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Abstract

This thesis is a summary of studies that were carried out as part of candidacy for a
PhD degree. The purpose of these studies was to evaluate some factors in ship
design that are intended for navigating in ice using numerical simulations. A semi-
empirical numerical procedure was developed by combining mathematical models
that describe the various elements of the continuous-mode icebreaking process in
level ice. The numerical procedure was calibrated and validated using full- and
model-scale measurements. The validated numerical model was in turn used to
investigate and clarify issues that have not been previously considered.

An icebreaker typically breaks ice by its power, its weight and a strengthened bow
with low stem angle. The continuous icebreaking process involves heave and pitch
motions that may not be negligible. The numerical procedure was formulated to
account for all of the possible combinations of motions for six degrees of freedom
(DOFs). The effects of the motion(s) for certain DOF(s) were investigated by
comparing simulations in which the relevant motion(s) were first constrained and
then relieved.

In the continuous-mode icebreaking process, a ship interacts with an icebreaking
pattern consisting of a sequence of individual icebreaking events. The interactions
among the key characteristics of the icebreaking process, i.e., the icebreaking
pattern, ship motions, and ice resistance, were studied using the numerical
procedure in which the ship motions and excitation forces were solved for in the
time domain and the ice edge geometry was simultaneously updated.

Observations at various test scales have shown that the crushing pressure arising
from the ice-hull interaction depends on the contact area involved. A parametric
study was carried out on the numerical procedure to investigate the effect of the
contact pressure on icebreaking.

The loading rates associated with the ship’s forward speed have been anticipated
to play an important role in determining the bending failure loads, in view of the
dynamic water flow underneath the ship and the inertia of the ice. The dynamic
bending behavior of ice could also explain the speed dependence of the icebreaking
resistance component. A dynamic bending failure criterion for ice was derived,
incorporated into the numerical procedure and then validated using full-scale data.
The results obtained using the dynamic and static bending failure criteria were
compared to each other.

In addition, the effect of the propeller flow on the hull resistance for ships running
propeller first in level ice was investigated by applying the information obtained
from model tests to the numerical procedure. The thrust deduction in ice was
discussed.
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1

Introduction

1.1 General

The Arctic “used to be the last frontier, now it seems like we are at the center of
the world.”

said the former prime minister of Greenland at a forum hosted by the Energy
Security Initiative at the Brookings Institution in April, 2013. A study conducted by
the US Geological Survey (USGS) in 2008 indicated that the Arctic may hold 90
billion barrels of oil, 1669 trillion cubic feet of natural gas and 44 billion barrels of
natural gas liquids, of which approximately 84 percent is expected to occur in
offshore areas (USGS, 2008). At the same time, global energy demand will increase
by a third by 2035, and nearly half of the world’s existing production capacity will
be phased out, as estimated by the International Energy Agency (IEA) in World
Energy Outlook 2013 (WEO, 2013).

These foreseeable massive developments in the Arctic impelled by great access to
natural resources and climate change entail both opportunities and challenges.

The hard and thick retreating multiyear sea ice provides easier access to valuable
natural resources in the high north. Offshore oil companies are heading north, and
exploration licenses are being issued across the Arctic rim nations. In addition, the
extent of the summer sea ice is receding, and the northern sea lanes (the Northern
Sea Route and North-west Passage), which serve as a shortcut to connect western
Europe and the US Atlantic Seaboard with the Far East, are nearly free of ice during
the summer navigation periods. Forty-three ships sailed the Northern Sea Route in
2012, in contrast to a total of three or four in 2010. This is appealing to maritime
companies conducting cargo and crude oil transportation, especially the bulk
transport of oil, gas, ores, and minerals, between the East and the West.
Furthermore, as a newly emerging tourist destination, the Arctic is attracting
increasing numbers of people due to the beauty of its untamed nature.

However, development activities in the Arctic present additional challenges to
those commonly encountered in open waters. Natural factors characterizing Arctic
conditions include low temperatures, perpetual darkness in winter, extreme
weather, remoteness, and the presence of ice, all of which must be considered to
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ensure the overall safety of Arctic marine activities. Among these factors, the
presence of ice cover poses the single largest challenge in the design and operation
of Arctic marine structures.

For ships navigating in ice-infested waters, ice loads represent the dominant load.
A ship can either be designed to a high ice class with a high cost for independent
navigation or to a low ice class with the possible escort of icebreakers, depending
on the operational profile. Ice conditions vary in time from day to day in tactical,
voyage planning sense and from month to month (or even from year to year) in
strategic, transport chain design sense (Riska, 2011). Spatially, a ship navigating in
ice encounters various ice conditions due to its possible operation over a large
geographical area. The variation in the ice conditions affects the operational profile
because the voyage typically partially involves open water and partially involves
ice at various degrees of ice concentrations. The designation of an ice class thus
requires a compromise between the ship performance (safety) over the entire
voyage and the commercial return. That is, a design should factor in both
technological and economic considerations. The goal is to achieve adequate
performance, adequate hull and machinery strength and proper functioning of the
ship in ice and in cold weather (Riska, 2010).

The harsh environment of Arctic regions demands innovative solutions. Arctic ship
technology, which is the main subject for naval architects and Arctic engineers, has
been evolving in conjunction with the exploration and transportation activities in
ice-infested waters. However, there is inevitably a time lag between the
developments of design codes and the technological innovations. In addition, the
design codes do not address the mechanisms involved in an ice-ship interaction.
The studies included in this thesis explore the technological aspects of ship design
with respect to ship performance in level ice. The aim is to develop insight into a
ship’s continuous-mode icebreaking process using numerical modeling. Numerical
modeling can supplement existing design methods by accounting for technological
innovations and providing detailed information from direct calculations.

1.2 Objectives, scope, and organization of the thesis

In this thesis, numerical methods are used to investigate factors in ship design that
affect ship performance in ice. A numerical procedure was formulated to simulate
the dynamic process of continuous-mode icebreaking for ships in level ice by
integrating semi-empirical ice load models and ship theories. The effect of the hull
shape on the ice resistance was considered by modeling the true geometry of the
ship hull. The material properties of the ice were assumed to be deterministic.



1.2 Obijectives, scope, and organization of the thesis

These numerical simulations are supplementary to full- and model-scale
measurements.

The main objectives are as follows:

1) to simulate the interaction between a ship hull and a level ice sheet with ship
motions in 6 DOFs;

2) to investigate the interactions among the ship motions, icebreaking pattern,
and ice resistance (ship performance);

3) to quantify the effect of the average contact pressure;

4) to introduce the speed dependence of the icebreaking resistance component;
and

5) to clarify the effect of the propeller flow on the ice resistance when the ship
runs astern.

The thesis is composed of the following chapters.

In Chapter 1, the general background, objectives, scope, and organization of the
thesis are presented.

In Chapter 2, an overview is presented of existing research on ship performance in
ice to serve as a background for the present study in terms of the theories and
methodologies used to address this problem.

In Chapter 3, the modeling methodology, which consists of the underlying
assumptions, theories, and numerical implementation, used to develop the
numerical procedure that is used to conduct the studies outlined below is
described.

In Chapter 4, the interactions among the three key characteristics in the ship’s
continuous-mode icebreaking in level ice are investigated: the ship motions,
icebreaking pattern, and ice resistance (ship performance). A case study is
conducted on the Anchor Handling and Towing Supply vessel/Ice Breaker
(AHTS/IB) Tor Viking II. The results are compared with full-scale data.

In Chapter 5, the effect of the average contact pressure is investigated. A
parametric study is carried out on the AHTS/IB Tor Viking II to quantify the effect
of the pressure-area (p-a) relation. The values for the parameters of the p-a curve
are determined by calibrating the numerical model with full-scale data.

In Chapter 6, the effect of the ice bending failure criterion on the ship motions, ice
resistance, and ship performance is investigated for continuous-mode icebreaking
in level ice. The ice dynamic bending failure criterion developed in Chapter 3 is

3



4 Chapter 1 Introduction

incorporated into the numerical procedure to investigate the effect of the ship’s
forward speed. A case study on the AHTS/IB Tor Viking Il is presented.

In Chapter 7, the performance of a dual-direction ship is investigated. The
information obtained from the model tests is used to study the effect of the “bow
propeller”. A case study on the M/T Uikku is conducted at model scale.

In Chapter 8, the work presented in previous chapters is summarized along with
primary conclusions of the study, and recommendations for future work are
provided.

The thesis consists of a summary and three appended scientific papers. The
structure and inter-connections between the studies are shown in Fig. 1.1.
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Fig. 1.1 Scope of work and inter-connections between papers



2

Overview of Studies on Ship Performance in Ice

The performance of ships in ice is measured by their ability to break (or to
maneuver in) the ice while maintaining a certain forward speed or proper
functioning. These requirements can be achieved by optimizing the designs of the
hull and the propulsion system to lower the hull resistance in ice and to increase
the propulsion thrust, respectively. In general, optimal designs involve knowledge
about the interactions among the ship hull, intact ice cover, broken ice floes, water,
and propeller. In this chapter, a review of the existing literature on ship
performance primarily in level ice is presented to serve as a background for this
thesis in terms of the theories and research methodologies used in the field.

2.1 Hull ice resistance

2.1.1 Analytical formulations

Ice resistance is the time average of the longitudinal resistance a ship experiences
when moving in ice.

The first formulation of ice resistance was published by Runeberg (1888/89), who
recognized the importance of the friction between ice and the ship hull as well as
that of the stem angle at the waterline: these factors are still regarded as important
in the modern design of ice-capable ships.

In a historical review of literature on ship performance in ice, Jones (2004)
introduced the work of Shimanskii (1938), in which a semi-empirical method was
employed to investigate the continuous-mode icebreaking resistance. Shimanskii
(1938)’s work is likely the first attempt to relate the ice resistance to design
parameters, in which a form has been developed for resistance whereas the values
of the coefficients have been determined using full-scale data.

Kashteljan et al. (1968) were the first to decompose the ice resistance into
components with different physical origins (namely, icebreaking, ice floe turning
and submerging, and broken ice resistance) and provided detailed expressions for
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these components that were based on model- and full-scale tests on the ship
Ermak.

The basic concepts formulated by Shimanskii (1938) and Kashteljan et al. (1968),
such as including semi-empirical design parameters and the decomposition of the
ice resistance, are still used today, although the forms of the formulae and the
number and definitions of the coefficients have varied from study to study. Non-
dimensional approaches (e.g, Lewis and Edwards, 1970), pure analytical
approaches (e.g., White, 1970; Milano, 1973), and regression analysis (e.g., Vance,
1975) have been used in combination with full-scale experiences and model tests
(e.g., Tatinclaux, 1984) to derive various semi-empirical ice resistance formulae
(e.g., Edwards et al., 1976; Naegle, 1980; Kotras et al., 1983; Lewis et al., 1983;
Lindqvist, 1989; Keinonen et al., 1991).

The resistance formulae introduced above describe the ice resistance in terms of
“design parameters” for the ice properties (e.g., the thickness, strength, and
friction), the hull size (e.g. the beam, displacement), the hull form (e.g., the stem
angle, waterline angle), and the ship speed. An average value is typically given for
the ice resistance in the longitudinal direction. These models were used as
practical engineering tools in the early design of icebreaking ships and were
generally in passable agreement with full-scale measurements.

2.1.2 Hull ice load models

In the ice resistance models introduced in Section 2.1.1, the resistance is described
by a single equation or several equations, and the detailed interaction mechanisms
that produce the ice resistance are only included when they enable the mean
resistance to be determined. Designers are then forced to treat the problem from a
macroscopic perspective, as noted by Lewis and Edwards (1970). The effects of
various parameters, such as the friction, local contact pressure, bending behavior
of ice, local loading rate, and ship motions are either not considered or are
represented implicitly by empirical constants. Moreover, some of these formulae
may be overly ship-specific to be extrapolated to different types of ships and thus
to satisfy the demands for innovative ship (structure) types and optimal designs.

To better understand the detailed mechanisms of local interaction events,
extensive research has been carried out on the physics involved in the different
phases of the dynamic process of icebreaking.

