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Abstract

A method to actively control the supercooling of water is a critical issue in cold-energy storage and transport systems
that use ice slurries. We experimentally studied the use of ultrasonic vibration to control the phase change from su-
percooled water to ice, and simulated the phase change assuming that ultrasonic-induced cavitation influences ice
nucleation. The experimental results indicate that ultrasonic vibration strongly promotes the phase change from su-
percooled water to ice and that a reliable method to actively control the phase change by ultrasonic vibration can be
realized. The results of the simulation agreed well with the experimental results. © 2001 Elsevier Science Ltd. All rights

reserved.

1. Introduction

Electric power load in the daytime in summer has
been steadily increasing in hot and humid countries
such as Japan, primarily because of air-conditioning
demands. Cold-energy storage and transport devices
can potentially level the electric power load throughout
day and night. Ice slurry that is a mixture of fine ice
crystals and liquid water is a promising working fluid
for such devices due to its good flowability and large
latent heat of fusion. Although ice slurry is usually
made from supercooled water, we encounter a few
problems related to the supercooling of water; unde-
sirable freezing may block the piping for transporting
supercooled water, and a large degree of supercooling
of water degrades the coeflicient of performance (COP)
of the refrigerator for cooling and freezing water.
Therefore, a method to actively control the phase
change from supercooled water to ice is necessary for
practical use of ice-slurry systems. Several researchers
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have clarified various factors that influence the phase
change from supercooled water to ice and have tried to
realize methods to control the freezing temperature [1—
3]. However, an effective method for practical use has
not yet been established.

To develop such a method, we focused on ultrasonic
vibration to control the freezing temperature of super-
cooled water, because ultrasonic vibration is known to
cause ice nucleation in supercooled water [4-8]. First, we
experimentally investigated the effect of ultrasonic vi-
bration on the phase change from supercooled water to
ice. In the experiments, we measured the probability of
the phase change, changing the cavitation intensity, for
both pure water and tap water. Then, we simulated the
phase change from supercooled water to ice induced by
ultrasonic vibration and compared the results of the
simulation to the experimental results.

2. Experiments
2.1. Apparatus
Fig. 1 shows a schematic of the experimental ap-

paratus used to generate and observe the phase change
from supercooled water to ice. A vessel (inner diameter
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Nomenclature

A rate of surface erosion, m?/s

a constant

c constant

f distribution function for number of bubble

nuclei per unit volume

electrical current passing through an

ultrasonic oscillator, A

latent heat, J /m3

constant

number of experiments

number of bubble nuclei per unit volume in a

specific range of normalized radius of bubble

nuclei ( =1,2,3,...), I/m?

Ny total number of bubble nuclei per unit
volume, 1/m?

n number of bubble nuclei per unit volume in a
unit range of radius of bubble nuclei, 1/m*

P pressure, Pa

o=~

Z=z3 "

PA acoustic pressure amplitude, Pa

Pamax Maximum acoustic pressure amplitude, Pa

Per critical acoustic pressure amplitude for
cavitation, Pa

DPh atmospheric pressure, Pa

Dy vapor pressure, Pa

(0] probability of phase change from supercooled
water to ice

0. probability of phase change from supercooled
water to ice when ultrasonic vibration is
applied

Qv probability of cavitation with one bubble
nucleus

0O probability of phase change from supercooled
water to ice without ultrasonic vibration

Ou probability of phase change from supercooled
water to ice due to effect of ultrasonic vibration

QOw  probability of phase change from supercooled
water to ice due to effect of ultrasonic vibra-
tion with one bubble nucleus

R normalized radius of a bubble nucleus

R; normalized radius of a bubble nucleus
i=1,2,3,..)

