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Abstract: When the offshore device, such as an offshore wind turbine, works in winter, ice accretion
often occurs on the blade surface, which affects the working performance. To explore the icing
characteristics on a microscale, the freezing characteristics of a water droplet with salinity were
tested in the present study. A self-developed icing device was used to record the icing process of a
water droplet, and a water droplet with a volume of 5 µL was tested under different salinities and
temperatures. The effects of salinity and temperature on the profile of the iced water droplet, such as
the height and contact diameter, were analyzed. As the temperature was constant, along with the
increase in salinity, the height of the iced water droplet first increased and then decreased, and the
contact diameter decreased. The maximum height of the iced water droplet was 1.21 mm, and the
minimum contact diameter was 3.67 mm. With the increase in salinity, the icing time of the water
droplet increased, yet a minor effect occurred under low temperatures such as −18 ◦C. Based on the
experimental results, the profile of the iced water droplet was fitted using the polynomial method,
with a coefficient of determination (R2) higher than 0.99. Then the mathematical model of the volume
of the iced water droplet was established. The volume of the iced water droplet decreased along
with temperature and increased along with salinity. The largest volume was 4.1 mm3. The research
findings provide a foundation for exploring the offshore device icing characteristics in depth.

Keywords: offshore wind turbine; icing; water droplet; salinity; visualization test

1. Introduction

Wind energy is one of the most popular renewable energies around the world and is
mainly used in the field of wind power [1]. The wind turbine realizes the conversion of
wind energy into electric power without any pollution [2]. However, most high-quality
wind energy resources are mainly located in the high-altitude and high-latitude regions [3].
In these regions, the temperatures were low in the winter. Therefore, when wind turbines
work in such an environment, ice accretion often occurs on the blade surface. Under this
condition, the aerodynamic profile of the blade is destroyed by ice. Then the aerody-
namic characteristics of the blade degrade, and the power efficiency of the wind turbine
decreases [4,5]. Additionally, icing results in an increase in mass and the destruction of the
balance of the rotor, which affects the stability and lifespan of wind turbines. Under some
extreme conditions, a shedding ice event also threatens the nearby buildings and staff.

Therefore, exploring the icing characteristics of wind turbines is necessary to ensure
stability and power efficiency. With the rapid development of wind farms, onshore high-
quality wind energy resources are gradually becoming scarcer. Thus, more and more
offshore wind farms are being developed all over the world. For offshore wind turbines,
an icing event is prone to presenting on the blade surface because the humidity in the
offshore region is far higher than that in the onshore region. In comparison with liquid
water icing, wind turbine icing has its own characteristics. Many scholars have conducted
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research on wind turbine icing on the macroscale [6,7]. These research findings introduced
macro-icing characteristics, including ice amount, ice shape, ice distribution, ice type, and
so on. Nevertheless, the selection of icing conditions in this research was decided according
to the working conditions of onshore wind turbines [8,9]. The water droplets used in the
air flow were pure water. In contrast, the working conditions of offshore wind turbines
are significantly different from those of onshore wind turbines [10,11]. In addition to the
difference in humidity, the composition of water droplets is also different. For the onshore
wind turbine icing, the water droplets in the air are pure water vapor from freshwater. In
contrast, for the offshore wind turbine icing, the water droplets in the airflow contain salts
from sea water. For this reason, the icing characteristic between the onshore wind turbine
and the offshore one is different. Therefore, it is necessary to explore offshore wind turbine
icing, especially. At present, few experimental conditions have been selected based on
the working conditions of offshore wind turbines [12,13]. Moreover, the research methods
include the analytical method, simulation method, and experimental method [14,15]. In
addition, the wind turbine icing also has micro-icing characteristics. The formation of ice
on the macroscale stems from the water droplets flowing in the air and impacting the cold
blade surface. Therefore, the micro-icing characteristics of water droplets also need to
be explored, which could disclose the mechanism of wind turbine icing. In the previous
research findings [16–20], the freezing process of a pure water droplet has been conducted
on a metal surface under different icing conditions, such as temperature, water droplet
volume, surface characteristics of the substrate, and so on. In comparison, the freezing
characteristics of water droplets with salinity have been less studied [21–23], especially
for the ingredients of sea water. Scholars examined the freezing characteristics of salty
water droplets on the superhydrophobic surface, such as freezing time, contact angle, ice
nucleation propagation, and so on.

