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A B S T R A C T   

Water with small volume (a few microlitres or less) often maintains its liquid state even at temperatures much 
lower than 0 °C. In this study, we examine the onset of ice nucleation in micro-sized water droplets with im-
mersed solid particles under weak ultrasonic vibrations. The experimental results show that ice nucleation inside 
the water droplets can be successfully induced at relatively high temperatures. The experimental observations 
indicate that the nucleation sites are commonly encountered in the region between the particle and the substrate. 
A numerical study is conducted to gain insight into the possible underlying phenomenon for ice nucleation in 
such systems. The simulation results show that the collapse of cavitation bubbles in the crevice at the particle 
surface is structure sensitive with the hemisphere-shape crevice generating pressures as high as 1.63 GPa, which 
is theoretically suitable for inducing ice nucleation.   

1. Background 

Ice particles have been used as an efficient cold energy storage 
medium in a number of industrial processes [1,2] due to its large latent 
heat. In recent years, efforts have been directed mainly towards gen-
erating ice particles from micro-sized water droplets to enhance the ice 
particle quality in terms of size and size distribution, surface smooth-
ness and sphericity [1–5]. However, ice nucleation in micro-sized water 
droplets proves challenging [6], often requiring a supercooling greater 
than 30 °C. Such a low operating temperature in water droplet freezing 
processes is undesirable as it results in a low coefficient of performance 
(COP) of the refrigeration system. 

A variety of methods have been developed for increasing the ice 
nucleation onset temperature in water droplets, including the addition 
of freezing catalysts [7,8], application of electro/magnetic fields [9–11] 
and stimulation by cavitation bubbles [12]. The electro/magnetic fields 
based nucleation techniques, however, are still in the stage of lab in-
vestigation, requiring the deep understanding of the nucleation me-
chanism [13]. One commonly used active technique for triggering ice 
nucleation is based on the addition of freezing catalysts having crystal 
structures similar to ice (ice-like) [14–17], e.g. silver iodide [18]. 
However, it is still challenging to achieve a relatively high nucleation 
onset temperature close to 0 °C in small droplets. For instance, Stan 
et al. [17] investigated the ice nucleation in droplets of 77 μm with AgI 
nanoparticles, and found none of the droplets froze at temperatures 

higher than −9.9 °C. 
Another approach for reducing the supercooling degree for ice nu-

cleation is the application of power ultrasound. Under the irradiation of 
power ultrasound waves (frequency: 20 100 kHz; intensity  >  
1 W cm2) [19], cavitation bubbles are generated through the alter-

nating cycles of low and high pressures (rarefaction and compression) 
and have been reported to induce nucleation of water at a relatively 
high temperature. Hickling [20–22] explained the ultrasonically in-
duced nucleation based on the pressure pulse generated from the col-
lapse of ultrasonic cavitation bubbles which could reach up to 10 GPa
[23,24], thus increasing the equilibrium freezing temperature of water 
and leading to a large supercooling (10–50 °C) [25]. Such advantage 
endowed by the local high pressure could render a nucleation onset 
temperature close to 0 °C [23,26]. 

Since the seminal work of Hickling , several other mechanisms (e.g. 
bubble oscillation [27–30], molecular segregation [31,32] and negative 
pressure [33,34]) have been hypothesized as the stimulus for ice nu-
cleation particularly in medium other than water (e.g., sucrose solution  
[29], fat blends [35] and agar gel [19]). However, the study is still a 
long way from reaching a consensus on the exact mechanism that 
triggers ice nucleation, even for a given medium under the specific 
circumstance. It is worth mentioning that Zhang et al. [30] examined 
ice nucleation in two types of water samples: i) filtered deionised water 
and ii) supersaturated deionised water (by mechanically adding in air 
bubbles). Microstreaming (or flow streams) generated by bubble 
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oscillation was captured by Particle Image Velocimetry (PIV) in both 
water samples, but its effect on ice nucleation was only found in the 
sample of supersaturated deionised water. In the sample of filtered 
deionised water, which is the focus of the present study, there was no 
time lag between the onset of ultrasonic irradiation and the onset of ice 
nucleation, indicating the occurrence of ice nucleation could mainly 
follow the Hickling’s mechanism. 

For micro-sized water droplets, however, ice nucleation by the ul-
trasonic cavitation method are scarcely reported. This is because cavi-
tation in water droplets is expected to be difficult, due to the lack of 
impurities (e.g., pre-existing bubbles or hydrophobic particles [36]) 
contained in such small water droplets. The smaller the water droplet, 
the less the impurities and the higher the water tensile strength [36]. 
One may resort to increasing the vibration intensity; however, at such 
high driving pressures the water droplets may break up in the form of 
atomisation [37]. A new approach is therefore needed to fully taking 
advantage of ultrasonic cavitation. 