For example, information and experiences in friction have accrued (e.g., Jansson,
1956(a); Jansson, 1956(b); Makinen et al., 1975; Scarton, 1975; Saeki et al., 1986;
Frederking and Barker, 2002), resulting in modern applications of low-friction and



2.1 Hull ice resistance

ice-resistant coatings to the underwater and ice belt area of the hull of ice-capable
ships, in addition to many other auxiliary systems that help to further reduce
friction and abrasion; the physics of the mechanisms involved in ice-structure
contact have been studied to formulate contact models (e.g, Kurdyumov and
Kheisin, 1976; Varsta, 1983; Riska, 1987; Joensuu and Riska, 1988; Daley, 1991;
Tuhkuri, 1996; Sodhi et al.,, 1998); the effects of local ice pressures have been
analyzed (e.g., Masterson and Frederking, 1993; Masterson et al., 2007; Jordaan et
al, 1993; Timco and Sudom, 2013) and incorporated in the ISO 19906 Arctic
Structures Standard (ISO, 2010); the bending behavior of floating ice wedges has
been investigated (e.g., Kerr, 1975; Varsta, 1983; Izumiyama et al., 1991; Fox, 1993;
Dempsey and Zhao, 1993) both experimentally and theoretically; and the relative
magnitude of different ice resistance components has been investigated (e.g.,
Enkvist, 1972; Valanto, 1989).

Moreover, direct calculations of ice loads in 2-D and 3-D have been carried out
using advanced finite/discrete element modelling methods (e.g., Valanto, 1992;
Valanto, 2001; Lgset, 1994; Hopkins, 2004; Liu, 2011; Lu et al, 2012) and other
numerical techniques such as particle-in-cell (PIC) (e.g., Sayed et al., 2000; Sayed et
al,, 2011) and smoothed-particle hydrodynamics (SPH).

These hull ice load models and their methodologies have provided detailed
information about the ice-hull interaction from various perspectives. Although the
author did not intend to present these studies chronologically, research interests
in recent years have actually shifted from single-equation ice resistance formulae
(Section 2.1.1) to a better understanding of and modeling based on the physical
mechanisms introduced in this section (Section 2.1.2).

2.1.3 Continuous-mode icebreaking

In the continuous-mode icebreaking process, the ice around the ship hull fails
repeatedly. A typical icebreaking bow typically has a low stem angle to transmit a
large vertical load component that causes the ice in front of the bow to fail by
bending. Both model- and full-scale studies (e.g., Lewis and Edwards, 1970; Kotras
etal, 1983; Ettema et al.,, 1987; Ettema et al., 1991; Izumiyama et al., 1991; Valanto,
1993) have shown that the failure of ice sheets by bending and the emergence of a
new ice edge follow a seemingly regular pattern consisting of the sequential
breaking-off of wedge- and cusp-shaped ice pieces from the intact ice field. The
geometry of the ice edge created by repeated breaking is often referred to as an
“icebreaking pattern”.
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Although icebreaking cycles are essential elements of the continuous icebreaking
process, individual icebreaking events may not act in unison: the hull may interact
with a pattern of icebreaking rather than with individual breaking events, and the
hull motions may affect the cyclic processes by significantly altering the contact
geometry and loading pattern, resulting in different rates of ice sheet loading if
significant accelerations occur as the ice fails and is suddenly displaced from
beneath the bow. Important noncyclical processes also occur because of the non-
simultaneous failure of the ice around the ship’s hull (Ettema et al., 1987). Thus,
the total ice resistance acting on the hull is actually the integral over the
icebreaking waterline of the local contact pressure at a single instant in time.

Thus, it is more realistic to investigate the problem from a time domain
perspective (e.g., Wang, 2001; Liu, 2009; Aksnes, 2010; Aksnes, 2011a; Aksnes,
2011b; Lubaed and Lgset, 2011) and examine the dynamic process by patterns of
icebreaking. Wang (2001) developed a numerical model using geometric grid
method to simulate the continuous contact between a (flexible) fixed conical
structure and a moving ice sheet in the time domain. The icebreaking pattern was
reproduced by determining the crack size from the loading rate and ice properties.
This strategy was then followed in later studies on different aspects that are
relevant to ships in ice, such as dynamic positioning (e.g., Nguyen et al., 2009;
Nguyen et al., 2011), ice resistance, and maneuvering (e.g., Martio, 2007; Su et al,,
2010a; Su et al, 2010b; Sawamura et al.,, 2010). In Su et al. (2011), random ice
conditions (i.e, the thickness and strength) were also incorporated into the
numerical model. Tan et al. (2012) developed a numerical model by extending Su’s
planar model to a 6-DOF one. The true geometry of the 3-D ship hull was modeled
using computational geometry methods. The fully coupled motions of the ship
were considered for 6 DOFs together with the corresponding environmental forces.
In Tan et al. (2013) (appended paper 1), the effect of the average contact pressure
was investigated in a parametric study. The interactions among the icebreaking
pattern, ship motions, and ice resistance were also investigated.

2.2 Propulsion for ice-capable ships

Ship performance in ice is influenced by propulsion and hull lines designs, rather
than just hull ice resistance, in relation to propulsion power and efficiency,
propeller strength, and propeller-hull interaction.

Juva and Riska (2002) developed a method to determine the ship power
requirements from the required ship performance. The authors analyzed the Ke
factor that relates the propulsion power to the propeller thrust in the Finnish-
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Swedish ice class rules (FSICR) and considered that this factor was not a constant
but rather a function of the propulsion characteristics, the total resistance to be
overcome, and the thrust deduction. The FSICR were shown to produce slightly
conservative results.

Juurmaa and Segercrantz (1981) were the first to recognize the importance of the
propulsion efficiency in ice and demonstrated that while different ship models
might have the same resistance, they could have extremely different overall
performances because of different ice-propeller interactions. The authors also
noted that nozzle propellers can have extremely low efficiencies when blocked
with ice. Veitch (1995) established a dynamic ice load model for marine screw
propellers that was primarily based on laboratory ice cutting tests. The model
simulates the contact between a propeller blade and a submerged ice body. The
pressure distribution at the leading edge area was analyzed computationally, and
the ice contact forces on the blade in the time domain were predicted. In the model
tests, the ice failure at the leading edge was characterized by an ice chipping
process, whereas on the suction side, the ice failed primarily due to the
coalescence of small cracks.

Another effect of the propulsion system comes from the propeller-hull interaction.
Zahn et al. (1987) conducted a series of full-scale trials in level ice with the ship
Mobile Bay. The authors were able to conduct full-scale towed resistance tests that
were difficult to perform in which the hull resistance could be measured directly.
The authors also derived a thrust deduction factor as a function of the ice thickness
by comparing towed resistance tests with additional self-propulsion tests.
Kitagawa et al. (1986) conducted a series of model-scale self-propulsion tests and
concluded that a minimum parallel mid-body of 0.25Lpp was required to prevent
an excessive propeller-ice interaction. Leiviska (2004) conducted a series of model
tests to clarify the effect of the thrust deduction for ships running propeller first in
ice. Several distinct types of tests were performed to measure the open water
characteristics of the propeller, the open water thrust deduction factors, and the
added resistance from the propeller-hull-ice interaction in level and brash ice.
These tests provided insight into the physical mechanisms of the phenomena
observed in bow propellers.

Moreover, the propulsion efficiency has also been improved significantly by
installing electric podded propulsion systems with electrical motors in the pods for
which no separate rudders and long shaftlines are needed. The high electrical
efficiency allows for a full torque to be achieved at a low RPM and a motor over-
torque that matches the ice operation requirements, which makes the propulsion
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system well suited to dual-direction ships in Arctic waters (see, e.g., Juurmaa et al.,
2001; Vocke et al,, 2011).

2.3 Remarks

Existing research studies on ship performance in level ice are briefly reviewed in
this chapter. The issues that arise in a ship-ice interaction are primarily addressed
using research methodologies that can be categorized into three groups: full-scale
experiences, laboratory tests, and numerical simulations. Field studies produce the
best, real world information; however, these studies are typically costly to conduct,
and the ice conditions are uncontrollable. Laboratory physical modeling
techniques are well-established, but remain expensive, and the model ice
properties need to be improved.

Frequently, research studies are carried out by combining physical tests and
theoretical/numerical calculations, each of which offer their unique advantages.
Physical tests can provide phenomenological information on the behavior of the
ice and the structure that is useful in view of the complexities of the dynamic
process and the material properties of ice. Numerical simulations are relatively
cost effective and easier to conduct, and extensive parametric studies can be
conducted with respect to both the ice and structural parameters, where the
numerical results can be calibrated and validated using physical test data.

Using the experiences obtained from full- and model-scale tests and connecting the
elements of the icebreaking process using various hull ice load and propulsion
models, the phenomena of icebreaking can be very well reproduced using semi-
empirical numerical procedures. These semi-empirical time domain simulations
can be used to supplement existing design methods by treating the problem
holistically while retaining the physical bases of the elements of the detailed ship-
ice interaction.



3

Numerical Procedure

The numerical procedure was developed and further improved in appended
papers 1 and 2. In appended paper 1, a 6-DOF model for the continuous-mode
icebreaking of a ship was developed, and the effect of the ship motions on the ship

performance in level ice was investigated. The pressure-area relation was also
explored. The numerical procedure was improved in appended paper 2 by
implementing a failure criterion for wedge-shaped ice subjected to a dynamic
loading, which was used to calculate the speed dependence of the motions and the
bare hull ice resistance.

3.1 Underlying assumptions and simplifications

1

2)

The force superposition principle was followed, i.e., the ice floes were
assumed to be cleared by the advancing hull immediately after being broken
away from the intact ice sheet; thus, the resistance arising from the ice floe
clearing and submersion was considered not to interfere with subsequent
contacts. Thus, this component, which is denoted by Rg,mg, could be
separated from the total resistance. Similarly, the open water resistance, R,
could also be separated from the total resistance. Finally, the expression for
the total resistance of ships in ice was written as follows:

Rt = Ry + Rsbmg +Row (3.1),
Ry

where Ry, is the icebreaking component that accrues through crushing until
bending failure occurs.

The numerical procedure was used to calculate Ry, which was assumed to
determine the dynamic behavior of the icebreaking process, from the contact
conditions between the ship’s icebreaking waterline and ice edge; Rspmg
which was assumed to primarily produce a quasi-static force, was calculated
as a global load using the empirical formula developed by Lindqvist (1989).
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3) The ship’s maneuvering coefficients (M, A, B, and Cin Eq. (3.7)) were
calculated prior to conducting the numerical runs using a 3-D boundary
element program and assuming a low wave frequency: these coefficients
were held constant during a numerical run. Linear hydrodynamic damping
was not included, i.e.,, B = 0, because in ice covered waters the ice load is
considered to be the primary source of energy consumption.

4) The process of icebreaking was idealized as series of successive contact-
crushing-bending cycles.

5) Crushing failure was considered the only local failure mode in ice, although
physical tests have shown that shearing or flaking can also occur (Matlock et
al,, 1971; Riska, 1995; Tuhkuri, 1996).

3.2 Reference frames

Two right-handed Cartesian reference frames were employed to describe the rigid
body motion of the ship and the geometry of the ice edge: an Earth-fixed, inertial
frame and a ship body-fixed frame (Fig. 3.1).

Fig. 3.1 Reference frames

The trajectory of the ship and the ice edge geometry were expressed with respect
to the Earth-fixed reference frame, which was denoted by x,y,z,. The coordinate
plane, x,0,y,, coincided with the calm water plane, with the z, axis pointing
upwards. The hydrodynamic properties and inertial coefficients of the ship were
constant with respect to the coordinate system that was parallel to the principal
axes of inertia of the ship: therefore, a body-fixed reference frame, xyz, was
introduced in which the origin was aligned with the center of gravity (CG) of the
ship and body axes x, y, z corresponded to the longitudinal, transverse and vertical
coordinates, respectively. The linear and angular velocities and the accelerations of
the ship were expressed in the body-fixed reference frame.
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The two reference frames were related via the following matrix transformation:
a’ = u+RY(®)a® (3.2),

where a® and aP are the expressions of an arbitrary vector, a, in x,y,z, and xyz,
respectively; u is the translational vector from CG to 0,; and R (@) is the rotation
matrix from xyz to x,y,Z,.

The rotation matrix, R} (@), was defined following Fossen (2011):

cOcy  —cohsy + sdsOcy  spsyP + chsOcy
RY(®) = [cOsy  chcy + sdpsOsy  —sdpe + cdsOsy (3.3),
—s6 s¢dch chch

where

0 =[¢,6,] (3.4),

which denotes the Euler angles for: roll (¢), pitch(6) and yaw(ys); “c” in Eq. (3.3)

denotes “cos”, and “s” denotes “sin”.

