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a b s t r a c t

This paper presents the virtual mass method to implement the prediction of total resistance for ice-going
ship in floe ice region based on the combined method of CFD and DEM. Two ways of floe ice distribution
are adopted for the analysis and comparison. The synthetic ice model test has been conducted to
determine the optimal virtual mass coefficients for the two different floe ice distributions. Moreover, the
further verification and prediction are developed in different ice conditions. The results show that, the
fixed and random distributions in numerical method can simulate the interaction of ship and ice vividly,
the trend of total resistance varying with the speed and ice concentration obtained by the numerical
simulation is consistent with the model test. The random distribution of floe ice has higher similarity and
better accuracy than fixed distribution.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

1.1. Overview

In recent years, the thawing of ice and snow makes it possible
for people to open up the new channels and explore the resources
in the polar region. In 2019, the 36th polar scientific research was
carried out on “Xue Long” ship. When ice-going ship is operating in
complicated polar environment, the hull will suffer the hydrody-
namic force and various ice forces. The ice force accounts for a large
proportion of the total force in most cases, which have a significant
effect on the navigation performance of the ship, so it is necessary
to accurately predict the ice force of ship.

The researches on ice resistance have been done in the early
stage, Lewis and Edwards (1970), Enkvist (1972), Lindqvist (1989)
et al. studied the breaking mechanism of ice caused by the
icebreaker, and proposed some representative empirical formulas
to predict the level ice resistance of ship, which provided a foun-
dation for the prediction of ice resistance. Besides, many numerical
methods have been formed and developed to simulate the ship-ice
interaction and solve ice resistance, such as, Su et al. (2010)

established a numerical simulation method based on the three
degree of freedom motion equation, which provides basis for the
further study, and it has been expanded extensively by Zhou et al.
(2018a, b). Aksnes (2011a, b) introduced a one-dimensional nu-
merical model for the interaction between moored ship and level
ice, the ice force model was derived by the elastic beam theory and
the friction theory, the corresponding model test was performed in
HSVA to analyze the numerical method.

The numerical methods also show the effectiveness for solving
floe ice resistance. Kim et al. (2019) and Kim and Kim (2019)
simulated the navigation of ship in floe ice region based on finite
element method (FEM), the probability distribution of stress
amplitude was described. Guo et al. (2018a, b) carried out numer-
ical calculation and experimental verification for the resistance of
ship in floe ice region based on the FEM. Ji et al. (2013) has devel-
oped a (discrete element method) DEM program to obtain the ice
resistance of the hull. Liu et al. (2018) simulated the navigation of
ship in floe ice region using near-field dynamics method (PD), and
obtained the influence of size and concentration of floe ice on the
ice force of ship. Hu and Zhan (2015) applied the combinedmethod
of FEM and smoothed particle hydrodynamics (SPH) to simulate the
ship-ice-water interaction for the KVLCC2 ship model. Zong and
Zhou (2019) has conducted an analytical approach using the thin
ship theory, the effects of ship speed, ratio of ship width to length,
ratio of ice thickness to side length on the ice resistance were
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researched. Janben et al. (2017) performed the numerical simula-
tion of ship in floe ice region based on the open dynamics engine
(ODE) solver, the accuracy was verified by comparing with the
reference data, and the efficiency was greatly improved using the
GPUs technology.

The numerical method should be validated by relevant model
test, some physical tests have been conducted by scholars. Jeong
et al. (2017) carried out the floe ice channel model test based on
the Finnish Swedish Ice Class Rules to predict the power of ship, the
width of ice channel was twice the width of ship, two ice thick-
nesses and two draughts were selected in the test. The synthetic ice
model test was performed by Samamura et al. (2018), the synthetic
ices made by polypropylene were circle and equal size. Guo et al.
(2018a, b) conducted the model test using the synthetic ices
made by paraffin wax, the shape of synthetic ice was square, and
seven sizes which obey a certain probability distribution were
adopted. Luo et al. (2018) studied the influence of floe ices attached
to the bottom of ship on the flow field, and corrected the test data
with the momentum theory.

Overall, many numerical and test methods are available to
research the ice forces, the accurate prediction of ice force is always
a problem for the safe navigation of ship. Thus the necessary work
need to be carried out further on the related numerical method, the
DEM is usually used to solve the ice force, while the CFD method is
used for the high accuracy solution of the traditional hydrodynamic
force. Sometimes, the numerical methods should be combined and
improved for the more accurate prediction by validation of the
relevant model tests.

