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Abstract: In most previous ice–ship interaction studies involving fluid effects, ice was taken as
unbreakable. Building breakable level ice on water domain is still a big challenge in numerical
simulation. This paper overcomes this difficulty and presents a numerical modeling of a ship moving
in level ice on the water by using a one-way CFD-DEM (computational fluid dynamics-discrete
element method) coupling method. The detailed numerical processes and techniques are introduced.
The ice crack propagation process including radial and circular cracks have been observed. Numerical
results are compared with previous experimental data and good agreement has been achieved.
The results show that water resistance is an order of magnitude smaller than ice resistance during the
ice-breaking process. Ice resistance shows strong oscillation along with ice failure process, which are
affected by ship speed and ice thickness significantly.
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1. Introduction

With global warming, the sea ice has melted gradually [1], making the Arctic shipping routes
more navigable [2]. More and more ships are beginning to sail in the polar ice regions (NSRA) [3].
Different from open water areas, ships would encounter not only water loads but also ice loads in
the polar ice region. In particular, the effect of ice on ships presents different character from that of
water, which affects the motion response and structural safety of ships. Therefore, it is of significance
to understand ice–water–ship interaction and predict the ice and water loads of a polar ship more
accurately, which has become one of the core problems for the design and operation of polar ships [4,5].

The problem of ice–water–ship interactions is very complex [5]. To solve this problem, various
experimental, analytical, and numerical methods have been developed. Experimental studies, including
field tests [6–8] and model tests in ice tanks [9–14], are generally viewed as reliable; however, they are
strict regarding the experimental facilities and methods used and are quite expensive so cannot be done
easily. Analytical methods have a relatively long history from simple models to complex models [15–20].
However, they are usually based on many simplifications of body shape and ice model, which made
them hard to extend to complex ship hulls and actual ice conditions. Numerical methods [21–25]
have been developing quickly in recent years with the rapid development of computer capacity. In
contrast to experimental and analytical methods, numerical methods are easy to extend to various
body configurations.

From the perspective of ice mechanics, the finite element method (FEM) and discrete element
method (DEM) are two mainstream numerical methods used to simulate ice–ship interactions. FEM is
a relatively mature method to solve the continuum mechanics problem and has been used in ice–ship
interaction recently, especially adopted by various commercial software. Valanto [26] adopted FEM to
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calculate the ice resistance of a ship moving in a level ice channel. Liu [27] developed a material model
for icebergs and inserted it into the FEM software LS-DYNA and simulated the collision between
an iceberg and a ship structure. Kim et al. [11,28] simulated the resistance performance of a cargo
ship sailing in a broken ice channel using LS-DYNA software. The numerical results were compared
with the results of the nonfrozen model ice test in a water tank and the cut ice test in an ice tank,
and agreements were both achieved. On the basis of FEM, Zhou et al. [29] adopted the cohesive
element method to simulate collision between ice and propeller.

There have been several attempts to consider water effects (mainly buoyancy effects) in ice–ship
interaction by using FEM. Guo et al. [30] adopted the arbitrary Lagrange–Euler (ALE) approach
in LS-DYNA software to consider the fluid–structure coupling and calculated the resistance of an
ice-going container ship in a broken ice channel. Ni et al. [31] adopted a similar method to calculate
the total resistance of a ship turning in a level ice region, with and without water effects. It was found
that the existence of water increased the ice resistance of the ship on all directions whether in straight
or rotational motion. More work on this topic could refer to the review from Xue et al. [32].

On the other hand, DEM has become a popular method in simulating ice dynamics, by virtue of
its granular characteristics, and has been extensively used in simulating ice–structure interaction [33].
Hansen and Løset [34] applied a two-dimensional disk discrete element to simulate broken ice, by using
a linear viscoelastic force model between ice elements and studied broken ice–ship collision firstly.
Zhan et al. [35] and Lau et al. [36] adopted DEM to study the ice force and moments of a ship
maneuvering in level ice. Morgan [37] calculated the interaction between level ice and structures by
using an open source DEM software LIGGGHTS. Cai and Ji [38] used DEM to simulate the navigation
process of ships in level ice and discussed the influence of ship speed and ice thickness on ship
resistance. Further work extended the interaction between level ice and conical structures [39–41].
Gong et al. [42] modeled an ice ridge by using DEM and calculated the ice force of a ship colliding on
an unconsolidated and deformable ice ridge.

Although DEM is used extensively during ice–ship interaction, it is difficult for DEM itself to
include water effect. As an alternative of neglecting water effect directly, a common treatment is
to add buoyancy force and/or drag force of water on the discrete ice elements based on empirical
equations [33]. However, this simplified treatment cannot account for water effects fully, such as
ship-generated wave effects on ice movement [43]. To solve this problem, a combined CFD and DEM
method has developed rapidly recently, which solves the fluid flow by using the Euler method and ice
particle movement by using Lagrangian method.