The relationship between the body-fixed angular velocity (‘”B/o) and the Euler rate

(®) was given by the following matrix transformation:
0 =T(®)wp), (3.5),
where

1 sindtan® cosdptanB
T(®) =0 cos —sind (3.6).
0 sind/cosB cosd/cosb

3.3 Ship rigid body dynamics

During the continuous-mode icebreaking process, the ship experiences rigid body
motions in 6 DOFs that are governed by the following dynamic equations of motion:

(M +A)i+Bir+Cr=F (3.7),

where M, A, B and C are the mass, added mass, linear damping, and hydrostatic
restoring force matrices; F is the excitation force and moment vector that is the
sum of the following components: the icebreaking forces and moments F,, the ice
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floe turning and submerging component Fgy,,g, drag forces from the water Fy,cer,
and propulsion and steering forces F,. For a body with a principal plane of
symmetry, these maneuvering coefficient matrices have the following forms with
respect to the ship’s CG (e.g., Faltinsen, 1990):

[m 0 o0 0 0 0 1
0 m 0 0 0 0
0 0 m O 0 0
M=o 0 0 1, 0 -l (3:8),
0 0 0 0 I O
0 0 0 _14-6 0 166
_ A31 0 A33 0 A35 0
A(orB) = 0 A, 0 Ay, 0 A (3.9),
As; 0 Az 0 Ass O
0 Agz 0 Agy 0 Ay
[0 0 O 0 0 0‘|
|0 0 0 0 0 0
oo g 0 s oo
C |0 0 0 Co, 0 O| (3.10).
0 0 Ci3 0 Cs5 O
l0 0 0 0 0 OJ

The general acceleration, velocity, and global position and orientation vectors of
the ship’s CG are denoted as follows:
i =[u,vwpqr]
f‘ = [ul v,w, p; q; r]
r=[xy2d®,6,y]

(3.11),

where the components are organized in the order of surge, sway, heave, roll, pitch,
and yaw. This order is followed for the vectors used throughout this thesis.

A numerical solution to Eq. (3.7) was obtained using the “Newmark-beta” step-by-
step time integration method (e.g, Langen and Sigbjornsson, 1977), where the
accelerations of the ship were assumed to vary linearly during each time step.

The acceleration at the time instant t in the (k+1)th time step, ©¥(t), was given as
follows:

(D) = B + (% — 5O 7 (3.12),
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where h is the length of the time step; the subscripts indicate the time step; and the
superscripts indicate the reference frame in which the vector is expressed.

Integrating Eq. (3.12) over time yields the incremental velocity:
2
AFR(z) = [FFREAE = BT+ (i — ) 5 (3.13).

Thus, the velocity at the time instant T in the (k+1)th time step could be expressed
as follows:

2
(D) = B+ AR (D) = K+ BT+ (& — 8O o7 (3.14).

The displacement was obtained using a similar procedure:

3

R0 = i+ [FREAE = frr S 4, O S (3.5).

By allowing t = h, the velocity and displacement at the end of each time step were
obtained as:

. k . k -k ..k h
ficyr = g + (e +Hiq) 5 (3.16),

h2

k k . k ..k h? -k
l‘k+1 = l'k + l‘kh + rk ? + l‘k+1 ? (317)

Requiring that the system attained equilibrium at the end of each time step yielded
the following expression:

(M + A)ii,; + B + Criéy = By (3.18).

The dynamic equations of motion, i.e., Eqs. (3.16)-(3.18), were then solved. The
resulting solution corresponded to the incremental displacement:

2 2
A = Bh+ BE + (M + A) L (RS, — Crify ) = (3.19).

Finally, the state variables were updated and used as initial values for the next
time step as follows:

. 6 . ..k h?
B = 5 (ARG — ih — 1) (3.20),

ficer = B¢ + AR, (3.21),

N, =+ Ak, (3.22).
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3.4 Icebreaking load model

In the numerical procedure, the icebreaking (i.e., crushing and bending) force
component, F, 4, directly caused the formation of the icebreaking pattern and was
calculated by integrating the contact forces over the icebreaking waterline. The
methodology for this procedure is introduced in this section.

3.4.1 Ship hull geometry

Fig. 3.2 presents the ship’s hull geometry that formed the rigid body boundary
condition for the ice edge in the icebreaking process. The ship hull lines were
modeled by spline interpolation based on the lines drawing. The variation in the
icebreaking waterline because of the rigid body motions of the ship with 6 DOFs
was included by solving for the intersection curve between the ship hull and the
water plane at each time step.

ZNONN
A7 -
= .-ﬁgv-tvgy

I

Fig. 3.2 Ship geometry model

Computational geometry principles (e.g., Farin, 1997) were applied to develop a
subroutine to discretize the waterline into nodes (Fig. 3.3). The ice edge was also
discretized into nodes based on the ice edge shape from the previous time step or
any given initial condition.

Fig. 3.3 Frame angle calculation
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The frame angles, which are denoted by ¢, on the waterline nodes were calculated
at each time step in compliance with the ship’s motions in heave, roll and pitch. Fig.
3.3 presents the auxiliary waterline below the instantaneous icebreaking waterline
that was created to facilitate the construction of the hull panels. For a sufficiently
small hull panel (on the order of cm?), the frame angle could be represented by the
directional cosine between the normal to the hull, n, and the vertical axis of each
waterline node.

3.4.2 Contact detection

The possible contact zones between the ship hull and ice edge were identified by
using a geometric argument, i.e., by detecting the overlap between the ship’s
icebreaking waterline and the ice edge, as shown in Fig. 3.4.

Icebreaking Waterline 50—
-

!
\° _®
o
o
\0
\0
Ice Edge o
\ O ~o__ 95500
70-0-00-0-00-0-0°0-0-00-0-00-00 (05 5T X TG 250 I5ToH TG ITT 55855+ 55855955

Fig. 3.4 Contact detection

The contact area, A, for each contact zone was calculated by considering two
types of contact interfaces with a flat hull at the contact point (Fig. 3.5).

Fig. 3.5 Idealized contact interfaces

For each of the contact interface types, the contact area was described by the
contact length, L, the indentation depth, L4, and the frame angle, @, as follows:
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1 L
>Ln cosd<p , Lagtanp < h;  (typel)

Ay = ) P (3.23).
~(Ln + Ly Lt;" ®), Lytang@ >h;  (typell)

3.4.3 Contact pressure

The local crushing force on each contact zone was then calculated based on a
model of the average contact pressure given by Riska (1995):

For = PavAcr (3.24),

where the local crushing force, F,,, was idealized as the product of the average
contact pressure, p,,, and the contact area.

For simplicity, it is typically assumed that p,, can be represented by the crushing
strength, o, of ice. However, many field observations and physical experiments
have shown that p,, depends on the magnitude of the contact area, among other
factors, such as the loading rate, temperature, and ice properties.

This dependence is commonly known as the pressure-area (p-a) relation.
Analyses on full-scale measurements (e.g, Masterson and Frederking, 1993;
Masterson et al., 2007) have shown that the p-a curves exhibit a power law form:

av = KAG: (3.25),
where k and n are empirical parameters, k is positive, and n is negative.

The effect of the average contact pressure and the evaluation of the p-a curves
using the numerical procedure are discussed in Chapter 5.

3.4.4 Contact forces

A local coordinate system (Fig. 3.6), denoted by tnz, was introduced to transform
the rigid body velocities with respect to the CG to the hull nodal velocities:

{mz} v cosq; —sing; (ship)
n| = |sin 0(l cos 0(1 =M(a) - v, (3.26),

where o; denotes the waterline angle at node i.

The velocities were then decomposed into components that were tangential (v;)
and normal (v;) to the contact surface, as shown in Fig. 3.7.
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Fig. 3.6 Local coordinate system tnz
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Fig. 3.7 Local contact forces

The nodal velocities were then expressed in vector form as follows:

U 1 0 0 Uz
vt = Ivll = IO cos@ sing ||va (3.27).
v, 0 sing —cosq@ll?;

The magnitude of the crushing force, F.., which was caused by v,, and developed in
Section 3.4.3, could be expressed in vector form as follows:

_pavAcr' Uy <0

Fy = {0 >0 (3.28),

where the negative sign indicates that the force was always in the opposite
direction to that of v,.

19
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In the contact plane (i.e., plane 1 — tin Fig. 3.7), the tangential relative velocities,
v; and v, produced vertical and horizontal friction forces, which are denoted by f;
and f;, respectively:

fi = Wy (3.29),
vZ+v?
fr = W= (3:30).
/v%+vf
The nodal force on the ship hull in Tnz could then be obtained as
E1 1 0 0 f.
F9 = (| = Io cosp sing ||f (3.31).
E, 0 sing —cos@llF.,
Finally, the forces in tnz, Fi{mZ}, were transformed back to the ship’s reference

system as follows:
Fi{ship} =M (q) - Fi{mZ} (3.32).

The sum contact load on the ship was then obtained by integrating Fi{Ship} over all

of the contact zones that acted on the ship simultaneously.

3.4.5 Bending failure criterion

The normal crushing force on the ice edge, which is denoted by F., together with
the vertical frictional force, which is denoted by f{, result in a vertical force
component, F,’:

F} = = (F& cos @ = f{ sin ) (333).

As the ship penetrates further into the ice, the contact area and thus the contact
forces increase. This process continues until F; exceeds the bearing capacity, P;, of
the ice edge.

Tan et al. (2012) (appended paper 1) used a numerical procedure into which a
static bending failure criterion was incorporated; the static bending failure
criterion was developed by Kashtelyan (Kerr, 1975) from observations:

Pfstatic — Cfohiz(e?w)z (3.34),
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where csis an empirical coefficient that is determined by field tests; o;is the
flexural strength of the ice; and 0,, is the ice wedge opening angle at the vertex.

In a subsequent case study presented in appended paper 2, the numerical
procedure was improved by incorporating a dynamic bending failure criterion
because both experimental and theoretical studies (e.g., Varsta, 1983; Valanto,
1989; Valanto, 1992) have indicated that the bending failure load of an ice wedge
subjected to a rapid loading increases with the indentation speed. The inertial
force of the ice and the hydrodynamics of the water foundation, which are
associated with the loading rate, affect the ice bending failure load.

The dynamic bending failure criterion was developed based on the finite element
calculations of the dynamic bending failure loads for level ice provided by Varsta
(1983), as shown in Fig. 3.8.

— f
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Fig. 3.8 Normal crushing force at failure vs. ship forward speed
(reproduced from Varsta (1983): notations for force, speed and frame angle were
changed to be consistent with this study)

Geometrical relations between the force and velocity components and dimensional
analysis were used to obtain a dimensionless coefficient function of the normal
relative speed:

A(vy) = —2) (3.35),

g
ahf (52

which is plotted in Fig. 3.9.
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Fig. 3.9 Coefficient A; as a function of crushing speed v,
(hi = 0.35m, of = 1.2 MPa, 6, = 90°)

The numerical expression for A; was obtained by curve fitting, as shown in Fig. 3.9,
which was then used to incorporate the dynamic effect described by Eq. (3.35) into
the bending failure load:

PH(v;) = (1.65 + 2.47v340)orh? (222 (3.36).

3.4.6 Bending crack

Model- and full-scale observations have shown that the failure of an ice sheet by
bending and the emergence of a new ice edge follows a seemingly regular pattern
consisting of wedge- and cusp-shaped ice pieces that sequentially break off from
the intact ice field.

In the numerical procedure, the shape of the bending crack was idealized as a
circular arc. In Tan et al. (2013) (appended paper 1), the size of the broken ice floe
was represented by the “ice floe radius” that was developed by Wang (2001),
which can be expressed as:

R=Gl(1+ Cyvy) (3.37),

where v, is the normal crushing speed, as shown in Fig. 3.7; L is the characteristic
length of ice; and (; and C,, are two empirical parameters.

Using static theory for an elastic plate on an elastic foundation yielded the
following solution for I:
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Eh} E

1= ya (3.38).

12(1-v2)pwg
The ice edge that is in contact with the hull can take quite irregular shapes, which
can be observed in the icebreaking patterns in nature and was observed in the
numerical simulations. The “ice floe radius” model given by Eq. (3.37) specifies
only one dimension (the radial direction, or depth) of the broken floe. In a
subsequent study described in appended paper 2, an additional condition was
used together with Eq. (3.37) to describe the geometry for which the ice cover fails.
Based on reports from full-scale tests, Milano (1973) suggested that the ratio
between the length (denoted as c,!l in Fig. 3.10) and the depth (denoted as c;lin
Fig. 3.10) of the cusp for sea ice ranged from approximately 3.0 to 6.0.

