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Acoustical observation of bubble oscillations induced by bubble popping
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Acoustic measurements of aqueous foams show three distinct radiation mechanisms that contribute to the
sound pressure field: oscillations of a bubble surface that precede popping due to the instability of thin liquid
film, impulsive radiation due to bursts of bubbles, and oscillations from neighboring bubbles excited by a burst
bubble. The movies captured by a fast camera confirm that the bubbles adjacent to a breaking bubble oscillate
under the influence of the pressure generated by the burst bubble. The spectra of resulting transient sounds fall
in the range of 2—8 kHz and those from bubble oscillations correlate well with the bubble size.
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INTRODUCTION

Aqueous foams play very important roles in both daily
life and industrial processes [1,2]. Shampooing hair, washing
dishes, taking a bath, pouring beer, and producing and trans-
porting oil are a few examples. Personal wash products—for
example, foam properties such as the ability to initiate its
formation, bubble growth and foam coalescence, rheological
behavior and bubble size distribution, stability and
collapse—are all related to the consumers’ “in-use” percep-
tions. The collapse or burst of bubbles is a particularly im-
portant subject that continues to attract scientific interest
even after decades of studies, in part because of the noise
produced by foams [2-4]. The characteristics of sound gen-
erated by bubbles can reveal important information about the
collapse or burst mechanism and the properties of the fluid-
gas mixture [5-11].

The life of a foam is determined by the thinning (drain-
age) [12] and breaking (coalescence or collapse) of the thin
fluid walls. The deconstruction of thin fluid films is very
important in many technological applications and in many
physical and biological thin-film phenomena [13-22]. The
spontaneous film rupturing due to film thinning caused by
gravity in surfactant foams requires an activation energy of
the order of o2, where o is the interfacial tension and 4 the
thickness of the film [13,14]. The film is not expected to
burst until its thickness is, for a system with interfacial ten-
sion of about 20 mN/m, down to about 10 nm. However,
because the critical thickness for spontaneously rupturing is
usually larger than 10 nm, sustained surface fluctuations that
amplify become necessary to overcome the energy barrier.
Reiter er al. [18] applied a real-time optical microscope to
study the destruction of polymeric films and found four dis-
tinct stages for film destruction, confirming the theoretical
prediction for the surface fluctuations. These are amplifica-
tion of surface fluctuations, breakup of the film and forma-
tion of holes, growth and coalescence of holes, and droplet
formation and ripening. The instability of thin liquid films
and the resulting amplification of surface fluctuations have
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been explained theoretically, but the experimental verifica-
tion has been confined to polymeric films [18], in part be-
cause it is very difficult to visualize surfactant thin films with
regular optical methods—for instance, with a microscope.

This communication reports on the measurement of sound
radiation from bubbles in foams resulting from their oscilla-
tions and bursts, and relates these sounds to the destruction
mechanism of the bubbles. By measuring and analyzing the
acoustic emissions from foams generated with different
bubble size distributions, three distinct sources are identified
that contribute to the acoustic pressure: growing thin-film
vibration amplitude preceding the burst of a bubble, the pop-
ping or the bursting of a bubble, and the oscillations from the
neighboring bubbles excited by the transient pressure from a
burst bubble. The growing thin-film vibrations preceding the
burst of a bubble were also observed on top of a single
bubble on a needle and are related to the surface fluctuations
which lead to the breakup of the liquid film on the top of
bubble as observed in polymeric films [18]. In addition, re-
flections from the foam surface or other surfaces also con-
tribute to the sound measurements. For foams with a wider
distribution of bubble radius (approximately 50—600 wm,
with a mode radius around 600 wm), the sound pressure fre-
quency distribution ranges between 2 and 8 kHz. For foam
with smaller mode radius and narrower distribution, the
spectrum bifurcates and a second peak develops in its enve-
lope, while the first peak in the envelope of the spectrum
between 2 and 8 kHz remains nearly intact. As the mode
radius is further decreased, the second peak shifts to a
higher-frequency range. The second peak correlates well
with the predicted natural frequencies of bubble oscillations.
The first peak in the frequency spectrum is associated with
bubble burst and has similar wave forms to impulsively gen-
erated sounds, such as those by laser sparks. The movies
captured by a fast camera confirm that the bubbles adjacent
to a breaking bubble oscillate under the influence of the tran-
sient wave generated by the burst.

