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a b s t r a c t

The application of ultrasound to liquid freezing has focused growing attention over the last few years and
its potential seems very promising. In order to make clear droplet freezing assisted by ultrasound, the
heat and mass transfer characteristic was studied based on ultrasound theory, penetration theory of mass
transfer and energy conservation. The results showed that ultrasound could accelerate mass transfer and
make droplet rapid cooling. In the effect of ultrasound, bubble size in the droplet was decreased with
ultrasound frequency, and bubble number in the droplet was increased with ultrasound frequency.
Mass transfer coefficient of droplet was increased with ultrasound intensity and reduced with ultrasound
frequency. For the mass transfer and heat transfer direction were same in the droplet freezing process,
the heat transfer was strengthened by mass transfer in the droplet freezing process. Comparing with
no ultrasound, droplet temperature with ultrasound was lower 2.0�C–2.5 �C after the same time.
Hence the ultrasound helps to cool and freeze droplet.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that freezing assisted by ultrasound is gradu-
ally used in food engineering, ice making and medical science
[1–3]. Ultrasound can cause cavitation effect which induces bub-
bles inside liquid. When the bubbles escape from the liquid sur-
face, the mass transfer is intensified. By the mass transfer, heat
transfer at the surface is improved. It is helpful for liquid cooling
and freezing. Some studies have been done on ultrasound-
induced crystal nucleation of ice in water. Yu [4] analyzed the
effect of ultrasound on nucleation, and cavitation was major factor
for sonocrystallisation of ice. Based on moving boundary vapor dif-
fusion, one-dimensional model was described the ultrasound
assisted atmospheric freezing-drying of foodstuffs by Santacatalina
[5]. It revealed that the most relevant operating parameter affect-
ing the drying time was ultrasound power level. Naji [6] presented
a mathematical model to simulate growth characteristics of a sin-
gle bubble in liquid. The results showed that bubble growth mainly
was affected by ultrasound pressure amplitude. Saclier [7] ana-
lyzed the empirical correlations between final frozen product ice
crystals’ characteristic and ultrasound assisted freezing operation
conditions. It was found that increasing supercooling and acoustic

power resulted in decreasing ice crystals’ mean size. Inada [8]
experimentally studied the use of ultrasound vibration to control
the phase change from supercooled water to ice, and simulated
phase change. It showed that ultrasound vibration was mainly fac-
tor to control phase change. The other researchers [9–12] clarified
different factors that influenced phase change from supercooled
water to ice and tried to realize methods to control freezing tem-
perature. Effect of ultrasound on both crystal structure and kinetics
of palm oil crystallization were studied by Patrick [13]. Modeling
and simulation of ice nucleation triggered by acoustic was studied
by Saclier [14]. The results showed that nucleation could be initi-
ated with moderated acoustic pressure amplitude. According to
study [15], the moderate oscillation of bubble may induce ice
nucleation. Zhang [16] noticed that water, when supercooled at
�1 �C and subjected to an ultrasound exposure during 9 s, had a
phase change probability increasing from 0.18 to 0.75. Gondrexon
[17] presented experimental results focused on heat transfer inten-
sification and enhancement of ultra filtration by ultrasound. How-
ever, the theory model and analysis was not given.

The above literatures presented different explanations about
freezing assisted by ultrasound. They included the role of the ultra-
sound in the freezing-drying, single bubble growth, phase change,
crystal structure etc. However, the analyses considering ultrasound
frequency, ultrasound intensity and ultrasound power together
into droplet freezing was not presented, in which the heat and
mass transfer model was also not given.
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In this paper, in order to make clear droplet freezing assisted by
ultrasound, the heat and mass transfer characteristic were studied
based on ultrasound theory, penetration theory of mass transfer
(Higbie, 1935). It states that diffusion is unsteady state process
and the molecules of the solute are in constant random motion,
where clusters of these molecules arrive at the interface, remaining
there for a fixed period of time, and some of them penetrate while
the rest mixes back into the bulk of the phase) and energy conser-
vation. The mass transfer in the process was analyzed in different
ultrasound intensity and ultrasound frequency. The droplet tem-
perature variation was given under effect of ultrasound. Some pho-
tographs were contrasted for droplet freezing with ultrasound and
without ultrasound. This study would be beneficial to understand-
ing the effect and mechanism of ultrasound in liquid freezing.

2. Physical model and formulation

The droplet in ultrasound is different from ordinary state (there
are very few bubbles without ultrasound), because ultrasound
bubbles in liquid are produced by ultrasound that intensify the sur-
face renewal. The diagram is shown in Fig. 1. The bubbles are easy
to escape from the droplet surface with ultrasound because the
surface tension is decreased with ultrasound. In the bubble escap-
ing process, the mass transfer is intensified. Hence, the surface of
droplet under effect of ultrasound would be more suitable for mass
transfer than normal state. The bubbles escaping from liquid sur-
face is shown in Fig. 2. The bubbles produced by ultrasound inten-
sify surface renewal and mass transfer of liquid surface.

With considering the bubbles caused by ultrasound, distribu-
tion of bubbles inside droplet is deemed as be uniform and shape
of droplet is deemed as be spherical when analyzing heat and mass

transfer. When ultrasound is travelling in liquid, interaction
between ultrasound and medium depends on cavitation. Cavita-
tion is formation of cavities, which is the consequence of forces
acting upon medium. Burdin [18] studied the cavitation bubble
cloud at 20 kHz of ultrasound, and presented the size and volumet-
ric concentration of acoustic bubbles. It usually occurs when med-
ium is subjected to pressure change that causes the formation of
cavities. When subjected to higher pressure, the voids may be
more easily fragmented. When subjected to lower pressure, the
voids may be developed. Through the periodic process, the cavita-
tion is produced. For liquid with ultrasound, a large number of
bubbles are produced by ultrasound cavitation. In this process,
pressure on medium by ultrasound is shown as follows,

Pa ¼ PA sinx � t ð1Þ

Nomenclature

PA ultrasound amplitude (Pa)
t time (s)
f ultrasound frequency (Hz)
q medium density (kg/m3)
P ultrasound power (W)
R radius (m)
r surface tension (N/m)
N bubbles numbers
/ surface renewal ratio
k thermal conductivity (W/(m�K))
a acoustic absorption coefficient
q liquid density (kg/m3)
qh quantity of heat by convection (W)
qu quantity of heat by ultrasound heat effect (W)
x acoustic angular frequency (rad/s)
pa pressure on medium (Pa)

I ultrasound intensity (W/m2)
C sound velocity (m/s)
S0 interface area in the effect of ultrasound (m2)
c kinetic viscosity (N�s/m2)
Ph static pressure of liquid (Pa)
D mass diffusion coefficient (m2/s)
SL total surface of droplet (m2)
T temperature (K)
cp specific heat at constant pressure (J/(kg�K))
V volume of droplet (m3)
qm quantity of heat by mass transfer (W)

Subscripts
d droplet
a environment

(a) with ultrasound (b) without ultrasound

Fig. 1. Droplet state under effect of ultrasound and un-ultrasound.

bubble

Fig. 2. Bubbles escaping from liquid surface.
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