.\ g.---—--~~=~ Ice

Fig. 3.10 Example of bending crack

Therefore, the following coefficient, C;, was defined:
C. == (3.39),

and was introduced into the numerical procedure to represent the length-to-depth
ratio of the broken ice cusp.

The sequence of the geometry of the ice edge created by repeated breaking is often
referred to as the “icebreaking pattern”. Fig. 3.11 provides an example of the
icebreaking pattern observed in an ice model test. Fig. 3.12(a) presents a simulated
icebreaking pattern. A comparison of the observed and simulated icebreaking
patterns illustrates that the numerical procedure reproduced the icebreaking
process well.
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Fig. 3.11 Observed icebreaking pattern for the bow of the M/T Uikku in Aalto ice
tank in Feb., 2012 (Photograph by X. Tan)
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Fig. 3.12 (a) Simulated icebreaking pattern and (b) corresponding icebreaking
force
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3.5 Propulsion force

The concept of the net thrust in ice, T}, i.e., the thrust available to overcome the
ice resistance after considering the thrust used to overcome the open water
resistance, was incorporated into the numerical model to represent the propulsion
force for self-propulsion conditions.

The net thrust in ice was defined as:

h
Tner = Tr - (1~ tow) — RO (340),
where Tr is the total thrust; t,,, is the open water thrust deduction factor; and R([,}:A],
is the bare hull open water resistance.

In early designs, the effect of the speed in Eq. (3.40) was approximated by the
quadratic factor f,(u) (Riska et al., 1997), which depended on the maximum open
water speed, as follows:

u 2

Tnee) = f,(u) - T = (1 — 5 G2 Ty (3.41),

Vow 3
where Ty is the bollard pull; and v,,, is the maximum open water speed.

Eg. (3.41) illustrates that T,,.; equals the bollard pull when the ship speed is zero,
and T equals zero when the ship is at the maximum open water speed.

The actual total thrust, T, derived from the propeller open water tests was used in
paper 3. For papers 1 and 2, Eq. (3.41) was used to describe the propulsion force.

3.6 Coupling between ship motions and excitation forces

Once the ice edge has broken away from the intact ice sheet, a new ice edge is
generated and the next icebreaking cycle begins. Eq. (3.19) illustrates that the
ship’s current state variables and the environmental loads are interdependent on
each other. In the icebreaking process, the ship motions and icebreaking pattern
affect each other simultaneously. The coupling between the ship motions and
excitation forces was solved for iteratively at each time step until equilibrium was
achieved. The following convergence criterion was used:
(i+1) (i)
v, <1073 (3.42).

IR,
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A flowchart of the numerical procedure is provided in Fig. 3.13.

Set initial conditions:
- Ship’s attitude and position 1, (no contact at the beginning);
- Ship’s initial speed ¥y;
- Ice edge geometry;
- k =0, i =0 (k for time step, / for iteration);
- Fy=0,i,=0

Trial value for excitation force F,E?l =F le

I‘ \
! . . . (i 1) L (i+1) i+1) 0]
(—.I Solve the equations of motion for the ship: (M + A)¥,[” + Bi,,” + Cr,[ " = F,

(i+1), .,(i+1)

k+1 ° Tk+1

| .
I Generate new wateriine I
| |

A

Contact >

Yes

Calculate Ice Load: Fy., (D |

Cek+1 }
Calculate other excitation force components: F,, (D, g (D) ee, |4—J

Wil 2 Py

| Calculate excitation force: F,Sl:ll) |

o
\. 1 i=it+1 | <unvcrgc

Yes

Update force and state variables: Fi.q = F,El:ll); Tip1 = r,Sfll); Tp1 = l",ETll); T4 = it

Tisr

Bending

' Yes

| Update ice edge geometry |

k=k+1,i=0 /

Fig. 3.13 Flowchart of the numerical procedure
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Ship Motions, Icebreaking Pattern, and

Ice Resistance

In this chapter, the effect of the interactions among the three key characteristics in
the dynamic process of continuous icebreaking is discussed: the ship motions,
icebreaking pattern, and ice resistance (ship performance). The corresponding
paper on this issue is appended paper 1. When considering ship motions with 6
DOFs, variations in the waterline geometry and frame angle from the heave, pitch,
and roll further complicate the relationships among these characteristics. The
interdependencies between these characteristics are intricate and thus difficult to
describe explicitly. The numerical model served as a tool for investing this complex
problem by reproducing the icebreaking patterns and simulating the ship motions
and ice resistance in the time domain. Case studies were conducted for the
Swedish icebreaker AHTS/IB Tor Viking II. The results from three different DOF
configurations were compared to the full-scale data to determine the relations
among these characteristics. The p-a relation (Chapter 5) and the dynamic
bending failure criterion for ice (Chapter 6) were not included thus far. The contact
pressure was evaluated as the crushing strength of ice (o.,), and the static bending
failure criterion developed by Kashtelyan (1968) (i.e., Eq.(3.34)) was used.

4.1 AHTS/IB Tor Viking II

The AHTS/IB Tor Viking II has a conventional propulsion system that consists of
four medium speed diesel engines connected with two reduction gears into two
CP-propellers equipped with nozzles. The ship’s full-scale parameters are provided
in Table 4.1. A full-scale test series was conducted on the Tor Viking II in the
northernmost Baltic in winter 2000; the tests consisted of on-ice measurements of
ice properties and thicknesses (Riska et al., 2001).

In this thesis, the values of the ship and ice parameters that are listed in Table 4.1
and Table 4.2 were used as inputs for all of the case studies on the Tor Viking II.
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Table 4.1 Ship parameters

Parameter Notation Value Dimension
Length over all LOA 83.70 m
Length between perpendiculars Lpp 75.20 m
Breath, moulded B 18.00 m
Draught, max icebreaking D 6.50 m
Bollard-pull, ahead Ts 202 t
Displacement M 5.74x106 kg
. . Ixx 2.98x108 kg.m?
Moment of inertia
Iyy 2.03x10° kg.m?
A3z 1.83x107 kg
Added mass coefficients Ass 5.36x107 kg.m?
Ass 4.47x10° kg.m?
C33 1.31x107 N/m
Restoring force coefficients Ca4 1.38x108 N.m
Css 6.09x10° N.m
Propulsion output Pp 13440 kW
Open water speed Vow 16.40 knot

Table 4.2 Ice properties

Parameter Notation Value Dimension
Density Pi 880  kg/m3
Young’'s modulus E 540 GPa
Poisson ratio v 0.33

Crushing strength Ocr 2.30 MPa
Bending strength o¢ 0.58 MPa
Coefficient of friction p 0.15

4.2 Motion configurations

The numerical procedure was developed to include various ship motion
configurations. In addition to the 6-DOF ship motion model, reduced-order models
could be generated by constraining any of the DOF(s) to investigate the effect of
specific motion(s) on icebreaking. In this chapter, the following motion
configurations are used:

= 6-DOF model - includes all motions in 6 DOFs;
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= 4-DOF model - includes surge, heave, roll, and pitch; and
= 3-DOF model - a planar model that includes motions in surge, sway, and
yaw.

The relationships between the motion configurations are shown in Fig. 4.1.

3-DOF (planar) Model

Yaw

Transverse Motions

Fig. 4.1 Relationships between the motion configurations

4.3 Interaction between ship motions and the
icebreaking pattern

Fig. 4.2 and Fig. 4.3 present typical simulation results for the ship motions and
icebreaking patterns.

The loading conditions, including the loading rate, waterline geometry, and hull
frame angle, are asymmetric on the two sides of the hull because of the ship
motions, and this often drive the ship to drift transversely, as shown in Fig. 4.2(d)
and Fig. 4.3(d).

The effect of the icebreaking pattern on the heave, pitch, and roll is determined by
comparing these motions in Fig. 4.2 and Fig. 4.3: the more unevenly distributed ice
pressure around the hull for 0.5-m-thick ice caused a larger vibration amplitude of
these motions than that obtained for 0.6-m-thick ice, although the corresponding
mean values were smaller.



30 Chapter 4

8z (m)

¢ (degree)

0 (degree)

Y (m)

Ship Motions, Icebreaking Pattern, and Ice Resistance

ocse AL H1|“H|HH“IH|”“”““HH““IHHUH“'H“IMHM NN lth”“
llm‘Hl'nu HIl!!'WHWI||HH‘WH‘}‘|'HHHW”””W!H’H A1 i
1800 1860 1920 1980 2040 2100 2160 222:)(:)280 2340 2400 2460 2520 2580 2640 2700
(a) Heave

—— mean value: -0.015°
0120 T=10.045s

e T
0040 HIHHH”H”””””H”,WHHH IHHIH”””]]”””]HHlllHl]]HH]HHIHUIH

-0.080
-0.120

-0.160 + T T T T T T T T T T T T T T 1
1800 1860 1920 1980 2040 2100 2160 2220 2280 2340 2400 2460 2520 2580 2640 2700

t(s)
(b) Roll
mean value: -0.125°
0110 T=57645
-0.115
-0.120
. A R A T A A ‘l AR
0125 AN MR wmw i (LA il i a
-0.130
-0.135
-0.140 + T T T T T T T T T T T T T T 1
1800 1860 1920 1980 2040 2100 2160 2220 2280 2340 2400 2460 2520 2580 2640 2700
t(s)
(c) Pitch
200+

180
160 -

140+
120
100

80

60-]
40

20 T T T T T T T T T T T 1
11000 11500 12000 12500 13000 13500 14000 14500 15000 15500 16000 16500 17000

X (m)

(d) Ship’s course (not to scale) and icebreaking pattern

Fig. 4.2 Simulated ship motions and icebreaking pattern
(ice thickness: 0.6 m, full propulsion power, 6-DOF model)
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The effect of the ship’s transverse motions (sway and yaw) on the icebreaking
pattern can be seen in the example shown in Fig. 4.4. The icebreaking pattern not
only affected but was in turn affected by the inclusion of the sway and yaw motions.
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Fig. 4.4 Comparison of the ship’s course (not to scale) and icebreaking pattern for
the 6- and 4-DOF models (ice thickness: 0.4 m, full propulsion power)

The effect of the heave and pitch on the icebreaking pattern was determined by
comparing Fig. 4.5(a) and Fig. 4.5(b). Accounting for the heave and pitch in the
model decreased the crushing on the side hull.
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£

(a) 6-DOF model

(b) 3-DOF (planar) model

(c) 4-DOF model

Fig. 4.5 Icebreaking patterns for different motion configurations
(ice thickness: 0.7 m, full propulsion power)

4.4 Interaction between the ship motions and ship
performance

4.4.1 Vertical motions (pitch and heave)

A ship’s performance in ice is often described using a plot of the ice thickness
versus the forward speed that can be attained at full propulsion power, i.e., the h-v
curve (In the subsequent part of this thesis, v is used to denote the ship’s forward
speed instead of u that was defined in Chapter 3). Fig. 4.6 illustrates that the
numerical predictions generally correlated well with the regression curve of the
full-scale data.



34 Chapter 4 Ship Motions, Icebreaking Pattern, and Ice Resistance

1.6

- Regression curve of full-scale data
1.4 # Full-scale data
iy A A 6-DOF model

1.2 47— oA @ 3-DOF model (planar model)
1 0 ] \
4 QA
08 | T, |
i QA *
061 RN
0.4 - \
0.0 . . . . r . —

I
0 2 4 6 8 10 12 14 16 18

effective ice thickness (m)

speed (kn)
Fig. 4.6 h-v curve

Fig. 4.6 presents the numerical predictions obtained using the 6- and 3-DOF
(planar) models. Comparing the results for these two motion configurations
illustrates that the speeds predicted by the 6-DOF model are slightly higher than
those obtained using the 3-DOF model for most of the ice thicknesses considered
(except for the 1.1-m-thick ice) and that this result tended to be more obvious for
thick ice. This implies that the inclusion of vertical motions is generally beneficial
for icebreaking. This trend can be explained by the fact that a ship does not “plow
through” ice when advancing in thick ice; instead, the ship drives its bow onto the
ice to break the ice with its weight. Thus, this “ramming” process in thick ice
involves relatively large motions of heave and, in particular, pitch. In thin ice,
however, the bending strength of ice is low, and the ice typically breaks without a
noticeable change in the ship’s trim. From an energy perspective, this result also
suggests that in the absence of artificial constraints for the 6-DOF model, the ship
breaks ice such that the energy is optimized among the 6 DOFs.