In summary, macro- and micro-icing characteristics are both important to wind turbine
icing. Previous explorations in these two aspects both provide valuable experience and
research methods for carrying out the present study. In the present study, the freezing
process and characteristics of a water droplet with the ingredient of sea water were tested.
An experimental system with a freezing part and an image acquisition part was developed.
The freezing process of the water droplet was recorded and processed. The effect of salinity
on the icing characteristics of the water droplet was analyzed, including the height, contact
diameter, and icing time of the water droplet. And the profile of a frozen water droplet was
regressed by the polynomial method. The research findings provide a basis for exploring
the macro-icing characteristics of an offshore wind turbine.

2. Experimental Scheme and System

In the present study, the freezing characteristics of water droplets under different
salinities were tested. The experimental scheme was listed in Table 1.

Table 1. Experimental scheme.

Items Values

Volume of water droplet 5 µL
Substrate temperatures −6 ◦C, −12 ◦C, −18 ◦C

Salinities of water droplets 0 g/L, 6 g/L, 12 g/L, 18 g/L, 26.7 g/L
Substrate material Aluminum

As listed in Table 1, the volume of the water droplet was 5 µL, and three kinds of
temperatures were selected in the present study. The temperatures were decided according
to the ice types of the wind turbines. When the temperature is high, the ice type is glaze
ice. On the contrary, the ice type is rime ice in low-temperature conditions. In medium
temperatures, the ice type is mixed ice [24]. For the salinity, five kinds were determined,
which were measured and selected according to the salinity of the Bohai Sea in China. The
Bohai Sea is located in the north of China. The lowest temperature was approximated
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at −20 ◦C. To make real sea water as much as possible, sea salt and pure water were
used according to the measurement results. Additionally, aluminum was selected as a
precooling substrate for contact with a water droplet. The reason for the selection is that
aluminum has the characteristics of high and isotropic heat conductivity, which is widely
used by many scholars. In addition, some small-scale wind turbine blades are made of
aluminum material.

For carrying out the icing tests of a water droplet based on the experimental scheme,
an icing system was designed and built in the present study. The diagrammatic sketch is
shown in Figure 1.

As shown in Figure 1, the experimental system is mainly composed of a freezing
device, an industrial camera, a DC power supply, a chiller, a micro-pump, a computer,
and so on. The freezing device was a closed chamber that was made of acrylic material
because of its better transparency for capturing images. It was used to realize the freezing
process of water droplets. The Peltier element (12710) was used as the freezing component
in the freezing device. It has the advantages of a small scale, no noise, no vibration, a stable
temperature, and low power consumption. In the present study, three pieces were used.
One piece was used to cool the substrate, and the other two were used to cool the space
over the substrate in the freezing device. The cooling substrate was a core component that
was adhered between an aluminum block for dissipating heat and a copper base for the
cooling substrate. When it works, one side is used to freeze the copper base, and the other
side, which generates heat, is cooled by the aluminum block. The chiller (JZ-5200, JIZHI
Electromechanical Co., Ltd. Guangzhou in China) circulates the cooling water flowing
through the aluminum block. The aluminum substrate for water droplet icing was located
on the copper base. The water droplet was injected out of a syringe by a micro-pump
(LSP02-2A, LONGER Co., Ltd., Baoding, China). The moving resolution of it is 0.03125 µm.
The industrial camera (XG1205GC-T, MindVision Technology Co., Ltd., Shenzhen, China)
was used to record the freezing process of the water droplet. The visual range of the lens is
4 mm × 3.2 mm, and the image resolution is 4096 × 3072. After the test, the image of the
iced water droplet profile was processed by image processing software (Photoshop 2023).
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Figure 1. Schematic diagram of experimental system.

