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Abstract: Ice-going ships play a crucial role in polar transportation and resource extraction. Different from
the existing modeling approach which assumes that ships remain stationary, dynamic overset grid technology
and DFBI (Dynamic Fluid-Body Interaction) method are employed in this paper to enable the free-running
motion of the ship in modeling. A numerical model capable of simulating a ship navigating through pack ice
area is proposed, which uses Computational Fluid Dynamics (CFD) method to solve the flow field and
applies the Discrete Element Method (DEM) to simulate ship-ice and ice-ice interactions. Besides, the
proposed high-precision method for generating pack ice area can be used in conjunction with the proposed
numerical model. By comparing the numerical results with the available model test data and experimental
observations, the effectiveness of the numerical model is validated, demonstrating its strong capability of
predicting resistance and simulating ship navigation in pack ice, as well as its significant potential and
applicability for further studies.
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0 Introduction

The ice resistance performance of ice-going ships is directly related to their navigation efficiency and
economic viability, serving as a crucial basis for designing and optimizing their hull form. Most of the
existing studies on the ice resistance of ice-going ships are conducted under level ice condition' . However,
as the effects of global warming persist and the Arctic route continues to develop, the pack ice condition is
likely to become the most common environment for future polar transportation[}”. Therefore, it is necessary
to conduct study specifically targeting pack ice condition.

In the study of ship-ice interaction in pack ice, experimental and numerical methods are commonly used.
Compared to experimental methods” ", numerical methods are advantageous because they are of lower costs,
capable of controlling the variables involved and being implemented during the ship design phase. Loset'”

used the two-dimensional disc Discrete Element Method (DEM) to construct a pack ice area and employed a
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linear viscoelastic model to simulate ice collisions. Wang et al.” used the Finite Element Method (FEM) to
simulate the navigation of an ice-going ship in pack ice area, and compared the numerical results with
experimental data to validate the reliability of the numerical method. As the study progresses, the influence of
flow field and ship-generated waves on ship-ice interactions has been taken into consideration. To solve the
more complex ship-ice-water coupling problems, Vroegrijk[m] proposed a CFD-DEM method that couples the
flow field with the ice field, employing CFD (Computational Fluid Dynamics) to simulate the flow field and
DEM to simulate the ship-ice and ice-ice interactions. Compared to other numerical methods, this method
effectively integrates the advantages of CFD in fluid flow analysis, enabling a more realistic representation of
ship-ice-water interaction''" '\, It has become a popular method for studying ice resistance of ships navigating
in pack ice in recent years. Some researchers have applied this method and achieved some good results!” ',
In the existing studies based on the CFD-DEM method, ships are commonly assumed to be stationary.
The relative motion between the ship, the pack ice and water is achieved by the steady motion of the pack ice
and water towards the ship at a speed equal to the ship speed. However, when modeling in this way, the
velocity of pack ice may change due to the influence of other pack ice and the flow field before the pack ice
encounters the ship, resulting in inconsistencies between the encountering velocity and the given Velocitym].
To address this issue and enrich research means, a numerical model is proposed in this paper that allows ships
to navigate through pack ice in free-running motion, along with a high-precision method for generating pack

ice area to be used in conjunction with this model.

1 Numerical method

1.1 Governing equations of fluid flow
The solution of the fluid flow is obtained by solving the Reynolds-averaged continuity equation and the
Reynolds-averaged Navier-Stokes (RANS) equations for an incompressible Newtonian fluid:
V-u=0 M

9 (pat)
ot
where u is the time-averaged velocity, p is the time-averaged pressure of the fluid, p; is the mass density, T

