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The ice floating on water surfaces during winter significantly influences the water entry process of a cylinder.
Therefore, it is crucial to evaluate the influence mechanism of the ice-water mixture during the water entry
process. In this study, we used computational fluid dynamics (CFD) to simulate the process of a cylinder
vertically entering the water (without floating ice) and ice-water mixture at a low speed based on the finite
volume method (FVM), the volume of fluid (VOF) method, the continuum surface force (CSF) model and the
overlap grid technology. Results showed that the initial splash shape had changed owing to the floating ice,
leading to the absence of the surface closure of the cavity, resulting in a pressure difference change inside and
outside the cavity. This significantly influences the characteristics of flow fields, hydrodynamic and motion
characteristics of the cylinder. While the motion characteristics of the cylinder were not significantly affected by
the thickness of the floating ice, the difference can be seen clearly compared with the case without floating ice.
The results of this study can provide a beneficial reference for designing new cross-medium projectiles under
extremely low temperature environments during winter.

1. Introduction

The Arctic is an ice-covered treasure, comprising oil reserves that
account for approximately 13% of the global oil reserves. Owing to
global warming, polar glaciers are gradually melting, and large areas of
ice and snow layers have melted into ice-water mixture (LI, 2009; Nam
et al., 2013). As a result, the difficulty of Arctic development has also
decreased. Countries worldwide, especially in the northern regions,
have noted the potential of the Arctic towards economic and commercial
benefits, which have become inevitable for the development of the
Arctic. Furthermore, because the Bohai Sea and the Yellow Sea, known
as the maritime gateways of important cities, have different degrees of
sea ice formation in winter every year (Chen and Chen, 2021), it is
indispensable to consider the extreme climate combat environment that
weapons and equipment face during maritime winter. From the military
perspective, alongside the influence of wind, waves, and airflow, the
effect of ice-water mixture on the projectile should be considered.
Therefore, it is particularly crucial to investigate the influence of
ice-water mixture on the vertical entry process of a cylinder at a low
speed.

The water entry of objects refers to the three-phase coupling of gas,

* Corresponding author.
E-mail address: hzgkeylab@njust.edu.cn (Z. Huang).

https://doi.org/10.1016/j.oceaneng.2022.111464

liquids, and solids, having strong unsteady characteristics. Worthington
and Cole (1897) used a single-flash camera to observe the process of the
rigid sphere entering the water at a vertical low speed and analysed the
influence of different initial water entering speeds on the cavity diam-
eter and surface splash, which went on to create a new era in the study of
water entering problems. The principle of independence of the cavity
section expansion, proposed by Logvinovich (1969), is based on the
potential flow theory and is the first systematic theory for predicting the
expansion form of the cavity, which reflects the supercavitation flow
characteristics of a slender body. This theory states that the subsequent
development of the cavity section is only associated with the conditions
at the birth time of the section and has nothing to do with the conditions
before or after. Scolan and Korobkin (2001) and Korobkin and Scolan
(2006) studied the hydrodynamic characteristics of blunt bodies
entering the water to provide a way of thinking for improving the
mathematical model of liquid flow and dynamic characteristics of
three-dimensional objects entering the water. Owing to the rapid
development of high-speed photography and computer technologies,
research on water entry has been deepened, and an increasing number of
scholars begin to pour attention into the details of cavities under com-
plex water entry conditions. Gekle et al. (2009, 2010) conducted an

Received 3 December 2021; Received in revised form 18 March 2022; Accepted 30 April 2022

0029-8018/© 2022 Published by Elsevier Ltd.


mailto:hzgkeylab@njust.edu.cn
www.sciencedirect.com/science/journal/00298018
https://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2022.111464
https://doi.org/10.1016/j.oceaneng.2022.111464
https://doi.org/10.1016/j.oceaneng.2022.111464
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2022.111464&domain=pdf

H. Wang et al.

experimental investigation on gas flow in the cavity during the necking
and deep-closure processes of cavity after the disc impacted the water
surface. Results showed that the gas flow speed in the cavity increases
rapidly as the cross-sectional area of the cavity decreases during necking
and deep-closure of the low-speed water entry cavity process.

The investigations on water entry of the more complicated bodies
were increased rapidly at the different initial conditions as the investi-
gation deepened. Truscott and Techet (2009) and Techet and Truscott
(2011) analysed the evolution of the cavity shape and the motion
characteristics of the sphere under different angular velocities of rota-
tion and carried out experimental research on the water entry of hy-
drophilic and hydrophobic spheres with different initial rotational
speeds using high-speed photography. Truscott et al. (2014) compre-
hensively summarised similar theories, experimental results, and nu-
merical analysis acquired by different scholars on the water entry of
objects. He et al. (2012a, 2012b) conducted several experiments on 140°
cone-angle head cylinders with different water entry speeds and angles
under the conditions of single, series and parallel, and clarified the
similarities and differences of flow phenomena such as cavity genera-
tion, development and closure under various conditions. Ma et al.
(2014) performed a series of related experiments on spheres entering the
water at different speeds and surface wetness degrees. The influence of
water entry speed and surface wetness state on the formation of cavities
and sphere motion characteristics was obtained. The water entry
experiment of a disc cavitator was carried out by Jiang et al. (2017) to
investigate its cavity flow characteristics. Wang et al. (2017) analysed
the evolution of cavity shape during the low-speed water entry of pro-
jectiles with different head shapes. Five types of cavity closure modes,
corresponding to different water entry speeds, were summarized, which
showed that different head shapes had different effects on cavity size,
closure mode, and cavity stability. Huang et al. (2018) investigated the
vertical water entry of a 90° and a 60° conical head projectile and a
truncated conical head projectile, respectively (Luo et al., 2019), and
obtained the influence law of projectile head diameter on the ballistic
characteristics.

However, flow field structure characteristics such as velocity distri-
bution and pressure distribution cannot be observed through experi-
mental investigation. Owing to the development of computer science
and technology, numerical simulations have become crucial for inves-
tigating the water entry problem. Iranmanesh and Passandideh-Fard
(2017) established a new three-dimensional numerical calculation
model and conducted a numerical simulation investigation on the hor-
izontal water entry of a cylinder at low Froude numbers. The method
was verified by comparing with the experiment results, and the influ-
ence of water entry parameters such as the cylinder length, diameter,
and impact velocity on the cavity shape was expounded. Liu et al. (2020)
numerically calculated the oblique water entry of a cylinder with
different velocities based on the VOF method. Results showed that as the
initial velocity of water entry increases, secondary closure of cavities
occurs. An efficient free surface solver for modelling ricochet problems
(Nguyen et al., 2020) was used to calculate the water entry process of
cylinders with different densities and inclination angles by Nguyen et al.
(2021). Results indicated that the angle of entering the water and the
density of cylinders significantly influence the motion characteristics of
cylinders after entering the water.

The above published literature shows that most studies on water
entry problems focus on the object structure and water entry angle,
which are dominated by the pure water environment, and do not
consider the complex water entry environment where other solids exist.
Owing to the upsurge of Arctic development and the strong military
demand for combat environments during the ice-up period in the Bohai
Sea and the Yellow Sea, the development of underwater attack weapons
under extremely low temperature environments has become increas-
ingly crucial. Therefore, it is necessary to investigate the evolution
mechanism of the cavity and the motion characteristics of the cylinder in
the process of passing through ice-water mixture. The ice-water mixture
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changes the external environment when entering the water, which
makes the process of the cylinder crossing from air to underwater more
complicated. However, there is almost no study that investigates the
objects crossing the ice-water mixture. Only a few scholars have con-
ducted numerical simulation research on the process of a slender body
passing through ice-water mixture from underwater using dynamic
software, it was found that the influence degree of different ice distri-
bution patterns and the initial relative positions on the centroid
displacement of the slender body and flow field characteristics are
different (Zhang et al., 2020; Cai et al., 2020).

In this study, we numerically simulated the process of a cylinder
vertically entering the water (without floating ice) at a low speed and
passing through ice-water mixture vertically without collision using the
finite volume method (FVM) and volume of fluid (VOF) method, con-
tinuum surface force (CSF) model and the dynamic fluid body interac-
tion (DFBI) module combined with the overlapping grid technology.
Through simulation, we studied the influence law of floating ice on the
evolution of the cavity shape, structural characteristics of flow fields,
cylinder motion, and fluid hydrodynamic characteristics variation. We
believe the results of this study can provide a beneficial reference for
designing new cross-medium projectiles under extremely low tempera-
ture environments during winter.

2. Numerical methodology
2.1. Governing equations

Assuming the water is incompressible and neglecting the heat con-
duction effect caused by motion, the field structure and fluid dynamics
of multiphase flow are obtained only by solving the mass conservation
equation and momentum conservation equation.