3. Experimental Results

According to the experimental scheme, icing tests of water droplets on the aluminum
plate surface were carried out. An aluminum plate (1060, CHINALCO SOUTHWEST
ALUMINUM GROUP, Chongqing, China) with a size of 40 mm × 40 mm × 1 mm was used
as the substrate. The thickness of the aluminum plate is 2 mm, and the surface roughness
Ra is 0.17 µm. For exploring the freezing process of sea water, sea salt was used to make a
saline solution in the present study. The key ingredients in the saline solution are listed in
Table 2.
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Table 2. Key ingredients of sea salt.

Ingredients Concentration (mg/L)

Na+ 9500~10,500
Cl− 16,500~18,500

SO4
2− 2000~2600

Mg2+ 950~1400
K+ 280~380

Ca2+ 300~420

In the present study, a thermocouple temperature sensor (TT-K-36) was used to moni-
tor the substrate temperature. Before experiments, the temperatures over the substrate were
measured when the substrate temperatures were −6 ◦C, −12 ◦C, and −18 ◦C, respectively.
The measurements show that the temperature over the substrate was 2 ◦C~4 ◦C lower
than the one on the substrate surface. It satisfied the requirement of a low-temperature
environment. The water droplet was injected from the syringe and fell onto the aluminum
plate surface with an approximate velocity of 1 m/s. Before each test, the aluminum plate
was cleaned with deionized water in an ultrasonic cleaning machine. Then it was dried by
hot air. After that, it was placed in the freezing device and precooled to the experimental
temperature. The icing results under different salinities and temperatures are shown in
Figure 2.
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Figure 2. Results of iced water droplets under different salinities and temperatures.

As shown in Figure 2, when the temperature was high, such as −6 ◦C, the salinity had
a significant effect on the profile of the iced water droplet. Under low-salinity conditions,
the contact angle of the iced water droplet was low and generated a tip on the top after
freezing. On the contrary, the contact angle increased along with salinity, and the tip
disappeared. In contrast, when the temperature was low, such as −18 ◦C, the effect of
salinity became insignificant. The contact angles were small, and there were tips under all
salinity conditions. This phenomenon resulted from the brine rejection effect [25]. In the
process of freezing the water droplet with salinity, the salt ions were rejected from the frozen
part into the unfrozen part. It led to an increase in salinity in the unfrozen part [26–28].
This effect increased the concentration and surface tension and gradually decreased the
freezing point of the unfrozen solution. Meanwhile, the icing time of the water droplet
was delayed, the volume expansion was slight, and there might have been a little unfrozen
salty water at the top of the water droplet. In this case, tip disappearance was observed
at last. In the present study, when the temperature was high, such as −6 ◦C, the freezing
process was slow, and there was enough time to reject salt ions from the frozen part into
an unfrozen one in a water droplet, which resulted in tip disappearance. In contrast, with
the decrease in temperature, such as −12 ◦C and −18 ◦C, the freezing time shortened, and
the salt ions in the frozen part could not diffuse into the unfrozen part instantly. For this
reason, the freezing rate was high, and the volume expansion effect was obvious at the
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tip of the water droplet, which led to the tip generation at last. However, even at a low
temperature, the brine rejection effect still existed in the freezing process.

Based on the icing test, the images of iced water droplets were processed, and the
profiles are shown in Figure 3.

As shown in Figure 3, according to the processing results, the profiles of iced water
droplets can be quantitatively analyzed, which will be discussed in the next sections.
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4. Discussion and Analysis

Based on the icing tests and image processing results, the effect of salinity on the
profile of iced water droplets was analyzed, including the height h and contact diameter d
of the iced water droplet, which are shown in Figure 4.
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4.1. Effect of Salinity on Height of Iced Water Droplet