Here we propose using rough micro-sized glass bead particles cou-
pled with a weak ultrasonic vibration. In this method, fine particles are 
injected into water droplets placed on the surface of a vibrating sub-
strate. It is believed that the rough surface of glass bead particles in-
creases the likelihood of trapping nano-air bubbles within its numerous 
crevices which in turn may act as cavitation inception sites and be re-
sponsible for the onset of ice nucleation under the effect of ultrasonic 
vibration. In this study, the term “crevice” refers to the tiny space 
amongst the micro-asperities at the particle surface that could poten-
tially trap nano-air bubbles. Considering the small scale, it is beyond 
the reach of the experimental approach to obtain data associated with 
cavitation bubble dynamics inside the crevices. Therefore, the numer-
ical approach becomes a powerful and useful tool for solving such 
problems at the small scale. Compared to traditional CFD methods  
[38,39], LBM can deal with the mesoscopic fluid-fluid or fluid-solid 
interactions more conveniently [40–42]. LBM also has advantages of 
simplicity, high computational efficiency, and suitability for parallel 
computing. 

In this work, the coupled effect of weak ultrasonic vibration and 
immersed glass bead particles on the ice nucleation of micro-sized 
water droplets is investigated experimentally. Specifically, effects of 
droplet temperature, particle size and concentration on the ice nu-
cleation rate are investigated. To gain insight into the possible under-
lying phenomenon for ice nucleation triggered in such systems, a nu-
merical study using a pseudo-potential lattice Boltzmann method (LBM) 
is conducted with the focus placed on cavitation bubble dynamics in-
side the crevice. The effect of crevice shape, namely square-shape, cone- 
shape, and hemisphere-shape, on the final collapse pressure is ex-
amined with the aim of quantitatively evaluating the Hickling’s me-
chanism. 

2. Experiments 

The design of experimental setup is based on an earlier study on 
water droplet ice nucleation by Olmo [43]. Fig. 1 shows the experi-
mental setup which consists of (i) a sonicator (Branson Sonifier 450, 
Branson Ultrasonics, USA: 400 W, 20 kHz), (ii) a cooling module 
(MULTICOMP, MCPK2-15828NC-S, UK), (iii) a thermocouple, and (iv) 
a camera. The sonicator probe was positioned vertically against the left 
end of the substrate (a steel sheet) with dimensions of 0.1 cm in height, 
8 cm in width and 2 cm in depth. The ultrasonic vibration is trans-
ferred through the substrate to the right end where water droplets are 
located. The ultrasonic driving pressure corresponding to a specific 
sonicator output power was measured by a needle hydrophone system 
(Precision Ultrasonics, 4.0 mm Needle hydrophone, UK). The top sur-
face of the substrate at the right end was coated with a hydrophobic 
layer (BOPP, Young's modulus: 1.7 2.5 GPa) to maintain the hemi-
spherical shape of the droplet. Water droplets with an equivalent dia-
meter of µ800 m were generated using a µ0.5 L syringe. Glass bead 

particles (Cospheric, USA) were selected and injected into the droplet 
(WD-1) using a wet syringe needle. The cooling module was placed 
underneath the right end of the steel substrate with the temperature 
precisely controlled by adjusting the input voltage and current. A K- 
type thermocouple (application range: −75 °C  to 250 °C) was placed 
on the substrate surface close to water droplets for monitoring the 
operating temperature (To). As the micro-sized water droplet is in direct 
contact with the substrate surface, To can be viewed as the droplet 
temperature. For each run, a reference droplet (WD-2) with no glass 
bead particles (henceforth called particle) was placed aside. The 
movement of particles and the freezing behaviour inside WD-1 were 
captured using a digital microscope camera (RS Pro Wifi Microscope, 
RS Pro, AU) and a high-speed microscope (Meros, Dolomite, UK). The 
influence of natural convection between droplets and air on droplet 
freezing is minimised by a sealed enclosure. In addition, the chamber 
was purged with nitrogen gas to minimise condensation of water va-
pour on the substrate and any potential contamination from dusts 
suspended in the air. 

Particles with diameters (Dp) in four size groups (GB1: µ63 75 m, 
GB2: µ90 150 m, GB3: µ180 250 m and GB4: µ250 300 m) were 
used in present experiments. SEM images (Fig. 2) show that particles 
have the rough surface with asperities less than 10 μm in diameter 
(equivalent diameter). As exemplified in Fig. 2(b), a large number of 
small crevices could exist amongst these asperities. As a consequence, 
nano-air bubbles are highly likely to be trapped inside the crevices 
when injected into the water droplet. Also, impurities attached on the 
surface are likely to be brought into water droplets. Therefore, prior to 
experiments, all particles were washed in distilled water and stored in a 
drying oven. To numerically investigate the trapped-bubble collapse 
dynamics, the structures of the crevice are simplified into three basic 
shapes: square, cone, and hemisphere, as illustrated in Fig. 3. 

