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FROM SEA TO SURGERIES, FROM BABBLING BROOKS
TO BABY SCANS: BUBBLE ACOUSTICS AT ISVR

TG Leighton  Institute of Sound and Vibration Research, University of Southampton, Highfield,
Southampton SO17 1BJ, UK

1 INTRODUCTION

Ultrasound is passed through liquids and tissue both for diagnostic reasons, and in order to produce
a material change. The most familiar diagnostic application is the external foetal scanning that is
routine in many pregnancies. However many more sites are now benefiting from ultrasonic
scanning. This is evidenced by the presence of probes for use whilst inserted into the vagina,
rectum and oesophagus; and the increase in the maximum insonification frequency from 30 MHz to
one of 80 MHz, for use on shallow sites in dermatological and opthalometric work (where enhanced
spatial resolution is required, but the increased absorption at these frequencies is not debilitating).
Even in foetal scanning, new techniques are being explored (Figure 1) with, for example, the use of
small bubbles to act as contrast agents1. Non-imaging diagnostic methods have also developed, for
example in the use of ultrasound to investigate bone health and osteoporosis®*.

Acoustic methods are however exploited for diagnostic purposes outside of biomedicine. In addition
to the military uses, environmental applications in the ocean alone®® include: Propagation of signals
over 1000 km in feasibilitg studies for monitoring global warming7; and monitoring sediment
transport down large rivers®’, a parameter key to land fertility and sonar operation in coastal waters.
Both developed from initial research for military applications'®"®, a common theme: In the seabed
alone, mine detection'®"” has produced benefits for communications (Figure 2) and geological
surveying18‘19 (Figure 3) with beneficiaries ranging from the petrochemical industry to marine
archaeology”".

In liquids, the most acoustically active naturally-occurring entities are gas bubbles. Figures 1 and 3
illustrate this, in that the strongest echoes in both images are from bubbles. The characterisation of
bubble populations in acoustical oceanography is not only promoted by their potency in affecting
sound fields, but also bg their importance to environmentally significant processes: Coastal erosion
and wave dynamics®"?; methane seeps®; and the flux between the ocean and atmosphere of
momentum, energy and mass®’. The top 2.5 m of the ocean has a heat capacity equivalent to the
entire atmosphere; and the flux®® between atmosphere and ocean of carbon alone exceeds 10°
tonnes/year. Section 2 will discuss techniques for diagnosing bubble populations.

Given the exceptionally efficient coupling between bubbles and acoustic waves which Figures 1 and
3 demonstrate, it is perhaps not surprising that the potency of bubbles in acoustics is by no mean
restricted to diagnosis. In 1917 Lord Rayleigh identified the energetic bubble collagse known as
‘cavitation’ as being the cause of the propeller failure which had been plaguing ships2 . The ability of
bubbles to process the materials which make them up and surround them will be discussed in
Section 3.

2 ACOUSTIC BUBBLES IN DIAGNOSIS

The first measurements® of the size distribution of bubble population in the natural world using the
passive acoustic emission were made in 1985. The technique of inferring bubble radii in the natural
world from the natural frequencies they emit (Figure 4), has since given rise to hundreds of
studies®®*', from rainfall sensing32,33 to industrial sparging1‘34, to extra-terrestrial studies (Figure 5).
Development of this technique included innovative use of the Gabor Transform®** and spectral
methods for when entrainment rates are high31. Whilst the bubble wall can undergo a variety of
modes of oscillation®®, with some exceptions®”“° it is the pulsation which is the most acoustically
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active, generating a strong monopole emission. Having natural frequencies inversely proportional to
their radii, the typical oceanic air bubble population (having radii ranging from millimetres to
microns) provide pulsation natural frequencies in the frequency range of at least 1-500 kHz
respectively, with commensurate quality factors of roughly 30 to 5. Emitting so potently in this
range when entrained, they provide sound sources in passive sonar systems (which may represent
unwanted noise or a desirable source, e.g. in locating a vessel or in ‘acoustic daylight’ systems‘”).

I.._-—-l-ql-.—.-_-.-_..