The variation in height of the iced water droplet with salinity is shown in Figure 5. As
shown in Figure 5, salinity has a significant effect on the height of the iced water droplet.
When the temperature was constant, the height of the iced water droplet increased first.
The reason for this result is that salinity affects the surface tension of water droplets. The
surface tension of salty water increases along with salinity [29]. Therefore, in comparison
with the water droplet without salinity, the one with salinity had a higher surface tension
to make the surface of the water droplet contract tightly, which resulted in an increase in
the height of water droplet. However, as shown in Figure 5, when the salinity is too high,
such as 26.7 g/L, the increase in height was not obvious and even somewhat decreased.
As discussed in Section 2, the brine rejection effect decreases the freezing point of a water
droplet in the freezing process. Then the icing time increased and the water droplet flew
peripherally, which resulted in a decrease in height and tip disappearance. Additionally,
at a high temperature, such as −6 ◦C, the variation in height is a little different from the
ones at low temperatures of −12 ◦C and −18 ◦C. When the salinity was low, the height
decreased first and then increased. The reason for this difference is that low salinity has
little effect on the surface tension of water droplets. After contact with the substrate, the
water droplet did not freeze in a short time and flew peripherally under a high temperature.
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It resulted in a decrease in the height of the iced water droplet. With the increase in the
salinity, the rule of variation was the same for the ones at low temperatures of −12 ◦C and
−18 ◦C.
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In addition, from Figure 5, as the salinity was constant, the height of the iced water
droplet at −12 ◦C was the highest, the one at −18 ◦C was the lowest, and the one at −6 ◦C
was medium. In comparison with the conditions between −6 ◦C and −12 ◦ the lower the
temperature was, the higher the height of the iced water droplet was. The reason was that
the icing time of the water droplet decreased along with temperature. In this case, the
flowability of the water droplet decreased with the decrease in temperature. The water
droplet was frozen in a shorter time, which resulted in an increase in the height of the
water droplet. In contrast, when the temperature decreased further, such as −18 ◦C, the
height decreased again. The reason for this result is that the thickness of frost generating on
the cold blade surface increased with the decrease in temperature [30]. In the tests, it was
found that there was frost generated on the cold blade surface. At low temperatures, such
as −18 ◦C, the thickness of the frost was higher than the that in the conditions of −6 ◦C
and −12 ◦C. In this case, the thick frost layer isolated the cold substrate surface absolutely.
Under this condition, the water droplet could not make contact with the substrate surface
directly but rather the frost layer. After that, the heat transfer between the substrate and
water droplet was conducted via the frost layer. For this reason, the frost began melting
into water, which merged into a water droplet. The melted water film on the substrate
surface intensified the flowability of the water droplet and decreased the concentration of
salt in the water droplet, which increased the the contact diameter, decreased the height,
and shortened the icing time of the water droplet. In contrast, when the temperature was
high, such as −6 ◦C or −12 ◦C, the frost layer was thin, and the effect of melted water film
on the flowability of the water droplet was weak. That is why the height of the iced water
droplet was higher than the one at a low temperature.

4.2. Effect of Salinity on Contact Diameter of Iced Water Droplet

The variation in contact diameter with salinity is shown in Figure 6. As shown in
Figure 6, both salinity and temperature have significant effects on the contact diameter of the
iced water droplet. Under non-salinity conditions, the effect of temperature on the contact
diameter is slight. The contact diameters under different temperature conditions were
approximate. With the increase in salinity, the discrepancies among different temperatures
became obvious. When the temperature was high, such as −6 ◦C and −12 ◦C, the contact
diameter decreased with the increase in salinity. However, as the temperature was low,
such as −18 ◦C, the contact diameter varied little with the increase in salinity.

The reasons for the variations are that the icing process of the water droplet was
affected by frost generation and heat transfer rate together. At a temperature of −18 ◦C,
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the thickness of the frost layer generated on the substrate surface and the heat transfer rate
between the water droplet and substrate were both high. As discussed in Section 4.1, the
thick frost layer increased the flowability of the water droplet after melting. That is why
the contact diameter was larger than the ones under the temperatures of −6 ◦C and −12 ◦C.
Additionally, the high heat transfer rate under low-temperature conditions resulted in a
decrease in the flowability of the water droplet after impacting on the substrate surface,
which led to slight variation under different salinities.
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In contrast, at a temperature of −6 ◦C or −12 ◦C, the flowability of the water droplet
and the heat transfer rate were low in comparison with those at a temperature of −18 ◦C,
which resulted in a decrease in the contact diameter. Nevertheless, the surface tension
of the water droplet increased along with salinity, as discussed above. Then the contact
diameter decreased. The higher the salinity, the smaller the contact diameter. Especially
at a temperature of −6 ◦C, the contact diameter under low salinity increased first and
then decreased. It shows that the surface tension has a smaller effect on contact diameter
under low-salinity conditions. The decrease in freezing point had a significant effect, which
resulted in an increase in contact diameter. In the condition of high salinity, surface tension
played a key role in decreasing the contact diameter.

