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Abstract 
 
The resistance performance of an icebreaking cargo vessel with varied stem angles is investigated numerically 

and experimentally. Ship-ice interaction loads are numerically calculated based on the fluid structure interaction 
(FSI) method using the commercial FE package LS-DYNA. Test results obtained from model testing with syn-
thetic ice at the Pusan National University towing tank and with refrigerated ice at the National Research Coun-
cil’s (NRC) ice tank are used to validate and benchmark the numerical simulations. The designed icebreaking 
cargo vessel with three stem angles (20°, 25°, and 30°) is used as the target ship for three concentrations (90%, 
80%, and 60%) of pack ice conditions. The comparisons between numerical and experimental results are shown 
and our main conclusions are given 
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1. Introduction  

Global climate change, particularly global warming, will make the Arctic more attractive for route reduction 

and resources development owing to the shrinking ice cover that will soon make resources more accessible 

(Kwok et al., 2011). In accordance with the expansion of the northern sea route, an ice tank was built in 2009 to 

perform studies on estimating the performance of icebreaking cargo vessels in South Korea. 

Icebreaking cargo vessels have been investigated for efficient performance in ice breaking. Good performance 

in pack ice conditions is important because an ice cargo vessel normally follows a sea path covered with pack ice 

that requires an icebreaker. Fig.1 shows a typical example of an icebreaking cargo vessel in pack ice conditions. 

Correlation studies between experimental results with refrigerated ice and synthetic ice have been conducted in 

previous studies (Song et al., 2007; Kim et al., 2009), where good agreement has been found. However, because 

a model test on an ice tank involves many economic and time restrictions, studies on performance estimation 

using computational analysis have been actively performed instead. Recently, Wang and Derradji (2010) simu-

lated an icebreaker breaking through level ice using LS-DYNA. They used user-defined ice failure criteria based 

on the flexural strength. Their results showed reasonable agreement with full-scale measurement. Compared to 

the level ice case, the analysis of pack ice conditions is relatively simple in terms of physics, if flexural failure is  
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 Table 1. Main parameters of the icebreaking cargo vessel 

Designation 
Symbol 

(unit) 
Ship Model 

Scale ratio λ 48 

Ice class rule  LU7 

Length between perpendicu-

lars 
LPP(m) 240 5.0 

Breadth B(m) 30 0.625 

Draft T(m) 12.5 0.26 

Displacement DISV(
2m ) 69930 0.632 

Wetted Surface Area WSA(
2m ) 1095.71 4.753 

Stem angle degrees 25° 

Waterline angle degrees 30°, 40°, 50° 

 

ignored  

Combining structural and flow analysis enables us to more correctly assess ships and structures in ice interac-

tion. Using fluid-structure interaction (FSI) methods, a majority of practical ice interaction problems can be 

solved such as a drill ship in pack ice conditions, lifeboat performance in ice-covered water, and ice management 

strategies. The LS-DYNA software used in our analysis has been successfully applied to these types of structural 

and flow analysis problems (Wang and Derradji, 2010; Wang and Derradji, 2011; Gagnon and Wang, 2012). In 

this study, the resistance performance of an icebreaking cargo vessel with varied stem angles is investigated nu-

merically and experimentally. Stem and waterline angles are the most important hull form parameters in re-

sistance performance, both in level ice and in pack ice conditions. In this study, we focused primarily on the stem 

angle parameter in pack ice conditions. 