Ty radius of a bubble nucleus, m

Fgmax Maximum measurable radius of bubble nuclei
for an optical particle counter, m

7 critical radius for solid nucleation, m
Std standard deviation

T equilibrium freezing temperature, K
14 volume of test water, m?

v growth rate of a solid nucleus, m/s
Uo growth rate of an ice crystal, m/s

Greek symbols

AR specific range of normalized radius of bubble
nuclei

AT degree of supercooling, K

AT, average maximum degree of supercooling, K

ATy average maximum degree of supercooling for
an infinite number of experiments, K

AT,  critical degree of supercooling for crystal
growth of a solid nucleus, K

At duration of high pressure during the collapse
of a bubble, s

A ultrasonic wavelength, m

a1 surface energy at liquid-solid interface,
N/m

Ol surface energy at liquid—gas interface,
N/m

Subscripts

0 at atmospheric pressure

1 at high pressure during the collapse of a
bubble

of 140 mm) equipped with an ultrasonic generator was
filled with water. The frequency of the ultrasonic gen-
erator was 28 kHz and the output power was adjustable
from 0 to 100 W (0 to 6.5 kW/mz). The frequency and
power were chosen so that cavitation could occur in
water. The temperature of the water was controlled by
coolant from the lower sidewall. The upper part of the
sidewall of the vessel was made of acrylic resin so that
the phase-change process from supercooled water to ice
could be observed by using a video camera. The tem-
perature of the water was measured by thermocouples at
four locations (A, B, C, D) as shown in Fig. 1. A heat-
transfer plate made of copper was immersed in the water
and cooled by coolant from its upper side. The distance
between the lower surface of the heat-transfer plate and

the bottom of the vessel was 101 mm, which is twice as
long as the ultrasonic wavelength corresponding to a
water temperature of 0°C.

Fig. 2 shows the details of the heat-transfer plate. A
circular groove (20 mm inner diameter, 13 mm wide,
and 14 mm deep) was cut into the heat-transfer plate.
We call the part within this groove the ‘“‘center part”,
and the other part the “surrounding part”. To make the
temperature of the center part lower than that of the
surrounding part during cooling, we filled the groove
with a low thermal-conductivity material. Consequently,
ice crystals always appeared from the surface of the
center part when no ultrasonic vibration was used, in-
dicating that the geometric influence of the outer rim of
the heat-transfer plate on the phase change from



T. Inada et al. | International Journal of Heat and Mass Transfer 44 (2001) 4523-4531 4525

UJ L —> Heat transfer plate
Video —>
camera , Cx O] ] Coolant
Ultrasonic
generator
L]

x :Thermocouple

Fig. 1. Schematic of the experimental apparatus used to gen-
erate and observe the phase change from supercooled water to
ice.
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Fig. 2. Details of the heat-transfer plate.

supercooled water to ice was eliminated. Furthermore,
we polished the surface of the center part with 60-grit
sandpaper so that ice crystals were more apt to appear
from the center part; the center part had a surface
roughness corresponding to pits more than 10 um in
depth, whereas the surrounding part had pits only about
1 pm in depth. Thermocouples at (E) and (G) were in-
serted into the heat-transfer plate 2 mm from the sur-
face, whereas thermocouple at (F) was 5.5 mm from the
surface (Fig. 2). During the cooling process, tempera-

tures at (E) and (G) differed by more than 1 K. The
temperature of the water in contact with the surface of
the center part of the heat-transfer plate was assumed to
be that indicated by the thermocouple at (E), because no
significant difference between temperatures at (E) and
(F) in the vertical direction was detected in the heat-
transfer plate.

2.2. Procedures

Two types of experiments were done. In Exp. 1, the
heat-transfer surface was cooled at a given cooling rate
without ultrasonic vibration, until the supercooled water
froze on the surface. The degree of supercooling at the
moment the ice appeared was measured. In Exp. 2,
ultrasonic vibration was applied to water at different
degrees of supercooling (1.5, 3.0, 4.5, and 6.0 K) for 5s.
We used different cavitation intensities of ultrasonic
vibration as mentioned later. We then determined if
the supercooled water had changed to ice.

