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A B S T R A C T   

The phase change process of freezing water is an important application in several fields such as ice making, food 
freezing technologies, pharmaceuticals, etc. Due to the widespread usage of ice-related products, process im
provements in this technology can potentially lead to substantial energy savings. It is well known that super
cooling has a negative effect on the overall time and energy consumption of the freezing process. Therefore, 
ultrasound is proposed as a technique to improve the freezing process by eliminating the supercooling effect and 
the resulting energy savings is investigated. An experimental study was conducted to analyze the energy ex
penditures in the freezing process with and without the application of ultrasound. After a set of preliminary 
experiments, an intermittent application of ultrasound at 3.52 W & 8.25 W power levels was found to be more 
effective than constant-power application. The supercooling phenomenon was thoroughly studied through 
iterative experiments. It was also found that the application of ultrasound during the freezing process led to the 
formation of shard-like ice crystals. From the intermittent ultrasound experiments performed at 3.52 W & 8.25 W 
power levels, energy savings relative to no-ultrasound processes of 12.4% and 10.8% were observed, 
respectively.   

1. Introduction 

The process of freezing water is an important application in a variety 
of fields such as ice making, food freezing technologies, pharmaceuti
cals, ice slurry cold storage, etc. [1]. A study conducted by the US 
Department of Energy in 2009 estimated that a total of 1.23 Quads/yr of 
primary energy was used in commercial refrigeration equipment under 
which ice machines exclusively accounted for 0.28 Quads/yr of primary 
energy [2]. Fisher et al. conducted an independent study and suggested 
that the total inventory of ice machines in the USA was between 2.5 and 
3 million units [3]. Yashar et al. investigated the energy consumption of 
automatic ice makers installed in domestic refrigerators and found that 
the range of tested products consumed between 0.249 and 0.652 kWh 
per kilogram of ice, which caused approximately 12− 20% of additional 
energy consumption in an individual refrigerator [4]. Therefore, it can 
be observed that there are considerable energy savings potential in this 
area. The freezing process of water has been extensively investigated, 
and a phenomenon known as supercooling was found to occur which 
had a negative impact on the phase change process [5–7]. Supercooling 
(or undercooling) is the process of decreasing the temperature of a fluid 

below its melting/freezing point while it remains in a liquid state. This 
occurs when there is an absence of a seed crystal or nucleus which can 
initiate the formation of a crystal structure [8]. 

Dorsey reported that water can be supercooled until − 20 ◦C using 
ordinary freezing methods and explored various parameters that can 
influence the supercooling of water such as preheating, filtration, 
duration of cooling, rate of nucleation, volume of water and mechanical 
initiation of freezing [9]. 

Ultrasound has long been used to intensify various processes, which 
have been mainly attributed to three major mechanisms: acoustic 
cavitation, acoustic streaming and oscillating pressure [10–14]. Ultra
sound was used by several researchers as a potential method to over
come supercooling and improve the heat transfer in the freezing process 
of water to ice [1,15–21]. Inada et al. reported that when ultrasonic 
vibration was applied at 28 kHz and for power levels from 0 to 100 W, 
freezing was successfully initiated in both tap water and pure water. This 
was attributed to the ultrasonic cavitation phenomenon which helped 
create nucleation sites [1]. Zhang et al. utilized ultrasound at 39 kHz and 
0.44 W/cm2 intensity to further investigate the generation of ice slurries 
from supercooled water as well as the effect of bubble nuclei. It was 
reported that a high density of fine ice crystals was observed at the onset 
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of ultrasound and the effect of ultrasound improves with an increase in 
the number of bubble nuclei sites [17]. Hozumi et al. reported that ul
trasound applied at 45 kHz with an intensity of 0.13 W/cm2 & 0.26 W/ 
cm2 helped in initiating nucleation. It was also reported that the 
nucleation effect increased with ultrasonic power and that the cavitation 
phenomenon was absent with reduced power [18]. Chow et al. studied 
the effect of a primary and secondary pulse of ultrasound at 20 kHz on 
supercooled water. The effect of the primary pulse reaffirmed the pre
vious observation about increased ultrasonic power providing greater 
nucleation effects. It was reported that the effect of the secondary pulse 
led to fragmentation of pre-formed ice crystals and that there were flow 
patterns observed around cavitation bubbles which could have also 

contributed to the fragmentation [20]. 
The ultrasound-induced enhancements in freezing processes re