During the vibration expansion process, trapped bubbles could work 
as cavitation inception sites. However, the magnitude of the pressure in 
between the vibrating substrate and particle is not high enough for 
growing and detaching cavitation bubbles from the crevice, which often 
requires a pressure amplitude around 6 MPa [44,45]. After a certain 
number of rarefaction and compression cycles, these trapped bubbles 
reach the maximum size and are likely to collapse given the relatively 
high pressure built up during the collision between the particle and 
substrate. For simplicity, we assume the maximum bubble has the si-
milar size to the crevice, as shown in white colour in Fig. 3. 

To exclude the influence of possible cavitation inception in the 
droplet (not in the crevice), the ultrasonic driving pressure in this study 
is set to be much lower than 0.12 MPa [46]. Applied sonication prop-
erties used in this study are listed in Table 1. 

For each experiment, the duty cycle of the sonicator was set at 10%, 
and the output power was changed between 10% to 15%. Further, effects 
of particle size and number concentration on the ice nucleation onset 
temperature were examined. A sample population of 40 water droplets 
under each condition were measured and the number of frozen droplets 
(Ndrop) were optically determined. The fraction of frozen droplets is thus 
defined as =f N

ice 40
drop . A range of benchmark experiments was per-

formed where the individual effects of vibration field (intensities up to 
0.0031 W cm2) and the presence of particles on the freezing of water 
droplets ( µ800 m) were examined separately at To = −9 °C. The lower 
limit To = −9 °C was set to avoid the interference from condensation. 

3. Numerical modelling 

3.1. Pseudo-potential LBM model 

The evolution equation of the pseudo-potential LBM model is ex-
pressed as [47] 

+ + = +ef t f t f t f t Fx x x x( , ) ( , ) 1 ( ( , ) ( , ))t t
eq

v (1) 
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where f is the density distribution function, t is the time step, e is the 
discrete velocity along the th direction, f eq is the equilibrium dis-
tribution function, and F is the forcing term. For D2Q9 (two dimen-
sional and nine velocity scheme) [41], e is given as 

=e
0 1 0 1 0 1 1 1 1

0 0 1 0 1 1 1 1 1 (2)  

The relaxation time v in relation to the kinematic viscosity and is 
given by 

= +c 1 0.5s
2

v (3) 

where =cs
1
3 is the lattice sound velocity. 

The equilibrium density distribution function f eq is given by 

= + +e ef
c c c

1 ( )
2 2

eq

s
2

s
4

2

s
2 (4) 

where the weighting coefficient are 4/9 for = 0, 1/9 for 
= 1, 2, 3, 4 and 1/36 for = 5, 6, 7, 8. The macroscopic velocity is 

calculated by 

= +e Ff t
2 (5)  

The forcing scheme proposed by Li et al. [47] is adopted for the 

forcing term F in Eq. (1). Li’s forcing scheme can be written as 

= + +e e FS I
c c

1
2 v s

2
s
4 (6) 

in which is defined as = + F v
2. The parameter is applied to 

adjust the pseudo-potential model to satisfy the thermodynamic con-
sistency, improve the numerical stability, and achieve a large density 
ratio. F is the total force acting on the system, including the fluid–fluid 
interactive force Fff , fluid–solid interactive force Ffs, and the body force 
Fb. For the pseudo-potential LBM model, Fff is given as 

= +F e e eG x x( ) (| | ) ( )
N

ff ff
' 2

(7) 

where =G 1ff is the interaction strength and the weight coefficient 
e(| | )' 2 are =(1)' 1

13 and =(2)' 1
12 . When investigating bubbles in 

the crevice, the adhesive force Ffs between the fluid and the solid 
boundary needs to be incorporated. Ffs is given by 

= +F e eG sx x( ) ( )
N

fs fs
(8) 

where + es x( ) is the indicator function, 1 for solid particle and 0 for 
fluid particle. Gfs is the interaction strength and is set to be =G 2.5fs
[48] to maintain a hydrophilic surface. The body force Fb, i.e., the 
gravitational force, is neglected. 

Fig. 1. Schematic of the experimental setup. [WD-1 is water droplet with particles and WD-2 is the reference droplet without any particles].  

Fig. 2. SEM images of particles: (a) scaled at µ100 m and (b) scaled at µ1 m. [D µ: 180 250 mp ].  
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x( ) is the interparticle potential and is given by 

=x P c G( ) 2( )EOS s
2 (9)  

in which is the equation of state for nonideal fluid. In this study, the 
Carnahan-Starling (CS) EOS is adopted, which reads 

= + +P RT b b b
b

a1 4 ( 4) ( 4)
(1 4)EOS

2 3

3
2

(10) 

where =a RT P0.4963( )c
2

c and =b RT P0.18727 c c with Tc and Pc are the 
critical temperature and pressure, respectively. We set =a 0.5, =b 4
and =R 1 in this study. The corresponding critical density is given by 

=P 0.13045c . 

