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A B S T R A C T   

Despite its remoteness and hostile environmental conditions, the Arctic holds significant shipping lanes, such as 
the Northern Sea Route (NSR) and the Northwest Passage (NWP). Typically, merchant ships operate along these 
routes in summer only, when the dominating type of ice is broken ice. A challenge of operating in such ice 
conditions is that there is no cost- and time-efficient method for predicting the resulting ice resistance, which 
makes route planning difficult, among others. To address this challenge, we present and analyze two comple
mentary approaches to predict ship resistance in broken ice, of which one is experimental and the other nu
merical. The experimental approach makes use of a type of non-refrigerated synthetic model ice made of 
polypropylene, which makes it possible to test how a ship behaves in broken ice using a conventional non- 
refrigerated towing tank rather than an ice tank. The numerical approach, in turn, is based on the CFD-DEM 
method and can be used to consider fluid effects, such as the changes in fluid velocity and ship waves, while 
the ship is moving ahead. Validation calculations against established empirical approaches indicate that both 
approaches are reasonably accurate.   

1. Introduction 

The Arctic holds many promising shipping lanes, including the 
Northern Sea Route (NSR) and the Northwest Passage (NWP) 
(Bergström et al., 2020; Li et al., 2020). Nevertheless, the volume of 
Arctic shipping has remained relatively low, in part due to various 
associated technical challenges (Bergström et al., 2022; Li et al., 2023). 
Typically, merchant ships operate in the Arctic in summer only, so that 
they stay within the so-called marginal ice zone, characterized by 
broken ice consisting of ice floes with diameters of a few meters (Wil
liams et al., 2013). One of the challenges associated with operating in 
such ice conditions is the prediction of the resulting ice resistance, 
making route planning challenging, among others (Sazonov, 2011). 

Available theoretical approaches for estimating hull ice resistance 
are generally based on the assumption that ice resistance is the sum of 
ice forces acting against the movement of the ship. Aboulazm (1989) 
proposed an analytical approach in two dimensions for a ship navigating 

through a broken ice field, consisting of a “micro model” and a “macro 
model”. The “micro model”, which is intended for application on ships 
sailing at medium speed in a broken ice field with a relatively low ice 
concentration, estimates the ice resistance considering the collision 
force between the hull and each individual ice floe. The “macro model”, 
in turn, which is intended for application on ships sailing in a broken ice 
field with a high ice concentration at a relatively low speed, estimates 
the ice resistance in terms of the work done by the broken ice on the path 
of removal. It’s worth noting that, because both of its models are two 
dimensions, the overturning motion of the broken ice is not considered. 
Idrissova et al. (2019) used a collision-energy-based method to predict 
ice loads on ships, which agrees well with full-scale measurements, but 
the implementation relies on the use of multiple assumed coefficients 
concerning the ship-ice interaction process. Using a theoretical 
approach Zong and Zhou (2019) considered part of fluid effects, such as 
the added mass of ice moving in a constant flow field, and verified the 
relationship between vessel speed, ice concentration, and ice resistance 
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based on experimental results. They found that fluid effects play an 
important role in estimating hull ice resistance in a broken ice field. 
However, their approach is based on thin-ship and small ice floe hy
potheses and it remains unclear if the approach is valid in case those 
assumptions are not met. Based on the above examples, we conclude 
available theoretical approaches are typically developed for assessing 
specific types of ship-ice interactions, and that they are often dependent 
on assumptions as well as multiple empirical coefficients, which in 
principle makes them semi-empirical. Combined, these features signif
icantly limit their practical use. 

Semi-empirical formulas provide a convenient and fast way to esti
mate ice resistance. In general, these are based on a combination of full- 
scale measurements, model tests, and theoretical studies (Nogid, 1959; 
Keinonen et al., 1998). Well-established semi-empirical formulas for 
predicting level ice resistance are presented by Riska et al. (1998), 
Enkvist (1972), and Lindquist (1989). In terms of ice resistance in 
broken ice fields, the formulas consider two main categories of influ
encing factors. The first category consists of parameters describing the 
hull, such as width and prismatic coefficient. The second category 
consists of parameters describing the operating condition, such as the 
Froude number, ice thickness, as well as floe size and ice concentration 
(Dubrovin, 1970; Aboulazm, 1989; Colbourne, 2000). In practice, unlike 
the brash ice channel or broken ice field, navigating in the newly created 
broken ice channel is becoming a common ice condition for ships 
following an icebreaker. A semi-empirical equation for estimating hull 
resistance in a broken ice channel was proposed (Sazonov and Dobro
deev, 2021). Their formula takes the effect of ice channel width into 
account, which is also an attempt to consider the factor of specialization. 
It has been shown that fluid effects play a key role in the prediction of 
broken ice resistance (Tsarau et al., 2014) and a semi-empirical formula 
to consider such effects is presented by Zong and Zhou (2019), Huang 
et al. (2021). A limitation of these formulas is that they rely on empirical 
coefficients derived from existing data and that they can only take into 
account a limited number of main influencing parameters. However, 
verification is still required for special applications, such as new ship 
types or special ice conditions. 

A well-proven, albeit costly and time-consuming method for assess
ing ice resistance is to conduct ice-tank model tests, which allow for 
detailed consideration of a ship’s hull parameters (Hellmann et al., 
2005; Huang et al., 2018; Zhou et al., 2019). To enable less costly tests, 
attempts have been made to use synthetic non-refrigerated materials 
such as wax, polypropylene, and other mixed materials as substitutes for 
refrigerated ice in conventional towing tanks (Polojärvi et al., 2012; 
Zong et al., 2020). These approaches have been validated through 
comparisons with ice tank tests (Kim et al., 2013) and calculations based 
on empirical formulas (Van der Werff et al., 2015). The results of ex
periments utilizing synthetic ice have also served as references for the 
development of empirical formulas for ship resistance (Huang et al., 
2021; Yang et al., 2021). 

In recent years, numerical simulations have emerged as an alterna
tive way of predicting ship ice resistance (Lau et al., 2011; Suominen 
et al., 2013; Ni et al., 2020a; Zheng et al., 2022). To predict ship resis
tance in broken ice fields, the Discrete Element Method (DEM) offers 
advantages by enabling the calculation of combined forces arising from 
simultaneous contacts between numerous elements, including ice-ice 
and hull-ice collisions (Hopkins and Tuhkuri, 1999; Hansen and Løset, 

1999). Ji et al. (2013) applied a method based on three-dimensional disk 
elements to calculate the hull resistance of an icebreaker operating in a 
broken ice field. To simulate ice fields with a reduced number of cells, 
researchers have developed methods to study the different shapes of 
cells that constitute the ice field, such as the non-smooth discrete 
element method (NDEM) (Van den Berg et al., 2019) and the 
Dilated-polyhedron-based DEM (Liu and Ji, 2021). Recently, Polojärvi 
et al. (2021) compared full-scale measurements of ice loads induced by 
floe fields with corresponding loads calculated by DEM simulations. In 
general, DEM simulations simplify fluid effects. However, there are 
methods to consider fluid variations by employing the CFD-DEM 
(computational fluid dynamics and discrete element method) coupling 
method. Huang et al. (2020) demonstrated the significant effect of 
waves created by a ship’s bow, which push ice floes away from the hull, 
on the resulting ship resistance. Luo et al. (2020) used the commercial 
software Star-CCM + to study ship resistance in a brash ice channel, 
modelling the accumulation of small ice pieces in a shipping channel. 
They investigated both one-way and two-way coupling schemes, which 
produced similar results, with the former requiring fewer computational 
resources. Furthermore, Ni et al. (2020b) examined ship resistance in 
level ice using CFD-DEM. 

In the design of some new ships or exploration of special ice condi
tions, where existing empirical parameters may not meet the needs. 
Since numerical methods can be applied to a wide range of cases and 
require less time and resources than model testing, we believe that a 
well-validated numerical method could be used as a supplement to 
model testing to enable the consideration of multiple different ice con
ditions and operating scenarios without significant time and resource 
expenditures. However, as a validation, the cost of model test in ice-tank 
is consuming, and the use of a resource-efficient modeling test method 
can save time and costs. To explore this idea, in this study, we employ a 
combined numerical and experimental approach to predict ship resis
tance in broken ice. The aim is to find a way to predict a ship’s resistance 
and power demand in broken with agreeable accuracy in a time- and 
cost-efficient manner, at the same time, details of individual differences 
can be taken into account as fully as possible. The proposed combined 
approach is composed of both experimental and numerical ones. The 
experimental tool makes use of a type of non-refrigerated synthetic 
model ice made of polypropylene, which makes it possible to conduct ice 
model tests in a conventional non-refrigerated towing tank rather than 
an ice tank. The numerical tool, in turn, is based on the state-of-the-art 
CFD-DEM method that accounts for fluid effect while the ship is moving 
ahead with affordable computation efforts. Besides, validation calcula
tions against established empirical approaches are presented to 
demonstrate the accuracy of the proposed method. 