ported in previous studies are summarized in Table 1. Water is used as a 
thermal latent energy storage medium in several disciplines and has 
been evaluated as a phase change material (PCM), wherein supercooling 
was found to be undesirable [19,20]. Cui et al. and Jia et al. studied the 
combined effect of nanoparticles and ultrasound on the supercooling of 
water and found that the supercooling degree decreases with an increase 
in ultrasonic intensity and nanoparticle concentration [22,23]. Liu et al. 
investigated the effects of graphene oxide nanosheets and ultrasound on 
the supercooling and nucleation behavior of nanofluid PCMs and re
ported similar results in reducing nucleation time of the phase change 
process [24]. Many studies have been done regarding the effect of ul
trasound during food freezing processes wherein various food types 
were analyzed and discussed in terms of freezing behavior under ul
trasonic application [25–28]. It was established that ultrasound helps in 
increasing the freezing rate of the products and controlling the size and 
distribution of ice crystals [29]. It was also reported that the effects of 
ultrasound on the freezing processes were attributed to cavitation and 
microstreaming phenomena which helped in the nucleation and heat 
transfer enhancement, respectively [30]. The present study attempts to 
provide additional understanding of the effect that supercooling has on 
the freezing process of water and subsequently tests the application of 
ultrasound to overcome supercooling. Although past research has pro
vided useful insights on the ultrasound-induced microscale phenomena 
related to freezing processes, the corresponding energy expenditures 
have not been clearly analyzed. 

Given that the application of ultrasound is an energy-intensive pro
cess, and that ultrasonic energy is heat dissipating in nature, the appli
cation of ultrasound needs to be optimized when conducting 
experiments to ensure additional energy is not wasted and more so does 
not negatively affect the freezing process. An important aspect of using 
ultrasound to intensify any process is the energy consumption of the 
ultrasound device itself. Although the enhancement of the freezing 
process through elimination of supercooling by ultrasound has previ
ously been verified, the feasibility of this method in terms of energy 
savings has not been analyzed quantitively and the energy consumption 
associated with the application of ultrasound relative to the potential 
energy savings either through elimination of supercooling or speeding 
up the process induced by ultrasound is still unclear [1,17–20,23]. In 
summary, this study seeks to establish the extent of supercooling over
come by ultrasound, analyze the effects of ultrasonic power level, and 
quantify the overall energy savings achieved using ultrasound in the 
phase change freezing process. 

Nomenclature 

ρc coolant density kg m− 3 

θ phase angle rad 
δt time increment s 
Δt time period s 
ΔTC coolant inlet & outlet temperature difference ◦C 
ω angular frequency Rad− 1 

σ surface tension N m− 1 

μ dynamic viscosity Pa s 
COP coefficient of performance - 
cp specific heat J kg− 1 K− 1 

EC cooling energy J 
ET total energy J 
ET total energy J 
ET,NUS total energy without ultrasound J 
ET,US total energy under ultrasonication J 
EUS ultrasonic energy J 

Irms root mean square current A 
NuCyl Nusselt number - 
NuH Nusselt number - 
NuV Nusselt number - 
Pa acoustic pressure Pa 
PC cooling power W 
Pr Prandtl number - 
RaD Rayleigh number - 
RaL Rayleigh number - 
Rmax bubble radius upon implosion µm 
PUS ultrasonic power W 
T temperature ◦C 
TC thermocouple - 
TNuc nucleation temperature ◦C 
UE ultrasonic enhancement - 
V̇ feed water flow rate ml min− 1 

Vrms root mean square voltage V  

Table 1 
Summary of previous work on ultrasound-induced enhancements in water 
freezing processes.  

REF Frequency 
(kHz) 

Ultrasonic 
Intensity (W/ 
cm2) 

Observations 

[1] 28 0–0.65 Reported that ultrasonic vibration 
induces phase change of supercooled 
water and proposed it as method to 
actively control the freezing 
temperature of supercooled water. 

[17] 39 0.44 Observed the generation of ice slurries 
from supercooled water using 
ultrasound and established that the 
number of cavitation bubble sites 
increases phase change probability. 

[18] 45 0.13 & 0.26 It was reported that higher levels of 
ultrasonic intensity showed better 
performance in terms of inducing 
phase change into ice. 

[19] 39 0.44 A higher probability of ice nucleation 
within 0.5–1.1 s after the onset of 
ultrasonic irradiation was observed in 
water supersaturated with air bubbles. 

[20] 20 – Studied the effect of primary and 
secondary pulsed ultrasonication and 
reported that the secondary pulse led to 
the fragmentation of the formed ice 
crystals caused by the cavitation 
bubbles. 

[23] 20 0.14–1.27 Results showed that the supercooling 
degree was reduced with the combined 
application of ultrasound and 
nanoparticles.  
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2. Materials and methodology 

2.1. Cooling module specifications 

Fig. 1 shows the schematic diagram of the cooling module that was 
utilized in the experiment. The cooling module consists of the aluminum 
container, copper cooling blocks and thermocouples. The material used 
for the container is aluminum 6061 alloy. 