3.2. Ice nucleation onset temperature under pressure 

Near the wall of a cavitation bubble, water might be subjected to an 
ultra-high pressure of about ×10 109 Pa [23,24]. Under such high 
pressures, the water melting temperature varies dramatically. In this 
study, the Simon-Glatzel equation [49] is used to describe the ice 
melting curve as a function of pressure 

= +T T P
a

1 273.15
b

m 0
1

(11) 

where =P P P P(22.06 )EOS c 0 . P0 and T0 are the reference pressure and 
temperature, respectively. The values of P0, T0, a and b for different ice 
phases are listed in Table 2. 

However, the homogeneous ice nucleation onset temperature (Thom, 
Celsius degree) under high pressures are still absent in the public 

domain. Hence, the ice nucleation temperature in this study is simpli-
fied as [50] 

= +T T P
a

0.86 1 273.15hom 0
b
1

(12)  

3.3. Model validation 

To verify the thermodynamic consistency, the grid size of a gravity- 
free computational domain is set as ×201 201 lattices. The periodic 
boundary scheme is applied to all four boundaries. The initial density of 
liquid is set as = 0.2l . Note that, for the simulation results of LBM, the 
unit of time t is ‘ts’, the unit of length L is ‘lu’, and the unit of density 
is ‘mu/lu3′. The temperature is dimensionless. To induce phase transi-
tion, an extremely small density perturbation of 10 l

8 is placed on the 
horizontal symmetric line of the computational domain at =t 0. Fig. 4 
shows the density coexistence curve by the present LBM model. The left 
curve is the vapour branch, and the right curve is the liquid branch. 
Clearly, the simulation results by the present model have a good 
agreement with the Maxwell theoretical results. 

To further confirm the validity of the developed model, a single free 
bubble with an initial radius of =R 400 in an infinite area is simulated 

Fig. 3. Simplified basic structures of the asperity crevice on the rough particle surface. [Grey colour represents the body of the particle; light blue colour represents 
the liquid film; black colour represents the solid substrate]. 

Table 1 
Applied driving pressure varying against the sonicator power output.     

Sonicator power output 
(%) 

Driving pressure (MPa) Vibration intensity 
(W cm2)  

10 ±0.0056 0.00131 ±0.0011 0.0003
13 ±0.00825 0.00125 ±0.0023 0.0003
15 ±0.00944 0.0011 ±0.0031 0.0004

Table 2 
Simon-Glatzel equation parameters for the melting curve of ices [49].        

Ice form Triple point P0 (MPa) T0 (K) a (MPa) b

Ih Gas-Ih-liq ×6.11657 10 4 273.15 414.5 8.38
III Ih-III-liq 209.5 251.15 101.1 42.86
V III-V-liq 335.0 256.43 373.6 8.66
VI V-VI-liq 618.4 272.73 661.4 4.69

Fig. 4. Comparison of the MRT-LBM model coexistence curve with the Maxwell 
construction. 
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and compared against the analytical solutions. Here we set the com-
putational domain as ×401 401 lattices. The initial vapour pressure is 
set as = 0.0095v at =T T0.7 c. The non-equilibrium extrapolation 
boundary scheme [51,52] is applied to the four boundaries. To induce 
cavitation bubble growth and shrinkage, the initial liquid density is 
artificially changed to obtain a proper pressure difference =P P Pl v. 
Under a critical =P Pcri, the bubble radius will remain unchanged. In 
other words, for a given initial bubble, if >P Pcri, the vapour bubble 
will start shrinking rather than cavitating as condensation is preferable 
in terms of lowering the system free energy. On the contrary, if 

<P Pcri, cavitating will dominate the bubble size evolution process. 
The density field of the computational domain is initialized by 

=
+

+
+

x y
x x y r R

W
( , )

2 2
tanh

2 ( ) ( )l v l v 0
2

0
2

0

(13)  

The analytical solution for the bubble size evolution can be obtained 
by the Rayleigh-Plesset (R-P) equation. For a two dimensional simula-
tion, R-P equation is boundary sensitive [53]. Therefore, following  
[40,53], the revised R-P equation is written as 

+ + + =R
R

RR R R
R R

P Pln ¨ 3
2

2 l
bound

l
2

b bound (14) 

where Rbound is the computational domain size, Pb is the bubble pres-
sure, and Pbound is the pressure at the boundary. The revised R-P 
equation is solved using the 4th order Runger-Kutta integration algo-
rithm. For the comparison between the analytical solution and the si-
mulation results, the lattice values are used for all the variables in the 
R-P equation. The viscosity can then be given as = (2 1) 6l v . The 
surface tension = 0.0191 is obtained by the Laplace law [40]. The 
comparison between the analytical solution and the simulation results 
is shown in Fig. 5. Clearly, the simulation results have very good 
agreements with the revised R-P equation solutions. The critical pres-
sure for =R 400 is = ×P 4.8 10cri

4. As predicted by revised the R-P 
equation, the bubble grows with >P Pcri, and shrinks with 

<P Pcri. 