2. Experimental setup 

2.1 Model ships  

 

 
Fig. 1. Typical example of icebreaking cargo vessel in pack ice conditions 
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Table 2. Ice class rule of the RMRS 

Ice 

class 

Icebreaker escort Independent navigation 

Typical 

speed 

winter 

-spring 
summer-fall 

Typical 

speed 

winter 

-spring 
summer-fall 

Typical ice thickness (m) Typical ice thickness (m) 

Arctic ice class 

LU9 6 3.4+ 3.2+ 12 3.5 4.0 

LU8 5 2.0-3.4 3.2+ 10 2.1 3.1 

LU7 4 1.2-2.0 1.7-3.2 8 1.4 1.7 

LU6 4 0.9-1.2 1.2-1.7 8 1.1 1.3 

LU5 4 0.7-0.9 0.7-1.2 8 0.8 1.0 

LU4 3 0-0.7 0-1.0 8 0.6 0.8 

Non-arctic ice class 

LU3 3 0.65 5 0.70 

LU2 3 0.50 5 0.55 

LU1 3 0.35 5 0.40 

 
Model ships with varied stem angles were designed for this study. The important hull form parame-

ters for an icebreaking cargo vessel are generally the stem and waterline angles, which are closely re-
lated to the ice resistance performance factors such as clearing and buoyancy forces. In our experi-
ments, the model ships were designed in accordance with changing stem angles of 20°, 25°, and 30°. 
The stem angle was chosen as the main parameter for the variation of hull form characteristics, which 
is the most important factor, especially for an icebreaking cargo vessel. Table 1 indicates the main pa-
rameters of the icebreaking cargo vessel, while Fig. 2 shows the model ships. 

 

 

Fig. 2. Model ships of icebreaking cargo vessel. 
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Fig. 3. The facility of PNU towing tank. 

 
The stem angle was determined by a previous study as 25° with minimum waterline angle of 50° if 

we apply the Russian rule [class LU7]. Table 2 gives the ice class rule of the Russian Maritime Regis-
ter of Shipping (RMRS). The same Froude number corresponds to speed geometrical similarity. 

2.2 Towing Tank  

A model test with synthetic ice was conducted in the towing tank of Pusan National University (PNU). The 

PNU towing tank is 100 m long, 8 m wide, and 3.5 m deep. For the synthetic ice test, an additional fence 

was used as shown in Fig. 3, which is almost the same condition for tests in an ice tank. 

The fence is 25 m long and 3.75 m wide. The fence width was set to six times the model ship width be-

cause the fence effect was excluded. A model test with refrigerated ice was conducted in the ice tank at the 

National Research Council (NRC) in Canada. The NRC ice tank is 91 m long, 12 m wide, and 3 m deep, and 

is shown in Fig. 4. The tank has two carriages and an underwater camera. The ice tank has 24 evaporators 
using ammonia gas for cooling. The range of the air temperature is from ˗30 to 15℃. The carriage is 15 m 

long and 14.2 m wide, and weighs 80 tons. The range of the carriage speed is from 0.0002 to 4.0 m/s. 

2.3 Ice Properties  

Synthetic ice was made from fragments of semi-refined paraffin wax. A lump of paraffin wax was melted 

and poured into triangular frames for the desired shape. The triangular shape with a rigid body is advanta-

geous for manufacturing and adjusting concentration. The synthetic ice had an average thickness of 2 cm, an 

approximate relative density of 0.87, and a friction coefficient of 0.03 (the frictional coefficient of refriger-

ated ice is 0.01). Two sizes of triangular-shaped wax were used: 160 and 110.5 cm2. The triangular shape 

tends to regulate concentration in pack ice conditions. Since breaking or cracking of the ice was not taken 

into account in our tests, the strength of the model ice may not be significant, as previously mentioned. The 

profile and dimensions of the synthetic and refrigerated ice are shown in Fig. 5 and Table 3, respectively. 

 

 
Fig. 4. The Facility of NRC ice towing tank 
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 Table 3. Comparison between refrigerated and synthetic ice. 