Currently, STAR-CCM+ software has developed a DEM module, which provides a combined
CFD-DEM method to simulate ice–ship interaction. Vroegrijk [44] adopted STAR-CCM+ to simulate
the movement of a ship in a broken ice channel by using a combined CFD-DEM method. By comparing
numerical results with measured data, the combined CFD-DEM model was validated. Huang et al. [43]
simulated a ship advancing in floating ice floe regions by using the combined CFD-DEM approach
based on STAR-CCM+. They developed two algorithms for generating probability-distributed ice
floe fields. The influences of ship speed and ice concentration on ice resistance were investigated.
Luo et al. [45] calculated the resistance of an ice-strengthened bulk carrier in a brash ice channel
using the CFD-DEM coupling method. Unbreakable brash ice blocks were constructed by bonding ice
particles in various shapes. Numerical results were compared with HSVA (Hamburgische Schiffbau
Versuchsanstalt) ice tank results and good agreements were achieved.

All the previous studies have proved that the CFD-DEM coupling method is feasible in simulating
ice–water-ship interaction. However, to our best knowledge, all the previous CFD-DEM studies just
simulated unbreakable ice, not considering broken ice channel, floating ice floes, or brash ice regions.
It seems little work has simulated a ship moving in a breakable level ice region by using the CFD-DEM
method. On the other hand, a ship moving in breakable level ice with water effects has its own
distinction. It needs to consider not only the ice breakup and crack propagation under ship impact
but also the drift and overturn of ice fragments under water effects. Therefore, it is of significance
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to explore this process by using the CFD-DEM approach. This also forms the prime motivation and
distinct innovation of this paper. Based on STAR-CCM+, this paper develops a method to bond a
breakable level ice using DEM. A one-way CFD-DEM coupling framework is also built and solved.
An ice breaker advancing in the level ice and the resistance of the ship under various parameters are
studied. Numerical results are further compared with experimental data.

2. Computational Modeling

The finite volume method (one of the CFD methods) is used to describe fluid flow, and DEM is
used to describe ice particle movement. In this part, the modeling of fluid phase and solid phase is
described, respectively, and the one-way coupling scheme is illustrated subsequently. Considering
that the establishment of breakable level ice is innovative, its modeling process is stressed.

2.1. Fluid Model (CFD)

The fluid domain is governed by the equation of continuity and Navier–Stokes equation for an
incompressible fluid, as expressed in Equations (1) and (2) [46],

∂ηρ f

∂t
+∇ · (ηρ f u f ) = 0 (1)

∂(ηρ f u f )

∂t
+∇ · (ηρ f u f u f ) = ηρ f g− η∇p + ν f∇

2(ηu f ) −Rp f (2)

where η is the volume fraction of the fluid term in the control volume and it satisfies η = 1 − ε =

1− (
n∑

i=1
ϕpiVpi)/Vcell, in which ε is the volume fraction of the particle term in the control volume, or the

commonly called ‘void ratio’, Vcell is the total volume of the calculated cell, n is the number of the
particles in the cell, ϕpi is the weighting coefficient of the particle i according to the ratio of the particle
volume in the cell to its total particle volume Vpi. u f is the fluid velocity, p is the fluid pressure, ρ f is
the fluid density, ν f is the kinematic viscous coefficient of the fluid, and Rp f represents the momentum
exchange between the fluid phase and the particle phase. Standard k− ε turbulence model is selected
in this paper. For more details on turbulent models, refer to reference [46].

There are many methods to calculate the momentum exchange term Rp f and a common method
is introduced here [47], which is relatively accurate and easy to implement.

Rp f =

∣∣∣Fp f
∣∣∣∣∣∣up − u f

∣∣∣ (up − u f ), (3)

where Fp f is the interaction force between the fluid and particle, which is obtained by integrating the
pressure of the fluid on the particle, and up is the particle velocity.

The volume of fluid (VOF) method is used to deal with the interface between water and air.
The VOF model defines αw and αa as the water volume fraction and the air volume fraction, respectively.
Considering volume fraction of the fluid term η= (Vw + Va)/Vcell, where Vw and Va are water volume

and air volume in the cell, αi is defined as αi = Vi/
2∑

i=1
Vi, where phase i = 1 and 2 denote water and air,

respectively. Thus, in a control volume, it satisfies

2∑
i=1

αi = 1 (4)

If the cell is full of water, one has αw = 1. If there is no water in the cell, one has αw = 0. Otherwise,
one has 0 < αw < 1. The interface is tracked by solving the volume fraction transport equation [48],
as below:
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∂
∂t

∫
V
αiηdV +

∮
A
αiηv · nds =

∫
V

SαidV −
∫

V

1
ρi
∇ · (αiηρivdr,i)dV (5)

where A is the surface of the control volume, n is the unit normal vector of the surface, Sαi is user-defined
source term for phase i, vdr,i is the diffusion velocity for phase i.

Ship is viewed as a rigid body upright floating in the water at a given draught in this simulation,
which can move at a given speed in just one direction, and the hull form comes from an icebreaker.
The principal dimensions of the hull are shown in Table 1.

Table 1. The main geometric parameters of the hull of an icebreaker.

Parameter Value Unit

Length overall 124 m
Breadth 22 m
Draught 7.8 m

Stem angle 20 Deg.
Waterline angle 34 Deg.

Flare angle 53 Deg.