FOAM PREPARATION

Only a few studies are reported in the literature on foam
generation techniques (shaking, air blowing, etc.) [1,23]. Re-
cently Caps et al. [24] studied the foaming dynamics in
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Hele-Shaw cells and found that as a function of the number
of the upside-down flips, an increasing number of bubbles
composes the foam, until saturation is observed. In this
study, we combined “shaking” and “shearing” methods to
generate foams. Foams with different size distributions and
mode radius were generated in two steps. First, the foam
with large size bubbles was produced by shaking solutions of
sodium dodecyl sulfate (SDS, ultrapure, ICN Biomedicals,
Inc., Aurora, OH) at just above its critical micellar concen-
trations (CMCs) in a closed container with a fixed volume
for 30 sec. In the second stage, the large-radius bubbles were
broken down to smaller-size bubbles by applying a suitable
stirring (or breaking-down) speed (Tekmar RW20DZM, Cin-
cinnati, OH) for a prescribed time.

Foam samples with the desired size and gas fraction were
produced by adjusting the stirring or breakdown speeds (be-
tween 217 rpm and 2500 rpm which are the low- and high-
speed limits for the instrument) and the initial volume of
solution. The foam was then immediately transferred into a
Petri dish and imaged using an optical microscope (Leica
Wild M420, Bannockbum, IL). For statistical purposes, mul-
tiple surface images of different locations were taken imme-
diately after transferring the foam into the Petri dish and
5 min and 10 min afterwards, respectively. Figure 1 shows
the micrographs of three typical foam samples with a fixed
gas fraction of 90% at 5 min after transferring (in the rest of
this paper, the three foam samples will be designated as A, B,
and C). The breakdown speed of 217 rpm was used to gen-
erate foam sample A, while breakdown speeds of 1400 rpm
and 2300 rpm were used for generating samples B and C,
respectively. Multiple images were used to obtain the size
distribution for each foam sample. Figure 1 also presents the
size distributions for the foam samples A [Fig. 1(a2)], B [Fig.
1(b2)], and C [Fig. 1(c2)]. With this method, the foam
samples with targeted size characteristics could be reliably
reproduced. Increased breakdown speeds yielded foam
samples with smaller-size bubbles and smaller standard de-
viation.
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FIG. 1. Micrographs and size
distributions of SDS foams pre-
pared by different breakdown
speeds [gas fraction=90%; break-
down speed: (a) 217 rpm, (b)
1400 rpm, and (c) 2300 rpm. For
our discussion, we will use
samples A, B, and C to label those
three foam samples throughout
this paper, respectively]. All mi-
crographs were snapshots at 5 min
after transferring foams into Petri
dishes. The size distributions
shown in (a2), (b2), and (c2) were
obtained by counting at least five
micrographs for each foam sample
to minimize the error. By increas-
ing the breakdown speed, a foam
sample with smaller-size bubbles
and narrower distributions can be
produced.

