The Rayleigh-like collapse of a conical bubble
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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.” Today this type of cavitation is termed “inertial,”
reflecting the dominant role of the liquid inertia in the early stages of the collapse. While the inertia
in models of spherical bubble collapses depends primarily on the liquid, experimental control of the
liquid inertia has not readily been achievable without changing the liquid density and, consequently,
changing other liquid properties. In this paper, novel experimental apparatus is described whereby
the inertia at the early stages of the collapse of a conical bubble can easily be controlled. The
collapse is capable of producing luminescence. 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 29@8. ©
Acoustical Society of AmericfS0001-496€20)00301-(

PACS numbers: 43.25.Yw, 43.35.FDLB]

INTRODUCTION I. MATERIAL AND METHODS
A. A at
This paper compares experimental results with the pre- pPar He . _
dictions of an analysis for the collapse of a conical bubble, ~ Figure 1 shows the apparatus in which a gas pocket
which adapts to a conical geometry the pioneering formulacollapses into an otherwise liquid-filled conical holldif
tions of Rayleigh and Noltingk and Neppira&® Rayleigh ~ half-angle §=30 degrees Milled from polymethyl-

considered the collapse of an empty cavity that remaiI,]gnethacryla'[e(PMMA), the hollow has a circular horizontal
. . . ; . .. Cross section, 60-mm diameter at its base where it connects
spherical at all times, located in an incompressible liquid.

Th ity i . d 1o be f d at rest “as if flush onto a steel U-tube. This is partially filled with de-
c e.mpty Ca_V' yis enwsggg 0 be forme .a. rest as agassed water at 15—-17 °C, which can flow from the tube into
spherical portion of the fluid is suddenly annihilatebiénd,

) 4 o the cone. At equilibrium, under0.1 MPa static pressure, a
because of the hydrostatic pressure in the liquid, subsgjas pubble of millimeter-order radius sits at the top of the

quently collapses. The wall speed becomes undefined as thgne Then the top-plate is closed and the pumping train
radius approaches zero, a singularity that can be resolved byttivated, reducing the static pressure in the tube so that the
incorporating some permanent gas within the caviNolt-  bubble undergoes relatively slow growth. After the bubble
ingk and Neppiras® incorporated this model of the collapse has expanded to the required size, the spring-loaded top-plate
phase into a scheme in which the bubble first grows isotheris opened. A pressure pulse of approximately 0.1 MPa propa-
mally from an initial equilibrium size, subsequently under- gates down the U-tube, causing the collapse of the bubble.
goes adiabatic collapse, and then oscillates between maxlhe signal from an accelerometer on the top-plate provides
mum and minimum sizegthe addition of damping would the trigger for the various data acquisition systeisee be-
cause the amplitude and period of these oscillations to ddoW). The conical geometry not only allows the imaging of a
crease in time Such so-called “inertial” collapsegeflect-  Cross section” of the luminescing bubble (45%6% of

ing the importance of the liquid inerliavere experimentally Photons produced at the tip reaching the cone exterlor

associated with the emission of liquid shocks at rebound, anaISO allows the positioning of pressure transducers within the

the generation of sonoluminescence. Although theory has a2 and within the surrounding liquid, since the center of the

. . . o collapse is well defined. Define the variable “bubble radius”
vqnced considerably .beyond the adlapatlc mécfeﬂm line R. as the vertical distance from the cone apex to the menis-
with developments in the observation of single-bubble

i 28 ) it raichdt cus. Because the cross-sectional area in the cone increases
sonoluminescence and the issues it rai ), the trans- \ith distance from the apex (), the flow velocity of the

parency of the early modéls® has here been exploited to liquid (of densityp, assumed to be incompressibtecreases
discuss the dynamics of conical bubbles, in a system where j proportion. Equating the flux at the position of the menis-
is possible to modify the liquid inertia. The gas and liquid cus (.=R.) to that across some cross section of the cone
pressures can be measured, and the collapsing bubble waklow it gives