The rest of this article is organized as follows: in Section 2, the 
experimental setup and the case study vessel are introduced. It also 
describes in detail the characteristics of the non-refrigerated model ice 
in use. Section 3 presents the theoretical frame of the coupled CFD-DEM 
method. Also, the setup of the numerical simulations is described. In 
Section 4, the empirical formulas for broken ice resistance are intro
duced and the three established formulas used in this study are 
described in detail. Section 5 presents the results of the model tests and 
the numerical simulations, which are compared with the validation 
calculations from the empirical formulas. The conclusion and discussion 
are presented in Section 6. 

Fig. 1. Three parts of the towing tank in the experiment.  
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2. Experimental setup 

A series of towing tank model tests were carried out using a type of 
non-refrigerated synthetic model ice made of polypropylene. The ex
periments focus on the following two factors affecting the motion 
characteristics of a ship moving in a broken ice field: (a) the motion of 
the broken ice in the vicinity of the hull and (b) the total resistance of the 
ship. 

The model tests were conducted in the outdoor towing tank at Harbin 
Engineering University (HEU), the principal dimensions of which are 20 
m × 2 m × 1.2 m. As shown in Fig. 1, the tank is divided into three 
sections: (a) a 5 m long acceleration section with open water; (b) a 10 m 
long experimental section with synthetic broken ice, and (c) a deceler
ation section with open water. The ship model is towed by a moving 
crane whose speed can be adjusted between 0 and 2 m/s. 

The ship model is a scaled model of an ice breaker with an overall 
length of 122.5 m. The scale λ is 60.0, meaning that the overall length of 
the model ship is 2.04 m. The main parameters of the ship model are 
presented in Table 1 and a photo of the model is presented in Fig. 2. 

The speed of the ship model is determined by the Froude similarity 
criterion: 

Fr =
V

̅̅̅̅̅̅̅̅̅̅̅
gLWL

√ (1)  

where V and LWL represent the ship speed and length of the waterline, 
respectively, and g = 9.81 m/s2 is the gravitational acceleration. The 
specific speeds used in the experiments were 0.5, 0.6, 0.7, and 0.8 m/s. 

In the model tests, the secondary break-up of the fragmented ice was 
not considered. It is assumed that the ice particles are not subject to 
bending failure. The inertial forces of the ice pieces and the surface 
friction in the ship-ice interaction are therefore the key factors to the ice 
resistance. Polypropylene is selected as the material for the synthetic ice, 
following Zong et al. (2020). The density of the synthetic ice is 
approximately 917.0 kg/m3. The friction coefficient between the wet 

hull and the synthetic ice was measured to be 0.138. It is noticeable that 
the friction coefficient between two synthetic ice surfaces is 0.29. Both 
of these values are close to the properties of actual sea ice. The kinetic 
friction coefficient between a ship’s hull and sea ice is 0.14 to 0.04 
because of the hull’s smoothness and there is also a variation between 25 
and 30% regardless of whether the hull is smooth like it is printed or 
only corroded steel (Timco and Weeks, 2010). Therefore, this friction 
coefficient from the model test is also applied to numerical simulation. 

The synthetic ice pieces used in this study are square-shaped with a 
side length (li) of 0.067 m and thickness (H) of 0.01497 m, which cor
responds to 0.9 m in thickness and 4.0m in side length in the full scale. 
Squared ice pieces of similar size and thickness were reported from Liu 
(2018), and Cho et al. (2013), respectively. It’s noted that this is a 
simplification of real conditions of broken ice fields which are composed 
of ice pieces of various sizes and random shapes following many model 
tests as a verification (Van den Berg et al., 2018). However, the ice shape 
can affect the mean as well as the standard deviation of ice resistance 
without considering the fracture of ice pieces, because the parallel 
opposite edges of model ice can lead to the “force chain” earlier than 
who has a smaller “roundness” (Van den Berg et al., 2019). In order to 
keep the test comparable, the shape of the broken ice in this paper is 
consistent with the test in the numerical simulations. The dimensions of 
the ice pieces should be equal to or below a specific critical length l 
defined by Lu et al. (2016) as shown in Eq. (2) to make sure that the ice 
pieces do not break during the test: 

l =

̅̅̅̅̅
W
k

4

√

(2)  

where k is the elastic coefficient and k = ρwaterg, where ρwater is the 
density of water. W is the flexural rigidity of the sea ice given by 

W =
EH3

12(1 − υ2)
(3)  

where E and υ are Young’s modulus and Poisson ratio of sea ice, 
respectively, E = 1.0 GPa and υ = 0.3, and H is the thickness of the 
broken ice. Accordingly, considering Froude and Cauchy similarity 
criteria (Huang et al., 2018), l is defined as 0.1497m as per Eq. (2). 

Another important parameter is the ice concentration, which is 
defined as the percentage of the total water area covered by ice. In the 
real world, the ice concentration varies between seasons and regions. To 
assess the influence of such variations, we consider three different ice 
concentration (η) values, namely 60%, 70%, and 80%. In the model 

Table 1 
The main parameters of the ship model.  

Parameter Value Parameter Value 

Overall length (L) 2.04 m Draught (T) 0.13 m 
Length of waterline (LWL) 1.93 m Buttock angle (γ) 20 deg 
Molded breath (B) 0.37 m Water line angle at B/4 (α) 34 deg 
Beam of waterline (BWL) 0.367 m Water line angle at stem (α0) 40 deg  

Fig. 2. Photo of the ship model.  
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tests, broken ice fields of different concentrations were generated by 
randomly placing the corresponding number of synthetic ice blocks in 
the towing tank, as shown in Fig. 3. 

During the experiments, several cameras were adopted to record the 
ship-ice interaction process from different angles. The connection 
arrangement between the model ship and the carriage is shown in Fig. 4. 

Fig. 4 (a) shows the overall overview of connections, there is a tow bar 
between the carriage and the model ship, which is fixed to constrain in 
the rest of the directions except for the heave motions, which are ach
ieved by two sets of pulleys at the front and rear of the tow bar. Under 
the tow bar, as shown in Fig. 4(b), a force sensor is connected to the hull 
through a cross-axis. The hull can achieve pitch and roll motions 
through the cross-axis. Force sensor was used to measure the ship 
resistance for various ship speeds and ice concentrations. The capability 
of the force sensor is 1 kN and its combined error margin is ±0.023%. To 
account for the impact of random factors, three repeated tests were 
carried out for each of the three considered ice concentrations. 

3. Numerical methods 

The proposed CFD-DEM coupling method is implemented using the 
commercial software Star-CCM+ (Siemens PLM Software, 2019). The 
CFD-DEM coupling method is a kind of Euler-Lagrangian coupling 
approach in which the fluid phase is considered a continuum phase 
modeled using the Euler method, and ice particles are modeled as un
breakable discrete elements following the Lagrangian method. For 
solving the fluid phase, the finite volume method (FVM) is used. A 
detailed description of the numerical modeling process is presented in 
the following. 

3.1. The governing equations of the fluid domain 

In the CFD-DEM coupling scheme, the continuity and momentum 
conservation equations are satisfied in an incompressible fluid domain 
(Norouzi et al., 2016): 

∂
(
ρf εf

)

∂t
+∇ ⋅

(
ρf εf uf

)
= 0 (4)  

∂
(
ρf εf uf

)

∂t
+∇ ⋅

(
ρf εf uf uf

)
= −∇p+∇σf − FOM + ρf εf g (5)  

where ρf and εf are the density and volume fraction of fluid, respec
tively, ρwater= 1025kg/m3 and ρair = 1.184kg/m3; t is time, uf is the ve

locity of the fluid, p is pressure, σf = μ(∇uf + (∇uf )
′
)− 2

3 μ(∇ ⋅uf )δi j is the 
fluid viscous stress tensor, where μ is the dynamic viscosity of the fluid, 
δi j is the Kronecker delta symbol, and FOM represents the average vol
ume force of fluid acting on the solid particle in a fluid cell. The standard 
K-Epsilon turbulent model, which has the advantage of computing the 
course grid condition (Siemens PLM Software, 2019), is also applied. 

The volume of fraction (VOF) method is adopted to treat the free 
surface (Wang and Wan, 2020; Ghamari et al., 2022).A volume fraction 
εf ,i is defined to represent the volume ratio occupied by the fluid in a cell, 
where i = 1 and 2 denote water and air, respectively, so that εf ,1 +

εf ,2= 1 and 0 ≤ εf ,1≤ 1. The water-air interface is captured by solving 
the following equation (Hirt and Nichols, 1981): 

Fig. 3. Bird’s eye view of the initial test conditions for different ice 
concentrations. 

