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Abstr~ct
Dynamic nucleation of ice induced by a cavitation bubble in undercooked water is
observed using an acoustic levitation technique. The observation indicates that a high
pressure pulse associated with a collapsing bubble is indeed responsible for the nucleation
of a high pressure phase of ice. Both the non-luminescing and Iuminescing cavitation
bubbles require the minimum undercooking, 5 K, to inidate the ice formation. This is
attributed to the temperature rise due to the heat associated with compression ardor the
undercooking required for normal ice to nucleate on the high pressure phase.

Circumstantial evidence for “dynamically induced nucleation” of a solid in an
undemooled liquid exists in the form of observations which reveal the sudden onset of
solidifkation coinciding with the imposition of mechanical disturbances such as stirring and
ultmsonic irradiation onto the undercook liquid [1]. AIthough these disturbances generate
both fluid flows and pressure waves, it is generally viewed as improbable that the spatial
and temporal scales of the fluid flow fields would extend down to the levels of mokadar or
atomic solid embryos [2] relevant to nucleation dynamics [3]. On the other hand,
thermodynamics shows that a high pressure pulse associated with the acoustic cavitation
generated by the pressure waves can induce solidification in undercooked liquids [4,5]. In
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a cavitation event, a bubble that is expanded during the negative pressure cycle collapses
violently in the positive pressure cycle and generates a high pressure pulse. The
undercooked liquid exposed to this high pressure pulse experiences the melting point shift
which is related to the pressure change by the Clausius-Clapeyron equation. If the melting
point shift increases the undercooking level of the liquid, the nucleation rate of the solid
nuclei also increases to a degree at which the onset of solidification may be observed within
a short time period.
UnQ recent years, cavitatior!induced nucleation studies involvai the multiple transient
cavitation bubbles generated at the vicinity of an immersed transducer in undercooked
liquids. Due to multiple nucleation events associated with the transient cavitation bubbles,
detailed observations of the individual nucleation induced by a bubble were very diff3cultj if
not impossible. It was also difficult to evaluate the effect of the liquid/transducer interfam
on the cavitation bubbles. These difficulties can lx circumvented now because of the
discovery of a technique which can generate and maintain an isolated single stable
cavitation bubble for an extended duration [6]. The technique involves levitation of a
bubble in a host fluid by an ultrasonic field which also drives the bubble in a large
amplitude volume oscillation mode. This technique has been used to greatly advance the
study of the single bubble sonolurninescence observed in some liquids when the bubble is
driven into large amplitude volume oscillation [7]. In this letter, we report an application of
this technique to study the nucleation of ice induced by a single cavitation bubble in the
undercooked water. For successful observations, it is essential to eliminate premature
nucleation of ice originated from other nucleation sites such as the container wall. An
effective way to improve the undercooking level of water is to reduce the volume.
However, this cannot be realized using existing methods because the experimental
parameter range within which the single stable cavitation bubble can be generated is very
narrow, and happens to require a large amount of water. The amount of water used in the
typical bubble oscillation studies is on the order of several hundred cn13, which is very
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difficult to undercool more than a few degrees. We have, therefore, developed a novel
technique which keeps water around the cavitation bubble, but replaces the majority of the
acoustic propagation rnuliurn with a fluid mixture which remains in the liquid state below O
‘C. The water and mixture are physically separated by a thin wall.
Figure 1 shows the schematic diagram of the apparatus usd in the present study. The
levitation cell is filled with a fluid mixture in which a stationary acoustic wave is excited at
around 21 IcHz by the transdu~r. ‘I%e mixture consists of water (75 % by volume) and
ethyle;e glycol (anti-free= fluid) (25 %), which remains in the liquid state down to -13 “C.
The cavitation cell is made from a thin wall plastic tube closed at the bottom. The cavitation
cell is filled with distilled water which has been passed through a 5 mm filter. Since the
thin wall is essentially transparent to the acoustic wave, a bubble can be trapped inside of
the tube without any disturbance from the wall. The cooling of the cells is accomplished by
circulating chilled fluid through the copper tubing. ‘Ike mixture temperature is monitored
byath ermocouple placed close to the cavitation cell at the level of the bubble position.
Both the mixture and water are well degassed before use in order to prevent undesirable
cavitation. The behavior of the bubble is monitomd and remrded with a video camera
equipped with a telescopic lens.
The experimental procedure is as follows:

First, the mixture is precookl to a

predetermined temperature below O ‘C and maintained at this temperature. Next, the
cavitation cell fflled with water whose temperature is initially above O ‘C, is immersed into
the mixture. The amount of the water is approximately 3 cm3.

