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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

() Diagram of the apparatus; (b) insert showing the detail of the cone tip.

A selection of 16 frames from a consecutive sequence of 305, filmed at 1000
f.p.s. (cach frame occupying full screen). Just prior to collapse, the meniscus
was R; =60£5 mm below the cone tip; after the collapse and subsequent bubble
oscillation/fragmentation/coalescence features had ceased, there was a spherical
bubble of diameter 2.7+0.05 mm (=2R) remaining close to the cone tip. The
device contained 1050 ml of degassed water (#;=37.1 cm). The arrowed features

are described in the text.

A selection of 60 frames from a consecutive sequence of 4020, filmed at 6000
f.p.s.. Each frame occupies 1/6 screen, the image corresponding © a vertical
strip measuring 4 mm x 34 mm high. It is presented rotated 90° from true such
that the left hand edge of each image corresponds to a region close to the base of
the cone, and the right hand size of each image corresponds to a region close to
the apex of the cone. Indeed, the cone apex is visible near the bottom right corner
of each frame, so that the bottom edge of each frame is nearly aligned with the
axis of the cone. The arrow in frame 3 shows the location corresponding to the
base of the frames of fig. 2. Just prior to collapse, the meniscus was R; =505
mm below the cone tip; after the collapse and subsequent bubble
oscillation/fragmentation/coalescence features had ceased, there was a spherical

bubble of diameter 1.54£0.05 mm (=2R;) remaining close to the cone tip. The
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Figure 4.

Figure 5.

Figure 6.

device contained 1050 ml of degassed water (h=37.1 cm). The arrowed features

are described in the text.

Plot of meniscus velocity against: (i) cone tip-to-meniscus distance for the
collapse of a conical bubble containing gas (R.) (solid, equation 3 for p,; = 12.9
Pa); (ii) cone fip-to-meniscus distance for the collapse of an empty conical
b_ubble (R.) (dotted, equation 3 for p,; = 0 Pa, and, in fact, indistinguishable
from (i)); (iii) bubble radius for the Rayleigh collapse of an empty spherical
cavity (R) (dashed, calculated from equation (1)). The initial conditions are that

R = R.=50mm; Rc =R =0and & = 371 mm. The fixed apparatus dimensions

are given in the text. Also shown are the bubble wall speeds calculated from fig.

3 (see text).

Plot of the hydrophone signal (triggered at $=0) recorded 10 cm below the cone
apex for the collapse filmed in Fig. 6. Rebound pressure emissions are labelled

(see text).

A selection of 120 frames from a consecutive sequence of 1368, filmed at 6000
f.p.s.. The frame geometry is as for Fig. 3. Just prior to collapse, the meniscus
was R; =60+5 mm below the cone tip; after the collapse and subsequent bubble
oscillation/fragmentation/coalescence features had ceased, there was a spherical
bubble of diameter 1.740.05 mm (=2R;) remaining close to the cone tip. The
device contained 1050 ml of degassed water (£=37.1 cm). The arrowed events

are described in the text.



Figure 7.

Figure 8.

Figure 9.

Figure 10.

Plots of the collapse time of: (i) a gas-filled conical bubble (solid, found through
integration of equation (3)), and (i) an empty spherical Rayleigh cavity (dashed,
equation (2)). The estimates of collapse times from data are shown, calculated
from records of the pressure in the liquid (x), and from extrapolation from the
high-speed images of the rebounds (0). In all the collapses from which these
measurements were taken R = 0.9510.05 mm and the device contained 1050 ml

of degassed water (h;=37.1 cm).

Measurements of pressure taken 5.1 mm below the apex of the cone, and
spatially averaged across the cross-section. Predictions of theory for pressure are
shown (equation (8), solid line). Also shown are predicted femperatures which
would occur under these conditions (equation (9), broken line). The device

contained 1050 ml of degassed water, the pre-growth bubble volume was 0.9 m1.

A sequence of six frames from the CCD video. Exposure per frame is around 40
ms (see section I[A for details). Just prior to collapse, the meniscus was R
=60+5 mm below the cone tip; after the collapse and subsequent bubble
oscillation/fragmentation/coalescence features had ceased, there was a spherical
bubble of diameter 240.05 mm (=2R;) remaining close to the cone tip. The
device contained 1050 ml of degassed water (h=37.1 cm). These frames

correspond to the plots shown in Fig. 10.

Simultaneous records of (2) the hydrophone and (b) the photon counter, which is

a histogram showing the number of photons per 0.1 ms interval. The datum t=0
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TABLE I

corresponds to the receipt of the trigger signal for both traces. These plots

correspond to the frames shown in Fig 9.

The sound speed in the cone during the first, second and third rebounds for
various sizes of R; and Ry. It was calculated from the time difference between the
ingtant at which the bubble radius is a minimum (as measured from the high

speed video recording) and when the rebound pressure wave reaches the

hydrophorne.
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ABSTRACT

Key to the dynamics of the type of bubble collapse which is associated with such phenomena as
sonoluminescence, and the emission of strong rebound pressures into the liquid, is the role of the
liquid inertia. Following the initial formulation of the collapse of an empty spherical cavity, such
collapses have been termed Rayleigh-like'; and today this type of cavitation is termed ‘inertial’,
reflecting the dominant role of the liquid inertia in the early stages of the collapse. Whilst the
inertia in models of spherical bubble collapses depends primarily on the liquid density,
experimental control of the liquid inertia has not readily been achievable without changing the
liquid density, and consequently changing other liquid properties. In this text, novel experimental
apparatus is described whereby the inertia at the carly stages of the collapse of a conical bubble
can easily be controlled. The collapse is capable of producing sonoluminescence. The similarity
between the collapses of spherical and conical bubbles is investigated analytically, and compared
with experimental measurements of the gas pressures generated by the collapse, the bubble wall

speeds, and the collapse times.
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INTRODUCTION