+V- (o) = ~Vp+ V- (T-paw’) + pig @

is the viscous stress term, g is the gravitational acceleration, and —p,u’u’ is the Reynolds stress term.
1.2 Governing equations of pack ice motion
The motion of discrete pack ice in ship-ice-water interaction includes translational motion and rotational

motion. The governing equations are as follows:

dv;
miE:Fg-i_Fc-i_Ff 3)
dw;
I— =M.+ M, 4
zdt c f ()

where m; and v; are the mass and velocity of the i-th discrete pack ice; F,, F,, and F; are the gravity, the
contact force, and the force acting on the i-th discrete pack ice by the fluid, respectively; /; and w; are the
moment of inertia and the angular velocity; M, is the total moment from contact forces, and M, is the moment
acting on the i-th discrete pack ice by the fluid.
The contact force F, can be expressed as
F.=F,+F, ®)
where F, is the normal contact force and F is the tangential contact force, which can be expressed as

Fn = _Kndn _Nnvn (6)
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where K, is the normal spring stiffness, d,, is the overlap in the normal direction, »,, is the normal damping, v,
is the normal velocity component, K, is the tangential spring stiffness, d; is the overlap in the tangential
direction, M, is the tangential damping, v, is the tangential velocity component, and Cj is the static friction
coefficient.
1.3 CFD-DEM coupling scheme
Currently, there are two coupling schemes for CFD-DEM: one-way coupling scheme and two-way
coupling scheme. The one-way coupling scheme only considers the influence of fluid on discrete pack ice,
while the two-way coupling scheme considers the mutual influence of fluid and discrete pack ice. The
existing study results indicate that there is no significant difference in predicting ice resistance between the

U7 However, the one-way coupling scheme offers higher

one-way and two-way coupling schemes
computational efficiency. Therefore, the one-way coupling scheme is adopted in this study.
1.4 Dynamic overset grid technology

In this paper, the dynamic overset grid technology combined with the DFBI ( Dynamic Fluid-Body
Interaction) module is applied to simulate the free-running motion of the ship. Applying this technology, the
computational domain is divided into two parts: the overset domain and the background domain. Within the
background domain, mesh cells are categorized into active, inactive, and acceptor cells. Active cells are those
where the discretized governing equations of fluid flow are solved. Inactive cells are those where no
equations are solved, yet they can become active as the overset domain shifts. Acceptor cells, positioned at

the overset interface, primarily serve to distinguish between active and inactive cells.

2 Study objects

2.1 Ship model
The ship model used in this study is a model of the 76 000 DWT ice-strengthened Panamax bulker,
which was used in the concerned model test'”. The geometry of the hull is shown in Fig. 1. The scale ratio is

1: 45, and the main particulars of the ship are given in Tab. 1.

Fig.1 Geometry of the 76 000 DWT ice-strengthened Panamax bulker
Tab.1 Main particulars of the 76 000 DWT ice-strengthened Panamax bulker

Parameter Symbol/Unit Full scale Model scale
Length of overall L /m 225 5.00
Length between perpendiculars Lpp/m 217 4.82
Breadth B/m 32.25 0.72
Depth D/m 20.10 0.45

Designed draft T/m 12.40 0.28
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2.2 Pack ice model

In the model test'” for comparison, paraffin model ice with six different sizes and a thickness of 0.02 m
was used, without considering the breaking and cracking of pack ice. This study employs a composite particle
model to simulate these six sizes of pack ice, similarly disregarding the breaking and cracking of pack ice.
The modeled pack ice is shown in Fig. 2.

F 3 r
=) =) e
Iy v N
5 5 g = = 2
8 = v
=1
v v
< > < »> < > —> “—> “—>
0.15m 0.125m 0.125m 0.1 m 0.075 m 0.075 m

Fig.2 Pack ice models with different sizes in numerical simulation

The mass density of the pack ice model is 917 kg/m3, and the Poisson's ratio is 0.30. The Young's
modulus of the full-scale ice is 9 GPa"™"; correspondingly, the Young's modulus of the pack ice model in this
study is 200 MPa through scale conversion. In addition to the parameters of pack ice, the contact parameters
also have a direct impact on the ship-ice and ice-ice interactions. Referring to the parameter settings in the
authors' previous studies!'**", the static friction coefficients for ship-ice and ice-ice interactions are 0.40 and

0.10, respectively; the tangential and normal restitution coefficients are both 0.50.

