of which was
usually set at a distance r = 3 mm from the bubble
centre. The bubble wall motion was observed by a
rotating mirror camera with framing rates up to
250000 s~ . Further details regarding the experimen-
tal arrangement used can be found in Refs. [4, 7].

3. Results

It was observed that when no pressure step propa-
gates along the shock tube, the nitrogen bubbles of
initial radii R; < 2 mm rising in glycerine always pre-
serve their spherical shape. However, the interaction
of a rising bubble with a pressure step produces a
bubble oscillation. For all pressure step strengths, Ap,
used in the present experiments, the bubbles remained
spherical during their first compressions. This was
not always true for later times. For approximately
Ap > 0.4 MPa, bubble shape distortions set in and
these deformations could be detected first when the
bubbles were compressed to their minimum volumes.
The deformations were larger for stronger pressure
steps, and also grew in successive bubble oscillation
periods. However, during the first bubble expansions,
the bubbles usually showed a tendency to recover
their sphericity.

For stronger pressure steps and/or later oscillation
periods the bubbles acquired very complicated shapes
but, as was shown in Ref. [1], these oscillation modes
are quite reproducible, providing the other conditions
are kept the same (Ap, R;, etc.). An example of oscillat-
ing bubble photographs obtained with a rotating mir-
ror camera is given in Fig. 1. In this particular case the
bubble was excited into oscillation by a pressure step
Ap =1.06 MPa. The framing rate was 250000s™7,
however, only selected frames are shown. The selec-
tion was done in such a way that the frames in the first
column display the bubble at its successive maximum
volumes and in the third column at successive mini-
mum volumes. Thus, the first two oscillation periods
are encompassed. In Fig. 1 a precursor can be seen in
the first frame, and it can also be seen that the bubble
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Fig. 1. Example of an oscillating nitrogen bubble in glycerine (R; = 1.67 mm, Ap = 1.06 MPa). The frames were taken at
times ¢ of 0, 52, 76, 108, 144, 172, 200, 220, 244, 264, 276 and 308 ps. Bar 5 mm.

3.6

MPa 4

Fig. 2. Example of the pressure record p in glycerine with an
oscillating nitrogen bubble. The pressure p was measured at
a distance r = 3 mm from the bubble’s centre, the estimated
bubble initial radius was R, = 1.65 mm, the initial ambient
pressure p.; =01 MPa, and the driving pressure step
Ap =0.83 MPa.

shape deformations are symmetrical with respect to
the direction of the pressure step propagation (or,
which is the same, to the direction of the bubble trans-
lation).

An example of the pressure signal, p, taken with the
hydrophone is shown in Fig. 2. Let us remember that
in this case the pressure field, p, is formed by the
superposition of the variable ambient pressure (the
pressure step), p,,, and the acoustic wave, p,, radiated
by the oscillating bubble. A surprising fact of note in
Fig. 2 is that although the bubble shape is highly non-
spherical for later times (cf. Fig. 1), the bubble radiates
intensive pressure pulses, the amplitudes of which
seem to be little influenced by the distorted shapes.

From the pressure waves recorded in different ex-
periments, a number of quantities could be easily de-
termined (for definition of these quantities see Fig. 2),
these being the times of the second and third oscilla-
tion periods T, and Tj,, the first and second peak
pressures p,; and p,,, the second and third through
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pressures p,, and p,5, and the acoustical energies asso-
ciated with the first and second bubble pulses AE,,
and AE,,, respectively. Whereas the quantities Ty,
T35 Pp1» Ppa2» Prz and pys could be read out directly
from the pressure records, the energies AE,; and AE,,
were calculated using the formula

1 1
AE,=4nr? { pide. 1)
QuwCoxty

Here r is the distance from the bubble’s centre to the
point at which p is being measured, ¢, is the liquid
density, ¢, the velocity of sound in the liquid, ¢, and
t, are identified with the time instants of the successive
trough pressure occurrences, and p, =p — p,,.

The variation of these quantities and of their ratios
with the pressure step strength Ap are displayed in
Figs. 3 to 6. In Figs. 3 to 6, theoretical curves are
shown together with experimental points. The theo-
retical data were obtained under the assumption of a
spherical bubble shape using the bubble model given
in Ref. [4].