The outer dimensions of the cooling block are 4 cm × 4 cm × 0.9 cm. 
Three K-Type thermocouples (Omega Engineering-AWG 20) are placed 
inside the aluminum container at specific locations. These three ther
mocouples are utilized to properly capture the temperature variations 
across the cooling container during the freezing process. 

The X2 thermocouple (reference) is placed on the opposite side of the 
copper cooling blocks and has a length of 2.45 cm, positioned at a height 
of 4.25 cm and 0.3 cm away from the wall opposite to the copper blocks. 

The X1 thermocouple is placed close to the surface of the cooling 
blocks to monitor their surface temperature. The X2 thermocouple is 
placed at the same height as the X1 thermocouple but farthest from the 
cooling blocks and closest to the ultrasonic transducer. The Y 

thermocouple is placed 1.2 cm above the X1 thermocouple to measure 
the vertical temperature variations. A volume of 70 ml of tap water (TDS 
= 350 ± 7 ppm) is used to test the freezing process inside the cooling 
module. Tap water is used rather than distilled or purified water to 
accurately replicate water freezing applications in residential, com
mercial, and industrial applications. The top surface is covered with a 
0.5- cm-thick layer of styrofoam thermal insulation material after the 
water is poured in during the experiment. 

2.2. Experimental procedure 

The schematic diagram of the experiment is shown in Fig. 2. The 
main components of the experimental set-up are the cooling module 
(Fig. 1), a 28 kHz-rated ultrasonic transducer, a function generator 
(Siglent Technologies SDG1032X), a high frequency-low slew rate 
amplifier (AALABSYSTEMS A-303), a power supply (PROTEK P6000), a 
pump and circulating thermal bath (Cole-Parmer Polystat). A 50% so
lution of ethylene glycol and water is used as the heat transfer fluid 
inside the thermal bath. 

Taking the operating temperature of the pump into consideration, a 

Fig. 1. Experimental schematic (a) and photo of the cooling module (b) (TC = thermocouple).  

Fig. 2. Schematic diagram of the experimental set-up.  
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coolant temperature of − 10 ◦C was chosen. Throughout the experi
ments, the temperature of the coolant varied ± 0.9 ◦C. Therefore, den
sity (ρc = 1085.4kgm− 3) and specific heat (Cp = 3.166kJkg− 1K− 1) of 
50% diluted ethylene glycol solution at − 10 ◦C were used for subsequent 
calculations [31]. 

The coolant inlet and outlet temperature difference was measured 
using a K-type differential thermocouple (Omega Engineering-AWG 20) 
which was used to calculate the supplied energy into the system. 

All the thermocouples were calibrated using a Thomas Scientific 
reference thermometer which is certified as per NIST standards (certi
fication number: 4244–11552989). All thermocouples were ascribed 
with an accuracy of ± 0.05 ◦C. The feed water flow rate was measured 
and controlled at 237 ml/min using a turbine flowmeter (Omega 
Engineering-FLR1008). An extra thermocouple was placed at the outer 
surface of the insulation material to measure the insulation heat gains. 
To operate the ultrasonic transducer at maximum efficiency, the reso
nant frequency of the transducer/container assembly was determined. 
The ultrasonic transducer and the shunt resistor were connected in series 
and using three voltage probes to measure the voltage differences across 
the transducer and shunt resistor, the impedance of the fully loaded 
transducer/container assembly under operating conditions was deter
mined. The resonant frequency of the unloaded transducer provided by 
the supplier, 28 kHz (APC 90–4040) was validated, and the resonant 
frequency of the water-filled transducer/container assembly was 
measured to be 26.8 kHz. The temperature measurements were taken 
using a NATIONAL INSTRUMENTS data acquisition module (NI 9212) 
every 1 s. The experiments were conducted as non-ultrasonic and ultra
sonic freezing processes. In the latter type of experiments, the ultra
sonication was applied immediately after the first thermocouple 
temperature readings reached 0 ◦C and concluded once the last ther
mocouple reading dipped below 0 ◦C. This procedure was devised to 
ensure that ultrasound was only applied during the water phase change 
process during which the temperature of the water remained at 0 ◦C. The 
overall freezing process was continued until all the temperature read
ings reached − 2 ◦C. The instantaneous input cooling power PC supplied 
for each experiment was calculated as the following: 

PC = ρV̇CpΔTC (1)  

where ρ is the density of the coolant, V̇ the coolant flow rate, Cp the 
specific heat capacity of the coolant and ΔTC the temperature difference 
between the inlet and outlet temperatures of the coolant upon entering 
and leaving the cooling blocks, respectively. The power supplied to the 
ultrasonic transducer was also accounted for in the ultrasonic freezing 
process as 