 Refrigerated ice (NRC) Synthetic ice (PNU) 

Shape Various Right triangle 

Thickness(mm) 20 20 

Density(kg/m3) 870 870 

Friction Coefficient 0.01 0.03 

Area (cm2) Various 160,110.5 

 

     
 (a) Refrigerated ice (EG/AD/S Type) (b) Synthetic ice (wax type) 

 

Fig. 5. Profile of refrigerated and synthetic ice 

 

2.4 Model Test Results 

We focused on resistance performance. The total resistance in ice can be divided into four components, as 

follows (Jones, 1987):  

 

 t br c b owR R R R R= + + + ,  (1) 

where             

 Rt = total resistance in ice,  

Rbr = resistance due to breaking of the ice, 

 Rc = resistance due to clearing of the ice, 

 Rb = resistance due to buoyancy of the ice, 

 Row = resistance due to open water. 

 
Level ice tests (an unbroken and solid ice sheet) are normally conducted to measure the total resistance in 

ice (Rt). Pre-sawn ice tests (the ice sheet is cut but the ice pieces are in place) are performed to eliminate the 

breaking resistance; thus, they measure the sum of the clearing, buoyancy, and open water resistance (Rc + 

Rb + Row). Since the open water resistance (Row) is known from the resistance tests in open water, the clear-

ing resistance (Rc), and buoyancy resistance (Rb) are unknown variables in the pre-sawn tests. By conduct-

ing the pre-sawn tests at a very low carriage speed such as 0.02 m/s, the clearing resistance (Rc) due to the 

ice block rotation, ventilation, and acceleration is negligible. The buoyancy resistance (Rb) can be deter-
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mined by considering the effect of the sliding friction only. Therefore, all components of Eq. (1) can be cal-

culated. As previously mentioned, in the pack ice condition, the buoyancy, clearance, and open water re-

sistances (except breaking resistance) were considered to be in a pre-sawn ice condition, which is equivalent 

to 100% concentration in the pack ice condition. The last three components (except breaking resistance) can 

be expressed as follows: 

 

 ps c b owR R R R= + + ,  (2) 

 

where Rps is the resistance in the pre-sawn ice (100% concentration in the pack ice condition). Resistance 

tests in accordance with three different stem angles (20°, 25°, and 30°) and pack ice concentrations (90%, 

80%, and 60%) were performed at both the NRC ice tank using refrigerated ice and the PNU towing tank, 

using synthetic ice at four model speeds (0.1, 0.3, 0.4, and 0.6 m/s). Photos of the towing and ice tanks are 

shown in Figs. 6–7. 

The resistance results of the three different stem angles (20°, 25°, and 30°) at three different pack ice 
concentrations (90%, 80%, and 60%) for synthetic and refrigerated ice are shown in Figs. 8–9, respec-
tively. The minimum resistances occurred at a stem angle of 20° among the three concentrations in 
synthetic ice and refrigerated ice, while the maximum occurred at a stem angle of 25°. We suggest that 
there might be an optimum point for the stem angle with respect to resistance with pack ice according 
to the variation of hull parameters. The open water resistance should be included for the accurate pre-
diction of total resistance. However, based on our experience, the open water resistance might be 
somewhat exaggerated by the LS-DYNA commercial code. The open water resistance is normally 
small, although it depends on the speed. In the present study, the correlation between the experiment 
and the computation is more important, and the comparison of individual terms of resistance is ex-
pected to be investigated in the near future. 

 

 
Fig. 6. Profile of resistance test with synthetic ice. (PNU) 

 

 
Fig. 7. Profile of resistance test with refrigerated ice. (NRC) 
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(a) 90% concentrations  

 

 

(b) 80% concentrations  

 

 

(c) 60% concentrations 

 

Fig. 8. Comparison of resistance performance at varied 

stem angle in synthetic ice .

 
(a) 90% concentrations 

 

 

(b) 80% concentrations 

 

 

(c) 60% concentrations  

 

Fig. 9. Comparison of resistance performance at varied 

stem angle in refrigerated ice . 

