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Abstract
This paper reports on non-inertial cavitation which occurs beyond the zone close to the horn tip
to which the inertial cavitation is confined. The non-inertial cavitation is characterised by
collating the data from a range of measurements of bubbles trapped on a solid surface in this noninertial zone. Specifically, the electrochemical measurement of mass transfer to an electrode is
compared with high-speed video of the bubble oscillation. This gas bubble is shown to be a ‘noninertial’ event by electrochemical surface erosion measurements and ‘ring-down’ experiments
showing the activity and motion of the bubble as the sound excitation was terminated. These
measurements enable characterisation of the complex environment produced below an operating
ultrasonic horn outside of the region where inertial collapse can be detected. Discussion is made
of the extent to which solid boundaries in the liquid cause the frequencies and shapes of
oscillatory modes on the bubble wall to differ from their free field values.
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I Introduction
The generation of sound has been used to influence chemical reactions and produce novel
materials for many years1-3.

In general, most of the investigations into this subject have

concentrated on the generation of inertial4-6 cavitation (sometimes referred to as transient
cavitation) through the employment of power ultrasound. In order to generate these inertial
events (associated with sonoluminescence7,8, erosion9-11, sonochemistry2,12,13 etc.) the conditions
within the media must be suitable. In particular for water under normal conditions of temperature
and pressure, the minimum conditions are that the Blake threshold6 and inertial limit (defined by
Flynn4,5 and Apfel et al.14) must be exceeded in order to cause inertial cavitation. This entails a
minimum zero-to-peak sound pressure amplitude of around ~120 kPa at 23 kHz ultrasonic
excitation to be present in water under normal conditions15. While this is achievable in many
practical systems, regions of the liquid without this pressure amplitude will not possess these
inertial events. However, it should be noted that inertial cavitation, although rich in its
characteristics, is not the only bubble event that can be generated within these systems.

Non-

inertial events (bubble motion, streaming etc.) are still likely to be present and excited by the
acoustic environment. This implies that in order to understand the complete range of observed
chemical and physical effects of cavitation, it is necessary to monitor the behaviour of gas
bubbles including inertial and non-inertial events over a wide range of pressure conditions. The
effect of non-inertial cavitation on fluid flow is the subject of this manuscript. In particular the
behaviour of bubbles driven into oscillation by a 23 kHz ultrasound source (an ultrasonic horn)
but within a zero-to-peak pressure environment of < 120 kPa is investigated using a combination
of electrochemical, acoustic and high-speed imaging techniques. Bubbles driven into non-inertial
cavitation by acoustic waves of the correct frequency and pressure amplitude, can undergo a
number of different oscillations. These oscillations fall broadly into two classes: a breathing
3
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mode (or ‘pulsation’) where the whole bubble expands and contracts with spherical symmetry
about the bubble centre; and a second class which lack spherical symmetry16,17.
The shape oscillations called Faraday waves are members of this second class18-20. A basic-level
description is as follows. In the steady state, the breathing mode occurs at the frequency of the
driving sound field, and this zeroth order spherical harmonic perturbation is the one which
changes bubble volume, and hence the internal gas pressure, and so (through the pressure
boundary condition at the bubble wall) dominates the far field acoustic radiation through a
monopole emission. However, it is precisely because the zeroth order perturbation changes
bubble volume (and so invests energy in pressure changes in the gas) that the associated wall
displacements are small compared to the displacements that can be associated with shape
oscillations, which do not change bubble volume, and hence do not generate significant far field
acoustic radiation.

However, as a consequence of the large wall displacement, the shape

oscillations are amenable to visual and photographic observation21 and ultrasonic scattering22,23
and, furthermore generate significant liquid displacement, leading to liquid mixing24,
microstreaming19,25,26 bubble ‘dancing’27-29 and the ‘shimmer’ on the bubble wall30 which are
often used as a visual indicator of achievement of the pulsation resonance31 (since maximizing
the zeroth order wall displacements at resonance maximizes the chance of inducing the shape
modes responsible for ‘shimmering’ and ‘dancing’).
Not unsurprisingly, the prediction of the natural frequency

of an l > 1 spherical harmonic

(whether zonal or not) Ylm of order l:
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is qualitatively different from (and generally lower than) the form predicting the zeroth order
pulsation resonance frequency

1

2

3

2
where

:

is the surface tension,

(2)

2

is the liquid density,

equilibrium bubble radius, κ the polytropic index of the gas,

is the spherically equivalent
is the static pressure in the liquid

that would be present at the location occupied by the centre of the bubble if the bubble were not
present,

is the vapour pressure of the bubble gas32. The zeroth order resonance of (2) can in

fact be defined in slightly different ways33,34 depending on the parameter which is taken to peak
(or locally peak) at resonance, for example scattered pressure, bubble wall velocity, or zero-topeak bubble wall displacement amplitude

, which in the simple linear model of a spherical

bubble is related to the zero-to-peak acoustic pressure of the incident wave (
A/

A)

by35:
(3)

2
where

is a damping factor with dimensions of time-1 which encompasses losses resulting

from purely spherically symmetric motions34. Whilst this breathing mode is always excited when
a bubble is insonified, the generation of each shape mode requires that this amplitude exceeds a
threshold30,36,37 given by
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Where  is the shear viscosity. Since the amplitude,

, is in most experiments not under direct

control but rather is the response to other parameter settings (usually

A

and

), this threshold is

more usually expressed as a threshold driving pressure such that the mode is excited when
A

exceeds the value

,

that it takes when (3) achieves the amplitude given by (4).
1 means that at very low amplitudes only the

The existence of a threshold for all modes

breathing mode is excited, and at very high amplitudes many modes are excited. Within a narrow
amplitude and frequency range, only the shape mode with the lowest threshold is excited, which
is generally the one with a natural frequency closest to

/2, and this is termed the ‘Faraday

wave’.
This simple model follows from analysis of the stability of the spherical gas bubble27,38,39 and has
been subsequently tested37,40 (leading to the associated issue of mapping the parameter space for
single bubble sonoluminescence41).