In numerical simulations of a ship moving in a brash ice region, to make the numerical modeling
easier, part of previous work [43] kept the ship stationary, set water moving in a constant velocity
against the hull, and released the ice particles into the water with the same initial velocity. In this
way, water carried ice particles towards the ship, which was sometimes used as an alternative in
simulating a ship moving in a brash ice region. However, this does not work for level ice, given that
the push of water on the level ice is not large enough to support the collision between ship and level
ice, inducing results wildly inconsistent with reality. In order to solve this problem, it is necessary to
set the ship to move in and break the level ice floating on the water.

The overset grid technique is used in this paper to achieve this process. The overset grid is
composed of two sets of grids, the background grid, and the moving grid. Information is exchanged
between these two sets of grids using interpolation methods. In this paper, the linear interpolation
method is used. The grid accepting information is named as ‘acceptor’, while the grid providing
information is named as ‘provider’. In linear interpolation formulation, one has

Φacceptor =
∑

χiΦprovider_i, (6)

where Φ is the physical quantity, χ is weighting factor, and the subscript i denotes the number of the
provider. As shown in Figure 1, the physical quantity of a grid C comes from those of the neighboring
grids N1, N2, and N3 of the same set of grids and the neighboring grids N4, N5, and N6 of the other
set of grids. The equation is solved iteratively until the residual error is small enough. During the
construction, it should be noted that the overlapping area between two sets of grids should contain
at least 4–5 grid cell layers, and the boundary mesh sizes should be similar, which reduces the error
of interpolation as much as possible. More information about overset grid technique can refer to
Hadzic [49].

The flow field is truncated as far as possible in order to reduce the influence of the outer boundary
of the flow field. In this paper, the flow field is taken as 600 m × 600 m × 450 m. The fluid domain
is meshed with a trimmed meshing model and boundary layer grids are divided around the ship
surface, as shown in Figure 2. According to the ship speed, the Reynolds number in this paper is
1.94 × 108

≤ Re ≤ 4.54 × 108, which is a high-Reynolds-number problem. According to the user’s
manual of STAR-CCM+ [48], y+ for a high-Reynolds-number problem is recommended to be larger
than 30 in standard k − ε turbulence model. Thus, in this paper, the thickness of the first layer grid
of the boundary layer is 8 × 10−4 m, and the y+ value is chosen around 60 based on our numerical
experience. The meshes on the ship surface are refined near waterline, stem, and stern area, as shown
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in Figure 2a. In the flow domain, grids are refined near the water surface and in Kelvin wave area,
as shown in Figure 2b,c.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 5 of 20 
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The truncated surfaces of the flow domain are defined as front, rear, left, right, top, and bottom
surfaces based on the ship, where the front surface is the surface that ship bow points. The boundary
conditions of the flow domain include a velocity inlet for the rear, left, right, top, and bottom surfaces,
and a pressure outlet for the front surface. Rigid wall boundary condition is exerted on the ship surface,
which satisfies both impermeable condition and nonslip condition, namely,

u f · n = us · n (7)

u f · τ = us · τ (8)

where u f and us are the fluid velocity and ship velocity, respectively, and n and τ are unit normal
and tangential vectors of the ship surface. On the ice surfaces, no boundary conditions are satisfied
because the coupling method is based on force and moment exchange balance and not the interface
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track or capture method [50]. More details about the coupling method will be discussed in Section 2.3.
The initial conditions of the flow field are stationary.

An appropriate number of grids should be chosen to ensure the calculation accuracy and save
calculation time. After grid independence verification based on the water resistance of the ship in 5 kn,
as shown in Table 2, the overall grid is taken about 1.63 million, namely mesh3 in Table 2.

Table 2. Water resistance of the ship in 5 kn under different mesh parameters.

Basic Size/m Total Mesh
Number Resistance/N Resistance Deviation

(with Finest Mesh)

mesh1 7 6.42 × 105 1.21 × 105 9.93%

mesh2 4.95 9.82 × 105 1.10 × 105 5.33%

mesh3 3.5 1.63 × 106 1.05 × 105 1.01%

mesh4 2.48 2.80 × 106 1.04 × 105 -

2.2. Ice Model (DEM)

Ice is modeled by using DEM, and the governing equation is Newton’s second law. Taking a
particle element i as an example, one has

mi
dup,i

dt
=

∑
j

Fc,i j +
∑

k

Flr,ik + Fp f ,i + Fg,i, (9)

Ii
dωi
dt

=
∑

j

(Mt,i j + Mr,i j), (10)

where subscript i, j, and k denote the particle number, m is the particle mass, Fc and Flr are the contact
and non-contact forces between particles, respectively, Fp f is the interaction force between the fluid
and particle, same to which in Equation (3), and Fg is the gravity force of the particle. I is the moment
of inertia of the particle,ω is angular velocity of the particle, Mt and Mr are the moments of the sliding
friction and the rolling friction, respectively. Considering Flr, such as electromagnetic force or van der
Waals forces, is just involved in special cases, Flr is not included in this paper. Here the method to
calculate the contact force Fc is introduced briefly.

