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A system in which bubbles coalesced on formation was used to probe one mechanism by which bubbles
create sound. The aim was to determine in which situations sound is produced and to predict its ampli-
tude. A set of carefully co-ordinated high-speed video and acoustic timeseries showed that needle-
formed bubbles generated loud bubble-acoustic emissions at the instant of coalescence of secondary
bubbles with the primary bubble. As the air flow rate increased, the size and number of secondary bub-
bles increased, and the sound amplitude also increased. On coalescence, the sound pressure always rose
initially. A dimensionless scaling found that the sound amplitude emitted scaled with the volume of the
secondary bubble. This scaling was shown to be consistent with the sound-emission mechanism being
the equalization of pressures in the coalescing bubbles. The trend in amplitude with bubble production
rate was well predicted by the scaling.

Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Gas bubbles can emit sound because the compressibility of the
trapped gas and the mass of the surrounding liquid give rise to a nat-
ural oscillator. The compressible behaviour of bubbles has been
studied for nearly a century (Rayleigh, 1917) and the natural fre-
quency emitted by bubbles oscillating with small amplitude has
been theoretically predicted and experimentally confirmed (Minna-
ert, 1933; Strasberg, 1953; Longuet-Higgins et al., 1991; Manasseh
et al., 2004); it is usually called the Minnaert frequency. There are
many contexts, such as sonoluminescence, in which a bubble is dri-
ven artificially to large amplitude by a known oscillating pressure or
impulse, forcing nonlinear behaviour. However, there seems to be no
universal explanation of the fluid-dynamical mechanism by which
small-amplitude bubble sound emissions are naturally initiated.
Thus, although there have been many studies that will be summa-
rised below, there is still no accepted prediction of the sound
amplitude naturally emitted by bubbles. Passive emission of small-
amplitude sound by bubbles is common in many practical industrial
flows (Hsi et al., 1985; Boyd and Varley, 2001; Manasseh et al., 2001)
or environmental flows (Melville et al., 1988; Ding and Farmer,
1994; Manasseh et al., 2006). The emitted spectra depend on both
the frequency and amplitude of the sources, and there is a need to
invert the spectra to recover bubble-size distributions. There are
many issues in interpreting the signals from such sources
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(e.g. Loewen and Melville, 1991a; Boyd and Varley, 2001; Manasseh
et al., 2001), including the acoustic interactions between bubbles
causing shifts in the resonant frequencies (Manasseh et al., 2004),
that have led to increasingly complex signal-processing approaches
(Al-Masry et al., 2005; Manasseh et al., 2006). Amongst the issues
is the difficulty in relating the amplitude of the signal to its fluid-
dynamical causes.

Longuet-Higgins (1990) proposed three general mechanisms by
which the energy giving an initial acoustic perturbation could be
imparted to the bubble: (i) a difference in instantaneous Laplace
pressure at the instant the bubble is pinched off; (ii) the radial
inrush of liquid as the pinch-off occurs; and (iii) an excitation of
the volumetric or ‘breathing’ mode of the bubble by nonlinear
interactions of shape modes (Longuet-Higgins, 1989a,b). It is likely
that some of these mechanisms might work in some situations, but
not in others (Leighton, 1994).

There are two broad classes of phenomena by which bubbles
passively emitting sound are formed. The first class is when bub-
bles are pinched off from an underwater orifice connected to a
large, parent body of gas. The formation process can be highly
repeatable, particularly for moderate bubble-formation rates (Clift
et al., 1978; Manasseh et al., 2001). Such bubbles can be formed
very slowly (e.g. Longuet-Higgins et al., 1991), so that pressures
inside the forming bubble and the parent body of gas are virtually
identical, making mechanism (i) improbable. Yet they can make
loud noises upon detachment. There have been a number of
suggestions that the excitation mechanism for orifice-formed bub-
bles is a variant of (ii): it has been observed (Leighton, 1994) that a
high-speed liquid jet penetrates the bubble on the breaking of the
neck that joins it to its parent body of gas, and may be responsible
ights reserved.
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for compressing the trapped gas (Manasseh et al., 1998). Recent
progress has been made in predicting the sound-emission
mechanism in bubble pinch-off (Deane and Czerski, in press).

Longuet-Higgins et al. (1991) proposed that orifice-formed bub-
bles could make sound by mechanism (iii). At detachment, the dis-
tortion away from a bubble’s equilibrium spherical shape is severe,
and could be decomposed into a large number of shape eigen-
modes, some of which would match the criteria for nonlinear inter-
action (Longuet-Higgins, 1989b). A precise resonance condition is
required. Only a fraction of the total potential energy due to the
surface distortion would be projected onto the modes capable of
nonlinearly driving the volumetric mode. Furthermore, these theo-
ries do not readily yield quantitative predictions of sound ampli-
tude for comparison with experiments. Numerical simulations of
compressible multiphase flows, while advancing in quality (e.g.
O~guz and Prosperetti, 1993; Hu and Khoo, 2004; Bui and Manas-
seh, 2006) and offering many insights (Prosperetti and O~guz,
1993) remain as ambivalent as laboratory experiments on the ac-
tual excitation mechanism.