There are complications to this simple picture, many

associated with the interactions and coupling between modes37,42, the departure from low
amplitude perturbations which can lead, for example, to bubble fragmentation43, occasions when
other subharmonics and ultraharmoncs characterise the shape mode with the lowest threshold27,
the influence of the contact line when the bubbles exhibiting these modes touch other surfaces (as
here)44,45, hysteresis29, and the role of viscosity. Viscosity is not present in (1) but clearly should
influence the effects of microstreaming and the characteristic shape of the threshold curve,
producing very different effects from those associated with the breathing mode46,47. Despite
6
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these complications, the simple scheme presented in (1)-(4) is sufficient to explore the
experimental observations made in this paper.
The data presented in this paper is concerned with electrochemical and photographic detection of
bubble oscillation and Fig. 1 shows a collection of results detailing previous electrochemical20,30
and photographic observations. Note that in Fig. 1 a relatively large gas bubble has been held by
buoyancy forces beneath a solid surface. This bubble is then driven into oscillation by irradiation
with sound. The distortions in the surface of the bubble can be clearly seen. The contribution to
mass transfer of material from the bulk liquid to a solid/liquid interface can be quantified using a
microelectrode positioned close to the gas/liquid interface of the bubble. Microelectrodes were
chosen for these studies for a number of reasons. These included their ability to operate under
steady state conditions (e.g. where, under stagnant conditions, the concentration profile is time
invariant), their relatively fast response time and their small size. In these experiments an XYZ
micrometer and stage were used to position a microelectrode close to the gas/liquid interface of
an air bubble trapped by buoyancy forces under a solid surface.

The position of the

microelectrode with respect to the gas/liquid interface was verified by monitoring the hindered
steady state current (the current detected under mass transfer control) recorded in the absence of
bubble oscillation30. This reduction in current was due to negative feedback48 as a result of the
blocking nature of the gas/liquid interface under the conditions stated. Irradiation of the bubble
with sound of the appropriate frequency and amplitude results in oscillation of the bubble surface.
This oscillation can be electrochemically detected by the microelectrode as an enhancement in
the mass transfer limited current as a result of the forced convection (or microstreaming) of the
liquid produced by the oscillation of the bubble wall. Fig. 1c shows this enhancement in mass
transfer to the microelectrode as a function of distance away from the gas/liquid interface of the
bubble over an extended range20 (up to 2500 µm). In this case, the bubble was driven into
7
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oscillation at a pressure sufficient to generate surface waves on the gas/liquid interface. This was
observed in two ways. First, the presence of surface waves on the bubble wall was observed
optically as a ‘shimmer’. Second, when the microelectrode was positioned close to the bubble
wall (ca.5–10 µm) the motion of the bubble wall can be resolved electrochemically. This is
shown as an insert on Fig. 1c. The insert shows the current and pressure time traces for a bubble
driven to oscillate with surface motion (note that the absolute pressure amplitude of the driving
field can only be measured after the bubble has been removed from the liquid). This clearly
shows that the current time trace has a component at 0.5f (where f represents the drive frequency,
in this case 1.46 kHz). This is characteristic of Faraday waves on the surface of the bubble wall,
and is confirmed by the photograph of a bubble under similar conditions shown in Fig. 1. Fig. 1
also shows that within the first ca. 100 m, the mass transfer enhancement remains
approximately constant, whilst at greater separation the current falls as the distance between the
microelectrode and the gas/liquid interface of the bubble increases. These investigations have
shown that combining electrochemical measurements with imaging and acoustic characterisation
of the system can be extremely powerful for the elucidation of mechanistic detail associated with
bubble oscillation.

However, these investigations can also be extended to the study of general

bubble behaviour in a cavitation plume produced by an operating ultrasonic horn. It should be
noted that acoustic characterisation and experimental investigation suggests that, outside of the
‘inertial zone’, there is still significant pressure amplitude (of the order of 30 kPa at 4.5 mm
separation from the sound source) within the liquid. This observation suggests that non-inertial
motion of gas bubbles should be observable. Here we show that this is possible and results in the
trapping of oscillating gas bubbles at the solid/liquid interface.

II Experimental
8
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Ultrasound and cavitation were generated by means of a Grundig Digimess FG 100 function
generator, Brüel & Kjær Type 2713 power amplifier and ultrasonic transducer fitted with a 3 mm
diameter titanium tip (Adaptive Biosystems)9,15,49. The function generator was interfaced with a
PC using software written in-house, allowing the frequency, power and duration of the ultrasound
to be accurately controlled.