4.3. Effect of Salinity on Icing Time of Water Droplet

Similarly, the effect of salinity on the icing time of the water droplet was also analyzed,
as shown in Figure 7.
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As shown in Figure 7, the icing time of the water droplet increases along with salinity
as the temperature is constant. The reason for this is that salinity decreases the freezing
point of the water droplet. The higher the salinity, the lower the freezing point. Therefore,
the icing time increased along with salinity. From Figure 7, when the temperature is high,
such as −6 ◦C and −12 ◦C, the icing time increases dramatically at first. As the salinity
is higher than 18 g/L, the salinity has little effect on the icing time. It validates that with
the increase in salinity; the freezing point of the water droplet decreased dramatically first
and then slightly. It is also the same as previous research findings [31]. However, under
low-temperature conditions, such as −18 ◦C, salinity has little effect on the icing time of
the water droplet. The icing time of the water droplet with salinity was just a little higher
than that of the water droplet without salinity. It shows that a low temperature increases
the heat transfer rate and shortens the icing time of water droplets.

4.4. Effect of Salinity on Profile of Iced Water Droplet

Based on the experimental results of the water droplet with salinity, the profiles of
iced water droplets under different icing conditions were processed, which are shown in
Figure 3. For analyzing the effect of salinity on the profile quantitatively, the processed
profile of an iced water droplet is located in a coordinate, the contact interface between the
water droplet and substrate was selected as an abscissa or x axis, and the leftmost point of
the contact diameter was selected as the origin.

According to the image of the iced water droplet, some key points along the profile
of the iced water droplet were selected to characterize the profile. For these points, the
abscissa values were isometric along the contact diameter. In this way, the profile of an
iced water droplet can be characterized quantitatively. Therefore, the profiles of iced water
droplets under different salinities and temperatures are shown in Figures 8–10.

As shown in Figures 8–10, the profiles of iced water droplets were reconstructed in the
coordinates. Then, based on the profile parameters, the profile was fitted by the polynomial
method. The power of each fitting profile was decided according to the coefficient of
determination R2. In the present study, the value of R2 under each condition should be
higher than 0.99. According to the criteria, the mathematical expressions of the fitting
profiles are listed in Table 3. The fitting results coincide well with the experimental data.

Coatings 2024, 14, x FOR PEER REVIEW 9 of 13 
 

 

0 1 2 3 4 5
0.0

0.5

1.0

1.5 Temperature:-6℃
 Experimental data(0g/L)
 Fitting(0g/L) 

H
ei

gh
t (

m
m

)

X (mm)  
0 1 2 3 4 5

0.0

0.5

1.0

1.5 Temperature:-6℃
 Experimental data(12g/L)
 Fitting(12g/L)

H
ei

gh
t (

m
m

)

X (mm)  
0 1 2 3 4 5

0.0

0.5

1.0

1.5 Temperature:-6℃
 Experimental data(26.7g/L)
 Fitting(26.7g/L)

H
ei

gh
t (

m
m

)

X (mm)  
(a) (b) (c) 

Figure 8. FiĴing profiles of iced water droplets at the temperature of −6 °C: (a) 0 g/L; (b) 12 g/L; (c) 
26.7 g/L. 

0 1 2 3 4 5
0.0

0.5

1.0

1.5 Temperature:-12℃
 Experimental data(0g/L)
 Fitting(0g/L)

H
ei

gh
t (

m
m

)

X (mm)  
0 1 2 3 4 5

0.0

0.5

1.0

1.5 Temperature:-12℃
 Experimental data(12g/L)
 Fitting(12g/L)

H
ei

gh
t (

m
m

)

X (mm)  

0 1 2 3 4 5
0.0

0.5

1.0

1.5 Temperature:-12℃
 Experimental data(26.7g/L)
 Fitting(26.7g/L)

H
ei

gh
t (

m
m

)

X (mm)  
(a) (b) (c) 

Figure 9. FiĴing profiles of iced water droplets at the temperature of −12 °C: (a) 0 g/L; (b) 12 g/L; (c) 
26.7 g/L. 
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Figure 10. FiĴing profiles of iced water droplets at the temperature of −18 °C: (a) 0 g/L; (b) 12 g/L; 
(c) 26.7 g/L. 