The second class of bubble-formation phenomena is when bub-
bles are created by the entrapment of air from a free surface, which
might occur in contexts such as raindrop impact (e.g. Pumphrey
and Elmore, 1990; Pumphrey and Crum, 1990), a plunging jet
(e.g. Hahn et al., 2003; Chanson and Manasseh, 2003) or
wave-breaking (e.g. Melville et al., 1988; Loewen and Melville,
1991a,b; Ding and Farmer, 1994; Manasseh et al., 2006). At the
instant the surface closes, pinching off the bubble, there must be
a sudden transition from a cavity at atmospheric pressure to a
closed bubble in which the pressure exceeds atmospheric by the
Laplace pressure due to surface tension, plus the hydrostatic
pressure that must now be supported. Thus, in this second class
of phenomena, mechanism (i) is a possible explanation as well as
(ii) and (iii).

Pumphrey and Elmore (1990) created bubbles from drop im-
pacts in the laboratory, estimated the bubble size photographi-
cally and measured the amplitude of sound emitted. They
calculated the Laplace pressure in the newly-formed bubble
(and also the hydrostatic pressure, which was small in compar-
ison). Because the newly-formed bubble in their experiment was
just below a surface, it was necessary to consider the acoustic
field as dipolar. Comparisons with experiment were disappoint-
ing, with the predicted dipole strength at best 25% of the exper-
imental values. Theory predicted a dipole strength increasing
linearly with bubble resonant frequency. An increase was ob-
served experimentally, though it was not linear. In contrast to
pinch-off experiments, drop-impact studies are complex, and
statistical confidence harder to obtain, because there is consider-
able variation from drop to drop owing to the natural variation
in impact conditions.

The present paper reports experiments in which bubbles emit
sound on coalescence. These bubbles are formed by the first class
of phenomena, pinch-off from an orifice. Orifice-formed bubbles
have been noted before to emit loud sounds on coalescence (Leigh-
ton et al., 1991), which can dominate the sound spectrum provided
the system is not highly turbulent (Chen et al., 2003). Depending
on the air flow rate through the orifice, zero, one, or several coales-
cences might occur between a newly-formed bubble and the pre-
viously-formed bubble immediately above it. All mechanisms (i),
(ii) and (iii) are conceivable in this case. The present experiments
are easier to control and hence more repeatable than the complex
drop-impact phenomena that have been the subject of extensive
investigation before. Careful co-ordination of acoustic and high-
speed video data logging enabled a direct comparison of the inter-
facial kinematics with the acoustic pressure trace. Thus, it may be
that experiments on this system could lead to a better elucidation
of the excitation mechanism.
2. Experimental system

2.1. Equipment

The general layout of the experiment is shown in Fig. 1. The test
section is a glass tank 1000 mm high with a square cross-section of
150 mm. The tank is filled with filtered tap water at a temperature
between 16 and 17 �C. Air bubbles of 1.6 mm diameter are injected
at 85 mm from the bottom of the tank by a needle with an internal
diameter of 0.1 mm and a length Lc = 100 mm. The needle was fit-
ted directly into the tank bottom plate. The rate of bubble produc-
tion is controlled by adjusting the pressure in the tank to which the
needle is connected.

A high-speed digital video camera (Photron Ultima APX) is used
to film the bubble detachment from the tip of the needle at a frame
rate of 20,000 Hz and with an exposure time of 1/87,600 s. The
filmed region, 1.113 mm high and 2.226 mm width, is described
by 128 � 256 pixels. Images of the bubbles were processed to ex-
tract their equivalent-spherical radius and location as a function
of time (details on the procedure are available in Ellingsen and
Risso (2001)).

A Brüel & Kjaer type 8103 hydrophone was used to transduce
the acoustic signal. In the relevant 1–10 kHz band, this hydrophone
type has an essentially spherical directivity field, ensuring sounds
from any direction are equally transduced. The hydrophone re-
sponse is flat up to 15 kHz (Brüel and Kjaer, 2007), enabling a lin-
ear conversion from transduced voltage to pressure based on the
hydrophone’s individual calibration. To correctly translate voltage
to pressure it must be noted that the Brüel & Kjaer 8103 inverts the
polarity of the pressure signal.2 The location of the hydrophone rel-
ative to the needle was measured with an accuracy of ±0.1 mm by
taking images in two orthogonal directions. Distances were calcu-
lated from the true acoustic centre of the 9.5 mm diameter hydro-
phone. In the present experiments the distance from the acoustic
centre to the bubble centre was 19.1 ± 0.1 mm. The hydrophone’s
presence caused no disturbance to the bubble formation and rise
dynamics.