The acoustic measurements were the pressure time histories

(measured by a Brüel & Kjær Type 8103 calibrated hydrophone). The exact conditions for each
experiment are given in the figure captions. Although calorimetry was not used as a primary
measure (as it is only an indirect proxy50 for source power), the ratio of that nominal power to the
faceplate area (0.071 cm2) as determined in the usual manner51 was ~50 W cm-2.
For electrochemical measurements, the working electrode was inserted in the bottom of
an electrochemical cell, which itself was placed on an XY stage (Photon Control). The stage
allowed 25 mm of movement in each direction with 0.01 mm resolution, enabling the position of
the working electrode to be accurately controlled in a plane below the tip of the ultrasonic horn.
The position of the horn was fixed in the XY plane but controlled in the Z direction by means of
a micrometer and stage (Newport), which allowed 25 mm of movement with 0.02 mm resolution.
This allowed the separation between the surface of the working electrode and the tip of the
ultrasonic horn to be controlled with a high degree of precision. This is a key experimental
requirement for obtaining reproducible results from acoustoelectrochemical studies. Figure 2
shows a schematic representation of the experimental set-up employed here. In this example a
bubble, driven by an appropriate acoustic field, is trapped on the surface of the electrode support
(by radiation forces for example) and enhances local forced convection which can be detected by
the microelectrode as an increase in electrochemical current (with periodicity related to the fluid
motion generated for example) as a function of time. The nature of the electrode materials, the
9
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electrode potential (controlled with respect to a reference electrode) and the solution makeup will
dictate the response of the electrode. In turn the physical effects investigated can be varied
between surface erosion (for example using a passive lead electrode) and mass transfer (for
example convection and diffusion) to a platinum electrode. Hence, in order to gain further
information on the local processes driven by the bubbles/sound-field, it is convenient to employ a
‘dual electrode’.

In this case the electrode support contains two electrodes with differing

character; a lead electrode for surface erosion measurement in sulphate media and a platinum
electrode for measurement of mass transfer effects. The area over these electrodes can also be
imaged using a high-speed camera in order to gain further insight on the mechanisms generated.
Current from the dual electrodes was measured using a two channel current follower
constructed in house. High-speed video footage was recorded using a Photosonics Phantom V7
digital video camera fitted with a monozoom lens. The camera is capable of recording at up to
150000 frames per second depending on the resolution selected by the user. Chemicals, such as
K4[Fe(CN)6] (Aldrich, 99%), Na2SO4 (BDH, AnalaR), KI (Timstar, Analytical) and KCl
(Fischer, Analytical), were used as received. Purified water was obtained from a USF Elga
Purelab Option 10 system (water obtained from this system had a total organic carbon, according
to the manufacturer, of < 30 ppb and a resistivity > 15 M cm).

III Results

Evidence for inertial collapse has been shown and described within the first few (< 2.5 mm)
millimetres from the 3 mm diameter ultrasonic horn employed15.

Clearly, although this

experimental evidence and the associated mechanisms are extremely interesting, they only
occupy a relatively small volume of the liquid (here up to only 0.02 cm3). Under the conditions
10
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employed here, at distances greater than ~2.5 mm from the tip of the ultrasonic horn, erosion of
electrode surfaces (which is associated with inertial cavitation) has been shown to terminate11,15.
However, significant enhancements in the rate of mass transfer to an electrode can be measured
up to 2 cm from the operating ultrasonic horn. At these greater distances, earlier authors detected
regular spikes in the electrochemical current and suggested, through the use of numerical
simulations, a violent bubble collapse or oscillation at harmonics of the driving frequency52,53
near the electrode surface (e.g. 10’s nm with bubble wall velocities in the region of 160-320 m s1

). In addition by considering the way the thin layer of viscous liquid between the bubble and the

electrode must evolve during cavitation, they inferred that local pressure amplitudes of 30-250
bar52 would be required by considering the timescales for evolution of the bubble wall and
diffusion layer at the electrode. While these estimations are of interest, these high pressures
(given the distance from the horn surface and quoted intensities) and wall velocities suggest this
system requires further investigation.

This is done here in a set of experiments where

electrochemical data is combined with high-speed imaging. In addition a ‘ring-down’ situation,
where current transients are detected after the horn has been turned off is demonstrated. As a
result of the collection of experiments, current transients at extended distances from the
ultrasonic source (shown to be outside the inertial zone for the sound source employed) are
attributed here to non-inertial oscillations of a stable semi-permanent gas bubble moving over the
surface of the electrode.
Figure 3(a) shows a typical current time trace recorded under conditions where inertial cavitation
is not present. Here a dual electrode was employed10,54. This consisted of a Pb (125 µm
diameter) and Pt (50 µm diameter) electrode sealed in close proximity to one another in epoxy
resin (centre-to-centre distance ~ 100 µm). This electrode, through careful choice of the solution
constituents, electrode material and the electrode potential, is able to detect surface erosion on the
11
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Pb (associated with inertial cavitation) and mass transfer enhancements (associated with
streaming, microstreaming and other bubble induced forced convection phenomena) at the Pt
electrode surface10. A key feature here is that Fig. 3 shows that although a repetitive signal is
seen on the Pt electrode, no signal is observed on the Pb electrode. This suggests that the
mechanism responsible for the mass transfer enhancement is reliant on non-inertial cavitation as
it generates no erosion4-6. In order to investigate the origin of this periodic signal, a high-speed
camera was used to probe the environment above the electrode under these conditions. Fig. 3(b)
shows a sequence of images recorded under such conditions. These images show a bubble
moving around on the surface and pulsating periodically. However, as will be shown here, this is
not a transient/inertial cavitation event (as indicated by the absence of an electrochemical erosion
signal) but a gas bubble trapped on the surface of the electrode. In order to understand the
behaviour of the gas bubble, a ‘ring-down’ experiment was performed in conjunction with highspeed imaging of the system.
In the ring-down experiment, the ultrasound was turned off when an event such as that shown in
Fig. 3(a) was detected. The acoustic pressure and current were then measured as a function of
time and high-speed video was also recorded simultaneously.

