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Icing not only affects the stability and safety of Arctic navigation ships but also
damages the facilities on board and endangers the safety of personnel. The icing
result on the ship’s surface is closely related to the icing process of water
droplets on the surface. In the icing process of supercooled water droplets
colliding with the ship surface, the impact and icing are coupled with each
other. This process is extremely sensitive. The final ice type and physical
parameters will change due to the external disturbance. Therefore, in order
to obtain accurate ship icing results, the micro impact icing process of water
droplets on the surface needs to be considered. From the microscopic point of
view, using the numerical simulation method of solidification/melting model in
Fluent, this article analyzes the effects of undercooling, contact angle, and
droplet impact on the microscopic solidification process of supercooled
droplets, and the results show that 1) droplet impact affects the droplet
volume; 2) as the impact velocity increases, the freezing time decreases; 3)
in the case of the same impact velocity, the freezing time and cooling time vary
very closely even if the degree of undercooling and contact angle are different.
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Introduction

The Arctic is rich in natural resources, and according to the assessment report issued
by the U.S. Geological Survey, the untapped natural gas in the Arctic accounts for 30% of
the world (Nieuwejaar et al., 2019). At the same time, the opening of the Arctic route will
greatly shorten the distance between East Asia and Western Europe. Therefore, the
navigation of ships in the Arctic waters is of great strategic significance. Arctic container
ships, Arctic LNG transport ships, and other transport ships with the capability of Arctic
navigation will face huge demand. The oil tanker “Vasily Dinkov” and cargo ships
“Fraternity” and “Foresight” are already in operation in the polar regions (Li et al., 2005).
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Due to the unique geographical environment of the Arctic
region, shipping activities in the region are bound to be affected
by the harsh environment of the Arctic region. One of the biggest
challenges for Arctic transport ships is icing (Cai and Lin, 2016).
When polar ships sail on the Arctic route, ice accumulation
occurs due to the influence of low temperature, high humidity,
and other meteorological reasons. Ice accumulation will increase
the weight of the ship, change the position of the ship’s center of
gravity, and affect the stability of the ship (Ma et al., 2019). Ice
accumulation on deck, handrail, and the ladder can cause ground
sliding and personal injury. Icing also affects the use of
communication and navigation equipment on board, making
ships more prone to accidents and unable to call for help in time
after accidents (Dehghani-Sanij et al., 2017). Therefore, in order
to ensure the safety of transport ships and personnel on board, it
is necessary to conduct in-depth research on the polar ship icing
phenomenon. Figure 1 shows the Polar LNG carrier, and Figure 2
shows the Polar ship superstructure covered with ice.

At present, scholars have carried out some research on the
icing problem on ships. Liu and Dong (2016) proposed a
prediction model and forecasting tool for ship icing based on
the heat balance of the icing surface and probability theory.
Kulyakhtin (2017) proposed the MARICE model, which is a
mathematical model for predicting seawater splash and icing.
According to the key structural components of ships and offshore
platforms, Bai (Bai et al., 2021; Yang et al., 2022) gives a more
accurate ice forecasting method and process based on FENSAP-
ICE. However, in essence, the formation process of ice on the
ship surface can be divided into several stages (Liu and Dong,
2016): the generation of droplets, the impact on the ship surface
under the action of the flow field, and the solidification and
accumulation of droplets on the ship surface. The existing
research on ship icing prediction mainly focuses on the macro
perspective, that is, the generation and distribution of droplets
and the process of impacting the surface under the influence of
the flow field. Usually, the droplet and flow field are calculated by
relying on the existing icing data and theoretical formulas, or
through the method of numerical simulation, combined with the
conservation of energy and mass, to calculate ship icing in
different environments. However, there are few studies on the
micro icing process of subsequent droplets on the surface (Zhang
et al., 2018a).