As pointed out by Caps et al. [24], foam generation is a
complex process with very few descriptions reported in the
literature. While a consumer can easily generate a “creamy”
lather by applying “shear” when using personal wash prod-
ucts, it is very difficult to emulate the same process and, to
our knowledge, no such apparatus exists that can simulate
the human lathering process. Experiments point to the sur-
factant or surfactant mixture systems, the initial surfactant
solution concentrations, the gas fraction, and the method
used, all contributing to the foam generation and foam prop-
erties. For the SDS system with the concentration just above
its CMC, without the shearing (breaking-down) step, the
foam resulted from shaking drains pretty fast. With increas-
ing shearing (breaking-down) rate, the foam viscosity in-
creases (data not shown) and the drainage rate decreases
drastically. By increasing the shearing rates, in addition to
generating more stable foam systems, the percentage of large
bubbles decreases, which indicates that the shearing process
breaks down the larger bubbles. However, the percentage of
small bubbles does not increase significantly, which indicates
that coarsening must not be ignored during the foam genera-
tion. We also applied the same method to other surfactant
systems and surfactant mixture systems, and found that the
size and distribution of bubbles depend not only on the
shearing speed but also on the surfactant systems. For a par-
ticular surfactant system, there must be a limit for the bubble
size as in the SDS system, the mode radii of samples B and
C are very close even with the shearing speed increased from
1400 rpm to 2300 rpm. This is consistent with the saturation
effect of the number of bubbles with increasing upside-down
flips observed by Caps et al. [24]. The two-step method is
not an ideal method to make a monodisperse foam system,
but it generates foams that closely resemble the lather gen-
erated by the consumers.

SOUND MEASUREMENTS

Two types of acoustic measurements were conducted: one
to investigate the sound field of a foam and the other to
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FIG. 2. Schematic diagram for the setup of measuring single
bubble burst. 1: Syringe with SDS solution. 2: Stainless steel needle
(flat tip). 3: single bubble. 4—7: microphones at different angles.
Considering the bubble located at the origin of a Cartesian coordi-
nator system, the xy plane is the horizontal plane; microphones 5
and 7 are on the x axis, microphone 4 is on the z axis, and another
side microphone 6 is on the y axis.

examine the radiation from a single isolated bubble. In the
first set, the foam samples with desired size characteristics
were placed in a Petri dish and the emitted sounds were
measured for at least 10 min with two microphones located
above the foam samples. In the second set, as shown in Fig
2, a single bubble was generated by pumping a surfactant
solution inside a syringe to simultaneously measure the
acoustic pressure of the single bubble burst from different
angles. Four microphones were positioned above and at the
sides of the breaking bubble to examine the directional char-
acteristics of the emitted sound. The sound pressure signals
were recorded using a data acquisition system (pulse system
with modules type 3032A and type 7533, Briiel & Kjaer,
Norcross, GA) at an acquisition rate of 65 536 Hz. To mini-
mize the effects of ambient noise, measurements were car-
ried out in a sound isolation enclosure (SE2000 series, Whis-
per Room Inc., Morristown, TN) that effectively insulates
most of the higher-frequency components (above 1000 Hz).

FREQUENCY ANALYSIS

A proprietary software package written with Microsoft Vi-
sual C++, which calls the signal processing functions from
MATLAB (Mathworks, Natick, MA), was used to analyze the
acoustic signal. Since a 10-min-long unprocessed sound
pressure datum contains nearly 40X 10° data points, it is
impractical to perform a fast Fourier transfer (FFT) of the
entire signal at one time. Because of this concern, the
10-min-long acoustic signal was reduced into smaller
samples, with each sample containing 10-sec signal and
655 K data points. To include a larger amount of bubbles, we
averaged every 10 consecutive FFT results to represent the
frequency behavior of acoustic emission in the 100-sec
period—e.g., FFT results for signal from 0 to 100 sec, from
100 to 200 sec, and so on. Although the FFT results showed
slight changes from period to period, the general character-
istics of the spectra remained the same.
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OBSERVATIONS: SOUND MEASUREMENT RESULTS