This is particularly useful

technique for examining the individual modes when many are excited simultaneously, since the
damping of each mode differs55, and therefore so do their decay times. Figure 4 shows the
evolution in behaviour of the signal obtained from a hydrophone placed in the cell in conjunction
with measurement of the electrochemical signal from a 25 µm diameter Pt electrode. The
cessation of sonication (here at 15 ms) leads to a gradual decrease in the acoustic pressure
amplitude as the probe and cell ‘ring-down’ (e.g. the acoustic pressure within the cell falls as a
result of acoustic absorption). The pressure field within the cell appears to reach a background
level after ~100 ms. The current is relatively high initially (at t = 0), which is to be expected as
12
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the data acquisition was triggered by the detection of such events. However, even after the
ultrasound is terminated the electrode detects significant changes in local mass transfer (these are
labelled A-D on Fig. 3b). This indicates that during this 85 ms period, fluid motion around the
electrode is significant but transient in nature.
Further information is gathered from the high-speed imaging recorded simultaneously with the
pressure and current time history shown in Fig. 4(a), (b). In this case the electrode/solution
interface was imaged at 100 000 frames per second (fps). Figure 5 shows every 50th frame i.e.
the 200 frames corresponding to the data shown in Fig. 4 (note the frame number is included in
Fig. 4(b) for reference). It is important to note that the actual electrode is the dark line left of
centre at the bottom of each frame, which is encased in a transparent support on which the bubble
is sitting. The boundary between this support and the solution is slightly blurred.
In the first 15 ms (frames 1 to 30) the ultrasound is on and a large bubble or cluster of bubbles
can be seen at the surface. The bubble (or cluster of bubbles) is oscillating in size (compare for
example frames 6 and 7) and also there is translational motion across the surface. During this
time the current recorded at the electrode is relatively high. The current remains high for 2 ms
(until frame 32) and then starts to fall. The current reaches a local minimum and stays low until
frame 47, when it rises again to a peak (labelled A) at frame 50 (t = 25 ms). It can be seen in Fig.
5 that the drop in current after frame 32 is associated with the translation of the bubble away from
the electrode and out of frame to the left-hand side. During the period of low current there is no
bubble visible in the frame. The bubble re-enters the left hand side of the image in frame 47 and
is directly on top of the electrode in frame 50, corresponding to peak A in Fig 4(b). Following
peak A there is a decrease in the current followed by a rise to peak B at frame 58 (t = 29 ms).
The decrease after peak A is associated with the bubble moving out of focus (see frames 51 – 54)
and then to the left (frames 55 and 56) indicating that it has moved away from the electrode
13
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(which is in the plane of focus). The bubble then comes back into the frame and focus (or better
focus) in frames 57-58, which corresponds to peak B. Although the bubble being blurred could
indicate rapid motion rather than the bubble moving out of the plane of focus, this is unlikely as
the bubble is resolved more clearly between frames 1 and 30, when the velocities would be
expected to be higher, than frames 51 to 54 as the system is still under insonification up until
frame 30.

It is also important to note that while the bubble is out of focus, large shape

oscillations can still be seen. This suggests that the bubble needs to be close (~1 bubble radii) to
the electrode for the mass transfer enhancement to be detected, which is in agreement with
previous work20. Following peak B there is another decrease in the current until frame 80, when
the current starts to increase. Between frame 58 and 80 the bubble is either out of focus or not in
the frame, indicating that it is not near the electrode and hence the does not enhance mass transfer
to the surface significantly so no elevated current is seen. After the rise in current at frame 80 it
stays relatively high until frame 90 (t = 40 – 45 ms), peak C. As with peaks A and B, peak C
(frames 81 to 90) is associated with a bubble appearing on or near the electrode and in focus.
The bubble can be seen to change shape and size and the elevated current indicates that this leads
to enhanced mass transfer of material to the electrode surface. Following the period of elevated
current there is another decrease until a minimum at frame 110 (t = 55 ms). Again this decrease
corresponds to frames in Fig. 5 where the bubble appears out of focus (frames 90 – 110) and
hence some distance from the electrode. The current then rises slowly (starting around frame
113), through a broad peak (labelled D) and decays back to a background level (frame 165).
Throughout the frames that encompass peak D (113 to 165) the bubble can be seen to move into
focus and then out of focus again, indicating that the bubble translates across the electrode
surface. Also throughout there are shape oscillations present but as in the above discussion the
current is only enhanced when the bubble is close to the electrode.
14
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It is interesting to compare peaks A and D in terms of the evolution of bubble behaviour during
the experiment. Peak A is sharp and high whereas peak D is broad and low. The translational
velocities associated with peak A are high compared with peak D. The bubble moves from out of
the picture in frame 47 to the centre of the picture in frame 50. The bubble is in focus in frame
50 and out of focus in frame 51 indicating that the bubble has again moved rapidly. In contrast
for peak D the bubble moves in and out of focus over 10’s of frames indicating that the
translational velocity is much less.