PUS = VrmsIrmscosθ (2)  

where Vrmsis the root mean square value of voltage across the trans
ducer, Irmsthe root mean 

square value of alternating current passing through the transducer, 
and θ the phase angle between the voltage and current. For the ultra
sonic freezing experiments, the amplifier is fed with peak-to-peak 
voltage signals of 10 Vp-p and 20 Vp-p which depending on transducer 
impedance at the resonant frequency resulted in 3.52 W and 8.25 W 
ultrasonic power levels respectively. The total energy consumed to 
freeze the sample consists of the cooling energy transferred by the 
coolant through the cooling blocks and the ultrasonic energy delivered 
by the ultrasonic transducer: 

ET = EC +EUS =
1

COP
∑

PC(i)δt+PUSΔt (3)  

where ET is the total energy, EC the cooling energy, EUS the ultrasonic 
energy, COP the refrigeration coefficient of performance,δt the time 
increment of measurement at which cooling power input is evaluated, 
and Δt the total time period of ultrasonication. A COP of 1.8 is adopted 

to approximate real-world refrigeration [4]. The ultrasonic enhance
ment UE indicates the feasibility of integrating ultrasound in a freezing 
process from an energy-saving point of view and can be written as: 

UE =
ET,NUS − ET,US

ET,NUS
(4)  

where ET,NUS is the energy consumption for a non-ultrasonic freezing 
process (i.e., conventional freezing) and ET,US the energy consumption 
for an ultrasound-assisted freezing processes. 

2.3. Uncertainty analysis 

The general calculation for the bias uncertainty (Uy) in a given 
experimental result y can be stated as [32]: 

Uy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∂y
∂x1

Ux1

)
2 +

(
∂y
∂x2

Ux2

)
2 +

(
∂y
∂x3

Ux3

)
2 + ⋯ +

(
∂y
∂xn

Uxn

)
2

√

(5)  

where Ux1, Ux2, Ux3 … Uxn are the uncertainties in the primary mea
surements. The accuracies of the various primary measurements are 
given in Table 2. For one such case, the bias uncertainty UEbias associated 
with the cooling energy input EC is obtained using: 

UEbias =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∂E
∂ṁ

Uṁ

)
2 +

(
∂E

∂ΔTC
UΔTC

)
2

√

(6) 

The total uncertainties including precision uncertainties associated 
with the results are discussed in Section 3.3. 

2.4. Heat gain 

In order to limit heat gain from the external environment, all exposed 
surfaces of the cooling module were fully insulated. Although adequate 
insulation was applied, it is important to measure the amount of heat 
gain in order to accurately interpret the experimental results. The outer 
surface temperature of the insulation was recorded over the course of 
the experiments to calculate the heat gain during the overall duration of 
the freezing process. The average recorded insulation temperature was 
utilized to calculate the heat flux entering the system. The cooling 
module container surfaces were treated as horizontal and vertical sur
faces, while the ultrasonic transducer attached to the side of the 
container was treated as a horizontal cylinder. Assuming natural con
vection heat transfer and the air properties at the film temperature Tf =

19◦ C, the Nusselt numbers for the horizontal sides, NuH, and the vertical 
sides, NuV , of the cooling module and the transducer, NuCyl, respectively 
are determined using [33]: 

NuH = 0.27RaL
1/4 (7)  

NuV =

⎧
⎪⎨

⎪⎩
0.825 +

0.387RaL
1/6

[
1 + (0.492/Pr)9/16

]
8/27

⎫
⎪⎬

⎪⎭

2 (8)  

Table 2 
Uncertainties of measured parameters.  

Parameters Uncertainty Unit 

V̇  ±3%  kg s− 1 

ΔTC  ±0.05  ◦C 
Vrms ±0.2%  V 
Irms ±0.2%  A  
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NuCyl =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0.6 +
0.387RaD

1/6
[

1 + (0.559
Pr )

9/16

]

8/27

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

2 (9)  

where RaL is the Rayleigh number based on the length of the vertical and 
horizontal sides, RaD the Rayleigh number based on the diameter of the 
transducer and Pr the Prandtl number. The total average heat gain for 
the duration of the experiment was calculated to be 0.6 W which cor
responds to 6% of the average supplied cooling power. 

2.5. Input power proportionality 

The cooling module dimensions were designed by taking into 
consideration the transducer contact area and the cooling energy input 
into the system. As this set of experiments constitute a comparative 
study to evaluate the energy saving potential with and without the 
application of ultrasound, the cooling module size is not particularly 
significant in the comparative analysis. 

Nevertheless, to ensure the practical applicability of the experiment, 
the ultrasonic power levels are applied proportional to the module size. 

As stated earlier, a study reported that the energy consumption in do
mestic refrigerators consumed between 0.249 and 0.652 kWh per kilo
gram of ice [4], which is comparable to the average cooling energy of 
0.36 kWh per kilogram of ice applied in this study. The cyclic 3.52 W 
and 8.25 W ultrasonic input powers applied during the phase change 
process correspond to total ultrasonic energies of 197 J and 462 J, or 
1.1% and 2.6% of the average total cooling energy of 17800 J, 
respectively. 