Fig. 4. Connections between the carriage and model ship in the test: (b) is the part in the green dotted line of (a).  
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∂εf ,1

∂t
+∇ ⋅

(
uf εf ,1

)
= 0 (6)  

3.2. The motion equations of ice particles 

The ice particles floating in the water are modeled using DEM, whose 
motion is governed by the equilibrium equations of force and angular 
momentum (Siemens PLM Software, 2019): 

m
dvp

dt
= Fg + Ff + Fc (7)  

I
dωp

dt
= Mf + Mc (8)  

where m and I represent the mass and inertia moment of the ice particle, 
respectively; vp and ωp represent the velocity and angular velocity of the 
ice particle, respectively; Fg represents the gravity force, Ff and Mf 

represent the fluid force and torque on the particle, respectively; which 
are discussed in Section 3.2.1. Fc and Mc represent the contact force and 
torque from the other particles or the hull, respectively, which are dis
cussed in section 3.2.2. 

3.2.1. Ice-fluid interaction force and torque 
Considering the ice-fluid interaction, the fluid force acting on each 

ice particle is Ff , which here includes drag force Fd, pressure gradient 
force Fp, and lift force Fl. The fluid forces acting on the ice particles are 
calculated based on the fluid grid. Each ice particle is projected onto the 
fluid grid, while the surrounding fluid grid contains fluid forces that are 
interpolated onto the ice particles to contribute to the total force and 
torque (Huang et al., 2020). 

The drag force Fd and drag torque Md are expressed as: 

Fd =
1
2
CDρf Ap|vr |vr (9)  

Md =
1
2
ρf

(
D
2

)5

CR|ωr |ωr (10)  

where Ap represents the projected area of the particle, D represents the 
particle diameter, and when the DEM particle shape is a polyhedron, the 
size of that polyhedron is specified by equating the volume of that 
polyhedron to a sphere, and thus by changing the diameter of the 
equivalent sphere. vr and ωr represent the relative velocity and angular 
velocity between the ice particle and fluid, respectively. CD and CR 
represent the coefficients of drag force and drag torque, detailed ex
pressions of which can be found in Haider and Levenspiel (1989). 

The pressure gradient force is determined according to Siemens PLM 
Software (2019): 

Fp= −Vp∇ps (11)  

where Vp represents the volume of ice particles and ∇ps represents the 
gradient of the static pressure in the fluid. 

The lift force Fl is divided into shear lift force Fls and spin lift force Flr 
as per the following: 

Fl = Flr + Fls (12)  

Flr = Clr
ρπ
8

D2|vr|
ωr × vr

|ωr |
(13)  

Fls = Cls
ρπ
8

D3(vr × ω) (14)  

where ω represents the angular velocity of the fluid, and the coefficients 
Clr and Cls are determined as per Saffman (1965) and Sommerfeld 
(2000). 

3.2.2. Ice-ice and ship-ice contact force and torque 
The contact forces Fc of the ice-ice or ship-ice interactions are 

calculated using a linear spring contact model, which is a linear 
simplification of the Hertz contact model that is widely used in DEM- 
based models to solve contact forces (Renzo and Alberto, 2004; Luo 
et al., 2020). The linear spring contact model is essentially a kind of 
spring-dashpot model, in which the spring provides an elastic force and 
the dashpot provides viscous damping (Johnson, 1987). As a result, the 
contact force Fc can be divided into two components along the normal 
and tangential directions of the touching surface of the two spheres, as 
shown in Fig. 5. In other words, the normal direction is along the con
necting line of the centers of the two spheres, and the tangential direc
tion is perpendicular to it. The normal component Fn and the tangential 
component Ft can be presented as: 

Fc = Fnn + Ftτ (15)  

where the subscripts n and τ represent the normal and tangential com
ponents, respectively, and n and τ are the unit vectors of the normal and 
tangential directions, respectively. The particle-particle contact model 
and the contact force are shown in Fig. 5, in which the direction of 
incidence indicates the relative velocity direction between these two 
particles. When the ship-ice contact force is calculated, the ship particle 
can be seen as a particle with an infinite diameter. Under this circum
stance, the normal and tangential directions are normal and tangential 
to the ship’s hull, respectively. 

Similarly, the contact torque can be expressed as 

Mc = Mnn + Mtτ (16)  

where Mn and Mt are normal and tangential torque components, 
respectively. For a detailed background of Eqs. (15) and (16), see Ni 
et al. (2020b). 

3.3. Coupling scheme and iteration process 

There are three components of the two-way CFD-DEM coupling 
scheme: (a) CFD-model, (b) DEM-model, and (c) coupling model. 
Following the initialization, the calculation iteration of these three 
components is conducted at each time step. First, the porosity in each 
fluid cell is calculated before calculating the fluid force Ff acting on each 
particle. The volume average force acting on each fluid cell FOM can also 
be obtained. The forces acting on both the fluid cell and particles are 
calculated in the coupling part. Second, in the DEM part, the contact 
force Fc acting on each particle is calculated. Combining the fluid force 
acting on each particle, Ff is calculated in the coupling part following 
the motion equations (7) and (8), in which the motion and position of 
each particle are updated. The iteration of the DEM component is 
repeated m times with the existing fluid information. Third, in the CFD 

Fig. 5. The linear spring contact model (Siemens PLM Software, 2019).  
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part, equations (4)–(6) of the fluid phase are solved. Subsequently, the 
velocity field and the pressure field are obtained. This process is 
repeated until the termination condition is met (Norouzi et al., 2016). 

In the two-way coupling scheme, the ice-fluid interaction force 
mutually affects the continuous phase and discrete elements, making the 
required calculations highly resource- and time-consuming. On the 
other hand, in the one-way coupling scheme, ice particles are affected by 
the fluid, but the related feedback is not considered. For a low-speed 
simulation (V = 0.464 m/s), Luo et al. (2020) demonstrated that 
one-way coupling is recommended for the less influential CFD-DEM 
case, resulting in the same calculation effect as two-way coupling at a 

Fig. 6. The initial arrangement of the computational domain.  

Fig. 7. Boundary conditions of the computational domain.  

Fig. 8. The mesh layout of the computational domain and the ship.  

Fig. 9. Verification of cell independence.  

Table 2 
Main parameters of the DEM simulation (in model scale).  

Parameter Value 

Ice density (ρi) 917.0 kg/m3 

Poisson’s ratio (υ) 0.3 
Ice Young’s modulus 1.67E7 Pa 
Ice-ship friction coefficient 0.138 
Ice-ice friction coefficient 0.29 
Ice-ship restitutions coeffient 0.5 
Ice-ice restitutions coeffient 0.5  
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lower calculation cost. Furthermore, Huang et al. (2020) explored the 
accuracy of the one-way coupling approach and showed that the 
one-way coupling approach was sufficient to provide accurate resistance 
predictions for V ≤ 1.18 m/s. Therefore, because the one-way coupling 
scheme can simulate ship-ice interactions with sufficient accuracy and at 
a low calculation cost, we choose to adopt and apply it in the present 
study. 

3.4. Computational domain set-up 

In the computational domain setup, the ship model is defined to 
correspond to that used in the model test. Accordingly, the flow domain 
(including both water and air) is set as 8.65 L in length, 2.40 L in width, 
and 1.00 L in height. Out of the 1.0 L height of the calculation domain, 
the heights of the water and air domains are 0.543 L and 0.457 L, 
respectively. The length of the broken ice field is set as 4.0 L. Following 
Huang et al. (2020), the relative velocity method is adopted, which 
means that the ship model is kept stationary whereas the fluid together 
with the ice particles exerts a specific velocity astern. 

A sketch map of the computational domain with boundary condi
tions is shown in Fig. 7, where the inlet boundary is set as the ‘velocity 
inlet’ with a given velocity setting, and the outlet is set as the ‘pressure 
outlet’ with the hydrostatic pressure distribution. In addition, the top, 
bottom, and sidewalls are also set as ‘velocity inlets’, but they are set as a 
field function that can obtain the velocity distribution on the boundary 
from its surrounding velocity field instead of from any specific velocity 
(Siemens PLM Software, 2019). 

The applied mesh layout in the computational domain is presented in 
Fig. 8. The total number of cells is taken as 0.862 million following the 
cell independence verification in Fig. 9, in which Rw is the water resis
tance of the ship. The time step of the CFD solver Δtf is set to keep the 
Courant number Co (Co =

uf ⋅Δtf
Δx , where Δx is the size of the fluid cell) 

below 1.0, and the time step of the DEM solver ΔtD is taken as Δtf /1000 
referred to Huang et al. (2020) to ensure the collision between ice-ice or 
ice-ship can be solved sufficiently. 