The hydrophone signal was pre-amplified by Brüel & Kjaer type
2635 charge amplifier set to the individual calibration of the
hydrophone. The signal was then fed through a purpose-built
high-pass 5-pole Bessel filter with a 500 Hz cut-off and an ampli-
tude gain of 10. The high-pass filtering eliminated any low-
frequency pressure fluctuations due to bubble motion while pre-
serving completely the bubble-acoustic signals which were all
above 3 kHz. The filtered signal was digitized by a National Instru-
ments Data Acquisition Card type 6024E using high-speed data
logging software built on the National Instruments LabView plat-
form. Considering the typical level of background noise, the ran-
dom error in transduction of the acoustic pressure was less than
10%. This could be improved if necessary with low-pass filtering,
but for the comparisons of the present paper this accuracy was
sufficient.

The gate signal from the camera was logged on one channel of
the datalogging card and the high-pass filtered acoustic signal
was logged on a second channel. A nominal logging rate of
120 kHz was used for both channels. However, since a precise
comparison of the video and acoustic signals was required, it
was noted that no card will in fact digitize data at exactly the re-
quested rate but at a marginally different rate dependent on the
card’s internal arithmetic; in the present experiments this mar-
ginal difference is sufficient to cause a noticeable misalignment
of acoustic and video records for the lowest bubble production
rates. The actual logging rate was extracted from low-level rou-
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Fig. 1. Schematic of the experimental set-up. (a) Tank and air supply. (b) Bubble formation and hydrophone.
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tines and was found to be 119,760.48 Hz; its use ensured a com-
prehensively precise comparison of acoustic and video records.

2.2. Sound field in the tank

Reflections of sound must occur from the walls of the tank and
would return to the bubble from the nearest walls in only 50 ls.
Reflections could influence not only the signal, but be coupled with
the bubble dynamics, effectively creating an entirely different
oscillatory system to that which would be found if the walls were
infinitely far away (Leighton et al., 1998, 2002; Farmer et al., 2005).
As the tank in which bubbles are formed is made smaller, an effect
on the acoustic signal can be noted (Nikolovska, 2005), although
this problem is most marked with tanks of circular rather than
square cross-section.

Tests were done in a tank with much larger horizontal dimen-
sions, as detailed in Table 1. The bubble-forming nozzle and hydro-
phone were fixed to the same support which was simply moved as
a fixed item into the larger tank. The bubble production rate was
adjusted to be the same in both the larger test tank and the actual
experimental tank, about 4 Hz (a condition at which coalescence
and loud bubble-acoustic emissions occur repeatably, as detailed
in Section 3.1). There was no significant difference to the pulse
on the oscilloscope (a typical example, to be discussed later, is
Fig. 9a) and points on the pulse waveform were measured to illus-
trate this (Table 1).

It should be noted that a bubble chain itself will cause an
anisotropy in the sound field. This is due to the acoustic coupling
of the bubbles, a phenomenon which has been well studied
Table 1
Comparison of the acoustic pulse produced from the 0.1 mm internal diameter needle in

Tank Length (mm) Span (mm) Depth (ms)

Actual experimental 150 150 1000
Large horizontal 370 650 410

T1: time interval between the first and second peaks; T5: time between the first and fif
V8: amplitude of eighth peak.
(e.g. Zabolotskaya, 1984; Tolstoy, 1986; Prosperetti, 1988; Doini-
kov and Zavtrak, 1995; Feuillade, 2001; Hsiao et al., 2001; Ida,
2002). In the present experiment the bubbles in the chain are the
same size and so resonate at the same frequency as the newly-
formed and just-coalesced bubble, allowing sound to be efficiently
re-transmitted along the chain. However, this effect is manifested
over several multiples of the spacing between bubbles (Manasseh
et al., 2004; Doinikov et al., 2005; Nikolovska et al., 2007) and
the hydrophone in the present experiments was less than one
spacing away.

To check the sound field in the tank, a hydrophone was first tra-
versed in both horizontal and vertical directions away from the
bubble-formation point. The bubbling rate fb was 14 Hz. Locating
the 9.5 mm diameter hydrophone closer to the bubble than about
15–20 mm ran the risk of distorting the fluid flow associated with
the bubble production. Fig. 2 shows the distribution of sound
amplitude with distance. The sound field in the horizontal direc-
tion (along which the hydrophone was located for the experiments
that are the subject of this paper) can be fitted by a function of the
form r�1.09 with a correlation co-efficient R2 of 0.99. As noted, the
vertical profile should not be expected to decay as 1/r, and the data
can be fitted by a function of the form r�0.82 with R2 = 0.99. The dif-
ference in the far-field exponents of the horizontal and vertical is
consistent with data and theory already published on this topic
(Manasseh et al., 2004; Doinikov et al., 2005; Nikolovska et al.,
2007).