A number of interesting features can be seen in
Figs. 3 to 6. For example, the experimental data for
Ty, show close agreement with the theoretical varia-
tion, and this agreement is even better for stronger
Ap, when the bubbles have evidently lost their spheric-
ity. On the other hand, for weaker pressure steps
Ap < 0.3 MPa, when the bubbles are spherical, the
differences between the theoretical and experimental
data are the largest. This is not true as far as T, is
concerned. Here, for weaker pressure steps the exper-
imental points do lie in the vicinity of the theoretical
curve. However, in this case an interesting jumping
phenomenon can be seen. If we denote Ap; = 0.52 MPa
as the pressure step strength for which the jump oc-
curs, then for Ap < Ap; the experimental points lie
above the theoretical curve and for Ap > Ap; they lie
under it. When one tries to approach the jumping
pressure step strength Ap; either from the left or from
the right the variance of the experimental values of T,
always increases. This behaviour can be seen perhaps
even better from the plot of the ratio Ty3/Tp, given
in Fig. 3c. Here for Ap <Ap;, To; > Ty,; and for
Ap > Ap;, Tys < Tg,.

Variations of p,; and p,, with Ap are shown in
Fig. 4. In this case the experimental points of both p,,
and p,, lie under the theoretical curve. Again it is the
ratio of p,,/p,; which reveals that for a certain range
of pressure steps there is a tendency for the second
peak pressure to be higher than the first one, ie.
Pp2 > Py - This contradicts what one would intuitively
expect for damped bubble oscillations. It should be
also noted that the experimental data displayed in
Fig. 4a correspond to a spherical bubble shape (as
was mentioned above, the bubbles retained a spherical
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Fig. 3. Variation of the oscillation time data with the pres-
sure step Ap; (o) experiment, (—) theory. a) Second oscilla-
tion time T,,,, b) third oscillation time T3, ¢) ratio Ty3/Tp,

shape during the first compression for all values of
Ap). On the other hand, the experimental data dis-
played in Fig. 4b for Ap > 0.4 MPa correspond to the
non-spherical bubble shapes. Surprisingly, the bubble
shape deformations have little effect on the radiated
peak pressures (cf. Fig. 1, where for ¢t =200 us the
highly deformed bubble shape at the second minimum
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Fig. 4. Variation of the peak pressure data in the radiated
wave with the pressure step Ap; (o) experiment, (——) theory.
a) First peak pressure p,;, b) second peak pressure p,,, ¢)
ratio p,,/p,; .

volume is shown; it is exactly at this time that p_, was
radiated).

When observing Fig. 5 one can see behaviour simi-
lar to that in Fig. 4. Again, the distributions of exper-
imental points both in Fig. 5a and 5b show similar
patterns though the bubble shape was much more

Fig. 5. Variation of the trough pressure data in the radiated
wave with the pressure step Ap; (o) experiment, (——) theory.
a) Second trough pressure p,,, b) third trough pressure p,;,
©) 1atio p,a/p,,.

deformed at the times when p,; was radiated. One can
see in Fig. 5a and 5b that for weaker pressure steps,
the measured trough pressures are less negative, and
for stronger Ap more negative, than predicted by the
theory. Further details are discovered from Fig. Sc,
where the ratio p,3/p,, is displayed. For weaker steps
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Fig. 6. Variation of the acoustic energy data with the pres-
sure step Ap; (0) experiment, (——) theory. a) Acoustic ener-
gy in the first bubble pulse AE, , b) acoustic energy in the
second bubble pulse AE,,, c) ratio AE,,/AE,;.

(roughly for Ap < 0.3 MPa), p,3 > p,,, and for stron-
ger ones (roughly for Ap > 0.3 MPa) p,;, > p;5. As in
the case of p,,, and p,,, for weaker steps the behaviour
of the bubbles contradicts what one would expect.
Finally in Fig. 6a one can sec that real bubbles
radiate the acoustic energy more intensively in the first

bubble pulse than predicted by the theory. On the
other hand, as can be seen in Fig. 6b, the acoustic
energy carried away by the second bubble pulse is
smaller than the theoretical one. Even now, despite
the highly deformed bubble shape, the experimental
radiated energy is almost comparable with the theo-
retical energy computed for spherical bubbles. The
ratio AE,,/AE,, shown in Fig. 6c confirms what
could be seen in Figs. 6a and 6b, ie. that for any
pressure step Ap, AE,, > AE,.