4. Results and discussion 

Results of the benchmark experiments on the nucleation of 800 μm 
droplets using only the ultrasonic vibration field or particles showed no 
occurrence of ice nucleation. Specifically, when particles were injected 

into the water droplet without imposing the vibration field, the liquid 
state was maintained for over 5 min at To = −9 °C, suggesting that 
impurities brought into the water droplet by particles have a marginal 
effect on water droplet ice nucleation. Similar results were obtained 
when the vibration field was applied solely with intensities up to 
0.0031 W cm2 and To = −9 °C. The study is then extended to examine 
the coupled effect of the vibration field and the presence of solid par-
ticles on ice nucleation of water droplet under the same operating 
conditions. 

Fig. 6 shows the ice nucleation evolution process under the coupled 
effect with the vibration intensity of 0.0011 W cm2 and To = −5 °C. 
Clearly, even under such weak ultrasonic vibrations, the ice nucleation 
can be successfully induced with the assistance of particles. Fig. 6(a) 
shows a typical evolution of ice nucleation and the freezing process 
within an 800 μm water droplet containing particles under the effect of 
ultrasonic vibration field. Prior to the onset of ice nucleation, particles 
move randomly in the water droplet. For each particle, the momentum 
is transferred from the vibrating substrate and its neighbouring parti-
cles. Under strong particle–particle and particle–substrate interactions, 
the ice nucleation is induced in the water droplet. The ice nucleation is 
seen starting from a single particle and spread rapidly through the 
entire supercooled space at a speed of ~0.8 cm/s. In addition, for all 
nucleation cases, the nucleation sites are constantly found to lie in the 
region between a particle and the substrate. This might suggest that the 
particle–substrate interaction is the main cause of ice nucleation. If the 
ice nucleation is triggered by the particle–particle interaction, ice 
should be found growing from the gap of two contact particles. How-
ever, this phenomenon was not observed in experiments. 

To reveal the behaviour of ice nucleation induced by particle–sub-
strate interaction, To is increased further to −2 °C to slow down the ice 
growth rate and increase the chance of observing the initial stage of the 
ice nucleus. As shown in Fig. 6(b), one tiny six-fold symmetrical 
snowflake ice crystal (around 50 μm) is formed. This snowflake in-
dicates that the ice originates from a point ice nucleus. This point ice 
nucleus could be generated from the direct interaction between the 
substrate and the particle, or from the cavitation bubbles in the crevice  
[19,25,28,29,31,32,34,54,55]. 

In order to understand how the particle–substrate interaction affects 
the water droplet ice nucleation, effects of key parameters including 
droplet temperature, particle number concentration and size on the ice 
nucleation behaviour are examined. The effects of vibration intensity 
and induction time on the droplet freezing rate have been reported in 
our earlier work [56]. 

Fig. 5. Comparison of the cavitation bubble size evolution between the simulation results and the analytical solution. (a) bubble growth; (b) bubble collapse.  
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Fig. 7(a) shows the variation of fice as a function of To at the ultra-
sonic vibration intensity of 0.0011 W cm2 for different particle number 
concentrations. It can be seen that fice increases significantly, doubles in 
value, as the particle number concentration in the water droplet in-
creases from 2 3 to 10 15 particles per droplet. Also, as the particle 
number concentration decreases, lower freezing temperatures are re-
quired to maintain the same fice. It is noteworthy the combined effect on 
fice becomes significant only when there are more than one particle 
inside the water droplet. Water droplets containing one or no particle 
remain unfrozen even with To as low as −6.5 °C. Fig. 7(b) shows the 
nucleation rate of a supercooled water droplet as a function of particle 
sizes. As the particle size increases, fice increases first and drops at 

=D µ180 250 mp . This phenomenon is more pronounced with re-
ducing the droplet temperature. 

SEM images of GB1– GB4 particles show that the asperities are 
densely distributed on the particle surface, as shown in Fig. 8. During 

the strong collision between particles and the vibrating substrate, water 
film between them is highly squeezed leading to the surge of local 
pressure. The force balance between the gravitational force and the 
substrate inertial force is assumed in the water film. Accordingly, the 
direct collision pressure P( )d generated by a single asperity in the col-
lision could be simplified as 

=
+( )

P
m g

D

4 fP

d
g

2
c

a
2

v

(15)  

The first term in the bracket of Eq. (15) is the substrate acceleration 
amplitude based on the vibration intensity [12]. In Eq. (15) mg is the 
particle mass; f is the ultrasonic vibration frequency; is the water 
density; c is the local sound speed; g is the gravitational acceleration; Pv
is the absolute value of the maximum driving pressure from the sub-
strate (as listed in Table 1); and Da is the equivalent diameter of the 

Fig. 6. Ice nucleation evolution process under the coupled effect of the ultrasonic vibration field and particles. (a) To = −5 °C, particle (D µ: 90 150 mp ) number 
concentration: 5 10 particles/droplet; (b) To = −2 °C, particle (D µ: 90 150 mp ) number concentration: 3 particles/droplet. Scale bar: µ100 m. 