Recipie nt Placenta

Figure 1. In 20% of cases where a single chorionic membrane surrounds both twins (i.e.
monochorionic), vascular connections between the twins via the placenta are virtually omnipresent,
which allows interfetal blood transfusion as a normal event. However in 15% of such cases an
imbalance occurs, leading to Twin-twin transfusion syndrome. If left untreated, this has over 80%
mortality (with complications present in some survivors). The ultrasonic imaging of blood flow can
be greatly enhanced by ultrasonic contrast agents (UCA), which usually take the form of
microscopic gas bubbles that are injected into the bloodstream. If UCA is injected into one twin, and
subsequently appears in the bloodstream of the other twin, inter-twin transfusion has been
diagnosed and the donor/recipient roles identified. If it were possible to identify the blood vessel in
the placenta which is responsible for the transfer, it could be sealed, saving both twins. The figure
shows Power Doppler ultrasonic images before (top row) and after (bottom row) the injection of a
commercial bubble-based UCA (SH U 508A) into the donor of a monochorionic twin pair. A
threshold is preset: Echo strengths from UCA exceed this, and are coloured red (although
occasional returns which exceed the threshold in the absence of UCA are possible, as seen in the
top row). In each case, the images show signal enhancements attributable to the contrast agent
during maintenance of constant ultrasonic parameters. Left: Cross section through the first (Donor)
twin's cord (arrow) before (top) and after (bottom) the administration of contrast agent. Middle: cross
section through the contralateral (Recipient) twin's cord (arrow) before (top) and after (bottom)
interfetal transfusion of contrast agent. Right: Placental appearance (arrow) before stop) and after
(bottom) injection of contrast agent. Reproduced with permission from Denbow et al.”’.
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It is through this pulsation mode that bubbles undertake their acoustic resonance. This has been
exploited in numerous systems for bubble detection®® in industry, biomedicine and the oceans.
Indeed, the studies have extended from bubbles in free fields to bubbles in tubes (including ear
canals and blood vessels)***° and in pipes*®, where the crucial correction for reverberation*’ to the
free fields theory that had been used for decades was shown to remove errors of up to a ~100% in
previous inversions of acoustic data to determine bubble populations.
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Figure 2. (a) The 3 metre long ‘Seadog’ underwater vehicle is used for the burial, tracking and
repair of optical fibre telecommunications cables. It operates at a maximum sea depth of 275 m
(from ROV Review 1993-4, WAVES magazine, Windate Enterprises Inc., 5" edition). The current
generation of optical fibre telecommunications cables contain metal components, which enables
such vehicles to locate cables buried in seabed using magnetometers. The next generation of
cables will not contain metal, and hence cannot be located using magnetometers if, for example,
they need repair. (b) Acoustic detection of the next generation of cables is not simple, because of
the similarity in acoustic impedance between optical fibre and sediment. However research at
ISVR has developed an acoustic solution, and parallel image planes throglgh sediment clearly

reveal the location of a non-metallic cable (R.C.P. Evans and T.G. Leighton)*®*.
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Figure 3. Shallow gas deposits in the underwater sediment of Strangford Lough, Northern Ireland.
Reproduced by permission of Southampton Oceanography Centre (J.K. Dix, J. Bull and J.S.
Lenham).
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Amplified hydrophone signal/V

Figure 4. (a) The author (age 21) at Kinder Scout in the Peak District (Derbyshire, UK). (b) Three
selections from the hydrophone sound recording made at site (a). Each exponentially decaying
sinusoid indicates the bubble source is a lightly damped oscillator, the radius of which can be
determined from the natural frequency. Here the counting of bubbles is made simple because the
low entg()a\inment rate means there is little overlap between bubble signatures. From Leighton and
Walton™.

The bubble is however a nonlinear oscillator, and the generation of higher harmonics has been an
invaluable tool in separating out the strong echoes or attenuation which results from pulsation
resonance, from similar effects which simply result from much larger off-resonance bubbles. When
the bubble population is very dense, such ambiguities hinder the use of the pulsation resonance as
a method of determining the bubble size. Therefore for example in the world’s first measurements®
of the bubble size distribution in the surf zone (Figure 6), a nonlinear combination-frequency
technique had to be used. Two years later, in 1998, the same technique provided the first time-
resolved measurements of oceanic bubble population51; this was followed in 2001 by the first
measurement of a bubble size distribution in the surf zone under windspeeds of 50 mph (Figure
7)52. However the bubble nonlinearity goes beyéond a simple quadratic term which might generate
second harmonics or combination frequencies™: Subharmonics can be generated; and the most
precise’**® technique for the measurement of the size of a single bubble arose from the discovery®

of the generation of signals at w + w, / 2when a bubble is insonified by a high frequency imaging

signal (at frequency @) ) and a lower frequency ‘pump’ signal (at frequency @, which is tuned to

coincide with the bubble pulsation resonance). The mechanism responsible for this was
discovered® ™ to be the generation of Faraday waves upon the bubble walls.

Other novel methods for characterisation of bubble clouds include the use of Higher Order
Statistics®>®®; and the first only (to date) deployment of acoustoelectrochemical techniques at sea®.
To counteract the ambiguities in any individual technique when employed in such challenging
environments, the principle of using multiple techniq5ues to counterbalance the limitations and
ambiguities inherent in one technique was proposed®**>%°, along with a scheme for assessing the