photographed. The results are compared with a theory that
adapts the analysis of Rayleigh, now more than 80 years old, ) _ ) . )
for the inertial collapse of a conical bubble. RedtwRS tar? 6=F dtarg tarf 6=R./f=(r/R)% (1)
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Hence the liquid flow in the cone diverges and converges athem. These instruments were mounted in the 62-mm-tall
in spherically symmetric conditions, within the limitations of PMMA extension to the shorter leg of the U-tuliéig. 1(a)].
the model(the actual nature of the flow is discussed in SecWithin this extension, a pressure transdu@uel and Kjaer
IB). In contrast, the flow in the U-tube has approximately8103 hydrophonk its center 10 cm below the apex of the
one-dimensional geometry. This means that the inertia of theone, recorded the pressure fluctuations within the liquid.
liquid is proportional to the length of fluid in the pip. This system replaced the one used by Leighetrall”'®
Therefore, unlike the spherically symmetric case, the inertiavhich was prone to damage. Both systems could detect the
does not converge to a finite value as one takes into accountbound pressure pulses emitted by the bub@fewever,
fluid at increasing distances from the bubble center. So bpnly the B&K 8103 system used here could be guaranteed to
increasing the length of liquid in the U-tube, the inertia as-measure the amplitude of the rebound pressure pulses, since
sociated with the bubble collapse can be greatly incredsed.the amplitudes of these were beyond the range of the cali-
Optical instruments were deployed to study the collapsebration available for the sensor used previod$yBoth sys-
A single frame was always taken with a stills camera immetems could detect the reflections of these pressure pulses
diately prior to the opening of the plate, in order to record thefrom the ends of the water column. However, unlike the
maximum bubble radius. Luminescence was monitored usingensor used by Leightagt al,'"'8the more robust Bruel and
a photon counting moduléEG&G SPCM-200, which used Kjaer device was not capable of measuring the pressure
a cooled avalanche silicon photodiode, and emitted avave which propagates through the U-tube in response to the
Transistor-Transistor Logi€TTL) pulse on detection of a opening of the plate. According to the manufacturers, this
photon. These were counted by a multi-channel scalehydrophone should behave linearly up to 4 MPa. Its calibra-
(EG&G T914B. The dark current was 25 counts/second.tion was checked regularly during the experiments and was
The counter was triggered by the accelerometer on the togstable to+0.5%. The spatial variation in the pressure pulses
plate. Even when not required for photon counting, this sysean be examined by the use of multiple sensdrs.
tem was always in use since, on receipt of the top-plate ac- The apex of the cone was itself designed to take two
celerometer signal, it provided the TTL signal which types of polycarbonate inseftlescribed fully by Leighton
triggered the oscilloscope and provided a time marker for thet all’), of 47-mm length and 25-mm outer diameter. The
high-speed film(see below. first [Fig. 1(b)] simply continues the conical hollow to the
During the photon counting, images of the luminescenceapex (and was used for all the results here except those of
were taken using a CCD came(f@ahotonic Science DS8D0 Fig. 8). If a collapse damaged the apex, it was easily re-
Operating at 25 f.p.9frames per secondit interlaced two  placed. The second type of ins¢Fig. 1(c)] truncates the
fields, each of 40-ms duration but 20 ms out of phésme cone 5.25 mm before the apex by placing there a transducer
Ref. 17 for details of exposure, persistence, video recordingKeller PA-8, having 30-kHz resonancehich the manufac-
etc). High-speed images were taken of the bubble collapséurers calibrate up to 100 MPa. However, here only the cen-
using a Kodak Ektapro EM high-speed digital video cameratral circular area6.05-mm diametgrof the full 13.0-mm-
It could film at up to 1000 f.p.s. full-frame, or at 6000 f.p.s. diam face of the transducer is exposed, and so an appropriate
with each frame occupying of the image screen. The top- correction factor had to be employed in the measurement of
plate accelerometer signal triggered a single flash signatjas pressur® A third type of insert, not shown here, allows
which allowed a common time basis between the film andelectrochemical sensors to be placed at the apex. These can
the pressure signals, described below. monitor the regrowth of an oxide layer on an electrode there
Because of their different ambient light requirements,following its erosion by the collaps&.This allows measure-
the two camera systems could not be deployed simultament of the effects of erosion on a millisecond time scale.
neously. However, instrumentation to measure the pressure The use of a U-tube with a conical termination was pio-
of the liquid could be used simultaneously with each ofneered by Henwood and co-workékosky and Henwootf
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and Hawtinet al?). It was used, however, to study a very the liquid with the work done by the liquid pressure and a
different form of bubble activity: the condensation and oscil-permanent gas component, it can be compared with inertially
lation of vapor bubbles. They had a particular interest indominated collapses at room temperature.
pressure transients, because of the implications for the gen; Analysis
eration and detection of accidental subcooled boiling in™"
liquid-metal-cooled nuclear reactors. They photographed the ~ Consider the following idealized bubble history. All the
vapor bubble, and recorded pressure transients along tiexperiments begin with the injection of a small bubble into
length of the U-tube. Data from the system was comparethe cone, via a flexible pipe that is then removed, the top-
with a model of the collapse of such vapor cavities by Haw-plate remaining open to the atmosphere. Buoyancy causes
tin et al? the bubble to sit close to the cone apex, and prior to growth
The theory and experiments reported in these earlieihe bubble is sufficiently small to remain approximately
studied®?* are very different from the work reported here. In sphericalwith radiusRy). The ambient pressufeomprising
both cases it is the pressure difference exerted at the oppos@émospheric, hydrostatic, and Laplace compongatsd the
ends of the water column that drives the motion. However, irgas pressure inside the bubble, are in equilibrium. The partial
the model used by Hawtiret al?! the pressure on the vacuum is applied, and the bubble grows to a maximum
“pbubble wall” is determined by the vapor pressure. In the radius ofR; (defined as the vertical distance from the cone
current study the pressure is determined by the permaneapex to the meniscusAt this time, the internal gas pressure
gas, and the motion dominated by the inertia associated witl$ Pg,i - A still photograph is taken, recording,, and then
the liquid*® the vacuum released. A pressure pulse travels down the
Hawtin et al?* concentrated on making measurements atJ-tube. On reaching the bubble wall, it reflects back along
higher temperatures, where the cavity dynamics are very difthe pipe, towards the flat meniscus at the top of the long leg
ferent from the violent collapses studied here. For exampleQf the U-tube. The bubble collapses into the cone, the in-
at temperatures in excess of 75 °C, they found that the presreasing gas pressure eventually slowing the collapse. When
sure at the cone apex rose and fell relatively gently, ovethe bubble reaches minimum radiBg,, with maximum in-
amplitudes of atmospheric order and time scales of arountgrnal pressur@g may, rebound occurs, and a pressure pulse
50 ms, the rises coinciding with the contraction of the cavityis emitted down into the liquid. As with the initial pressure
and the falls with its expansion. The minimum bubble “ra- step, all the rebound pulses continually recross the tube, re-
dius,” achieved at the end of the compression phase, was iflecting from either end, until dissipatéd.The bubble ex-
excess of 7 cm. This is the oscillation of a vapor cavity, andpands to a maximum size, then collapses again. If there were
not an inertially dominated cavitation collapse of the typeno dissipation, this process would repeat endlessly, the
studied here. Inertia will in fact become a key factor at tem-bubble always achieving the same maximum and minimum
peratures below-55 °C, and Hawtiret al?! reported several sizes(with the same maximum gas pressyresd the time
difficulties in making observations in this lower temperaturebetween the emission of rebound pressure pulses would be
regime. These included the failure to find vapor cavities ofconstant. Damping causes the amplitude of oscillation, and
an observable size at the first rebound below 69ti@ir  the time between rebounds, to decrease steadily, such that in
theory had suggested this would be possible down to 30 °Cthe end a small spherical bubble is undergoing small-
and to make measurements of the tip pressures belo@mplitude, linear pulsations near the cone apex. If there is no
~55°C. mass loss or gain from the bubble, and the ambient condi-
Summarizing their findings, Hawtiret al>* compare tions are the same as those prior to the imposition of the
their theory against observations of tip pressiire$5 MPg,  vacuum, then that bubble will have radi&s. In practice,
and collapse time§>30 m9, which are smaller and slower the bubble fragments after its first rebound, althoul-
(respectively than those found in the current study by cause of subsequent coalescence and collective behavior of
around an order of magnitude. The minimum “radius” at- the fragments continued growth/collapse cycles do occur
tained by their bubbles, at the end of the first collapse is, byvhich resemble the behavior that would be expected of a
comparison with the current study, very large5 cm). Mea-  bubble which did not fragmert:*® The nature of these
surements of these three parameters agree with their theogycles will be explored in more detail in this paper.
only for liquid temperatures in excess 60 °C. The analysi¥ concentrates on the initial growth, and the
The problems encountered by Hawshal?! when at- first collapse up until the bubble reaches minimum size. Al-
tempting to study and model their system at lower temperathough the meniscus is assumed to be flat throughout, it is
tures are not unexpected. Hawtat al?! state that their not difficult to adapt the calculation for a curved meniscus,
theory cannot, for example, predict maximum pressures ithough this is less relevant to the precollapse conditions. The
the precollapse vapor pressure is below about 15 kPa. Thednalysis considers the energy balance before and after the
give the reason as being the inapplicability of simple incom-start of the collapse. The increase of kinetic energy of the
pressible hydrodynamics when the collapse becomes mofigluid in the tube and cone must be equal to the work done
violent. It should be noted that 15 kPa corresponds to th®y the gas at the interface as the bubble collapses, and the
vapor pressure of water at55 °C (the vapor pressure at the radius reduces from its precollapse vali®=R;. At the
temperatures of the current study being roughly 1.7)kPa start of the collapse, wheR,=R; andR.=0, the gas within
The theory outlined in the following section also assumes athe bubble has pressupg; and temperaturd; . If there is
incompressible liquid, but, by balancing the kinetic energy ofno heat flow across the bubble wa&hich is valid if the