Fig. 7. Fraction of the frozen droplets over temperature, particle number concentration and size. (a) vibration intensity: 0.0011 W cm2, droplet size: 0.8 mm, 
vibration induction time: 10 s, and D µ: 180 250 mp ; (b) vibration intensity of 0.0011 W cm2, vibration induction time: 10 s, particle number concentration: 10–15 
particles/droplet, droplet size: 0.8 mm. 
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asperity involved in the collision. Moreover, Da is estimated to be in the 
range of µ1 m – µ10 m from the analysis of SEM images. For 

<D µ1 ma , the chance of contacting the substrate is negligible. The 
calculated Pd values are plotted in Fig. 9 against Da. Clearly, Pd rises 
sharply as Da reduces from µ10 m to µ1 m. Meanwhile, Pd is positively 
related to Dp. Thus the highest pressure, i.e., =P 0.032 GPad , occurs 

at =D µ1 ma ( =D GB4p ). At such a high pressure, according to Eq.  
(12), the corresponding homogeneous nucleation temperature is 
Thom = −40.5 °C. Therefore, the ice nucleation cannot be triggered 
inside the water droplet for To ≥ −6.5 °C. Moreover, GB4 has the 
densest asperities (Fig. 8) with the total contact area greatly increased, 
which may bring down the value of Pd to some extent. This might ex-
plain why fice of GB4 is less than that of GB3 in Fig. 7(b). Overall, it is 
clear that by direct collisions alone it is not sufficient to induce ice 
nucleation for To ≥ −6.5 °C. 

Given that the cavitation bubbles in the crevice are frequently ex-
posed to the high pressure built up inside the water film, cavitation 
bubbles are highly likely to collapse and generate much higher local 
pressures. 

To numerically investigate the dynamics of bubble collapse in the 
crevice, the range of Pd is chosen to be from 0.01 GPa to 0.08 GPa. 
Three simplified/representative crevice structures are investigated, 
namely, square-shape, cone-shape, and hemisphere-shape. The size of 
the crevice (i.e., radius, height, or width) is set to vary around 0.5 μm, 
corresponding to 125 lu. Conversions between lattice units and physical 
units are given in Table 3. In the present study, a computational domain 
of ×401 401 grid ( ×µ µ1.6 m 1.6 m) is applied for the three crevice 
structures. The bottom half of the computational domain is set as fluid 
region where the initial density is artificially changed to obtain dif-
ferent Pd; the top half of the computational domain is set as solid region 
where the crevice inhabits, as exemplified in Fig. 10 with the hemi-
sphere-shape crevice. The left and right boundaries of the computa-
tional domain are set as periodic boundary; the top and bottom 
boundaries are set as solid boundary. 

Fig. 8. SEM images of glass beads in different groups. [Scaled at µ10 m].  

Fig. 9. Effect of the asperity equivalent diameter on Pd. [Vibration intensity: 
0.0011 W cm2]. 
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Fig. 11 shows the maximum collapse pressure P( )max generated when 
a cavitation bubble collapses in the square-shape crevice for different 
crevice heights (Hsq) and widths (Wsq) with =P 0.08 GPa.d As shown in  
Fig. 11(a), with Wsq fixed at µ0.80 m, Pmax increases with increasing Hsq. 
When Hsqis fixed at µ0.72 m, Pmax increases first as Wsqincreases from 

µ0.16 m to µ0.24 m, and then drops with Wsqincreases further to 
µ0.48 m, and increases again with Wsqbecomes greater than µ0.48 m, as 

shown in Fig. 11(b). The first and second rises in Pmax could be attrib-
uted to the primary and secondary bubble collapses, respectively. When 

Wsqis smaller than µ0.24 m, Pmax is solely determined by the primary 
collapse. When Wsqis above µ0.48 m, there are two secondary bubbles 
formed after the primary collapse. Hence, the effect of Wsq is different in 
three regions: i: W µ0.24 msq , the primary collapse is dominant; ii: 

<µ W µ0.24 m 0.48 msq , transition stage; iii: <µ W0.48 m sq, the 
secondary collapse is dominant. In the transition stage, the decrease in 
Pmax can be attributed to the energy required to form secondary bubbles. 
The secondary bubble collapses under the high-pressure wave released 
from the primary collapse. Fig. 12 shows the pressure evolution from 
the primary collapse to the secondary collapse. The primary collapse is 
circled out by the red dashed line; the secondary collapse is circled out 
by the red solid line. The highest pressure generated by the cavitation 
bubble collapse in the square-shape crevice is =P 0.68 GPamax , corre-
sponding to a homogeneous ice nucleation temperature of 
To ≥ −3.4 °C. Clearly, the ice nucleation inside the droplet cannot be 
triggered with such a low Thom. Therefore, for P 0.08 GPad , the bubble 
collapse in the square-shape crevice cannot generate a pressure that is 
high enough to induce ice nucleation. 