This paper compares experimental results with the predictions of an analysis for the collapse of
a conical bubble, which adapts to the conical geometry the pioneering formulations of
Rayleigh' and Noltingk and Neppiras™. Rayleigh considered the collapse of an empty cavity
which remains spherical at all times, located in an incompressible liquid of density p. The
empty cavity is envisaged to be "as if a spherical portion of the fluid is suddenly annihilated™.
Initially at rest with radius R,, the wall accelerates inwards as a result of the liquid pressure,

which is p_ far from the bubble. By equating the work done by the hydrostatic pressure to the

kinetic energy of the liquid, Rayleigh was able to formulate an expression for the wall velocity

R in terms of the instantaneous bubble radius, R:
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and, by integrating this, to calculate the collapse time, #z:
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The wall speed becomes undefined as R—0 (equation 1). Since the assumption of liquid
incompressibility means that the analysis becomes invalid once the velocity of the cavity wall
approaches the speed of sound in the liquid; and since this will always occur at some point
during the collapse of an empty spherical cavity (1), Rayleigh suggested the presence of some

permanent gas within the cavity. This idea was incorporated into the formulation by Noltingk



and Neppiras™ where a bubble grows isothermally from an initial equilibrium size to some
maximum radius, and then collapses adiabatically. The resulting model predicted that the
bubble would then oscillate between maximum and minimum sizes (the addition of damping
would cause the amplitude and period of these oscillations to decrease in time). By comparing
the initial conditions with those when the bubble attained minimum size, Noltingk and
Neppiras were able estimate the gas pressures and temperatures attained during the collapse.
These pressures and temperatures turned out to be high, and this became a feature of what was
later termed ‘inertial cavitation’ (reflecting the dominant role of the liquid inertia in the early
stages of the collapse). The occurrence of inertial cavitation within populations of bubbles was
associated with a range of mechanical and chemical effects, and, of course, the generation of
sonoluminescence. The departure from simple adiabatic models™® and the introduction of
systems where sonoluminescence can be observed from single bubbles™® has increased the
understanding of bubble dynamics and raised new questionsg'”. These will not be discussed
here. Rather, an experimental system for producing inertial cavitation is described, in which
liquid inertia can be set to a value different from that associated with a spherical bubble
collapse. The gas and liquid pressures can be measured, and the collapsing bubble wall
photographed. The results are compared with a theory which adapts the analysis of Rayleigh,

now more than eighty years old, for the inertial collapse of a conical bubble.



I. MATERIAL AND METHODS

A. Apparatus

Fig. 1 shows the apparatus in which the conical bubble is collapsed. The gas pocket collapses
into an otherwise liquid-filled conical hollow. The transparent cone has a circular horizontal
cross-section, which at its base sits on top of a steel U-tube, of 60 mm internal diameter. This is
partially filled with degassed water which can flow from the tube into the cone. At equilibrium,
under 1 bar, the gas pocket occupies the upper few millimetres of the cone. Then the top-plate
is closed and the pumping train activated, reducing the static pressure in the tube so that the
bubble undergoes relatively slow growth. After the bubble has expanded to the required size,
the spring-loaded top-plate is opened. A pressure pulse of approximately 1 bar propagates
down the U-tube, causing the collapse of the bubble. The signal from an accelerometer on the
top-plate provides the trigger for the various data acquisition systems (see below). The collapse
is specifically designed to be unstable, so that the bubble can be ensured to have undergone
fragmentation after the first rebound. The geometry of the bubble is such that it collapses into
the solid angle conical section (of half-angle 9=30°) of a sphere. This not only allows the
imaging of a 'cross-section’ of the luminescing bubble, but also allows the positioning of
pressure transducers within the gas and within the surrounding liquid, since the centre of the
collapse is well-defined. The liquid flow in the cone diverges and converges with spherical
symmetry, whilst that in the U-tube has approximately one-dimensional geometry. This means
that the inertia of the liquid (assumed to be incompressible, with density p) is proportional to
the length of fluid in the pipe.” Therefore, unlike the spherically-symmetric case, the inertia

does not converge to a finite value as one takes into account fluid at increasing distances from



the bubble centre. Therefore by increasing the length of liquid in the U-tube the inertia

associated with the bubble collapse can be increased greatly.

The cone being transparent (45 = 5% of photons produced at the tip reaching the cone
exterior), various optical instruments could be deployed to study the collapse. A single frame
was always taken with a stills camera immediately prior to the opening of the plate, in order to
record the maximum bubble radius. Sonoluminescence could be monitored using a Photon
Counting Module (EG&G SPCM-200), which used a cooled avalanche silicon photodiode, and
emitted a TTL pulse on detection of a photon. These were counted by a multi-channel scaler
(EG&G T914P). The dark current was 25 counts/s. The counter was triggered by the
accelerometer on the top-plate. Even when not required for photon counting, this system was
always in use since, on receipt of the top-plate accelerometer signal, it provided the TTL signal
which triggered the oscilloscope and provided a time marker for the high speed film (see

below).