1.2. Present work

The virtual mass method based on CFD and DEM has been
applied to implement the prediction of total resistance for ice-
going ship in floe ice region by our research team and the pre-
liminary validationwork has been conducted in the previous paper
(Guo et al., 2020). In this paper, we made continuing research on
the effect of floe ice distribution on the prediction accuracy, the
virtual mass methodwas introduced to conduct the comprehensive
and detailed research on the fixed and random distributions of floe
ice in different ice concentrations. The relationship of virtual mass
coefficient Cvm and total resistance Xtotal in different distributions
and concentrations was obtained by the combined method of CFD
and DEM. The relevant synthetic ice model test was carried out to
calibrate the optimal virtual mass coefficient Cvm and verify the
accuracy of numerical method. Compared with the model test, the
interaction phenomenon of ship and ice was validated, and further
analysis of total resistance obtained by the two methods of random
and fixed distributions are implemented.

2. Numerical method

2.1. Basic equations

The numerical simulation is implemented by the combined
method of CFD and DEM, the CFD governing equations are the
continuity equation, momentum conservation equation and k� ε

turbulence model. The contact forces of DEM elements are calcu-
lated by Hertz-Mindlin model, the mechanical model of floe ice
follows the Newton’s second law, the relevant theory and model
have been mentioned in our previous work (Guo et al., 2020). The
mechanical equation of floe ice is as follows:

mp
dvs!
dt

¼ Fd
�!þ Fp

�!þ Fvm
��!þ Fg

!þ Fc
!

(1)

where mp and vs
! are the mass and velocity of floe ice, respectively,
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�!
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�!
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!
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!
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��!
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force and virtual mass force, respectively, the forces above can be
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where Cd is the drag coefficient, Ap is the projected area of floe ice in
flow direction, vr! is the relative velocity between floe ice and water,
Vp is the volume of floe ice, r is the density of fluid, the amplitude of
g! is 9.81 m/s2.

The virtual mass force can be defined as:

Fvm
��!¼CvmrVp

�
D v!
Dt

�d v!s

dt

�
(3)

where Cvm is the virtual mass coefficient, v! and v!s is the velocity
of water and floe ice, respectively.

It is worth noting that the expression of virtual mass force is
similar to the added mass, however, the virtual mass force Fvm is
only a virtual force, which doesn’t exist actually, the Fvm do not
affect the main parameters of the floe ice, such as, the density,
shape, volume and mass. It is assumed that Fvm can change the
inertia of floe ice, and the contact force of ship and ice, ice and ice
will be changed indirectly.

The virtual mass force Fvm is a virtual external force acting on the
elements caused by the surrounding fluid, each floe ice is made by a
collection of bond elements. The Fvm will be affected by changing
the Cvm, thus the optimal Cvm need to be determined exactly. This
paper describes the method to determine the optimal Cvm by the
comparison of test and numerical results, and the further predic-
tion is performed for the different ice conditions.

In addition, the Cvm is a dimensionless number, it is related to
the ice parameters, such as ice concentration, ice distribution, ice
thickness and ice size, and has nothing to do with navigation pa-
rameters, such as velocity.

From Eqs. (2) and (3), we can see that, when the water and ice
are relative static, the relative velocity and acceleration is zero, thus

the drag force Fd
�!

and virtual mass force Fvm
��!

are close to zero.
However, when the floe ice and water contact with hull, the ve-
locity of ice and water will change, the relative velocity and ac-

celeration will cause the drag force Fd
�!

and virtual mass force Fvm
��!

.

The virtual mass force Fvm
��!

can be seen as the mass term (CvmrVp)
multiplied by the relative acceleration term. For the same velocity,
the larger Cvm means the larger virtual mass and inertia, which will
cause a more slowly decrease of ice velocity when the floe ice
contacts with the hull. In Hertz-Mindlin model, the larger mass and
velocity will cause the larger contact force, thus the increasing of
Cvm can lead to the larger resistance. In the same way, for the same
Cvm, the increasing of velocity can also lead to the larger resistance.

2.2. The combined method and Hertz-Mindlin model

The CFDmethod is used to calculate the fluid force acting on the
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ship and ice. The fluid forces on the hull are mainly resistance and
buoyancy, while the fluid forces on the floe ice are mainly drag
force, buoyancy and virtual mass force.

The DEM method is used to calculate the contact force and load
the gravity to floe ice. The gravity can keep balance with buoyancy
in vertical direction. The contact force includes ice-ice, ice-ship, ice-
boundary, which is calculated by Hertz-Mindlin model.