Using this method, although the ship icing data can be
obtained, the icing results are not accurate. On the one hand,
the existing ship icing data ara not complete and cannot
represent all the environments and ship types, which makes
the empirical formula of icing not accurate enough (Deshpande
et al., 2021). On the other hand, it is expensive, difficult, and
unrealistic to carry out the icing test of the whole ship type. If ship
icing is calculated by numerical simulation, the icing models used
are also different from each other, and each model has its
limitations. Moreover, as the freezing process of droplets is
extremely sensitive, any external disturbance will affect the

Frontiers in Energy Research

02

10.3389/fenrg.2022.950649

final ice type and physical parameters. At the same time, the
surface characteristics of materials will also affect the adhesion
and freezing results of icing. The influence mechanism of these
factors needs to be studied from the perspective of droplet icing
on the micro layer. Therefore, in order to establish a perfect icing
prediction method, it is necessary to start from the micro icing
process of droplets on the surface and study the micro icing
mechanism of droplets on the cold surface so as to provide a
theoretical basis for icing prediction.

The freezing process of droplets on a cold surface usually
begins with the impact between droplets and the surface. After
water droplets impact with the surface, according to the
morphological changes in water droplets, they can be divided
into four types: stick, rebound, spread, and splash (Bai and
Gosman, 1995). The parameters of the water droplet and
surface, including impact velocity, water droplet volume, and
surface characteristics, will affect the impact type (Mundo et al,,
1998).

In polar ship icing, most of the icing phenomenon comes
from the impact between the water droplet and the cold surface.
In this process, the impact and icing are coupled. Whether icing
occurs during the impact depends on the impact time and
nucleation and recalescence time. During the solidification
process, the temperature (Marin et al, 2014), volume (Hu
et al.,, 2016a), and surface characteristics of the cold surface,
such as roughness (Wu et al., 2005) and wettability (Ding et al.,
2018), have a great impact on the solidification time of the
droplets, and the effects are different in each link of solidification.

For the simulation study of water droplet solidification, due
to the very short time of the recalescence stage (Jung et al., 2012),
it was mainly concentrated in the freezing stage. Meng and Zhang
(2020) used the crystallization dynamic method to simulate the
complete solidification process of droplets containing
recalescence, which provides a new method for the study of
the droplet recalescence process. The simulation of the freezing
stage focuses on tracking the change at the solid-liquid interface.
Wang et al. (2021) simulated the solidification of water droplets
by combining VOF and level-set and enthalpy-porosity methods
and obtained the changes in physical parameters inside water
(2016)
numerically simulated the icing of droplets in the impact

droplets. Using these methods, Leng et al. also
process. In addition to the conventional CFD method, Bai and
Yang (2021) used the phase field method to simulate the
solidification of water droplets, which focused on simulating
the growth process of crystal nuclei in water droplets.

In the actual sailing process of the ship, water droplets have a
certain initial velocity and can collide with the hull surface.
Therefore, it is necessary to study the collision freezing of
supercooled water droplets. The mechanism of collision
freezing of supercooled water droplets has been slowly studied
in recent years. The collision freezing process of supercooled
water droplets involves both phase transformation freezing and
fluid collision, coupled with the thermodynamic problems
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caused by supercooled water, which is difficult to study. Due to
the uncertainty of collision, it is usually based on an experimental
study or modified by adding experimental results into a
numerical simulation. When supercooled water droplets are
on the collision surface, the state of the droplets after the
collision should be judged first, and the shape and volume
changes in the droplets before and after the collision can be
determined according to the collision parameters. Hu et al.
(2016b) wused a high-speed camera to film the freezing
phenomenon when water droplets hit the cold surface and
quantitatively analyzed the influence of velocity, cold surface
temperature, and thermal conductivity on the droplet impact and
freezing process. Dong et al. (2018) used a 3D molecular dynamic
method to simulate the freezing process of nano-scale water
droplets hitting the cold wall. The results show that the heat
transfer level in the droplet is related to the hydrophilicity of the
contact surface. The worse the hydrophilicity, the slower is the
heat transfer rate, but the internal temperature is more uniform.

The water droplets in ship icing all have a certain initial
velocity, which will impact the surface. Therefore, the influence
of impact should be considered in the calculation of ship icing. In
this article, the impact of water droplets on the surface is
introduced, and the collision is regarded as the loss of water
droplet mass. The volume and contour of water droplets after the
collision are recalculated and combined with the proportion of
the ice phase, and the influence of the impact velocity on the
freezing stage of water droplets is analyzed.