4.4.2 Transverse motions (sway and yaw)

Fig. 4.7 compares the numerical predictions obtained using the 6- and 4-DOF
models. For most of the cases in thick ice (except for the case in 1.0-m-thick ice),
the speed predicted by the 4-DOF model was slightly higher than that predicted by
the 6-DOF model. This result implies that, especially in thick ice, reciprocating
sway and yaw causes an increase in ice resistance because of the enlarged forward
project area of the ship. This phenomenon was less obvious in thin ice than in thick
ice because the ice pressure is often more non-uniformly distributed around the
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hull in thick ice, thereby causing the ship to yaw and sway. Furthermore, the 6-DOF
model did not tend to yield a higher speed than the 4-DOF model from energy
perspective, as noted in Section 4.4.1, because although the 6-DOF model has fewer
artificial constraints and thus was more energy efficient compared to the 4-DOF
model, the relieved DOFs in sway and yaw do not contribute as significantly to
icebreaking as the vertical motions. Transverse motions can only cause difficulties
in icebreaking because ice is more easily bent than crushed; for a typical
icebreaking hull, vertical motions bend ice, whereas transverse motions crush ice.
Thus this advantage in terms of the energy use offered by the 6-DOF model was
canceled out by the added resistance resulting from the transverse motions.
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4.4.3 Roll

The effect of roll on ice resistance is more complicated. Roll might be expected to
resemble other reciprocating transverse motions (sway and yaw) that produce an
enlarged forward project area and thus an added resistance. However, roll is also a
motion with a vertical effect. That is, under some circumstances (e.g.,, when the
bending strength of the ice is low and the slope at the side hull is considerably
lower than 90°), rolling may also help to create a wider channel.

It was observed in the numerical calculations that when the bow opened a channel
that was not sufficiently wide for the maximum beam to pass through, continuous
crushing occurred along the side hull, thereby increasing the ice resistance.
Moreover, if the ship experienced large rolling angles simultaneously, the ice edge
around the midbody was constantly crushed instead of bent because of the large
side hull slope angle of the Tor Viking II (90°). Large amplitudes of the roll motion
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and correspondingly high values of ice resistance were reported in model tests
conducted by Ettema et al. (1987).

4.5 Interaction between the icebreaking pattern and ship
performance

Su (2011) investigated the effect of the icebreaking pattern on ship performance
(ice resistance) in ice. The resistance depended on both the ice thickness and the
icebreaking pattern: when shoulder crushing (e.g., Fig. 4.8) occurs constantly, the
ship experiences a higher icebreaking resistance than when shoulder crushing is
absent, even in relatively thin ice. In this study, similar occurrences of shoulder
crushing were also observed. For example, in the case of 0.7-m-thick ice with the
icebreaking patterns shown in Fig. 4.5 (where the shoulder crushing is encircled in
red), the predicted speed was considerably lower than even that for thicker ice, as
seen from the h-v curves.

Icebreaking process with shoulder crushing

Fig. 4.8 Two different icebreaking patterns (Su, 2011)



5

Effect of the Average Contact Pressure

Studies on the average contact pressure are presented in this chapter. The
corresponding content can be found in appended paper 1. First, the developed
numerical procedure was used to conduct a parametric study on the average
contact pressure by incorporating parameterized pressure-area curves into the
numerical model. The effects of the average contact pressure on the ship motions,
ice resistance, and ship performance were investigated. The numerical ship
performance results were then compared with the full-scale performance data to
determine values for the parameters of the p-a curve. The AHTS/IB Tor Viking II
was used as the physical prototype with the ship and ice properties presented in
Chapter 4.

5.1 Parametric study

As discussed in Section 3.4.3, the average contact pressure typically depends on
the contact area through a p-a curve, as given in Eq. (3.25). However, the values
for the parameters k and n in the literature exhibit a wide range of scatter, possibly
because the dependences determined in various studies were derived under
different conditions, i.e., the definitions of the contact area, test scales, and ice
properties differed. The mechanism of this contact area dependence is not fully
understood; therefore, this study was performed semi-empirically by carrying out
a parametric study using the developed numerical procedure.

The parameterized p-a curve was defined as:

Pav = PG = kA, (5.1).
The values of the parameter n were equally spaced between 0.0 and -0.4 (where
n = 0 corresponds to a constant contact pressure, i.e., no p-a relation is used). 4,
and py in Eq. (5.1) denote the reference area and pressure, respectively. Apart
from simplifying the parametric study, the reference area and pressure values
were introduced because a threshold value for the contact area below which the
pressure was independent of the contact area needed to be fixed, implying that
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there was a transition for the material property from being governed by fracture
mechanics to being controlled by strength of material.

In this study, the values for A, and p, were determined empirically: in the Baltic
Sea, the measured average pressure on a gauge with an area of 35x35 cm? has a
mean value of 2.3 MPa (Kujala, 2007). These values served as reference values in
the parametric study.

@ reference point (0.1225, 2.3)
no p-a relation, constant pressure of 2.3Mpa

3 ——n=-01,k=186 B
——n=-02,k=1.51
] —n=-0.3k=123
n=-04 k=081 I
/(U\ n =-0.25, k = 1.7 (Palmer's Model)
o L —
=
<
& -
Q

(&}
-
N A
w -
g
o~
[OF
-~ 4
<« —
©
A
o

Fig. 5.1 Parameterized pressure-area curves

Fig. 5.2 and Fig. 5.3 present the mean values of the ship motions at full propulsion
power, which were predicted using the selected p-a curves, versus the ice
thickness. The mean values of motions are shown to generally increase as the p-a
dependence becomes stronger (i.e., corresponding to smaller values of n).
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Fig. 5.2 Mean values of heave vs. ice thickness using p,, as a parameter
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Fig. 5.3 Mean values of roll and pitch vs. ice thickness using p,, as a parameter

Fig. 5.4 is a plot of the predicted ice resistance at a speed of 5 m/s versus the ice
thickness, illustrating that the ice resistance generally increased with the degree of
dependence (i.e., decreasing values of n).
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Fig. 5.4 Ice resistance vs. ice thickness using p,, as a parameter

Fig. 5.2 through Fig. 5.4 present the effects of the average contact pressure on the
ship motions and the ice resistance, indicating that when the degree of dependence
was stronger (i.e., the values of n were smaller), the ship tended to experience
higher excitations from the ice that resulted in larger motions and higher
resistance. This result can be attributed to the average contact pressure on a
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certain contact area being lower when the dependence is stronger (i.e., the values
of n are smaller); thus, a larger contact area must be attained to achieve the force
needed to cause the ice to fail. Thus, the triangular force peaks for the icebreaking
force have a larger area and thus larger energy consumption. The simulated
motions and ice resistance for some ice thicknesses displayed some irregularities
from the effects of the icebreaking pattern.

5.2 Evaluation of the p-a curve

The numerical predictions of the ship performance using the selected p-a curves
are plotted in Fig. 5.5. There were smaller discrepancies between the results
obtained for the p-a curve for n between -0.2 and -0.3 and the regression curve of
the full-scale data than for the results obtained using other curves. The
aforementioned n values agreed well with the values given by Palmer (1991).
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Effect of the Ice Bending Failure Load

In this chapter, the effects of the ice bending failure criterion on the ship motions,
ice resistance, and ship performance during continuous-mode icebreaking in level
ice are considered. Appended paper 2 is associated with this problem. First, the
bending failure criterion for sheet ice subjected to a dynamic load that was
developed in Section 3.4.5 (Eq. (3.36)) was incorporated into the numerical
procedure. Then, a series of case studies was carried out for the AHTS/IB Tor
Viking II to calculate the ship motions, ice resistance, and ship performance, and
the numerical results were validated using the full-scale data. Finally, the
numerical results obtained using the static (Eq. (3.34)) and dynamic bending
failure criteria were compared to each other, and the effects of the ice bending
failure load and ship forward speed are discussed.

6.1 Validation of the ice dynamic bending failure
criterion

Fig. 6.1 presents the h-v curves calculated using the dynamic and static bending
failure criteria, respectively. The results obtained using the numerical procedure
with the dynamic bending failure criterion correlated better with the full-scale
regression curve.
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Fig. 6.1 h-v curve for different bending failure criteria
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Fig. 6.2 presents the ice resistance at full propulsion power. The predicted ice
resistance was in good agreement with the full-scale data.
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Fig. 6.2 Ice resistance at full propulsion power

6.2 Effect of dynamic bending on the ice resistance and
ship motions

Fig. 6.3 presents the mean values of the simulated surge ice resistance and pitch
moment.

The results obtained using the static bending failure criterion did not appear to be
sensitive to the ship’s forward speed in thick ice (e.g, for ice thicknesses of 0.7 and
1.1 m). However, in thin ice (e.g. for ice thicknesses of 0.1 and 0.3 m), the curves
appeared to be moderately linear. This result can be attributed to the dominance of
the broken ice resistance, Rsbmg, in thin ice. In the numerical model, this
component was calculated using Lindqvist’s (1989) resistance formulae, which
accounts for the speed dependence. In thick ice, however, the icebreaking
resistance component, Ry, dominates, and the static bending failure model
cannot capture the effect of the speed on the icebreaking forces.

The results obtained using the dynamic bending failure criterion varied linearly
with the ship’s forward speed, which is consistent with observations and data from
previous studies (e.g., Voelker and Geisel, 1984; Riska et al.,, 1997).
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Comparing the ice resistances that were calculated using these two ice bending
criteria indicated that a higher ice resistance was obtained using the static bending
criterion over a low speed range than that obtained using the dynamic bending
criterion. However, contrasting results were obtained at high speeds. This result
was obtained because, as shown in Fig. 3.9, the ice bending failure load for the
dynamic bending criterion increased with the colliding speed that was associated
with the ship’s forward speed; for the static model, however, the ice bending
failure load is independent of the ship speed. At low speeds, a higher ice bending
failure load is obtained from the static bending criterion than that obtained from
the dynamic bending criterion, which consequently resulted in a higher ice
resistance.

3600
Dynamic Bending Model:
O 0.1m thick ice
3000 : O 0.3m thick ice
__—d 7 0.7m thick ice
] <] 1.1m thick ice
- < e o linear fits of
- dynamic bending mode!
4 Static Bending Model:
< 0 0.1m thick ice
O 0.3m thick ice

2400

1800 g

\

F *° (kN)
¥
\
\

4 <4 P - /%'/V v 0.7m thick ice

y v < A1m thick ice
A v Lindgvist's Formula:

A v v Y o 0.1m thick ice

R~ 8 :*@ ---0--- 0.3m thick ice

T{fo,’@ff % B v 0.7m thick ice

---<--- 1.1m thick ice

1200

600

(a) Surge ice resistance

0

b—o—4d R o @3 o——I Dynamic Bending Model:
© *§~——gﬁo,,‘g, - 778* o ~0- 0.1m thick ice
-10000 - R —- S 0 | —O-o0.3mthickice
qum\ - V\\V\ —5/— 0.7m thick ice
-20000 4 \v"\v\ v <]~ 1.1m thick
g\ T — Static Bending Model:
— 300004 g gy —0—0.4m thick ice
£ N Y | —o-oamthickice
= 40000 - J —/— 0.7m thick ice
X T —<]—1.1m thick ice
-
8 -50000 g
= T
60000 4 =
L
<
-70000
-80000 T T T T T T T T
1 2 3 4 5 6 7 8
v_(mf/s)

(b) Pitch moment

Fig. 6.3 Simulated mean values of ice resistance vs. ship forward speed for different
ice thicknesses

The mean values of the simulated ship motions that were obtained using the static
and dynamic bending failure criteria are plotted in Fig. 6.4: the heave that was
calculated using the dynamic bending failure criterion varied linearly with the
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ship’s forward speed. Although the roll was not influenced by the ship speed, some
major jumps for the roll angles were identified especially in thick ice. This
observation was consistent with the phenomena reported by Ettema et al. (1987),
as stated in Section 4.4.3.
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The pitch angles calculated using the static bending model decreased linearly with
the ship speed for all of the ice thicknesses considered. However, the pitch angles
calculated using the dynamic bending model decreased with the ship speed for
thin ice but increased with the ship speed for thick ice (Fig. 6.4 (c)). In medium-
thick ice (i.e., ice thicknesses of 0.5 and 0.7 m), the pitch angles calculated using the
dynamic bending criterion increased with the speed in the low speed range while
decreased with the speed in the high speed range. The natural pitch frequency for
the Tor Viking II is estimated to be 0.15 Hz. A spectral analysis on the time
histories of the pitch moment at the lowest ship speed of 1.0 m/s yielded
frequency values of 1.31 and 0.20 Hz for ice thicknesses of 0.1 and 1.1 m,
respectively. As the ship speed increased, the frequency of pitch moment increased
and thus moved farther away from the natural pitch frequency. This behavior
resulted in a general decrease in the pitch, as was obtained using the static bending
model. Using the dynamic bending model, however, the magnitude of the pitch
moment in thick ice increased dramatically compared to that in thin ice, as well as
to the results obtained using the static model. Therefore, the value of the pitch
angle was affected by the magnitude of the pitch moment and its frequency. A
similar trend in the variation in the mean values of pitch and heave with the ship
speed has been reported for model tests by Ettema et al. (1987), as shown in Fig.
6.5.