There are many methods to calculate the contact force Fc, and a common model ‘Hertz–Mindlin’
collision model is adopted here [47]. In the Hertz–Mindlin collision model, the contact force Fc between
two spheres, A and B, are described by the following set of equations:

Fc = Fnn + Ftτ, (11)

where subscript n and t denote normal and tangential components, respectively, and n and τ are unit
vector in normal and tangential directions, respectively. Normal and tangential forces Fn and Ft are
expressed as:

Fn = −Kndn −Nnvn, (12)

Ft =

{
−Ktdt −Ntvt , |Ktdt| < |Kndn|C f s
|Kndn|C f sdt/|dt| , |Ktdt| ≥ |Kndn|C f s

, (13)

where d and v are relative displacement and velocity, respectively. Figure 3 provides the normal
and tangential relative displacements dn and dt, and they are obtained by the integral of normal and
tangential relative velocities vn and vt, which are obtained by using Equation (9). K and N are spring
stiffness and damping, respectively, and C f s is a static friction coefficient, which is taken as 0.15 according
to the recommended value for sea ice [51]. K and N are not constant in Hertz-Mindlin collision model
and they are calculated each step by using Kn = 4

3 Eeq
√

dnReq, Kt = 8Geq
√

dtReq, Nn =
√

5KnMeqNn damp,
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Nt =
√

5KtMeqNt damp, in which equivalent Young modulus Eeq =
1

1−νA
2

EA
+

1−νB
2

EB

with ν as Poisson’s ratio

and subscript A and B denoting particles number, equivalent radius Req =
1

1
RA

+ 1
RB

, equivalent shear

modulus Geq =
1

2(2−νA)(1+νA)
EA

+
2(2−νB)(1+νB)

EB

, equivalent mass Meq =
1

1
MA

+ 1
MB

, normal damping coefficient

Nn damp =
− ln(Cn rest)√
π2+ln (Cn rest)

2
and tangential damping coefficient Nt damp =

− ln(Ct rest)√
π2+ln (Ct rest)

2
, in which Cn rest

and Ct rest are the normal and tangential coefficients of restitution, which are taken as 0.5 [45].

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 7 of 20 

 

where subscript n  and t  denote normal and tangential components, respectively, and n  and 
τ  are unit vector in normal and tangential directions, respectively. Normal and tangential forces 

nF  and tF  are expressed as: 

n n n n nF K d N v=− − , (12) 

/
t t t t t t n n fs

t
n n fs t t t t n n fs

K d N v K d K d C
F

K d C d d K d K d C

− − <= 
≥

，

，
, (13) 

where d  and v are relative displacement and velocity, respectively. Figure 3 provides the normal 
and tangential relative displacements nd  and td , and they are obtained by the integral of normal 

and tangential relative velocities nv  and tv , which are obtained by using Equation (9). K  and N  

are spring stiffness and damping, respectively, and fsC  is a static friction coefficient, which is taken 
as 0.15 according to the recommended value for sea ice [51]. K  and N  are not constant in Hertz-

Mindlin collision model and they are calculated each step by using 
4
3n eq n eqK E d R= , 

8t eq t eqK G d R= ,  5n n eq n dampN K M N= ,  5t t eq t dampN K M N= , in which equivalent Young modulus 

2 2

1
1 1eq

A B

A B

E

E E
ν ν

=
− −+

 with ν  as Poisson’s ratio and subscript A and B denoting particles number, 

equivalent radius 1
1 1eq

A B

R

R R

=
+

, equivalent shear modulus 1
2(2 )(1+ ) 2(2 )(1+ )eq

A A B B

A B

G

E E
ν ν ν ν=

− −+
, 

equivalent mass 1
1 1eq

A B

M

M M

=
+

, normal damping coefficient  
 2 2

 

ln( )
ln( )

n rest
n damp

n rest

C
N

Cπ
−

=
+

 and 

tangential damping coefficient 
2 2

ln( )
ln( )

t rest
t damp

t rest

C
N

Cπ
−

=
+

, in which  n restC  and t restC  are the normal 

and tangential coefficients of restitution, which are taken as 0.5 [45]. 

  
(a) Initial state (b) Relative displacement 

Figure 3. Sketch map of parallel bonding model, where (a) is the initial state and (b) is the relative 
displacement of two particles in movement. 

The generation of level ice is one of the main difficulties in the process of ship-level ice–water 
interaction. Care must be taken to build breakable level ice in DEM. In STAR-CCM+, there are a 
variety of particle models in the DEM module, and the composite particle model is widely used 
because it can be freely combined into the shape of the target object. However, the composite particle 
model cannot be broken, which is inconsistent with the properties of the level ice in this paper. On 
the other hand, the particle clumps model can realize the fracture between particles, but it requires 

Figure 3. Sketch map of parallel bonding model, where (a) is the initial state and (b) is the relative
displacement of two particles in movement.

The generation of level ice is one of the main difficulties in the process of ship-level ice–water
interaction. Care must be taken to build breakable level ice in DEM. In STAR-CCM+, there are a variety
of particle models in the DEM module, and the composite particle model is widely used because it can
be freely combined into the shape of the target object. However, the composite particle model cannot
be broken, which is inconsistent with the properties of the level ice in this paper. On the other hand,
the particle clumps model can realize the fracture between particles, but it requires initial input of the
position and size of each particle to define the initial shape of the object. It would be a huge amount
of work to generate such a model of level ice with tens of thousands of particles. As an alternative,
in this paper, a simple spherical particle model is adopted, and the bonding bond and fracture criterion
between the particles are applied to establish the model of breakable level ice, which will be proved to
be successful and relatively easy. The model is chosen as viscoelastic with ice density of 900 kg/m3 and
Young’s modulus of 1 Gpa.