Droplet cooling characteristics

In this article, the software Ansys Fluent is used in the
numerical simulation of the freezing stage of water droplet
solidification, and the solidification and melting models in the
software are used in the simulation. At the same time, the impact
is regarded as the loss of droplet mass, and the droplet profile is
calculated by using the droplet mass after the impact loss.

Solidification and melting model

In the solidification and melting model, the enthalpy-
porosity method is used to solve the problem of solidification
or melting at a certain temperature. By calculating the enthalpy
balance of each cell in the calculation domain, the liquid fraction
of the fluid is obtained: when the liquid fraction is between 0 and
1, the solid and liquid coexist in the region. When the liquid
fraction is 0, the fluid is completely solidified. At this time, the
porosity and velocity in the solid-liquid coexisting region are 0
(Voller and Prakash, 1987).

In the system, the total enthalpy of the material A is as
follows:
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htotal =h+ hlatent)

1

where £ is the apparent enthalpy, and hjyen is the latent heat of
the material after solid-liquid mixing.

T
cdT,

Tre

h= href + J (2)
where hy is the apparent enthalpy of the reference state, Tt is
the temperature of the reference state, and c is the specific heat
capacity at constant pressure.

The latent heat after solid-liquid mixing is as follows:

3

hlatent = Aliquid Lmix:

where ajiguiq is the liquid fraction of the region, where the phase
transition occurs, and Ly, is the latent heat of the material.

0 T< Tsolid:
T - Tsolid
Qliquid = ————— Tsolia <T < Tiquid> (4)
Tiquia — Tsolia
1 T> Tliquid-

In the formula, Tyq = Tv — ATwm/2 is the solidification
temperature, and Tiqug = Tm + ATm/2 is the liquefaction
temperature. T is the freezing point, and ATy is the small
phase transition interval, which is used to make the physical
parameters in the phase transition smoother. The relationship
between physical parameters and temperature is as follows:

Xi T< Tsolid:
X= (1 - ‘xliquid)Xi + aliquideiX Tooa <T < Tliquid) (5)
X mix T> Tliquid)

where X represents specific heat capacity ¢ or thermal
conductivity k.

The solidification and melting model regard the phase
transition zone as a porous medium, and its internal flow
conforms to Darcy’s seepage law and Carman-Kozeny
hypothesis. Therefore, the source term of the momentum
equation of the phase transition process Sy is introduced:

a (1 - ‘xliquid)z >
SM = 3 Amushv) (6)
Kiquid t+e
where ¢ is a value preventing the denominator from being 0, and
Apush is the coefficient of the solid-liquid mixing zone, which is

related to the porosity of the porous media.

Impact loss model

Splash is a process in which many small secondary droplets
are produced after the droplets impact the surface and break
up. Before calculating the droplet splash, the critical condition of
the splash must be determined first. A large number of
experiments show that (Yarin and Weiss, 1995) the critical
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condition of the splash is related to the diameter dy, velocity vy,
dynamic viscosity ¢, density p, and surface tension o of droplets.
These parameters can be expressed by three dimensionless
numbers: the Weber number, the Reynolds number, and the
Ohnesorge number.

@, Re = PV"dO, oh=_2* )

o Y Vdoop

However, the critical condition of the splash cannot be

We =

determined by one of the aforementioned dimensionless
numbers. The research results show that (Cossali et al., 1997)
almost all the critical values of splash K, can be expressed by the
power of Oh™2*We. The critical condition selected in this article
is (Mundo et al., 1995)

_ (pdo)"'3

5/8
o2 U 1/4 :

K. = (Oh™"We) (8)
In the droplet collision, it is also necessary to determine the
parameter K to describe the mass loss of the droplet collision,
which can be expressed as follows:
- (pdy)"2 — O-25
= WZ/SO =Oh We. (9)
According to the droplet impact test data by Papadakis et al.
(2004), the droplet impact loss f,, at a certain velocity can be
fitted (Honsek et al., 2008).

mS — —
fmn=—"=38[10- & K“]/K”Z, (10)
where m; is the post-impact mass, and m, is the droplet source
mass before impact.