For both experiments, we used not only pure water
but also tap water to determine the effectiveness of
ultrasonic vibration in practical applications. The pure
water was produced by ion exchange and filtering pro-
cess (Millipore, Milli-Q Jr.). The specific resistance of
the pure water ranged from 0.8 to 2.0 MQ c¢m, and solid
particles larger than 0.2 um were filtered. The specific
resistance of the tap water ranged from 2.6 to 2.9 kQ cm,
and the water was not filtered.

For both experiments, before the cooling process,
the temperature of the center part of the heat-transfer
plate was maintained at 1.9°C, and the average tem-
perature of the water at (A) and (B) was 2.3°C and
that at (C) and (D) was 2.9°C. The heat-transfer plate
was cooled by using coolant that was at —30°C. Nat-
ural convection did not affect these experiments be-
cause the upper portion of the water was cold and the
lower part was hot during the cooling process and
because the density of water decreases with decreasing
temperature when the temperature is below 4°C. When
the supercooled water changed to the solid phase on
and/or near the surface of the heat-transfer plate, the
temperature of the plate increased suddenly because of
the release of latent heat from the supercooled water.
For example, a cooling curve for Exp. 1 for the pure
water is shown in Fig. 3. The phase change from
supercooled water to ice was recognized by this tem-
perature change as well as by observations from the
video camera.

As shown in Fig. 3, the cooling rate was not constant
during the cooling process. Therefore, in both Exp. 1
and Exp. 2, we defined the cooling rate as that for the
temperature range from 0.0°C to —5.0°C, namely, 0.044
K/s £ 12%.

Before each experiment, the ice on the heat-transfer
surface was completely melted by heating the heat-
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Fig. 3. Temperature change of the heat-transfer plate.

transfer plate, and then the visible bubbles that accom-
panied this melting process were removed from the
surface by removing the heat-transfer plate from the
water.

2.3. Measurement of cavitation intensity

To investigate the effect of the intensity of ultrasonic
vibration on the phase change from supercooled water
to ice, we needed to estimate the acoustic pressure am-
plitude caused by ultrasonic vibration. However, be-
cause accurate measurement of the acoustic pressure
amplitude was generally difficult, we used the intensity
of cavitation as an index of the acoustic pressure am-
plitude. We defined the intensity of cavitation due to
ultrasonic vibration as the erosion loss of a 15-um-thick
aluminum film that was attached to the heat-transfer
surface. Measurement of this loss should be made under
the same cooling conditions as the experiments. How-
ever, this was impossible because ice appeared on the
aluminum film when ultrasonic vibration was used.
Therefore, we measured the erosion loss at the water
temperature at the initial conditions for three different
levels of electric current passing through the ultrasonic
oscillator, 7, (0.4, 0.6, and 0.8 A). The erosion area was
measured by using image processing.

Fig. 4 shows the erosion area as a function of the
duration of the applied ultrasonic vibration. As 7, was
increased, the erosion area also increased. Based on
these results, we defined the intensity of cavitation by the
rate of surface erosion, 4., as shown in the figure.
Although no apparent erosion loss was evident at
I, =04 A from the image processing, the aluminum
films showed many small dents.
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Fig. 4. Erosion area of an aluminum film, caused by ultrasonic
vibration.

3. Simulation model

We developed a simulation model for the phase
change from supercooled water to ice induced by
ultrasonic vibration. In the model, we assumed that the
phase change is caused by the collapse of a cavitation
bubble. This collapse causes a momentary and local
pressure increase, followed by an increase in the equi-
librium freezing temperature of water, thereby causing
nucleation of solids [4]. For simplicity, we assumed that
cavitation bubbles always collapse.