Clearly the environment at the start of the ring-down

experiment is very dynamic and becomes less so as the experiment progresses.

This was

investigated further through high-speed imaging.
Figure 6 shows a set of images recorded at different times through a ring-down experiment. The
frame rate was 100 000 fps and every frame is shown so the interframe time is 10 µs compared
with 500 µs for Fig. 5. Again a large bubble can be seen on the surface of the electrode which
undergoes large amplitude pulsation and motion across the solid/liquid interface of the electrode
housing. Figure 6a was recorded when the sound field was still active. Note the ring-down
experiments were performed so that 15 ms of data was recorded while the ultrasonic horn is
actively driven. Figure 6a shows a cloud or cluster of bubbles moving across the surface of the
glass/liquid interface of the microelectrode housing.

The shape of the bubble cluster is

apparently compressed towards the surface of the electrode and clear fragmentation can be seen
(see Fig. 6a frame 65-67). Figure 6b shows the bubble event ~12 ms after termination of the
drive signal to the ultrasonic transducer (i.e. conditions similar to those under which peak A was
observed). Again the bubble cluster can be seen to be dynamic in nature. However, as time
progresses the motion of the bubble become less complex. For example Fig. 6(c) shows a single
bubble with surface distortions on the gas/liquid interface. In this set of images the drive to the
transducer was terminated ~52 ms before the images were captured. Figure 4(a) shows that after
15

Birkin et al.
16

this order of time, ring-down of the sound field is significant. However, the motion of the gas
bubble can be detected electrochemically (see Fig. 4b transient D). Finally, Fig. 6(d) shows a set
of images recorded ~67 ms after termination of the drive signal to the transducer. In this case, it
appears as if a single surface wave is present on the gas/liquid interface, although three
independent viewpoints would be needed to confirm this.
When the pressure drops below the threshold required to generate a single surface wave and all
such wave motions have damped out (not shown), the bubble undergoes only spherical
symmetric pulsations until no motion could be observed. The amplitude of these spherical
pulsations was estimated to be on the µm scale through modelling of bubble behaviour56.
Eventually (after ~100 ms) the acoustic pressure amplitude falls to essentially zero. However, a
gas bubble remained on the surface of the electrode. In this case the bubble was estimated to be
220 ± 20 µm in diameter.

IV Discussion

A Identification of mode

The high-speed imaging shows a range of bubble behaviour. It is helpful to consider the latter
stages of oscillation first, because at that time a clear identification of the bubble mode can be
successfully made. The extreme of the oscillation in Fig. 6d (achieved at an interval of a little
less than 9 frames) appears to take the form of a 5 pointed star (see frames 9, 18, 27, 36, 44, 52,
61, 70, 79, 87). To show how well the shape appears to conform to an l = 5 zonal spherical

16
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harmonic perturbation

, assume that in the absence of the independent viewpoints we have a

vertical axis of symmetry, and plot out a radius perimeter of
1

,

63cos

,

where
of

,

,

(7)

,

,

70cos

15cos

is the amplitude weighting of the spherical harmonic perturbation

. Here a value

,

= 0.13 produces the good fit to frame 79, as shown in Fig. 7(a).

However, the 9

oscillations between frames 9 and 87 take 78 frames, that is, 780 µs, implying a period of ~ 87 ±
0.3 µs and hence a mode frequency of ~11.5

0.04 kHz.

This provides a useful example of the care which needs to be applied when assigning the mode
number from the imaging data alone. Consider equations (1)-(6), and the parameters relevant to
11.5

Fig. 6(d) (see Table 1). With these input values, equation (1) predicts
15.7

2.1 kHz, and

20.3

1.6 kHz,

2.8 kHz, indicating that the observed mode frequency

agrees best with that calculated for mode number l = 4. However, this would appear to contradict
the pentagonal shape observed in Fig. 6(d) which would suggest l = 5. In order to resolve this
conflict, appreciation of the symmetry and pattern formation on the bubble wall is necessary.
Note that a basic feature of pattern formation, which is applicable for the interpretation of
preferred patterns of parametrically unstable Faraday ripples on the sphere, is that these structures
have symmetry of point subgroups including the symmetries of Platonic solids47,57. The maximal
symmetry group for l  4 is octahedral, and Fig. 7(b) shows the pattern corresponding to this
symmetry, the example showing the case where several l = 4 modes are superimposed on the
sphere, and the axial of symmetry no longer holds. The cube symmetry assumes the presence of
three 4-fold axes, one of these being the vertical z-axis. Consequently only the

,

,

,

and

,

modes (i.e. l = 4, and m = -4, 0, 4) can form the octahedral structure57. The first two modes form
a

standing

wave

and

have

equal

amplitudes
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(i.e.

,

=

,

).