The coupling factors between CFD and DEM are drag force,
buoyancy and virtual mass force. The forces just like a bridge be-
tween CFD and DEM. From CFD to DEM, the fluid force can act on
the DEM ice element, the floe ice can float on the water due to
buoyancy, and can be moved by the current due to drag force, the
virtual mass force can be changed by adjusting virtual mass coef-
ficient. From DEM to CFD, the motion state of ice can be changed
due to contact force, the fluid force will be updated for the changed
motion state, which is a one-way couple. According to the coupling
relationship of CFD and DEM, the effect of floe ice on wave gener-
ation and dynamic is ignored.

The Hertz-Mindlin model in DEM method is used to calculate
contact force, and some physical parameters are also included in
this model, such as friction coefficient of ship and ice, friction co-
efficient of ice and ice, mass of floe ice, elastic modulus, shear
modulus, poisson’s ratio and radius of the particle. All the param-
eters above can affect the contact force, thus the accurate mea-
surement of physical parameters is important for numerical
method.

2.3. Numerical setup

The calculation domain is 16m long in X direction, 4.5 mwide in
Y direction, 3 m high and 2 m water deep in Z direction, the X-Y-Z
follow the right-hand rule. In numerical simulation, the hull is kept
still, the floe ices and water flow towards the hull at the same speed
in the negative direction of X-axis, the injectors are evenly
distributed in the front of the calculation domain along the width
direction to generate floe ices.

This paper describes two ways to generate floe ices, as shown in
Fig. 1, a is the angle between the ice edge and the X axis. The first
way, the floe ices are distributed with the same a of 0�, which
makes the same contact angle between the floe ice and bow. The
second way, the floe ices are irregularly distributed with random
direction, leading to the random contact angle between the ice floes
and bow.

Fig. 1 shows the boundary conditions in numerical setup, the
velocity-inlet and pressure-outlet are adopted in the front and rear
of calculation domain, respectively, thewall boundaries are used on
both sides. The water flows in from the inlet and out from the

outlet, and the floe ices are generated from the injectors. The wall
can not be penetrated by floe ice, while the outlet can be penetrated
by floe ice.

The calculation domain is divided by hexahedral grid, the size of
grid on the hull is 5 mm, while the size of grid on water surface is
4 cm � 4 cm � 1 cm, the grid far away from the hull and water
surface increases gradually, the total number of grid is about
4 � 106, as shown in Fig. 2.

3. Model test

The model test was carried out in the towing tank of China Ship
Scientific Research Center (CSSRC) for a polar scientific research
ship. The scale ratio of ship model is 40, the model’s material is
GFRP. The synthetic ices are made of polypropylene (PP) material
with the shape of square and equal size, the PP material is the same
as the test in Osaka University (Samamura et al., 2018), as shown in
Fig. 3. The wet friction coefficient between GFRP and PP has been
measured before the model test, the test process is similar to the
test conducted by Jeong et al. (2017), the detailed parameters of
ship model and synthetic ice are listed in Table 1.

The wet friction coefficient between GFRP and PP is 0.20, which
is larger than the friction coefficient between the frozen model ice
and hull in the test of KRISO (Jeong et al., 2017). The failure of ice is
not considered in the test, the geometry and density similarity are
enough to observe the interaction phenomenon, such as contacting,
overturning and sliding. The ice concentrations of 60%, 70% and 80%
are selected with the equal size of 0.12 m and thickness of 0.02 m in
model test corresponding to the size of 4.8m and thickness of 0.8 m
in full scale.

The test region is 45 m long and 4.5 m wide, which is divided

Fig. 1. Fixed distribution (up) and random distribution (down) in numerical setup.

Fig. 2. Grid division of the calculation domain.

Fig. 3. Ship model (left) and synthetic ice (right).

Table 1
The parameters of ship model and synthetic ice.

Parameters Value

Length of ship L (m) 4.150
Breadth of ship in waterline B (m) 0.565
Draught of ship T (m) 0.200
Displacement volume▽0 (m3) 0.276
Elastic modulus of GFRP Eg (Gpa) 15
Density of synthetic ice rp (kg/m3) 910
Elastic modulus of PP Ep (Gpa) 0.89
Side-length of synthetic ice Lp (m) 0.12
Thickness of synthetic ice (m) 0.02
Mass of individual synthetic ice mp (kg) 0.262
Wet friction coefficient between GFRP and PP 0.20
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into the model preparation region of 15 m long and the floe ice
region of 30 m long, respectively, as shown in Fig. 4. The test con-
ditions are shown in Table 2.