Then, a bubble is

immediately deployed in the water using a syringe with a hypodermic needle. A
preliminary experimental run indicatd that the water temperature was brought within 0.5 K
of the mixtum tempera~ in less than a few minutes. The power input to the transducer is
adjusted to generate a desired bubble oscillation mode. The oscillation mode changes fkom
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shape oscillation to non-luminescing volume oscillation and then luminescing volume
oscillation as the input power is increasai [6]. Since nucleation is a kinetic process which
may not occur within a certain time period, especially at small undercooking levels, the
maximum monitoring duration is set at 30 minutes. After the observation of nucleation or
the 30 minute duration, the cavitation cell is removed horn the mixture and immersed in a
warm water to bring the water temperature back above O “C. ‘Ilte procedure is then
repeated for another observatioty

‘llewgeneml observation of the bubble behavior is as follows: The bubble can be
initially deployed either in the shape oscillation or the volume oscillation mode depending
on the acoustic power input level. After the adjustment of the power level, the bubble is
generally stable during the thermal transient stage where the water temperature approaches
the mixtuxe tempemture. The time required for the onset of solidification varies widely for
each observation, but the geneml trend is that the required time becomes shorter as the
mixture tempemture decreases.

The onset of solidification starts with the sudden

disappearance of the bubble followed by the appearance of ice in the dendritic form and the
growth of the dendrite. A close examination of the onset with the recorded video images
run frame by fkame reveals that the bubble disappearance is due to e~tion of the bubble

from its stable oscillation position and subsequent shattering. For most of the cases, the
ejection is strong enough to throw the bubble to the cavitation cell wall. Then, the ice
immediately starts growing from the wall where the bubble hit and shattered. In several
instances, however, the bubble remains near the stable oscillation position and ice starts
growing at the same position.

The observations are performed with the mixture

temperature ranging between O “C and -12 “C to examine the bubble behavior at different
undercooking levels. The oscillation mode of the bubble is set either to the non-luminescing
or the luminescing mode. We have observed no apparent diffemwe in the sequence of the
ice formation between the non-luminescing and luminescing cavitation bubbles. l%e
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highest water temperature at which solidification is observed is -5 “C. The time interval
between bubble ejection and the first appearance of ice becomes shorter as the temperature
decreases. The growth rate of ice in the dendritic form increases as the temperature
decreases.
Figure 2 shows an example of the onset of solidification which starts near the stable
bubble oscillation position. The sequence is as follows: (a) The bubble is oscillating in the
non-lurninescing volume mode. ,The cyclic variation of the bubble radius is seen as a halo
around~e dark core due to back lighting. The radius at maximum bubble expansion is
approximately 45 pm. The inserted image at the bottom corner is for a better visualization
of the cavitation bubble. (b) The bubble seems to be distorted judging from the nonspherical halo. (c) The bubble is ejected from the original stable bubble position and
moved toward the six o’clock direction. (d) The bubble completely disappears. It is
presumed to be shattered. (e) The ice in the dendritic form appears. (f) The dendrite grows
at approximately 0.4 crdsec [8]. Although it cannot be seen, we speculate that the ice
nucleus already exists in (a) and the distortion in (b) is caused by the ice nucleus which has

grown larger than several ~ in the linear dimension. This speculation is based on the
several unintended observations in which the cavitation bubble trapped an impurity of
several pm in linear dimension, but remained stable without being distorted. l%e ice
nucleus must be a pre-dendritic form, probably a perturbed disk, because the beginning of
the dendritic growth is only traced back to at between (d) and (e) according to the measured
growth velocity,
The squence shown in Fig. 2 unambiguously demonstrates that the nucleation of ice is
indeed induced by a cavitation bubble without help of the cell wall, supporting the long
standing notion of dynamic nucleation as a result of the melting @nt shift due to the high
pressure pulse. However, for water whose specific volume increases on solidification,
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there is an unsettled argument about the path of the ice nucleation. In a cavitation event, a
collapse of the bubble generates a high pressure pulse which consists of the positive period
and the negative period. Hickling argued that the positive pulse period was responsible for