In summary, in the experiments that are the subject of this pa-
per, the simplest approximation to the sound field consistent with
the data is a monopole i.e., the pressure amplitude falling as r�1
different tanks, bubble production at 4 Hz (for an example, see Fig. 9a)

T1 (ms) T5 (ms) T8 (ms) V1 (mV) V8 (mV)

0.23 1.16 1.85 70 16
0.24 1.19 1.80 68 14

th peaks; T8: time between the first and eighth peaks; V1: amplitude of first peak;
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Fig. 3. Timeseries of acoustic pressure at bubble surface over a time of 300 ms.
Bubble production rate 3.82 ± 0.03 s�1. Series triggered on a pulse at time t = 0. Data
logged at 120 kHz.
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with distance. Caution must be exercised in making a comparison
of the data with any theory that assumes walls are infinitely far
away.

3. Experimental results

3.1. Inception of sound emission on coalescence

At very low bubble production rates, less than 3.5 s�1, a series of
single bubbles is formed: high-speed imaging confirms there is no
coalescence. A very faint signal is detectable on amplification of the
hydrophone signal, barely above the background noise, corre-
sponding to the pinch-off of each bubble. It is interesting to note
that these bubbles are approximately 1.6 mm in diameter. The
bubbles of Manasseh et al. (2001), which made noises audible by
the unaided ear on pinch-off, ranged from about 4 to 8 mm in
diameter and hence were one to two orders of magnitude larger
in volume. Once the air flow rate is increased such that the bub-
bling rate fb is above 3.6 ± 0.1 s�1, occasional loud clicks are audible
and corresponding sharp spikes appear on an oscilloscope trace.
These spikes have an order of magnitude greater amplitude than
the sound created on pinch-off. The frequency was 4.15 ± 0.5 kHz
which is the Minnaert frequency for a bubble of 1.6 mm diameter.
Above an air flow rate of 3.8 ± 0.1 s�1, loud clicks are produced reg-
ularly and the spikes are spaced regularly at the bubble production
rate. The 3.8 ± 0.1 s�1 threshold for this phenomenon was repeat-
able in separate experiments performed over several different
days.

The acoustic record over a time window of 300 ms is shown in
Fig. 3. The pressure recorded at the hydrophone location is suffi-
cient for the simple comparisons of the present paper. However,
theoretical calculations are generally based on the pressure at
the bubble surface. Hence, to aid comparisons with future theoret-
ical work, in the present paper all measured pressures have been
translated to the pressure at the bubble surface. Based on the mea-
sured 1/r dependence in the horizontal (Section 2.2), a simple scal-
ing factor d/R1 is used for the translation, where d is the distance
from the bubble centre calculated from the video image to the
hydrophone acoustic centre; for the present experiments d/
R1 = 23.26. Bubbles are formed from the needle at 3.8 s�1; about
260 ms apart. There is a series of sound pulses, with an order of
magnitude amplitude difference from the background. Each pulse
is audible as a single ‘tap’ or ‘knock’ like an individual musical note
being struck, and thus is like any individual bubble-acoustic pulse
reported in the literature (e.g. Minnaert, 1933; Strasberg, 1956;
Leighton and Walton, 1987; Manasseh et al., 2001). In reality, close
observation of the high-speed video (Fig. 4) shows that a smaller
secondary bubble forms immediately after the primary has de-
tached, and soon thereafter coalesces with it. The secondary bubble
is much smaller, being at this air flow a sixth the diameter of the
primary. It coalesces with the primary before it has detached itself,
thus temporarily re-attaching the primary to the air supply. About
0.1 ms later, it detaches itself and is absorbed into the primary. The
size of the bubbles are quite repeatable.

The circumstances leading to in-line pairing and subsequent
coalescence of orifice-formed bubbles have been studied before
(Nevers and Wu, 1971; Bhaga and Weber, 1980; Stewart, 1995;
Manasseh, 1996); although most detailed studies are for the pair-
ing and coalescence of equal-sized bubbles. While this phenome-
non of coalescence at the orifice is certainly well known to occur,
acoustic studies do not seem to have been made.

Thus, each of the ‘‘3.8 bubbles per second” is really a primary
that has coalesced with a secondary immediately following, so that
over a long time scale they appear to be one bubble. Each forma-
tion-and-coalescence event is heard as a single sound pulse. Over
the 300 ms timescale, the second formation-and-coalescence event
appears as a second pulse about 260 ms later. Most significantly,
the sound created on coalescence has an order of magnitude great-
er amplitude than the sound created on pinch-off.

A digital oscilloscope (Tektronics TDS210) enabled a measure-
ment of the rate of production of primary bubbles, by measuring
the interval between pulses. Typically, this could be done with
an accuracy of ±0.1 s�1 or less; however, as noted below, for the
highest bubble production rates the bubble formation became less
regular, giving a bubble production rate estimation accuracy of
±0.5 s�1. In the calculations of Section 4 the primary bubble will
be denoted with the subscript ‘1’ and the secondary with the sub-
script ‘2’, so that, for example, the equivalent-spherical radii of the
primary and secondary bubbles will be denoted as R1 and R2

respectively.