During the photon counting, images of the sonoluminescence were taken by a CCI camera
(Photonic Science DS800) operating at 25 f.p.s. (frames per second). The CCD camera system
produces each frame by interlacing two fields, each of 40 ms duration, ¢ach being 20 ms out of
phase with the other. Therefore, in keeping with the 25 f.p.s. video recording, there is a frame
every 40 ms, but in every such frame there is some information gathered over 60 ms. Each field
integrates the light for only 18.4 ms (the remaining 1.6 ms being taken up by blanking filters).
The persistence on the intensifier system is less than 3 ms for the exposures used, and so will
not affect the images presented here. To allow the location of the luminescence on the frame to
be correlated with the position of the cone tip, weak back-illumination could be provided by a

phosphor-coated trittum source. The camera signal was recorded by a video recorder



(Panasonic NV-FS88 HQ) using S-VHS videotape. High-speed images were taken of the
bubble collapse using a Kodak Ektapro EM high speed digital video camera. It could film at up
to 1000 f.p.s. (frames per second) full-frame, or at 6000 f.p.s. with each frame occupying 1/6 of
the image screen. The top-plate accelerometer signal triggered a single flash signal, which

allowed a common time basis between the film and the pressure signals, described below.

Because of their different ambient light requirements, the two camera systems could not be
deployed simultaneously. However instrumentation to measure the pressure of the liquid could
be deployed simultaneously with each of them. These instruments are mounted in the 62 mm
tall polymethylmethacrylate (PMMA) extension to the shorter leg of the U-tube (Figure 1a).
Within this extension, a pressure transducer (Bruel and Kjaer 8103 hydrophone), its centre 10
cm below the apex of the cone, recorded the pressure fluctuations within the liguid close to the
bubble. This system replaced the one used by Leighton et al.'*'" which was prone to damage.
Both systems could detect the rebound pressure pulses emitted by the bubble. (However, only
the B&K 8103 system used here could be guaranteed to measure the amplitude of the rebound
pressure pulses, since the amplitudes of these were beyond the range of the calibration

1617 y Both systems could detect the reflections of these

available for the sensor used previously
pressure pulses from the ends of the water column. However, unlike the sensor used by
Leighton et al.'®". the more robust Bruel and Kjaer device was not capable of measuring the
pressure wave which propagates through the U-tube in response to the opening of the plate.

According to the manufacturers this hydrophone should behave linearly up to 4 MPa. Its

calibration was checked regularly during the experiments and was stable to £0.5%.

The apex of the cone was itself designed to take inserts (shown in Figure 1), of 47 mm length

and 25 mm outer diameter, containing a 30° half-angle conical space which, at its 13 mm



diameter base, is commensurate with the aperture caused by the truncation of the main cone.
The stresses at the cone tip resulting from the bubble collapse, be they gas pressures or the
result of jets, are sufficient to damage PMMA cone tips. Such is to be avoided, if only to
remove the possibility that a contribution to the Iuminescence might otherwise be
triboluminescent in origin. Therefore for collapses capable of damaging PMMA cone tips, such
as those reported in this study, polycarbonate cone tip inserts were used, which though tougher
are less transparent. Though the apparatus could still generate collapses capable of cracking
polycarbonate, the results presented in this paper did not do so. Although conical inserts were
used in all measurements of sonoluminescence, a second type of insert could be employed
(Figure 1b). This insert truncates the cone 5.25 m before the apex by placing there a
transducer (Keller PA-8, having 30 kHz resonance} which the manufacturers calibrate up to
1000 bar. However here only the central circular area (6.05 mm diameter) of the full 13.0 mm
diameter face of the transducer is exposed, and as such an appropriate correction factor had to

be employed in the measurement of gas pressure’’.

The signals from the pressure sensors were recorded on a digital oscilloscope (LeCroy 9314L)},

which was activated by the common trigger signal.

B. Analysis

Consider the following idealised bubble history. Initially a small spherical bubble of radius R
is injected into the cone. The ambient pressure (comprising atmospheric, hydrostatic, and
Laplace components), and the gas pressure inside the bubble, are in equilibrium. The partial
vacuum is applied, and the bubble grows to a maximum radius of R; {defined as the vertical

distance from the cone apex to the meniscus). At this time, the internal gas pressure is p,; A



stills photograph is taken, recording R; and then the vacuum released. A pressure pulse travels
down the U-tube. On reaching the bubble wall, it reflects back along the pipe to the flat
meniscus at the top of the long leg of the U-tube. The bubble collapses into the cone, the
increasing gas pressure eventually slowing the collapse. When the bubble reaches minimum
radius (Ro) With maximum internal pressure pym.. rebound occurs, and a pressure pulse is
emitted down into the liquid. As with the initial pressure step, all the rebound pulses
continually re-cross the tube, reflecting from either end, until dissipated. The bubble expands to
a maximum size, then collapses again. If there were no dissipation, this process would repeat
endlessly, the bubble always achicving the same maximum and minimum sizes (with the same
maximum gas pressures), and the time between the emission of rebound pressure pulscs would
be constant. Damping causes the amplitude of osciilation, and the time between rebounds, to
steadily decrease, such that in the end a small spherical bubble is undergoing small-amplitude,
linear pulsations near the cone apex. If there is no mass loss or gain from the bubble, and the
ambient conditions are the same as those prior to the imposition of the vacnum, then that
bubble will have radius R; . In practice, the bubble fragments after its first rebound, although
(because of subsequent coalescence and collective behaviour of the fragments) continued
growth/collapse cycles do occur which resemble the behaviour that would be expected of a

bubble which did not fragment16'17. The nature of these will be explored in more detail in this

paper.