The

equality
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,

= 14/5

,

follows from the requirement that rotation by /2 radians about the x- and y-

axes should leave the structure unchanged.
The periodicity therefore indicates l = 4 through Eq. (1), whilst the mode shape suggests l = 5. To
resolve this apparent discrepancy, consider that the physics that is omitted in applying Eqs. (1)
and (7) to the data includes the presence of the solid boundary. High-speed imaging of such small
objects made it difficult to image the contact conditions, but if a contact angle of around 0.44
radians (Fig. 7(a)) is assumed, the extra inertia would decrease the frequency of the breathing
mode by a factor of ~ 0.8 compared to its free field value45,58. Application of a similar scaling
factor would produce modified frequencies
16.6

of

9.4

1.3 kHz,

12.8

1.3 kHz, and

2.3 kHz. This would apparently reconcile the mode frequency with the apparent l =

5 shape of Fig. 7(a), but there is as yet no justification for applying a correction factor of similar
size as would pertain to the breathing mode. Indeed the expectation would be for a much smaller
reduction in shape mode frequency than breathing mode frequency, since for volume oscillations
the potential falls off as r-1 (where r represents the distance from the bubble centre) and the
inertial mass is located in a layer of liquid of width ~ R (where R is the bubble radius) near the
bubble wall. In contrast, the potential for the mode l will fall off as r-l+1 and the inertial mass of
these modes will be localized in layers of liquid near the bubble wall that become ever thinner as
the mode order increases. Moreover, this shift will be different for the modes with a fixed degree
l and different values of m. The mode {ll}, localized near the equator, will not experience the
influence of the boundary located near the pole and vice versa. The mode {l0} will be most
affected by the boundary at the poles. If, instead of being in an infinite body of liquid, the bubble
becomes close to a rigid wall, then the effect of the wall would be equivalent to the presence of a
mirror bubble which oscillates (in comparison to the source bubble) with the phase and symmetry
shown in Fig. 7(c). Because of the r-l+1 decay in potential away from the bubble wall and the
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restriction of the inertia to thin layers just outside of the bubble wall, the mirror bubble will
perturb only a small region of liquid in the neighbourhood of the contact area. Consequently, as l
increases, the presence of the wall will decrease the natural frequencies of the mode to ever
decreasing extents, compared to the free field value. Hence the correction factor for the l = 4 or 5
modes of this bubble can be expected to be less than the ~0.8 which would apply to the breathing
mode frequency. Hence, consideration of the argument described above would suggest that the
presence of the wall would not reduce the l = 5 mode frequency to the 11.5

0.04 kHz observed

experimentally, and that instead the observed periodicity agrees with the l = 4 mode frequency.
The discrepancy between the observed bubble shape (Fig. 7(a)) and the one calculated for the l =
4 mode (Fig. 7b) is reconciled in the panel on the right of Fig. 7(c), which indicates how the
presence of the mirror bubble that represents the wall can give the l = 4 mode the appearance of a
free field l = 5 mode. The lobes of the bubble distortions directed to the wall will decrease as the
bubble approaches the wall, since the mirror bubble will suppress these oscillations. The side
lobes will be slightly deformed to move closer to the z–axis owing to the influence of the mirror
bubble. Finally, when the bubble reaches the wall, silhouette of the l = 4 mode when viewed
from the side corresponds to a pentagon. This is a more likely explanation for the shape of the
bubble in frame 79 of Fig 6(d) than is the existence of the Y5,0 mode plotted in Fig. 7(a). Indirect
evidence is also obtained from observation of the movie associated with the Fig. 6(d) stage of the
ring-down59. In addition, other reports40,60 investigating acoustically excited bubbles within
fluids have suggested octahedral shapes for parametric resonances of l = 4 (see for example Fig.
2, 3 of Versluis et al.)40. The final indirect evidence that the mode in Fig. 6(d) does not
correspond to l = 5 is that, if Y5,0 were present, there would be a liquid layer between the bubble
and the wall, and displacements (‘dancing’) of the bubble over the wall: during this stage of the
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ring-down the bubble does not dance59. Taken together, these three observations indicate that l =
5 is not present in Fig. 6(d), and that instead the oscillations correspond to l = 4.

B Progression through modes during ring-down

Having in the previous subsection seen the care which must be applied when interpretting these
data of bubbles close to walls with the idealised free field theory of Eqs. (1)-(6), the ring-down
behaviour will now be discussed in terms of that theory with due reservations about exact
correspondences. In order to predict the behaviour of the gas bubble, it is necessary to quantify a
number of physical parameters applicable to either the gas or liquid phase of the system. The
values used are quoted in table 1. Hydrophone measurements and sound field modelling indicate
that, during steady state inconification, the zero-to-peak acoustic pressure amplitude of the 22.85
kHz signal from the ultrasonic source is approximately 30 kPa at the electrode surface, in
agreement with earlier estimations.15