Based on the assumptions made in the model tests, the ice particles in 
DEM also do not take into account their own break-up. For the ice 

Fig. 10. Experimental and numerical results at three different time instances at V = 0.5 m/s, η = 60%.  

Fig. 11. Movements of the ice pieces in the ‘noncontact mode’ in the experi
ment at V = 0.5 m/s, η = 60%. 
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element setup in DEM, the size and shape of each ice element is 
consistent with the model test, with each broken ice containing only a 
single square element. The relevant parameters were kept consistent 
with the model tests in the DEM setup, with ice particle density ρi =

917.0kg/m3, the friction coefficient is 0.138 for ship-ice. For Young’s 
modulus of ice particles, there is λ times difference between real ice in 
the full-scale and model scale (Luo et al., 2020), and other parameters in 
the DEM setup are shown in Table 2. A plane part injector is used to 
produce the ice particles in the simulation. Specifically, a plane injector 
with a specific size is set to cover the target area before the ice particles 
are injected into the fluid domain. The distribution of broken ice par
ticles is random. All the broken ice particles are inserted into the fluid 
domain at the first-time step in the computing process. The initial state 
of the simulation is shown in Fig. 6. 

4. Empirical formulas 

The total resistance (R) of a ship navigating in a broken ice field can 
be broadly divided into open water resistance (ROW) and broken ice 
resistance (Ri). Most empirical formulas focus on the latter, which can be 
obtained directly from the formula. Based on the foregoing introduction, 
in general, the ice resistance formula would consist of three main 
components: the ship’s hull parameters (e.g., ship’s width, bow char
acteristics, etc.), operational parameters (e.g., ship speed, ice thickness, 
ice concentration, etc.), and empirical coefficients. The derivation of the 
formulas is based on assumptions about the influencing parameters, and 
then empirical coefficients are given based on available results from 
experimental or numerical simulation results, etc. In the following, three 
empirical formulas concerning navigation in the broken ice field are 
introduced. 

Colbourne (2000) presents a formula given by Equations (17)–(19). 
A series of modeling test results support it to obtain them. Two different 
model ship were selected and 40%–100% concentration broken ice 
fields were prepared in which the broken ice was cut into similar rect
angular blocks. In Coulbourne’s formula, the coefficient of ice resistance 
(Ci) is introduced, which relies on the ice Froude number determined by 
the ship’s speed, ice thickness (H) and concentration of broken ice (η), as 
shown in Equations (18) and (19). Besides, two main impact parameters 
of ice condition, the η and H are also directly considered when calcu
lating Ri. 

Ri= 0.5CpρiBHV2ηn (17)  

Cp = kcFr−kb
p (18)  

Frp = V
/ ̅̅̅̅̅̅̅̅̅

gHη
√

(19)  

where n = 2 for ice-breaker (Molyneux and Kim, 2007), kb and kc are 
empirical coefficients based on the experimental results (Guo et al., 

Fig. 12. The contours of the relative velocities of broken ice to ship in the y-axis and x-axis Vry and Vrx in the numerical simulation at V = 0.5 m/s, η = 60%.  

Fig. 13. Time history curves of ship resistance at V = 0.5 m/s, η = 60%.  

Fig. 14. Time-history curve of experimental and numerical resistance in 
“stage 3”. 
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2018), and kc = 4.4, kb = 0.8267, and these relationships are valid across 
a wide range. 

Another empirical formula was proposed by Huang et al. (2021) for 
ships navigating through floating ice floes. For the ice floe region, the 
shape of ice floe is simplified to a disk, with different sizes but the same 
thickness. In terms of the effect on the hull parameters, three different 
ships were selected. A series of hull parameters were taken into account, 
and specifically, in order to further consider the effect of ship-water-ice 
coupling, two characteristic parameters at the bow of the ship were 
analyzed in detail for the effect of ship-water-ice interaction in vertical 
and transverse direction: buttock angle (γ), and waterline angle (α). 
They analyzed the relationship between the relevant parameters based 
on the ice resistance of three model ships, verified by the experimental 
data and CFD-DEM approach, and proposed the formula to estimate the 
Ri. 

Ri= 0.13665γ cos αρiHdiV2BWL

LWL
η1.5Fr−0.8 (20)  

where α is the waterline angle at 1/4B, γ is the buttock angle, di is a 
parameter introduced to indicate the size of broken ice pieces, modeled 
as the equivalent diameter of the upper surface of the ice and can be 
taken 10 times H in practice; a more detailed description of the equiv
alent diameter of the ice piece is referred to Huang et al. (2021). 

A further formula to estimate Ri was proposed by Sazonov and 
Dobrodeev (2021), which is based on an earlier semi-empirical method 
for the calculation of ice resistance in the newly created broken ice 
channel. In the derivation of their formulas, they mainly relied on their 
model test data (Dobrodeev, 2018). Similarly, five different ships were 
modeled for the tests, and the effects of a range of hull parameters were 
considered, as detailed in Eq. (21). It is noteworthy that they took the 
effects of the width of the broken ice channel into account as well. 
However, since the data source for the formula focuses more on the 
effect of narrow channels on resistance (BC/BWL up to 2.0), its applica
tion to wider areas of broken ice remains to be explored. The formula is 
expressed as follows: 

Ri =

0.63ρigBWLH2

(BC /BWL)
3/4

(

0.13 BWL
H +0.13FrH+0.5Fr2

H

)

η2(2 − η)

1 −
(
0.17 − 0.58β+0.66β2) (21)  

where BC is the channel width, here is the same setting as in the 
experimental and numerical simulation is 2.0 m, FrH = V/

̅̅̅̅̅̅
gH

√
is the 

Froude number for a given ice thickness, β = arctan(tan γ /sin α0). 

5. Simulations and tests 

5.1. Ship-broken ice interaction 

In this section, the ship-ice interaction processes observed during the 
towing tank tests and numerical simulations are analyzed against each 
other. In the numerical simulation, all the parameter values are defined 
to correspond to those of the towing tank tests. 

Fig. 10 shows the corresponding experimental and numerical simu
lation results side-by-side at three different time instances in which t = 0 
s represents the moment when the ship bow enters the broken ice field. 

Fig. 15. "Surfing phenomenon"of icebreaker bow in the model test.  

Table 3 
The total resistance (in Newtons) as well as the uncertainty from the experiments, the numerical simulations, and the empirical formulas, the differences of the re
sistances from the simulations and the formulas against the experimental results.  

Case Nr. V (m/s) η Experiment Numerical simulation Formula-1 Formula-2 Formula-3 

R (N) U (±) R (N) Diff. R (N) Diff. R (N) Diff. R (N) Diff. 

1 0.5 0.6 1.386 15.4% 1.316 −5.07% 1.379 −0.53% 1.301 −9.2% 1.665 20.1% 
2 0.5 0.7 1.578 30.3% 1.623 2.84% 1.707 8.16% 1.494 −7.8% 1.933 22.5% 
3 0.5 0.8 2.160 11.1% 1.838 −14.9% 2.069 −4.23% 1.657 −14.6% 2.175 0.680% 
4 0.6 0.6 1.937 12.1% 1.770 −8.61% 1.836 −5.20% 1.742 −9.1% 2.193 13.2% 
5 0.6 0.7 2.657 15.4% 2.113 −20.5% 2.201 −17.2% 1.941 −20.9% 2.502 5.84% 
6 0.6 0.8 2.542 26.9% 2.497 −1.78% 2.649 4.20% 2.145 −15.8% 2.806 10.4% 
7 0.7 0.6 2.438 9.16% 2.219 −8.98% 2.333 −4.31% 2.224 −4.7% 2.800 14.8% 
8 0.7 0.7 2.892 16.3% 2.719 −6.00% 2.771 −4.20% 2.464 −10.8% 3.180 9.94% 
9 0.7 0.8 3.599 8.00% 3.031 −15.8% 3.307 −8.11% 2.708 −17.7% 3.554 1.25% 
10 0.8 0.6 3.008 12.2% 2.910 −3.26% 2.932 −2.53% 2.809 −7.0% 3.536 17.6% 
11 0.8 0.7 3.583 15.6% 3.353 −6.42% 3.444 −3.88% 3.089 −9.8% 3.996 11.5% 
12 0.8 0.8 4.239 7.04% 3.998 −5.69% 4.072 −3.94% 3.377 −18.5% 4.449 4.95%  

Fig. 16. Comparison of open water resistance and total resistance from the 
experiment, the numerical simulations, and the formulas. 
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Fig. 10 (a) shows the situation when the bow contacts the ice pieces for 
the first time, and some ice pieces are pushed towards the bow, as 
highlighted by the red dotted line. In the following, the ice pieces that 
are touching the hull surface are referred to as being in the ‘contact 
mode’, whereas the ice pieces that are not in direct contact with the hull 
surface are referred to as being in the ‘noncontact mode’. As shown in 
Fig. 10 (b), as the ship continues to move ahead, the ice pieces being in 
‘contact mode’ slide from the bow to the ship side, as observed in a 
moving coordinate system. While the side of the mid-ship section of the 
hull is vertical, the ice pieces being in ‘contact mode’ is also upright in 
the water. Once the entire hull has entered the broken ice field, as shown 
in Fig. 10 (c), the ice pieces being in ‘contact mode’ is pushed aside by 
the ship stern and turned on its side. Because this ice piece cannot move 
quickly towards the central line of the ship, an open water channel with 
a width corresponding to the beam of the ship is formed, as denoted by 
the red dotted line. 