invasiveness of any individual technique®®.
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Figure 5. (a) Compared with Figure 4b, the individual bubbles signatures cannot readily be
distinguished in hydrophone data taken in Sadler's Mill Romsey (Figure 5b) in the spectrogram on
the left of Figure 5a. Nevertheless it is possible to estimate a bubble size distribution from this™.
From the statistics of that bubble size distribution’, it is possible to reconstruct the sPectrogram for
Sadler's Mill (Figure 5a, middle plot). This has a power spectra close to the original. Inputting the
data relevant to Titan, it is possible to predict sound (Figure 5a, right plot) from a methane-fall (seen
on the left of Figure 5c falling into an ethane lake) if it produces a bubble population with the same
statistics. Titan will be visited by the Cassini-Huygens mission in 2004: Figure 5c¢ shows the
Huygens probe parachuting through Titan's atmosphere, having previously detached from the
Cassini vehicle (seen in the upper left of the image). Thin methane clouds dot the horizon, and
methane vapour is generated by the methane-fall. It, and rain based on a methane/ethane
evaporation/condensation cycle, fall in a surface gravity which is approximately 1/10™ that of Earth,
although the extreme cold (surface temperature 93 K) contributes to a surface atmospheric
pressure of 1.6 times that of Earth. Smooth ice features rise out of the methane/ethane lake, and
crater walls can be seen far in the distance. Given the myriad uses for diagnosis by bubble-
generated sound on Earth, from rainfall sensing to atmosphere/ocean mass flux, its use as an
extraterrestrial diagnostic presents intriguing possibilities, particularly because of the low power and
hardware requirements of this passive system. (Painting by D. Seal; Credit: NASA/JPL/Caltech.
Spectrograms by P.R. White and T.G. Leighton: The dB colour scale has the same reference for all
three. These recordings can be heard via  the ‘Research’ page at
http://www.isvr.soton.ac.uk/fdag/UAUA/index.htm.).
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Figure 6. The first measurement of the bubble size distribution in the surf zone (at Hull). The
acoustic detector is the small black circle clamped between the two smaller uprights. The wave
measures approximately 10 feet tall. Taken from Leighton et al.*

Figure 7. Two photographs, taken a fraction of a second apart, showing (a) two of the author's PhD
students (S.D. Meers and M.D. Simpson) attempting to bolt sensors to a scaffolding rig the team
have just deployed at sea; (b) Mr Simpson’s feet (Mr Meers is not visible). During the subsequent
trial the winds increased from the calm conditions shown here to speeds in excess of 50 mph.
Taken from Leighton et al.?.

It should be noted"® that the bubble populations measured by the passive techniques of Figures 4
and 5, differ from the populations measured by the active techniques of the preceding paragraph,
where the bubble population is insonified by an external sound field. Passive emissions come only
from those bubbles which are actively ‘ringing’. This occurs only within the first few milliseconds
after entrainment for most bubbles. Inversion of passive acoustic emissions will therefore estimate
the population size distribution of ‘ringing’ bubbles. Optical and active acoustic techniques actually
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measure the size distribution of a different bubble population, comprising not only the ringing
bubbles but also the silent bubbles which have ceased to emit passively, but which nevertheless
persist in the water column. In 2001 it was first proposed®’ that, by comparing the results of active
and passive measurements, one might learn about the processes which occur beneath a breaking
wave (such as turbulence, circulation, buoyancy, etc. — Figure 8). These processes convert the
population initially produced by the breaking wave (the one measured by the passive acoustic
technique) into the background population (as measured by the active acoustic technique). One
process not included in this is bubble fragmentation, although the same research programme did
see the only testing to date of the relevant theory for this process>>>°.

Probably the most popular technique for the active acoustic measurement of bubble populations is
through monitoring the sound speed and attenuation of an acoustic signal as it propagates between
two pointseg. The effects of bubbles on the sound speed have been known for some time®: If the
bubbles are driven in stiffness mode, they tend to reduce the sound speed. Even in the quasi-static
conditions attained at the lowest frequencies, there is a finite reduction in the sound speed. If they
are driven in inertia-controlled mode, they tend to increase the sound speed, the effect disappearing
at the highest frequencies. The effects tend to increase as one approaches resonance.
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Figure 8. A single frame from an animation by M. D. Simpson and T. G. Leighton (similar ones are
available via "Research' at http://www.isvr.soton.ac.uk/fdag/lUAUA/index.htm). The air/sea interface
is flat and at depth 0 m; the seabed is flat and at depth 10 m. Into a 3D section of ocean measuring
40 m x 50 m x 10 m deep is injected a bubble population. This ‘entrainment' population is based on
measurements of the passive noise from breaking waves, and the bubbles are introduced at the
origin. The population then evolves under the influence of buoyancy, turbulence, surface tension
and hydrostatic pressure, and gas flux occurs as for example the bubbles dissolve. The frame
shows the bubble cloud about 30 s after injection. The bubble size distribution is colour coded, and
it is for example clear that whilst turbulence has dispersed the cloud spatially, both buoyancy and
hydrostatic effects result in the tendency for small bubbles (blue) at depth, with the larger
(yellow/orange/red) bubbles tending to occur only close to the surface. The accuracy of such
models were investigated®” by comparing the predicted bubble population as a function of depth
with the measurements of active acoustic techniques, such as those described in this paper. Each
of the 64000 bubbles in the simulation must represent approximately 10* bubbles in nature
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A fanciful speculation on one possible implication of this is found in a novel hypothesis70 which
might explain the mystery of the mechanism by which humpback whales (Megaptera novaeangliae)
exploit bubble nets to catch fish.