According to the dynamic instability condition of a
single bubble [9], the necessary condition for the oc-
currence of cavitation is given by

4Glg

"2 3 -p) W
where 7, is the radius of a bubble nucleus, gy, is the
surface energy at the liquid—gas interface, p, is the vapor
pressure, and p is the pressure in water. Because ultra-
sonic vibration at a constant frequency forms a standing
wave after repeated reflections within a vessel, the crit-
ical acoustic pressure amplitude for occurrence of cavi-
tation, p., is given by

pcr:%_pv + Dh, (2)
where py, is the atmospheric pressure.

The probability of occurrence of cavitation by
ultrasonic vibration with an arbitrary bubble nucleus is
defined as the probability that acoustic pressure ampli-
tude at an arbitrary position is larger than p,. Although
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the actual distribution of acoustic pressure amplitude is
three-dimensional, a one-dimensional sinusoidal distri-
bution is satisfactory to consider this probability (Fig.
5). We assume that a distribution of acoustic pressure
amplitude is

PA = PA max|Sin27nx|7 (3)
where pa max 1S the maximum acoustic pressure ampli-
tude and 4 is the ultrasonic wavelength. Therefore, from
Fig. 5, the probability of occurrence of cavitation by
ultrasonic vibration with an arbitrary bubble nucleus is
given by

401
Qcav =0 (pA max < Per; Tg < < ) ) (43')
¢ 3(pA max +pv7ph)

_ (A/4) _ (/L/2’E) Sinil (Pcr/pA max)
cav /1/4
2 sin”~! (401¢/37g) — Py + Pn
T PA max

40’1g )
— . 4b
3(pAmax +Pv—Pn) ( )

=1-

(PA max = Der} Ty =

The water near the cavitation bubble is subjected to
an average pressure of about 4 x 10° Pa during the
collapse of the cavitation bubble [4,10]. Because the
equilibrium freezing temperature, Ty, is about 190°C
(463 K) at this pressure [11] and the temperature in-
crease due to adiabatic compression of the bubble is
about 100 K [4], the estimated degree of supercooling,
ATy, is more than 90 K when the temperature of bulk
water is less than 0°C (273 K). The highest degree of
supercooling of water determined experimentally is
0.14Tg, [12], that is, 65 K. Therefore, AT; is larger than
0.14Tg;, and thus the collapse of a cavitation bubble
leads to instantaneous nucleation of solids.

p
A
PA=P amax sin 2k_1tx
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Fig. 5. One-dimensional distribution of pressure amplitude.
The probabiltiy of occurrence of cavitation by ultrasonic
vibration with an arbitrary bubble nucleus corresponds to the
probability that pressure amplitude at an arbitrary position, pa
is larger than p,.

According to the classical theory for homogeneous
nucleation [13], the critical radius of the solid nuclei
during the collapse of a cavitation bubble is given by

201 g1
go= 5
¥s1 L(014TE1)7 ( )

where o is the surface energy at the liquid-solid inter-
face and L is the latent heat. However, the critical radius
of the solid nuclei will return to its original value at
atmospheric pressure, ry, after 10~ s, which is the
duration of the high pressure [4,10]

r'so = (6)

where Tk is the equilibrium freezing temperature at at-
mospheric pressure and AT is the degree of supercool-
ing with respect to Tgy. For visible phase change from
supercooled water to ice, the solid nuclei must grow
from ry to ry in radius within the duration of the high
pressure, At. Let v denote the growth rate of the solid
nuclei; then, for a visible phase change from supercooled
water to ice, v must satisfy the following condition:

UAZZVSQ—V“. (7)

Let AT, denote the degree of supercooling with respect
to Tgo that satisfies the equality portion in Eq. (7), then
the probability of the phase change from supercooled
water to ice due to the effect of ultrasonic vibration with
an arbitrary bubble nucleus is given by

Ow=0 (ATy < ATy), (8a)
Ouwo = Oeav (ATO = ATg) (Sb)

We now apply Egs. (8a) and (8b) to bubble nuclei
with a specified radius distribution. We normalize the
radius of bubble nuclei by the maximum measurable
value in the experiment

R:rigj 9)