Typical acoustic emission after filtering with a fourth-
order Butterworth high-pass filter (cut off frequency 500 Hz)
has high-amplitude, short-duration pulses in the sound pres-
sure signal which are related to the bubble burst events (data
not shown). This is very similar to the acoustic profiles re-
ported in the literature [8], but with fewer bubble popping
events. With an increase in the breakdown speeds, the bubble
popping events reduce. For sample A, it only took around
15 min for all bubbles in a Petri dish to disappear while it
took around 50 min for all bubbles in sample C to disappear.
In a given sample, the frequency of bubble popping events
following the formation of a foam is not uniform due to the
avalanches of popping bubbles [8,25]. Bubbles burst at a
very fast rate in the first 50 sec and then slow down. The
potential influence of such transient effects on acoustic mea-
surements is reduced by taking measurements between 100
and 600 sec following the foam sample generation, with par-
ticular focus on the time period between 300 and 400 sec
during which foam sample reaches a quasistable state. To
better examine the nature of bubble burst events, the sound
pressure from single bursts was plotted with an expanded
time scale for each of the three samples generated. Figures
3(a)-3(c) show typical acoustic profiles for samples A, B,
and C, respectively. In these figures, for easier comparison,
the time axis was shifted to begin at 0 msec for each signal.
Similar to those reported in the literature [8], single-burst
events dominate the pressure field from a foam (more than
95% of the total burst events) although double bursts and
multiple bursts can be occasionally observed. The typical
duration of each individual bursts lasts about 1-2 msec.

The spectrum of sound emission from a foam strongly
depends on the size distribution and mode radius of bubbles.
The left column in Fig. 4 shows the power spectral density
for foam samples A, B, and C each for the periods from
300 to 400 sec following sample generation. For foam
sample A, which has a broader bubble size distribution and
with larger bubble mode radius, the sound pressure frequen-
cies fall between 2 and 8 kHz. The power spectrum density
exhibits a corresponding broad distribution within this range.
As the mode radius of foam becomes smaller (samples B and
C), the spectrum bifurcates and two major peaks develop in
the power spectral density. The peak between 2 and 8 kHz
remains similar in distribution with slight shifts while the
second peak shifts to a higher-frequency range as the mode
radius decreases (sample C).

The bubble burst events and the following behaviors of
the sample were visualized using a fast camera (Redlake Mo-
tionXtra HG-100K, San Diego, CA) at an acquisition rate of
10 000 frames per second (fps). At this resolution, the
bubble popping and the ensuing shock wave that deforms the
bubbles next to the popped bubble were clearly visible. Fig-
ure 5 shows two micrograph sequences of bubble popping
and the response of the nearby bubbles in two foam samples.
The movies with different playback speeds are also provided
[26]. As observed in Fig. 5 and the movies, the different
foam samples showed similar bubble bursts, but different
behaviors following the bursts. For sample A, the popping
bubble causes the bubbles nearby to be dislocated and de-
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FIG. 3. Typical acoustic signals of a single-bubble burst for SDS foam samples [(a) sample A, (b) sample B, and (c) sample C] and for
a single bubble from different angles [(d) +z, (€) +x, and (f) +y. Refer to Fig. 2 for the xyz position]. For easy comparison, each signal was

shifted to the beginning of 0 msec.

formed, while in sample C, since the rigid network formed
by the nearby bubbles constrains the movement of the
bubbles, the burst bubble causes the bubbles nearby to de-
form with very limited dislocation, which forces the bubbles
to oscillate. The deformed bubbles oscillate as they migrate
into the empty space created by the popped bubbles but at a
slower speed. However, the fast camera did not capture the
interference rings that move around rapidly on top of the
bubbles immediately prior to their burst as discussed below.

The first peak in the power spectral density plots which
weakly depends on the bubble size is apparently related to
the bubble bursts. The authors suggest that the second peak
in the plots which is strongly related to the bubble size can
be explained by the oscillations from the bubbles next to the
popping bubbles. Predictive models for bubble freely oscil-
lating in a liquid have been discussed extensively in litera-
ture [2,4-6,27]. For small-amplitude oscillations of a perma-
nent gas (noncondensable) bubble in a liquid for which vapor

effects can be neglected, the natural frequency f; is given by

1 3KPO

20
2w pR% pRS’

Jo (1)

where « is the gas polytropic component which equals v, the
ratio of specific heats of the gas if the pressure-volume rela-
tionship of the gas is taken to be adiabatic; P is the ambient
pressure, R is the nominal radius, o is the surface tension,
and p is the liquid density. If the surface-tension effects are
neglected, for air bubbles (for which y=1.4) in water under
standard conditions, the natural frequency of a bubble with a
nominal radius R in meters can be estimated by a simpler
equation
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FIG. 4. FFT spectra of the
acoustic emissions from SDS
foam samples [(al) sample A, (b1)
sample B, and (c1) sample C] and
calculated frequency spectra by
assuming the bubble oscillation