Mass conservation is given as:

9, , 0 _
o oy Pnt) =0 M
P =P0 + P (©))

where p,,,, p, and p, are the mixture, air and water densities, respectively,
and y; is the velocity component of fluid velocity vector in the Cartesian
coordinate system. ay and o; are the volume fractions of air and water,
respectively.

Momentum conservation equation is given as:
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where y,, is the dynamic viscosity of the mixed medium, P is the flow
field pressure, ¢ and k are the turbulent dissipation rate and kinetic
energy, respectively.

Only air-water two-phase flow is involved in the low-speed water
entry that means no phase change occurs. The volume fraction of each
phase is used to describe the percentage of different fluids in the process
of water entry. o; and a, represent water and air, respectively, where the
main phase is liquid, and the existence of fluid or gas in the volume
element is distinguished depending on the volume fraction value:

a; = 0——The volume element is completely filled with air phase
instead of water phase

a; = 1——The volume element is completely filled with water phase
instead of air phase

0 < a; < 1——The volume element comprises both water and air
phases

Flow follows the law of conservation of components, given as:

a+a, =1 4
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2.2. Turbulent model

The SST k-w two-equation turbulence model was used to solve the
fluid governing equation, considering the SST k-w two-equation turbu-
lence model (Menter, 1993) combined with the wall function considers
the transport problem of turbulent shear force, and can better describe
the turbulent flow. Furthermore, it exhibits higher accuracy in predict-
ing the encircling and swirling flow near the wall. The transport equa-
tion is given as:

Ap,k) | O(puku) 0 AT

ot + axj o axj o Ok 0)6] G- ht S ®)
op,w)  0(p,wu;) 0 U\ ow

5T o o |\M t o o, +Go — Yo+ S0 + Dy (6)

where y, = pmkT is the turbulent dynamic viscosity, T is the turbulent

time scale, Gy is the turbulent kinetic energy generated by the average
velocity gradient, Yj is the turbulent energy dissipation, Y, is the
dissipation term of a specific dissipation rate, Sy and S, are the user-
specific source items, o is the turbulent dissipation rate, G, is the tur-
bulent kinetic energy velocity gradient, D,, is the cross-diffusion term,
and oy and o, are the Prandtl constants of turbulence.

2.3. Motion equation of six degrees of freedom body

The DFBI module was used to establish an unconstrained six degrees
of freedom (6-DOF) body including translation and rotation in three
directions, to accurately describe the motion of the cylinder and floating
ice. Furthermore, DFBI can simulate the motion of a rigid body caused
by fluid forces at the coupling boundary, as well as the forces and mo-
ments applied by additional user-defined parts.

Considering the centroid position and deflection angle of the moving
body at the last moment are known, the translation and angular veloc-
ities of the moving body are calculated according to the centroid
translation and body rotation equations. After recalculation, the
centroid position and deflection angle at the next moment can be
obtained.

The centroid translation equation defined by the global inertial co-
ordinate system is given as:

du
mr =f )
where m is body mass, u is the velocity vector of the centre of mass at
time ¢, f is the combined force acting on the body, including fluid forces
and gravity, which is defined as:

f=fp+fr+mg (8)

where fp is the fluid pressure acting on the body and f7 is the fluid shear
force acting on the body, which can be obtained by integrating the fluid
pressure force and shear force acting on the surface of the body,
respectively.

The body rotation equation, based on the local coordinate system
with the origin as the centroid, is given as:

Jdd—(;)—i-a)x(Jow) =M (©)]

where J and @ are the moment of inertia tensor and angular velocity of
the body, respectively, and M is the resultant moment acting on the
centre of mass of the object, which is defined as:

M=Mp + Mz 10)

where Mp is the fluid pressure moment acting on the body and Mz is the
fluid shear moment acting on the body, which can be obtained by
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integrating the fluid pressure moment and shear moment acting on the
surface of the body, respectively.

2.4. Computational domain conditions and mesh generation

Fig. 1 shows the cylinder and floating ice model. The cylinder was a
uniform aluminium solid, which was of 4 slenderness ratio, 50 mm
diameter Dy, 200 mm length, 1.06 kg weight. The centre of mass is the
centroid of the cylinder. To focus on the investigation of the surface
closure case, a typical water entry velocity of 4.2 m/s, was chosen. The
floating ice was adopted with a cylindrical shape, with a diameter of Dy
and a thickness of 0.5 Dy. Owing to the computing resources, the number
of floating ice bodies was set to four, which were evenly arranged
around the entry point. Initially, the floating ice was in a balanced state
of force, and its buoyancy was equal to its own gravity. The water entry
point was the intersection point of the diagonal lines of the centre of the
four floating ice bodies, and the gap between the cylinder and floating
ice was 0.125 Do when the cylinder reached the water entry point.

Vertical water entry (no floating ice) was replaced by “only-water”
for ease of differentiation from the ice-water mixture condition.
Furthermore, only the cavity shape, the motion, and hydrodynamic
characteristics of the cylinder when crossing the ice-water mixture at a
low speed are concerned. Additionally, to simplify the computational
model and improve calculation feasibility and efficiency, the stress and
deformation of the solid were temporarily neglected. During calculation,
both the cylinder and the floating ice were regarded as rigid bodies with
no relative displacement of the internal particles after being loaded. The
direction of the projectile coordinate system was consistent with the
ground coordinate system, and the forward direction of the cylinder at
the initial time was the same as the x direction of the ground coordinate
system and vertically downward. The calculated environmental condi-
tions were divided into two categories: O °C only-water condition and
0 °C ice-water mixture condition. The saturated vapour pressure of 0 °C
water is 610.47 Pa.

As shown in Fig. 2a, the geometrical dimension of the cuboid
computational domain is 26Dy x 20Dg x 36D, where the water depth is
30 D and the air domain height is 6 Dy. The ambient pressure is 101325
Pa. The top section of the computational domain was set as the velocity
inlet, and the surrounding and bottom sections were set as the pressure
outlet. To enable exchange of data between the floating ice and cylinder
during mutual movement through interpolation, the overlapping grid
nested in the background fluid domain grid was used to model the
surface of the cylinder and floating ice. The underwater pressure
changes with the depth of the water and was defined by a custom
function P = p;gh.

Fig. 2b shows the grid diagram on the xoy section. The mesh adopted
the trimmer mesh with better computational performance, and the
surroundings and movement of the cylinder area were encrypted to
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Fig. 1. Cylinder and floating ice model.
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Fig. 2. Diagrams of (a) the computational domain and (b) the computational mesh on the xoy plane.

obtain more accurate simulation results. The encryption diameter of the
moving region is 7.5 Dy, the width of the overlapping grid region is 5.2
Dy, and the refinement region is 1.6 D.

To avoid the influence of the mesh density in the boundary layer and
the overlapping transition region of the mesh on the calculation results,
five different grid cases, i.e., (I)7.63 million, (II)8.81 million, (II1)9.72
million, (IV)10.34 million and (V)11.32 million, were selected to verify
the mesh independence for the only-water and ice-water mixture con-
ditions. The different minimum mesh densities of the computational
domain corresponding to the five grid cases are summarised in Table 1.

Fig. 3 and Fig. 4 show the time histories of the vertical velocity and
acceleration curves for the water entry of the cylinder with or without
floating ice under different grid cases. After comparison, it can be found
that the variation trend and amplitude of velocity and acceleration
curves under different grid cases are basically the same, and there is only
a slight difference in the cavity necking closure stage with a large nu-
merical fluctuation. Considering ensuring results accuracy and avoiding
waste of computing resources, a total mesh size of 9.72 million was
selected in the following study.

The value of the non-dimensional wall distance y* directly affects the
position of the first grid node from the object surface. Because the SST k-
o two equation turbulence model is a high Reynolds number model, y*
should be less than 1 (y* = (ypu,)/u, where y and u, are the normal
distance and friction velocity of the wall surface, respectively). Hence it
is indispensable to verify the maximum value of y on the surface of the
cylinder in the water entering process. Fig. 5 shows the calculation re-
sults of y™ distribution on the surface of the cylinder for 9.72 million
grids. It can be seen that in the water entry process, the larger area of y*
was first concentrated on the head of the cylinder when in contact with
the water. As the cylinder went deeper, the larger y' value began to
appear in the tail area and gradually moved downward towards the
shoulder. Fig. 6 shows the time history curve of the maximum value of

Table 1
Mesh densities of the computational domain at five grid cases.

Grid Minimum density at Minimum density at Number of grids
case overset(mm) background(mm) (million)

I 3.6 7.20 7.63

I 2.8 5.60 8.81

1 2.0 4.00 9.72

v 1.2 2.40 10.34

\ 0.4 0.80 11.32

y" on the surface of the cylinder under two conditions. Generally, the
amplitude of y* changed more sharply in the presence of floating ice,
and the y* values of the surface of the cylinder under two conditions
were all below 1. Furthermore, the amplitude fluctuated greatly in the
initial water entry impact and cavity necking closure stages, followed by
a downward trend. In conclusion, the corresponding y* value at this grid
scale can meet the requirements of the SST k-w two equation turbulence
model.