The model is rigidly constrained, it will go straight with the
carrier. A four-component balance connecting the ship model and
the carrier is applied to measure the longitudinal resistance of ship.
The range of the longitudinal force of the balance is �400e400 N,
and the accuracy is 0.5%. The constant speed of ship can be achieved
by precise control of carrier. At the beginning of test, the shipmodel
is in open water region, and then moves into the floe ice region at
the same speed gradually. The transient longitudinal force acting on
the hull is recorded by the data acquisition system with the accu-
racy of 0.1%, the sampling frequency of 500 Hz and the acquisition
time of 8s.

4. Calibration of Cvm

The Cvm is an important parameter which has a great effect on
the contact force, thus the effects of Cvm on total resistance Xtotal

need to be investigated under the conditions of different floe ice
concentrations and distributions. The test values in typical condi-
tions are used as the target values to calibrate the numerical
simulation results. The optimal Cvm corresponding to the test re-
sults in different floe ice concentrations and distributions are ob-
tained by interpolation. The determined Cvm will be fixed to
conduct the further prediction for the analysis of speed in different
floe ice distributions and concentrations.

The typical conditions are identified as the floe ice concentra-
tions of 60%, 70%, 80%, and the middle speed of 0.407 m/s, which

Fig. 4. The setup of model test region.

Table 2
The test conditions.

Case number Ice concentration Quantity of the
synthetic ices

Towing speed
(m/s)

Case 1 60% 5625 0.244
Case 2 0.407
Case 3 0.569
Case 4 70% 6563 0.244
Case 5 0.325
Case 6 0.407
Case 7 0.488
Case 8 0.569
Case 9 80% 7500 0.244
Case 10 0.407
Case 11 0.569

Fig. 5. The relationship of Cvm and Xtotal in different distributions and concentrations.
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are corresponding to the Cases 2, 6 and 10 in Table 2. The fixed and
random distributions are simulated in numerical method,

respectively, the relationship of Cvm and Xtotal are plotted in Fig. 5.
The total resistances obtained by the numerical method are

calculated as statistical average with a duration of 25s, and pro-
cessed through the linear fitting. With the increasing of Cvm, the
rise trend of total resistance Xtotal can be observed. For the same
concentration, the trend line has a larger slope in random distri-
bution, and the larger dispersion of Xtotal can be seen in random
distribution. The optimal Cvm is obtained by linear interpolation
based on the model test results, Table 3 shows all the Cvm with
different floe ice concentrations and distributions.

Table 3
The optimal Cvm in different distributions and concentrations.

concentration fixed distribution random distribution Cvm-fixed/Cvm-random

60% 14.7 10.5 1.40
70% 33.0 26.5 1.25
80% 39.0 34.0 1.15

Fig. 6. Distribution in test (left), fixed (middle) and random (right) distributions in numerical simulation.
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It is evident that the higher ice concentration can cause the
larger optimal Cvm, and a large rise of Cvm can be seen from 60% to
70% concentration in Table 3, it can be explained that the accu-
mulation of floe ice appears and causes the larger resistance in 70%
concentration, while only slight contact can be observed in 60%
concentration. The accumulation phenomenon becomes more
obvious in 80% concentration, which leads to a small rise relative to
70% concentration, as shown in Fig. 7. In the same concentration,
the optimal Cvm of fixed distribution is larger than that of random
distribution.

5. Analysis and discussion

5.1. The floe ice distribution in model test and numerical simulation

The optimal Cvm calibrated by the test result is used to predict
the total resistance Xtotal. Two ways of floe ice distribution are
simulated in numerical method, the fixed and random ice distri-
bution fields are shown in Fig. 6.

Fig. 6 shows the floe ice fields in model test and numerical
simulation. Compared with the test, the random distribution in
numerical method is more vivid than fixed distribution. For the
concentration of 60% and 70%, the range of a can achieve 0�~360�.
Due to the high concentration of 80%, the narrow space between
the floe ices only allow the range of �15�~15�. The floe ices are
produced with the a of equal probability within the range.

Table 3 shows the ratio of Cvm-fixed to Cvm-random appears a

decreased trend with the increasing of concentration. The ratio of
Cvm-fixed to Cvm-random is a representation of randomness, the
randomness will become less obvious as the ratio value approaches
to 1. The floe ice in 60% and 70% concentrations can achieve a
completely random with the ratio value of 1.40 and 1.25, respec-
tively, while the a in 80% concentration only can achieve a partial
random with the ratio value of 1.15, which makes the smaller dif-
ference between the random distribution and fixed distribution in
80% concentration than 60% and 70% concentrations.