Figure 9. (a) Schematic of a humpback
whale creating a bubble net. A whale
dives beneath a shoal of prey and
slowly begins to spiral upwards, blowing
bubbles as it does so, creating a hollow-
cored cylindrical bubble net. The prey
tend to congregate in the centre of the
cylinder, which is relatively free of
bubbles. Then the whale dives beneath
the shoal, and swims up through the
bubble-net with its mouth open to
consume the prey (‘lunge feeding’).
Groups of whales may do this co-
operatively  (Image  courtesy  of
Cetacea.org). (b) Aerial view of a
humpback bubble net (photograph by A. Brayton, reproduced from reference 71. (c)
Humpback whales lunge feeding (Image courtesy of L. Walker,
http://www.groovedwhale.com).

It has been known for decades that up to 30 whales might dive deep and then release bubbles to
form the walls of a cylinder, the interior of which is relatively bubble-free (Figure 9a,b)72. The prey
are trapped within this cylinder, for reasons previously unknown, before the whales lunge feed on
them from below (Figure 9c). When the whales form such nets, they emit very loud, ‘trumpeting
feeding calls’, the available recordings73 containing energy up to at least 4 kHz. A suitable void
fraction profile would cause the wall to act as a waveguide. Assume the scales permit the use of ray
representation. Figure 10 shows how, with tangential’ insonification, the mammals could generate a
‘wall of sound’ around the net, and a quiet region within it. If the fish approach the walls, they
become startled by the intense sound (which may not only be subjectively loud, but also affect the

T Even if the whales do not create sufficiently directional beams and insonify tangentially, the bubble net might still function
through its acoustical effects. The ‘wall of sound’ effect in Figure 10b is generated from those rays which impact the wall at
low grazing angles. Those rays which never impact the wall do not contribute to the ‘wall of sound’. If rays of higher grazing
angle impact the net, they may cross into the net interior, though their amplitudes would be reduced by the bubble scattering,
and attenuation alone would generate a quieter region in the centre of the net.
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swim bladder, a resonant system). The natural schooling response of fish to startling would, in the
bubble net, be transformed from a survival response into one that aids the predator in feeding.

Figure 10b plots the raypaths (calculated using standard techniques’®) from four whales for the
stated launch conditions, for a bubble net in which the void fraction increases linearly from zero at
the inner and outer walls, to 0.01% at the mid-line of the wall.
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Figure 10 (a) Schematic of a whale insonifying ) (-
a bubble-net (plan view), illustrating the sound
speed profile in the cloud and, by Huygen’s

construction, sample ray paths. The sound J —
speed profile assumes void fractions are g
greatest in the mid-line of the net wall, and ‘

assumes that the bubbles pulsate in stiffness

mode. Hence the closer a Huygens wavelet is

to the mid-line, the smaller the radius of the

semicircle it forward-plots in a given time.

Rays tend to refract towards the mid-line. (b)

Four whales insonify an annular bubble net,

where the bubbles are driven in stiffness-

controlled mode such that the sound speed (c)

decreases linearly from being zero at the walls to 750 m/s at the cloud midline. The rays are
coloured blue, and the locations of the inner and outer walls of the net are shown in red.
Computed ray paths, where each whale launches 281 rays with an angular extent of 10°
refract as in (a). The rays gradually leak out, although some rays can propagate around the
entire circumference. Plotting of a raypath is terminated when it is in isovelocity water and on
a straight-line course which will not intersect the cloud. This refers to rays whose launch
angles are such that they never intersect the net; and to rays which, having entered the net
and undertaken two or more traverses of the mid-line, leave it. (c) Example ray paths
computed for a cloud where the bubbles are driven in inertia-controlled mode such that the
sound speed increases linearly from being zero at the walls to 2200 m/s at the cloud midline.
The rays are coloured blue, and the locations of the inner and outer walls of the net are shown
in red. For this simulation, however, the single source has a 45° beamwidth in order to
illustrate the variety of ray bending that is possible (a 10° beam, as used in Figure 10b, tends
to cause all rays follow a similar path, either traversing the net or refracting out of it, depending
on the angle with which it intercepts the outer wall of the net). (Figures from T. G. Leighton, S.
D. Richards and P. R. White) "°.
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Figure 11. (a) Common
dolphins herd sardines with
bubble nets. (b) Swimming
beneath a school of sardines,
a dolphin starts to release a
cloud of bubbles (arrowed)
from its blowhole. A moment
later (c) the dolphin (1) swims
on, leaving behind the i f .
expanding cloud (2). Other () (h)

dolphins (incl. 3) enter the

frame. (d) The sardines school within a surrounding wall of bubbles that they are reluctant to
cross, whilst (e) gannets dive into the sardine shoal to feed, folding their wings just before entry
(arrowed). Dolphins are visible in the foreground. (f) On diving, a gannet (1) entrains a bubble
plume (2). Plumes a few seconds old (3, with an older 4) have spread. (g) An aerial view shows
hundreds of tight bubble plumes beneath airborne gannets. (h) A Bryde's Whale joins the feed.
It surfaces with open mouth, which it then closes, sardines spilling from it. Images courtesy The
Blue Planet (BBC, Discovery). See Byatt et al.?

The actual acoustics of the cloud will of course be complicated by 3D effects and the possibility of
collective oscillations; and even, speculatively, bubble-enhanced parametric sonar effects®® which
might be utilized by whales, for example to reduce beamwidth or generate harmonics, sum- and
difference-frequencies etc..