H based on the size distributions
H H from Fig. 1 [(a2) sample A, (b2)

c2 sample B, and (c2) sample C].
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The second column in Fig. 4 presents the predicted frequen-
cies of pressure radiated from oscillations of bubbles ob-
tained by applying Eq. (2) to the size distribution data shown
in Fig. 1 for different samples.

Comparison of the calculated frequency spectra with the
experimental frequency spectra (the second column and the
first column, respectively, in Fig. 4) shows a strong correla-
tion between the second distribution peak in the measured
frequency spectra and the calculated frequency spectra based
on the bubble oscillation model.

Equations (1) and (2) do not adequately describe the foam
samples described above since they do not take into account
the following conditions: the bubbles are not freely oscillat-
ing and the surrounding medium is not a pure liquid that has
the density of water. The effective density of the surrounding
medium in the present case is much smaller than the density
of water but larger than the liquid fraction of the foam. As a
result, Eq. (2) underestimates the oscillation frequency. On
the other hand, the surrounding medium, as observed by the
fast camera, slows down the dislocation of the nearby
bubbles in the samples at higher breaking-down speeds, con-
straining the freely oscillating bubbles, thus effectively
damping their oscillation frequency [4]. In this case, Eq. (2)

20 30

Calculated Frequency (kHz)

overestimates the oscillation frequency. In addition, consid-
ering all possible sources of acoustic emissions from the
foam systems used, we cannot find other causes except the
oscillations which relate to bubble sizes and the shifted sec-
ond frequency peak in the power spectral density plots.
Therefore, it is reasonable to assume that the natural fre-
quency of the oscillating bubbles in foam samples is not far
from the estimated frequency based on Eq. (2). An in-depth
understanding of these two effects needs further work.

The part of the sound spectra of the foam samples [(al),
(bl), and (cl) in Fig. 4] from the foams that fall above
25 kHz with small amplitudes is independent of the size dis-
tribution characteristics of the foam samples. The frequency
is surprisingly high since most popping bubbles have larger
radii and the natural frequency for those larger bubbles is
much smaller (<25 kHz) than the observed frequency range
(>25 kHz), suggesting a different mechanism as the cause.
Our observations suggest that these high-frequency compo-
nents are related to the higher-frequency oscillations that pre-
cede each bubble burst. As shown in the enlarged figures in
Figs. 3(a)-3(c), the oscillations that precede each bubble
burst have amplitudes that increase exponentially as they
reach the burst event and period that corresponds to around
30 kHz.

To identify the source of this acoustic emission, we de-
signed an experiment, as shown in Fig. 2, to record the
acoustic responses of a single-bubble burst at the tip of a
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FIG. 5. Micrographs show a time sequence of popping bubbles
and their neighbors in two foam samples (left column, sample A;
middle column, sample C) captured by a fast camera at different
moments. The popping bubble in each sequence is marked with a
circle in the first frames. As a consequence of the bubble bursts, the
bubbles near the popping bubble are deformed and oscillated in
sample C, while the nearby bubbles are dislocated under the shock
of bubble popping in sample A.

needle at different directions simultaneously. A single-bubble
system prevents contributions from multiple-bubble sources
such as bubble oscillations induced by popping bubble and
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coalescence. A set of measurements recorded sound pressure
from a single bubble [Figs. 3(d)-3(f)], isolating the impul-
sive nature of the sound radiated, including acoustic emis-
sions that develop prior to the burst. As in the cases of three
foam samples, the isolated single bubbles also show a very
similar acoustic pattern. The burst generates a compressive
pressure pulse followed by a rarefaction, which can have a
longer period and lower amplitude than the compressive
peak depending on the size of the bubble. The acoustic pro-
file from the microphone above the bubble is different from
the acoustic pressure histories from the other microphones
located in the same horizontal plane as the bubble. The pre-
ceding acoustic emission appears directly above the burst
bubble, but difficult to observe in other directions. This sug-
gests a pistonlike radiation from a small part of the top sur-
face of the bubble, followed by the compressive sound pres-
sure observed in all bursts.