The ultrasonic intensities of 0.08 W/cm2 and 0.18 W/cm2 corre
sponding to 3.52 W and 8.25 W ultrasonic power, respectively, used in 
this study were deliberately kept low to maintain a sense of feasibility 
for the scaling-up of the geometry for industrial application. 

3. Results and discussion 

A set of preliminary non-ultrasound (NUS) and ultrasound-assisted 
(US) freezing experiments was performed to observe the supercooling 
effect in water and properly understand the appropriate application of 
ultrasound to improve this process. Different types of ultrasound- 
assisted freezing processes such as continuous ultrasonic, pulsed ultra
sonic, and cyclic ultrasonic were performed. A continuous ultrasonic 
freezing process refers to constant sonication during the freezing process 
which is inherently inefficient due to excess energy consumption and 
heat dissipation of the acoustic energy. A pulsed ultrasonic freezing process 
is the one-time application of ultrasound which is used to initiate the 
nucleation of ice at the beginning stages of supercooling when the water 
temperature first dips below 0 ◦C. Cyclic ultrasonic freezing experiments 
are optimized tests wherein ultrasound is applied for a short time period 
and repeated at given intervals to maintain the ultrasonic effect over the 
course of the entire freezing process for a low overall energy con
sumption. The total energy consumption of various ultrasonicated 
freezing experiments are presented in Fig. 3. 

As can be inferred from Fig. 3, amongst various preliminary 
ultrasound-assisted freezing experiments, the cyclic 5-second-long pul
ses repeated every 2 min demonstrated lower energy consumption rates 
when compared with the other ultrasonicated freezing experiments. 
Therefore, further experiments were focused on these conditions to 
obtain greater energy enhancements. 

3.1. Non-ultrasonic freezing process 

Since the non-ultrasound freezing processes are considered as base
line experiments in terms of energy consumption, it is important to 
properly understand the underlying phenomena occurring in the pro
cess. Fig. 4 (a) showcases the temperature variations of water measured 

Fig. 3. The total energy consumption of various ultrasonicated freezing 
experiments. 

Fig. 4. Temperature variation across the container with super cooling indication (a) and coolant inlet & outlet temperature difference (b) in a non-ultrasonic 
freezing process. 
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at three locations during the non-ultrasound experiment. It can be 
observed that the temperature measured at the X1 thermocouple loca
tion (positioned low and close to the cooling surface) starts to dip below 
0 ◦C around 2.6 min into the experiment which signifies the start of 
supercooling. During the supercooling period, the undisturbed water 
remains stagnant and in a liquid state even as the temperatures continue 
to decrease to sub-zero levels. At a certain temperature threshold around 
− 8.6 ◦C at approximately the 29th minute, an instantaneous freezing 
phenomenon occurs which results in a sudden jump in the temperatures 
to just above 0 ◦C. The freezing phenomenon results in the formation of 
ice slurries or an ice-water mixture which cannot be classified as a 
complete solid or liquid structure as the formed ice crystals are unstable 
and quickly melt back into water. Interestingly, in all non-ultrasonic 
freezing processes, the crystalline lines of the slurry mainly form in 
the direction perpendicular to the cooling blocks as shown in Fig. 5. 
After this point, the freezing process continues at a steady rate with solid 
ice being formed from the side of the copper cooling blocks. The tem
peratures at the other thermocouples stagnate at 0 ◦C until the ice for
mation reaches the locations of the specific thermocouples which results 
in a temperature drop. For example, the X1 thermocouple temperature is 
the first to drop below 0 ◦C at the 30th minute as it is closest to the 
copper cooling blocks, and therefore experiences freezing earlier than 
the other thermocouples. The experiment is stopped when the last 
thermocouple drops to a temperature of − 2 ◦C which is indicated by the 
Y thermocouple measured temperature in this particular case as shown 

in Fig. 4 (a). 
The coolant inlet and outlet temperature differences, ΔTCooling, are 

measured over the course of the experiment as shown in Fig. 4 (b). It can 
be observed that ΔTCooling steadily reduces during the supercooling 
period but there is a sudden rise in ΔTCooling corresponding to the 
instantaneous freezing phenomenon that occurs at the end point of the 
supercooling period. This increase in ΔTCooling can be attributed to the 
sudden temperature rise observed in Fig. 4 (a) and the latent heat energy 
absorbed by the water during the instantaneous freezing process. After 
the sudden peak in ΔTCooling, the temperature differences again begin to 
reduce steadily. Previous studies reported the extent of supercooling of 
water to occur at a variety of temperatures [1,18,20]. Therefore, the 
non-ultrasound freezing experiment was repeated 18 times under the 
same conditions to properly understand the range of temperatures over 
which supercooling occurs. 

