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ABSTRACT

The effect of global warming is inducing sea ice retreat and transforming the Arctic into a
navigable ocean. The melted ice cover can result in an environment where pancake-shaped ice
floes are floating on sea surface; however, the effect of such an ice condition on ship
performance has yet to be understood. This work develops a numerical model to predict the
ship resistance in this typical case. Building on a traditional computational model for predicting
ship hydrodynamics in open ocean, the Discrete Element Method is incorporated to include ice
floes, so as to achieve ship-wave-ice coupling; thus, the simulation innovatively considers the
influence of fluid flow on the interaction process. Following validation against experiments,
the proposed model has been shown capable of accurately predicting ship resistance in pancake
ice condition. Subsequently, the relationship of the resistance with ship speed, ice concentration
and floe size is investigated.
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INTRODUCTION

The effect of global warming is causing the sea ice extent in the Arctic to reduce quickly.
Satellite images have observed its summer minimum to have decreased by approximately 12%
per decade (Stroeve et al., 2012). The ice retreat creates open water and leads to the notion that
commercial shipping routes through the Arctic region will become navigable (Smith and
Stephenson, 2013). There are two main shipping routes through the Arctic: the Northwest
Passage, which passes over the top of Canada and the United States; and the North Sea Route,
which passes north of Norway and Russia. Both routes are shown in Figure 1, alongside the
contemporary routes passing through the Suez and Panama Canals. Compared to the
contemporary counterparts, the Arctic shipping routes are around 40% shorter in distance,
which signifies considerable savings of time, fuel and emissions (@rts Hansen et al., 2016). In
addition to the major routes, there are also numerous routes opened for travels between
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continents and the Arctic, which are used to access abundant oil, gas, mines, fishing grounds
and tourism.

While new shipping routes offering great opportunities, challenges arise since the potential
navigation environment has been found to be more complex than anticipated. Rather than
providing pure open water, the melting process of sea ice results in that the ice coverage breaks
up into numerous ice floes floating on the sea surface, as shown in Figure 2. The shape of ice
floes tends to be circular due to the effect of wave wash and floe—floe collisions, thus known
as pancake ice. Field measurements and aerial observations have reported that such a pancake-
ice environment will be the most ubiquitous environment of future Arctic (Parmiggiani et al.,
2018; Thomson et al., 2018), which also dominates the new shipping routes; this means it is of
great importance to study the effect of pancake ice on ship performance; however, such effect
has yet to be well understood.

The presence of numerous ice floes results in the problem being highly complex, and only a
small number of experiments have attempted to replicate the process. Guo et al. (2018)
measured the resistance of an advancing ship in a towing tank with floating paraffin-wax pieces
acting as ice. They decomposed the resistance into two parts, a water resistance similar to an
open ocean case and an ice resistance resulting from the ship-ice contact. They reported that
the ice resistance can be as large as the water one, indicating the importance of accurately
predicting it. Subsequently, Luo et al. (2018) conducted similar experiments but in a heading
wave condition to assess the seakeeping performance of a ship in the ice floe environment; they
reported the wave-ice coupling effect can increase the motion amplitude of a ship in waves.

The prohibitive cost of such experiments provides an impetus to explore the possibility of
building a computational model to simulate the process. Successful modelling of ice floes has
been achieved using the Discrete Element Method (DEM). A review on this has been given by
Tuhkuri and Polojarvi (2018), mentioning a few works that have studied the ice-induced
resistance on a ship (Lau et al., 2011; Zhan and Molyneux, 2012; Ji et al., 2013). However,
these studies did not couple fluid flow directly into the process; in other words, they solved the
ship-ice contact separately and added it onto a specified water resistance; such a treatment
retains space for improvement. The process of a ship advancing in floating ice floes can be
summarised as the following ship-wave-ice interaction: ship advancement generates waves;
waves interact with ice floes; ice floes contact with the ship. The ship-generated waves can
play a key role within the process; for example, it can change the velocity (magnitude and
direction) of the ice floes. Therefore, ignoring the fluid flow effect may severely impact the
influence of ice floes on a ship.

A more realistic computational model for the above process is in shortage, while the gap is to
introduce fluid flow, including to obtain fluid field and to count its effect on ice floes. The fluid
field with an advancing ship can be obtained using the Computational Fluid Dynamics method
(CFD), which has been widely adopted and shown reliable accuracies (Wackers et al., 2011).
On the other hand, CFD also can solve the behaviour of ice floes in waves (Huang et al., 2019;
Huang and Thomas, 2019). These CFD models may be further incorporated with DEM to
include potential ship-ice and ice-ice contacts, thus achieving an integrated model to simulate
the current problem, which makes the goal of present work.