In the present work, the commercial computational fluid dynamics
(CFD) software STAR-CCM+ 15.02.007 was used for the simulation. The
VOF model was used to simulate the immiscible fluid on the numerical
grid, and a VOF wave of still water was established to represent the calm
liquid surface. A 6 DOF body was established by combining the over-
lapping mesh and DFBI model to simulate the cylinder and floating ice,
which can be used to calculate the fluid force, torque of the fluid, and the
gravity acting on the rigid body, in order to analyse the bidirectional
coupling between the liquid and solid phases. The surface tension in the
fluid was modelled to obtain a free surface flow, which ensured the
stability of fluid dynamics and simulated the water-air interface region
more realistically.

The governing equations were discrete by FVM. The time step
selected in this study was 1 x 10~*s to ensure the Courant number was
smaller than 1 to achieve stability during calculation. While the time
term adopted a one-order implicit scheme, the convection and diffusion
terms adopted the second-order upwind and second-order central dif-
ference schemes, respectively. The coupling effect of pressure and ve-
locity was solved based on the SIMPLE algorithm (Semi-Implicit Method
for Pressure-Linked Equations). Furthermore, the relaxation scheme
adopted the Gauss-Seidel method to enhance the convergence of the
calculation results.

2.5. Validation of the numerical model

In order to verify the correctness of the established numerical
calculation method, an aluminium solid cylinder model, similar to that
in the experiment conducted by Hou et al. (2018) was adopted, which is
of 200 mm length, 50 mm diameter and 1.06 kg weight. Numerical
simulation was carried out according to the initial parameter condition
in the literature, which is of 60° water entry angle and 4.35 m/s water
entry speed.

Fig. 7 shows the comparison of the cavity shape after water entry
obtained from the literature experiment, the literature numerical
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Fig. 3. Comparisons of (a) velocity v, and (b) acceleration a, in the x direction of the cylinder in the only-water condition under different grid cases.
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Fig. 4. Comparisons of (a) velocity v, and (b) acceleration a, in the x direction of the cylinder in the ice-water mixture condition under different grid cases.
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Fig. 5. The distribution of y" over the surface of the cylinder under the two conditions. (a) Only-water and (b) ice-water mixture.

simulation and the numerical simulation in this study. Fig. 7a is the 0.5. It can be clearly seen that the development of the cavity can be
water entry cavity diagram recorded by a high-speed camera in the divided into four stages: the formation of the cavity after impact, gradual
experiment. Under the same condition, the numerical simulation results reduction of the cavity necking diameter, deep closure, and cavity
in the literature are shown in Fig. 7b and Fig. 7c shows the simulation collapse. Simultaneously, it is verified that the cavity profile obtained
results using the numerical calculation method in this study. The con- from the numerical calculation in this study is consistent with the
tour of the cavity is described by the isosurface with a volume fraction of experimental results in the literature, and the similarity of liquid surface
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splashing is higher. Furthermore, the numerical calculation method in
this study can well capture the flow field changes in the water entering
process.

The combined acceleration including horizontal and vertical com-
ponents of the cylinder is shown in Fig. 8a. The curves of the angle
between the cylinder and the initial water surface at different times are
shown in Fig. 8b. The transverse and longitudinal axes represent the
different times and the cylinder acceleration and angle between the
rotation axis of the cylinder and the initial water surface, respectively.
The numerical calculation results in this study are observed to be the
same as the size and turning trend of the experimental data, and the
coincidence degree is high, even closer to the experimental results than
the simulation results in the literature. Furthermore, it is verified that
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the numerical calculation method used in the study is credible for low-
speed water entry problems and is capable of accurately reflecting a
series of development processes after water entry.

3. Results and discussion

3.1. Influence of ice-water mixture on the evolution of water entry cavity
shape

3.1.1. Evolution process of the water entry cavity

The cylinder passes through the water area with or without floating
ice with the same water entry velocity, and the process of the cavity from
generation to collapse presents a complex and similar law. The entire
process exhibiting significant unsteady characteristics can be divided
into four stages: the initial impact stage, open cavity stage, cavity
closure stage, and cavity collapse stage. The time when the cylinder
reaches the water surface is defined as zero. Figs. 9 and 10 show the
unsteady characteristics of the cavity shape evolution of the cylinder
entering only-water vertically at a low speed and passing through the
ice-water mixture, respectively, where Figs. 9a and 10a are the diagrams
of the water volume fraction of xoy section and Figs. 9b and 10b are the
three-dimensional cavity diagrams. The top view of the cavity evolution
under two conditions is shown in Fig. 11.

In the initial water entry impact stage, the cylinder collided with the
liquid surface (t = 0-0.01 s, Fig. 9). In the only-water condition, the
water surface around the cylinder head bulged, causing the liquid to
form an annular initial splash. The kinetic energy of the cylinder in
motion was transferred to the surrounding fluid particles, resulting in
flow separation. The fluid particles expanded in the radial direction
perpendicular to the movement of the cylinder to form a cavity. How-
ever, when the cylinder collided with the water surface through the
floating ice gap (Fig. 10), not only does its own kinetic energy need to be
converted into the kinetic energy of water to promote expansion of the
liquid to form a cavity, but also into the movement of the floating ice.
Considering the initial velocity into the water was the same, the kinetic
energy used by the cylinder for transformation was fixed. Therefore,
under the influence of floating ice, the kinetic energy obtained by the
liquid was significantly reduced, thereby weakening its expansion speed
and the formation speed of the cavity. Finally, the volume of the initial
cavity was significantly smaller than that of the only-water condition,
which indicates that floating ice has a hindering effect on the diffusion of
liquid. The floating ice is solid, and its inertia and influence by gravity
are much larger than those of the fluid. Moreover, the floating ice also
hindered the development of the splash, resulting in a large difference in
the shape of the initial splash. Owing to the hindrance of the floating ice,
the liquid with certain kinetic energy could only spatter out from the gap
between the floating ice, resulting in the failure to form an annular
water curtain that was uniformly higher than the water surface. How-
ever, it showed a “slender arrow-shaped” splash with a smaller volume
and faster speed (t = 0.03 s, Fig. 10b). Owing to the influence of floating
ice, the open cavity stage and cavity closure stage of the two conditions
were no longer the same, which will be discussed separately.

In the open cavity stage (t = 0.01-0.06 s) under the only-water
condition, the cylinder continued to go deeper, and the external air
continued to influx from the outside due to the pressure difference inside
and outside the cavity, which resulted in further expansion of the cavity
to form an open cavity (t = 0.03 s). The cavity elongated continuously
while expanding radially. 0.06 s after entering the water, the cylinder
was completely wrapped by the cavity. During the cavity closure stage,
the splash phenomenon on the free liquid surface became more obvious
as the cylinder deepened, causing the thickness of the annular water
curtain to increase. Furthermore, the liquid was affected by complex
factors such as surface tension, gravity and aerodynamic force near the
cavity mouth, causing the kinetic energy of fluid particles in the outward
spatter to decrease. The annular water curtain shrank and fell back to the
central axis, and gathered over the water surface to form a closed bell jar
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Fig. 9. Cavity shape evolution in the only-water condition.

to separate the cavity from external air, resulting in a surface closure (t =
0.10 s). Simultaneously, the water curtain gathered at the impact point
to form two upward and downward jets. The downward jet was stronger
than the upward jet owing to the fact that the direction of the combined
movement of the fluid particles was downward during the impact.

As the water entry depth of the cylinder increased, the pressure
difference inside and outside the cavity increased, and the speed of the
radial expansion of the cavity gradually decreased to zero. As a result,
the cavity began to accelerate inward contraction, resulting in a necking
phenomenon. The evolution process of the cavity shape at the charac-
teristic time of 0.10-0.15 s is shown in Fig. 12a. As time passed, more
and more fluid particles participated in the falling movement, which

further enhanced the downward retroreflection flow, whereas the
thickness of the bell jar cover film became thinner. Under the compound
effect of the retroreflection flow impingement and gas leakage during
necking, the closed bell-shaped cover collapsed and broke near the
impact point 0.12 s after entering the water, and the cavity once again
connected to the outside world. At 0.13 s, the cavity near the tail of the
cylinder was close to the surface of the cylinder because of the cavity
necking, and the cavity was about to deeply close. At this time, the
downward jet generated by the surface closure exhibited a low velocity
and was far from the cylinder, hence it did not catch up with the cyl-
inder. However, the cavity above the deep closure point was signifi-
cantly affected by the disturbance of the downward jet droplets, and the
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cavity wall was disordered and generated obvious wrinkles. Subse- Owing to the deep closure of the cavity, the cavity wall collided in the
quently, the cavity shrank to a point in a very short time to form a deep horizontal direction to form two high-speed jets in directions to the free
closure, and the cavity divided into two cavities with different volumes. liquid surface and the motion direction of the cylinder, respectively. The
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upward jet collided with the previous jet at 0.14 s, making the flow field
near the free liquid surface more complicated. This phenomenon will be
further analysed in the cavity collapse stage.