3 Numerical setup

3.1 Computational domain and mesh generation

Fig. 3 illustrates the computational domain used in this study. The width of the computational domain is
7 m, consistent with that in the model test' . The total length of the computational domain is 57 m, with the
length of the pack ice area being 21 m. The height of the computational domain is 14 m, with the air domain

occupying a height of 5 m and the water domain occupying a height of 9 m.
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Fig.3 Computational domain and boundary conditions (Upper: top view; Lower: side view)

As shown in Fig. 3, the velocity inlet condition is applied on the inlet, outlet and top boundaries; and a

symmetry plane condition is imposed on the side boundaries. On the hull surface and the bottom boundary,
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non-slip wall condition is imposed. In addition, wave damping is set on the inlet and outlet boundaries to
reduce the wave reflection from the boundaries.

The whole computational domain is discretized by the Trimmer Cell Mesher, as shown in Fig. 4. The
meshes around the free surface are refined with multiple layers to capture the details of complex flow. To
accurately resolve the flow in the boundary layer, the prism layer meshes are generated near the hull surface.
Additionally, the meshes in the bow and stern regions are further refined to capture the flow characteristics in

these specific areas, as shown in Fig. 4(c).

(a) Global meshes (Side view)

(b) Global meshes (Top view)

EREEEEERE

NSNS NN
e e e

(c) Overset meshes (Left: top view; Upper right: back view; Lower right: side view)

Fig.4 Mesh distributions

3.2 Generation of pack ice

Different from the previous studies using CFD-DEM model where the ship remains stationary, in this
study, the ship is in free-running motion. As a result, the pack ice area needs to be generated on the
undisturbed free surface with high precision before numerical simulation. To this end, a method for
generating pack ice area is proposed, with the following implementation steps:

(1) Establish the generation area: create a generation area that matches the intended size of the pack ice
area to confine the range of pack ice generation;

(2) Determine the generation points: arrange generation points within the generation area to discretize it
and to identify the locations for pack ice generation;

(3) Calculate and sort: calculate the quantities of pack ice of various sizes based on their distribution
probabilities, and sort them to determine the generation order, prioritizing the generation of larger pack ice
first;

(4) Search and generate: generate pack ice by searching the generation points. If the newly generated

pack ice overlaps with the previously generated ones, the newly generated pack ice is removed, and the
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generation points are searched again to complete the generation.

In numerical simulations, the distribution probability of different-sized pack ice is consistent with

that of the model test'”, as shown in Tab. 2. Tab.2 Distribution probability of pack ice
Tab. 3 presents the comparison between the Size/(m x m) Probability
quantity of target pack ice and the generated pack 0.075 x 0.075 0.333
ice in numerical simulations, along with the 0.075 x 0.10 0.240
generation errors. Fig. 5 shows the pack ice area 0.10x0.10 0.177
established using the pack ice generation method 0.125 x 0.125 0.102
proposed in this study with the pack ice 0.125 > 0.15 0.079

0.15 x0.15 0.069

concentration C = 60%.

Tab.3 Error in the pack-ice generation

Size/(m x m) Target quantity Generated quantity Error (%) Average error (%)

0.075 x 0.075 2922 2927 0.17
0.075 x0.10 2100 2110 0.48
0.10 x 0.10 1550 1541 0.58 0.77
0.125 x 0.125 897 885 1.34
0.125 % 0.15 693 688 0.72
0.15x0.15 602 610 1.33

(a) Global view

(b) Local view

Fig.5 Generated pack ice in numerical simulation (C = 60%)

From Tab. 3, it can be seen that the generation error of pack ice is extremely small, with the maximum
generation error less than 2%, and the average error less than 1%. This indicates that the pack ice generation
method proposed in this study has high precision. Additionally, as shown in Fig. 5, the generated pack ice has
random initial angles and remains stationary on the undisturbed free surface, indicating the effectiveness of

the pack ice generation method proposed in this study.