Table 3. Mathematical expressions of profile fiĴed by polynomial method. 

Temperature Salinity Polynomial Equation Coefficient of Determination 

−6 °C 
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−12 °C 
0 g/L y = −0.163x2 + 0.7083x − 0.0174 R2 = 0.9954 
12 g/L y = 0.0273x4 − 0.1947x3 + 0.1434x2 + 0.7851x + 0.017 R2 = 0.9939 
26.7 g/L y = 0.0291x4 − 0.1821x3 + 0.0125x2 + 0.994x + 0.0216 R2 = 0.9956 

−18 °C 
0 g/L y = −0.1542x2 + 0.6599x − 0.003 R2 = 0.9948 
12 g/L y = −0.1575x2 + 0.6843x − 0.0063 R2 = 0.9961 
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x (mm) is the position coordinate along contact diameter; y (mm) is the height of iced water droplet; 
R2 is the coefficient of determination. 

According to the mathematical expressions in Table 2, the volumes of iced water 
droplets were calculated in the present study for analyzing the effect of salinity on the 
volume of iced water droplets quantitatively. The schematic diagram of calculation 
method is shown in Figure 11. 

Figure 8. Fitting profiles of iced water droplets at the temperature of −6 ◦C: (a) 0 g/L; (b) 12 g/L;
(c) 26.7 g/L.
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Figure 10. FiĴing profiles of iced water droplets at the temperature of −18 °C: (a) 0 g/L; (b) 12 g/L; 
(c) 26.7 g/L. 

Table 3. Mathematical expressions of profile fiĴed by polynomial method. 

Temperature Salinity Polynomial Equation Coefficient of Determination 

−6 °C 
0 g/L y = −0.1839x2 + 0.7892x − 0.0351 R2 = 0.9914 
12 g/L y = 0.0211x4 − 0.1387x3 − 0.017x2 + 0.9263x + 0.0203 R2 = 0.9939 
26.7 g/L y = 0.0191x3 − 0.3626x2 + 1.1348x − 0.011 R2 = 0.9911 

−12 °C 
0 g/L y = −0.163x2 + 0.7083x − 0.0174 R2 = 0.9954 
12 g/L y = 0.0273x4 − 0.1947x3 + 0.1434x2 + 0.7851x + 0.017 R2 = 0.9939 
26.7 g/L y = 0.0291x4 − 0.1821x3 + 0.0125x2 + 0.994x + 0.0216 R2 = 0.9956 

−18 °C 
0 g/L y = −0.1542x2 + 0.6599x − 0.003 R2 = 0.9948 
12 g/L y = −0.1575x2 + 0.6843x − 0.0063 R2 = 0.9961 
26.7 g/L y = −0.1681x2 + 0.717x − 0.0105 R2 = 0.9918 

x (mm) is the position coordinate along contact diameter; y (mm) is the height of iced water droplet; 
R2 is the coefficient of determination. 

According to the mathematical expressions in Table 2, the volumes of iced water 
droplets were calculated in the present study for analyzing the effect of salinity on the 
volume of iced water droplets quantitatively. The schematic diagram of calculation 
method is shown in Figure 11. 

Figure 9. Fitting profiles of iced water droplets at the temperature of −12 ◦C: (a) 0 g/L; (b) 12 g/L;
(c) 26.7 g/L.
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(c) 26.7 g/L. 

Table 3. Mathematical expressions of profile fiĴed by polynomial method. 