For cavitation bubble collapse in the cone-shape crevice with 
=P 0.08 GPad , the effects of crevice height (Hco) and radius (Rco) on 

Pmax are plotted in Fig. 13. With Rcofixed at µ0.8 m, Pmax increases with 
increasing Hco. This increase is primarily due to the increased cavitation 
bubble size. Oppositely, if Hcois fixed at µ0.72 m, Pmax decreases with 
decreasing Rco. The highest pressure achieved in the cone-shape crevice 
is 0.89 GPa, corresponding to Thom ≥ −20.7 °C. This is a big leap in 
Thom compared to the one from the square-shape crevice. However, 
considering the droplet temperature (i.e., To∈(−9 °C, 0 °C)) applied in 
the experiment, 0.89 GPa is still not enough for triggering the ice nu-
cleation. Consequently, for P 0.08 GPad , ice nucleation cannot be 
triggered by the bubble collapse in the cone-shape crevice. Fig. 14 
shows the pressure distribution of a typical cavitation bubble collapse 
in a cone-shape crevice. Due to the presence of the conical surface, the 
driving pressure is guided toward the left and right sides of the bubble, 
forming two high pressure regions as circled out by a red solid line as 
shown in Fig. 14. Thus, the occurrence of secondary bubble collapses 
could be prohibited. Without the energy consumed by the formation of 
secondary bubbles, the primary collapse in the cone-shape crevice 
could achieve a relatively higher collapse pressure than in the square- 
shape. 

Fig. 15 shows the maximum collapse pressure of cavitation bubbles 
in the hemisphere-shape crevice. For >P 0.05 GPad , the present model 
becomes unstable due to the supersonic current generated in the 

Table 3 
Unit conversion table.     

Parameter Lattice unit Physics unit  

Length 1 ×4.0 10 9 m
Time 1 ×1.6 10 12 s
Temperature 1 647.1 °C 
Viscosity a 0.1 ×1.0 10 m s6 2

Density 0.1 0.247 g cm3

Pressure 0.1 848.5 MPa

a Values at 20 °C.  

Fig. 10. Boundary conditions of the computational domain.  

Fig. 11. Effects of height and width of the square-shape crevice on Pmax at =P 0.08 GPad . (a) crevice height effect on Pmax with width fixed at µ0.80 m; (b) crevice 
width effect on Pmax with height fixed at µ0.64 m [i: primary collapse dominant; ii: transition from primary collapse dominant to secondary collapse dominant; iii: 
secondary collapse dominant]. 
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collapse is beyond the capability of the present model. Therefore, Pd is 
reduced to 0.05 GPa to ensure numerical stability. As shown in  
Fig. 15(a), Pmax is found positively related to Rhe with Pd fixed at 
0.05 GPa. When Rhe reaches µ0.4 m, the collapse pressure achieves its 
peak of =P 1.63 GPamax , corresponding to an ice nucleation tempera-
ture of Thom = 12.7 °C. This Thom is theoretically high enough to induce 
ice nucleation in the water droplet for To∈(−9 °C, 0 °C). With Rhe fixed 
at µ0.4 m, the effect of Pd on Pmax is investigated and the result is plotted 
in Fig. 15(b). The distance between the final position of the cavitation 
bubble and the bottom boundary is also recorded and denoted as Yp. 
The final position is defined as the centre of the cavitation bubble in the 
last phase of collapse. With increasing Pd from 0.01 GPa to 0.016 GPa, 
Pmax rises sharply from 1.26 GPa to 1.56 GPa then gradually drops from 
1.56 GPa to 1.39 GPa with Pd increases from 0.016 GPa to 0.039 GPa. 
Finally, Pmax rises again from 1.39 GPa to 1.63 GPa. The decrease in Pmax
for P (0.016 GPa, 0.039 GPa)d is attributed to the reduction in Yp. As 
can be seen in Fig. 15(b), Yp decreases with increasing Pd. When Yp
reaches below µ0.495 m, the bubble moves into the region where the 
local pressure is significantly reduced by the solid boundary [57,58]. 
Therefore, the pressure difference across the bubble interface is greatly 
reduced. With further decreasing Yp, the local pressure near the solid 
boundary becomes stable. Therefore, when P 0.039 GPad , Pmax starts 
rising again. For =P 0.01 GPad , the obtained Pmax is 1.26 GPa, corre-
sponding to Thom = −2.1 °C which is still high enough to induce ice 
nucleation. Considering the pressure range of Pd in Fig. 9, it can be 
concluded that bubble collapse in the hemisphere-shape crevice gen-
erates a pressure high enough for triggering ice nucleation inside the 
water droplet. 