Under the condition of ice-water mixture, the open cavity stage (t =
0.01-0.10 s) was affected by the floating ice, the expansion speed of the
cavity was slower, and the opening duration of the cavity was longer
than that of the only-water condition. After the cylinder hit the water, it
continued to go deep, the floating ice diffused outward, and the diam-
eter of the cavity mouth increased gradually. Although the shapes of the
cavity under the two conditions below the free surface were almost the
same during this period, the difference in the phenomenon near the free
surface became obvious. In the ice-water mixture condition, the slender
arrow-shaped splash was fast and extremely high in a very short time
(Fig. 10b), and the surface closure did not form for 0.10 s after entering
the water. Furthermore, the diameter of the cavity mouth and cavity
volume were larger than those of the only-water condition.

When the cylinder reached a certain depth under water, the kinetic
energy of the liquid spreading outwards near the cavity mouth began to
decay, and the liquid began to shrink and roll back inward. The exis-
tence of floating ice hindered the contraction and rollback of the liquid,
and the outer edge of the floating ice flipped inward owing to the force
of the fluid’s inward contraction (t = 0.10 s). The cylinder continued to
deepen in water, and the cavity wall shrank owing to the pressure dif-
ference inside and outside the cavity, thereby entering the stage of
cavity closure (t = 0.10-0.15 s, Fig. 12b). Although the tail cavity of the
ice-water mixture in the cavity closure stage was still connected to the
external atmospheric environment, the necking phenomenon in the
cavity was more severe than that of the only-water condition, and a large
amount of air in the cavity was squeezed and moved quickly to the liquid
level. On comparing Fig. 12a and b, it can be seen that while the cavity
shape below the free surface was almost the same before 0.12 s in both
conditions, the existence of floating ice significantly influenced the
development of the cavity after 0.12 s. At 0.13 s, the cavity in the
necking section had not yet closed in the only-water condition, and that
around the cylinder tail only contacted the bottom edge of the cylinder.
However, the cavity in the necking section had closed at a point above
the cylinder at the same time in the ice-water mixture condition. The

cavity was separated into two parts, one was a funnel-shaped cavity near
the free surface moving upwards, and the other, attached to the surface
of the cylinder, was moving downward. Considering the cavity in the
ice-water mixture condition did not form a surface closure, no jet
disturbance occurred, and the cavity wall above the deep closure point
was relatively smooth without wrinkles.

In both cases, the cavity entered the collapse stage after 0.15 s. In the
only-water condition, the deep closure caused the cavity around the
cylinder to close on the surface of the cylinder, thereby forming a closed
tail cavity and a relatively stable semi-enclosed attached cavity. The
liquid at the deep closure point accumulated and collided, resulting in
two upward and downward jets, and a large number of bubbles formed
after the cavity were squeezed and broken. The upward jet moved at a
high speed towards the free liquid surface and collided with the down-
ward jet generated by the previous surface closure. Considering the
upward jet was more intense, the two jets were coupled to form an
upward spray jet, which caused the secondary splash. As shown in
Fig. 11a, the secondary splash was distorted and irregular owing to the
effect of the collision of the two jets in the upper and lower directions.
After 0.13 s, the upward splashing jet became more obvious due to the
large number of fluid particles participating in the movement. Consid-
ering the velocity of the downward jet was much larger than the
downward velocity of the cylinder, it rapidly caught up with the cylinder
and continued to impact its tail surface, thereby impacting the motion
trajectory of the cylinder, resulting in gradual deflections. Furthermore,
bubbles shedding occurred after the deep closure of the cavity (t = 0.17
s). Affected by buoyancy and external water pressure, the bubbles rose
along the cylinder’s water entry trajectory and formed a bubbles shed-
ding area. The width of the area was approximately the same as the
diameter of the cylinder. At approximately 0.25 s, the instability fluc-
tuation gradually appeared near the cavity wall around the cylinder, and
the attached cavity and tail cavity fell off asymmetrically, which further
led to the deflection of the cylinder.

The cavity collapse stage (t = 0.15-0.30 s) in the ice-water mixture
was quite different from that in the only-water condition owing to the
influence of the floating ice. Because the necking phenomenon was more
intense, the degree of liquid collision at the deep closure point was more
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severe, resulting in greater intensity of the two upward and downward
jets. However, no downward jet occurred near the cavity mouth of the
free liquid surface, hence the strong jet generated by the deep closure
exhibited an unimpeded upward movement with extremely high
splashing. As more fluid particles participated in the movement over
time, the intensity of the secondary splash was further aggravated. As
shown in Figs. 10b and 11b, the secondary splash exhibited a regular
shape, like an arrow. Compared with the only-water condition, the
stronger necking caused the cavity to be close to the bottom of the
cylinder surface, resulting in a smaller volume of tail cavity and attached
cavity (t = 0.17 s), higher wetted degree of the cylinder, and far less
obvious bubbles shedding area. Furthermore, the width of the area was
narrow, only one third of the diameter of the cylinder. On comparing
Figs. 9 and 10, it could be clearly observed that while the tail cavity
gradually fell off in the cavity collapse stage in the only-water condition,
the volume change is not obvious. However, the tail cavity of the ice-
water mixture condition fell off faster and shed completely at 0.30 s.
At this stage, the floating ice was greatly deflected by the fluid force at
the free surface. At 0.15 s, the floating ice reached the edge of the funnel-
shaped tail cavity and turned inward by the inward contraction force of
the fluid. The jet generated by the deep closure quickly splashed up-
ward, causing the floating ice first to flip inside and then rotate outside.
At 0.25 s, the floating ice turned to the horizontal position and continued
to be affected by the upward secondary splash impact, gradually flipping
outside (t = 0.30 s).

3.1.2. Variation law of the cavity diameter in different water depths

In order to quantitatively analyse the variation law of the cavity
diameter with time at different water depths from the unperturbed
liquid surface, the curves of the cavity diameter with time at water
depths of Dg. 2.5 Dy. 4.5 Dy (cavity deep closure position) and 6 Dy in
the time range of 0.02-0.15 s after entering the water are shown in
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Fig. 13. The data of each condition was obtained by taking the average of
multiple measurements based on the cavity contour diagrams calculated
at different times, and the curves were obtained after polynomial fitting.
The transverse axis is the water entry time of the cylinder, and the
longitudinal axis was treated with dimensionless processing using the
following equation:

p=be (11)
Dy

where D, is the diameter of the cavity at the specified section, Dy is the
diameter of the cylinder, and X is the vertical distance from the specified
section to the undisturbed free surface.

As shown in Fig. 13, the cavity diameter at different water depths in
both conditions shows obvious nonlinear changes. The curves on
different sections experienced the expansion and contraction stages. As
the water depth where the cavity was intercepted increased, the
maximum diameter of the cavity gradually decreased. Furthermore, the
duration of the expansion stage was reduced significantly, and the
variation range of the cavity diameter was expanded significantly.
Although the variation law of cavity diameter under the conditions with
or without floating ice was similar to a certain extent, the cavity
diameter differed with time. According to the principle of independence
of the cavity section expansion, the subsequent development of the
cavity section at any water depth is only related to the conditions at the
initial moment of the section. Moreover, there is little interaction be-
tween the cavities at different water depths, and the degree of cavity
expansion is only determined by the flow state of the liquid when the
cylinder reaches this position. According to the velocity curve (Fig. 24b),
the velocity in the vertical direction of the cylinder in the two conditions
was the same before 0.11 s. However, as shown in Fig. 13, the change in
the cavity diameter in the two conditions was quite different. Therefore,
we can conclude that the existence of floating ice significantly
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influenced the change in the cavity diameter at different water depths.

Fig. 13a shows the variation of the cavity diameter close to the free
liquid surface. The cavity diameter of the two conditions began to differ
after 0.07 s of the cylinder entering the water, considering the surface
closure phenomenon only occurred in the only-water condition during
this period. Owing to the water depth of the selected section is close to
the free liquid surface, the cavity diameter in the only-water condition
gradually reduced due to the shrinkage and aggregation of the liquid
during surface closure. However, surface closure did not occur in the ice-
water mixture condition, hence, the cavity of this section lasted for a
long time at the maximum diameter, and then the cavity necking
occurred. The cavity diameter of ice-water mixture condition began to
decrease. However, considering the position of the selected section is far
from the necking position, the change of cavity diameter in the two
conditions is not obvious.