The effect follows the frequency dependency described above. At frequencies sufficiently high to
drive the bubble cloud in an inertia-controlled fashion, the bubbles produce in an increase in sound
speed. The wall is outwardly-refracting, and rays are no longer trapped within the cloud. The
refractive effect of these bubbles on sound speed becomes negligible at even higher frequencies,
although of course acoustic attenuation and scatter may be great. A variety of ray behaviour is
possible”’®, from reflecting straight off the net to traversing it and the interior with barely any
refraction (Figure 10c). Such frequencies would not be effective in trapping prey, even if the prey
could perceive them. However if scattering losses permit (and it is by no means certain they would),
is it possible that, given these refracted paths, such frequencies could be used for echolocation of
the contents of the net?
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Figure 12. Nonlinear bubble pulsation in 100 Hz
pressure field generated to the oscillation of a liquid
column and filmed at 2000 fps. A selection of frames
from the sequence of 35 consecutive frames show 1
period of the motion of stable air bubble oscillating in
glycerol under a static pressure of 600 Pa, and
oscillating pressure of 3900 Pa. The bubble contracts
from maximum size in frame 1 to a minimum in frame
6, then expands to a second maximum (frame 12). Itis
then collapses to a second minimum (as frame 19)
before expanding to the initial size. This cycle then
repeats. The second collapse is gradual up to frame
17, bsuzt then becomes very rapid. Figure from Leighton
et al.”™.

Figure 13 (a) An LUGM-145 (available for $1900). It carries a 660kg charge, is based on a pre-First
World War design, and is moored on a chain or drifts on the surface and is set off by contact with a
ship. Modern mines are triggered by a ship’s magnetic, acoustic or pressure signature (or
combination of the above) so that they cannot readily be cleared by dummy contact methods. (b)
Around $5 million of damage was caused to the USS Tripoli (LPH-10) after it struck an LUGM-145
moored contact mine during operation Desert Storm. (DSTL were consulted before reproduction of
this image.)

With humpbacks the probability appears to be low. Echolocation is normally associated with
odontoceti, and although there are suggestions that humpbacks may exploit it">"® there is to date
no evidence that they have used it to Iocate schools of prey. Although there is evidence of
directionality in the songs of humpbacks F|gure 10b should not be interpreted as implying they
can generate a 10° beam — we do not know one way or the other". Similarly, the highest reported
frequencies generated by humpbacks correspond to harmonics in recordlngs 87 in excess of 15
kHz and 24 kHz, close to the bandwidth of the recording equipment. Exploitation of the inertia-
controlled regime, as described above, would probably requ|re higher frequencies. However
dolphins have also been observed to feed using bubble net® (Figure 11a-d), and some can
echolocate up to 200 kHz. It would perhaps be asking a lot for dolphins to identify fish amongst the
strong bubble scatterers although the environments which they naturally might encounter are
similarly complex The prospect of trapping low frequency sound in a bubble cloud to herd prey
(Figure 10b), whilst simultaneously echolocating with higher frequencies (Figure 10c), is attractive
but perhaps unlikely.
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Figure 14. Plot showing the current
recorded as a function of time for a 08 4
stainless steel microelectrode (25 um

diameter, marked E and surrounded by
transparent insulation) exposed to
inertial cavitation. Individual transients
are caused by surface erosion as the
result of inertial collapse. The inset
images show the ultrasonic horn (H)
positioned above a microelectrode (M) 021
taken (@) in external illumination, and (b)
with no external illumination. The scale LJ
bar represents 3 mm. The light in (b) 00 7 r r r r
shows in the image intensifier record of 0.0 002 o0 0.0 0.8 010

sonoluminescence. The position of the vs

horn (H) and microelectrode (M) are indicated with dotted lines. (From P.R. Birkin, D. Offin and
T.G. Leighton, The study of surface processes under electrochemical control in the presence of
inertial cavitation, Submitted to Wear 2004).
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It may however be that exploitation of the schooling of fish in response to startling using bubble
acoustics is more W|despread if perhaps less elegant, than the scheme of Figure 10b. The filming
associated with Byatt et al.** shows bubble plumes generated by gannets (Figure 11e-g) diving into
a shoal of sardines which dolphins have herded to the sea surface. These plumes will no doubt
complicate an underwater sound field already populated by the calls and bubble nets of dolphins,
and the entrainment noise of the gannet bubble plumes, and could further stimulate the sardines to
school. Gannets, dolphins, sharks and whales etc. (Figure 11h) all benefit from this, although to
what extent this is intentional is unknown.