132 J. Acoust. Soc. Am., Vol. 107, No. 1, January 2000 Leighton et al.: Collapse of a conical bubble 132



collapse speed is fasthe gas pressung, and bubble volume follow an adiabatic relationship. Balancing the energies during
the collapse in the manner outlined above gives an expression for the speed of the bubble wall:

Fmax| 4 7 tar? 0 (R-RY)- pgyin( R 3(7—1)_1)

n2_ | Re 3 PTG -DR

Re="1 1 1 1 ' )
SPA| | o | PRt | i~ o = tar? O(RP-RY)
2 0 Rc 'm max i AO 3 i c

wherer ,.,=52 mm is the vertical distance from the apex to spectively. Assuming no break-up, the bubble will then re-
the base of the conévhere the cross-sectional areaAg  bound to a maximum size dR,,,x Which, if there are no
=2.8x10 *m? the same as that in the U-tubey is the  losses, will also equaR;. The positions of maximum and
ratio of the specific heat of the gas at constant pressure @ inimum radius are found by settin"gczo in Eq.(2), such
that at constant volume, am is the pressure in the liquid at that
the bubble wall. 3 o

The numerator in Eq(2) represents the energy terms [ 3_p3y_ Pg.iRi ((5) v )_ )}_

o . PL(RT—R?) 1/|=0
from the work done by the liquid and the gas. TRé (y=D\\Re
= (rmax/Re)* dependence arises naturally from the inverse _ _
X . . X . . (Rc_ Rmaxa len)- (4)

square divergence with distance of the liquid particle veloc-
ity in the cone[Eq. (1)]. Since py,; represents the initial AS expected, one solution to E¢#) gives the position of
pressure of the gas in the bubble, the terms in ®gwith ~ Rmax=R;, the initial radius. The other solution occursRyt
which it is multiplied account for the work done by the =Rmin. Simple estimates in the limit oR;,<R can be
bubble gas on the liquid. The other term in the numerator ofmade by simplifying Eq(4), to give
Eq. (2) represents the work done by the liquid presspre, Pai 1/3(y—1)

The denominator in Eq2) is the inertia multiplied by a Riin= Ri(%) (5)
factor of 3. Multiplying it by Rﬁ gives the kinetic energy term Ply=1)
in the energy balance which E@) represents. The first term The only value which is unknown in this expressiorpjs; ,
in the denominator represents the inertia of the liquid in thethe initial gas bubble pressure. Provided mass transfer across
cone; and the second, that of the liquid in the tube. Théhe bubble wall is negligiblep,; can be estimated from the
symbolh; represents the initial length of liquid in the U-tube. final, postcollapse conditions, as follows. As described
As the collapse proceeds, liquid flows from the tube into theabove, after the plate has been released and all the energy has
cone (the length of liquid in the column at the end of the been dissipated from the collapse, experimental observations
collapse is about 2 cm shorter than its initial valughis  have shown a spherical bubble lying at rest just below the tip
reduces the inertia of the liquid remaining in the U-tube, anddf the cone. The differences in state between this bubble and
the expression followindy; in Eq. (2) corrects for this. the initial bubble(before plate openingare governed by an

Therefore ifpy; in Eqg. (2) is set to zero, and the gas isothermal relationship in volume and pressure, as both states
content of the bubble is effectively removed, this would givewill be at the initial temperatur&; . Hence,

an expression faR? which would be obtained were the coni- T 4 4 (R\?
cal bubble to collapse in the manner of a Besant cavity, as Pg,iz Ri tar 9=p, = TR =pgi= 75| o| P

. ) : _ 3 3 tarf 9 | R,
characterized by Rayleigh for the spherical bubblieis not 6)

possible to generate a formulation for the collapse time ) ) ) ] _
through integration of Eq(2) in the way that Rayleigh did where_Rf |s_the spherical radius of Fhe_ flnal bubble in the
for the spherical cavity. However, the collapse times precone tip. I_t is assumed that the static liquid pressure on the
dicted from Eq.(2) can be calculated numerically for both Pubble prior to growth equals the pressure spgpwhich
empty and gas-filled cavities, and compared with experimencollapses the bubble. Equatio) ignores the contribution to

tal measurementsee Sec. )l The collapse time is given by thg internal pressure of the bubble due to the difference in
height of the liquid in the two legs of the U-tube, and also