We find that the outcomes of the numerical simulation generally 
agree well with those of the experiments, including the contact, turn
over, and sliding of ice pieces in ‘contact mode’. However, some ice 
pieces being in the ‘noncontact mode’ demonstrate an unrealistic 
turning phenomenon at a distance from the hull. This is because, in the 
CFD-DEM coupling simulation, the fluid forces are exerted on the center 
of the DEM particles instead of on the boundaries. This saves calculation 
resources and enables the consideration of a large number of particles 
(Norouzi et al., 2016). However, because the boundaries of DEM parti
cles are not captured in this numerical algorithm, ice pieces are easily 
pushed upright in the water in a collision and may overturn. As shown in 
Fig. 10 (c), even once the ice pieces have been separated from the hull, 
they may still have difficulty recovering to their initial floating state. 
Similar phenomena were observed in previous numerical simulations, 
see Huang et al. (2020). Future research is needed to address this issue. 

Although unrealistic, the turning phenomena indicate that some ice 
pieces being in the ‘noncontact mode’ are significantly affected by the 

ship’s motion. To check this influence in the experiment, Fig. 11 pre
sents three instances of the experiment, in which the yellow dotted line 
denotes the extension cord of the intersecting line of the hull side and 
water surface. For clarity, in Fig. 11 we select and track five individual 
ice pieces. In the first frame (Fig. 11 (a)), the extension cord cuts through 
the numbered model ice pieces. When the ship’s shoulder passes 
through the model ice pieces (Fig. 11 (b)–(c)), they are pushed to the 
same side of the extension line due to their interaction with the model 
ice pieces being in the ‘contact mode’. The movement of these model 
broken ice in the y-direction can be observed from these frames. It 
should be noted that the model ice pieces being in the ‘contact mode’ are 
in turn also affected by those being in the ‘noncontact’ mode, as these 
affect the level of ice concentration around the ship side. 

The velocity of ice pieces is difficult to measure in the experiments, 
but it can be easily obtained from numerical simulations. The relative 
velocities between the ice pieces and the ship in the directions of the y- 
axis (Vry) and x-axis (Vrx) are shown in Fig. 12. As the ship moves for
ward, Vry at both sides of the ship is increased, indicating that the ice 
pieces are pushed outwards (Fig. 12 (a)). Vrx is negative, as its direction 
is opposite to the x-axis. It can be observed that Vrx decreases sharply in 
the vicinity of the bow area, mainly because of the interaction with the 
ship bow, as shown by the ‘velocity variation zone’ in Fig. 12 (b). 

5.2. Processing and analysis of results 

For the ship resistance (R) from the experiment, Fig. 13 shows the 
recorded results of the force sensor signal in a whole experiment process, 
when V = 0.5 m/s, η = 60%. Here, time zero corresponds to the time 
when the hull enters the broken ice field. The course of the experiment 
was divided into four stages, which were roughly separated and marked 
with dotted lines in the figure. In stage 1, the towing system accelerates 
together with the ship model to the required speed. Stage 2 represents 
the period when the ship model has reached its required speed but has 

Fig. 17. Velocity of broken ice in the x-axis (the top row) and y-axis (the bottom row) directions at different speeds.  
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not yet made any contact with the ice pieces. Stage 3 represents the 
period when the ship model passes through the broken ice field, which 
starts with the bow touching the broken ice field and ends with it leaving 
the broken ice field. Stage 4 represents the deceleration period. It can be 
seen from the figure that in stages 1 and 4 there are positive force signals 
that accelerate the ship model and negative force signals that slow down 
the ship model, respectively. Stage 2 represents the towing resistance of 
the ship model in the open water area, and its resistance value is slightly 
above zero at most times. On this basis, there are a few peak values. In 
stage 3, because the ship model has entered the broken ice field, the 
number and magnitude of the peak values are significantly larger than 
that in stage 2. 

Fig. 14 shows the time-history curves of ship resistance as obtained 
from the numerical simulation and stage 3 of the experiment. The dotted 
lines in the figure show the average value of resistance at 0.2s intervals. 
It is clear that there are many periodic spikes in experimental results, 
which may be due to the "surfing phenomenon" of the ship’s hull, which 
was mentioned by Guo et al. (2018) in a previous model test, which 
described how the bow was supported by the upward force of the broken 
ice, resulting in increased pitch motion of the ship. In this experiment, 
the icebreaker bow makes it easier for the broken ice to move to the 

bottom of the bow, and a large amount of broken ice provides support to 
the bow (shown in Fig. 15), which further increases the reciprocal mo
tion of pitching. As a result, the peak value is affected by this reciprocal 
pitch. A similar phenomenon was also reported by Ettema et al. (1987) 
and von Bock und Polach (2010). They both found that the peak and 
mean value of resistance is greater in free mode than in constrained 
mode and the difference in mean value can be decreased for medium and 
high ship speeds. A similar performance can be seen in Fig. 14, where the 
ship model is constrained mode in the numerical simulation and 
generally has a smaller peak than the experimental results. However, the 
significance of peak values has not been evaluated. This paper is more 
concerned with the assessment of the mean value of ship resistance at 
medium and high speeds, and the significance of these peaks needs to be 
explored by conducting tests that are more focused on it. 

The results from numerical simulation consist of two components, 
one of which is the ice resistance, which is shown in many fluctuating 
peaks. These peaks are the recorded results of the x-axis collision force 
between the hull and the ice particles at each timestep. The other is the 
relatively stable water resistance, the sum of which with the ice resis
tance represents the total ship resistance (R) in the numerical simula
tion. However, since the pitch of the ship was not modeled in the 

Fig. 18. Relationship between ship speed and resistance in various ice concentrations.  
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numerical simulation, the “surfing phenomenon” is not obvious, and the 
peak value is also smaller than the experimental result. Nevertheless, the 
impact of increased pitching on the peak in broken ice regions needs 
more detailed studies. 

To account for variations in the initial conditions of broken ice field 
arrangement in model test, three repeated tests were carried out for each 
of the considered test conditions. Subsequently, the analysis process 
recommended by ITTC (2005) is applied to estimate the experimental 
results as well as their uncertainty. The methodology of this analysis 
process is separating the single run test into several segments without 
considering the unstable stage, the mean resistance of each segment is a 
data sample to calculate the random uncertainty (U). After the segments 
are ready, the Chauvenet’s criterion is applied to identify the valid 
samples, 

(Chauv#)mean =

⃒
⃒
⃒
⃒
FT Mean − Mean FT mean

STD FT mean

⃒
⃒
⃒
⃒ (22)  

where the (Chauv#)mean is the Chauvenet number, FT Mean is the mean 
resistance of each segment, Mean FT mean and STD FT mean are the mean 
and standard deviation of FT Mean. The Chauvenet number can be found 
in ITTC (2008) and if the (Chauv#)mean of segment is larger than the 
Chauvenet number, it should be disregarded. The valid segments are 
selected, and the random uncertainty (U) can be calculated as 

U(FT mean) =
t ×

(
STD FT mean

)

̅̅̅̅
N

√ (23)  

where t can be found in ITTC (2008) and N is the number of valid seg
ments. The length of each segment is recommended as 1.5–2.5 times the 
length of model ship (Jeong et al., 2021), and in this experiment, the 
segment is assumed as 2.0 times L. Take that the whole ship has already 
entered in broken ice field and before it exits as the stable stage, one run 

of test can be separated into 2 segments, and there is a total of 6 seg
ments in total after three repeated runs. The mean value of FT mean valid 
segments is taken as the ship resistance in model test, which as well as 
the random uncertainty are shown in Table 3. 