The linear theory for acoustic propagatron through bubbly water has proved to be immensely
successful, with the orrgmal paper being cited over 100 times. However bubble pulsations are
inherently nonlinear™® (Frgure 12), and this year sees the publication of the first theory for acoustic
propagation through clouds in which the bubbles undertake nonlinear pulsatrons This method
builds on an earlier technique which combined nonlinear bubble dynamics with linear descr|pt|ons of
d|$$|pat|on This work has resulted in the proposal and development of new techniques for the
detection of mines in bubbly water (Figure 13), exploiting pulse-length dependence®® of
scattering and attenuation, and the bubble nonlrnearlty The importance of mine-hunting in
modern warfare is very great. Since the start of the Cold War at least fourteen U.S. ships have
been damaged by mines, with some sinking. Mine clearance techniques include attempting to
cause detonation by presenting the mine with a signal resembling that which its target would
produce. To resist such attempts mines of considerable sophistication are being developed, which
respond to the pressure, magnetic, underwater electric potential (UEP) and acoustic signatures of
vessels (often in combination). However mines have a long operational lifetime, and simple contact
devices produced decades earlier can be readily purchased, are inexpensive, and effective (Figure
13). In 1988 a simple contact mine costing $1,500 (an Iranian SADAF-02) almost sank the Samuel
B. Roberts (FFG-58) causing nearly $96 million of damage. During the first Gulf War Iraq laid 1242
mines and, even though many were nonfunctional or ineffectively laid, three mines seriously
damaged two U.S. warships, Princeton (CG-59) and Tripoli (Figure 13). These mines were laid in
water 20-50 m deep.

In very shallow waters, mines might be much more successfully hidden by exploiting the bubble
fields. There, the presence of mines presents a hazard to landing craft, for example, such that even
without detonating the mine can seriously interfere with marine activity, which must be conducted
cautiously. Sonar attempts to detect mines in very shallow water can fail, because the returned
sonar signal can be dominated by the scatter from the wave-generated bubble clouds in the vicinity
of the mine. Time-dependent and nonlinear technrques might enhance scatter from a mine and
suppress that from the bubbles, aiding detection™®
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(f)

Figure 15. The acoustic pressure antinodes within reverberant water-filled cylinders (with vertical
axis of symmetry, and the sound source at the cylinder base) are made visible through the
chemiluminescence which occurs there. (a) Plan and (b) side views of luminescence (which occurs
at pressure antinodes) in a water-filled cell which had a polymethylmethacrylate wall (9.4 cm
internal diameter, 10 cm external diameter; height of aqueous solution=14 cm) for insonification at
132.44 kHz where the spatial peak acoustic pressure in the liquid was 0.75 bar. The scale bar in
frame (a) represents 9.4 cm, while the scale bar in frame (b) represents 14 cm. Frames (c)-(f) (to
which the scale bar of length 5.8 cm in frame (c) refers) were taken in a double-walled, water-
jacketed cell (5.8 cm internal diameter, 8.5 cm external diameter, and liquid height 8 cm) which was
maintained at a constant liquid temperature of 25°C. As the insonifying frequency changed, so too
did the spatial peak acoustic pressure, providing the following combinations: (c) 118 kHz; 1.36 bar;
(d) 121 kHz; 1.39 bar; (e) 122 kHz; 1.50 bar; (f) 123 kHz; 1.80 bar. The effect of tuning into
particular acoustic modes is evident. By noting the modal resonance frequencies in these and
similar cylinders, the sound speed in this bubbly water was found to be in the range 868-1063 m/s,
implying void fractions of 2.9-4.2 x 10 %. Frames selected from several figures in reference 125.

3 BUBBLE ACOUSTICS IN PROCESSING

As outlined in Section 1, Lord Rayleigh's 1917 publication29 marked the beginning of a study of the
ability of bubbles to process the material surrounding them. If such processing is desirable, it is
most conveniently undertaken today through the use of ultrasonics (for example in a commercial
ultrasonic cleaning bath®’). However, in that original 1917 case, violent bubble collapse was the
result of hydrodynamic forces, and led to the erosion of a propeller blade. This phenomenon is still
studied today, with for example the discovery of structure in the sonoluminescence emissions
generated by cavitating flow over a hydrofoilss. The newest techniques allow cavitation erosion to be
monitored on the microsecond timescale (Figure 14), as opposed to the minute/hour timescales
available only a decade ago. Specialised cavitation®*' systems have therefore allowed correlated
monitoring of bubble wall motion, erosion, and luminescence in almost real-time®. This illustrates

369



Institute of
@ L PACOUSTI

Main Menu

Proceedings of the Institute of Acoustics

the use of luminescence to indicate the spatial and temporal characteristics of cavitation which is
capable of processing surrounding material. A spatial example can be found |n the ability to
generate sonoluminescence at the acoustic pressure antinodes of standing waves® (Figure 15).
This faC|I|ty enabled cavitation, located via |ts sonoluminescent emissions, to the correlated with cell
death®, which also occurred preferentlally at those antlnodes compared to the nodes. Similarly, a
temporal example provided data and new theories™ relatlng to the cavitation hazard (and its
suppression) associated with pulsing the field. The pulsing characteristics of biomedical fields
present a key component in designing and assessing the hazard associated with that field, although
is relevance to the hyperthermia biohazard (tissue heatmg) has recewed more attention than its
relevance to the risk of cavitation (whether unwanted'® or desired’ )

(@) (b)