3.2. Behaviour as air flow rate is increased

As the air flow rate is increased, further coalescences occur with
each primary bubble, with the number of coalescences increasing
with air flow rate and each coalescence regime being quite repeat-
able. Like the binary in-line coalescences noted above, multiple
coalescences at a needle tip have been observed before with pho-
tographic techniques (e.g. Leighton et al., 1991; Yoshida et al.,
1998). The production of the primary bubble and all following bub-
bles that coalesce with it are still clearly separated in time from the
production of the next primary bubble. Thus the ‘bubbling rate’ fb

quoted throughout the present paper is the rate of production of



Fig. 4. Bubble-formation sequence. Bubble production rate 3.82 ± 0.03 s�1, bubble diameter 1.6 mm.
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primary bubbles. For the present experiment, the number of
coalescences as a function of the bubbling rate fb is shown in
Fig. 5. As air flow rate is incremented, a new regime appears in
which a new secondary bubble just ‘kisses’ the primary, i.e. it ap-
pears to be separated from it by a thin film, but does not coalesce
and thereafter separates; on a further slight increment in air flow
rate it will coalesce.

At a bubbling rate of 25 ± 0.5 s�1, up to nine coalescences were
observed in the high-speed video data; in this case each of the ‘‘25
bubbles per second” is really a bubble formed from the merging of
10 bubbles. Above 25 ± 0.5 s�1 bubble production becomes chaotic.
0 5 10 15 20 25
0

1

2

3

4

5

6

7

8

9

fb (Hz)

N
um

be
r o

f c
oa

le
sc

en
ce

 e
ve

nt
s
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ubble, as a function of the rate of production of primary bubbles (the ‘bubbling
rate’), fb.
Co-ordinated acoustic and video data were taken at 14 bubble
production rates, from 3.8 to 25 s�1. The timeseries of acoustic
pulses for a few of these cases are shown in Figs. 6 and 7. Sound
amplitude increases with air flow rate, a phenomenon that forms
the basis of the present study and will be discussed in detail in Sec-
tion 4.

3.3. Detailed comparison of high-speed video and acoustic data

Acoustic timeseries and photo-montages of the high-speed vi-
deo frames were generated over the same time window so that
acoustic and visual events could be clearly correlated. A variety
of time window lengths were used. The photo-montages were cre-
ated as follows. The original size of the frames, which can be seen
in Fig. 4, was 128 pixels wide by 256 pixels high. Given the desired
time window and the number of frames available within that time,
the width was calculated of a vertical ‘strip’ of the centre of each
frame. For example, if a time window required 100 frames to fit
into a montaged image 400 pixels wide, a vertical strip with the
central 4 pixels of each 128 pixel image was cut out and inserted
into the montaged image at its corresponding time. Since most of
the interesting variations occur on the centreline of the bubble im-
age, this technique preserved much of the relevant information
content of the high-speed video. In the extreme, a montage of
strips each only 1 pixel wide would be a ‘time–space diagram’
(e.g. Goharzadeh and Mutabazi, 2001) showing the rate at which
events move along the centreline.

The time t = 0 has been set at the centre time of the frame
where coalescence of the primary and first secondary bubble oc-
curs. Progressively higher time-resolution plots of the same data,
shown in Figs. 8–10, will now be described.

In Fig. 8, the time window has in expanded detail the 10 ms
around the first coalescence event. Using this window, the mon-
taged video frames are reduced to only a few pixels’ width, giving



Fig. 7. Timeseries of acoustic pressure at bubble surface over a time of 300 ms.
Bubble production rates (a) 11.1 ± 0.1 s�1; (b) 25.0 ± 0.5 s�1; (c) as (b), with exp-
anded pressure scale. Series triggered on a pulse at time t ¼ 0. Data logged at
120 kHz.

Fig. 6. Timeseries of acoustic pressure at bubble surface over a time of 300 ms.
Bubble production rates (a) 5.92 ± 0.05 s�1; (b) 8.9 ± 0.1 s�1. Series triggered on a
pulse at time t = 0. Data logged at 120 kHz.
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an approximate ‘time–space diagram’. In the time–space diagram
for the 3.8 s�1 bubbling rate (upper panel of Fig. 8a), the
detachment of the primary bubble at approximately �4.0 ms can
be seen as the appearance of the white gap between the bottom
of the primary bubble and the needle tip; some corresponding
low-amplitude sound emission occurs, which as already noted is
only slightly higher than the background noise. The bottom of
the primary bubble appears to rise approximately linearly over
the next few milliseconds. The low-amplitude detachment-noise
falls off. The growth of the secondary bubble can be seen from
approximately �1.0 ms up to its coalescence at 0.0 ms and co-inci-
dent sound emission, which as already noted is much larger (by
roughly a factor of 8) than the detachment sound.

A further secondary bubble starts to grow at about 2.5 ms. Sim-
ilar behaviour can be seen for the higher bubbling rates. In Fig. 8b
there is a second coalescence event and a second sound pulse, but
the third secondary bubble just ‘kisses’ so there is no sound emis-
sion. In Fig. 8c there are clearly three coalescences and three sound
pulses; the fourth secondary ‘kisses’.