Therefore, this work develops an approach to incorporate DEM ice floes with a traditional CFD
model of ship advancement in open ocean, by which a ship, fluid and ice floes are coupled in
an all-in-one simulation. Relevant numerical theories and practicalities are introduced,
followed by investigations focussing on ship resistance, as it is the most essential index for
commercial shipping. The ship-wave-ice interaction at different ship-speed and ice conditions
are presented, and the cause and change-rule of the resistance is analysed. Accordingly,
suggestions are provided for future Arctic ship design.
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Figure 1: Comparison between traditional shipping routes (black solid line) and the Arctic

shipping routes (red dash line) (Monitoring, 2012)

Figure 2. A ship advancing in pancake ice (credit to Alessandro Toffoli, University of
Melbourne.)

NUMERICAL APPROACH

A numerical model is built based on the STAR-CCM+ software, including two parts: (a) a
standard CFD model of ship advancing in open water, where fluid solutions are obtained; (b)
DEM ice floes, which are coupled into the CFD model by a novel array-inject method, so that
a continuous ice-floe region is generated for the ship to enter.

2.1 Ship Model and fluid domain

A modern container ship model, KRISO Container Ship (KCS), was adopted as the ship model
for this study. KCS is a typical container ship model that has been widely applied to
computational simulations, and its geometry with all of the appendages can be found in the
public domain (Kim et al., 2001). The length of the hull was Ly, = 230 m at full scale with a
scale ratio of 1:52.667 applied in this study, resulting in a model length Lpp = 4.367 m and
breadth B = 0.611 m. The hull parameters are summarised in Table 1.

Following the guidelines of International Towing Tank Conference (2014), an open-ocean fluid
domain was built with the recommended domain size and boundary conditions, as shown in



Figure 3. The computational domain is three-dimensional, defined by the earth-fixed Cartesian
coordinate system O-xyz. The (x, y) plane is parallel to the horizon, and the z-axis is positively
upwards. The domain size is sufficiently large to avoid the ship-generating waves being
reflected from the boundaries. The lower part of the domain is filled with water and the
remainder is filled with air. The hull is fixed at the free surface according to its designed draught
and the ship surface is modelled as a no-slip wall. The water was initialised as flowing with a
constant velocity (Uwater) against the bow of the hull, and a constant velocity condition is
applied to the inlet boundary to maintain a stable water flow entering the domain. Thus, a
relative velocity exists between the ship and water, where Uwater indicates the advancing speed
of the ship in calm water. A zero-normal-gradient condition for pressure is applied to other
boundaries.

The solution of the fluid domain was obtained by solving the Reynolds-averaged Navier-Stokes
(RANS) equations for an incompressible Newtonian fluid:
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where v is the time-averaged velocity, v’ is the velocity fluctuations, p stands for the density,
p denotes the time-averaged pressure, T = {Vv+ (Vv)'] is the viscous stress term, pLis the
dynamic viscosity and g is gravitational acceleration set at 9.81 m/s?. Since the RANS
equations have considered the turbulent fluid, the Shear Stress Transport (SST) k — @ model
(Menter, 1993) was adopted to close the equations. The SST k — ® model has been proposed
to be the most appropriate option among standard RANS turbulence models for predicting the
flow field around a ship hull (Zhang et al., 2006).

The free surface between the air and water was modelled by the Volume of Fluid (VOF) method
(Hirt and Nichols, 1981). The VOF method introduces a passive scalar o, denoting the
fractional volume of a cell occupied by a specific phase. In this case, a value of o = 1
corresponds to a cell full of water and a value of a = 0 indicates a cell full of air. Thus, the free
surface, which is a mix of these two phases, is formed by the cells with 0 < o < 1. The elevation
of the free surface along time is obtained by the advection equation of o, expressed as Equation
(3). For a cell containing both air and water, its density and viscosity are determined by a linear
average according to Equation (4) and Equation (5). In this study, pwater = 998.8 Kg/m?, Lwater =
8.9010* N s/m?; pair = 1 kg/m?®, air = 1.48>107° N s/m?. The governing equations of the fluid
domain were discretised and solved using the Finite Volume method (Versteeg and
Malalasekera, 2007).
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Table 1. Main dimensions of the KCS hull.