The detailed processes are described. It includes two main steps: ‘particle generation’ and ‘particle
bonding’. For the first step, particles are generated based on seed points. For the success of bonding
a level ice, it is necessary to ensure that the particles are relatively compact and no large gaps exist.
Generating particles with a conventional ‘part ejector’ does not guarantee needed particle density.
To solve this problem, a ‘random ejector’ with the maximum filling form is used. This ‘random ejector’
injects a specified number of particle seeds with small starting volume into the space in random
positions, in which the number is obtained by the area of the space and the prescribed radius of the
particle. Then, spherical particles start to grow from the seeds. As the maximum filling form is adopted,
the spherical particles grow until there is no room left. For the ‘random ejector’, the space to fill must
be real. A direct idea is to build a real space where the level ice locates, before filling it. However,
building such a real space in the fluid domain will affect the computation of the fluid. To avoid this
disturbance, a technique was developed to create a new space in a spare fluid domain. This space and
this fluid domain are not used for calculation, but just for generating ice particles. After the particles
are generated by ‘random ejector’ with the maximum filling form there, the positions and sizes of
these particles can be derived to make a table, which consists of all the information of the particles.
Then, the original fluid domain is returned, and another ejector, ‘table ejector’, is used to generate
ice particles at the above locations and sizes in the original fluid domain. There is another problem
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with this method. The ‘table ejector’ does not generate ice particles simultaneously, which makes the
early ejected ice particles deviate from initial positions when all the ice particles have been ejected,
inducing the bonding step to fail. Therefore, another technique was put forward, which is to use a
custom function to generate these particles simultaneously. In this way, all the particles are kept at their
initial positions before bonding, laying a good foundation for a successful bonding step subsequently.
These two techniques above are of significance to this step.

After all the ice particles have been released to their prescribed positions in the first step ‘particle
generation’, they need to be bonded together as a level ice. Thus, the second step, ‘parallel bonding’,
is implemented. As shown in Figure 3a, the parallel bonding model uses the concept of massless
bars connecting a pair of bonded particles. The bars can transmit force and torque between particles.
Alongside force Equation (11), torque equation is expressed as:

Mc = Mnn + Mtτ (14)

where Mn and Mt denote normal and tangential torque components, respectively. One has

∆Mn = −Kt J∆Ωn (15)

∆Mt = −KnL∆Ωt (16)

where ∆ is increment, J = 1
2πR4

eq and L = 1
4πR4

eq, K is still spring stiffness and the value is the same to
that in Equations (12) and (13), Ω is relative angular displacement.

Based on ‘parallel bonding’ model, a simple rupture model is used. It means that once the tensile
or shear stresses between particles exceeds the maximum limits, the bar breaks and corresponding
force and torque disappear. Then the particles separate, and cracks generate. In this way, a breakable
ice model becomes available. It should be stated that the interparticle tensile and shear bonding
strength of ice in the DEM model are affected by many factors, including particle shape, particle radius,
number of layers, and arrangement modes (regular or random arrangement) [52]. According to
previous studies [53], the interparticle tensile and shear bonding strength of ice in random arrangement
mode should be larger than macroscopic measured tensile and shear strength of sea ice [54], so that the
simulated ice behaviors including compression and bending agree with those of real ice. Based on
the suggested values of reference [53] and our numerical experience, interparticle tensile and shear
bonding strength were both taken as 3.0 Mpa. The final successful bonded level ice model with two
layers of ice particles is shown in Figure 4, which is also adopted in this paper.
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2.3. Coupling Scheme

As mentioned in Luo et al. [45] and Ni et al. [5], there are usually two kinds of coupling schemes
in the coupling framework of CFD and DEM: two-way coupling (TWC) and one-way coupling (OWC).



J. Mar. Sci. Eng. 2020, 8, 692 9 of 19

TWC considers both the full interaction between fluid (solved by CFD) and particles (solved by DEM),
while OWC just considers the force of fluid on the particle but ignores the force of ice on the fluid.
In other words, fluid exerts forces on the particles, but the particles do not affect the movement of the
fluids. Luo et al. [45] adopted both TWC and OWC methods to calculate a ship moving in brash ice
channel and compared the influences of these two schemes. It was found that although the minimum
error of TWC was slightly smaller than that of OWC relative to experimental resistance, the average
error of them was very close. However, TWC occupied much more computing resources than OWC.
The total solving CPU time of TWC rose more sharply and became much longer, up to five times or
longer, than that of OWC along with the calculation [55]. As a result, Luo et al. [45] recommended
OWC for the case of a ship moving in ice at a low speed. Considering the speed of a ship moving in
level ice is much lower than that in brash ice, the OWC method is chosen in the simulation in this paper.