Droplet profile

Before calculating the droplet profile, several assumptions
should be made:

1) When the water droplet is sessile on the cold surface, it is
rotationally symmetrical, and the rotational axis is vertical;

2) The convective heat transfer between water droplets and air is
negligible;

3) The volume of water droplets is not affected by evaporation or
condensation.

For sessile water droplets, the base radius and droplet height
can be calculated by the droplet volume and contact angle (Zhang
et al., 2018b):

3V

3
Ry = Vn(2—3c059+ cos’ 6)

sin 0, (11)
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Heo 3V
N Vn(2—3c059+cos39)

(1 - cos6), (12)

where Ry is the base radius, Hy is the water drop height, V is the
water drop volume, and 6 is the wall contact angle.

Simulation conditions

In the previous experiment, after obtaining the profile and
physical parameters of water droplets after the impact, we used
the aforementioned conditions to conduct the numerical
simulation for the freezing stage of water droplets to obtain
the evolution process at the internal solid-liquid interface and
the changes in water droplet physical parameters.

Model parameter setting

Taking the Arc7 ice-breaking LNG carrier designed by COSCO
as a reference (Chen, 2020), the ship adopts the winterization (-50)
classification given by RS. The minimum design ambient
temperature is —50°C, and the minimum internal temperature
is —45°C. Therefore, in order to make the simulation results more
realistic, the simulation temperature is —30°C ~ —50°C.

The design speed of this LNG carrier is 19.5 knots,
ie, 10.03167 m/s. The research shows that when the wind
speed is lower than 7.9 m/s (Magne et al, 2008), the water
droplets will freeze after the impact. Therefore, the impact
speeds of water droplets are 1, 3, 5, and 7 m/s.

Since this study is aimed at the superstructure of an LNG carrier,
the icing mode at this location is mainly atmospheric icing. The
research study shows that the droplet volume of atmospheric icing is
10-1,000 pl (Makkonen, 1984). Considering the convenience of
calculation, the droplet volume is selected as 10 pl.The surface
characteristics of marine steel at different positions are different,
and the surface characteristics will change under different
environments. A large range of contact angles is considered in the
simulation, and the contact angle is 30°~150°.

In the freezing stage, due to the limitations to the model, the
profile change caused by the volume change in the process of
water droplet freezing cannot be reflected. Therefore, the change
in density with temperature is added to the physical parameters
of the material so as to calculate the volume change in water
droplets freezing in the follow-up work.

The change of density in freezing is based on the change in ice
density with temperature (Speedy, 1987). In this article, the test
results are fitted, and the fitting formula is applied to the setting
of material properties in Fluent.

p, = 937.7 — 0.004492T; - 0.0002629T. (13)
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TABLE 1 Calculation time of different mesh sizes.

Grid size (um) Freezing time (us)

0.007 33.6
0.01 33.7
0.0141 33.8
0.02 33.8
0.029 33.8

Formula 13 is the density temperature fitting formula, where
p, is the ice density during freezing, and T is the ice temperature
(unit: k).

Boundary condition

The model adopted this time is shown in Figure 3. The
temperature of the cold surface is set to the freezing
temperature, and the temperature inside the water droplet
is set to the temperature of the ice water mixture. In this
article, the water droplet impact ice is simulated by FLUENT
software from ANSYS because the reference is 3.5% salinity
seawater, so the internal temperature of the water droplet is
set to 270.85 K, according to the saltwater freezing point
during the simulation. The simulation calculation is a
transient calculation, the press-based solver is selected,
the velocity and pressure are coupled by the SIMPLE
method, the momentum and energy equations are discrete
in second-order upwind format, and the time step is set
to 0.1.

Solution method

In the numerical calculation, the time step is 0.1 us, and the
grid size is 0.02 um. Table 1 shows the calculation results of grid
independence.

The mesh size is selected at 0.07um, 0.01pm, 0.0141pum,
0.02pum and, 0.029um, the subcooling degree is 30 K, and the
contact angle is 90%s the initial conditions of the
simulation, and the full freezing time is used as the
evaluation criterion. The five mesh sizes are incremented
in multiples of the root number 2, where we can see the
changes in more detail and increasing accuracy. By
comparing the freezing time under different grid sizes, it
is found that the grid size has almost no effect on the
freezing time, and as the grid size increases from 0.01pm
to 0.02um, the freezing time increases by 0.02%. Therefore,
for the time and accuracy of the calculation, the mesh size is
0.02 pm.
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TABLE 2 Droplet impact loss and post-impact volume at different
velocities.