Figure 16. (a) The original Dornier HM3 clinical lithotripter. Shock waves are focused onto kidney
and gall stones to break them up. In this device, shock wave focusing relies on the principle that an
ellipse has two foci. A submerged focusing reflector (lower arrow in the picture at the base of the
bath) is made from the bottom half of an ellipse. The plane cutting the ellipse in half is horizontal
and all points on it are equidistant between the two vertically-aligned foci. The shockwave is
generated using a spark gap placed at the lower focus (through which ~20 kV is discharged).
Therefore a spatial maximum in the acoustic pressure amplitude occurs at the upper focus of the
ellipse (upper arrow), which should be steered to coincide with the location of the stone. This is
done by lowering the patient into the waterbath, such that the water provides the necessary
acoustic coupling. (b) The Dornier MPL9000 clinical lithotripter. The external electromagnetic
shockwave source generates a planar wave that is focused on the target using an acoustic lens.
The patient is not immersed: The shock is transmitted into the patient through a coupling "water
unit" (such as a water cushion). The shock source and cushion are beneath the patient; the
equipment above the bed is associated with targeting the stone (which may be done with
ultrasound and X-rays).

The ability to correlate a given measure of biohazard (such as the cell death discussed above) with
sonoluminescence allows correlation of that parameter with cavitation. Hence the presence or
absence of sonoluminescence can be used as an indicator of whether or not bubble act|V|ty capable
of biohazard is present. Such biohazard might be desirable in dental uItrasomcs 1192 where it can
perform a sterilising function; but undesirable during foetal scannlng ® The only quant|f|cat|on to
date'®™ of collapse cavitation produced in vivo in humans was done through a sonoluminescence
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study: Although this finding was very important, and used in international guidelines105 for the safe
use of ultrasound, the extreme difficulty of the experiment has meant that much-needed
independent follow-on measurements have never been successfully completed.

Another example of correlating cavitation with a bio(PhysicaI parameter via sonoluminescence, has
led to a recent innovation in the field of Iithotripsy1 6 (Figure 16). Here, a correlation between the
sonoluminescent and the passive acoustic emissions, identified cavitation as the source of that
acoustic emission'®”"'% This has led to numerous studies, and a patented device for monitoring the
degree of stone fragmentation during Iithotripsy109 %Figure 17). Such studies have been heavily
reliant on associated computational fluid dynamics™">""™ (Figure 18). Although lithotripsy is in most
cases far preferable to the surgical removal of kidney and gall stones, there is currently no method
of monitoring the degree of stone fragmentation. As a result, patients are subjected to a preset
number of shocks (several thousand). If too few are given, re-treatment is necessary. If too many
shocks are given, unnecessary exposure and collateral tissue damage may occur. In addition, the
expensive shock wave sources have a lifetime limited by the number of firings. The ability to limit
the number of shocks to the number required for adequate stone fragmentation would conserve
hospital resources, both financially and in terms of waiting times' ',

. <

Acquisition
and processing

Visual and/or
audio output

Preamplifiers
and filters —>

Incident
Transducer

Passive

acoustic ) -
emissions Lithotripter
shock source
(@) (b)

Figure 17. (a) Photograph of an early prototype passive cavitation detector, with typical cavitation
emissions displayed. This device consisted of a bowl hydrophone, resonant at 1 MHz, which was
placed on the patient and allowed in vivo monitoring of acoustic emissions resulting from cavitation
during lithotripsy. (b) Schematic for the operation of the broadband clinical prototype109 passive
cavitation detector. The lithotripter focuses a shock wave onto the kidney stone from below (as in
Figure 16b). Broadband sensors placed on the torso detect the passive acoustic emissions, and
these are processed to give feedback to the clinician (either in audio form, or as a display) on the
targeting of the lithotripter, on the cavitation which occurs in vivo, and on the degree of stone
fragmentation. See Fedele et al. (this volume)'**.

In the above examples, processing took place through jet impact, and blast waves, and chemical
effects when compressed gas within the collapsing bubble attains temperatures in excess of 6000 K
(the temperature of the surface of the sun), and %enerates highly reactive chemical species. These
effects are characteristic of inertial (or transient’ ) cavitation, and hence require acoustic pressure
amplitudes greater than 100 kPa. Not all processing requires this, and indeed the discovery that
processing can take place with acoustic pressure amplitudes of 100 Pa opens up not only the new
field of acoustoelectrochemistry’'®'?", but also the possibility that significant future savings might be
made by the ultrasonic processing industry in their power requirements. In addition, it opens up an
exciting new fields of study, for example in the chaotic growth'*'?* of surface waves on bubble
walls (Figures 19 and 20).
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(c)t=0.191 ps (d) t = 0.2025 ps

Figure 18. An air of bubble of initial radius 40 microns in water is subjected in the free field to a
lithotripter pulse (propagating from left to right). The response is predicted by the Vucalm
hydrocode, the axis of rotational symmetry being the horizontal line at the base of each plot. The
contour increments in pressure for both air and water are indicated on each plot, the value of
selected contours being labelled in MPa. All elapsed times ‘t' are measured after the lithotripter
pulse first meets the upstream bubble wall. (a) The lithotripter pulse has passed over the bubble,
travelling further than the slower gas shock within the bubble. An expansion wave is reflected back
off the bubble, travelling to the left and upwards in the picture. (b) The bubble involutes as it
collapses, to form a liquid jet which will pass through the centre of the bubble. (c) The impact of the
jet against the downstream bubble wall generates a blast wave, which propagates outwards in (d).
Such liquid impacts and blast waves can generate erosion and biomechanical effects. The high
temperatures and pressures attained within the gas can generate chemical effects and
luminescence. Image courtesy A.R. Jamaluddin, C.K. Turangan, G.J. Ball and T.G. Leightonl.