The analysis (detailed in ref [17]) concentrates on the initial growth, and the first collapse up
until the bubble reaches minimum size. Although observations of one may give clues to the
other, the system of a bubble expanding into a cone from which it collapses is not the same as
that of a spherical bubble. Although the meniscus is assumed to be flat throughout, it is not

difficult to adapt the calculation for a curved meniscus, though this is less relevant to the pre-



collapse conditions. The analysis considers the energy balance before and after the start of the
collapse. The increase of kinetic energy of the liquid in the tube and cone must be equal to the
work done by the gas at the interface as the bubble collapses, and the radius reduces from its

pre-collapse value, R, = R; (the variable ‘bubble radius’ R, is defined as the vertical distance
from the cone apex to the meniscus). At the start of the collapse, when R, = R; and RC =0, the
gas within the bubble has pressure p,; and temperature T;. If there is no heat flow across the
bubble wall (which is valid if the collapse speed is fast), the gas pressure p, and bubble volume

follow an adiabatic rtelationship. Balancing the energies during the collapse in the manner

outlined above gives an expression for the speed of the bubble wall:

4 2 R'i 3(r-1)
¥ nax mtan”6 P, (R,'3 _ RGB)___ pg.l f E," -1
R ) 3 r-DI\R
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where 7 = 52 mm is the vertical distance from the apex to the base of the cone (where the
cross-sectional area is Ay = 2.8%10” m’, the same as that in the U-tube); 7 is the ratio of the
specific heat of the gas at constant pressure to that at constant volume; and py is the pressure in

the liquid at the bubble wall.

The numerator in equation (3) represents the energy terms from the work done by the liquid
and the gas. Since symbol p,; represents the initial pressure of the gas in the bubble, then the
terms in equation (3) with which it is multiplied account for the work done by the bubble gas
on the liquid. The other term in the numerator of equation (3} represents the work done by the

liquid pressure, pr.



The denominator in equation (3) is the inertia multiplied by a factor of %2. Multiplying it by

RCZ gives the kinetic energy term in the energy balance which equation (3) represents. The

first term in the denominator represents the inertia of the liquid in the cone, and the second that
of the liquid in the tube. The symbol &; represents the initial length of liquid in the U-tube. As
the collapse proceeds, liquid flows from the tube into the cone (the length of liquid in the
column at the end of the collapse is about 2 cm shorter than its initial value). This reduces the
inertia of the liquid remaining in the U-tube, and the expression following #; in equation (3)

corrects for this.

Therefore if p,; in equation (3) is set to zero, and the gas content of the bubble is effectively
removed, this would give an expression for RC2 which would be obtained were the conical

bubble to collapse in the manner of a Besant cavity, as characterised by Rayleigh for the
spherical bubble in equation (1). Whilst it is not possible to generate a formulation for the
collapse time through integration of equation (3) in the way that Rayleigh produced equation
{(2) by integration of (1), the collapse times predicted from (3) can be calculated numerically
for both empty and gas-filled cavities, and compared with experimental measurements (see

section IIT}. The collapse time is given by

R
¢ dR
tcoI! = —[ Rc (4)

R ¢

which was calculated numerically using Simpson’s mid-point rule.



As described earlier, the conical bubble starts the collapse with a zero wall velocity and a
maximum radins R;, with the gas within the bubble having pressure p,; and temperature 7;. The
wall velocity will next be zero at the minimum radius R, when the pressure and temperature
of the gas within the bubble are at a maximum, P and Tax respectively. Assuming no break-
up, the bubble will then rebound to reach a maximum size of R,.., which if no losses are

included will also equal R, The positions of maximum and minimum radius are found by

setting R = 0 in equation (3), such that
R Y
pL(R'3 -R 3)“&15"[_ [_LJ ~-11i=0 (Rc :Rmax’Rmin &)

As expected, one solution to equation (5) gives the position of Rp, = R;, the initial radius. The

other solution occurs at R, = Ry Simple estimates in the limit of R, << R; can be made by

simplifying equation (5), to give:

1

Dos Nr-1
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The only value which is unknown in this expression is p,; the initial gas bubble pressure.
Provided mass transfer across the bubble wall is negligible, p,,; can be estimated from the final,
post-collapse conditions, as follows (provided mass loss or gain from the bubble is negligible).
As described above, after the plate has been released and all the energy has been dissipated
from the collapse, experimental observations have shown a spherical bubble lying at rest just

below the tip of the cone. The difference in state between this bubble and the initial (before



plate opening) bubble are governed by an isothermal relationship in volume and pressure, as

both states will be at the initial temperature T;. As such:

4
P %Rﬁ tan’ ¥ = pLgrch*2 =
(7

where R;is the spherical radius of the final bubble in the cone tip. It is assumed that the static
liquid pressure on the bubble prior to growth, equals the pressure step p;, which collapses the
bubble. Equation (7) ignores the contribution to the internal pressure of the bubble due to the
difference in height of the liquid in the two legs of the U-tube, and also any contribution due to
the Laplace pressure (which, for a I mm radius bubble, will be ~ 0.1% of the static pressure
contribution). A more complete but mathematically exhaustive form of the theory has been
performed which includes the height difference, but the results show that there is a negligible

change in the collapse conditions from the approximate version considered here.

However, although the estimate for R, calculated from the assumption that R, << K;
described in equation (6) is valid for large initial meniscal displacements, a more exact solution
is available through calculation of R, iteratively using Newton-Raphson’s method. This is
done by Leighton et al.’’, who showed that as the initial bubble size becomes smaller, the
estimate in equation (6) produces higher values for R,,;, than would be expected. This becomes
important in calculating the maximum tip pressures, and it is the more complete form which is
used in the calculations presented in this paper. The maximum pressure achieved in the
collapse, at a time when R, = R, can be found from assuming the collapse to be adiabatic, and

replacing the expression for P, derived in equation (7):



1 ] (8)

Following the same reasoning and approximations, the maximum temperature reached in the

bubble can be expressed as:

- &)

This model therefore begins with an adaptation of the 1917 Rayleigh calculation, and then
incorporates a permanent gas phase wit-h an isothermal growth stage and an adiabatic coliapse,
which dates from the Noltingk-Neppiras model of the 1950’s. The analysis will be compared
with experimental observations in a system where direct visual observation is possible of both
growth and collapse, provides control of the pre-collapse bubble size, and allows pressure

sensors to be placed within the bubble gas and within the liquid outside the bubble wall.