R dR. any contribution due to the Laplace pressinich, for a
Lol = mem R_ 3 1-mm-radius bubble, will be~0.1% of the static pressure
¢ contribution). A more complete form of the theory, which
which was calculated numerically using a routine based orncludes the height difference, predicts that there is a negli-

Simpson’s midpoint rule. gible change in the collapse conditions from the approximate
As described earlier, the conical bubble starts the colversion considered here.
lapse with a zero wall velocity and a maximum radRs However, although the estimate ff,;, calculated from

the gas within the bubble having presspgg and tempera- the assumption th&,,;,<R; described in Eq(5) is valid for
tureT;. The wall velocity will next be zero at the minimum large initial meniscal displacements, a more exact solution is
radius Rin, When the pressure and temperature of the gaavailable through calculation oR,;, iteratively using
within the bubble are at a maximumyg max and Tray, re-  Newton—Raphson’'s method. This is done by Leighton
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et al,'® who showed that as the initial bubble size becomeshe identification of features in Fig(& [and Fig. 3b) simi-

smaller, Eq(5) overestimateR,,;,, compared to the predic- larly relates to Fig. @&]. The first highlight is indicated in
tions of the iterative calculation. This becomes important inframe 1, arrowed in Fig. (@) and labeled in Fig. @). This
calculating the maximum tip pressures, and the more comframe corresponds to the precollapse phase, when the bubble
plete form is used in the calculations presented in this papefills the entire region of the cone shown in the figure. The
The maximum pressure achieved in the collapse, at a timkighlight is a white line, aligned with the cone axis, extend-
whenR.= R, can be found from assuming the collapse toing from ~1 mm below the cone tip down te5 mm below

be adiabatic, and using the expressiongdgy derived in Eq.  the cone tip. The appearance of the apex highlight can be

(6): used to qualitatively distinguish between two states. If it is
R |37 visible, the top 5 mm of the cone contains a coherent gas
Pg,max= Pg,i ( R—I) pocket that fills the apex to a sufficient degfée. 2 frames
min 1-3, 15-16; Fig. 3, frame 25If it is not visible, this region
4 [R;\3Y21- 1) af:commodates enough water to b_e _described as cqntaining
= m(ﬁl [(y=D]"" ZpL.  (7)  either “clear water” (a loose description of water having a

Thac T

low void fraction, or “bubbly water” (water having a high
R |31 4 (R;\31 highlight is indeed absent, further evidence is required to
| -lawaln)

broader axial vertical white lingarrowed in Fig. 2a) labeled
phase with an isothermal growth stage and an adiabatic cokyrying and almost horizontal highlighthe “curved high-
servations in a system where direct visual observation is posjis the cone. The “curved highlight” in addition gives a
can be placed within the bubble gas and within the liquidyg seen in Fig. 2, frames 3, 16, 21-22; Fig. 3, frames 25—
can be taken in predicting the bubble dynamics in this novebresent at this location in Fig. 2, frames 8, 15, 17; Fig. 3,
shown by Hawtinet al?}) this will have a role in certain varying heights.
The Reynolds number for the flow in the pipe (Redu'7, a light horizontal linglwhich is more intense in later frames,
indicates turbulent conditions. Combining this with the wall ;o tions of the cone. The upper section is designed to take
pared with both the 0.1-MPa pressure which initiates bUbbl?esponds to the left side of the base of the insert, and a
Il. RESULTS frame 1.
A. High-speed photography

Figures 2 and 3 show a selection of 16 frames from &ts approximate position can be inferred from the highlights.

shown here, attention will be paid to the highlights that ap-highlight, arrowed and labeled in Fig(& and (b), respec-
6000 f.p.s., the use of similar highlights is necessary to lo- By frame 4 water fills even more of the cone, the apex

Following the same reasoning and approximations, the maxiyoid fraction, or a coherent gas pocket which is insufficient
mum temperature reached in the bubble can be expressed @sgenerate the highlightFig. 3, frame 30% If the apex
R (yv—=1D)T;. distinguish between these three options.
min Similarly, in the bottom half of frame 1, there is a
This model, therefore, begins with an adaptation of the 1917, Fig. 2(b)]. This “bottom highlight” also disappears when
Rayleigh calculation, and then incorporates a permanent gafjs region is liquid filled, to be replaced by a fainter, slightly
lapse, which dates from the Noltingk—Neppiras model of thqjght,” arrowed in Fig. 3a), frame 305. These three lines
1950s. The analysis will be compared with experimental obyre the clearest highlight indicators of whether gas or liquid
sible of both growth and collapse, where the precollapsgajitative assessment of the void fraction present. It is well
bubble size can be controlied, and where pressure Sensqfgfined when the void fraction is loftermed “clear” water,
outside the bubble wall. S 305. However, when it is high, the strong scatter from this
The emphasis is to show how far this historical a”alys'sregion degrades the curved highlighe., “bubbly water” is
situation. There are clear approximations. The liquid is asfame 23. Visual cross checks were regularly performed to
sumed to be incompressible. The vapor is ignored, @sd  ongyre stability of the highlights by placing static menisci at
circumstances. The tip pressure is assumed to be generated” zi5q arrowed in frame 1 is a dark horizontal line, which
by gas compression and not, for example, by liquid impactyj iges all the frames in half. Lying directly on top of this is
whered=0.06 m is the pipe diameter arngsis the flow ve- ¢ o frame 15 This pair forms the “divisor highlight:” it
locity thers takes a maximum value ot 10> (Fig. 5. This represents simply the physical boundary between the PMMA
ro ughness al_lows the pressure loss resul'_[ing_from wall fricy, cylindrical polycarbonate inserts. Where the aforemen-
tion to be estimated at around 250 Pa, which is small com- tioned arrow meets the horizontal dark line in frame 1 cor-
collapse and the bubble gas pressures which retard it. vertical highlight above this point demarcates the extreme
left edge of the inseftabeled “edge highlight” in Fig. &),
At this relatively low framing rate it is not possible to
see the meniscus clearly during the first collapse. However,
consecutive sequence of 305, filmed at 1000 f.fe;ch By frame 3 “clear” water is present in the lower part of the
frame occupying full screen In discussing the collapse cone[the bottom highlight has been replaced by the curved
pear in the cone as a result of reflection and refraction of thévely]. However, the apex highlight remains, implying that
backlighting. This is because in Fig. 4, a sequence filmed ahe top of the cone contains a coherent gas pocket.
cate the features in these more complicated images. Figutgghlight having disappeared. In fact, frame 4 corresponds to
2(b) is a frame-by-frame schematic illustration to assist ina moment shortly after the first reboufas can be confirmed
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FIG. 2. (a) A selection of 10 frames from a consecutive sequence of 305, filmed at 1000 darck. frame occupying full screerlust prior to collapse the