Fig. 13b shows the variation in the cavity diameter in the middle
section between the undisturbed liquid surface and the deep closure
point. Because the cavity diameter at this section in the only-water
condition was still affected by the surface closure, it contracted earlier
than that in the ice-water mixture. Additionally, owing to its proximity
to the necking position, the diameters of the two conditions changed
significantly. The change rates of cavity diameter in the two conditions
were almost the same before 0.115 s. Because the deep closure of the ice-
water mixture condition appeared earlier, the diameter of the cavity at
this section decreased rapidly due to the contraction and accumulation
of liquid, and the diameter of the cavity was consistent with that of the
only-water condition at 0.13 s.

As shown in Fig. 13c, because the deep closure position of the cavity
is far from the free surface, the surface closure phenomenon had little
effect on the cavity diameter of the section at this position, and only a
small difference was observed between 0.09 and 0.11 s after entering the
water. After 0.125 s, the necking phenomenon intensified, and deep
closure was about to occur. Owing to early deep closure in the condition
of ice-water mixture, the reduction rate of cavity diameter increased
rapidly and decreased to O first.

The cavity section in Fig. 13d is located below the deep closure point,
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where the cavity was around the cylinder. Owing to the influence of
cavity necking and deep closure, the nonlinearity of the cavity diameter
change was stronger. A difference was observed in the cavity diameter
before and after 0.11 s. As shown in Fig. 12, the volume of the cavity
around the cylinder in the ice-water mixture condition was slightly
smaller than that of the only-water condition, and the cavity around the
cylinder was closed on the surface of the cylinder with the variation
trend of the cavity diameter being the same in both conditions.

3.2. Influence of ice-water mixture on the characteristics of flow fields

During the process of the cylinder entering the water, the flow field
structure became extremely complex due to the unsteady cavity evolu-
tion, and the existence of floating ice further affected the change of the
flow field structure. In order to further analyse the similarities and dif-
ferences in the flow field structure characteristics during the process of
the cylinder vertically entering only-water at a low speed and passing
through the ice-water mixture, the velocity field distribution, pressure
field distribution and unsteady vortex structure characteristics under
both conditions were deeply compared and analysed.

3.2.1. Velocity field distribution characteristics

Figs. 14 and 15 show the top view of the velocity field distributions
on the free liquid surface and xoy section in the two conditions,
respectively. The velocity contour and velocity vector line are combined
to study the velocity field distribution, wherein the red and blue parts
indicate the high-velocity and low-velocity areas, respectively, and the
arrowhead direction indicates the moving direction of the fluid
particles.

In the initial water entry impact stage, the velocity field symmetry of
the two conditions was excellent. In the only-water condition, the sur-
rounding gas was driven by the water entry process of the cylinder, and a
high-velocity gradient appeared at the tail of the cylinder. Owing to the
influence of the initial splash and initial cavity, the external air rapidly
poured into the cavity, and an obvious high-velocity gas flow area
appeared near the head and shoulder of the cylinder. The gas flow
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Fig. 14. Top view of velocity field distribution on free liquid surface.
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velocity reached 3 to 4 times the cylinder’s entry velocity. In the con-
dition of ice-water mixture, the roundness of the velocity contour in the
top view decreased owing to the floating ice because it hindered the
liquid diffusion process (Fig. 14b). On comparing Fig. 15a and Fig. 15b,
it can be found that under the influence of floating ice, the gas could only
enter the initial cavity from the tiny gap between the cylinder and
floating ice, resulting in an unobvious high-velocity flow area of the air
at the head and shoulder of the cylinder.

In the open cavity stage, the fluid motion characteristics of the two
conditions were more obvious than those in the initial water impact
stage, and a large amount of external air flowed into the cavity to pro-
mote the development of the cavity. As shown in Figs. 14a and 15a, the
high-velocity area in the only-water condition expanded significantly in
a short time (t = 0.01-0.06 s). The initial splash transmitted the kinetic
energy outward, and the air above the free surface flowed under the
influence of liquid splash. Between 0.06 and 0.13 s, the velocity of gas
flow inside the cavity was relatively slow, which indicated that the
cavity had entered a stable development stage before surface closure.
The jet generated by surface closure further expanded the affected area
of air flow above the free liquid surface, resulting in a flow of far-field
air. Owing to cavity necking, the gas in the cavity at the deep closure
point was divided into two parts: one large and one small (t = 0.13 s).
The direction of the velocity vector arrow inside the cavity indicates that
the gas above the closure point exhibited a larger volume and moved at a
high speed to the free liquid surface under liquid pressure. After
breaking the closed bell jar, it was discharged from the gap. The gas
below the closure point remained in the cavity and moved downward at
a high flow rate.

At the same stage, the phenomenon of ice-water mixture condition
was significantly different from that of only-water condition. As shown
in Figs. 14b and 15b, at 0.03 s, the influx of external air was still obvi-
ously hindered by the floating ice. The outside gas could only flow in
rapidly from the gap between the floating ice and cylinder, hence the
high velocity flow area below the floating ice was narrow. Although no
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surface closure was observed at 0.10 s, the velocity vector line at that
time indicated that the far-field air above the free surface was still
affected by the gas leakage during necking. At 0.13 s, the gas above the
closed point was squeezed more strongly by the external fluid of the
cavity and reached a very high moving speed. Even a high-velocity area
above the free liquid surface was generated, which was not observed in
the only-water condition. Fig. 14 shows the difference in flow velocity at
the free surface between the two conditions at 0.13 s. Although the area
of high velocity generated at the free surface of only-water condition
was small, the area of high velocity at the free surface of ice-water
mixture condition was larger, and hence exhibited higher speed.

Considering the density of air is two orders of magnitude lower than
that of water, the necking phenomenon significantly impacted the gas
flow velocity. In order to quantitatively and intuitively analyse the dif-
ference in gas velocity caused by deep closure, the variation of the
maximum velocity of high-speed moving gas generated by deep closure
with time in the two conditions after 0.13 s was evaluated, as shown in
Fig. 16. It can be seen that the maximum peak value of the gas flow
velocity in the two conditions was extremely high (77.09 m/s and
122.13 m/s), reaching 18.4 and 29.1 times the water entry velocity of
the cylinder, respectively. And the time and size of the peak value are
obviously different.

The reason for this difference is shown in Fig. 17. The curve in the
figure represents the flow pressure variations (relative atmospheric
pressure) along the radial axis at the deep closure point (X = 4.5 Dy), and
the hollow circle on the curve represents the junction point between the
cavity wall and the liquid at the depth of the water. At 0.126 s, the
pressure difference inside and outside the cavity in the ice-water mixture
condition was larger than that of only-water (Fig. 17a), resulting in a
stronger necking phenomenon in the ice-water mixture condition. The
liquid shrinkage caused a slight increase in the pressure inside and
outside the cavity in the two conditions, and the increase in the ice-
water mixture condition was larger (Fig. 17b). The cavity diameter at
the deep closure in the two conditions both became smaller.

At 0.130 s, the deep closure began to appear in the ice-water mixture
condition, and the cavity shrank rapidly. The pressure at the centre of
the deep closure was extremely high, reaching 35000 Pa. The gas above
the closure point was driven by high pressure to the low-pressure area
near the water surface, and thus was accelerated to a very high speed. At
this time, the only-water condition was still in the necking stage. The
pressure difference inside and outside the cavity was relatively small,
and the gas had not yet obtained a large acceleration (Fig. 17c). After
that, only-water condition appeared deep closure (t = 0.132 s, Fig. 17d).
A high pressure peak appeared at the deep closure point, but the pres-
sure peak was lower than that of the deep closure point of ice-water
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Fig. 16. Time histories of the maximum gas velocity vpax in cavity before and
after deep closure.
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Fig. 17. The flow pressure variations along the radial axis at deep closure point (X = 4.5 D).

mixture condition, only 14000 Pa. And the acceleration obtained by gas
was smaller, so the maximum velocity peak of the two conditions was
different. At this time, the pressure at the deep closure point in the ice-
water mixture condition decreased rapidly, indicating that the pressure
increase at this point was not persistent and belonged to the transient
phenomenon.

It can also be found from Fig. 16, the variation of gas velocity under
different conditions was obviously different. The maximum gas velocity
curve in the ice-water mixture condition increased rapidly owing to the
intense necking in the early stage, whereas the change was relatively
gentle in the later stage. However, in the only-water condition, the
maximum velocity curve of gas flow increased gradually in the early
stage due to a small necking degree, but it fluctuated significantly in the
later stage. The inflection points and specific position of the maximum
gas flow rate varied with time were different for both conditions. Due to
the unimpeded upward overflow of gas in the condition of ice-water
mixture, the position of the maximum gas velocity point in the ice-
water mixture condition all appeared above the deep closure point,
but the spatial position of the maximum gas velocity point in the only-
water condition changed several times, as follows: The velocity of the
upward high-speed moving gas near 0.135 s decreased sharply owing to
the obstruction of the downward jet generated by the surface closure. At
this time, the maximum downward moving gas velocity caused by the
necking extrusion was greater. At 0.142 s, the kinetic energy of the
downward moving gas decayed when it impacted the tail of the cylinder.
Additionally, the upward moving gas velocity was greater.