Based on this data processing process, ship resistance from the 
experiment and numerical simulation can be obtained. Table 3 and 
Fig. 16 show the results of ship resistance (R) in different cases from the 
experiment, the numerical simulations, and the empirical formulas, 
which include four ship speeds (V) and three ice concentrations (η). The 
uncertainty of model tests as well as the resistance differences from the 
simulations and the formulas against the experimental results are also 
listed in Table 3. From the uncertainties in the test results, most of the 
uncertainties due to the different initial ice fields are below 20%, but in 
very few cases they exceed 20%, which is related to the distribution of 
the broken ice uniformly at the initial ice arrangement. Most of the 
uncertainties at 80% concentration are smaller than others. Compared 
to 70% and 60%, the ice arrangement at η = 80% makes it easier to 
achieve a more uniform distribution. Nevertheless, the results from the 
numerical simulation are overall in good agreement with the experi
mental results. However, one thing that is quite obvious is that the nu
merical results overwhelmingly give lower estimates than the model 
tests, and this may be due to the above-mentioned unrealistic turning 
phenomenon of broken ice in simulation, which indicates that the outer 
broken ice is unable to provide a restraining force on the ice in “contact 
mode” for as long a sustained period of time as they do in the model test. 

In the estimation by the empirical formulas, the open water resis
tance (ROW) corresponds to that used in the numerical simulation. For 
brevity, the sum of estimations of Ri from Coulbourne’s formula and Row 
is named formula-1, the sum of Ri from Huang et al. (2021) and Row is 
named formula-2, and the sum of Ri from Sazonov and Dobrodeev 
(2021) and Row is named formula-3. The values of the water resistance 
for each condition are also shown in Fig. 16, and their approximate 

Fig. 19. Speed of ice pieces in the direction of the x-axis (top row) and y-axis (bottom row) for different ice concentrations.  

Y. Xue et al.                                                                                                                                                                                                                                      



Ocean Engineering 292 (2024) 116476

13

components of the total resistance are likewise evident. It can be clearly 
seen that the open water resistance as a percentage of the total resistance 
increases significantly as the velocity increases. As can be seen from 
Fig. 16, in most cases the results from each approach agree well with 
each other. However, looking at them separately, in most cases, 
formula-1 provides results similar to the model test, with most of the 
differences being under 10%; formula-2 generally gives a lower esti
mate, while formula-3 generally gives the largest estimate, with the 
other prediction methods fluctuating between them. 

From the background comparison of the empirical formulas, it is 
clear that differences between the data on which the formulas are based 
as well as the target scenarios can have some impact on the results. 
Formula-1 has the most similarity to the numerical simulation and ex
periments in the ice arrangement, and also achieves similar results; for 
formula-2, the estimate is smaller because it simplifies the ice floe to a 
disk, which is less likely to produce the "force chain" phenomenon 
common in rectangular ice; for formula-3, it takes into account the effect 
of narrow ice channels, but the forecast is slightly larger for the broken 
ice field, which lacks channel boundary constraints. 

5.3. Effects of ship speed and ice concentration 

In order to analyze the effect of ship speed and ice concentration in 
the broken ice field, we carried out simulations at six different speeds 
between 0.3 and 0.9 m/s, at 0.1 intervals, and for three different ice 
concentrations, between 60% and 80%, at 10% intervals. Model tests 
were carried out at four different speeds between 0.5 and 0.8 m/s. 

Fig. 17 presents Vrx and Vry of ice pieces at different ship speeds for 
η = 60%. The region in the red ellipse is the ‘velocity variation zone’ and 
it grows along with the ship speed, especially in the y-axis direction. This 
is because the collisions become heavier at larger V, and ice pieces 
obtain more energy from the ship. However, the impenetrable condition 
on the ship significantly limits the motion of the x-direction around the 
bow, resulting in submerged ice pieces interacting with the bottom of 
the hull. 

Fig. 18 presents a comparison of the relationship between ship 
resistance and speed for different ice concentrations (η = 60%, 70%, and 
80%). The endpoints of the vertical line in the experiments are the re
sults of uncertainties. The results of the experiments and numerical 
simulations agree well in all three cases of ice concentration, both of 
them tend to increase significantly with ship speed. This also proves the 

Fig. 20. Relationship between ship resistance and ice concentration for various speeds.  
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applicability of numerical simulation and modeling tests in the cases of 
this paper. The collision forces become stronger at larger V, and more 
energy is transferred from the ship to the ice pieces, resulting in higher 
ice resistance. On the other hand, Row in the ship resistance also in
creases rapidly with increasing V. 

For the results from the empirical formulas, which show a velocity- 
dependent multiplying power trend and have a similar growth pattern 
increases with V. At each velocity point, the results from formula-1 are 
closest to the numerical results overall and maintain a good agreement 
for all three ice concentration cases. Formula-2 and formula-3 both show 
good agreement with the numerical results, but the difference increases 
as the speed increases, the formula-2 has some downward deviation of 
the estimates compared to numerical results and the formula-3 is 
opposite. As mentioned earlier, the differences brought about by 
different target ice fields widen as the velocity increases, and the pre
dictions of Formula-3, in particular, suggest that the effect of fairways is 
more pronounced at high speeds. 

For the analysis of ice concentration, Fig. 19 shows a bottom-view 
comparison of ships at different ice concentrations for V = 0.5 m/s. 
Here the initial distributions of the broken ice field of η = 70% and η =
80% are different from that of η = 60%. For η = 60%, the random dis
tribution is adopted. However, for η = 70% and η = 80%, a random 
distribution cannot be used as there would be a significant risk of 
overlapping broken ice. In the numerical simulation, if the overlap oc
curs, it is necessary to terminate the calculations and select another 
distribution pattern. Through an iterative process, we find that the 
regular distribution of broken ice can satisfy the high ice concentration 
and that the ice resistance obtained is close to that of a random distri
bution. Based on this finding, we select a regular distribution for ice 
concentrations exceeding 60%. 

As per Fig. 20, for each considered speed, ship resistance increases 
with η. At constant speed, the impact forces between the hull and the ice 
pieces and the water resistance can be assumed independent of the ice 
concentration. Higher ice concentration results in more ice pieces being 
submerged by the hull (shown in Fig. 18), an increase in the ship-ice 
contact area and increased friction force as well as more frequent col
lisions on the hull increasing the overall resistance of the ship. 

On the other hand, in terms of the comparison of the results from the 
empirical formulas and numerical simulation, they all seem to be line
arly related in proportion to the η. The results of formula-1 provide a 
good comparison at all ice concentrations. However, for formula-2, 
there is generally a good contrast at η = 60%, but from η = 70% 

onwards, its predicted values start to be generally lower than the nu
merical results, most significantly at η = 80%, while this gap is clearly 
greatest at V = 0.8 m/s. Because the shape of the ice floe is simplified to 
a disk in formula-2, it is difficult to have “force chains” between ice-ice, 
which is very common at high ice concentrations. This also suggests that 
Formula-2 lacks sensitivity to η. Formula-3 always provides a larger 
estimate, which also shows an almost linear increase with increasing η. 
The slopes of their predictions are significantly smaller than the exper
imental and numerical results. However, the predictions are signifi
cantly larger from η = 60% onwards than the experimental and 
numerical results, because the channel limitation effect is taken into 
account. The difference between them gradually decreases as η in
creases. However, for the cases studied in this paper, the effect of 
channel restrictions is not obvious and may lead to overestimation. 

5.4. Estimation of propulsion power demand 

In the design stage of polar ships, the estimation of ship resistance is 
mainly intended to be applied to the estimation of the engine output 
under various ice conditions. The required propulsion power of the ship 
for different speeds and ice concentrations is estimated by the previous 
ship resistance from numerical results and the empirical formulas in this 
section. 

To obtain the required propulsion power in full-scale, the ship 
resistance in model-scale needs to be converted to full-scale. Ice resis
tance (Ri) can be scaled to full-scale to comply with ITTC-recommended 
guidelines, Ri−full = λ3Ri, where Ri−full is the ice resistance in full-scale. 
The water resistance obtained from the numerical results is extrapo
lated to full-scale using the method proposed by Hughes (1954). The 
full-scale ice resistance is added to the corresponding water resistance to 
obtain the predicted ship resistance in full-scale (Rfull). 

The propulsion power demand for the design and construction stage 
of a new ship is estimated based on the in Finnish-Swedish ice class rules 
(TRAFI, 2021). The estimation process is based on three factors, the type 
of propulsion system, the diameter of the propeller and the ship resis
tance. Among them, the ship resistance is estimated based on the brash 
ice condition. In order to satisfy the propulsion power demand for the 
broken ice condition, it is estimated based on the resistance estimation 
values of several methods used in this paper, and the specific formula is 
as follows: 

P = Ke

(
Rfull/1000

)3/2

Dp
[kW] (24)  

where P is its required propulsion power, Ke is taken as 1.44 according to 
its type of power equipment and the number of propellers, Dp is the 
diameter of the propeller of 4.2 m. However, this estimation approach is 
only an attempt to broaden the scope of its original application, and 
more practice is needed to verify. 