Temperature Salinity Polynomial Equation Coefficient of Determination 

−6 °C 
0 g/L y = −0.1839x2 + 0.7892x − 0.0351 R2 = 0.9914 
12 g/L y = 0.0211x4 − 0.1387x3 − 0.017x2 + 0.9263x + 0.0203 R2 = 0.9939 
26.7 g/L y = 0.0191x3 − 0.3626x2 + 1.1348x − 0.011 R2 = 0.9911 

−12 °C 
0 g/L y = −0.163x2 + 0.7083x − 0.0174 R2 = 0.9954 
12 g/L y = 0.0273x4 − 0.1947x3 + 0.1434x2 + 0.7851x + 0.017 R2 = 0.9939 
26.7 g/L y = 0.0291x4 − 0.1821x3 + 0.0125x2 + 0.994x + 0.0216 R2 = 0.9956 
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droplets were calculated in the present study for analyzing the effect of salinity on the 
volume of iced water droplets quantitatively. The schematic diagram of calculation 
method is shown in Figure 11. 

Figure 10. Fitting profiles of iced water droplets at the temperature of −18 ◦C: (a) 0 g/L; (b) 12 g/L;
(c) 26.7 g/L.

Table 3. Mathematical expressions of profile fitted by polynomial method.

Temperature Salinity Polynomial Equation Coefficient of Determination

−6 ◦C
0 g/L y = −0.1839x2 + 0.7892x − 0.0351 R2 = 0.9914
12 g/L y = 0.0211x4 − 0.1387x3 − 0.017x2 + 0.9263x + 0.0203 R2 = 0.9939
26.7 g/L y = 0.0191x3 − 0.3626x2 + 1.1348x − 0.011 R2 = 0.9911

−12 ◦C
0 g/L y = −0.163x2 + 0.7083x − 0.0174 R2 = 0.9954
12 g/L y = 0.0273x4 − 0.1947x3 + 0.1434x2 + 0.7851x + 0.017 R2 = 0.9939
26.7 g/L y = 0.0291x4 − 0.1821x3 + 0.0125x2 + 0.994x + 0.0216 R2 = 0.9956

−18 ◦C
0 g/L y = −0.1542x2 + 0.6599x − 0.003 R2 = 0.9948
12 g/L y = −0.1575x2 + 0.6843x − 0.0063 R2 = 0.9961
26.7 g/L y = −0.1681x2 + 0.717x − 0.0105 R2 = 0.9918

x (mm) is the position coordinate along contact diameter; y (mm) is the height of iced water droplet; R2 is the
coefficient of determination.

According to the mathematical expressions in Table 2, the volumes of iced water
droplets were calculated in the present study for analyzing the effect of salinity on the
volume of iced water droplets quantitatively. The schematic diagram of calculation method
is shown in Figure 11.
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Figure 11. Model of the volume of an iced water droplet.

As shown in Figure 11, an infinitesimal element dy was selected at any point along the
profile of an iced water droplet. The coordinates at this point are considered (x, y), and the
radius of the iced water droplet at this point is R, which is equal to the difference between
the half-contact diameter d/2 and the coordinate x. Therefore, the infinitesimal volume of
the iced water droplet is expressed in Equation (1).

dV = π(
d
2
− x)2 · dy (1)

Then the whole volume of the iced water droplet is expressed as Equation (2).

V =
∫ h

0
π(

d
2
− x)2 · dy (2)
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Combining Equation (2) with Table 3, the volume of the iced water droplet can be
calculated theoretically. The formation of dy and the scope of x under different conditions
are listed in Table 4.

Table 4. Formation of dy and scope of x under different conditions.

Temperature Salinity (g/L) dy/dx d/2 (mm) x

−6 ◦C
0 dy/dx = −0.3678x + 0.7892 2.1 [0.0449, 4.2465]
12 dy/dx = 0.0844x3 − 0.4161x2 − 0.034x + 0.9263 1.99 [−0.0219, 3.9549]

26.7 dy/dx = 0.0573x2 − 0.3626x2 + 1.1348x − 0.011 1.96 [0.0097, 3.9394]

−12 ◦C
0 dy/dx = −0.326x + 0.7083 2.15 [0.0247, 4.3207]
12 dy/dx = 0.1092x3 − 0.5841x2 + 0.2868x + 0.7851 1.99 [−0.0217, 3.9545]