4. Discussion

The experimental data presented in the preceding sec-
tion indicate that apart from some interesting devia-
tions mentioned here and in Ref.[4], the oscillating
non-spherical bubbles radiate pressure waves, which
are basically the same as those predicted by the theory
for radially pulsating spherical bubbles. A possible
explanation for this suppression of the influence of the
bubble shape deformation is as follows. During the
interaction with the driving pressure step, the bubble
is excited to perform both the basic radial pulsations
and the higher mode shape oscillations. However, as
was shown by Strasberg [5], the shape oscillations
have much lower frequencies than the radial pulsa-
tions and they radiate pressure components which
diminish rapidly with distance. Owing to their low
frequencies, the shape oscillation pressure compo-
nents should manifest themselves in the measured
time signals as slowly varying trends, which could be
observed only on a larger time scale (e.g., in Fig. 2, the
time of the radial oscillations is =~ 120 ps, but the time
of the second mode shape oscillation is 16.53 ms, of
the third mode shape oscillation 9.05 ms, etc.; see Ref.
[5), for the respective formulae and Ref. [4] for the
physical constants). Besides, the pressure due to the
n-th mode shape oscillation varies inversely with the
(n + 1)th power of the distance r [5], and this also helps
to explain why at » = 3 mm only the pressure compo-
nent due to the radial pulsations is significant.

One can thus see that the radiation mechanism acts
as a filter, which passes the components due to the
radial pulsations, and attenuates the components due
to the shape oscillations. Hence the pressure wave
conveys information concerning the zero mode first of
all, which in photographs of bubbles could otherwise
be hidden in the higher mode shape oscillations.

This observation is in good agreement with results
obtained in experiments on low-intensity (linear) bub-
ble oscillations [5, 8—11]. There it was observed that
despite pronounced shape oscillations, the radiated
acoustic waves had the form of decaying sinusoids
with frequencies corresponding to the linear radial
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pulsations of the spherical bubbles. The results pre-
sented in this paper can be then viewed as an exten-
sion of the works [5, 8—11] into the region of higher
bubble oscillation intensities, where the bubble be-
haviour already has a non-linear character, and hence
the radiated waves are far from simple sinusoids (see,
e.g., Fig. 2).

The previously mentioned property of the radiated
waves made it possible to determine in Ref. [12], using
the data given in Refs. [5, 8], the amplitudes of the
linear radial bubble pulsations. The computed ampli-
tudes were very low and, because of the pronounced
low-frequency shape oscillations of the bubbles, the
radial pulsations could hardly be observed directly in
high-speed photographs, such as those given in Fig. 3
of Ref. [5]. It is only the pressure signal which made it
possible to determine their amplitudes and frequen-
cies.

For further experimental work, a criterion of what
distance r is close to the bubble and what is not close
is needed. Strasberg [5] suggested a wavelength of the
radiated sound for this purpose. In the case of a linear-
ly oscillating bubble in glycerine (initial radius
R; = 1.65 mm, polytropic exponent y = 1.4, ambient
pressure p,, = 100 kPa, and liquid density ¢, = 1220
kg m™3) the frequency of pulsations is f, = 1791 Hz
(see, e.g., Ref. [5] for the formula), and hence the re-
spective wavelength is A = 1.07 m (the speed of sound
in glycerine is ¢, = 1920 m s~ ). However, the data
presented here suggest that the respective distance (the
boundary between “near” and “far”) will most proba-
bly be much smaller. Here, at a distance of r = 3 mm
no significant pressure component due to the shape
oscillation was found.

Unfortunately, the conclusions presented above are
more or less qualitative in their nature. To be able to
discuss them in quantitative terms, one would need a
method of spectral analysis enabling resolution of the
complicated bubble shapes, such as those shown in
Fig. 1, into particular spherical harmonics. In this re-
spect the measurement of the pressure signal can be
used to determine the amplitude and frequency of the
zero mode oscillation.