Volume
after impact (ul)

Velocity (m/s) Impact loss (%)

1 35.03 6.497
2 49.71 5.029
3 61.32 3.868
4 68.43 3.157
5 74.96 2.504
6 79.23 2.077
7 82.29 1.771

FIGURE 1
Polar LNG carrier (Barisic et al,, 2017).

Analysis of impact icing simulation
results

Droplet profile after the impact

Since the droplet impact is calculated as a loss in this article,
the following assumptions should be made before the calculation:

1) During the impact process, the mass of droplets will not
change due to evaporation or other non-impact factors;

2) the droplet will not solidify when it impacts with the cold
surface;

3) the droplet remains in a sessile state again after the impact.

Through the velocity and volume of the droplet impact, the
impact loss of the droplet at different velocities is calculated, and
the volume after the impact loss is used to calculate the profile of
the droplet after the impact.
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FIGURE 2
Superstructure icing (Mahmood and Revenga, 2006).
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The droplet loss at different velocities is shown in Table 2 and
Figure 4. It can be seen that as the impact velocity increases, the
droplet loss also increases. The increase in loss is more obvious when
the velocity is low, and when the velocity increases, the magnitude of
the increase in loss gradually decreases. This is because when the
impact velocity increases, the loss caused by the impact will gradually
increase to about 100%, but in fact, the impact will not lead to the
complete loss of the mass of the droplets. Therefore, the impact loss
will have a limit value, which cannot reach 100% that leads to a
decrease in the increase of the impact loss after the speed increases.

Through the aforementioned calculations, the initial
conditions of the freezing stage of water droplets are obtained:
the physical parameters of the ice—-water mixture in the water
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droplets and the volume and profile of the water droplets. The
undercooling temperature is 30 K, and the contact angle is 90°.
Under different impact velocities, the height and radius of the
droplet after impact loss are calculated. The results are shown in
Figure 5. It is greatly affected by the velocity, and when the
velocity increases, the loss of the height and radius of the droplet
caused by the increase of the velocity will decrease. It can also be
seen from the profile figure that when the impact velocity is small,
the change in the droplet impact caused by the velocity increase is
more obvious, and when the velocity is high, the change of the
profile will decrease. The shape of the droplets after impact under
different degrees of supercooling is shown in Figure 6.
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Droplet profiles after the impact at different contact angles.

Select the impact velocity of 3 m/s and the undercooling
temperature of 30 K to calculate the droplet height and radius
under different contact angles, as shown in Figure 7. After the
droplet impacts the surface, the height and radius of the droplet
under different contact angles greatly vary. This is because under
different contact angles, the contact area between the droplet and
the surface is different from each other. Under the same volume,
the height of the droplet will change accordingly, which makes
the outline of the droplet greatly different.

Effect of the impact velocity on icing

The undercooling temperature of 30 K and the contact
angle of 90° were selected to simulate the freezing stage of the
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Droplet freezing time at different velocities.

droplet at the impact velocities of 1, 3, 5, and 7 m/sFigure 8
shows the duration of the freezing stage under different

impact velocities. It can be
impact velocity, the time
gradually decreases. This
produce loss after hitting

seen that with the increase of
required for droplet freezing
is because the droplet will
the surface. The greater the

impact velocity, the greater is the loss mass, and the
smaller is the droplet mass finally participating in the
solidification. When the droplet mass decreases, the less
latent heat needs to be released for droplet’s complete
freezing. When the undercooling temperature and contact
angle are unchanged, that is, the cold source and contact area
are unchanged, less time is required for freezing.