4 THE FUTURE FOR BUBBLE ACOUSTICS

The opportunities for fundamental physical and chemical research in bubble acoustics are
immense. Whilst a degree of prescience would be required to outline them, the opportunities for
applied research in bubble acoustics are more obvious, given that they would be building on work is
currently in the research stage. Figure 1 illustrated the ability of contrast agents to provide localised
enhancement in ultrasonic images. The bubble walls of contrast agents are already engineered to
provide bubble longevity. Further engineering might make the bubbles attached to specific cells, so
that contrast agents injected throughout the body might accumulate at specific targets sites. This
could not only enable identification of the locality of specific types of cells (e.g. tumour cells) in the
body, through ‘hot spots’ in ultrasound images. It would also place within the locality of those cells
a microbubble which could be excited to process the cell (by, for example, injecting material from
within the bubble into the cell at the tip of the liquid jet which forms as the bubble collapses --
Figures 18 and 21).
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Figure 19. View from below of an air bubble, restrained
against buoyant rise by a glass rod, visible as the white
circle ‘behind’ the bubble (scale bar: 2 mm). The bubble (R,
~2.5 mm) was driven into oscillation by an acoustic driving
field. Such fields will always excite the pulsation mode, but if
the bubble wall pulsation amplitude is sufficiently great,
instabilities on the bubble wall grow rapidly. The mode which
requires the lowest amplitude of pulsation to excite
corresponds to the Faraday wave. Here, the bubble was
driven at 1.297 kHz, with 83.5 Pa zero-to-peak acoustic
pressure amplitude. This is enough to stimulate just the
Faraday wave (the n = 15 spherical harmonic perturbation,
annotated), and of course the breathing mode (n = 0).

The wall displacements associated with the breathing mode are micron-order, much smaller than
the Faraday wave, which therefore gives the larger visual signal. However the acoustic emission by
the bubble is dominated by the monopole breathing mode, even though the greater wall
displacements of the Faraday wave generate fluid currents much larger than those resulting from
the breathling mode. This can be seen in Figure 20 (Image courtesy P.R. Birkin, Y.E. Watson, T.G.
Leighton) .
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Figure 20. Bubbles are injected into a sound field, and rise under buoyancy towards an
electrochemical microelectrode. In the photograph (scale bar = 2.2 mm), the horizontal injection
needle can just be seen at the bottom right corner, and the downwards-facing microelectrode can
be seen at the top of the picture. The microelectrode produces current as a result of mass transfer
related to the presence of 5 mmol dm™ KzFe(CN)s in 0.1 mol dm™ Sr(NO3),, the sensing area being
25 micron diameter of Platinum at the electrode tip. Hence most of the ‘microelectrode’ which is
visible on the photograph is the glass insulating surround. Two bubbles can be seen, the twin
highlights on the upper one indicating peaks of Faraday waves (as in Figure 19). The graph shows,
against a common time axis, the insonifying sound field (grey line) and the electrochemical current
(black line). Flow (caused here by bubble motion, which in this experiment comprises translation,
pulsation and Faraday wave) tends to disrupt the depletion layer that forms around the
microelectrode tip. Therefore the current tends to increase in magnitude as the bubble moves close
to the microelectrode. Such an increase is seen as the bubble approaches the needle, followed by a
decrease as the bubble continues its buoyant rise above the microelectrode. At its closest
approach, the current clearly shows an oscillation at the subharmonic of the driving sound field at
which the Faraday waves on the bubble wall oscillate. This is of course at half of the 7.678 kHz
fundamental of the driving field (grey line) at which the breathing mode oscillates. Hence the higher
order mode generates a much larger electrochemical signal. (Photographs and data courtesy P.R.
Birkin, Y.E. Watson, J. Flemming, T.G. Leighton) L
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The ability of bubbles to process their environment chemically would appear to possess great
potential for industry. However the commercial exploitation of these effects is limited primarily by a
failure by workers to appreciate the acoustics'®*'?° and this has given the field the unwarranted
reputation of irreproducibility and inability to scale-up. Sonochemists are in the habit of referring to
their field as a "black art". It is not so, but rather it is multidisciplinary and requires in-depth
appreciation of both physics and chemistry. When this is achieved, the sonochemical abilities of
bubbles are understandable and could be exploited commercially.

Figure 21. Jet formation during the
collapse of an oscillating gas-vapour
bubble at low pressure (0.04-0.05 bar) in
a 60 Hz sound field. The bubble size is
approximately 0.2 cm.  (Photograph
courtesy of LA Crum).
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