In the cavity collapse stage (t = 0.15-0.30 s), the downward and
upward jets formed by the surface closure and deep closure of the cavity,
respectively, collided and coupled in the only-water condition at 0.15s,
as shown in Figs. 14a and 18a. The shape of the secondary splash was
distorted, and its direction was tilted, which was not entirely on the axis
of the cylinder. Furthermore, the gas velocity inside the tail cavity and
attached cavity was relatively high. As the depth of the cylinder entry
increased, the velocity of the internal gas in cavity gradually decreased,
and the cavity began to collapse. Owing to the participation of a large
number of fluid particles, secondary splash gradually developed up-
ward, and its influence on far-field air flow expanded further.

The phenomenon of liquid surface splash and internal flow velocity
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of the cavity in the collapse stage in the ice-water condition was different
from that of the only-water condition. At 0.17 s, the jet at higher speed
splashed extremely high, and the area of high velocity was much larger
than that of the only-water condition. As shown in Fig. 18b, the high-
velocity area around the free liquid surface in the ice-water mixture
condition at this time was almost all concentrated on the axis of the
cylinder. Between 0.25 and 0.30 s, the attenuation rate of gas velocity in
the tail cavity and attached cavity was greater, and the high-velocity
area in the cavity almost disappeared at 0.30 s.

3.2.2. Pressure field distribution characteristics

Fig. 19 shows the pressure (relative atmospheric pressure) distribu-
tion at typical moments during the process of the cylinder vertically
entering only-water at a low speed and passing through the ice-water
mixture, which was used to investigate the spatial distribution charac-
teristics of the pressure field and its variation law with time.

In the initial water impact stage (t = 0-0.01 s) of the only-water
condition, owing to the influence of the severe impact on the water
surface, a high-pressure area appeared in front of the cylinder head and
propagated in a spherical form in the circumferential direction. The
closer it was to the cylinder head, the greater the pressure and its
gradient were. The cylinder carried a large amount of air while entering
the water. According to the Bernoulli principle, owing to the high ve-
locity of airflow around the head, a low-pressure area appeared. The
external air flowed into the cavity due to the pressure difference inside
and outside the cavity, which further increased the cavity volume and
formed an open cavity. As time passed, at 0.06 s, the shape of the low-
pressure area around the cylinder was consistent with the shape of the
cavity, and the cavity entered a stable expansion period (t = 0.06-0.10
s), and the internal pressure of the cavity gradually stabilised to the same
as the external atmospheric pressure. The pressure distribution charac-
teristics of the ice-water mixture condition before 0.10 s were roughly
the same as those in the only-water condition, which will not be
described again.

Between 0.10 and 0.13 s, although the cavity necking phenomenon
occurred in both conditions, the pressure distribution of the flow field
was quite different. At 0.10 s, the surface closure of the cavity near the
free liquid surface occurred in the only-water condition, and the cavity
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h,
From the cavity collapse stage (t = 0.15-0.30 s) shown in Fig. 19, it

The ice-water mixture condition was affected by the float
the surface closure was not formed during the whole water entry pro-

cess. The cavity had always been connected to the external environment,
and the internal pressure was maintained near atmospheric pressure.

Therefore, between 0.10 and 0.12 s, the pressure difference inside and
movement of a large amount of gas formed by extrusion resulted in an

pressure area at the impact point. At the same time, the pressure at
obvious low-pressure area above the deep closure point.

necking phenomenon compared to that of the only-water condition,
the wet end of the cylinder was hig

which made the deep closure appear earl

outside the cavity grew larger than that of the only-water condition,
b’

equal to the atmospheric pressure.
which can also be seen from Fig. 17
water mixture condition collided at O
motion characteristics of the cyl

14

(b) Ice-water mixture

influence of the

surrounding fluid particles on complex factors such as cavity extrusion
ity gradually increased (t

Fig. 18. Velocity field distribution on the xoy section after 0.15 s.

At this time, the internal pressure

speed airflow impacted the tail of
of the cavity, except for the necking section, decreased and became

and jet impact, the overall internal pressure of the cavity increased
slightly and became larger than the external atmospheric pressure. As
At 0.12 s, the cavity pressure near the free surface was reduced to
atmospheric pressure. However, the internal pressure of the cavity near
the necking section was still high. The necking was then intensified (t

time passed, the internal pressure of the cav
0.13 s) and the cavity shrank continuously. A high-pressure area

appeared from the deep closure point to the tail of the cylinder. Because
the gas in the cavity was compressed to form upward and downward

jetting airflow, the downward high
pressure gradient at the head of the cylinder. Owing to the impact of the
upward jet, the collapse degree of the closed bell jar intensified, and the

0.11 s) until the closed bell jar collapsed and broke.
the cylinder, which resulted in a sudden increase in the force and

separated from the external environment. Due to the

cavity connected to the outside again.
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Fig. 19. Pressure field distribution on the xoy section.

was found that in the only-water condition, the upward splashing jet
generated by the deep closure carried a large amount of gas to the free
surface at a high speed. Furthermore, it collided and coupled with the
downward jet generated by the previous surface closure, resulting in a
large area of pressure rise region. After coupling, the secondary splash
was formed, and the high-pressure area near the water surface gradually
disappeared after 0.21 s.

The downward high-speed moving jet affected the tail cavity and
cylinder tail, which intensified the shedding of the cavity and changes in
the motion characteristics of the cylinder. Between 0.21 and 0.30 s, the
internal pressure of the attached cavity increased gradually as the cyl-
inder deepened into water. When the internal pressure of the cavity was
nearly consistent with the external environmental pressure of the cur-
rent water depth, the instability fluctuation occurred and the cavity
collapsed.

In the ice-water mixture condition, the pressure field distribution in
the cavity collapse stage was almost consistent with that in the only-
water condition, except for the jet with higher velocity impacting on
the tail of the cylinder at 0.17 s, which caused the pressure at the impact
point to be higher, resulting in an obvious low-pressure area inside the
tail cavity and a relatively intense upward splashing jet. Therefore, the
width of the pressure rise area below the free liquid surface was wider,
and the pressure gradient was larger.

3.2.3. Unsteady vortex structure distribution characteristics

The complex motion state of the fluid can be reflected through
vortices of different scales and intensities distributed in space. Accord-
ing to the “tendon of fluid motion” (Kiichemann, 1965), vortices are
important features that can accurately and effectively reflect the
changes in the structural characteristics of the flow field. The in-depth
analysis of the structural characteristics of the unsteady vortices in the
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evolution of the cavity is highly significant for determining the influence
mechanism of the floating ice on the structural characteristics of the
flow field after entering the water of the cylinder.

Q criterion can effectively identify the position and intensity of
vortex (Hunt et al., 1988). The second invariant Q of velocity gradient
tensor based on Galilean invariance is defined by Haller (1999):

1
0 =3 (wym; = 5;5;) a2)

_ oy 0y

i

; p=1 (0w % i
where wj =Gt — 52 and Sj =3 (ax} +3 ) are the rotation tensor and

symmetric strain rate tensor, respectively.

When Q > 0, the rotation trend of the region is greater than the axial
deformation, resulting in vortex. Else, the deformation rate is greater
than the rotation rate, and the flow field in this region is mainly affected
by shear deformation.

Fig. 20 shows the distribution of the Q-value in the xoy section at
different moments in the two conditions. The red expression is Q > 0 and
the blue expression is Q < 0. In the entire process of the cylinder
entering the water, the evolution of the cavity is accompanied by a large
number of complex vortex structures. The development, coupling, mo-
tion, separation, and dissipation of vortices can lead to changes in the
flow field structure characteristics, which makes the interaction be-
tween cavity and turbulence more complex. The vortex structure is
represented by the Q standard, which is based on the Euler method, and
the dynamic characteristics of the vortex structure are summarised and
analysed in combination with the velocity vector field in section 3.2.1.

In the initial water entry impact stage of the only-water condition,
the negative Q-value was mainly concentrated around the head and tail
of the cylinder and occupied most of the area, which indicated that the
flow field was mainly affected by shear, and that the deformation effect
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Fig. 20. Distribution of the Q-value on the xoy section.

was more prominent during this period. The positive Q-value only
existed around the boundary of the initial cavity wall and the cylinder
tail, and the directions of the vortices on both sides of the cylinder were
opposite. In the ice-water mixture condition, the air entering the cavity
hit the floating ice and rebounded to the cylinder wall. After friction
with the wall, vortices are formed, causing positive Q-value to appear on
the shoulder of the cylinder.