Fig. 16 shows the pressure evolution before and after the cavitation 
bubble collapse at =t 2.109 ns in a hemisphere-shape crevice. Com-
pared to the square-shape and cone-shape crevices, the bubble collapse 
in the hemisphere-shape crevice generates a relatively higher collapse 

pressure. Considering the different crevice structures, the cavitation 
bubbles in the hemisphere-shape crevice has a much less contact area 
with the solid boundary during collapse. As circled out by the red solid 
line in Fig. 16, in the final stage of the bubble collapse, the bubble is 
entirely separated from the solid boundary. The presence of solid 
boundary leads to the formation of a low-pressure region and breaks the 
symmetry of external pressure distribution around the bubble [57]. 
Consequently, cavitation bubbles in the hemisphere-shape crevice tend 
to have a higher pressure jump across the bubble interface than in the 
other two crevices. 

Based on the above discussion on cavitation bubble dynamics in 
crevices, a conclusion can be reached that the collapse of cavitation 
bubbles in the crevice is structure sensitive. Not all cavitation bubble 
collapses in the crevice can induce ice nucleation and the bubble col-
lapse in the hemisphere-shape crevice proves capable of generating a 
pressure that is high enough for triggering ice nucleation in the water 
droplet. In addition, the above simulations are run for cases with a 
single asperity. Given the dense asperities at the particle surface, the 
number of asperities involved in the collision between the particle and 
the vibrating substrate should be way greater than one, leading to the 
dramatic increase in the contact area. As a consequence, Pd might be 
significantly reduced. This could be confirmed by the experimental 
result shown in Fig. 7(a) where the case with single particle has no ice 
nucleation. When two or more particles are contained in the droplet, 
the momentum transferred between each other could remarkably in-
crease Pd. Also, though not captured by the high-speed camera in the 
experiments of this study, the microstreaming (or flow streams) caused 
by the oscillating cavitation bubbles could also contribute to (or even 
solely induce) the initialisation of ice nucleation [19,29,54]. Significant 
further work, albeit a valuable next step, is required to confirm and 
elucidate the contribution from bubble oscillation, which exceeds much 
beyond the scope of the current effort. 

Fig. 12. Pressure field of the cavitation bubble collapse in the square-shape crevice. The primary collapse is circled out by the red dashed line; the secondary collapse 
is circled out by the red solid line. [H µ: 0.64 msq , W µ: 0.8 msq ; pressure unit: GPa]. 

Fig. 13. Collapse of cavitation bubbles in the cone-shape crevice at =P 0.08 GPad . (a) effect of the crevice height on Pmax with width fixed at µ0.8 m; (b) effect of the 
crevice radius on Pmax with height fixed at µ0.72 m. 
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5. Conclusion 

In this study, ice nucleation of water droplets containing glass bead 
particles in the field of weak ultrasonic vibration was experimentally 
investigated. Numerical simulations based on LBM were conducted to 
examine the cavitation bubbles dynamics in the crevices at the particle 
surface. 

Ice nucleation was induced by weak ultrasonic vibrations with the 
assistance of particles at relatively high temperatures (up to −2 °C). 
The nucleation sites were only observed in the region between the 
particle and the substrate. For water droplets with only one particle, the 
ice nucleation could not be initiated. When the particle number con-
centration was increased to 2 3 particles/droplet, the fraction of 
frozen droplets ( fice) increased to 5.6% at the temperature of −3.5 °C. fice

Fig. 14. Pressure field of the cavitation collapse in the cone-shape crevice. [R µ: 0.4 mco ; H µ: 0.72 mco ; pressure unit: GPa].  

Fig. 15. Maximum collapse pressure of cavitation bubbles in the hemisphere-shape crevice. (a) effect of the crevice radius on Pmax at =P 0.05 GPad ; (b) effect of Pd on 
Pmax with crevice radius fixed at µ0.4 m. 

Fig. 16. Pressure field of the cavitation collapse in the hemisphere-shape crevice. [R µ: 0.4 mhe ; pressure unit: GPa].  
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increased as the particle number concentration increased, or as the 
droplet initial temperature decreased. The particle size also played an 
important role in determining fice, particularly at low temperatures. The 
peaks of fice were constantly found when using particles with diameters 
of 180 250 µm at the vibration intensity of 0.0011 W cm2. 

The maximum collision pressure (Pd) generated in the particle–-
substrate collision was estimated to be less than 0.04 GPa which was 
insufficient for triggering ice nucleation. The collapse of cavitation 
bubbles in the crevice, on the other hand, generated the extremely high 
point pressure required for ice nucleation. The collapse of cavitation 
bubbles in the crevice is structure sensitive. Compared to those in 
square-shape and cone-shape crevices, the bubble collapse only in the 
hemisphere-shape crevice generated pressures that are high enough to 
induce ice nucleation inside water droplets due to the lower contact 
area with the solid boundary. Microstreaming caused by bubble oscil-
lation could also play a significant role in triggering ice nucleation. 
Significant work is required to elucidate the fundamental physics un-
derlying the initialisation of ice nucleation under the combined effects 
of the presence of glass bead particles and the external field of ultra-
sonic vibration. 
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