In Fig. 9, the time window has in expanded detail the 4 ms
around the first coalescence event. In the montaged video frames
in Fig. 9a, the rate of growth of the secondary bubble appears to
approximately follow a t1/n function; a constant air flow rate from
the needle would correspond to a t1/3 function. The acoustic time-
series show the sound pulse commencing at the time of coales-
cence. The maximum and minimum peaks on these timeseries
were used to calculate the amplitude of the acoustic pressure, Pac

according to Pac ¼ 1
2 ðPmax � PminÞ. The sound pressure always rises

at the start of the pulse.
In Fig. 9b–d, the further coalescences at higher bubbling rates

can be seen in more detail than in Fig. 8b–d. It is clear that there
is an abrupt change in the acoustic signal initiated at each coales-
cence event. In all cases the sound amplitude on coalescence is
much larger than the sound created on detachment.

Finally, in Fig. 10, the time window has in expanded detail
the 1 ms bracketing the first coalescence event. Again, the clear-
est situation is the lowest bubble production rate shown in
Fig. 9a. It is now quite clear that the sound pulse is initiated
at the very instant of coalescence. It can be noted that prior to
sound production, the primary bubble begins to develop a small,
downward-pointing ‘nose’ in response to the approach of the
secondary bubble. (We know of no purely hydrodynamical
mechanism that can explain this ‘nose’, which might be related
to the presence of surfactants or electric effects. For example,
as the bubbles approach, increased flow in the narrowing liquid
bridge between them may create gradients in surface tension by
advection of surface contaminants.) It is clear that sound pres-
sure rises during the coalescence event.

3.4. Summary of observations

Some sound is produced on the detachment of the primary
bubble from its parent body of gas in the needle. However, the
production of high-amplitude sound, and hence the majority of
the sound power measured, coincides as closely as we can
measure with the instant of coalescence of secondary bubbles
with the primary bubble. As the air flow rate increases, the size
and number of secondary bubbles increases, and the sound



Fig. 8. Timeseries of video and acoustic data over a time of 10 ms. Bubble production rates fb are (a) 3.8 s�1; (b) 5.9 s�1; (c) 8.9 s�1; (d) 11.1 s�1. Secondary scale in upper
panels shows video frame numbers. Video data logged at 20 kHz; acoustic data at 120 kHz. As in previous figures acoustic pressure has been translated to bubble surface.
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amplitude also increases. On coalescence, the sound pressure al-
ways rises initially.

Different time scales can be introduced based on the
observations,

� time for equilibrating pressure in the large bubble, tc = 2R1/c �
10�6 s (where c is the speed of sound);

� time for sound reflected from the wall to return to the bubble,
tr � 10�4 s;

� period of bubble-acoustic oscillation, ta � 10�4 s;
� time required for the small bubble to disappear in the large one,

tcf � 5� 10�4 s;
� duration of the acoustic emission, te � 5� 10�3 s;
� time interval between two successive primary bubbles,

tb ¼ 1=fb � 10�1 s.
The timescales relevant to the initiation of sound emission are
of different orders of magnitude, namely tc � tr ’ ta < tcf �
te � tb.

At the instant the film of water that initially separates the bub-
bles breaks, two volumes of gas at different pressures are suddenly
put into contact. The two pressures equalize in a very short time
ðtc � 10�6 sÞ during which the bubble volume and shape are fro-
zen. Then, the bubble volume starts oscillating and sound is
emitted. A few oscillation periods ðta � 10�4 sÞ pass before the sec-
ondary bubble has time to disappear into the large primary bubble
ðtcf � 5� 10�4 sÞ. Volume oscillations last quite a long time
ðte � 5� 10�3 s;Þ after the shape of the resulting bubble has been
stabilized. Depending on the gas flow rate, several other secondary
bubbles may be formed and coalesce with the large bubble before
acoustic emissions end. But in any case, the large bubble has time



Fig. 9. Timeseries of video and acoustic data over a time of 4 ms. As for Fig. 8, bubble production rates fb are (a) 3.8 s�1; (b) 5.9 s�1; (c) 8.9 s�1; (d) 11.1 s�1. Secondary scale in
upper panels shows video frame numbers. Video data logged at 20 kHz; acoustic data at 120 kHz. As in previous figures acoustic pressure has been translated to bubble
surface.
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to travel far from the needle and sound has been damped before
another primary large bubble is formed at tb � 10�1 s.

In the following section the amplitude of the sound produced
on coalescence will be analysed to see if a version of the Laplace-
pressure-equalization mechanism employed by Pumphrey and
Elmore (1990) is consistent with the cause of the sound emission
observed in the present experiments.
4. Scaling of the sound amplitude

Several physical parameters control the whole problem of
detachment and sound emission. Amongst them are the air flow
rate Q, the needle inner diameter dc and its length Lc, the pressure
Pt in the air tank to which the needle is connected, the surface ten-
sion r, the liquid density ql, the gas density qg and the ambient
pressure P0.