Figure 9 shows the complete cooling time of different
impact velocities. The greater the impact velocity, the
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shorter is the time required for complete cooling. This is also
due to the change in the droplet volume after the impact. After
increasing the impact velocity and reducing the droplet
volume, the heat conditions required for complete cooling
of droplets are reduced. At the same temperature of the cold
surface, although there are slight differences in the contact
area between droplets and the cold surface, these differences
have little effect. Thus, the cooling time is reduced
accordingly.
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Effect of undercooling on icing after the

impact is considered

In order to further study the impact of droplet collision on
the freezing stage of supercooled droplets, the impact velocity
was introduced into the freezing stage with different
undercooling temperatures. The impact velocity was set at
3m/s, and the contact angle was 90°. The influence of the
droplet impact on the freezing stage was observed under
different undercooling temperatures.
of different

undercooling temperatures under the two conditions of

Figure 10 shows the freezing time
considering the impact and not considering the impact. It
can be seen that even if undercooling is different, the
reduction of freezing time caused by the impact is
basically the same, somewhere between 46% and 47%. This
is because when the impact velocity is the same, the influence
of the impact on the droplet volume is the same. Therefore,
even if undercooling changes, the impact proportion caused
by the impact will not be much different.

Figure 11 shows the droplet cooling time with and
without impact under different undercooling conditions.
The influence of impact on droplet cooling time is
basically the same as that on freezing time, but the
difference in shortening time proportion between different
undercooling temperatures is smaller than that between
freezing time. This is because the time required for droplet
cooling is longer than that for droplet freezing, which
weakens the influence of the impact.
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Droplet cooling time with or without impact at different
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Effect of the contact angle on icing after
the impact is considered

The impact velocity is introduced into the droplet freezing
stage with different contact angles. The impact velocity is set at
3 m/s, and the undercooling degree is 30 K. The influence of the
impact on the freezing stage under different contact angles is
observed.

Figure 12 shows the freezing time of droplets with or
without the impact. When the contact angle is different, the
influence of the impact is basically the same as that in
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different undercooling temperatures, but the influence
proportion between different contact angles fluctuates
greatly. The reason for this phenomenon may be that the
freezing time difference between different contact angles is
large. When the impact is introduced, the time difference
caused by the impact is amplified so that the results are
different.

Figure 13 shows the droplet cooling time with and without
the impact at different contact angles. Compared with the cooling
stage, the fluctuation of time effect caused by the impact is
reduced, which is consistent with the previous calculation
results of different undercooling degrees.

Conclusion

For the freezing stage of droplet solidification, the influence
of the droplet impact is introduced by considering the impact as
the loss of the droplet mass. The height, radius, and profile of the
droplet after the impact are calculated by the volume of the
droplet after impact loss. Using the droplet profile after the
impact, the influence of impact on the droplet freezing stage
is calculated. The conclusions are as follows:

1) The droplet impact will affect the volume of droplets, and the
influence proportion is related to the impact velocity. The
greater the impact velocity, the greater is the influence
proportion. With the increase in the impact velocity, the
change range of the influence ratio will decrease.

2) When the velocity increases from 1 to 7 m/s, the freezing time
decreases from 25.6ps to 10.8ps. The increment of the
influence ratio of impact velocity on freezing time
decreases with the increase in the impact velocity. The
impact velocity will affect the freezing time of water
droplets. The greater the impact velocity, the shorter is the
freezing time of water droplets, which is rooted in the
influence of volume on the freezing time. The effect of
droplet volume on freezing time is not as good as
undercooling and contact angle, and its relationship with
freezing time is approximately linear.

3) When the impact velocity is the same, even if the
undercooling and contact angle are different, the changes
in freezing time and cooling time are very close. When the
collision velocity is 3 m/s, 46%-47% of the freezing time and
cooling time are lost.

The impact and freezing of the droplet on the structure
surface are one of the key factors affecting the type of ice body.
Based on the calculation of the impact of the collision of droplets’
freezing stage, because the limitation of the model as a whole
cannot be collision and solidification calculation, we will use
collision simulation calculation as the quality loss. This method
will crash and freeze in two phases, but this method has some
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shortages. Water droplet collision with ice is a coupling process,
and both influence each other. If the whole process is divided into
two stages, the results obtained will have a certain gap with the
real results. Therefore, in future research, we need to consider
and develop better computational methods for coupling droplet
collision with icing.
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