Vg max
where R is the normalized radius, r, is the radius of
bubble nuclei, and 7y max is the maximum measurable
value of the radius of bubble nuclei for an optical par-
ticle counter (Pacific Scientific, Hiac/Royco PA-720)
used here. Let f'denote the distribution function for the
number of bubble nuclei per unit volume (0< /< 1)

f. /rg n d i’gmax /R dR (10)
= — dr, = n ,
| o No f No Jo

where 7 is the number of bubble nuclei per unit volume
in a unit range of radius of bubble nuclei, and Nj is the
total number of bubble nuclei per unit volume. Ac-
cording to the existing data [14], logn is approximately
proportional to logr, when the radius of bubble nuclei is
limited to between 1 x 107¢ and 1 x 10~* m. Therefore f
can be approximated by
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df m

R CR™, (11)
where C and m are constants. Fig. 6 shows df/dR for
the pure water that we used, as measured by using the
optical particle counter. In this measurement, 7 max Was
2.08 x 10° m. Although bubble nuclei and solid
particles cannot be distinguished by this particle
counter, the number of solid particles was negligible in
the pure water that we used here [15]. The constants C
and m in Eq. (11) were 6.02 x 10~* and -2.93, respec-
tively.

Therefore, when we consider the radius distribution
of bubble nuclei, the probability of the phase change
from supercooled water to ice due to the effect of
ultrasonic vibration is given by

O =1—{1 = 0ulra)}"" {1 = Quol(ra)}™" - --

{1 = Qulra)}™" -, (12)
where
N,-:NOAR(%) B (13)
R, = (i— 1)AR (14)

and AR is a specific range of the normalized radius of
bubble nuclei, which is 5.0 x 1077/ g max 10 OUr simula-
tion. 7 in Eq. (12) represents the volume of the water.
For the conditions of our simulation, we consider only a
range of bubble nuclei from 1 x 107 to 1 x 107* m,
because Q.. is negligible for bubble nuclei less than

102 —
K df/dR = CRm ]

100 L C=6.02x103 |

: m =-2.93 E

% 100 |- =
ES] - ]
10'1 = —
102 L= -

10-1 100
R

Fig. 6. df/dR for the pure water used in the experiment. f'is the
distribution function for the number of bubble nuclei per unit
volume and R is the normalized radius.

1 x 107 m in radius and df/dR is negligible for bubble
nuclei more than 1 x 10~ m in radius.

In our experiments, the water had a temperature
distribution in the vessel. We calculated this distribution
from the cooling curve of the heat-transfer surface, ne-
glecting the convection in the water and assuming a one-
dimensional temperature distribution perpendicular to
the heat-transfer surface. Then, using this temperature
distribution, we calculated the probability of the phase
change from supercooled water to ice due to the effect of
ultrasonic vibration.

If we define the probability of the phase change from
supercooled water to ice without ultrasonic vibration as
QOs, then the probability of the phase change when
ultrasonic vibration is applied is given by

Qa:l_(l_Qu)(l_QS)' (15)

In the simulation, we used Q, obtained from our ex-
perimental results.

4. Results and discussion
4.1. Pure water

Fig. 7 shows the frequency distribution of the maxi-
mum degree of supercooling in Exp. 1 involving the pure
water. A total of 52 measurements was made. The
maximum degree of supercooling ranged from 9.5 to
13.5 K, with an average value, ATy, of 11.6 K and
standard deviation, Sy, of 0.72. AT, for infinite
measurements, AT, for a 99% confidence level is
given by

15 T L — — T
N=52

AT =11.6K ]
Sw=0.72

Pure water

-
o

Frequency

0
9 10 11 12 13 14
Degree of supercooling AT , K

Fig. 7. Frequency distribution of the maximum degree of
supercooling of pure water.
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ATm72.58%<ATmi <ATm+2.58%7 (16)
where N represents the number of measurements. Here,
we determined N by using Eq. (16) so that the value of
AT,; was within the range of AT, +0.5 K at a 99%
confidence level.