Here the framework of OWC is introduced briefly, as shown in Figure 5, and that of TWC can
refer to [34]. To start with, all components of simulation, including DEM, CFD and coupling parts,
are initialized. All the initial conditions and initial value, including stationary fluid with hydrostatic
pressure, stationary level ice floating on the water surface and rigid ship moving forward in a given
speed, are assigned. The OWC starts with calculating the fluid porosity, namely the ratio of the
particle volume in each fluid cell, based on the particle information (position and size) and fluid mesh
information (mesh size and node location). As mentioned in Section 2.1, the interface between water
and ice particle is not tracked or captured, and the fluid-particle interaction force and momentum
exchange are calculated based on fluid porosity, so it is important to calculate fluid porosity. Thereafter,
velocity of particles and fluid as well as the pressure and stress tensor of fluid at the current time
step are used to calculate the fluid-particle interaction force Fp f ,i in Equation (9). The next step is
the iteration loop of the DEM. After the DEM loop involving Equations (9) and (10) is completed,
the new position and translational and rotational velocities of all particles in the next fluid time step are
obtained. On this basis, the fluid phase Equations (1) and (2) are solved. In OWC, Rp f in Equation (2)
is taken as zero. In this way, the solving process becomes much easier and enormous computation
time and storage are saved. Then the obtained particle and fluid information will be used in next loop,
until the whole simulation terminates.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 10 of 20 
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3. Validation

Before studying the motion of a ship in the level ice, the coupling method is firstly validated by
comparing numerical results with experimental data. There have been previous studies of model ships
moving in level ice in an ice tank as mentioned in Section 1. Considering the hull form information, the
experimental study from ice tank of Tianjin University [14] was chosen. The corresponding prototype
used by Huang et al. [14] is that same as that used in this paper, as shown in Table 1 and Figure 2,
and the scale ratio is 37.5 for their model. Considering that they have predicted the resistance of
the prototype from model resistance under the similarity laws, we calculated the prototype and
compared our numerical results with their predicted resistance of prototype. The experimental picture
and the state of the ship before moving into level ice region in numerical simulation are shown in
Figure 6a,b, respectively.
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Figure 6. Bird’s eye view of experimental picture (a) (reproduced from [14], with permission from
ELSEVIER, 4 September 2020), and the state of the ship before moving into level ice region in numerical
simulation (b).

Two main physical quantities are concerned. One is the damage of the level ice under impact of
the ship, including the crack development and broken ice movement. The other is the total resistance.
The former can just be compared qualitatively while the later can be compared quantitatively. In order
to validate the former, the case with ice thickness 1.5 m and ship speed 5 kn in prototype is chosen as
an example. The damage of ice obtained by numerical simulation in this paper is compared with that
in the model test, as shown in Figure 7. Comparison of ice damage between model tests (a) [14] and
(b) [56] and numerical simulation (c) is examined, where the general outline of the ice crack is marked
by lines.
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In Figure 7, two cases of experimental data are chosen for comparison as shown in Figure 7a,b,
respectively. Figure 7a provides the experimental data from [14], where the red lines are the outlines
of the circular cracks. Experimental scene was taken by camera, while the model vessel was driven
back to prepare the next test run. Figure 7c is the numerical result with the same parameters in
Figure 7a. In Figure 7c, ice particles in the same fragment are shown in the same color, so different
colors can be seen to distinguish the shapes of the broken ice. Considering the cracks in Figure 7a
from [14] are not clear enough, although we tried to highlight them by red lines, the picture from
another reference [56] is adopted as supplementary in Figure 7b. It is worth mentioning that there is no
direct link between numerical simulation and model test in Figure 7b, as the ship forms are different.
As a result, the characteristics of the ice breakup in numerical simulation Figure 7c are compared
qualitatively with those in Figure 7a,b. It can be found that the simulated ice destruction area and the
shape of the broken ice are similar to those of the model test. There are mainly two points of qualitative
similarities. One is the ice-breaking areas extending outwards in a V-shape, as shown by the general
outlines of the crack in Figure 7a,c. Circular cracks and radial cracks cross each other, forming crushed
ice of various sizes. The other similarity is that crushed ice has a smaller size when it is closer to the
center line of the ship, especially shown by the fragments in Figure 7b,c.

Secondly, the ice resistance values of numerical simulation are compared with those transformed
from model test, as plotted in Figure 8. In Figure 8, the squares denote the average resistance at ship
velocity 2 kn, 3 kn, 4 kn, and 5 kn in prototype transformed from model test, while the dots denote the
average resistance at ship velocity 3 kn, 5 kn, and 7 kn in numerical simulation. Considering the ship
with lower speed taking much longer calculation time and resources, we did not calculate cases 2 kn
and 4 kn and took cases 3 kn and 5 kn as examples for comparisons. As can be seen from Figure 8,
when the speed is 5 kn, the mean value of numerical simulation resistance is about 1.9 MN, which is
very close to the measured resistance 2 MN in ice tank, with the deviation just around 5%. The total ice
resistance deviation is only 2% when the speed is 3 knots. The good agreement validates the accuracy
of the coupling method to some extent.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 12 of 20 
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Based on the above analysis, it can be seen agreement has achieved between numerical results and
experimental data both qualitatively and quantitatively. In this way, it is considered that the coupling
numerical model can simulate ship navigation in level ice effectively.
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4. Results and Discussion

The one-way CFD-DEM coupling model established in this paper is applied to the numerical
simulation of a ship moving in the level ice region. The responses of ice in this process, including crack
propagation, are obtained. In addition, the characteristics of the resistance of the ship in this process
are also one focus of this paper.