26.7 dy/dx = 0.1164x3 − 0.5463x2 + 0.025x + 0.994 1.99 [−0.0217, 3.9669]

−18 ◦C
0 dy/dx = −0.3084x + 0.6599 2.14 [0.0046, 4.275]
12 dy/dx = −0.315x + 0.6843 2.16 [0.0092, 4.3355]

26.7 dy/dx = −0.3362x + 0.717 2.12 [0.0147, 4.2506]

The variations in volumes with salinity under different temperatures are shown in
Figure 12.
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As shown in Figure 12, both the salinity and the temperature have effects on the
volume of iced water droplets. When the temperature was constant, the volume of an iced
water droplet with salinity was higher than one without salinity. In contrast, for a salty
water droplet, the effect of salinity on the volume was slight. However, as the salinity
was constant, the volume decreased along with the temperature. For the low-temperature
conditions, such as −18 ◦C, the volumes among all salinity conditions were approximate.
It validates that the salinity had little effect on the volume of water droplet in the process of
a phase change.

5. Conclusions

In the present study, the freezing characteristics of a water droplet with salinity were
studied, and the effect of salinity on the profile of an iced water droplet was analyzed.
Some conclusions were obtained and listed as follows:

1. The effects of salinity and temperature on the height of the iced water droplet have
been explored. As the temperature was constant, the height of an iced water droplet
increased dramatically first because of the increase in surface tension. In contrast, un-
der high-salinity conditions, the increment decreased. In addition, as the temperature
was low, the height decreased because there was thicker frost generated on the cold
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surface, which led to an increase in the flowability of a water droplet after melting
due to heat transfer.

2. The effects of salinity and temperature on the contact diameter of an iced water droplet
have also been analyzed. Generally, the contact diameter of an iced water droplet
decreased along with the increase in salinity because of the high surface tension of the
salty solution. However, for low-temperature conditions, salinity had little effect on
the contact diameter because of the increase in frost generation, which increases the
flowability of water droplets after melting during heat transfer between the substate
and the water droplet.

3. The profile of an iced water droplet was obtained from the processing image. Based on
the data, the fitting profile of an iced water droplet was also given by the polynomial
method in a mathematical expression. The power of each polynomial expression
under different conditions was decided according to the coefficient of determination.
The fitting results coincide well with the experimental data. Based on the fitting
results, the volumes of iced water droplets were also calculated by a mathematical
model established in the present study. It validates that the volume decreased along
with temperature and increased along with salinity.
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30. Şahin, A.Z. An experimental study on the initiation and growth of frost formation on a horizontal plate. Exp. Heat Transf. 1994, 7,

101–119. [CrossRef]
31. Huang, W. The Experimental Determination and Prediction of Freezing Point of Salt-Water Systems. Master’s Thesis, Xinjiang

University, Urumqi, China, 2015. (In Chinese)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.renene.2023.03.126
https://doi.org/10.1016/j.jweia.2018.06.004
https://doi.org/10.1016/j.ijthermalsci.2021.107241
https://doi.org/10.1017/jfm.2018.839
https://doi.org/10.1063/1.4747185
https://doi.org/10.1016/j.jcis.2020.09.119
https://doi.org/10.1016/j.cis.2023.103057
https://doi.org/10.1038/srep17563
https://doi.org/10.1039/C5CP06988B
https://www.ncbi.nlm.nih.gov/pubmed/26743911
https://doi.org/10.1021/acs.langmuir.8b00969
https://www.ncbi.nlm.nih.gov/pubmed/29996655
https://doi.org/10.1021/jp711507f
https://doi.org/10.1103/PhysRevLett.95.148501
https://www.ncbi.nlm.nih.gov/pubmed/16241699
https://doi.org/10.3189/172756406781811646
https://doi.org/10.1080/08916159408946475

	Introduction 
	Experimental Scheme and System 
	Experimental Results 
	Discussion and Analysis 
	Effect of Salinity on Height of Iced Water Droplet 
	Effect of Salinity on Contact Diameter of Iced Water Droplet 
	Effect of Salinity on Icing Time of Water Droplet 
	Effect of Salinity on Profile of Iced Water Droplet 

	Conclusions 
	References