3. Comparison Of Results Between Computations And Experiments 

3.1 Numerical Approach 

The commercial explicit FE solver LS-DYNA has the capability to solve a fluid flow problem using an Eu-

lerian formulation while the structure is considered to be Lagrangian. The arbitrary Lagrangian-Eulerian 

(ALE) method in LS-DYNA allows for a fully-coupled solution of Lagrangian structures interacting with 

Eulerian fluids. The principle of the ALE method is that a Lagrangian structure is overlapped on an Eulerian 

computational domain. At each time step, both the Lagrangian and Eulerian calculations are independently 

performed, and are followed by a remapping step (advection step) from the distorted Lagrangian mesh to the 

Eulerian domain. The last step is interface reconstruction. Since LS-DYNA does not have a full CFD solver 

(such as a Navier-Stokes solver), hydrodynamic calculations are estimated using a penalty method. The fluid 

was modeled using dynamic viscosity and equations of state with a null material model. 
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Fig. 10. Panel model of icebreaking cargo ship. 

 

 
Fig. 11. Simulated region of water and air. 

 

3.2 Analysis Conditions 

Numerical simulations of a collision between pack ice and a model ship were conducted using the LS-

DYNA software. The modeled volume including the ice, water, and model ship was meshed using the 

ANSYS® software and contained approximately 100,000 elements. Fig. 10 shows a panel model of an ice-

breaking cargo ship, and Fig. 11 shows the modeled region of the water and air including the model ship and 

ice pieces.  

The air/water region was 20 m long × 3 m wide × 0.9 m deep. The top 0.6 m was air. Fig. 12 shows the 

panel model of icebreaking cargo ships according to the varied stem angles (20°, 25°, and 30°). For each 

case, the nominal element size was about 0.08 m.  

 

 
Fig. 12.  Panel model of icebreaking cargo ships according to varied stem angle 
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 Table 4. Simulation parameters and values for computations. 

Ship 
Element type Shell 

Material Rigid body 

Air 

Element type Solid 

Material Null 

Density(kg/m3) 1.1845 

Water 

Element type Solid 

Material Null 

Density(kg/m3) 999 

Ice 

Element type Solid 

Material Rigid body 

Thickness(m) 0.02 

Density(kg/m3) 870 

Poisson's ratio 0.30 

Young's modulus 1.000e+008 

 

The ice floe shapes were right triangles with dimensions of 0.16 m × 0.13 m and 0.20 m × 0.16 m. In order 

to maintain the given concentration, we used rigid frames on both sides and at the far end. We note that 

these rigid frames did not interact with the water and air, but did interact with ice blocks. LS-DYNA con-

tains many material types that can be applied to objects in the simulation. In our simulation, the model ship 

was treated as a rigid body, but similar results would have been obtained if the model ship’s shell elements 

were given elastic properties similar to steel. However, the simulation was run with the model ship as a rigid 

body owing to the computing time constraint and small size of the pack ice. Similarly, we assumed that the 

pack ice conditions for the ice pieces did not have much breaking or crushing behavior, but did have a clear-

ing and pushing away effect from the ship at the water surface. For this reason, we modeled the ice as a rigid 

body. At the end of the wave tank, ambient elements with a pressure inflow condition (acting as a non-

reflecting boundary) were inserted to avoid any reflecting wave that could disturb the newly generated wave 

from the wave ship. We decided to use the simulation value from the previous studies, which were also ob-

tained using trial and error by comparing with experimental results. Systematic studies are also expected to 

be carried out in the near future because these values are also dependent on the cell numbers and shapes in 

numerical computations. Table 4 shows the simulation parameters and values for the present computations. 

Fig. 13 shows the concentrations of the pack ice condition (60%, 80%, and 90%), wherein the concentra-

tions are defined as the ratio of the area covered by the rectangular pack ice to the whole water surface. The 

pack ice was randomly distributed, as in the experimental condition. The maximum speed of the model ship 

was set to 0.6 m/s, which is equivalent to 5 knots in a full-scale ship. In order to obtain the performance 

trend according to the variation in speed, 0.1 and 0.3 m/s were chosen, combined with the 60%, 80%, and 

90% concentration conditions.  
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(a) 60% concentrations  

 

 

(b) 80% concentrations 

 

 

(c) 90% concentrations 

 

Fig. 13. Concentration of pack ice condition. 