4 Numerical results

4.1 Ship resistance

The total resistance, open-water resistance and ice resistance are predicted and validated against model
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test data'”. Ice resistance represents the time-averaged longitudinal contact force between the ship and ice,

while total resistance is the sum of open-water resistance and ice resistance. The simulation conditions are
identical to those in the model test, where the ice concentration C is 60% while the ship speeds U are
0.537 m/s, 0.690 m/s, 0.997 m/s and 1.304 m/s, with the corresponding Froude numbers Fr are U/ +/gL,,=

0.077, 0.099, 0.142 and 0.186, respectively.

Fig. 6 shows the time histories of ship-ice
longitudinal contact force at different ship speeds.
It can be observed that the time histories exhibit
significant fluctuations, which are related to the
randomness and uncertainty of ship-ice collisions.
Additionally, it can be noted that the extreme
values of longitudinal contact force fluctuations at
high ship speeds are larger than those at low ship
speeds, indicating that as ship speed increases, the
intensity of ship-ice collisions increases.

Fig. 7

resistance obtained by model test and numerical

shows the comparison of total

simulation; and Fig. 8 shows the comparison of
open-water resistance and ice resistance obtained
by model test and numerical simulation. It can be
seen that the total resistance, open-water resistance
and ice resistance calculated by CFD-DEM
method agree well with the model test data,
indicating that the numerical model proposed in
this study has good accuracy in predicting ship

resistance.
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4.2 Numerical phenomena
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Fig.6 Time histories of ship-ice longitudinal contact force at

different ship speeds
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Fig.8 Comparison of numerical and experimental open-water

resistance and ice resistance

Fig. 9 illustrates the numerically simulated entire process of the ship navigating through the pack ice

area at a speed corresponding to Fr = 0.186, and Fig. 10 shows the phenomena of ship-ice-water interaction.

It can be observed that when the ship initially contacts the pack ice, the pack ice is affected by the bow waves,
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leading to submergence and accumulation. As the ship navigates through the pack ice area, the motion state
of the pack ice undergoes significant changes due to the ship-ice interaction and ship-generated waves within

the exiting pack ice area, an ice-free channel is formed, with its width roughly equal to the ship breadth.
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Fig.9 Simulated entire process of ship sailing through Fig.10 Simulated phenomena of ship-ice-water
the pack ice area (Fr = 0.186) interaction (7= 0.186)

Fig. 11 shows a comparison of local phenomena between numerical simulation and model test. It can be
seen that the numerical simulation fully captures the phenomena of the ship navigating in pack ice area. The
simulated typical ship-ice interaction phenomena such as accumulation, sliding, and overturning of pack ice
align well with those in the model test, indicating that the numerical model proposed in this study has a strong

simulation capability.

Fig.11 Comparison of local phenomena between model test and numerical simulation ( Fr=0.077 )

5 Concluding remarks

In order to address the limitations of existing numerical models and enrich the means of studying ship-
ice-water interaction in pack ice area, distinct from the existing CFD-DEM models that assume the ship
remains stationary, dynamic overset grid technology combined with DFBI to enable the free-running motion
of the ship is employed in this paper. A numerical model for simulating a free-running ship navigating
through the pack ice area and a high-precision pack ice generation method that can be used in conjunction
with the numerical model are proposed. By comparing the numerical results with available model test data
and experimental observations, the effectiveness of the proposed numerical model is verified. It is shown that

this numerical model is capable of accurately predicting ship navigation resistance and simulating both the
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overall process and local phenomena of ship navigation in pack ice region. Additionally, the model has strong
potential and applicability in further studies. Based on this model, it is possible to conduct numerical

simulation of ship self-propulsion and maneuvering motions in pack ice area in the future.
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