I1. RESULTS

A. High speed photography

Figure 2 shows a sclection of 16 frames from a consecutive sequence of 305, filmed at 1000
f.p.s. (cach frame occupying full screen). In discussing the collapse shown here, attention will
be paid to the highlights which appear in the cone as a result of reflection and refraction of the
backlighting. This is because in figures 3 and 6, two sequences filmed at 6000 f.p.s., the use of
similar highlights is necessary to locate the features in these more complicated images. The
first is arrowed in frame 1 of figure 2, which corresponds to the pre-collapse phase just prior to
the opening of the top-plate, when the bubble has grown to maximum size. The highlight is a
white line, aligned with the cone axis, extending from ~I mm below the cone tip down to ~5
mm below the cone tip. At this moment, the cone contains only air, and it is this which makes
this ‘apex highlight’ clearly visible. This can be seen through comparison with frame 305 (after
the collapse and rebounds), where the cone is fluid filled, except for a few small bubble
fragments rising under buoyancy: the highlight is no longer visible. It can be used (o indicate
the presence of gas or liquid in the top 5 mm of the cone. Similarly, in the bottom half of frame
1, there is a broader axial vertical white line (also arrowed), which also disappears when this
region is liquid filled (frame 305), to be replaced by a fainter, slightly curving and almost
horizontal highlight (the ‘curved highlight’, arrowed in frame 305). These three lines are the
clearest highlight indicators of whether gas or air fills the cone. Since highlights can shift when
the camera is re-positioned, visually cross-checks were performed for each shot by the

placement of static menisci at varying heights.



Also arrowed in frame 1 is a dark horizontal line which divides all the frames in half. Lying
directly on top of this is a light horizontal line. This pair form the ‘divisor highlight’, and
represents simply the physical boundary between the PMMA sections of the cone. The upper
section is designed to take cylindrical PMMA or polycarbonate inserts, Where the afore-
mentioned arrow meets the horizontal dark line in frame I corresponds to the left side of the
base of the insert, and a vertical highlight above this point demarcates the extreme left edge of

the insert.

The collapse has already started by frame 1, but at this relatively low framing rate it is not
possible to see the meniscus clearly. However its approximate position can be inferred from the
highlights. By frame 3 water clearly fills much of the lower half of the frame, since only the
upper part of the vertical highlight there is still visible, and the curved line (indicated, as

described earlier, in frame 305) is visible and arrowed.

By frame 4 water clearly fills most of the cone (the ‘apex highlight’ which would indicate air
within 5 mm of the cone tip has disappeared). In fact, frame 4 corresponds to 2 moment shortly
after the first rebound (as can be confirmed through examination of pressure traces - see section
IIIB). A cloud of very small bubble fragments (clear on the video sequence, but harder to see in
still frames) extends from the cone apex almost to the base of the frame. By frame 8 these have
started to coalesce, and a meniscus is arrowed. (This meniscus is simply one feature in a
complicated bubble cloud which is large enough and slow enough to be captured on screen, and
there is by no means a single air pocket above it and water below). However by frame 15 there
is clearly a coherent gas pocket at the tip, as opposed to a cloud of bubble fragments, as
evidenced by the return of the ‘apex highlight” there (upper arrow). The meniscus itself (middle

arrow) is not flat, but forming from the coalescence of bubble fragments, which fill much of the

14



water below it (see, for example, the lowest arrow). The cloud is continually decreasing in
number density (compare the arrowed regions in frames 15 and 16, where the ‘curved
highlight’ is again visible, indicating the presence of water without a sufficient density of

bubbles to obscure it).

By frame 17 the second collapse has occurred (the timing being confirmed by the pressure
traces - see section IIIB), the ‘apex highlight’ having again disappeared. Frames 17 and 21 are
to the second collapse what frames 4 and 8 are to the first, and similar features to those

described above are visible (including a meniscus, arrowed in frame 21).

The third collapse occurs in frame 23, and by frame 25 the ‘apex highlight’ has returned
(arrowed), indicating the presence of a coherent gas pocket at the tip. The fourth collapse
occurs in frame 27. After this one there are no more collapses which eject clouds of bubble
fragments from the tip. In frame 35 the bubble cloud from the fourth collapse is coalescing, and
will eventually form the final bubble, the meniscus of which is very faint but indicated by the
upper arrow in frame 305. The lower arrow shows the ‘curved highlight’, indicating that this
part of the cone is watef—filied: though tiny bubble fragments rise under buoyancy for some

time, the void fraction is insufficient to obscure this highlight.

Having identified the basic form of the collapse/rebound and fragmentation/coalescence cycles,
the higher-speed sequences can now be interpreted. Figure 3 shows a selection of 60 frames
from a consecutive sequence of 4020, filmed at 6000 f.p.s.. Each frame occupies 1/6 screen, the
image corresponding to a vertical strip measuring 4 mm x 34 mm high. It is presented rotated
90° from true such that the left hand edge of each image corresponds to a region close to the

base of the cone, and the right hand size of each image corresponds to a region close to the



apex of the cone. Indeed, the cone apex is visible near the bottom right corner of each frame, so
that the bottom edge of each frame is nearly aligned with the axis of the cone. The arrow in

frame 3 of fig. 3 shows the location corresponding to the base of the frames of fig. 2.