Model scale Full scale

Length between perpendiculars (m) 4.367 230.0
Waterline breadth (m) 0.611 32.2
Draught midships (m) 0.205 10.8
Trim angle (rad) 0.0 0.0

Block coefficient (-) 0.651 0.651

Wetted surface (m?) 3.435 8992.0
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Figure 3. Illustration of the computational domain with dimensions.

2.2 Ice floe Modelling

The simulation first runs for a certain time without sea ice to allow the fluid domain to achieve
a steady-state, i.e. when the ship-generated waves become stable. Subsequently, an array of
pancake ice floes is injected near the inlet of the fluid domain, as shown in Figure 4(a). Each
ice floe array is set as six rows combined with enough columns that cover a width affecting the
ship, in which, the distance between the centres of two ice floes is set to be equal (d = d1 = d2).
Every second row is in a position interval of the previous one and it repeats. The ice floes are
initialised as floating on the water surface according to their buoyancy-gravity equilibrium
position and at the same velocity as the water flow (Uice = Uwater). One ice floe array is injected
to the same region every tinject = 6d/Uice, SO that the next ice floe array can just follow the former
one with the same distribution, as shown in Figure 4(b). Thus, the injection of ice floes does
not influence the stability of the fluid domain around the ship and the ship can enter a



continuous ice-floe area, as desired, shown in Figure 5. With this method, an ice-floe route of
any desired length can be achieved with a minimal domain size, which can significantly reduce
the computational costs. By contrast, in previous studies, all ice floes are injected at once for a
ship to go through, which requires a very long domain.

Following the nature of pancake ice, each ice floe is modelled as a rigid thin disk, with its
thickness h = 0.02 m, density pice = 900 kg/m?, and diameter D, which will be varied to study
its influence. Another important parameter to be investigated is the concentration of the ice
floes (C), which indicates the percentage of the water surface covered by sea ice:
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The ice floes are modelled as DEM particles in the Lagrangian framework moving in the
Eulerian fluid domain (Baran, 2012). The movement of an ice floe can be considered as the
combination of translation and rotation, which was solved with the rigid-body motion equations
in the body-fixed system based on the mass centre of the floe G—x’y z
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where F and T are the total force and torque on the ice floe, induced by the gravity, the
hydraulic load from surrounding fluid Fr and contact force Fc from ship-ice contact or ice-ice
contact; m and [J] are the mass and inertia moment tensor respectively, and Vg and w are the
translational and rotational velocity vectors of the ice floe.

The hydraulic force Fn can be calculated based on the solution from the fluid domain, as
expressed in Equation (9). The fluid solution and ice floes are linked based on a one-way
coupling, i.e. the ice movement does not provide feedback to the fluid domain. A two-way
coupling has also been tested, while the ship resistance did not show a clear change, therefore,
a two-way method is deemed to be unnecessary since it would bring about a significant increase
in computational load.

Fh=f(—5n+?-n)ds ©)

The contact force Fe is calculated by a penalty method (Cundall and Strack, 1979), where
ship/ice and ice/ice are allowed to have an overlap, according to the movement solution. The
overlap is modelled as a linear spring-dashpot system where the spring (k) accounts for the
elastic response and the dashpot (1) reflects the energy dissipation during the contact, by which
the normal and tangential components of Fc are calculated according to Equation (10) and (11)
respectively. Subsequently, the contact force pushes the overlapped bodies apart so that the
overlap is minimised in the final solution.
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where d,, and d, are overlap distances in the normal and tangential directions respectively, v,
and v, are the normal and tangential components of the relative velocity between two contact
bodies, Cris the friction coefficient of sea ice, set at 0.35; k was set at 10* N/m andn =
2Caamp/kMeq, in which Cyqpmy, was set at 0.067 and M, is the equivalent mass of two
contact bodies, calculated as My, = MyMg/(My + Mp).

Lpp

D o

Inlet

(b) t = t1 + tinject When the second ice array is injected
Figure 4. lllustration of how ice floes are added to the CFD model

Figure 5. A ship advancing in an ice-floe region



RESULTS AND DISCUSSION

As shown in Figure 6, when the ship is advancing in the ice floe region, ship-ice collisions
occur at the bow area, causing the floes to be pushed aside and rotate within the wake, and in
some cases, floes can slide along the ship before being pushed away. This study focuses on
analysing the ship resistance, which consists of an ice resistance Rice induced by the floes and
a water resistance Rwater Similar to an open-ocean case (Riotal = Rice + Rwater), in Which, Rice is
due to ship-ice collisions at the bow area and friction caused by the floes sliding along the ship.