The images yield the equivalent-spherical radii of the primary
bubble R1, the smaller secondary bubble at the time it attached
to the first bubble, R21, and the secondary bubble at the time it de-
tached from the needle, R22. These radii are calculated following
the method of Ellingsen and Risso (2001).

The parameters Q, dc, Lc and Pt will control the bubbling rate fb,
the various bubble sizes Ri, the number of coalescences, and so on.
A range of empirical and theoretical studies is available on the
topic of bubble formation (detailed in Clift et al., 1978) controlled



Fig. 10. Timeseries of video and acoustic data over a time of 1 ms. As for Fig. 8, bubble production rates fb are (a) 3.8 s�1; (b) 5.9 s�1; (c) 8.9 s�1; (d) 11.1 s�1. Secondary scale in
upper panels shows video frame numbers. Video data logged at 20 kHz; acoustic data at 120 kHz. As in previous figures acoustic pressure has been translated to bubble
surface.
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by these parameters, but it is the amplitude of sound emission that
is of present interest.

Firstly, consider the experimental acoustic measurement which
is shown in Fig. 11. The amplitude of sound emitted clearly trends
upwards with fb. In these experiments, the trend was not mono-
tonic, first falling to a minimum at fb ’ 5 Hz, then rising to an inter-
mediate peak at fb ’ 10 Hz, then falling again before continuing to
rise.

The present experiments were in a regime where increases in
air flow rate are manifested in increased bubble production rate
without significant changes in primary bubble size (e.g. Clift
et al., 1978). Increases in the radius of the primary bubble could
not be measured within the accuracy of the video system. The
secondary bubble has a volume that is never more than 1% of the
primary bubble volume, so the primary bubble radius (and hence
its acoustic frequency) is changed by a factor smaller than the cube
root of 1% after coalescence. This is why, even after coalescence,
the different secondary bubble sizes caused a negligible change
in the primary bubble size.

Prior to making any assumptions, consider the simplest dimen-
sionless parameter, R2/R1. Since R2 is a rapidly-varying function of
time, consider only two values, R2i, where i = 1, 2 give the values of
R2 measured from video frames at coalescence and immediately
after coalescence. Since the measurements are only made from
the videos frames just at and just after coalescence, there is no
meaning to R2i later in the evolution of the coalesced bubble.
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Calculations can be made using aRi � R2i=R1 and also the powers of
aRi. Of course, a2

Ri is the surface area ratio of the small to the large
bubble and a3

Ri is the volume ratio. Moreover, in these experiments
the large bubble’s radius R1 is virtually constant, so any variation in
these ratios is simply the variation in the small bubble’s size.

The open symbols in Fig. 11 show the variation of the volume
ratios. It is widely reported in the chemical engineering literature
that as volume flow rate increases, the rate of production of pri-
mary and secondary bubbles, and their size, do not necessarily in-
crease monotonically (Clift et al., 1978). It is clear that the volume
ratio, particularly that of the final size of the small bubble a3

R2, gives
a very reasonable match to the experimental trend. Both the initial
drop and the intermediate peak are reproduced at the correct fb.
(Defining the radius of the final coalesced bubble as R3, the ratio
R3

22=R3
3 could be plotted as an alternative, but that barely makes

any difference since R3
1=R3

3 ’ 1 as shown below; in fact only the last
data point is shifted very slightly, by less than the size of the sym-
bol.) From now on aV will denote the ratio R3

22=R3
1 which seems the

most useful.
Consider if this trend is consistent with a pressure-equalization

mechanism. The equilibrium pressure inside the large bubble after
its detachment is

P1 ¼
2r
R1
þ P0; ð1Þ

where P0 is the ambient water pressure including the hydrostatic
pressure. The small bubble is still attached and growing at the in-
stant of coalescence when sound emission occurs. Assuming it is
growing spherically from a source of constant pressure, its internal
pressure is

P2ðtÞ ¼
2r
R2
þ P0 þ ql R2

d2R2

dt2 þ
3
2

dR2

dt

� �2
" #

; ð2Þ

in which the term in square brackets is due to the inertia of the
liquid shell pushed outwards by the growing secondary bubble. It
is easily derived from the principles of conservation of radial
momentum and continuity applied to a cavity expanding in an infi-
nite liquid domain. Hence, it also appears in bubble-acoustic equa-
tions (e.g. Rayleigh, 1917; Leighton, 1994), but here it merely refers
to the inflation of the secondary bubble as air continues to flow into
it, before the secondary bubble has contacted the primary bubble
and volumetric oscillations have commenced. Viscous effects are
small and are proportional to dR2=dt which will shortly be shown
to be small itself. If the pressure-equalization explanation for the
sound emission were valid, one would expect from (1) and (2) that
the sound pressure amplitude would depend on P1 and P2 and
hence on the seven parameters R1;R2; _R2; €R2;r; P0 and ql, where _R2

denotes dR2=dt etc. There are three physical units, so dimensional
analysis gives four dimensionless parameters, which are easily
shown to be R2=R1, P0=ð2r=R2Þ (or P0=ð2r=R1Þ),