2 I— 2 T T T T T T T T T
i x MEAN PITCH

: —==-{F--- MEAN HEAVE

h=30mm

MEAN PITCH (RAD-100)
T
MEAN HEAVE (cm)

] 0.2 04 06 [oX:] 1.0
HULL SPEED (m/s)

Fig. 6.5 Mean values of pitch and heave vs. hull speed from a model test with an
USCGC Polar-Class Icebreaker (Ettema et al., 1987)
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Performance of a Dual-Direction Ship in Level Ice

A study on the performance of the dual-directional icebreaking tanker M/T Uikku
is discussed in this chapter: appended paper 3 is the corresponding paper. The
study was carried out at model scale. The effect of the propeller-ice-hull
interaction for running astern (propeller first) was considered in the numerical
procedure by calibrating the broken ice resistance component, Rg,mg, using the
model test data. The numerical model was in turn used to study the thrust
deduction in ice.

7.1 Introduction to thrust deduction

7.1.1 Thrust deduction in open water

Open water tests have shown that the thrust force of a ship at the self-propulsion
point, i.e,, free running at the maximum speed that can be attained without an
external towing force, exceeds the towing force that is measured when the ship is
towed at the same speed. Thus, the propeller alters the hull resistance by an
amount, for which the force equilibrium equation can be expressed as:

Tr = R™ + AR, (7.1),

where Tt denotes the total thrust, i.e., the thrust measured on the propeller shaft;

R([,}:A], is the open water resistance, where the superscript [h] denotes the resistance
under the towed condition (the bare hull resistance); and AR, is the hull
resistance augmentation (the added resistance) that is caused by the interaction
between the ship hull and propeller flow.

The physical origin of AR,,, is that the propeller accelerates flow in front and
behind of it resulting in an increased rate of shear in the boundary layer (i.e., an
increased frictional resistance on the propeller blades) and a reduced (ahead mode)
or increased (astern mode) pressure over the rear of the hull (i.e,, an increased
pressure resistance on the hull).

In practice, this increase in the resistance is viewed as a thrust deduction:
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Tr - (1 = tow) = Row (7.2),

where AR, is expressed as a fraction of the total thrust by a thrust deduction
factor that is defined as:

ARow
tow = T_T (73)

7.1.2 Thrust deduction in ice

In ice-covered waters, the force equilibrium equation for a ship breaking ice at self-
propulsion can be expressed as:

Tr = R + R 4 ARy (7.4),
)
T

where Rl[h] is the bare hull ice resistance; R%h] is the total bare hull resistance; and
ARy is the hull resistance augmentation caused by the interaction among the ship
hull, propeller flow and ice.

Unlike the added resistance in open water, ARt is often observed to be negative
when the ship is running propeller first. In fact, when the ship is running propeller
first in ice-covered waters, the propeller causes an increase in the hull resistance
(a positive AR,,,) because of the interaction between the stern and propeller flow,
as explained in Section 7.1.1, whereas the broken ice floes attached to the bottom
of the hull are flushed backwards (towards the bow) by the flow generated by the
propeller which causes a decrease (denoted by AR;) in the hull resistance
component Rgp,p,g. The experiences with icebreaking for a ship that was running
astern suggest that the overall effect of the propeller is often to reduce the total
hull resistance even if the open water thrust deduction is higher than when the
ship was running ahead, implying that the effect of AR; overrides that of AR,-

The added resistances, AR,,, and AR, originate from different regions of the hull
and arise from different physical mechanisms; thus, ARt was assumed to be a
superposition of AR, and ARy:

Thus, Eq. (7.4) becomes:

Tr = R™ + AR + RY + AR, (7.6).
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By introducing the concept of the net thrust in ice, which is defined by Eq. (3.40),
Eq. (7.6) can be alternatively expressed as:

Ly

Thee = R + AR, (7.7).

The thrust deduction factor in ice is defined in this thesis as:

_ R
f=1 (7.8).
Thus,
h h
Tr- (1= tow — t;) = RI 4+ RI™ (7.9).

In addition, an overall thrust deduction factor can be defined as:

AR
tTOT = T_'I:r (710)
Thus,
h
Tr- (1 = tror) = RM + RI™ (7.11).

7.2 M/T Uikku

M/T Uikku was the first western oil tanker to navigate the entire Northern Sea
Route. The product tanker was built in 1977 and was originally installed with a
conventional propeller-rudder propulsion system. In 1993, the propeller-rudder
configuration was replaced with an 11.4 MW Azipod unit with a “pushing” type
azimuth propeller, and the ship’s ice strengthening was also increased.

The stern design does not allow the propeller to azimuth fully in 360°. Thus, the
efficiency in astern mode is lower than that in ahead mode because of the inversely
rotating propeller, as illustrated by the K, Kq and ng curves derived from the
propeller open water model tests (Fig. 7.1).
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Fig. 7.1 Kr, Kq and ng curves (n =15 s'1)
The main particulars of the ship are listed in Table 7.1.
Table 7.1 Ship parameters*
Parameter Notation Dimension F.SValue M.S Value
Length over all LOA m 164.4 5.21
Length between perpendiculars Lpp m 150.0 4.75
Breath, moulded B m 22.2 0.70
Draught, icebreaking D m 9.5 0.30
Propulsion power Pp w 11.4x106 64.55
Propeller diameter Dp m 5.6 0.179

* M.S. denotes model scale, F.S. denotes full scale; the scale factor is 31.56.

7.3 Information from the model tests

A series of model tests was conducted by Leiviskda (2004) to investigate the
propeller-hull-ice interaction using a model of the M/T Uikku. The tests were
conducted under towed as well as self-propulsion conditions in astern mode to

investigate the effect of the bow propellers on the ice floe turning and submerging

resistance component, Rgpng. In the towed tests, the bare hull resistance, R%h], was

measured at the same speeds as in the self-propulsion condition.

The level ice model tests were conducted for two ice thicknesses, 18 and 29 mm.
For each of the ice thicknesses, four tests were carried out with different power
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outputs that bounded the installed propulsion power of the ship. The test results
provided by Leiviskad (2004) were somewhat raw; thus, the author of this thesis
extended the results for use in this study. The maximum ship speeds at the full
installed propulsion power at each of the ice thicknesses were calculated and are
listed in Table 7.2.

Table 7.2 Maximum ship speed attainable at full power in astern mode*

Ice thickness mm 0 18 29

Ship speed m/s 0.97 0.59 0.33
* The ship speed values listed in Table 7.2 were calculated by the author of this thesis
based on the test results reported by Leiviska (2004).

The added resistances caused by the flushing effect of the propeller flow in astern
mode were calculated and are listed in Table 7.3 and Table 7.4 based on the
measured quantities.

Table 7.3 Hull resistance augmentation in 18mm level ice in astern mode”

v n Q A T RPORNORM AR,y ARp AR
[m/s] [1/s] [Nm] [W] [N] [N] [N] [N] °Y [IN] [N] [N]
036 10.0 0440 276 126 182 20 162 0219 28 -56 -84
055 125 0772 60.6 199 258 44 214 0241 48 -59 -10.7
074 150 1.009 951 299 357 80 27.7 0257 7.7 -58 -135
091 175 1334 1467 410 452 116 33.6 0264 108 -42 -15.0

Table 7.4 Hull resistance augmentation in 29mm level ice in astern mode*

v n Q A T RN gl g . AR, AR AR
[m/s] [1/s] [Nm] [W] [N] [N] [N] [N] ° [N] [N] [N]
026 11.7 0.789 579 19.6 23.0 11 219 0179 35 -34  -69
038 125 0.851 668 226 292 22 270 0203 46 -66 -11.2
0.53 15.0 1.267 1194 32.0 375 41 334 0217 69 -55 -124
0.73 175 1.650 1814 423 49.6 7.6 420 0235 99 -73 -17.2
* The following quantities were originally recorded in the level ice model tests conducted

by Leiviskd (2004): v, n, Q, T, and R%h] (highlighted in yellow). The values presented for

R([,};], and t,,, (highlighted in green) were interpolated by the author of this study from the
open water tests conducted by Leiviskd (2004). The remianing quanties were calculated
by the author of this study using the measurements and equations presented in Section 7.1

The negative values for ARt and AR that are shown in Table 7.3 and Table 7.4
illustrate that when the ship was running astern in level ice, the propeller had the
effect of lowering the total hull resistance. This is because the propeller flow
flushed away some of the broken ice floes that would have otherwise been
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attached to, or slid along the hull, thereby decreasing the area of the hull that was
covered by the broken ice pieces. Consequently, the resistance component, Rgp g,
was lowered.

7.4 Calibration of the numerical model

In the numerical model, Rg,,g Was calculated using an empirical formula
developed by Lindqvist (1989), where 70% of the underwater part of the hull is
assumed to be covered by broken ice floes during icebreaking. Lindqvist’s (1989)
resistance formula was originally developed for ships moving ahead; thus, this
coverage coefficient was modified in this study to account for the flushing effect of
the propeller flow on the broken ice floes when the ship was moving astern.

This coefficient was modified by fitting the numerical calculations to the model test
results presented in Table 7.2. That is, for each of the ice thicknesses listed in Table
7.2, the ship speed at the full installed propulsion power was calculated using the
numerical procedure. Adjusting Lindqvist's (1989) coverage coefficient in the
numerical model yielded a value of 0.32 for the best fit to the model test results.
This value was used in the numerical procedure to predict the ship performance in
astern mode. For ahead mode, the original value of 0.7 for the coverage coefficient
proposed by Lindqvist (1989) was used.

With the modified broken ice resistance component, the numerical procedure was
used to predict the ship performance for a range of ice thicknesses, as shown in Fig.
7.2. This figure presents the calculated ship performance, which was obtained
using the average values of the material properties of ice measured in the model
tests, as listed in Table 7.5.

Table 7.5 Average values of the model ice properties

Parameter Notation Dimension Value
Density Pi kg/m3 880
Young’s modulus E MPa 34.7
Poisson ratio v 0.33
Crushing strength Ocr kPa 76.7
Bending strength Of kPa 24.3
Coefficient of friction u 0.05

Fig. 7.2 clearly illustrates that the ship performance in thick ice in astern mode was
better than that in ahead mode, even for a lower total thrust.
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Fig. 7.2 h-v curve

Fig. 7.3 presents a plot of the predicted bare hull ice resistance versus the ship
speed against the model test results. The predicted and measured values were in
good agreement with each other. The numerical predictions were verified using
the model test results by performing the calculations shown in Fig. 7.3 using the
actual values of the ice material properties measured in each test, as listed in Table
7.6.
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Fig. 7.3 Bare hull ice resistance
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Table 7.6 Model ice properties for the resistance tests
Direction hi(mm) o, (kPa) o (kPa) E (MPa)

Astern 18 21.6 100.2 73.0
Astern 29 26.9 69.4 24.2
Ahead 30 28.1 69.3 23.8

7.5 Thrust deduction in ice

Eq. (7.7) illustrates that the added resistance from the propeller-ice interaction,
ARy, i.e., the thrust deduction in ice, is equal to the difference between the net
thrust, Tpet, and the bare hull ice resistance, Rl[h].

Fig. 7.4 presents the predicted bare hull ice resistance versus the ship speed for a
series of ice thicknesses. For these calculations, the average values of the material
properties of ice listed in Table 7.5 were used so that the results were comparable
to each other.