Fig. 6 showcases the repeated non-ultrasound experimental trials 
and the supercooling degrees (ice nucleation temperatures) observed 
during supercooling for each trial. From Fig. 6, it is noticeable that for 
the consecutive nominally identical experiments that were conducted, 
there is substantial variability in the temperature of ice nucleation 
(-7.14 ± 0.45 ◦C) and this could be due to several reasons such as pre
heating, effect of filtration, effect of duration of cooling, rate of nucle
ation, and mechanical initiation of freezing [9]. To maintain a realistic 
approach in the freezing process, no cleaning of the cooling plates and 
the container was carried out. 

3.2. Ultrasound-assisted freezing process 

After establishing the supercooling effect in the freezing process of 
water and testing the preliminary ultrasonic experiments, the optimized 
cyclic PUS = 8.25 W and 3.52 W ultrasonic experiments were further 
investigated wherein ultrasound was applied every 2 min for a duration 
of 5 s [1]. Here, the ultrasound is applied when the water temperature 
first reaches 0 ◦C. The X1 thermocouple as shown in Fig. 7 (a) and (c) is 
the first thermocouple to reach 0 ◦C at around the 3rd minute of the 
experiment, at which point PUS = 8.25 W or 3.52 W of ultrasound is 
applied for a duration of 5 s. Immediately after ultrasound is first 
applied, a sudden temperature rise is observed in the X1 thermocouple 
location. This is attributed to the freezing process that produces ice at 
the surface of the cooling blocks and at the location of the 
X1thermocouple. 

This indicates that freezing was successfully initiated using ultra
sound and supercooling of water was avoided. After the formation of an 
initial solid layer of ice, supercooling does not occur at any other point 
inside the water domain as the solid ice layer acts as a nucleation seed 
point for the generation of further ice crystals [9]. Therefore, as the 
experiment continued, the temperature across the bed as indicated by 
the other thermocouples approached 0 ◦C but did not dip below 0 ◦C. 

Fig. 5. Formation of an ice/water slurry at the end of the supercooling period in a non-ultrasonic freezing process (top view).  

Fig. 6. Nucleation temperatures (supercooling degree), TNuc, of all non- 
ultrasonic freezing experiments. 
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Ultrasound was consistently applied for a duration of 5 s every 2 min 
until the last thermocouple measurement dropped below 0 ◦C, after 
which the application of ultrasound was stopped. Fig. 7 (b) and (d) show 
the temperature difference (ΔTC) between the coolant inlet and outlet 
temperatures for the 3.52 W and 8.25 W cyclic ultrasonic experiments. 
As observed in Fig. 7 (b), the start of ultrasonication results in a sudden 

jump in ΔTC which can be attributed to the freezing initiated by the 
ultrasonic waves. After an initial rise in ΔTCooling, it steadily reduces over 
the course of the experiment. A similar graphical trend is observed in the 
temperature measurements for the 3.52 W cyclic ultrasound experi
ments which proves that ultrasound applied at 3.52 W also helps in 
initiating freezing and eliminating supercooling. The sudden rise in 

Fig. 7. Temperature variation across the container (a) in an 8.25 W and (c) in an 3.52 W ultrasound-assisted freezing process and coolant inlet & outlet temperature 
difference (b) in an 8.25 W and (d) in an 3.52 W ultrasound-assisted freezing process. 

Fig. 8. Comparison of Y thermocouple measured temperature between PUS = 3.52 W cyclic (a), PUS = 8.25 W cyclic (b) and non-ultrasound freezing process.  
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ΔTCooling which is observed in both ultrasonic and non-ultrasonic 
freezing processes caused by the release of the latent heat of fusion is 
directly proportional to the amount of ice formed. In the case of non- 
ultrasonic freezing, the formation of ice slurry throughout the 
container at the end of the supercooling period results in release of a 
higher amount of heat and thus a higher rise in ΔTCooling (Fig. 4 (b)) 
while in ultrasonic freezing, a thin layer of ice is formed upon ultra
sonication resulting in a lower release of heat and consequently a lower 

jump in ΔTCooling (Fig. 7 (b) and (d)). Fig. 8 shows a comparison of the 
temperature measurements between the non-ultrasound and PUS = 8.25 
W and 3.52 W cyclic freezing experiment at the Y thermocouple location 
(relatively far from the cooling blocks and higher than the X1 thermo
couple). The extent of supercooling can be observed in Fig. 8 wherein 
the non-ultrasonic freezing experiment the temperature of the water 
sample drops down significantly to − 7.4 ◦C before freezing occurs. 
Whereas in the ultrasound-assisted freezing experiment, due to the 
elimination of supercooling through ultrasound, the water in liquid form 
does not experience sub-zero temperatures as was observed in previous 
work [1,18,23]. 