4.1. Ice-Breaking Process

The interaction between a ship and level ice is a very complicated problem. The process of ice
breaking and crack propagation is accompanied by various failure modes. To study this problem,
the case with ship speed of 5 kn and the ice thickness of 1.5 m is selected as a typical case study in
this section. Figure 9 shows the ice evolution during the ice-breaking process. As mentioned before,
different colors denote different ice fragments.
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As mentioned in Section 2.2, ice is taken as viscoelastic model. When the ship comes into contact
with the ice, the elastic deformation of the ice occurs first, and no cracks appear at this time. As the ship
continues forward, the contact force between ship and ice increases further. When the stress inside the
ice exceeds its ultimate stress, the particle bond of the ice in DEM model breaks. With the increasing of
the broken bonds, the crack of the ice starts to expand. Radial cracks are first observed propagating
from the contact points between ship and the ice sheet, as Figure 9a t = 9 s shows. Along with the
forward movement of the ship, radial cracks extend outwards gradually. A first-order circular crack
appears at the ship’s shoulder, as Figure 9b t = 14 s shows, and a small amount of ice fragments appear
at the bottom of the bow, forming the so-called local crushing zone [13]. As the ship continues to move
forward, the interaction between the ship’s shoulder and the ice sheet gets severer. The ice bends under
the action of ships. The first-order circular crack continues to extend forward, inducing large pieces of
ice separating from the ice sheet, as shown at Figure 9c t = 15s. These ice fragments overturn under
the bow and may collide with ship bottom or other ice fragments and get broken again, resulting in
several smaller pieces of ice. Then a second-order circular crack appears on the basis of the first-order
circular crack around ship bow, as shown at t = 17 s in Figure 9d. Many pieces of crushed ice with
various sizes are formed between the radial cracks and the circular cracks. As the ship continues to
move further, more radial and circular cracks generate in a similar and repeated ways as described
above, which have also been observed in experiments [13]. Finally, a V-shaped crushing region will be
formed as shown in Figure 9b.

4.2. Total Resistance and Ice Resistance

The total resistance is one of the most significant problems for ship performance in ice regions.
It is a common way to divide the total resistance into ice resistance and water resistance [57]. Although
water resistance is usually small compared with ice resistance, especially for a ship moving in level ice,
water effects cannot be easily ignored. On the one hand, the ice sheet is not fixed in the direction of
gravity and needs the support of water to keep it afloat and stable. On the other hand, the broken
ice fragments usually drift and overturn under the action of water, which affects the change of ice
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resistance, especially the so-called submersion component [58]. That is also the reason why we choose
the coupling model, which considers the interaction between ship, ice and water.

In the numerical modeling, on the ship surface, there are two forces, one is the fluid force and the
other is the ice force. Therefore, one can obtain two resistances from the integral of fluid and ice forces,
respectively. They are defined as ‘water resistance’ and ‘ice resistance’ in this paper. Because OWC
method is adopted in this paper, fluid motion and pressure are not affected by the ice, so the ‘water
resistance’ is not affected by ice either. ‘Ice resistance’ is affected by the fluid motion under OWC
method, so it can be seen as the ice resistance considering the influence of fluid. This division method is
easy to compare the contribution of ice and water in a rough way. Therefore, water and ice resistances
are checked separately.

Figure 10a,b provides curves of water resistance and ice resistance, respectively. As shown in
Figure 10a, one can see that water resistance when stable is about 0.1–0.2 MN, which is at least an
order of magnitude smaller than the ice resistance shown in Figure 10b, which is in MN. This verifies
again that the water resistance component is very small in the total resistance for a ship moving in
level ice. Considering that the one-way coupling method is adopted in this paper, the water resistance
is not affected by ice and remains the same under different ice conditions. Therefore, the following
discussion will focus on the characteristics of ice resistance instead of water resistance.
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Figure 10. Time history of water resistance (a) and ice resistance (b), in which the red dotted line is the
mean value of ice resistance after the whole ship bow enters the level ice region.

Figure 10b shows the time-history curve of ice resistance. Corresponding to Figure 9, the influence
of various ice failure patterns on the ice resistance can be vividly seen in the curve. Firstly, it can be
seen from the figure that at the first 9 s, the ice resistance is rising gradually in a small extent. Before 9 s,
the ice is bent under the moment of ship bow. Local large elastic deformations occur but not the whole
cracks. At about 9 s, the first crack starts to form and propagate, as shown in Figure 9a, so the ice
resistance reaches its first peak before it decreases sharply along with the unloading of the ice force.
As the ship moves further and contacts with more ice, the ice resistance rises slowly with fluctuations
due to cracks. Around 14 s, the ice resistance reaches another peak, when the first-order circular crack
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just generates, as shown in Figure 9b. Then the ice is completely broken and the circular crack has been
completely formed around 15 s, as shown in Figure 9c, so the ice resistance reaches bottom sharply
due to unloading of the ice force. The generation of secondary circular crack propagation in Figure 9d
also induces a rise in the resistance curve but with a smaller magnitude than that induced by the first
order circular crack. Then there exists a distinct rise of ice resistance around 18 s, when the whole
ship bow enters the ice region. After that moment, although the ice resistance still fluctuates strongly,
its mean value tends to be stable. This indicates that the parallel middle body of the ship has a smaller
contribution to the ice resistance than bow, because the force resulted from ice collision in this area is
perpendicular to the motion direction. Although the frictional resistance between broken force and
hull surface also has a contribution, it is small compared with ice–ship collision force. To compare with
the mean ice resistance in model test mentioned above, the mean value after the whole ship bow enters
the level ice region is defined as the average ice resistance here, as denoted by the red dotted line in
Figure 10.