Table 4 and Fig. 21 show the results of the estimated propulsion 
power demand, which tends to increase similarly with V at all η. As can 
be seen from Fig. 21, the output power predicted by these methods has a 
similar increasing trend with V, with good agreement at low speeds. 
However, the difference between them increases significantly as the 
speed increases. The numerical results are most similar to those pre
dicted by formula-1, formula-2 predicts the slowest increase of required 
power with speed, in contrast to formula-3, which increases most 
rapidly, especially when V = 0.9 m/s. It is noted that we estimate the 
required propulsion power demand roughly, without considering 
detailed propeller characteristics or mechanical losses. 

6. Conclusions and discussion 

This study presents and analyses two complementary approaches to 
predict ship resistance in broken ice, of which one is experimental and 
the other numerical. The experimental approach makes use of a type of 

Table 4 
The required propulsion power (P) from numerical simulation and formulas.  

Case 
Nr. 

V 
(kn) 

η Numerical 
results (kW) 

Formula-1 
(kW) 

Formula- 
2 (kW) 

Formula-3 
(kW) 

1 4.64 60% 446.42 539.01 479.24 803.16 
2 6.19 60% 845.15 952.97 856.69 1316.85 
3 7.74 60% 1311.79 1480.92 1341.95 2006.29 
4 9.28 60% 2036.11 2155.29 1967.06 2928.44 
5 10.79 60% 2828.68 3085.15 2838.72 4225.28 
6 12.44 60% 4288.22 4238.19 3926.58 5883.31 
7 13.98 60% 6159.52 6136.69 5741.80 8508.91 
8 4.64 70% 775.94 761.55 585.86 1026.77 
9 6.19 70% 1387.71 1329.21 1039.18 1663.15 
10 7.74 70% 1877.88 2046.18 1630.94 2517.58 
11 9.28 70% 2748.15 2947.17 2375.17 3656.31 
12 10.79 70% 4019.72 4151.43 3392.61 5236.75 
13 12.44 70% 5365.51 5620.95 4649.83 7248.82 
14 13.98 70% 9605.89 7924.29 6627.25 10345.61 
15 4.64 80% 988.84 1066.71 706.17 1264.23 
16 6.19 80% 1775.62 1843.20 1244.63 2029.61 
17 7.74 80% 2326.85 2816.23 1945.61 3057.65 
18 9.28 80% 3627.54 4022.61 2818.66 4424.04 
19 10.79 80% 4834.93 5592.56 3992.69 6301.34 
20 12.44 80% 7340.24 7481.65 5431.21 8683.60 
21 13.98 80% 11255.83 10310.11 7624.44 12268.03  
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non-refrigerated synthetic model ice made of polypropylene, which 
makes it possible to test how a ship behaves in broken ice using a con
ventional non-refrigerated towing tank rather than an ice tank. Natu
rally, this makes the tests significantly less time and resource-intensive. 
On the other hand, it can well-validate the numerical methods, and 
make the results more reliable. The numerical approach is based on the 
CFD-DEM method and can be used to consider fluid effects, such as the 
changes in fluid velocity and ship waves, while the ship is moving ahead. 
It is easy to conduct and can capture results that are difficult to measure 
in model tests, e.g., velocity variation in the broken ice field. To some 
extent, it can be used as a complement to model tests. Some conclusions 
can be presented as follows. 

(1) The results obtained by different methods: modeling tests, nu
merical simulations, and empirical formulae predictions were 
compared, and in most cases they are in good agreement with 
each other and have similar trends, proving the feasibility of 
using this time- and cost-efficient manner in this paper for pre
dicting the resistance.  

(2) The differences between the empirical formula predictions, and 
numerical as well as experimental results are compared. 

Combining the sources and backgrounds of the empirical for
mulas, it is found that when an empirical formula is applied, the 
predictions differ noticeably depending on the settings of the 
broken ice fields from which the data are derived. When the 
existing empirical formulas do not satisfy the application re
quirements, the combined method in this paper might be applied 
as a low-cost alternative with acceptable accuracy.  

(3) Combined approaches in this paper may, for instance, be used to 
estimate a ship’s propulsion power demand for different speeds 
and ice concentrations. This approach can take into account the 
operational conditions as well as the various broken ice condi
tions to be faced, such as ice size, concentration, etc. On this 
basis, more detailed power estimates for various cases can be 
given. Thus, we believe that the proposed approaches may sup
port the design of polar ships, and voyage planning in Arctic 
waters, among others. However, this study is only an attempt to 
apply the approach, and more practice is still needed to verify it 
before it can be used in real-life engineering applications. 

Limitations of the work include the following. First, the applied non- 
refrigerated model ice differs from natural ice in that it is non-breakable, 

Fig. 21. The results of estimation of required propulsion power.  
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meaning that it cannot be used to replicate ship-ice interactions result
ing in the breaking of ice floes. Therefore, the utilization of the approach 
is limited to broken ice fields composed of relatively small ice floes, in 
which the ice resistance is mainly caused by ship-ice collisions and 
friction rather than by the breaking of ice floes. Second, for the nu
merical simulation, the applied one-way coupled ship-water-ice inter
action model neglects the forces between the ice floes to the flow field. 
Nevertheless, this simplification can be considered a trade-off between 
computation accuracy and costs, as considering the flow field action 
would require significantly higher computational efforts. Thirdly, the 
present study considered a single type of ship. Finally, we applied an 
established methodology to scale up the predicted resistance value from 
the model to full-scale, but the accuracy of the scaled-up value is not 
evaluated. Future research is needed to evaluate the accuracy of model 
test predictions. 

CRediT authorship contribution statement 

Yanzhuo Xue: Conceptualization, Writing – original draft, Funding 
acquisition. Kai Zhong: Writing – original draft, Formal analysis, 
Visualization. Bao-Yu Ni: Conceptualization, Supervision, Project 
administration, Writing – review & editing. Zhiyuan Li: Conceptuali
zation, Software, Writing – original draft, Writing – review & editing. 
Bergström Martin: Visualization, Writing – review & editing. Jonas W. 
Ringsberg: Writing – review & editing, Funding acquisition. Luofeng 
Huang: Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work is supported by the National Natural Science Foundation 
of China (Nos. 52192693, 52192690 and 52371270), the European 
Union’s Horizon 2020 research and innovation programme under grant 
agreement No. 723526 - SEDNA: Safe maritime operations under 
extreme conditions; the Arctic case. Parts of the computations were 
enabled by resources provided by the Swedish National Infrastructure 
for Computing (SNIC), partially funded by the Swedish Research Council 
through grant agreement no. 2018–05973. 

References 

Aboulazm, A.F., 1989. Ship Resistance in Ice Floe Covered Waters. Doctoral dissertation, 
Memorial University of Newfoundland). 

Bergström, M., Leira, B.J., Kujala, P., 2020. Future scenarios for Arctic shipping. In: 39th 
International Conference on Ocean, Offshore and Arctic Engineering, vol. 84393. 
V007T07A006.  

Bergström, M., Browne, T., Ehlers, S., et al., 2022. A comprehensive approach to 
scenario-based risk management for Arctic waters. Ship Technol. Res. 69 (3), 
129–157. 

Colbourne, D., 2000. Scaling pack ice and iceberg loads on moored ship shapes. Ocean. 
Eng. Int. 4, 39–45. 

Cho, S.R., Jeong, S.Y., Lee, S., 2013. Development of effective model test in pack ice 
conditions of square-type ice model basin. Ocean Eng. 67, 35–44. 

DuBrovin, O.V., 1970. Calculation of Broken Ice Resistance Based on Model Testing. 
University of Michigan. 

Dobrodeev, A., 2018. Refinement of approaches to estimation of ship ice resistance in ice 
channel based on data from physical model experiments. In: International 
Conference on Offshore Mechanics and Arctic Engineering, vol. 51296. American 
Society of Mechanical Engineers. V008T07A001.  

Enkvist, E., 1972. On the Ice Resistance Encountered by Ships Operating in the 
Continuous Mode of Icebreaking. Swedish Academy of Engineering Sciences in 
Finland, p. 181. 

Ettema, R., Stern, F., Lazaro, J., 1987. Dynamics of Continuous-Mode Icebreaking by a 
Polar-Class Icebreaker Hull. United States Departsppedment of Transportation and 
University of Iowa. Technical Report 24.  

Ghamari, I., Mahmoudi, H.R., Hajivand, A., Seif, M.S., 2022. Ship roll analysis using 
CFD-derived roll damping: numerical and experimental study. J. Mar. Sci. Appl. 21 
(1), 67–79. 