In the open cavity stage of the only-water condition (t = 0.01-0.06 s),
a large number of vortices appeared near the splash and inside the
cavity, and the positive and negative Q-value regions were alternately
and densely distributed. Compared to the initial water entry stage, a
larger area of multi-scale vortices was formed, indicating that the flow
became more complicated during the expansion and development of the
cavity, and that the rotation effect and shear deformation effects were
present in the entire flow area. Furthermore, the liquid splashing caused
the air flow field above the free surface to form vortices and gradually
develop upward. Due to the floating ice, the vortices intensity of the flow
field above the free surface in the ice-water mixture condition was weak,
and the region remained affected by shear deformation.

Before and after entering the water for 0.10 s, the cavity develop-
ment was relatively stable. The absolute value of positive and negative
Q-values in the cavity, as well as the vortices strength and deformation
strength decreased. The vortices above the free surface flowed far away
and gradually weakened. The cavity necking phenomenon (t = 0.13 s)
caused significant changes in the vortices dynamic characteristics of the
entire flow field. The violent interaction between the liquid and cavity
caused the area of the negative Q-value area in the necking section of the
cavity to increase rapidly, resulting in a shear area like “bands”. The
compressed air moved to both sides at a high speed, thereby causing the
volume and strength of the vortices near the free surface and around the
cylinder to increase sharply. In the only-water condition, the flow field
above the deep closure point became extremely complex under the
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influence of the downward jet generated by previous surface closure,
and a large number of vortices with different rotation directions and
positions appeared. As the jet formed by deep closure moved to the
liquid surface, the vortices also rose, and the volume gradually
increased.

In the condition of ice-water mixture, the number of vortices was less
at 0.10 s. The jet position generated by the deep closure had always been
maintained on the axis of the cylinder, and the vortices position sym-
metry formed on both sides of the jet was excellent. In both conditions,
the large area inside the tail cavity formed after deep closure was pos-
itive Q-value, which indicated the presence of vortices inside the tail
cavity after its formation. As the water entry time increased, a large
baroclinic torque generated by the secondary splash impact, which
promoted the expansion of a large number of vortices regions. Owing to
the mutual stretching mechanism of the vortices, the vortices coupled
continuously and separated during the upward movement. However, the
vortices around the cylinder gradually decreased, only existed around
the head and shoulder of the cylinder (t = 0.21 s).

Cavity collapse occurred as the cylinder went deeper, and the sur-
rounding flow field was extremely complex. The positive and negative
Q-value areas near the tail cavity and the attached cavity increased and
interlaced, and a large number of small-scale vortices appeared. The
vortices with a certain scale carried energy to impact the surface of the
attached cavity to deform it, and the collision coupling between the
vortices resulted in cavity breakage. The rotation and deformation ef-
fects jointly dominated the cavity collapse process.

The Q-value of the vortices above the free surface decreased
continuously until the vortices disappeared. There could be two reasons
for the large-area dissipation of the vortices above the free surface. First,
the secondary splash weakened and fell back after reaching its peak
value, which no longer provided energy for the flow of the air field.
Second, energy was continuously consumed during the vortices
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movement, which decreased the intensity. The vortices dissipation
above the free surface in the ice-water mixture condition was much
greater, and vortices were barely observed at 0.30 s.

During the process of entering the water, gas continuously flowed
into and out of the cavity. The complex flow field inside the cavity and
near the free surface exhibited high-velocity gradients and pressure
gradients, which resulted in the formation of a large number of unsteady
vortices. Considering the distribution of Q-value in the plane section is
not enough to fully reflect the changes in the three-dimensional char-
acteristics of vortices, the vortices characteristics are supplemented
based on the iso-surface of Q = 40000s 2, as shown in Fig. 21.

In the initial impact stage of water entry, vortices stretched and
baroclinic torque dominated the flow field, and large amounts of air
flowed into the initial cavity at a high speed, which resulted in a high-
velocity gradient around the tail and shoulder of the cylinder
(Fig. 15), thus forming two vortex rings connected with the head and tail
(Fig. 21a). The vortex rings were parallel to the tail plane of the cylinder
and symmetrically distributed around the axis of the cylinder. However,
only one vortex ring appeared at the tail of the cylinder in the ice-water
mixture condition, (Fig. 21b). As shown in Fig. 15, owing to the influ-
ence of floating ice, the velocity of the surrounding flow field was
relatively low around the tail of the cylinder during the initial impact
stage, which was insufficient to provide the high-velocity gradient for
the formation of the vortex ring. Moreover, owing to the rebound
reflection between the cylinder and floating ice when the external air
flowed in, a large number of small-scale vortices formed during the
friction with the wall.

In the open cavity stage, the vortex ring gradually dissipated and
disappeared under the action of flow impact, and the vortices in the flow
field around the cylinder moved continuously with the evolution of
cavity. Under the condition of ice-water mixture, the jet exhibited a
small volume and a fast speed, which resulted in the formation of
vortices around the jet, and moved rapidly to the far field. Additionally,
the downward jet was not formed owing to the absence of surface
closure, and the number and intensity of vortices in the cavity decayed
rapidly. On comparing Fig. 21a and Fig. 21b, it could been seen that the
number of vortices at 0.10 s was much less than that of only-water
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condition.

Due to the complicated changes in the flow field caused by the high-
speed airflow before and after deep closure, a large number of new
vortices formed. The necking degree of the ice-water mixture condition
was severe, causing the flow velocity of the jet generated by deep closure
to be higher (Fig. 16). The velocity gradient around the tail of the cyl-
inder was relatively larger, and a small vortex ring had formed at this
position. In the cavity collapse stage (t = 0.15-0.30 s), the number and
intensity of vortices around the cylinder decreased, then increased, and
decreased again, thereby forming a strong interaction with the sur-
rounding flow field and cylinder wall. This confirmed that the devel-
opment of the vortex structure was closely related to the evolution of the
cavity. In summary, the floating ice caused significant changes to the
velocity gradient and pressure gradient around the cylinder during the
entire process of the cavity entering the water, which has an important
impact on the generation and development of vortices.

3.3. Influence of ice-water mixture on the fluid hydrodynamic and motion
characteristics of the cylinder and floating ice

Changes in motion characteristics such as acceleration and velocity
were closely related to the hydrodynamic characteristics in the process
of water entry. The floating ice appeared overturned and diffused under
fluid force. Based on the 0.5 Dy floating ice thickness in the above
analysis, the conditions with floating ice thicknesses of 0.25 Dy, 0.75 Dy
and 1.0 Dy were established. The motion states of floating ice with
different thicknesses in the water entry process were compared and
analysed, and the influence of ice-water mixture with different ice
thicknesses on the motion and fluid hydrodynamic characteristics of the
cylinder was analysed in depth.

3.3.1. Variation characteristics of the motion attitude of floating ice with
different thicknesses

Because the positions of the four floating ice bodies were evenly
distributed around the water entry point and the motion attitude of each
floating ice body was approximately the same, we only analysed the
motion state of the floating ice in the y direction of the water entry point.
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Fig. 22. Variation of motion attitude of the floating ice with different thicknesses.

Fig. 22 shows the curves of the overturning angle and the overturning
angular velocity of the floating ice around the z-axis after entering the
water of the cylinder, respectively. The anti-clockwise rotation (inward
overturning) around the z-axis is defined as the positive direction.

For ice thicknesses of 0.75 Dy and 1.0 Dy, the overturning angle and
angular velocity exhibited the same change trend as for the other time
periods, except that a slight difference was observed in the initial water
entry impact stage and cavity closure stage. The floating ice first flipped
inward, then rotated outward, and finally approached the horizontal
position at 0.3 s. The floating ice with a thickness of 0.5 Dy first weakly
flipped outward in the initial water entry impact stage, and then turned
outward after turning inward in the open cavity stage. Finally, the di-
rection of rotation became negative at 0.3 s. On comparing the motion
attitude curves of the floating ice with the above three thicknesses, we
observed that the maximum overturning degree of the floating ice
increased as the ice body thickness increased, owing to the difference in
the fluid force. Because the thicker floating ice had a larger volume
submerged in the water, and the surrounding fluid had a larger area of
action on the floating ice during the process of the cylinder entering the

water. The larger the ratio of the fluid force to the inertial force of the
floating ice itself, the greater the degree of influence on the overturning
attitude of the floating ice.

The floating ice with a thickness of 0.25 Dy maintained the attitude of
turning to the outside during the water entry process, and the over-
turning angular velocity peak appeared in the initial water entry stage,
indicating that when the ice thickness was less than a critical value, the
floating ice was mainly affected by the impact of the initial splashing
fluid and hence showed a completely different motion attitude from the
floating ice with a thickness greater than the critical value in the sub-
sequent period.