meniscus waf;=60x=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 2.0.05 mm 2R;) remaining close to the cone tip. The device contained 1050 ml of degassed Wwater (
=37.1cm). The arrowed features are described in the tBx# frame-by-frame schematic illustration to assist in the identification of featurém.in

through examination of pressure traces—see Sec). BB  bubble fragments, as evidenced by the return of the “apex
cloud of very small bubbles extends from the cone apex alhighlight” there[upper arrow, Fig. @)]. The meniscus itself
most to the base of the frame. This interesting feature hag not flat[middle arrow, Fig. 22)], but forming from the
been ejected away from the collapse ceftiee apex during  coalescence of bubble fragments, which fill much of the wa-

the rebognf{j.thesei fragment?_”a}re clear 03 tthhe \Ilid?jo SEér below it[see, for example, the scatter around the lowest
quence, but harder fo see in st frames, an € cloud ou 6w of Fi a)]. These features are drawn schematicall
line has been sketched in Fig(b2 By frame 8 these frag- g. 23] y

ments have started to coalesce, and a meniscus is visib?en frame 15 of Fig. @). The cloud in the lower half of the

[arrowed and labeled in Fig(&@ and (b), respectively. This cone is continually decreasing in_ void_ fraction. Compare, fqr
meniscus is simply one feature in a complicated bubblé*ample, the lower arrowed regions in frames 15 and 16: in
cloud, which is large enough and slow enough to be captureHi€ latter, the “curved highlight” is again visible, indicating
on screen, and there is by no means a single air pocket abote presence of water without a sufficient density of bubbles
it and water below. However, by frame 15 there is clearly ato degrade it. The relevant comment in Figb2draws at-
coherent gas pocket at the tip, as opposed to a cloud déntion to the fact that the curved highlight has a clarity
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FIG. 3. (a) A selection of 6 further frames from the same consecutive sequence of 305 that is shown in Fig. 2. The arrowed features are described in the text.
(b) A frame-by-frame schematic illustration to assist in the identification of featurés.in

intermediate between that found in frames 3 and 15, reflect- Having identified the basic form of the collapse/rebound
ing the void fractions present. and fragmentation/coalescence cycles, the higher-speed se-

By frame 17 the second collapse/rebound has occurrequences can now be interpreted. Figufe) 4hows a selec-
(again, see the pressure traces—Sec).IlMie “apex high- tion of 60 frames from a consecutive sequence of 4020,
light” has again disappeared, indicating the loss of a visiblefilmed at 6000 f.p.s. Each frame occupfescreen, the image
coherent gas pocket at the tip. Frames 17 and 21 correspomdrresponding to a vertical strip measuring 4 w8 mm
to similar periods after the second collapse, to those imagekigh. It is presented rotated 90 degrees from true such that
after the first collapse in frames 4 and 8. There are similarithe left-hand edge of each image corresponds to a region
ties[for example, the menisci arrowed in frames 8 and 21 oftlose to the base of the cone, and the right-hand side of each
Fig. 2(@)]. However, certain differences are clear from theimage corresponds to a region close to the apex of the cone.
comments in Fig. @). Scatter from a higher void fraction in Indeed, the cone apex is visible near the bottom right corner
frame 8 degrades the curved highlight in frame 21. of each frame, so that the bottom edge of each frame is

The third rebound occurs between frames 22 and 23early aligned with the axis of the cone. Figui@)shows a
(Fig. 3). By frame 25 the “apex highlight” has returned schematic illustration of this high-speed photographic se-
(arrowed, indicating the presence of a coherent gas pocket ajuence. For clarity, the gray scale in Figb¥has been in-
the tip. The void fraction in the water in the lower half of the verted to form a negative image.
cone is decreasing, the curved highlight becoming visible in ~ Arrowed in frame 2 of Fig. @) are a pair of lines, dark
frame 25. It remains visible for the remainder of the fllsee  and light, which form two of the three bands of the “divisor
lower arrow in Fig. 8a), frames 35 and 305There are two highlight.” This highlight physically corresponds to the
reasons why the void fraction here remains low. First, theboundary between the upper and lower sections of the cone
progressively weakening rebounds are less able to fragmefés arrowed in frame 1 of Fig. 2 These two banddabeled
the tip gas pocket and project the fragments to déptim- B2 and B3, respectively, at the bottom left of Figby are
pare with the decreasing amplitude of the pressure trace ialways present. However, the intensity of B3 vafigscreas-
Fig. 6). Second, buoyancy provides a steady force for clearing, for example, when clouds of bubble fragments scatter its
ing bubbles from the lower part of the cone. emission, as in frames 23—-30 and 55360