In Exp. 2 involving the pure water, ultrasonic vi-
brations of different cavitation intensities were used at
AT of 3.0, 4.5, and 6.0 K. We made 25 measurements for
each experimental condition. Fig. 8 shows the prob-
ability of the phase change from supercooled water to
ice, Q, as a function of AT for both Exp. 1 and Exp. 2.
The result of Exp. 1 is shown as the cumulative distri-
bution of Fig. 7. Comparison of the results of Exp. 1 and
Exp. 2 indicates that ultrasonic vibration was effective
for promoting the phase change from supercooled water
to ice. The results of Exp. 2 indicate that Q approached
1 as the cavitation intensity increased. These results
suggest the possibility of active control of the freezing
temperature of supercooled pure water by using ultra-
sonic vibration.

We found that the phase change from supercooled
water to ice on and/or near the heat-transfer surface
started not only from the center part, but also from the
surrounding part when AT was either 4.5 or 6.0 K, be-
cause the surrounding part of the heat-transfer plate also

Exp. 1
H Without ultrasonic

Exp. 2 Simulation
O AS=38x106m2/s 7 "7 Pamec2.1X10%Pa
A A=26x106m2/s - ---- Pamac=1.8 X105Pa

X A=0.0m2/s Pama=1.5X105Pa
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[0)) 06 [— ! ’ B —
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[ I .y, =2} ]
—
S 04F ' A N —
- ’ -4
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0..,’l...l...l...l...ﬁ..l...
==y

0 2 4 6 8 10 12 14
Degree of supercooling AT , K

Fig. 8. Probability of the phase change from supercooled pure
water to ice as a function of degree of supercooling.

became supercooling state as shown in Fig. 3. On the
other hand, when AT was 3.0 K, the phase change al-
ways started from the center part, because the degree of
supercooling at the surrounding part was about 1 K and
it was too small to cause the phase change from super-
cooled water to ice. When the phase change from the
surrounding part was observed, the phase change from
the center part was always observed almost simulta-
neously. This indicates that the data shown in Fig. 8
were obtained as the results of the phase change from
the center part.

The generation of ice on the heat-transfer surface was
indistinguishable from that in bulk supercooled water
from the observation, because the supercooled layer was
just 5S-mm thick according to the simulation even when
the degree of supercooling at the heat-transfer surface
was 6 K.

The simulation results are also shown in Fig. 8. To fit
the simulation results to the experimental results, we
adjusted two parameters, that is, the growth rate of the
solid nuclei, v, and the maximum acoustic pressure
amplitude, pa max. Although it is difficult to estimate v in
Eq. (7), the free-growth rate of an ice crystal, vy, can be
approximated for small degrees of supercooling less than
6 K by the following empirical equation [4,16]:

vy = 2.8 x 1074AT>3, (17)

To fit the simulation results to the experimental results,
we set v equal to avy and then determined the coefficient,
a. Although precise measurement of the acoustic
pressure amplitude in water was not done, the maximum
acoustic pressure amplitude measured by using an ul-
trasonic pressure sensor was approximately 1 x 10° Pa.
Therefore, in the simulation, we set pa max to be around
1 x 10° Pa.

By optimizing the two parameters, v and pa max, the
simulation results agree with the experimental results.
This agreement indicates that the phase change from
supercooled water to ice induced by ultrasonic vibration
could be simulated by assuming that the collapse of
cavitation bubbles causes nucleation of solids, if the two
parameters, v and pa max, are obtained properly.

The simulation results show that the probability of
the phase change from supercooled water to ice induced
by ultrasonic vibration is greatly influenced by the de-
gree of supercooling, although the cavitation phenome-
non is not influenced very much by the degree of
supercooling. This is due to the change of the tempera-
ture distribution in the water. Because the thickness of
the supercooled layer increases as the degree of super-
cooling at the heat-transfer surface increases, the prob-
ability of the phase change from supercooled water to
ice also increases as the degree of supercooling.