Figure 8 shows the estimated pressure thresholds for a

number of surface wave modes on a 220 µm diameter bubble under the conditions stated. Figure
8 point ‘A’ shows the initial pressure conditions expected from hydrophone measurements while
the sound source is operational. Note that five of the six surface waves considered (here order l =
2 – 7) are active at point A in Fig. 8. Under these conditions the behaviour of the bubble will be
complex with multiple surface waves active at one time. This is likely to contribute to the
complex bubble/cluster event (including fragmentation) seen in Fig. 6(a). However, as the ringdown experiment proceeds, the acoustic measurements (see Fig. 4(a)) indicate that the pressure
amplitude at the surface of the electrode will fall. Under these circumstances the behaviour of the
gas bubble progressively becomes less complex. There are two timescales; that for the sound
field to decay, and that for each mode to decay. If these differed by orders of magnitude, the
20
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picture would be simple: if, for example, the sound field decayed rapidly compared to the modal
decay times, the ring-down images would purely represent modal decay rates, but the pressure
measurements indicate that this is not the case. For example, measurements of the pressure ringdown within the electrochemical cell (not shown) indicate a reverberation time (T60) of 83.2 ms.
Under these conditions the sound field takes around 44 ms to decay to ~1 kPa. However, the
high-speed imaging (see Fig. 6) suggests that the surface waves are still active and ring-down
over a longer time period (here 92 ms for complete surface wave activity to cease). Hence it is
likely that each mode decays at its characteristic rate once the local pressure in the vessel falls
below its threshold for that mode and frequency. For example by the time the pressure amplitude
has fallen to 15 kPa (see point B, Fig. 8) only three surface wave modes (l = 3, 4, 5) may be
directly excited (although the higher modes may be ringing-down). The corresponding motion of
the gas bubble is likely to be less complex compared to the initial situation in Fig. 8 point A. It is
plausible that this corresponds to Fig. 6(c), where multiple surface waves are observable. As the
pressure amplitude at the electrode falls further to say 5 kPa, all higher modes ring down to leave
a single surface wave excited (see Fig. 8 point C) on the bubble wall. Finally this single mode
predicted to be of order l = 4 (see Fig. 7), as confirmed in the previous subsection, is observed on
its own. When the pressure amplitude falls below ~1 kPa (see Fig. 8 point D), no surface waves
can be excited, the last shape mode decays away and the bubble is left to oscillate spherically
symmetrically until all motion ceases.
The pressure measurements, acoustic modelling and lack of an erosion signal from the
electrochemical experiments indicates that the periodic signals observed here are likely to be due
to this trapped bubble and not due to inertial cavitation.
Clearly the environment generated below an operating ultrasonic horn is both complex
and fascinating. It should be noted that the presence of the electrode is far from non-invasive
21
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(see for example ref 54) and will interact with the sound field generated by the cavitation process
in particular. Although useful information can be gathered, this is a fundamental complication to
electrochemical investigations of these systems.
IV Conclusions
An electrochemical approach in combination with high-speed imaging and acoustic
measurements has been used to study the environment below an operating ultrasonic horn outside
of the inertial cavitation zone. This environment has been shown to shown to produce bubbles
held above an electrode support by streaming and radiation forces. These surface confined
bubbles oscillate and move over the substrate to produce multiple electrochemical mass transfer
events. Ring-down experiments have shown the presence of surface waves on the gas/liquid
interface. After cessation of insonification, the sound field decays, as do the modes (at different
characteristic rates). Care is required in the identification of the last shape mode since the shape
itself can be misleading, and simultaneous visualisation from three orthogonal directions is
recommended. The threshold for these events is of the order of 1 kPa and occurs due to Faraday
wave motion and higher modes of a permanent gas bubble associated with the surface.
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Figure Legends
Figure 1. Collection of results showing the bubble oscillation recorded with either imaging (a, b)
or electrochemical technology (c). Frame (a) shows a side on image of an air bubble trapped on a
copper plate (scale bar = 2 mm), frame (b) an image from below a different air bubble trapped on
a glass rod (bubble ~ 4 mm in diameter). In both (a) and (b) Faraday waves can be seen on the
gas/liquid interface. Plot (c) shows how the average current (iav, ●) for a 25 µm diamter
microelectrode varied as a function of distance away from the a bubble (different to (a) and (b))
driven into surface wave motion (note the error bar represents the 95% confidence interval). The
dotted horizontal line in the main plot represents the current recorded in the bulk liquid in the
absence (e.g. in the absence of an impossed sound field) of forced convection (microstreaming).
Note the inset shows the actual current (i) time history (▬) recorded in one position compared to
the zero-to-peak acoustic pressure signal (▬ ▬). The solution temperature was 20-25 oC.

Figure 2. Schematic representation (not to scale) of a bubble moving over the surface of an
electrode. The figure shows the position of the sound source (horn tip, H) with respect to the
electrode. In this example the electrode is maintained at a constant separation, d, (e.g. 4.5 mm)
from the sound source. The source operartes as a piston like emitter with an oscillation amplitude
Ad. The microelectrode is held under potential control with respect to a reference electrode (not
shown). The potential chosen oxidises compount A to B and the current that passes (i) is
recorded as a function of time (for example). Forced convection (e.g. microstreaming) caused by
a bubble trapped on the surface (shown to be driven into surface wave oscillation) causes an
enhancement (and periodicity in) the current recorded. The solution also contains an inert
electrolyte. Lastly a counter electrode (not shown) passes the opposite electrochemical current to
the microelectrode at all times.
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Figure 3. (a) Plot showing the current time traces recorded simultaneously from the 125 μm
diameter lead (iPb)) and 50 μm diameter platinum (iPt) microdiscs of a dual electrode under
exposure to ultrasound (22.83 kHz, nominal faceplate intensity 56 ± 5 W cm-2, ~30 kPa zero-topeak pressure amplitude at 4.5 mm below the horn). The electrode-to-horn separation was 4.5
mm. The solution contained 20 mmol dm-3 K4Fe(CN)6 and 0.75 mol dm-3 Na2SO4 and the
experiment was performed under aerobic conditions. The potentials of both discs was held at
+0.8 V vs. Ag. The initial solution temperature was 20-25 oC. (b) Frames from a high-speed
camera imaging the space above the dual electrode employed in (a). The capture rate was 60 000
fps. The images (not temporally correlated to (a)) were taken from a ‘side-on’ perspective with
respect to the electrode/solution interface. The microelectrode wires can be seen at the bottom of
each frame. The platinum (50 µm diameter) mass transfer sensor is on the left and the lead (125
µm diameter) erosion sensor is on the right. The white scale bar in frame 1 represents 175 µm.
A bubble trapped on the surface of the electrode is labelled with ‘B’ on frame 1.