The proposed model was first validated against the experiments conducted at the towing tank
of Harbin Engineering University (Guo et al. 2018). The computational settings follow an
accordant manner with the experiment, and comparisons were conducted for ship speed from
0.4 m/s to 1.2 m/s, corresponding to Froude number Fr = 0.06 - 0.18. The comparison between
computational and experimental results is shown in Figure 7, where good agreement can be
seen for all the examined speeds, showing a good accuracy of the model in predicting ship
resistance in pancake ice. Figure 7 also contains the open water component, and Rice can be
seen as the difference between the two curves. The resistance curves with and without ice both
show an exponential increase with increasing speed, while the changing of Rice has a lower
power than that of Rwater.

Subsequently, ship speed, ice concentration and floe diameter were varied to investigate their
influences on the resistance. Figure 8 presents the resistance as a function of Fr, C and D/B
(floe diameter divided by ship breath). A horizontal comparison between Figure 8(a), (b) and
(c) demonstrates Riotal/Rwater is larger in at a lower velocity condition, which means Rice is more
influential when the ship is relatively slow. The difference is because a faster ship generates
stronger waves, which pushes the floes away thus reducing the collision and friction. This also
confirms the great importance of the inclusion of fluid flow in present work.

The influence of ice concentration and floe diameter on the resistance were further analysed by
holding one constant and varying the other. Figure 9(a) presents the ship resistance for the same
floe size but different ice concentrations, in which it is clear that denser ice brings a higher
resistance to the ship. This results from a higher frequency of collision and more ice floes
sliding along the ship. Figure 9(b) compares the ship resistance for the same ice concentration
but different floe diameters. Although a larger floe size leads to sparser ice and also lowers the
collision frequency, the resistance shows an obvious increase. The increase mainly comes from
the higher collision force induced by larger floes, whose effect on ship resistance proves to be
more dominant than a lower collision frequency. As a result, the overall force integration over
time still increases. In an overall view, both C and D show a quasi-linear relationship with the
resistance, which suggests empirical equations may be further derived for a more convenient
prediction of ship resistance in pancake ice. This would be of use for future Arctic optimisation
tools to provide a power estimate of different routes.

In practice, the concentration and diameter data can be taken from actual Arctic shipping routes
and inputted into the simulation, so as to suggest the extra-required power relative to an open-
ocean case. Such ice data can be obtained from field measurements and aerial observations
(Parmiggiani et al., 2018; Thomson et al., 2018), even appropriate predictions. In addition, the
simulation shows the collision force contributes much more to ice resistance than the friction
does. Therefore, future Arctic ship design may give primary consideration to designing devices
to reduce the collisions at the bow area. For example, a device can be installed at the bow to
jet water, so that ice floes can be pushed away before colliding with the ship. For a secondary
consideration of reducing the friction, certain surface treatments may be applied to make the
ship smoother. Otherwise, with a large proportion of ice-added resistance in the ship resistance,
the advantage of shorter Arctic shipping routes will not necessarily mean a significant energy
saving to be achieved.
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CONCLUSIONS

A computational model has been developed to predict the performance of a ship advancing in
pancake ice, since such a condition has been reported to be the main navigation environment
of future Arctic. Relevant numerical theories and practicalities have been introduced in detail,
by which DEM ice floes are incorporated with a traditional CFD model so that a ship advancing
in continuous ice floes has been achieved with a minimal domain size. After validated against
experiments, the proposed model has shown to be capable of accurately predicting the ship
resistance.

Extended investigations have shown that ice floes can be a significant part in the total ship
resistance, and it is highly dictated by ship speed, ice concentration and floe size. This work is
the first model that includes fluid flow to simulate the whole ship-wave-ice interaction process,
which proves to be of great importance: the ship-generated waves have been demonstrated to
reduce the ice resistance, and it leads to the finding that ice-added resistance is more influential
when the ship is relatively slow. In addition, both ice concentration and floe size have shown
a quasi-linear relationship with the resistance.

The proposed model has the potential to be a practical tool providing valuable insights for
Acrctic shipping, and the nature of simulation makes it convenient and cost-effective. It may
serve for (1) power estimate: calculate ship-power according to resistance prediction. (2)
material design: based on the collision frequency and force to assess material fatigue, as well
as selecting appropriate materials and determining structural scantlings. (3) hull optimisation:
compare different hull designs and suggest the suitability in a given ice condition (4) stability
and safety: predict ship motions and generate ocean waves to study the seakeeping performance.
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