According to Eq. (15), the simulation results can be
divided into two components, Q, and Q. Fig. 9 shows
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Fig. 9. Simulation probability of the phase change of pure
water and its two components, Q, and Q.

the simulation Q, and these two components when
Pamax = 1.5 x 10° Pa and Q; is based on the results of
Exp. 1 for the pure water. These simulation results show
that the influence of Q; emerges only when AT > 10 K.

4.2. Tap water

Although we demonstrated the effectiveness of ul-
trasonic vibration for actively controlling the freezing
temperature of supercooled pure water, for practical
applications we must also demonstrate its effectiveness
for tap water. We therefore repeated the same exper-
iments for tap water.

Based on Eq. (16), we made 30 measurements in Exp.
1 so that ATy, was within the range of AT, £0.5K ata
99% confidence level. ATy, for the tap water was 9.0 K,
which is lower than that for the pure water (11.6 K) due
to the solid particles larger than 0.2 pm and the ions
present in the tap water.

In Exp. 2, ultrasonic vibrations of different cavitation
intensities were applied at AT of 1.5, 3.0, and 4.5 K. We
made 10 measurements for each experimental condition.
Fig. 10 shows Q as a function of AT for both Exp. 1 and
Exp. 2. Comparison of the results of these two exper-
iments reveals that, similar to that for the supercooled
pure water, ultrasonic vibration is effective for control-
ling the freezing temperature of the supercooled tap
water.

We found that the phase change from supercooled
water to ice on and/or near the heat-transfer surface
started not only from the center part, but also from the
surrounding part when AT was 4.5 K, because the sur-
rounding part of the heat-transfer plate also became
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Fig. 10. Probability of the phase change from supercooled tap
water to ice as a function of degree of supercooling.

supercooling state as shown in Fig. 3. On the other
hand, when AT was either 3.0 or 1.5 K, the phase change
always started from the center part, because the degree
of supercooling at the surrounding part was too small to
cause the phase change from supercooled water to ice. In
the same way as for the pure water, the data shown in
Fig. 10 were obtained as the results of the phase change
from the center part.

The simulation results for the tap water are also
shown in Fig. 10. The number of bubble nuclei con-
tained in the tap water was higher than that in the pure
water, because many solid particles remained in the tap
water, thus trapping the bubble nuclei on their surfaces.
It is difficult to measure the number of bubble nuclei in
the tap water by using an optical particle counter, be-
cause the particle counter cannot distinguish between
the bubble nuclei and solid particles. Therefore, in the
simulation of the tap water, we used a value of C in Eq.
(11) that was 10 times higher than that for the pure
water so that the simulation results fit the experimental
results. The simulation results agree with the exper-
imental results, similar to the result for the pure water.

Figs. 8 and 10 show that Q for the tap water is higher
than that for the pure water under the same exper-
imental conditions in Exp. 2. The difference in the spe-
cific resistance between the pure water and tap water
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does not influence Q, because the specific resistance does
not influence the cavitation phenomena. Therefore, ac-
cording to the simulation results, this higher probability
for the tap water is due to the large number of bubble
nuclei in the tap water sustained by a high concentration
of solid particles.

5. Conclusions

The effect of ultrasonic vibration on the phase change
from supercooled water to ice on and/or near a heat-
transfer surface was experimentally investigated both for
pure water and for tap water. Then, the phase change
from supercooled water to ice induced by ultrasonic
vibration was simulated based on the cavitation
phenomena. Our findings are summarized as follows:

1. Ultrasonic vibration strongly promotes the phase
change from supercooled water to ice, for both pure
water and tap water. The experimental results agreed
well with the simulations based on a model that con-
siders the cavitation phenomena.

2. A reliable method to actively control the freezing
temperature of supercooled water by ultrasonic vi-
bration can be realized when the appropriate cavita-
tion intensity is chosen.
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