the nucleation of a high pressure phase of ice which then catalyzxxl the nucleation of normal
ice when the pressure returned to atmospheric presst.ue [4]. On the other hand, Hunt and
Jackson argued that the negative pulse period was responsible for the nucleation of normal
ice di.rwtly from the undercooked water [9]. As shown in the following section, the present
study appears to argue in favor if Hickling’s stand.
We observed that the water (approximately 3 cm3) in the cavitation cell mna.ined in the
liquid state down to -12 ‘C when the cavitation bubble was not present. The water cmuld
be undercooked further down if the apparatus limitation could be eliminated. However, ice
would be eventually and most probably nucleated at the cell wall because a solid surface
was generally a preferential location for the heterogeneous nucleation. For ice nucleation
away from the wall to occur, further undemooling would be required, whether it was
homogeneous nucleation or heterogeneous nucleation assisted by impurities in the water.
Since the actual undercocding limit of the water could not determin~ we take -12 ‘C as the
highest temperature at which the nucleation of ice occurs in the 3 cm3 water at a position
away from the cell wall. Nexg we estimate the highest temperature at which the nucleation
of ice can occur in the water exposed to the high pressure pulse. The temporal extent of the
high pressure pulse is very limited near the interface of the collapsing bubble, so we
assume that water within 5 pm radius from the center of the bubble is exposed to the high
pressure. Then, the amount of the water exposed to the high pressure is on the order of 1013

cm3. Acceding to classical nucleation theory, the nucleation rate typically increases 6

fold when the liquid temperature decreases by 1 K. Since the highest temperature of the 3
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cm3 water is assumed to be - 12°C, the additional undercooking, AT, necessary for the 1013 cm3 water is estimated by (3/10-13 ) = (6)AT. T?Ic result is AT -13 K. Therefore, in
order to observe the onset of solidification induced by the cavitation bubble, the
undercooking level of the 10-13 cm3 water must be larger than 25 K. There is no estimate
of the magnitude of the negative pressure pulse; however, it cannot exceed the tensile
strength of water. An available experimental tension value is -140 MPa which is very close
t
to the walue required for homogeneous nucleation of a vapor bubble [10]. Figure 3 shows
the pressure-temperature diagram of water.

According to the diagram, the negative

pressure of-140 MPa increases the melting point by 8 K. Then, the effkctive undercooking
level of the water at -5*C at -140 MPa increases to 13 K; however, it is still signiflcandy
smaller than 25 K required for the onset of solidification. Therefore, the negative pressure
pulse cannot be responsible for the nucleation of ice.
Since the negative pressure pulse is unlikely to induce the nucleation of ice, the positive
pulse must be responsible for that. We go on to estimate the pressure level required for the
onset of solidification using Fig. 3. When the bubble is compressed, the gases in the
bubble are heated up. The temperature rise of the water near the gas/water interface due to
the compression of the gas in the bubble under the adiabatic condition calculated by
Hiclding is shown in Fig. 3. ‘Ihe diagram shows that the positive pressure pulse must be
at least in the order of GPa to achieve a sufficient undenmoling level for observing the
onset of solidification. The other extreme condition, i.e., isothermal condition significantly
increases the undercooking level comparing that of the adiabatic condition at the same
pressure level. Since the last stage of the collapsing bubble especially the luminescing
bubble is not fully understood, the estimate of the magnitude of the positive pressure pulse
varies depending on the models used to describe the cavitation mechanism. Among these,
the model based on Rayleigh-Plesset equation seems to serve well for describing the
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radius-time curve of the cavitation bubble [11,12]. According to this model, the maximum
pressure genemted at the end of implosion is approximately 1 GPa, which is at least the
right order and may ~ dficient under the isothermal condition.
Finally, the obs~ minimum undenmoling, 5 K necessary for the onset of
solidification could bt mtionalizd as follows: The water exposed to the high pressure
pulse is heated up by 5 K due to the gas compression; therefore, minimum undercooking is
necessary to bring the local temperature down below O ‘C. Alternatively, 5 K could be the
t
min.ix&&n underwoling required for normal ice to heterogeneously nucleate on the high
pressure phase of ice since they have different structures, normal ice cannot grow
epitaxially on the high pressure phase.
The mea.mh described in the letter was carried out at the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the National Aeronautics and Space
Administration.
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Captions
Figure 1. Schematic diagram of the experimental apparatus.
Figure 2. Squcnce of the onset of solidification induced by the cavitation bubble. The
water temperature is -5 ‘C and the bubble is oscillating in the non-luminescing
volume mode. The time interval between the two consecutive frames is 1/30
sec.
Figure 3. The melting point s~t of water as a function of pressure. The melting points of

w the phases arc adopted from the CRC Handbooks. The melting point of normal
ice (ICC 1) decreases as the pressure increases. ‘Ihe negative pressure side is the
extrapolation ffom the positive side. The melting points of the high pressure
phases of ice increase as the pressure incmses. The adiabatic heating of the
water originated fkom -5 ‘C (dotted line) at atmospheric pressure is adopted from
the Hickling calculation [4].
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