5.2. The interaction phenomenon of hull and floe ice

Fig. 7 shows the interaction phenomenon of hull and floe ice at
the speed of 0.407 m/s in the concentrations of 60%, 70% and 80%.

Fig. 7 shows the interaction phenomenon of floe ice and hull,
such as the overturning, sliding and accumulation, the accumula-
tion of floe ices cause the extrusion and sliding closely along the
hull, the phenomenon can be observed clearly for 70% and 80%
concentrations in test. However, the accumulation is not obvious
for 60% concentration in test, only slight contact and small angle tilt
of floe ices appear due to the relative low concentration. As the
contact of hull and ice happens, the floe ices can be pushed away for
some distance in low concentration, the phenomenon will not
appear in higher concentration due to the close contact of floe ices,
the filling of hull will cause a higher concentration in the region
near the bow temporarily, the hull will suffer the extrusion and
friction of floe ice when advancing straight.

Fig. 7. Interaction phenomenon of model test (left), fixed (middle) and random (right) distributions of numerical simulation in different concentrations.
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The interaction phenomenon in numerical method is similar to
that in test, such as the overturning near the bow, sliding along the
hull and the closely contact between the floe ices. However, the
accumulation appears small difference between the numerical
simulation and test, the accumulation in the model test occurs in
the local region of the hull, as shown in the red circles in Fig. 7,
while the accumulation in the numerical simulation seems a larger
region than the test. Furthermore, the contact angle of bow and ice
in random distribution has a more wide range than fixed distri-
bution, which is more similar to the model test.

5.3. The prediction of total resistance

The relationship of ship speed V and Xtotal are obtained through
the numerical method, as shown in Fig. 8, and the Xtotal obtained

from the model test and numerical method are listed in Table 4.
Each case of the model test has been conducted twice in order to

ensure the repeatability of data. Table 4 shows the model test has a
good repeatability, the error relative to the average value is less
than 10% in most cases except the Case 1. The Case 1 is a combi-
nation of low speed and low concentration, for the same sample
time, the ship will contact with the less floe ice and move a shorter
distance, which could cause a greater randomness and result in a
larger dispersion of total resistance.

The rise trend of Xtotal can be seen with the increasing of speed,
it is easy to understand, higher relative speed will cause more vi-
olent impact, the impact mainly occurs on the bow, most impact
could bring larger contact force. The relationship between total
resistance and speed in numerical method is consistent withmodel
test.

Fig. 8. The relationship of V and Xtotal in different distributions and concentrations.

Table 4
The resistance in model test and numerical simulation.

Case
number

ice
concentration

V(m/
s)

test fixed distribution random distribution

total resistance for
the first time (N)

total resistance for
the second time (N)

average
value (N)

error relative
to the average

calculate
value (N)

error relative to the
average value in test

calculate
value (N)

error relative to the
average value in test

1 60% 0.244 1.093 1.751 1.422 23.1% 1.706 20.0% 1.235 �13.1%
2 0.407 2.701 3.215 2.958 8.7% 2.850 �3.7% 3.276 10.7%
3 0.569 4.806 5.131 4.969 3.3% 5.644 13.6% 5.577 12.2%
4 70% 0.244 2.351 2.613 2.482 5.3% 2.444 �1.5% 2.761 11.2%
5 0.325 3.318 3.534 3.426 3.2% 4.343 26.8% 3.966 15.8%
6 0.407 5.917 6.302 6.110 3.2% 5.631 �7.8% 6.493 6.3%
7 0.488 7.552 7.151 7.352 2.7% 6.768 �7.9% 6.960 �5.3%
8 0.569 8.662 8.987 8.825 1.8% 9.496 7.6% 8.283 �6.1%
9 80% 0.244 5.386 5.930 5.658 4.8% 4.586 �18.9% 4.793 �15.3%
10 0.407 8.134 8.109 8.122 0.2% 7.557 �6.9% 8.410 3.6%
11 0.569 11.261 10.602 10.932 3.0% 12.960 18.6% 13.701 25.3%
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The Xtotal also appears a rise trend with the increasing of ice
concentration, higher concentration means the more floe ices and
the narrow space, the accumulation can be observed in high con-
centration, and the contact area is also enlarged, the large number
of floe ice cause a larger contact force on the ship. The numerical
method also shows the same relationship between total resistance
and ice concentration as the model test.