The fourth rebound occurs just before frame 27. After The third band of the divisor highlighB1) appears as
this one there are no more collapses that eject clouds ain intermittent white line in Fig.@). The same is true of the
bubble fragments from the tip. In frame 35 of FigaB the  highlight labeled ‘A" at the bottom left of Fig. 4b) [and
bubble cloud from the fourth collapse is coalescing, and willarrowed in frame 4020 of Fig.(d)]. Their appearance can be
eventually form the final bubble, the meniscus of which isused to qualitatively distinguish between three states:
very faint but indicated by the upper arrow in frame 305. whether at the location of each there is air, or water having
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FIG. 4. (a) A selection of 60 frames from a consecutive sequence of 4020, filmed at 6000 f.p.s. Each frame t%:sum’es, the image corresponding to a

vertical strip measuring 4 mm34 mm high. It is presented rotated 90 degrees 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 side of each image corresponds to a region close to the apex of the cone. Indeed, the cone apa is visible n
the bottom right corner of each frame, so that the bottom edge of each frame is nearly aligned with the axis of the cone. Unlike the other arrow®jn the figur
that in frame 3 does not point to any feature in the image; rather its tip precisely marks the location corresponding to the base of the image frames of Fig
2 and 3. Just prior to collapse, the meniscus Ras 505 mm below the cone tip; after the collapse and subsequent bubble oscillation/fragmentation/
coalescence features had ceased, there was a spherical bubble of diame@@3rBm(E 2R;) remaining close to the cone tip. The device contained 1050

ml of degassed wateh(=37.1 cm). The arrowed features are described in the texA frame-by-frame schematic illustration to assist in the identification

of features in(a).

low void fraction(loosely termed “clear water); or water of ~ can readily be seen that this is acceleratisigce the locus
high void fraction(“bubbly water”). When air is present, mapped out by any point on the meniscus follows a curve
these bands are not visiblgrames 1-17 for B1; frames From the image, the average speed between frames 6 and 8 is
1-15 for A). They are intense when clear water is presen6.9+ 0.6 m/s, between frames 9 and 12 it is 859 m/s,
(frames 18-22, 78—84, and 4015-4020 for both B1 ahd A and between frames 13 and 15 it is 1080 m/s. These
Their appearance is dimmer and broken when bubbly watevalues are plotted in Fig. 5 against the solution of &).
at their locations scatters the liglframes 23-30, 55-76, After frame 16 it is not simple to track the collapsing
and 91-96 Each frame can conveniently be divided into meniscus. This is because of both optical limitations and the
three regiongsee labels at bottom left of Fig.(8)]. The fact that, as it accelerates to greater speeds, it becomes less
“apex region” occurs between the divisor highlight and the distinct in the image. However, the intensity and integrity of
cone tip; the “mid region” occurs between bands A and B1;band A in frames 17-22, and of band B1 in frames 18-21,
and the base region occurs between band A and the left sidedicate the presence of clear water. Hence the meniscus has
of each frame(i.e., physically below band A, since the passed these points at these times. The bubble collapses into
frames are shown rotated through 90 degrees the cone, the extent of this “first collapse” being indicated
Because of the higher framing rate, it is now possible todown the left side of Fig. @). It then rebounds, ejecting a
capture the image of the meniscus of the collapsing bubblecloud of bubble fragments, which rapidly travels down the
This appears around framd&rowed in Fig. 4a)], and trav-  cone. This causes bands A and B1 to lose brightness and
els up the cone. It is not flat, but instead contains instabiliintegrity (frame 23. Measurements of the image of the pe-
ties. The gradient mapped out by the meniscus in framesmeter of this cloudarrowed in Fig. 4a), frame 23 show
5-16 of Fig. 4a) gives the speed of the bubble wall, and it two features. First, the fragment cloud expands to well below
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10° : : : : 10’ bubble fragments are driven towards the apex. However, in
addition to the translation of fragments, there will be a sec-
! 110 ond contribution to this impression: as the local pressure

' increases, bubble fragments will be compressed, the void
Reynald's Number s fraction will drop, and the water will appear to clear. The
advance of a region of clear water from the left in frames
73-76, at 166 m/s, can be seen by the progressive disap-
pearance of fragmentd=ig. 4b)]. As a result, band A in
frame 77 has become almost as bright as in frame 18, indi-
cating 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 ltwhen the
apex is air filled and frames 55—-60 shows that, in the latter
o , , , , period, there appear to be bubble fragments near the apex. As
0 R S v - 0.04 0.05 the secpnd_ collapse progresses,_there is evidence of some

structuring in the population, and it may be that coalescence
FIG. 5. Plot of meniscus velocity againg} cone tip-to-meniscus distance occurs. Certainly the_ reglo_n _Contams a d_e_nse’ co_mpressmg
for the collapse of a conical bubble containing g&s)([solid, Eq.(2) for ~ cloud of bubbles, with individual ones visibl@ne is ar-
pyi=12.9 P4, (i) cone tip-to-meniscus distance for the collapse of anrowed in Fig. 4a), frame 80; the approximate locations of
_erg_ptty Coniﬁ:LIZUf?grlsi;ch)ar[]?jfzititi'a)dguigiQZ:aL?LSD?SiSePSA ?;dh igo:‘gct,se others is indicated by dots in Fig(®)]. The transition from
I(::‘al; Igr%i)ltsy spherical ca’vil(yR) [dashed, calculated after Ra);/leig?kef. ])].p frame 80 to 81 I,S _C”tlcal: the apex region SUd,denly trans-
The initial condiions are thatR=R,—50mm, R,—R=0. and h; forms from containing a bubbly clou.d, to becoming “clea}r”
=371 mm. The fixed apparatus dimensions are given in the text. Alsovater(the fragments presumably being compressed to give a
shown are the bubble wall speeds from the data of Fig. 4, and the estimatddw void fraction). The compression of the cloud is clearly

Reynolds number for the flow in the pigeee text for the calculation of rapid (as one would expect at the end of the collapse—see
both). . . . . o "
) Fig. 5, since this region transforms from “bubbly” to
“clear” in a single frame.