There is a noticeable difference in the end points for the experiments 
which indicates that the cyclic ultrasound experiment significantly re
duces the overall duration of the freezing process. This also contributes 
to the reduction in energy consumption for the ultrasonic experiments 
which is discussed later. 

During the cyclic ultrasound-assisted freezing process, an unex
pected phenomenon was observed. As the experiment proceeded, ice 
shards/crystals were found stagnating inside the water domain during 
the ultrasound-assisted freezing process. Fig. 9 shows the captured im
ages of ice crystals/shards that were found in the 8.25 W and 3.52 W 
ultrasonic freezing processes which are compared with an image of a 
non–ultrasound freezing process taken at an equivalent time. It was also 
visually observed that the concentration and size of the crystals differed 
between the 8.25 W and 3.52 W ultrasonic freezing processes, wherein 
there was a greater concentration and size of ice crystals observed in the 
8.25 W ultrasonic experiments. The average length of the ice shards and 
concentration in both ultrasonic freezing processes were obtained by 
analyzing 6 samples with ImageJ software and are provided in Table 3 
[34]. 

Primarily in the ultrasonic experiments, sonication initiated the 
nucleation of ice which can be attributed to cavitation effects as reported 
by several others [1,17,35–37]. Although there is an agreement that 
acoustic cavitation is the responsible mechanism in the initiation of ice 
nucleation and eliminating supercooling, exactly how cavitation initi
ates nucleation remains a subject of controversy [36]. Hunt and Jackson 
suggested that following the significantly high positive pressure caused 

Fig. 9. Presence of ice crystals in the 8.25 W (left), 3.52 W (middle) cyclic ultrasonic freezing processes and the absence of crystals in the non-ultrasound freezing 
process (right). 

Table 3 
The average length of the ice shards and concentration in both ultrasonic 
freezing processes.  

PUS 

(W) 
Average length of ice shards 
(mm) 

Average population of ice shards 
(shards/cm2)  

3.52  0.94 5  
8.25  1.3 9  

Fig. 10. The variation of the critical cavitation bubble radius in the ultrasonic 
freezing experiments. 
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by the implosion of the cavitation bubble, a significantly high negative 
pressure establishes which in turn undercools the water initiating 
nucleation [36]. This explanation seems to be consistent with the size 
and concentration of ice shards/crystals observed in the present ultra
sonic freezing experiments. The magnitude of the positive and conse
quently negative pressures following the implosion of a cavitation 
bubble is proportional to the critical radius of the cavitation bubble 
which is the bubble radius at the moment of the implosion; the larger the 
bubble is the more disruption it causes upon implosion and the higher 
the magnitude of alternating pressure [38,39]. The critical radius of a 
cavitation bubble Rmax is determined from [40,41]: 

ω2ρR2
max = 3μ

(

Pa −
2σ

Rmax

)

(10)  

where ω is the ultrasound angular frequency (ω = 2πf), μ the fluid ki
nematic viscosity, Pa the acoustic pressure, and σ the fluid surface ten
sion. 

The variation of Rmax with PUS is shown in Fig. 10. The critical radius 
Rmax and consequently the acoustic-cavitation-associated effects in
crease with an increase in PUS. At higher ultrasonic power PUS = 8.25 W 
the critical bubble radius is larger relative to that at PUS = 3.52 W 
resulting in larger and more concentrated ice shards. 

3.3. Energy analysis 

Although ultrasonication prevents supercooling, it comes at the po
tential expense of adding more energy to the system to generate ultra
sound. So, the total energy consumption of the non-ultrasonic and 
ultrasound-assisted freezing processes needs to be compared and 
possible energy savings associated with application of ultrasound needs 
to be investigated. The total energy consumption ET for all 18 non- 
ultrasonic, 6 low PUS (3.52 W) and 6 high PUS (8.25 W) freezing pro
cess trials corrected for refrigeration COP are shown in Fig. 11. To 
prevent any unintentional favoritism, the ultrasonic freezing process 
trials are randomly conducted in between the non-ultrasonic ones. It can 
be noticed from Fig. 11 that there is a relatively large variation in ET. The 
precision uncertainty UEprec associated with the total energy consumption 
is calculated using the Student’s t-method [32]. 

The total uncertainty including the bias and precision (95% confi

Fig. 11. Variation in total energy consumption of non-ultrasonic (a) and ultrasonic (b) freezing trials.  

Table 4 
The total uncertainty of ET,NUS, ET,US, and UE.  