50
—&—h,=6mm
] . —A—h, =18mm
40 4 —Q—h‘=29mm
1 ’/ —P—h, =42mm
30_‘ /» /
1 &
g 1 g
‘& 204 /‘/A
- A/‘A
10
1 n
l/././
or+—FF—F T
0.0 02 0.4 0.6 0.8 1.0 12
v (m/s)

Fig. 7.4 Predicted bare hull ice resistance vs. ship speed

Fig. 7.5 provides an example of the procedure for deriving the thrust deduction in
ice. For each ice thickness, the ship speed at the full installed propulsion power
was determined using the h-v curve shown in Fig. 7.2. Then, the net thrust and
bare hull ice resistance at the same speed were obtained from the T, and bare
hull ice resistance curves.
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Fig. 7.5 Example of deriving the added resistance from the propeller-ice
interaction

The thrust deduction in ice for a series of ice thicknesses at the full installed
propulsion power is plotted in Fig. 7.6.
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Fig. 7.6 Thrust deduction at full propulsion power in astern mode

Fig. 7.7 presents the thrust deduction factor in ice, t;, and the overall thrust
deduction factor, ttqgr, versus the ship speed.
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Summary

A numerical procedure was developed to simulate the icebreaking process in level
ice in detail. The procedure was then used to investigate various factors by
comparisons and calibrations with full- and model-scale measurements. The
studies were conducted using a series of case studies on two icebreaking ships, the
AHTS/IB Tor Viking II and the M/T Uikku, at full and model scales, respectively.
Several issues that have not been previously considered are explored in this thesis.

8.1 Primary conclusions

The primary conclusions from this thesis are summarized below.

Ship motions, icebreaking pattern, and ice resistance are three key
characteristics that interact in the continuous-mode icebreaking process:

i.

ii.

iil.

iv.

Ship motions in pitch and heave are generally beneficial for icebreaking,
especially in thick ice.

Transverse motions, i.e, sway, yaw, and roll, may result in an added
resistance because of an enlarged forward project area and more frequent
side hull crushing by ice.

Non-uniform loading conditions around the ship hull resulting from an
asymmetric icebreaking pattern may excite ship motions in both the
horizontal and vertical planes.

The icebreaking pattern simultaneously affects and is affected by ship
motions in both the horizontal and vertical planes.

Under certain conditions, the ice resistance can be determined by the
icebreaking pattern, e.g., when shoulder crushing occurs, the ship
experiences a higher ice resistance, even in relative thin ice, than in the
absence of shoulder crushing.

The mean values of the ship motions and ice resistance increase with the
degree of dependence of the pressure-area relation (i.e., the n value
decreases). This result can be attributed to the decrease in the average contact
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pressure on a certain contact area for a stronger p-a dependence (i.e., smaller
values of n); thus, a larger contact area must be attained to achieve the force
needed to cause the ice to fail. Thus, the triangular force peaks for the icebreaking
force have a larger area and thus a larger energy consumption. Calibrating the
numerical procedure using the full-scale data yielded an n value between -0.3 and
-0.2. Moreover, the average contact pressure may affect the ship motions and ice
resistance indirectly by altering the icebreaking pattern.

A dynamic bending failure criterion for ice was incorporated into the
numerical procedure to clearly reveal the effect of the ship’s forward speed
on the ship motions and the ice resistance compared to the previously used
static bending failure criterion. The ice resistance and pitch moment calculated
using the dynamic bending failure criterion generally increased linearly with the
ship’s forward speed. The heave that was calculated using the dynamic bending
failure criterion varied linearly with the ship’s forward speed; roll was not affected
by the ship speed, but some major jumps for roll angles were identified especially
in thick ice. The pitch that was calculated using the dynamic bending failure
criterion decreased with the ship speed for thin ice but increased with the ship
speed for thick ice. This behavior resulted from the effect of both the magnitude
and frequency of the pitch moment.

The effect of propeller flow on the hull resistance in astern mode was
considered by calibrating the numerical model with model test data. The
value of the coverage coefficient in Lindqvist's (1989) resistance formula for the
M/T Uikku when going astern at the installed propulsion power was 0.32. For the
installed propulsion power, the thrust deduction in thick ice was higher than that
in thin ice, and the absolute value of the thrust deduction factor in pure ice
generally decreased with the ship speed. For different values of the propulsion
power, the absolute value of the added resistance from the propeller-ice
interaction increased with the ship speed (which was associated with different
values of the propulsion power) for a certain ice thickness.

8.2 Contributions

The primary contributions of the studies included in this thesis are given below.
A numerical procedure was developed to accomplish the following objectives:

i.  solve the interaction between the ship hull and the ice edge based on
realistic contact conditions;
ii. reproduce the icebreaking pattern from repeated icebreaking events
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iii. include ship motions in 6 DOFs;
iv. allow for various motion configurations; and
v. simulate both captured and free-running conditions.

The developed numerical procedure was used to clarify the following issues
that are related to the continuous-mode icebreaking process of ships in level
ice:

i.  the interactions among the ship motions, icebreaking pattern and ice
resistance;

ii. the effect of the average contact pressure;

iii. the bending failure criterion of an ice sheet subjected to a dynamic load;

iv. the speed dependence of the icebreaking resistance and ship motions;

v. the performance of a dual-direction ship; and

vi. the thrust deduction in ice.

8.3 Recommendations for future work

In practice, the icebreaking process in level ice involves a breaking pattern of
ice which seems quite chaotic. Further studies should be carried out to
investigate the features of this chaotic system instead of following the
evolution of individual breaking events. Whereas the icebreaking process does
evolve a pattern that is followed and repeated over the entire process, the patterns
that evolve over a long time can be highly unpredictable. Interestingly, the
numerical results for the icebreaking pattern are similar in character: the
simulated results indicate that the evolution of the icebreaking pattern is highly
unpredictable even if the ice was bent in a deterministic manner and all of the
elements in the model were deterministic, i.e., no randomness was introduced into
the model; the icebreaking pattern was also sensitive to the initial conditions, e.g.,
changing the ice thickness occasionally resulted in severe shoulder crushing.

A follow-up study should be conducted on the correlation between the
mathematical model of the icebreaking pattern and the channel width and
ship motions. The occurrence of shoulder crushing was determined by the
icebreaking pattern, which was obtained using the numerical model by assuming
that ice bent in a predefined manner. The icebreaking patterns are inherently
based on the major assumptions made in the analytical treatment of the problem.

The speed dependence of the ice wedge failure load obtained in this study
was based on limited information and idealized conditions. The adequacy of
the dynamic bending failure criterion for describing the icebreaking
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processes for other ice thicknesses and flexural strengths should be verified
in future studies. For example, the speed-dependent coefficient function, A;, was
derived for a certain ice thickness (0.35 m) and ice flexural failure strength (1.2
MPa), assuming that the failure load was proportional to the ice thickness squared
and the ice flexural strength. The effect of the geometry of the ice wedge should
also be investigated. For this purpose, more extensive studies, both theoretical and
physical, are required to solve the problem of the ice-water-ship interaction.

In practice, the propeller flow may also affect the breaking of level ice by
lowering the water pressure below the intact ice. Future studies are needed
to describe this effect quantitatively.
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1. Introduction
1.1. Review

Ship-ice interaction is a continuous process during which ship mo-
tions and the breaking of ice affect each other. Due to the lack of field
observations and the insufficient understanding of the physics of
icebreaking especially by moving structures, studies are usually done
by combining rational theoretical analysis with information obtained
empirically, i.e., semi-empirical methods. Global and local ice load
models proposed in previous works (e.g. Daley, 1991; Enkvist, 1972;
Kashteljan et al., 1968; Lewis and Edwards, 1970; Lindqvist, 1989;
Milano, 1973; Varsta, 1983) describing various aspects of icebreaking
process have been implemented by many researchers into numerical
procedures. One of the basic assumptions that has commonly been ac-
cepted is that the total ice resistance can be taken as the superposition
of several force components, i.e., icebreaking force, ice floe turning
and submergence force and friction force associated with ice contact, al-
though it could be questionable because the force components could be
“complicatedly entangled in each other” (Enkvist et al., 1979). More-
over, since open water resistance is usually very small comparing to
ice resistance at icebreaking speeds, the coupling between them could
be neglected without causing significant error. Thus, the open water re-
sistance and the pure ice resistance are separable (Riska et al., 1997).

One of the earliest attempts including rational analysis to evaluation
of ice resistance is the work by Milano (1973), where ice was assumed

* Corresponding author. Tel.: 447 94224670.
E-mail address: tan.xiang@ntnu.no (X. Tan).

0165-232X/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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to bend in a predictable manner, which was defined by the depth (C;1)
and length (G,l) of cusps (Fig. 1) evaluated based on plate bending the-
ory and full scale observations. Lewis et al. (1983) conducted a study
based on a semi-empirical ice resistance model developed by Naegle
(1980) which was in turn a further development of an earlier work car-
ried out by Lewis and Edwards (1970). A large database of model- and
full-scale tests was compiled to form the empirical coefficients for the
analytical model. Enkvist's (Enkvist, 1972) method for evaluating ice
resistance components was used significantly. Varsta (1983) developed
a mathematical model analyzing the ice load during level ice-ship
interaction process. Several aspects of the icebreaking process, such as
average ice pressure formulation, effect of shell stiffness, dynamic
bending of ice edge, etc., were especially investigated.

The early mathematical models mentioned above provide ap-
proaches to rational analysis of various aspects of the ice load. In gen-
eral, the results showed good agreements with physical tests, and
some of them are still being followed today. However, most of the
early models are either based on static analysis of forces (as in
Milano's and Lewis's model) or capable of simulating only a short pe-
riod of time (one icebreaking cycle) or with a too simplified hull and
ice edge geometry and contact algorithm.

In recent years, efforts have been put to the modification and refine-
ment of the early models. For example, Valanto (2001a,b) presented a
3D finite element model with the hydrodynamic effects of the water un-
derneath on the bending failure of ice taken into consideration. It was
also suggested that the large motion of rotating floes after being bent
from the ice cover could be modeled by a mixed Eulerian-Lagrangian
formulation, which could further promote the direct calculation of ice
floe turning and submergence forces. However, the focus was not yet
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Fig. 1. Idealized bending model of icebreaking (I denotes the characteristic length of ice) (Milano, 1973).

on the study of continuous icebreaking process but on what's going on
during one break-displace cycle.

Although the icebreaking cycles are essential elements of the contin-
uous icebreaking process, individual icebreaking events do not act at the
same tune. The hull may interact with a pattern of icebreaking, i.e., the
process by which a hull's bow opens a sufficiently wide and cleared
channel to enable the hull to transit the ice sheet, rather than individual
breaking events. Hull motions may affect the cyclic processes by signifi-
cantly altering contact geometry and loading pattern, resulting in differ-
ent rates of ice sheet loading. Important noncyclical processes also occur
due to non-simultaneous failure of ice around ship's hull (Ettema et al.,
1987). These characteristics of icebreaking make it realistic to investi-
gate the problem from a time domain point of view and examine the dy-
namic process by patterns of icebreaking instead of individual breaking
events. Wang (2001) presented a numerical procedure aiming at a time
domain solution. The model was based on geometric grid method simu-
lating the continuous contact between a (flexible) fixed conical struc-
ture and a moving ice sheet. The work was a continuation of Daley's
(Daley, 1991) framework of conceptual ice edge contact model where
the ice failure process is, based on observed ice failure events at full
scale and model scale, simplified as a nested hierarchy of discrete events
including the three continuum processes of crushing, bending and rub-
ble formation. In Wang's work, the focus was on crushing and bending
failure, and the process of icebreaking is idealized as successive con-
tact-crushing-bending cycles with predefined bending manner similar
to that of Milano (1973). The strategy proposed by Wang (2001) is
then followed up by many researchers dealing with different aspects
of ships in ice such as dynamic positioning (Nguyen et al., 2009, 2011)
and ice resistance and maneuvering (Martio, 2007; Sawamura et al.,
2009; Su et al.,, 2010; Tan et al., 2012, etc.).

1.2. Present work

Since icebreaking is in its nature a three-dimensional nonlinear
dynamic problem, it is of interest to look into the intricate interaction
process by considering a general picture - that is, a ship moves with 6
degrees of freedom (DOF) - to include the effect of ship motions in
heave, roll and pitch on the icebreaking pattern and ship's ice
performance.