 

 

Fig. 14. Profile of speed variation. 

 

Fig. 14 shows the profile of the speed variation used in the computation to prevent an unrealistically 
large acceleration upon starting.  

Calculated by solving the equations of motion of the unbreakable ice pieces. Both static friction and 
dynamic friction were included in the contact formulations. At every time step, we used the previous 
positions of the ice pieces and the current position of the ship to detect contact among the ice pieces, 
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and between the ice pieces and the ship's hull. We also used the previous positions of the ice pieces to 
calculate the buoyancy forces acting on these pieces. The gravitational forces were calculated and ap-
plied to each piece at its center of mass. The model ship calculated the clearing force component by 
considering the force imposed by the motion of an ensemble of ice pieces rotating and sliding along 
the submerged surface of the hull. The clearing force components include viscous drag and inherent 
buoyancy for the rotating ice floes, forces caused by wave pressure and ventilation of the rotating ice 
floes, and inertial forces due to ice acceleration (Raed et al., 2011). Fig. 15 shows the results of the 
simulation at concentrations of 60%, 80%, and 90%. Interactions between the hull and ice occurred 
frequently according to the increase in concentration. 

3.3 Numerical Analysis Results 

The computed results are compared with the experimental results for synthetic and refrigerated ice in 
Fig. 16–18. Our numerical results are qualitatively in good agreement with the experimental results. 
The slopes of model test results with synthetic ice and refrigerated ice are slightly higher than those of 
simulated results according to the increase in the ship's speed. The greatest difference in resistance 
between the simulation and the model test is found at a concentration of 90%. In the model tests, the 
ice easily slid into the bottom of the ship. In the simulation, the pieces of ice move along the side of the 
ship rather than into the bottom. 

 

 

 

(a) 60% concentration. 

 

 

(b) 80% concentration. 

 

 

(c) 90% concentration. 

 

Fig. 15. Simulaion of model ship according to concentration 
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(a) 90% concentration  

 

 

(b) 80% concentration 

 

 

(c) 60% concentration 

 

Fig 16. Comparison of pack ice resistance between experi-

mental and numerical pack ice test at 20° stem angle 

 

(a) 90% concentration 

 

 

(b) 80% concentration   

    

 

(c) 60% concentration 

 

Fig 17. Comparison of pack ice resistance between experi-

mental and numerical pack ice test at 25° stem angle 

4. Conclusions 

We introduced a numerical method to simulate the ship resistance performance in pack ice conditions. 

Ship-ice interaction loads for pack ice conditions were numerically calculated based on the fluid structure 

interaction (FSI) method using the LS-DYNA commercial FE package. Our numerical analysis was validat-

ed by comparison with model ship performance data from the PNU towing tank and NRC ice tank. Overall, 

the numerical results are qualitatively in good agreement with experimental results. Our comparison shows 

the possibility of applying the proposed numerical computation to an analysis of the pack ice condition. 

As a next research step, an improved numerical analysis method (considering grid dependency, boundary, 

etc.) should be considered in order to obtain a more realistic and accurate result. For additional validation of 

the present study, more comparative data should be accumulated and a comparative study on model tests 

with refrigerated ice against full-scale data should be performed in the near future. 
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(a) 90% concentration 

 

 

(b) 80% concentration 

 

 

(c) 60% concentration 

 

Fig 18. Comparison of pack ice resistance between experimental and numerical pack ice test30° 

 

In designing the hull form, the stem angle is one of the most important design parameter. For the stem an-

gle proposed by the ice class rule, what is important to the ship designer is the level of angle that provides 

the least resistance and how accurately the resistance performance can be estimated in the pack ice condition. 

It can be a basic study for designing hull form for polar class vessels. 
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