4.3. Effect of Ship Speed

Ship speed is a key factor that affects ice breaking and ice resistance. Other parameters are kept
the same as those in Section 4.1, and ship speed is changed from 3, 5, to 7 kn to determine its effect.

Figure 11 shows the ice conditions under different ship speed, in which the distances of the ship
into the level ice are the same with different moments marked below each figure. When the ship speed
is 3 kn, the damage range of the ice sheet in the lateral direction is largest. The ice far away from the
ship side is also affected and damaged, with larger pieces of broken ice and longer cracks propagated.
As the ship speed increases to 7 kn, it can be found that the ice-breaking channel is narrowest. The ice
beyond ship breadth has been little affected by the ship motion. Furthermore, the difference in size
between the pieces of broken ice becomes smaller and the very large ice fragments get fewer.
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The change of ship speed can be considered as the change of the loading rate on the ice. As one
may know, the responses of the ice are affected by the loading rate significantly [54]. When ship speed
increases, the loading rate of the ice increases and the ice sheet presents a greater brittle response [54].
As a result, the size of ice fragments gets small, the crack propagation becomes short, and the lateral
damage area reduces, and the ice-breaking channel gets relatively narrow.

Figure 12 shows the time histories and typical values of ice resistance at different ship speed.
From time history curves, one can still see two stages for each velocity. Although the time when they
enter the second stage differs, the distance they take is the same, which is just equal to the length of the
ship bow. This verifies the analysis in Section 4.2 again. The variation of maximum and average ice
resistance in the second stage of each case are further checked in Figure 12d. It can be seen that ship
speed has a significant effect on the ice resistance. Both maximum and mean values of ice resistance
increase with the increase of speed, almost in a linear relationship. Similar trends are also observed
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in the previous experimental studies [14,56]. Furthermore, the rising slopes of maximum and mean
values are close.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 16 of 20 
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Figure 12. Ice resistance at different ship speeds (a) v = 3 kn, (b) v = 5 kn and (c) v = 7 kn, respectively,
and (d) provides maximum and mean values of ice resistance after whole ship bow enters into level
ice region.

4.4. Effect of Ice Thickness

Ice thickness is also an important factor affecting ice breaking. The ice sheet in this paper is
modeled by using DEM particles. The mechanical strength of the ice sheet is determined by the
bonding bars between the particles. The values of the bonding parameters are closely related to the
particle size. In order to eliminate this error, the particle size is kept unchanged, and the ice thickness
is changed by increasing or decreasing the number of particle layers. Considering the diameter of the
particle is 0.75 m, single-layer, double-layer, and three-layer ice can be modeled, so the ice thickness is
0.75 m, 1.5 m, and 2.25 m, respectively. Other parameters are kept the same with those in Section 4.1.

Figure 13 shows the ice conditions under different ice thicknesses at the same time t = 20 s. It can
be found that when the ice thickness is 0.75 m, there are more long radial cracks formed on the ice
surface. The ice fragments are relatively larger in size and the total amount decreases instead. As the
ice grows to 1.5 m in thickness, the size of the crushed ice varies. Both large and small ice fragments
exist, and the amount of crushed ice increases compared with 0.75 m case. When the ice thickness rises
to 2.25 m, the damage of ice sheet reduces distinctively. Many small-sized ice fragments are generated
just around the ship–ice contact region.

The ice resistance under different ice thickness is shown in Figure 14. It can be found that
both maximum and mean ice resistances increase with ice thickness sharply. As the ice thickness
rises, the difference between the maximum and average ice resistance increases also. It denotes that
maximum ice resistance is more sensitive to ice thickness.
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5. Conclusions

In this paper, an icebreaker moving in level ice has been simulated by using the one-way CFD-DEM
coupling method. Numerical results are compared with experimental data and good agreement has
been achieved. On this basis, influences of various parameters on ice resistance and ice breaking
conditions are further investigated. The following conclusions are drawn preliminarily:

(1) One-way CFD-DEM coupling method is firstly used to simulate a ship moving in level ice.
To solve the challenge of building level ice on the water domain, this paper puts forward two
numerical techniques, which are crucial for the success of the modeling.

(2) For a ship moving in level ice, water resistance is an order of magnitude smaller than ice resistance.
However, this does not mean water can be easily ignored. Actually, ice resistance is affected by
the fluid motion in the OWC method. In other words, the ice resistance in OWC method has
included the influence of fluid already.
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(3) Ice resistance shows strong oscillation in the process of ice breaking, presenting cycling of ‘gradual
rising—reaching maximum—sudden drop’ generally. This is closely related to the ice failure
process of ‘elastic deformation-reaching stress, limit-crack generation, and unloading’. After the
ship bow fully enters into the level ice region, the average ice resistance reaches stable broadly.
Both ice resistance and ice destruction are affected by ship speed and/or ice thickness significantly.

In future work, TWC method will be studied further and used in the ship moving in level ice.
Furthermore, the variation speed of the ship will be studied, as well as the motion of the ship in
six degree of freedom.
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