Arrowed in frame 2 is a vertical dark line, to the left of which is a highlight. Physically, these
correspond to the horizontal ‘divisor highlight’ separating the upper and lower sections of the
cone (arrowed in frame 1 of figure 2). The white area of this highlight is brighter when water
fills the cone (frame 4020 of fig. 3) than when air does (frame 2). Again, when water fills the
cone, a ‘centre-strip highlight’ (arrowed in frame 4020) appears which is not present when the
cone is air-filled (frame 2). More importantly, it will be shown that this highlight can be

obscured by clouds of bubble fragments. There are similarly indicator highlights in fig. 6.

Because of the higher framing rate, it is now possible to capture the image of the meniscus of
the collapsing bubble. This first appears in frame 5, and travels up the cone. It is not flat, but
instead contains instabilities. The gradient mapped out by the meniscus in frames 5-16 gives
the speed of the bubble wall, and it can readily be seen that this is accelerating (since the locus
mapped out by any point on the meniscus follows a curve). From the image, the average speed
between frames 6 and 8 is 6.920.6 m/s; between frames 9 and 12 it is 8.5+1.9 m/s; and between
frames 13 and 15 it is 10.6+2.0 m/s. These values are plotted in Fig. 4 against the solution of

equation (3).

After frame 16 it is not simple to track the collapsing meniscus, because of the optics and
because of the fact that, as it accelerates to greater speeds, it becomes less distinct in the image.
In frames 17-22 water occupies the cone from below the physical horizontal divide (which is

arrowed in frame 1 of fig. 2; and in frame 2 of fig. 3), as can be seen from the marked change



in appearance of the highlight there, and from the appearance of the aforementioned ‘centre
strip highlight’ (arrowed in frame 4020). The bubble collapses into the cone, and rebounds,
ejecting a fragment ctoud which rapidly travels down the cone (arrowed in frame 23; note the
resulting dimming of both the ‘centre strip highlight’ and the ‘divisor highlight”). Between
frames 25 and 28 the cloud tip is travelling away from the cone apex at 3.7+0.5 m/s. By
comparison with the arrow in frame 3, which indicates the location of the frame bases in fig. 2,
it is clear that the expanding fragment cloud is projected well below the base of the images
shown in that figure. The bubble cloud continues to expand away from the cone apex, and
during this some coalescence occurs. By frame 55 of fig. 3, the cone still contains a significant
amount of water, at least up to the level of the ‘divisor highlight’, as the latter is still bright.
The ‘centre-strip highlight’ is also present, as is expected since the water level in the cone is
higher than this. However it is obscured to a certain extent by the bubble fragments, some of
which have coalesced to a relatively large size, and are easily visible in the proximity of the
‘centre-strip highlight’. The indications from numerous video sequences such as this are that,
immediately after the first rebound, there is no evidence of a sizeable ‘main’ bubble remaining
at the cone apex. Instead, a cloud of tiny bubble fragments is ejected away from the apex.
Coalescence occurs in the cloud, and the system contains ‘bubbly water’, a population of tiny
bubbles with radii much smaller than Ry This is the scenario shown in frames 55-60. However
by frame 73 the second collapse has started, and the system changes dramatically. The second
collapse is, in fact, the convergence towards the cone apex of the ‘bubbly water’. The bubble
fragments are driven towards the apex, so that by frame 77 the ‘centre-strip highlight’ is
almost as bright as in frame 18, indicating that the water there has a low void fraction. It is not
so simple to see what happens close to the apex: Comparison of this region between frames 1-6
(when the apex is air-filled) and frames 55-60 shows that, in the latter period, there appear to

be bubble fragments near the apex. As the second collapse progresses, there is evidence of



some structuring in the population, and examination of several video sequences suggests
coalescence occurs. Certainly the region contains a dense, compressing cloud of bubbles of all
sizes - a large one is arrowed in frame 80. The transition from frame 80 to frame 81 is critical:
the apex region appears to be swept clear of fragments, and is filled with the effectively
‘bubble free’ water which has been filling the cone (crossing, as noted earlier, the ‘centre-strip
highlight’ around frame 78). The compression of the cloud is clearly rapid (as one would
expect at the end of the collapse - see fig. 4), since this region transforms from ‘bubbly’ to
‘bubble-free’ in a single frame. Although the gradations in grey scale are subtle, they are
important, because in frames 81-84 the cone apex is a clear, light grey. This indicates the
region is filled with ‘bubble-free’ water, as happens at the end of the collapse. The same effect
can be seen in frames 19-21 for the end of the first collapse. The apex region darkens in frame
91 (as it had done during the first collapse by frame 22), indicating the ejection of the bubble
cloud from the apex after the second rebound. This ejection is not so energetic, and the clond
does not extend nearly so far from the apex (the limit is shown by the arrow in {rame 92). The
cycle repeats, but as the rebounds become less energetic, the fragmentation at rebound is not
complete, and eventually there is a coherent gas pocket undergoing small-amplitude

oscillations close to the tip (arrowed in frame 4015).

B. Pressure records

Figure 5 shows the hydrophone record of the pressure in the liquid, measured 10 cm below the
cone apex. Time =0 corresponds to the common trigger signal produced by the photon-
counting signal in response to the signal from the accelerometer mounted on the top-plate. This

trigger signal also causes a single 12 us flash which can be seen arrowed in frame 5 on fig. 6 as

a horizontal line. This figure, taken for the same collapse as fig. 5, shows a selection of 120



frames from a consecutive sequence of 1368, filmed at 6000 f.p.s. (each frame occupying 1/6

screen). The image geometry is as described above for Figuare 3.