Fig. 23 shows the variation of velocity and displacement of floating
ice in the vertical and horizontal directions, respectively, wherein the
vertical downward direction is the positive direction. The change degree
of the vertical velocity and vertical displacement both decreased as the
ice thickness increased, indicating a consistent change trend. However,
the change degree of horizontal velocity increased as the ice thickness
increased, and the horizontal displacement decreased as the ice thick-
ness increased only when greater than 0.5 Dy. The variation trend of the
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Fig. 23. Velocity and displacement of the floating ice with different thicknesses.
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Fig. 24. Acceleration and velocity time histories of water entry of the cylinder under different conditions.

horizontal velocity and displacement of the floating ice with the thick-
ness of 0.25 Dy in the open cavity stage and the subsequent period was
opposite to that of the ice with other thicknesses, indicating that the
horizontal motion state of the floating ice with a critical thickness as the
boundary shows an opposite trend in the cavity development stage after
the cylinder enters the water.

3.3.2. Motion characteristics of the cylinder

Fig. 24 shows the vertical acceleration and velocity curves of the
cylinder under different conditions, respectively. Fig. 25 shows the
evolution process of the cavity shape at 0.5 Dy ice thickness condition
between 0.123 and 0.135 s after the cylinder entered the water. The
motion characteristics of the cylinder in the ice-water mixture and only-
water conditions were significantly different in the cavity closure and
collapse stages, whereas the change trend and amplitude of the cylinder
acceleration in other time periods were basically the same. In the con-
ditions of different ice thicknesses, the variation trend of cylinder mo-
tion characteristics was almost the same during the entire time period.
However, when the ice thickness was 0.25 Dy, a slight difference was
observed in the amplitude of acceleration and velocity curve of the
cylinder in the cavity deep closure stage, indicating that the floating ice
with different thicknesses had little effect on the motion trajectory of the
cylinder after entering the water vertically. However, the existence of
floating ice resulted in a large difference in the motion characteristics of
the cylinder compared with only-water. In the following, the motion
characteristics of the cylinder under ice-water mixture and only-water
conditions with the ice body thickness of 0.5 Dy were analysed.

Before the cylinder collided with the water surface, it made a free fall
movement, which was only affected by gravity and the weak air resis-
tance. At the collision moment, the speed decreased significantly in a
very short time. After entering the water, the initial cavity was formed,
the acceleration recovered rapidly, and the velocity decline rate grad-
ually slowed down. Then, the cavity developed steadily. The accelera-
tion of the cylinder remained stable and the velocity decreased evenly
under the combined action of resistance and gravity.

(

t=0.135s

t=0.123s t=0.125s t=0.129s ¢=0.132s

(a) Only-water

After 0.12 s, the cavity evolution gradually transited to the necking
and closure stage, and the acceleration and velocity curves of the two
conditions began to show significant differences. As shown in Fig. 25b,
between 0.12 and 0.129 s, the cavity diameter decreased rapidly in the
ice-water mixture condition caused by the more severe necking due to
the influence of floating ice. Before the deep closure of the cavity, the tail
of the cylinder had been in contact with the cavity wall. The liquid in the
wetted part exerted resistance on the cylinder tail, hindering the
movement of the object. At this time, the acceleration curve slightly
formed a downward bulge, and the velocity curve decreased rapidly.
During this period, deep closure had not yet occurred in the cavity in the
only-water condition, and the cylinder was still completely wrapped by
the cavity without getting wet. Therefore, the acceleration and velocity
curves under the only-water condition did not change (Fig. 25a).

Between 0.129 and 0.135 s, the cavity in the necking section of the
ice-water mixture condition occurred deep closure, and the liquid
impact point produced a high-pressure area. The force caused by the
pressure difference between the head and tail of the cylinder was greater
than that of the wet area at the head and tail. The cylinder reached a
high acceleration in a short time and accelerated the downward move-
ment. As the cylinder continued to enter the water, the force of liquid
impacting the cylinder decreased, resulting in the decrease and reduc-
tion of the high-pressure area and the pressure value generated at the
cylinder tail, thereby causing the acceleration to fall below 0 and the
velocity to decay again.

As shown in Fig. 25a, the deep closure of the only-water condition
occurred later. The cavity wall before 0.132 s barely wet the cylinder,
and hence the acceleration and velocity of the cylinder were still rela-
tively stable without mutation. Considering the necking degree was not
as severe as that of the ice-water mixture condition, the pressure in the
high-pressure zone was smaller, and the peak value of the instantaneous
acceleration was slightly lower. However, because the necking process
lasted longer than that of the ice-water mixture condition, the wetted
area of the cylinder and the liquid obstruction were smaller, and the
duration of the downward resultant force was longer, which increased

t=0.123s ¢=0.125s t=0.129s =0.132s

(b) Ice-water mixture

Fig. 25. Evolution process of the cavity shape between 0.123 and 0.135 s.
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the speed, resulting in an obvious difference in the speed between the
two conditions.

After the deep closure of the cavity, the acceleration of the partially
wetted cylinder fluctuated due to complex factors such as the continuous
impact of the jet on the cylinder and the falling of the tail cavity. Before
the collapse of the attached cavity (0.15-0.25 s), the fluctuations of the
acceleration curves of the two conditions were quite different, the
fluctuation amplitude of the ice-water mixture condition was large but
that of the only-water condition was weak. This can be attributed to the
fact that the tail cavity of the ice-water mixture condition fell off quickly,
and the floating ice exhibited a large disturbance to the cylinder.

Furthermore, the attached cavity collapsed (0.25-0.30 s), the pres-
sure field around the cylinder was almost the same as the external
environment, and the acceleration curves of the two conditions were
almost the same. In all, the acceleration values of both conditions in the
cavity collapse stage were slightly smaller than those of the open cavity
stage because the length of the cavity was shortened after the cavity
collapse, and the velocity of the cylinder was lower than that of the open
cavity stage, which decreased the resistance.

4. Conclusions

In this study, we compared and analysed the process of a cylinder
entering the only-water and ice-water mixture vertically at a low speed
by conducting numerical simulations. We investigated the influence law
of floating ice on the evolution of the cavity shape, structural charac-
teristics of the flow fields, cylinder motion, and variations in the fluid
hydrodynamic characteristics after entering the water in each stage. The
main findings of this study are summarised as follows:

(1) As the cylinder passes through the ice-water mixture, the floating
ice causes changes to the cavity shape and pressure difference
between the inside and outside the cavity by hindering the liquid
diffusion, contraction, and retraction, which significantly in-
fluences the cavity closure and collapse stage. As a result, it
changes the motion and hydrodynamic characteristics of the
cylinder in the process of entering the water. However, the mo-
tion attitude of floating ice significantly changes according to its
thickness. Although different thicknesses of floating ice have lit-
tle effect on the motion characteristics of the cylinder after ver-
tical water entry, the existence of floating ice results in a large
difference in the motion characteristics of the cylinder compared
with the case of no floating ice.

(2) As the cylinder passes through the ice-water mixture, the floating

ice hinders the development of the splash and changes the splash

form, which makes the cavity expand slower and the opening
duration of the cavity mouth be longer than that of only-water
with the failure to form surface closure. Moreover, deep closure
occurs earlier in the ice-water mixture environment, the volume
of the tail cavity and attached cavity is smaller, the wetness de-
gree of the cylinder is higher compared with that of the only-
water environment, the shedding speed of the tail cavity is
faster, and the evolution of cavity shape is significantly different.
The flow field structures of the cylinder after entering the water
are significantly different in the only-water and ice-water
mixture. Pertaining to the velocity field distribution, the ampli-
tude and fluctuation of air velocity within the cavity are quite
different. Pertaining to the pressure field distribution, owing to
the failure of forming surface closure during the process of
passing through the ice-water mixture, the pressure difference
inside and outside the cavity is large, and the severity of necking
is stronger than that of only-water environment, which intensifies
the shedding of the tail cavity and changes in the motion char-
acteristics of the cylinder. Pertaining to the distribution of un-
steady vortex structure, during the water entry impact stage, the
flow field is mainly affected by shear, and the deformation effect

(3)
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is prominent. During the subsequent development of the open
cavity, the rotation effect and shear deformation effect fill the
entire flow region together. The most interesting finding is that
there are two vortex rings appear at the tail and shoulder of the
cylinder, respectively, during the initial stage of the water entry
for only-water. However, there is only one vortex ring appears at
the tail of the cylinder for the ice-water mixture, but after the
deep closure, another smaller vortex ring is generated at the
cylinder tail.

(4) The cylinder motion and hydrodynamic characteristics in the
only-water and ice-water mixture environments begin to show
differences at the cavity closure stage. In the ice-water mixture
environment, the acceleration and velocity fluctuations of the
cylinder appear earlier, and the fluctuation range is larger owing
to the severer necking. The degree of wetness and the impact on
the cylinder caused by the deep closure are larger, which leads to
a more obvious difference in the cylinder velocity of the two
environments after the deep closure is finished.
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