the base of the images shown in Figs. 2 an@$8indicated In Fig. 4(@), frames 81-84, bands A and B1 are bright
by the arrow in F|g 4a), frame 3 Second, the images in and unbroken, and the cone apex is a clear, |Ight gray: all
frames 25—28 suggest that the cloud perimeter is expandirigree locations contain liquid of low void fraction. The same
away from the cone apex at 3:%.8 m/s. However, details €ffects can be seen in frames 19-21 for the end of the first
of the underlying optical scatter mean that this velocitycollapse. Between frames 84 and 91, the apex region dark-

should be treated with more caution than the other speed¥s, and bands A and B1 dim and lose integrity. This is
measured from this film. identical to the pattern seen at the end of the first collapse in

The bubble cloud continues to expand away from theframes 22 and 23 and the ejection/expansion of the bubble
cone apex, and during this some coalescence occurs. Bjoud from the apex after the second rebound. This ejection
frame 55 of Fig. 4, the cone still contains a significantis not so energetic, and the cloud does not extend nearly so
amount of water, at least up to the level of band B1, as botfiar from the apexa very rough impression of the limit is
it and band A are visible. However, their integrities are low, given by the arrow in frame 92The “mid” region contains
the light from both being strongly scattered. Individual visible bubble fragments. The cycle repeats, but as the re-
bubble fragments are visible throughout the frafdark bounds become less energetic, the fragmentation at rebound
points in Fig. 4b), frame 55 onwards, are placed at the lo-is not complete, and eventually there is a coherent gas pocket
cation of the clearest bubbles in Figaf]. Note in particular  undergoing small-amplitude oscillations close to the(&ép
the individual bubbles in the “base region,” and the pres-rowed in frame 4016
ence of a cloud of bubbly water at the apex. It is interesting to note that, moments after the two re-

The indications from numerous video sequences such dwunds, the images look very similgirames 23-30 and
this are that, immediately after the first rebound, there is n@4-96 in all three regiongbase, mid, and ap&xThis is
evidence of a sizeable “main” bubble remaining at the conebecause they contain water having similar void fractions.
apex.[As marked in Fig. &), the first rebound starts just However, this is not the case when comparing the initial
before frame 24, and persists until some time after framg 60collapse(up to frame 2}, and the second collapgéames
Instead, a cloud of tiny bubble fragments is ejected away1-81). The last four frames of each collapse appear to be
from the apex. Coalescence occurs in the cloud, and the sysery similar in the “base” and “mid” regions, but have
tem contains “bubbly water,” a population of tiny bubbles obvious differences at the apex. Interestingly, the same ap-
with radii much smaller thaR;. This is the scenario shown plies for the period long after the collapsgames 4015-
in frames 55-60. 4020. The “base” and “mid” regions here look very simi-

However, by frame 73 the second collapse has startedar to those that occur towards the end of each collapse
and the system changes dramatically. The second collapgFames 17—21 and 79—83ecause these regions again con-
appears, visually, as the convergence towards the cone aptin water having a low void fraction, though for a very
of the region of “bubbly water.” The impression is that the different reason: in frames 4015-4020 the fragments are

. Jaquny] $,ploukay|

Speed of Meniscus [m/s)
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35 T T T T T T T TABLE I. The sound speed in the cone during the first, second, and third

A rebounds for various sizes &; andR;. It was calculated from the time
3 E difference between the instant at which the bubble radius is a minitasm
measured from the high-speed video recorglangd when the rebound pres-
2.5+ R sure wave reaches the hydrophone.
= 2t E (Sound speed/ my$60 m/s
[
2 Initial and final bubble sizes _ )
g L5f ] First Second Third
§ B R;=5 mm R¢*=0.05mm rebound  rebound  rebound
o 1F 5
55 2.00 200 215 195
0.5 J 60 1.40 230 255 160
°h 50 0.90 180 220 140
0 mmm_,.,_} A APt 55 1.10 290 290 160
55 1.10 355
0 . . A . . . . 55 1.00 300 185 130
'(?.02 0.03 0.04  0.05 0.06 007  0.08 0.09 0.1 60 1.10 290 280 270

time [s]

FIG. 6. Plot of a hydrophone signalriggered att=0) recorded 10 cm

be'o"(‘; the ‘;}0”9_ apelx- R_ebSUf;td Pfﬁssf}"e ef}?iSSiO[‘S aLe 'ab?‘édijd”g' rebounds is directly observable. The initial collapse time can
e ol el eted e ol SXapolated back from the inter-rebound times using the
to reflections of these signals within the pisee Ref. 17. geometric series factor by which the inter-rebound collapse
times decrease in duration as a result of dampfribhis 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
B. Pressure records and compare with the predictions of E®) for a gas-filled

Figure 6 shows the hydrophone record of the pressure iﬁonlcal bubble(Fig. 7). Also plotted, for comparison, is the

the liquid, measured 10 cm below the cone apex. Time CR?allya|2nger11tlme of an empty spherical cavity, following
=0 corresponds.to the common trigger S|gnal_ produced by In the above data, and that of Sec. Il C, the insert used
the photon-counting signal in response to the signal from the _ . . :

tains the conical geometry right up to the cone apex. For

T N {
accelerometer mounted on the top-plate. This trigger &gna*ﬁe data of Fig. 8, that insert is replaced by the one that

; ; ; 20
also causes a single 12s flash, Whl?h Lelghtoret al truncates the cone 5.25 mm below the apex, forming a hori-
record on high-speed sequences similar to Fig. 4. Compari- . . . .
. ) zontal window of 6.05-mm diameter over which the spatially
son of these with simultaneous pressure traces allows the . . :
) e ) . . averaged pressure can be monitored. The technique is de-
identification of the time at which, during each collapse, the_ .~ = . 18 -
. - . tailed in Leightonet al.*® who presented preliminary results.
bubble achieves minimum size, and the momeémtshort .
. : . Figure 8 shows a larger set of results for the pressures gen-
time latey when the rebound pressure signal is detected b¥:rated by the first collapse, and compares the measurements
the sensor placed 10 cm below the bubble. The interval be- y pse, P
tween the two can be used to give an estimate of the spatially
averaged sound speed in the liquid between the bubble wall
and the hydrophone. This is done in Table | for the first,
second, and third rebounds, for a range of precollapse (
and final R;) bubble sizes.