Parameter Total uncertainty unit 

ET,NUS  ±8.7 % 
ET,US  3.52 W ±10.6 % 

8.25 W ±10.1 % 
UE 3.52 W ±11.9 % 

8.25 W ±11.8 %  

Fig. 12. The average total energy consumption (ET) of the three freezing modes (a) and ultrasonic enhancement (UE) (b).  
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dence level) uncertainties for total energy without ultrasound ET,NUS, 
total energy under ultrasonication ET,US, and ultrasonic enhancement UE 
are provided in Table 4. There are a number of factors that potentially 
can affect the freezing process such as cooling rate, initial temperature, 
quality of water and mechanical vibration [9]. The cooling rate depends 
on the coolant inlet temperature, coolant flow rate and heat gain all of 
which are nominally held constant in this study. 

The initial temperature of the water samples for all freezing pro
cesses is kept at 24 ± 0.5 ◦C and the same tap water sample (TDS = 350 
± 7 ppm) is stored and used for all freezing processes. One factor that 
could potentially cause the inconsistencies in both ultrasonic and non- 
ultrasonic freezing processes is the vibrational noise generated by the 
pump and the thermal bath. Vibrational noise even at low amplitudes 
could potentially initiate microscale nucleation of tiny ice crystals by 
means of cavitation if the frequency is low enough [41]. The average 
total energy consumption of the three freezing modes is shown in Fig. 12 
(a). Theoretically speaking, the freezing process of this study including 
sensible cooling of water and ice and latent heat of freezing, which turns 
liquid water at 24 ◦C to ice at − 4◦C (final average temperature across the 
container) with consideration of the refrigeration coefficient of perfor
mance, requires 14 kJ of cooling energy which is in general agreement 
with the experimental results. It can be inferred from the figure that 
integration of ultrasound, regardless of ultrasonic power level, results in 
energy savings. At the higher ultrasonic input of PUS = 8.25 W the ul
trasonic enhancement UE is 10.8% whereas at the lower ultrasonic input 
of PUS = 3.52 W the ultrasonic enhancement UE increases to 12.4%. This 
trend could be related to the acoustic dissipation which is an undesired 
byproduct of the ultrasonication which leads to heat generation that 
opposes the freezing process. The occurrence of supercooling in non- 
ultrasonic freezing processes results in an unnecessary sub-zero cool
ing of water in liquid form and consequently leads to an increase in 
energy consumption. Since the integration of ultrasound prevents 
supercooling, it results in lower energy consumption compared to non- 
ultrasonic freezing. 

Additionally, the latent heat of solidification of water increases as the 
temperature decreases below 0 ◦C meaning that more energy is required 
to solidify water compared to the normal freezing process at 0 ◦C [42]. 
Another factor that differentiates the energy consumption of non- 
ultrasonic from ultrasound-assisted freezing processes is that by elimi
nation of supercooling using ultrasound the freezing process occurs at a 
faster rate and the overall freezing period shortens by as much as 10%. 

The average total freezing time of the non-ultrasonic, PUS = 3.52 W 
cyclic and 8.25 W cyclic freezing processes and their enhancement 
relative to the non-ultrasonic freezing process are presented in Table 5. 

Interestingly, although integration of ultrasound saves time at both 
ultrasonic power levels, i.e. 8.25 W and 3.52 W, there is not much dif
ference in the corresponding enhancements considering that the applied 
PUS varies by more than a factor of two. 

4. Conclusion 

The effect of ultrasound on the supercooling and freezing processes 
of water was investigated. The intensification of the freezing process by 
application of ultrasound with regard to overall duration of freezing and 
energy savings relative to added ultrasonic energy was analyzed. After a 
set of preliminary experiments, an optimized set of cyclic 5-second ul
trasonic pulses every 2 min was found to be promising in terms of energy 

savings compared to a non-ultrasonic freezing process and was investi
gated in further detail. It was determined that the application of ultra
sound at 3.52 W and 8.25 W power levels corresponding to 0.08 W/cm2 

and 0.18 W/cm2 ultrasonic intensities, respectively, helped to eliminate 
supercooling and initiate ice nucleation. 

Eighteen iterative runs of non-ultrasound freezing experiments were 
conducted to properly observe and measure the variable nature of the 
supercooling effect in water. 

The application of ultrasound helped reduce the overall duration of 
the freezing process by ~ 10% which consequently reduced the overall 
energy consumption. It was also observed that the effect of ultrasonic 
waves during the freezing process resulted in the formation of ice 
crystals/shards of size and density proportional to ultrasonic power. 

Due to the inherent vibrational noise of the experimental setup 
caused by the thermal bath and the pump which in turn affects the 
freezing process, there is a more-than-desired variation in the total en
ergy consumption in both ultrasonic and non-ultrasonic freezing pro
cesses. The ultrasonic freezing trials were limited to 3.52 W and 8.25 W 
cyclic ultrasonication which resulted in an ultrasonic enhancement UE 
of 12.4 % ±11.9 % and 10.8 % ±11.8 %, respectively, compared to a 
non-ultrasonic-enhanced freezing process. 
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