To support the conclusions presented above, a
knowledge of how the radiated pressure waveform
varies with both distance and direction would be help-
ful. Unfortunately, the usable values of r were limited
in the experiments to between 3 and 5 mm. The upper
bound on r was given by an erratic “damping”, men-
tioned in Ref. [7]. This “damping” hindered recording
of clean waveforms for larger distances r (the same
phenomena made it difficult to obtain good low-inten-
sity pressure records). The lower bound on r was given
by the possible influence of the needle hydrophone on
the bubble behaviour [7]. Similarly, the recording of

the pressure waveforms in different directions was also
not possible with the present experimental arrange-
ment.

As far as the Longuet-Higgin’s theory [6], men-
tioned in the Introduction section, is concerned, no
attempt was made here to detect a possible transfer of
energy between different modes. The reason was that
much longer intervals of observation than were used
here would be needed for this purpose. Besides, in this
author’s opinion, only a minor role of such an energy
transfer should be expected under the circumstances
of the intensive non-linear radial pulsations studied
here.

However, the results of the experiments throw a
new light on another earlier speculation. It has been
suggested [12] that the bubble shape distortions could
be a cause of the observed increased energy losses of
oscillating bubbles. The analysis of the radiated pres-
sure waves carried out in Section 3 showed, however,
that this need not always be the case. Hence, it seems
that the cause of the mysterious energy dissipation
must be sought elsewhere.

The observed behaviour of the third oscillation pe-
riod T,; is also very interesting. One would expect
that because of the energy dissipation we should al-
ways find T,, < T,;. However, as follows from
Fig. 3¢, this is true only for higher intensity oscilla-
tions; and even for a higher intensity the ratio Tj,5/Ty,
does not decrease with an increase in the pressure step
strength Ap. This behaviour evidently corresponds to
that of the ratio Ry,/R; (Ry; is the second maximum
radius) as discussed in Ref. [4], which also does not
conform to the theoretical prediction for “ordinary”
bubbles. (Note that both these ratios are used as mea-
sures of bubble oscillation damping.)

Last, the variance of the measured data deserves a
short comment. All the data presented in Figs. 3 to 6
were determined from recorded pressure waves. At the
same time the bubble sizes and positions were as-
sumed fixed. Though the generated bubbles were very
reproducible, their actual size, R;, could vary slightly
from one experiment to another. Also the distance, r,
between the hydrophone’s sensitive area and the bub-
ble centre could vary slightly in different experiments.
These variations, which had the form of random fluc-
tuations (not of a systematic error), naturally influ-
enced the values of the measured and computed quan-
tities. To improve the data quality, one obviously has
to record the pressure waves concurrently with pho-
tographing the bubbles, and thus to obtain for every
pressure record the actual bubbile size and position. Of
course, further improvements are needed in determin-
ing the time variable ambient pressure p,, more pre-
cisely (this question is discussed in greater detail in
Ref. [7]).
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5. Conclusion

Measurement of the pressure waves radiated during
the non-linear oscillation of non-spherical bubbles has
revealed a number of interesting facts:

(1) In the recorded signals, only the pressure compo-
nents due to the radial pulsation are significant.
This was verified even for distances much closer to
the bubble than suggested by Strasberg [5].

(2) When increasing the intensity of the oscillation,
the pattern of bubble behaviour abruptly changes.
For low intensity oscillation T;,, < T,5, for higher
intensity Ty, > Ty;. The transition between the
two regimes is discontinuous.

(3) For certain values of the driving pressure step Ap,
Pp2 > DPp1 and p; > p,,. This contradicts what one
would expect for ordinary bubbles.

For further research a number of suggestions can be
formulated:

(a) To verify some of the conclusions made above it is
necessary to analyze more bubble oscillation peri-
ods, and to measure the pressure signal at various
distances and in different directions.

(b) A method enabling resolution of the deformed
bubble shapes into spherical harmonics is needed.

(c) To increase the precision of the measured data,
simultaneous recording of the pressure waves and
photographing of the bubbles is necessary.
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