Having synchronised /=0 in Fig. 5 with frame 5 in Fig. 6, features can be compared. The
passage of the initial pressure wave, caused by the opening of the top-plate, is not detected by
the hydrophone (as it was by the less robust sensor used by Leighton ez al., 1988). The first
collapse occurs in frame 243 of fig. 6. This emits a rebound pressure wave which, after
propagating nearly 10 cm, is detected by the hydrophone as peak A. The time between the
instant at which the bubble radius is a minimum (as measured from the high speed video
recording) and the rebound pressure wave reaching the hydrophone can be used to give an
estimate of the spatially averaged sound speed in the liquid between the bubble wall and the
hydrophone (assuming that the rebound pressure must propagate 10 cm). This is done in Table
1 for the first, second and third rebounds, for a range of pre-collapse (R;) and final (Ry) bubble

sizes.

These figures can also be used to estimate the collapse times and compare these with theory, as
obtained by integration of equation (3), as described in section IIB. There are two ways of
estimating the collapse time. First, the pressure sensor used by Leighton et al.'® makes it
possible to observe the passage over the pressure sensor of the pressure wave caused by the
opening of the plate (see as an example their figure (4)). From the interval between this and the
measurement of the rebound pressure on the same sensor, it is possible to estimate the collapse
time. However, quantifiable error arises both because since the rebound pressure pulse
saturated the pressure sensor, the signal was clipped and there was some uncertainty in the
position of the pulse apex; and because to correct for the travel time of the rebound pulse, a

propagation speed must be assumed, which is by no means obvious (Table ). Second, high-



speed images can be used. However in the images presented in this paper, only the time
between rebounds is directly observable. The initial collapse time can be extrapolated back
from the inter-rebound times using the geometric series factor by which the inter-rebound
collapse times decrease in duration as a result of damping.”® This is clearly an approximation,
given that from the images it is clear that fragmentation occurs. Using a different symbol for
each, these two methods are used to estimate collapse times and compare with the predictions
of equation (4) for a gas-filled conical bubble (Fig. 7). Also plotted, for comparison, is the

collapse time of a spherical Rayleigh cavity as given by equation (2).

In the above data, and that of section ITIC, the insert used retains the conical geometry right up
to the cone apex. For the data of Fig. 8, that insert is replaced by the one which truncates the
cone 5.25 mm below the apex, forming a horizontal window of 6.05 mm diameter over which
the spatially-averaged pressure can be monitored. The technique is detailed in Leighton et al’
who presented prefiminary results. Figure 8 shows a full set of results for the pressures
generated by the first collapse, and compares the measurements with those of theory (equation
(8)). The comparison is remarkably good, considering the assumptions of the theory. It is noted
however that the latter assumes homogeneous conditions within the gas, and the measurement
is spatially averaged over the sensor, which might artificially assist the fit. Althongh there are
no measurements of the temperature in the device, given the degree of agreement in the
pressure data, it was felt useful to show on Fig. 8 the gas temperatures predicted by theory
(equation (9)). Although in the absence of measurement this is by no means meant to indicate a
belief that the thermal conditions within the bubble are homogeneous, the results are of interest

given the role of such thermal criteria'® .

20



C. Measurements of sonoluminescence

Fig. 9 shows a sequence of six frames from the CCD video. The vertical edges of the cone tip
insert and the tip of the cone itself are marked with arrows in frame 4. Sonoluminescence is
clearly visible in frames 3 and 4. The sonoluminescence does not appear to occur at the tip of
the cone, but at about 2 mm below the tip, and off centre. A similar asymmetry was observed
by Leighton et al."”. Since the exposure per frame is around 40 ms (see section IIA), which is
greater than the inter-rebound time, and there is finite persistence associated with the display, it
requires better time resolution to determine the role of sonoluminescence in the time-history of
the collapse cycle. This is provided in fig. 10 by the output of the photon counter, which is a
histogram showing the number of photons per 0.1 ms interval. It records a single peak of 120
photons in the 0.1 ms associated with the end of the first collapse (as is evident from the
simultaneous hydrophone trace, t=0 corresponding the receipt of the irigger signal for both).
The luminescence output at other times is within the noise. Given that the light detector has an

active area of 1 mm” and a photon detection efficiency of 40£10%, that it is placed 50 mm
from the cone tip, and that the PMMA absorbs 45+5% of photons which are generated at the

apex, then the sonoluminescence flash contained (210.5) X 107 photons.

IIL. DISCUSSION AND CONCLUSIONS

Simple apparatus has been produced which generates the unstable collapse of a gas pocket. The
bubble size prior to growth, and the size prior to the first collapse, and the inertia associated
with the coltapse, can all be readily controlled. The pressure in the liquid (and, to a certain
extent, the gas) can be monitored, and estimates made of the sound speed close to the bubble

wall. The collapse can be photographed and the sonoluminescence imaged and quantified, and
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in all the records has only been produced by the first collapse. The bubble fragments after the
first collapse, and the ‘rebound’ appears to be in the form of an expanding cloud of bubble
fragments. These coalesce during the subsequent collapse phase, and hence the bubble pressure
trace resembles that which would be expected from the simple model of a single bubble,
expanding and rebounding with decreasing amplitude until, at the end, one can observe a single
bubble undergoing linear pulsations. A number of observations (wall speed, collapse time, and
gas pressure) have been compared with a theory, adapted from Rayleigh, Noltingk and

Neppiras, based on initial isothermal bubble growth followed by adiabatic collapse.
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Figure 2.