The reason for the burst to develop at the top of the
bubble, and to act as a pistonlike radiator, rests with the
drainage mechanism. The drainage of liquid on a bubble cre-
ates a thinner top part, and this leads to the spontaneous
breakup of the bubble as the thickness of the top reduces to
a critical thickness [18,21,22]. The spontaneous film ruptur-
ing requires a high activation energy if the film thickness is
larger than 10 nm [13,14]. It has been predicted theoretically
[13-16,19,28] that the small surface fluctuations can be am-
plified to overcome the energy barrier, as was confirmed for
polymeric films [17,18,29,30]. The hole formed at the top of
the bubble and then rapidly expanded. The rates at which the
hole expands are dependent on the film systems [21,22,31].
The higher pressure inside the bubble is released from the
hole while the hole forms and expands. It is not surprising to
observe pistonlike radiation from the top of the breaking
bubble while the amplitudes of the acoustic emissions from
horizontal microphones are much less. The initial sound
pressures detected from all directions are positive, which in-
dicates that the bubble film expands to all directions during
the bubble collapse.

An important remaining question relates to the behavior
of the bubble before it bursts and generates high-frequency
acoustic emissions, particularly at its top. One important fea-
ture of the observed processes was the formation of interfer-
ence patterns just before the bubble burst, indicating that the
bubble film breaks at the thickness of the range of light
wavelength, which is much thicker than 10 nm. As predicted
by theory, there is a large energy barrier to overcome if the
film ruptures at a film thickness more than 10 nm. In addi-
tion, unlike the system reported in the literature [22], the
interference patterns that appeared in our systems were mov-
ing around on the top of bubble very rapidly. This observa-
tion suggests the possible mechanism of surface oscillations
that precede a bubble burst to be an instability. Whether the
initial surface oscillations result from thermal fluctuations or
long-range interactions is not clear, but the observations
show clearly that the sound pressure amplitude from these
oscillations increases exponentially, resulting in the burst of
the bubble. Considering that the thermal energy can only
overcome the activation energy of hole formation for a very
thin film [13,32], the exponential oscillations which lead to
the bubble burst must come from the van der Waals interac-
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tions predicted by theory [14]. This behavior is similar to
that observed in polymeric films observed by Reiter et al.
[18]. The confirmation of the contribution from the long-
range interactions needs further research. In aqueous foams,
as a result of drainage, the top surface of the foam becomes
dry and the bottom becomes wet, resulting in a thinning of
the top part of a bubble. As the film becomes thinner, it
oscillates with exponentially increasing amplitude, which
can further contribute to the drainage process, thus making it
even thinner, prior to its burst, setting up an instability
mechanism. The amplification of the surface oscillations (or
surface fluctuations, or both) eventually leads to the breakup
and subsequent bubble burst.

The sound generation mechanisms from a foam sample
can be summarized as follows. An individual bubble in a
foam sample drains, and as its top wall becomes thinner, the
top film starts to oscillate under the influence of thermal
fluctuations or long-range interactions. Oscillations lead to
further drainage, setting up an instability that further in-
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creases the oscillation amplitude at the top of the bubble
until a hole is generated and the bubble bursts. The burst
generates the impulsive wave, which also excites other
bubbles adjacent to the breaking bubble.

Thus, in addition to the reflections from the foam surface,
three distinct sources contribute to the direct field of the
measured acoustic pressure: thin-film oscillation which pre-
cedes the bubble burst, the bubble burst, and oscillations
from the nearby bubbles excited by the burst bubble. The
movies captured by a fast camera confirm that the bubbles
adjacent to the breaking bubble oscillate under the influence
of the wave generated by the burst bubble.
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