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR1qlÞ=r

p
_R2 and

ðr=ðR4
1qlÞÞ €R2. Since in the experiment P0, ql and r were constant

and R1 was virtually constant, the results should depend on R2=R1

and possibly _R2 and €R2.
The rate of growth of the secondary bubble, _R2, can be calcu-

lated from the sequence of high-speed video frames, and Fig. 12
shows that the third term is weak compared to the first one. Be-
cause it is very small, the acceleration of the secondary bubble,
€R2, is harder to estimate accurately; however, the measurements

allow us to conclude that the last term of (2) is negligible.
Then (2) reduces to

P2ðtÞ ’
2r
R2
þ P0; ð3Þ

and the dimensional analysis assuming a pressure-equalization
mechanism, predicts dependence on only two variables, ðR2=R1Þ
and P0=ð2r=R2Þ.

For an ideal gas, the internal energy contained in a bubble i of
volume Vi at pressure Pi is Ui ¼ CvPiVi (where Cv is the heat capac-
ity at constant volume). Assuming that the coalescence process is
adiabatic, the internal energy of the final bubble is the sum of
the internal energies of the two initial bubbles, U3 ¼ CvP3V3 ¼
CvðP1V1 þ P2V2Þ. For aV ¼ V2=V1 � 1, it yields

DP ¼ P3 � P1 ¼ aV
2r
R2
: ð4Þ

From Fig. 11 it appears that most of the variation in the acoustic
pressure amplitude was correlated with the dimensionless volume
aV of the small bubble, which is the cube of the dimensionless var-
iable ðR2=R1Þ at the instant of the small bubble’s detachment. The
data of Fig. 11 can be re-arranged, with the acoustic pressure Pac

scaled by the reference pressure Pref ¼ 2r=R2, and the resulting cor-
relation is shown in Fig. 13.

The measured acoustic pressure is observed in Fig. 13 to be pro-
portional to the pressure increase calculated by assuming that the
internal energy of the small secondary bubble is suddenly released
into the large primary, requiring a rapid pressure equalization,
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Pac ¼ kDP; ð5Þ

where the constant k from the empirical fit to the data is close to 16.
A value of k greater than unity implies that the measured energetics
are greater than those theoretically predicted assuming
Pref ¼ 2r=R2, a situation similar to that found by Pumphrey and El-
more (1990). However, it is clear that there is a good correlation
with aV. Careful and repeated audits of the signal acquisition and
processing detailed in Section 2 confirmed that the measured
amplitude and the assumptions leading to an estimate of its magni-
tude at the bubble surface could not result in an order of magnitude
over-estimate. Since, as noted above, the primary bubble size does
not change measurably during the experiments, the only parame-
ters changed are the rate of production of bubbles and the size of
the secondary bubble.

5. Conclusions

A system in which bubbles coalesced on formation generated
loud bubble-acoustic emissions at the instant of coalescence of sec-
ondary bubbles with the primary bubble. Repeated coalescences
issued repeated pulses of sound whereas events where bubbles
merely ‘kissed’ did not. The amplitude of the emitted sound was
up to an order of magnitude greater than the sound created on
pinch-off of the primary bubble. The sound frequency was at the
Minnaert frequency of the large bubble. As the air flow rate in-
creased, the size and number of secondary bubbles increased,
and the sound amplitude also increased. On coalescence, the sound
pressure was found to always rise initially and its amplitude was
shown to scale with the volume of the secondary bubble.

An analysis of the different timescales suggests that the best
candidate for the sound-emission mechanism is the equalization
of pressures in the coalescing bubbles. The higher Laplace pressure
of the small bubble would pressurize the large bubble, and the fact
that the pressure always rises is consistent with this. Previous
authors (Longuet-Higgins, 1990; Pumphrey and Elmore, 1990)
had also proposed a pressure-equalization mechanism, for bubble
sounds due to drop impact, without satisfactory comparison with
the experimentally measured amplitudes.

The measured sound amplitude was shown to be consistent
with this mechanism since it is proportional to the pressure in-
crease calculated by assuming that the internal energy of the small
bubble is suddenly released in the large one. The constant of pro-
portionality was an empirical fit to the data. The challenge now
is to derive a theory that quantitatively predicts the magnitude
of the actual experimental values. It can now be expected that
the exact theory would feature the variable aV, the dimensionless
volume of the smaller secondary bubble.

It appears that the present experimental system generated data
that scaled well owing to its high reproducibility, but did not allow
control of the ratio of the volume of small bubble to that of the
large one. In future work, a system should be designed that sys-
tematically coalesces pairs of different-sized bubbles that have
both already separated from the gas supply system. Under these
circumstances, both the volume and internal pressure of the bub-
bles could be controlled.
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