The average values of the two same cases are used to calculate
the relative error between numerical method and model test. It is
found that the random distribution has a better accuracy than the
fixed distribution in most cases. The low speed of 0.244 m/s could
cause the relative larger error, the error will become smaller with
the increasing of speed. However, the large error of 18.6% in fixed
distribution and 25.3% in random distribution appears in the same
condition of Case 11, it is evident that the higher speed and larger
concentration may cause the more accumulation and randomness,
which will bring greater difficulty for the accurate prediction of
numerical simulation. For all cases, the error of random distribution
is in the range of 3.6%e25.3%, which is more stable than the error of
1.5%e26.8% in fixed distribution.

The errors of Xtotal between the numerical method and model
test are mainly caused by the randomness of ice distribution and
the initial data acquisition time. The floe ices are distributed by
manual in the test, it is difficult to achieve absolute well-
distributed. The ice concentrations in some regions of the tank
may have a tiny discrepancy, slight accumulation may cause the
larger contact force, in the contrary, the large spacing of floe ice will
cause the small contact force. Thus the different initial sampling
time will bring the different results.

5.4. The analysis of history curves

The history curves of longitudinal force X in model test and
numerical simulation are plotted in Figs. 9 and 10, respectively.
Fig. 9 shows the test results of the two same cases, Fig. 10 shows the
numerical results of fixed and random distributions.

The irregular variation of longitudinal force appears both in
model test and numerical simulation, which are caused by the
randomness of contact and accumulation. It seems that the higher
concentration can bring the larger peak value of longitudinal force,

Fig. 9. History-curves of longitudinal force of model test in different ice concentrations.
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the maximum forces of 60%, 70% and 80% concentrations in model
test are about 18 N, 25 N and 28 N, respectively. Themaximum force
appears a large rise of 39% from 60% to 70% concentration, while a
small rise of 12% appears from 70% to 80% concentration, the rise
trend is similar to the optimal Cvm mentioned above.

The accumulation is a decisive factor to influence the longitu-
dinal force and maximum force directly. In model test, the accu-
mulation appears in 70% and 80% concentrations, while 60% not,
the accumulation phenomenon simulated in numerical method is
consistent with the model test basically, and the maximum forces
obtained from numerical simulation show the same rise trend as
the model test.

6. Conclusions

The fixed and random distributions are described and simulated
using the virtual mass method based on the combined method of
CFD and DEM, the synthetic ice model test has been conducted for
the validation and prediction of the total resistance. The optimal
Cvm are obtained through the linear fitting and the model test

results. The main conclusions from the numerical simulation and
model test are as follows:

(1) The interaction phenomenon between the ship and floe ice
in numerical method is consistent with the model test
basically. Compared with the test, the random distribution of
floe ice in numerical simulation has a better similarity.

(2) With the increasing of Cvm, the total resistance Xtotal will rise,
the higher concentration can bring the larger optimal Cvm.
For the same concentration, the optimal Cvm of random
distribution is smaller than that of fixed distribution.

(3) The ratio of Cvm-fixed to Cvm-random is a representation of
randomness. As the ratio value approaches to 1, the
randomness will become less obvious.

(4) The model test has a good repeatability with the error less
than 10% in most cases, the rise trends of total resistance
appear with the increasing of speed and ice concentration.
Compared with the model test, the random distribution of
floe ice has a better accuracy than the fixed distribution. It is

Fig. 10. History-curves of longitudinal force of numerical simulation in different ice concentrations.
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more suitable to apply the random distribution in the pre-
diction of total resistance.

For the numerical method, the Cvm is an independent parameter,
which has nothing to do with the navigation parameters, such as,
the ship speed. However, it needs to be re-determined when the ice
concentration, distribution, thickness and size change. Thus more
test results are needed to optimize and improve the numerical
method.

For the model test, it is worth noting that the floe ices in nu-
merical simulation and model test are unbreakable, which is
different from the actual sea ice. During the interaction between
ship and ice, the ice resistance from the unbreakable ice may be
larger than the breakable ice. Thus some research on the relation-
ship between unbreakable synthetic ice and breakable model ice
should be continued. In addition, some important parameters of
synthetic ice can’t meet the similarity relation, the elastic modulus
of synthetic ice is much larger than the model ice and wet friction
coefficient is also larger than that in actual. So the more suitable
materials should be sought and applied for artificial model ice.
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