These figures can also be used to estimate the collapse_ 001}
times and compare these with theory, as obtained by integra- 5
tion of Eq.(2) described in Sec. | B. There are two ways of
estimating the collapse time. First, the pressure sensor use
by Leightonet all” makes it possible to observe the passage
over the pressure sensor of the pressure wave caused by the
opening of the platésee, as an example, their Fig. #rom
the interval between this and the measurement of the re-
bound pressure on the same sensor, it is possible to estimate =
the collapse time. However, quantifiable error arises both % 00l 002 ' 003 004 005 006 007
because, since the rebound pressure pulse saturated the pres- radius before collapse (m)
sure sensor, the signal was clipped and there was some URG. 7. plots of the collapse time ¢f) a gas-filled conical bubblgsolid,
certainty in the position of the pulse apex; and because, tund through integration of Eq2) using Eq.(3)] and(ii) an empty spheri-
correct for the travel time of the rebound pulse, a propagacal Rayleigh cavitydashefl The estimates of collapse times from data are

. . . . own, calculated from records of the pressure in the ligxig and from
tion speed must be assumed, which is by no means ObVlngtrapolation from the high-speed images of the reboufds In all the

_(Tab|e_ ). Second, high-speed_images can be US_Ed- Howeveggliapses from which these measurements were t&en0.95+0.05 mm
in the images presented in this paper, only the time betweesind the device contained 1050 ml of degassed wéter 7.1 cm).

smaller, being at equilibrium with atmospheric pressure.

me

coll!a:ﬁse ti

0.005F
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FIG. 8. Measurements of pressure taken at the top of a cone that has bee
truncated 5.25 mm below the normal position of the apex. The measure-
ments are spatially averaged across the cross section at the position of th
sensor. Predictions of theory for pressure are shpim (7), solid line].

Also shown are predicted temperatures that would occur under these condi
tions [Eq. (8), broken lingd. The device contained 1050 ml of degassed
water; the pregrowth bubble volume was 0.9 ml.

with those of theoryEq. (7)]. The comparison is remarkably
gOOd’ conS|der|ng the assumptions of the theory' It is ”Qt,e G. 9. A sequence of six frames from the CCD video. Exposure per frame
hgwgver, that the latter assumes hom_OQGne_OUS conditioRSaround 40 mésee Ref. 18 Time-independent features are reflections of
within the gas, and the measurement is spatially averagegibient low-level illumination from the insert. Just prior to collapse, the
over the sensor, which might artificially assist the fit. Al- meniscus wasyj=60+5 mm below the cone tip; after the collapse and
thouah there are no measurements of the temperature in tﬁgbsequent bubble oscillation/fragmentation/coalescence features had
.g . . P ceased, there was a spherical bubble of diamete®.25 mm =2Rs) re-
device, given the degree_ of Qgreement in the pressure data’rﬁ'éining close to the cone tip. The device contained 1050 ml of degassed
was felt useful to show in Fig. 8 the gas temperatures prewater (y=37.1cm). These frames correspond to the plots shown in Fig.
dicted by theonfEg. (8)]. Although in the absence of mea- 10.
surement this is by no means meant to indicate a belief that _
the thermal conditions within the bubble are homogeneoughat the PMMA absorbs 45#5% of the photons which are
the results are of interest given the role of such thermagenerated at the apex, then the sonoluminescence flash con-
criteria25-27 tained (2+0.5)x 10’ photons.

lll. DISCUSSION AND CONCLUSIONS

C. Measurements of sonoluminescence Simple apparatus has been produced which generates the

Figure 9 shows a sequence of six frames from the Ccdmstable collapse of a gas pocket. The bubble size prior to

video. The vertical edges of the cone tip insert and the tip of
the cone itself are marked with arrows in frame 4. Sonolu-
minescence is clearly visible in frames 3 and 4. The sonolu-
minescence does not appear to occur at the tip of the cone
but a few millimeters below the tip, and off center. A similar
asymmetry was observed by Leightenal® Since the ex-
posure per frame is around 40 risee Sec. | A which is
greater than the inter-rebound time, and there is finite persis-
tence associated with the display, it requires better time reso-
lution 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 show-
ing 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 collapséas is evident from the simultaneous 0 - . L - -
hydrophone tracet=0 corresponding to the receipt of the 0 oot 002 ﬂff;fil 00 003 000
trigger signal for both The luminescence output at other )
times is within the noise. Given that the light detector has ar}'C: 10- Simultaneous records @ the hydrophone an) the photon

. ) . counter, which is a histogram showing the number of photons per 0.1-ms
active area of 1 mfand a photon detection efficiency of jnerval. The datum=0 corresponds to the receipt of the trigger signal for
40%=*10%, that it is placed 50 mm from the cone tip, andboth traces. These plots correspond to the frames shown in Fig. 9.

28

N

pressure [MPa]
%]

f=)

0.01 0.02 0.03 0.04 0.05 0.06

<

=
S
\

w
[=]
T
!

photons per 0.1 ms

140  J. Acoust. Soc. Am., Vol. 107, No. 1, January 2000 Leighton et al.: Collapse of a conical bubble 140



growth, the size prior to the first collapse, and the inertia Blake, J. M. Boulton-Stone, and N. H. Thom@uwer Academic, Dor-

associated with the collapse can all be readily controlled
The pressure in the liquitand, to a certain extent, the gas

. drecht, 1994 pp. 321-333.
1

2C. Eberlein, “Sonoluminescence as quantum vacuum radiation,” Phys.
Rev. Lett.76, 3842(1996.

can be monitored, and estimates made of the sound speegl p_prosperetti, “A new mechanism for sonoluminescence,” J. Acoust.
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ening the tubpwill not affect the minimum volume attained. However, it

which would be expected from the simple model of a single will reduce the bubble wall speed during collapse. Slower speeds will

bubble, expanding and rebounding with decreasing ampli

tude until, at the end, one can observe a single bubble undey

going linear pulsations. A number of observatiotvsall
speed, collapse time, and gas presshee been compared
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ras, based on initial isothermal bubble growth followed by
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