Figure 4(a). Acoustic Pressure (P) time profile for a hydrophone placed in the cell (~3 cm from
tip of ultrasonic source). 4(b) Current (i) recorded at a 25 µm diameter platinum electrode in a
solution of 2 mM KI and 0.1 M KCl during a ring-down experiment (see main text for full
details). The potential of the electrode was held at +0.6 V vs. SCE. The dotted line shows the
time at which the ultrasound (22.83 kHz, nominal faceplate intensity 56 ± 5 W cm-2, ~30 kPa
zero-to-peak pressure amplitude at 4.5 mm below the horn) was terminated. The temperature
measured after the experiment was complete was 40 ± 3 °C (elevated temperature due to intense
lighting necessary for high-speed imaging). The frame numbers given on the top axis relate to
Figure 5. The electrode to horn separation was 4.5 mm.
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Figure 5. Images of 200 frames showing the bubble behaviour during a ring-down experiment.
The images were taken from a ‘side-on’ perspective with respect to the electrode/solution
interface. The inter-frame time is 0.5 ms (every 50th frame from data recorded at 100 000 fps).
These images were recorded simultaneously with the data shown in Fig. 4. The frames read left
to right top to bottom. The frame number is indicated by the sum of appropriate row and column
labels. The first frame is at t = 0.007 ms. The drive to the transducer (22.83 kHz, nominal
faceplate intensity 56 ± 5 W cm-2, ~30 kPa zero-to-peak pressure amplitude at 4.5 mm below the
horn) was terminated after ~15 ms (frame 30). See supplementary material on the Journal of the
Acoustical Society of America (JASA) website59 for examples of movie sequences of bubble ringdown.

Figure 6 a-d Image sequences showing the bubble behaviour at increasing times during a ringdown experiment. The images were taken from a ‘side-on’ perspective with respect to the
electrode/solution interface. In all cases the capture rate was 100 000 fps. The time for the first
frame (t1st) in each sequence is as follows (where t = 0 µs is the trigger point): (a) t1st = 9287 µs,
(b) t1st= 27187 µs, (c) t1st= 67007 µs, (d) t1st= 81717µs. The 25 µm diameter Pt wire is shown in
each frame (bottom left). Each frame is ~350 µm across. The drive to the transducer (22.85 kHz,
56 ± 5 W cm-2, ~30 kPa zero-to-peak pressure amplitude at 4.5 mm below the horn) was
terminated at t = 15 ms. In each sub-figure the frames read left to right top to bottom. The frame
number is indicated by the sum of appropriate row and column labels. See supplementary
material on the Journal of the Acoustical Society of America (JASA) website59 for examples of
movie sequences of bubble ring-down.
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Figure 7. (a) An expanded view of Fig. 6(d) frame 79. The white dashed line shows the outline
of an extreme motion of the l = 5 zonal spherical harmonic perturbation with a vertical axis of
symmetry. (b) The shape of the octahedral (cube) mode for l  4 . The left and right figures
correspond to maximal distortions induced by the distortion modes. In dimensionless units, the
equilibrium bubble radius is R0  1 , the amplitudes of ( Yl ,m , l = 4, m = 4) a4,4 and (l = 4, m = 0)
a4,0 modes

1.67

,

0.06 ( Yl ,m is a spherical harmonic). The best fit was realized for

a(4,0)/R0= 0.06. (c) Illustration of the influence of the rigid wall on the shape of the l  4 bubble
oscillation mode shown in (b), when the bubble is close to (the left panel) and touching (the right
panel) the wall.

Figure 8 Plot showing the predicted acoustic zero-to peak pressure amplitude thresholds (Pl,
threshold)

for the onset of surface waves for modes l = 2 (—), 3 (·····), 4 (– – –), 5 (–··–··), 6 (––– –

––) and 7 (–·–·–) (calculated using the parameters in Table 1).
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Parameter
Value
Equilibrium radius (R0)
110 ± 10 µm
Static pressure at the
1.01 x 105 Pa
bubble (P0)
Liquid properties
Density (ρ)
1000 kg m-3
Viscosity (η)
8.91 x 10-4 kg m-1 s-1
Surface tension (σ)
7.7 x 10-2 N m-1
Speed of sound (c)
1480 m s-1
Vapour pressure (Pv)
3450 Pa
Gas Properties
2.53 x 10-2 W m-1 K-1
Thermal Conductivity
(Kq)
Density (ρg)
1.161 kg m-3
1007 J kg-1 K-1
Specific heat (cp)
Polytropic index (κ)
1.38
Table 1 Physical parameters61,62 used in
construction of figure 8.
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