A selection of 16 frames from a consceutive sequence of 305, filmed at 1000 f.p.s. (each frame occupying full screen). Just prior to
collapse, the meniscus was FR; =60+5 mm below the cone tip; after the collapse and subsequent bubble
oscillation/fragmentation/coalescence features had ceascd, there was a spherical bubble of diameter 2.720.05 mm (=2R)
remaining close to the cone tip. The device contained 1030 m of degassed water (4:=37.1 em). The arrowed features are described

in the text.
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Figure 3.

A selection of 60 frames from a consecutive sequence of 4020, filmed at 6000 f.p.s.. Each frame occupies 1/6 screen, ihe image corresponding to a verical
strip measuring 4 mm x 34 mm high. It is presented rotated 90° from true such that the icft hand edge of each image corresponds to a region close 10 the base
of the cone, and the right hand size of each image corresponds to a region close 1o the apex of the cone. Indecd, the cone apex is visible near the botom right
comer of each frame, so that the bottom: edge of cach frame is nearly aligned with the axis of the cone. The arrow in frame 3 shows the location
corcesponding to the base of the frames of fig. 2. Just prior 1o coltapse, the meniscus was &; =50£5 mm below the cone tip; after the collapse and subsequent
bubble oscillation/fragmentation/coalescence features had ceased, there was a spherical bubble of diameter 1.540.05 mm (=2R)) remaining ¢lose to the cons
tip. The device contained 1350 mi of degassed waler (4,=37.1 an). The arrowed features are described in 1he text,
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Figure 4.  Plot of meniscus velocity against: (i) cone tip-to-meniscus distance for the collapse of a conical bubble containing gas (R} (solid,
equation 3 for p,; = 12.9 Pa); (ii) cone tip-to-meniscus distance for the collapse of an empty conical bubble (R.) (dotted, equation
3 for pgi= 0 Pa, and, in fact, indistinguishable from (i)); (iii} bubble radius for the Rayleigh collapse of an empty spherical cavity

(R) (dashed, calculated from equation (1)). The initial conditions are that R = R.= 56 mm; R R 0 and £ = 371 mm. The

fixed apparatus dimensions are given in the texi. Also shown are the bubble wall speeds calculated from fig. 3 (see text).
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Figure 5.  Plot of the hydrophone signal {triggered at ¢=0) recorded 10 cm below the cone apex for the collapse filmed in Fig. 6. Rebound
pressure emissions are labelled (see text).



Figure 6.

A selection of 120 frames from a consccutive sequence of 1368, filmed at 6000 f.p.s.. The frame geometry is as for Fig. 3. Just
prior to collapse, the meniscus was R; =60£5 mm below the cone tip; after the collapse and subsequent bubble
oscillation/fragmentation/coalescence featres had ceased. there was a spherical bubble of diameter 1.740.05 mm (=28
remaining close to the cone tip. The device contained 1050 ml of degassed water (Ai=37.1 cm). The arrowed events are described

in the text.
I 253
2 254
3 255
4 256
5 257
6 258
229 259
230 260
231 261
232 262
233 263
234 264
235 265
236 266
237 267
238 268
239 269
240 270
241 271
242 272
243 273
274
245 975
246 276
247 o777
248 278
249 279
250 " 980
251 281
282

252




Figure 6 continued

313
314
315
316
317
318
319
320
321
322
323
324
325
326
327




0015 T i ! T T T

0.01f

collapse time [s]

0.005

0 0.01 0.02 0.03 0.04 - 0.05 0.06 0.07
radius before collapse [m]

Plots of the collapse time of; (i) a gas-filled conical bubble (solid, found through integration of equation (3)), and (ii) an empty
spherical Rayleigh cavity (dashed, equation (2)). The estimates of collapse times from data are shown, calculated from records of
the pressure in the liquid (x), and from extrapolation from the high-speed images of the rebounds (o). In all the collapses from
which these measurements were taken Ry= 0.95+0.05 mm and the device contained 1050 ml of degassed water (h;=37.1 cm).
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Measurements of pressure taken 5.1 mm below the apex of the cone, and spatially averaged across the cross-section. Predictions
of theory for pressure are shown {equation (8), solid line). Also shown are predicted temperatures which would oceur under these
conditions (equation (9), broken line}. The device contained 1050 ml of degassed water, the pre-growth bubble volume was 0.9

ml.
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A sequence of six frames from the CCD video. Exposure per frame is around 40 ms (see section IIA for details). Just prior 1o
collapse, the meniscus was R; =605 mm below the cone tip; after the collapse and subsequent bubble
oscillation/fragmentation/coalescence features had ceased, there was a spherical bubble of diameter 2+0.05 mm (=2R;) remaining
close to the cone tip. The device contained 1050 ml of degassed water (%;=37.1 cm). These frames correspond to the plots shown
in Fig. 10.
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Figure 10.  Simultaneous records of (a) the hydrophone and (b) the photon counter, which is a histogram showing the number of photons per
0.1 ms interval. The datum =0 corresponds to the receipt of the trigger signal for both traces. These plots comespond to the -

frames shown in Fig 9.



Initial and Final Bubble Sizes Sound Speed £ 60 m/s

R+ 5mm R+ 0.05 mm first rebound second rebound | third rebound
55 2.0 200 214 194

60 1.4 231 254 161

50 0.9 181 222 138

55 1.1 288 291 : 161

55 1.1 353 - -

55 1.0 300 184 130

60 1.1 286 278 270

TABLEI The sound speed in the cone during the first, second and third rebounds for various sizes of R; and Ry It was caleulated from the
time difference between the instant at which the bubble radius is 2 minimum (as measured from the high speed video recording)

and when the rebound pressure wave reaches the hydrophone.
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