Guo, C.Y., Xie, C., Zhang, J.Z., Wang, S., Zhao, D.G., 2018. Experimental investigation of 
the resistance performance and heave and pitch motions of ice-going container ship 
under pack ice conditions. China Ocean Eng. 32, 169–178. 

Hughes, G., 1954. Friction and form resistance in turbulent flow, and a proposed 
formulation for use in model and ship correlation. R. I. N. A. 96. 

Hirt, C.W., Nichols, B.D., 1981. Volume of fluid (VOF) method for the dynamics of free 
boundaries. J. Comput. Phys. 39, 201–225. 

Haider, A., Levenspiel, O., 1989. Drag coefficient and terminal velocity of spherical and 
non-spherical particles. Powder Technol. 58, 63–70. 

Hansen, E.H., Løset, S., 1999. Modelling floating offshore units moored in broken ice: 
comparing simulations with ice tank tests. Cold Reg. Sci. Technol. 29 (2), 107–119. 

Hopkins, M.A., Tuhkuri, J., 1999. Compression of floating ice fields. Journal of 
Geophysical Research Oceans 104 (C7), 15815–15825. 

Hellmann, J.H., Rupp, K.H., Kuehnlein, W.L., 2005. Model tests in brash ice channels. In: 
24th International Conference on Offshore Mechanics and Arctic Engineering 
(OMAE 2005). Halkidiki, Greece. 12–17, June.  

Huang, Y., Sun, J.Q., Ji, S.P., et al., 2018. Experimental study on the resistance of a 
transport ship navigating in arctic region. J. Ship Mech. 22 (6), 667-678.  

Huang, L.F., Tuhkuri, J., Igrec, B., et al., 2020. Ship resistance when operating in floating 
ice floes: a combined CFD&DEM approach. Mar. Struct. 74, 102817. 

Huang, L.F., Li, Z.Y., Ryan, C., et al., 2021. Ship resistance when operating in floating ice 
floes: derivation, validation, and application of an empirical equation. Mar. Struct. 
79, 103057. 

ITTC, 2005. Experimental Uncertainty Analysis for Ship Resistance in Ice Tank Testing, 
24th ITTC 2005 Ice Committee. 

ITTC, 2008. Guide to the Expression of Uncertainty in Experimental Hydrodynamics, 
Specialist Committee on Uncertainty Analysis of 25th ITTC. 

Idrissova, S., Bergström, M., Hirdaris, S.E., Kujala, P., 2019. Analysis of a collision- 
energy-based method for the prediction of Ice loading on ships. Appl. Sci. 9 (21), 
4546. 

Johnson, K.L., 1987. Contact Mechanics. Cambridge University Press, Cambridge, UK.  
Ji, S.Y., Li, Z.L., Li, C.H., et al., 2013. Discrete element modeling of ice loads on ship hulls 

in broken ice fields. Acta Oceanol. Sin. 32 (11), 50–58. 
Jeong, S.Y., Choi, K., Kim, H.S., 2021. Investigation of ship resistance characteristics 

under pack ice conditions. Ocean Eng. 219, 108264. 
Keinonen, A.J., Browne, R., Revill, C., Reynolds, A., Robbins, I., 1998. Icebreaker 

Characteristics Synthesis. Transport Canada Transportation Development Centre 
Technical Report No. TP, 12812E, in 3 Volumes.  

Kim, M.C., Lee, S.K., Lee, W.J., et al., 2013. Numerical and experimental investigation of 
the resistance performance of an icebreaking cargo vessel in pack ice conditions. Int. 
J. Nav. Archit. Ocean Eng. 5, 116–131. 

Lindquist, A., 1989. Straight forward method for calculation of ice resistance of ships. In: 
Proceedings of the 10th International Conference on Port and Ocean Engineering 
under Arctic Conditions (POAC’89). Jun 12–16; Luleå, Sweden.  

Lau, M., Lawrence, K.P., Rothenburg, L., 2011. Discrete element analysis of ice loads on 
ships and structures. Ships Offshore Struct. 6 (3), 211–221. 

Li, Z., Ringsberg, J.W., Rita, F., 2020. A voyage planning tool for ships sailing between 
Europe and Asia via the Arctic. Ships Offshore Struct. 15 (S1), S10–S19. 

Li, Z., Ding, L., Huang, L., Ringsberg, J.W., Gong, H., Fournier, N., Chuang, Z., 2023. 
Cost–benefit analysis of a trans-arctic alternative route to the suez canal: a method 
based on high-fidelity ship performance, weather, and ice forecast models. J. Mar. 
Sci. Eng. 11, 711. 

Lu, W.J., Lubbad, R., Løset, S., et al., 2016. Fracture of an ice floe: local out-of-plane 
flexural failures versus global in-plane splitting failure. Cold Reg. Sci. Technol. 123, 
1–13. 

Liu, D.L., 2018. Numerical Simulation of Crushed Ice Resistance of Ship in Arctic. 
Doctoral Thesis) Dalian University of Technology (in Chinese).  

Luo, W.Z., Jiang, D.P., Wu, T.C., et al., 2020. Numerical simulation of an ice- 
strengthened bulk carrier in brash ice channel. Ocean Eng. 196, 106830. 

Liu, L., Ji, S., 2021. Dilated-polyhedron-based DEM analysis of the ice resistance on ship 
hulls in escort operations in level ice. Mar. Struct. 80, 103092. 

Molyneux, W.D., Kim, H.S., 2007. Model experiments to support the design of large 
icebreaking tankers. In: Proceedings of Design and Construction of Vessels Operating 
in Low Temperature Environments. National Research Council Canada, London, UK.  

Nogid, L.M., 1959. Model Representation of a Ship Going through a Continuous Ice Field 
or Pack Ice. Trans. of Leningrad Ship Building Institute. 

Norouzi, H.R., Zarghami, R., et al., 2016. Coupled CFD-DEM Modeling. John Wiley & 
Sons, Ltd., UK.  

Ni, B.Y., Han, D.F., Di, S.C., et al., 2020a. On the development of ice-water-structure 
interaction. J. Hydrodyn. 32 (4), 629–652. 

Ni, B.Y., Chen, Z.W., Zhong, K., et al., 2020b. Numerical simulation of a polar ship 
moving in level Ice based on a one-way coupling method. J. Mar. Sci. Eng. 8 (9), 692. 

Polojärvi, A., Tuhkuri, J., Korkalo, O., 2012. Comparison and analysis of experimental 
and virtual laboratory scale punch through tests. Cold Reg. Sci. Technol. 81, 11–25. 

Polojärvi, A., Gong, H., Tuhkuri, J., 2021. Comparison of full-scale and DEM simulation 
data on ice loads due to floe fields on a ship hull. In: Proceedings of the 26th 
International Conference on Port and Ocean Engineering under Arctic Conditions, 
pp. 14–18. Moscow, Russia.  

Y. Xue et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0029-8018(23)02860-3/sref1
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref1
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref2
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref2
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref2
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref3
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref3
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref3
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref4
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref4
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref5
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref5
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref6
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref6
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref7
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref7
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref7
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref7
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref8
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref8
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref8
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref9
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref9
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref9
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref11
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref11
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref11
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref10
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref10
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref10
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref12
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref12
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref13
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref13
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref14
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref14
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref15
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref15
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref16
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref16
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref17
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref17
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref17
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref18
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref18
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref19
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref19
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref20
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref20
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref20
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref21
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref21
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref22
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref22
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref23
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref23
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref23
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref24
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref25
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref25
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref27
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref27
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref28
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref28
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref28
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref29
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref29
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref29
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref30
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref30
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref30
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref31
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref31
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref32
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref32
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref34
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref34
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref34
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref34
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref35
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref35
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref35
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref37
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref37
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref38
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref38
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref39
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref39
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref40
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref40
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref40
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref41
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref41
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref42
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref42
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref43
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref43
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref44
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref44
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref45
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref45
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref46
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref46
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref46
http://refhub.elsevier.com/S0029-8018(23)02860-3/sref46


Ocean Engineering 292 (2024) 116476

17

Renzo, D., Alberto, Maio D., et al., 2004. Comparison of contact-force models for the 
simulation of collisions in DEM-based granular flow codes. Chem. Eng. Sci. 59, 
525–541. 

Riska, K., Wilhelmson, M., Englund, K., Leiviskä, T., 1998. Performance of Merchant 
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