In this paper, a similar strategy to the one adopted by Wang (2001),
which treats the process as successive contact-crushing-breaking cy-
cles, is used; the numerical model is developed by extending the planar
model of Su et al. (2010) to a 6-DOF model. First, the continuous
icebreaking process is discretized into successive time steps. During
each time step, the six coupled dynamic equations of motion for the
ship are established, where the icebreaking forces and other external
environmental forces are calculated according to the current state vari-
ables (orientation, location, velocity and acceleration) of the ship, the
current ice edge shape and the ship-ice contact geometry. Then, the
equations of motion are solved simultaneously, and incremental dis-
placements are found correspondingly. Since the environmental forces,
especially the ice forces, are coupled with the ship's movements, itera-
tions are performed to achieve dynamic equilibrium at each temporal
integration point. The state variables of the ship are then updated by
the vector sum of the increment and the values at the beginning of
the time step. During the icebreaking process, the ship is treated as a
rigid body. True geometry of 3D ship hull was modeled using computa-
tional geometry methods. Newly formed ice edge due to bending failure
is generated according to the indentation of ship's hull into the ice, local
contact speed and material properties of ice. The numerical model is
implemented into a FORTRAN program. The flow chart of the numerical
procedure is illustrated in Fig. 2.

A case study consisting of a series of numerical simulations is then
carried out with the icebreaker Tor Viking II. First, simulations with
the 6-DOF model are carried out and the results are compared to
the full-scale performance data. Then, two reduced-order models
are generated by constraining desired degrees of freedom to investi-
gate the effects from ship motions in corresponding directions. Final-
ly, pressure-area relations are implemented to the 6-DOF model to
investigate the effect of local contact pressure.

2. Kinematics
2.1. Reference frames
Motions and state variables of the ship and the ice in the model

are expressed primarily with respect to two right-handed Cartesian
coordinate systems, as illustrated in Fig. 3.
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Fig. 2. Flow chart of

Earth-fixed frame: The trajectory of ship is expressed with respect
to this reference frame, denoted as XoyoZo. The coordinates of its ori-
gin Qg could be any prescribed value with the vertical coordinate

Fig. 3. Reference frames.

the numerical procedure.

lying on the calm water plane which coincides with the coordinate
plane xq00yo. The ice sheet is defined with its top surface lying on
the calm water plane.

Body-fixed frame: Since hydrodynamic properties and inertial co-
efficients are constant with respect to the coordinate system that is
parallel to the principal axes of inertia of the ship, a body-fixed refer-
ence frame xyz is defined with its origin fixed to the center of gravity
(CG) of the ship and body axes X, y, z being longitudinal, transverse
and vertical coordinates respectively. Linear and angular velocities
and accelerations are expressed in this reference frame. Besides, sev-
eral local coordinate systems were used to transform the intermedi-
ate variables used in the calculation.

The transformation of a vector between Xyz and XgyoZo is expressed
by

Q@ =U+R)©)a (1)
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where,

a®and a® are the expressions of an arbitrary vector a in Xgyozo and
Xyz respectively;

1] is the position vector of CG relative to Oo;

RJ(O) is the rotation matrix (Fossen, 2011).

0 = [,04] are Euler angles, roll(¢), pitch(6) and yaw(i), specify-
ing the orientation of xyz relative to XoyoZo.

The relationship between the body-fixed angular velocity (@h0)
and the Euler rate (0) is given by the transformation matrix T:

6 =T(®)), 2)
where,

1 singtanf cosdtanb
T(@)= |0 cos ¢ —sin¢ 3)

0 sin¢/cos® cosd/cosb

2.2. Ship kinematics, temporal discretization

The continuous icebreaking process is discretized into successive
time steps which are short enough so that it can be assumed that
the accelerations of ship vary linearly within each time step, thus by
integrating accelerations, velocities and displacements are obtained
being expressed in a discretized form (Langen and Sigbjornsson,
1977). In this paper, the components of all vectors are organized in
the order of surge, sway, heave, roll, pitch and yaw.

The generalized acceleration, velocity and global position and ori-
entation vectors are denoted as

P = [U,v,w,p,q,7] @
T =[u,v,wp,q.r]
r=[xy.z,¢.0,]

according to the nomenclature of SNAME (SNAME, 1950).
By linear acceleration assumption, the acceleration at any time in-
stant 7 in the (k + 1)th time step '1"‘(7') is given by

.k .. k .. k LK\ T

#m) =+ (i) 7 5)
where,

h is the time step length;

T is time instant within each time step;

subscript indicates the time step; superscript indicates in which refer-
ence system the vector is expressed.
The time integration of Eq. (5) gives incremental velocity:

2
A () = o (©)de = T+ () 3 ®)

thus, velocity at any time instant 7 in the (k + 1)th time step is:

2
i) =i+ A (T) = B+ T+ (rﬁ‘ 1 7rﬁ) 2 (7)
Displacement could be obtained through a procedure similar to
the one stated above:

2 3
k 14 7.k .k kT .k LK\ T
r(T)=r,+ for (6)d§ =17+ 5+ (rk+1 —r,‘) &h (8)

By letting T = h, the velocity and displacement at the end of each
time step is obtained:

.k .k ..k .k h
fi1 =T+ (r/i + l'k+1) 5 9)
Y R
r',jn:rﬁﬁ—r{jh+r£?+r‘,§_lE (10)
Equilibrium is required at the end of each time step:
<k K k k
(M+A)F), 1 + Bl + 0y = Fryy (11)

where

M, A,Band C are the general mass, added mass, damping and restor-
ing force matrices;

F is the general excitation force vector with F(1), F(2) and
F(3) being surge, sway and heave forces, and F(4), F(5)
and F(6) being roll, pitch and yaw moments, respectively.

Linear hydrodynamic damping is not included because in ice
covered water the ice load is considered to be the most major source
of energy consumption.

Solving Egs. (9)-(11) gives

h2

) . _ h?
Arfyy = ifh+ fiz+ (MA) T (B =G ) = (12)

6

Finally, state variables are updated and then used as initial values
for the next time step:

-k 6 4 .k .k hz

Tt =2 <A1'k+1 —ih—t g) (13)
Lk Lk Lk

Ty = r!: + Ark+1 (14)
K k k

Ty = T + Al (15)

3. Kinetics, modeling the physical process of icebreaking

In order to solve Egs. (9)-(11) in each time step, the general force
vector F must be found according to the loading state at the current
time step. In this paper, the force superposition principle as used by
Lindqvist (1989) is followed: by assuming that ice floes are cleared
by the advancing hull immediately after being broken from the intact
ice sheet, the resistance arises from ice floe clearing and submergence
can be considered not to interfere with the subsequent contact. Thus,
this component, denoted as F*"™, can be separated from the total re-
sistance. Similarly, the open water resistance, F°", is also separated as
explained in Section 1.1. Finally, the expression for total resistance of
ship in ice can be written as:

F=— Fbrk + Fsbmg + Fp + FEuler + Fow (]6)

where F’™% is the icebreaking component which accumulates due to
crushing until bending failure happens; F? is propulsion force; FF/"
is a fictitious force induced by a non-uniformly rotating frame (i.e.
the body-fixed frame) relative to the inertial frame.

Since the focus of this paper is on the breaking of ice, in the nu-
merical model, F”%, which is the immediate cause for the forming of
breaking pattern, is calculated by integrating icebreaking forces
along the icebreaking waterline, while other excitation force com-
ponents are estimated by empirical formula, i.e., without knowing
the spatial distribution. For example, the open water resistance is
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calculated by crossflow theory given in Faltinsen (1990); F**™ s cal-
culated by empirical formula given in Lindqvist (1989); propulsion
force is estimated by net thrust in ice.

In this chapter, the numerical method for the realization of the
physical process of icebreaking is introduced.

3.1. Geometry model, spatial discretization

When a ship advances into an intact level ice field, the hull at the in-
stantaneous waterline comes into contact with the ice cover edge. Since
it is always the waterline that is breaking the ice, the ship's hull, espe-
cially the region around the waterline, forms the rigid body boundary
condition for ice in the process of icebreaking. At the contact zones
along the waterline, individual ice wedges are broken off from the
unbroken ice sheet as the ship's penetration increases. The possible con-
tact zones for the ice as well as for the ship hull are found by geometry,
i.e., by detecting any contact (or overlap) between the ship's waterline
and the ice channel edge (Su et al., 2010).

Numerically, the ship's hull is modeled by spline interpolation
based on information from lines drawing. When considering ship's
motions in 6 DOFs, one of the important issues is to identify the wa-
terline variation over time, given the ship's global position and orien-
tation. This is done by searching for the intersection between the
ship's hull and the water plane. Computational geometry principles
(Farin, 1997) are applied to develop a subroutine to discretize the wa-
terline into nodes (Fig. 6) which are updated at each time step
according to the ship's current attitude. Ice is discretized into nodes
too on the edge based on the ice edge shape from the previous time
step or any given initial condition. The nodal model for the calculation
of ice-ship interaction is illustrated in Fig. 4.

Once the contact zones are spotted, the local crushing force for
each zone is then calculated based on the model of average contact
pressure (Riska, 1995):
Fcr = pavAcr <17>
where the local crushing force, F, is idealized as the product of the
average contact pressure, Pg, and the contact area, A

Two cases of contact interface are predefined following Su (2011)
(Fig. 5a). In each of the cases, flat hull at contact point is assumed, and
the contact area is described by the contact length, Ly, and the inden-
tation depth, Lg:

1L
- <h.
W 2Lhcosqo Lytan<h; 8)
cr —h.
%(L,,+Lhw>, Lytan@ > h;

where L, and L, are determined by contact geometry (Fig. 5b), and ¢
is the frame angle at the contact point determined by the ship's cur-
rent attitude.

Frame angles of the waterline nodes are calculated at each time step
in compliance with the ship's motions in heave, roll and pitch. In order
to get information about the frame angle, ¢, i.e., the slope angle, an extra
auxiliary waterline below the instantaneous icebreaking waterline is
created (Fig. 6) to help in constructing hull panels between the two wa-
terlines. When the size of individual hull panel is small enough (of the
order of cm?), the slope angle, ¢, could be represented by the direction-
al cosine between the normal to the hull, n, and vertical axis on each
waterline node.

a . waterline and ice edge at time t
TN A oy ey o i """"-::“‘J"w"""-n\ time t+dt
8] / 32 \o
44 ice edge and waterline
at time t-dt .
E o
b
-4 4 el
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Fig. 5. Idealized contact interfaces (Su, 2011).

Field observations have shown that, when the slope angle of hull
at the contact region is smaller than 90 degrees, ice piece with a
curved edge is bent down from the intact ice cover as shown in
Fig. 7. Then a new edge is formed and will be the basis for the next
cycle of contact. In this paper, the shape of broken ice wedge is ideal-
ized as an arc whose size and curvature is controlled by the average
breaking radius over one contact region. The calculation of breaking
radius for an ice cusp was proposed by Wang (2001), where the
size of cusp was considered to be dependent on speed, characteristic
length of ice and the frame angle.

auxiliary waterline

Fig. 6. Frame angle calculation.

by

Fig. 7. Observed circular cracks in bending failure onboard YMER in March, 2011 (Pho-
tograph by X. Tan).

3.2. Local contact forces

Before the ice edges are bent off from the intact ice cover, local
crushing occurs at the contact zones. The global ice load is obtained by
integrating local contact loads over the contact zones acting on the
ship simultaneously. In the present work, crushing failure is considered
to be the most dominant local failure mode in ice, although model tests
have shown that shearing or flaking could also occur (Riska, 1995).
Fig. 8(a) shows the contact zones that the ship experiences; Fig. 8(b) il-
lustrates the contact forces caused by the relative velocity between ice
and hull. In order to calculate the nodal velocity, a local coordinate sys-
temis introduced, denoted as Tnz (Fig. 8(a)). The normal relative veloc-
ity, vo, gives the crushing force, F, which is normal to the contact
surface. In the contact plane, the tangential relative velocities, v; and
v;, give a vertical and a horizontal frictional force, denoted as f; and f;,
respectively. Compared to the planar model, an extra velocity:

v, = Ry, (@), (F) (19)

is introduced in the 6-DOF model, which is brought about by the ship's
orientation, ©, and velocities, r, in 6 DOFs.

The crushing force, F, together with the vertical frictional force com-
ponent, f;, contributes a contact force, F,, pointing upwards, given by

F, =F,cos@+f;sing (20)

V, COS © + Vv, sin @

f1:—liFn -
\/vﬁ + (v, cOS @ + v, sin @)?

21

Thus the dependency of F, on the local velocity components is
obtained by introducing Eq. (21) into Eq. (20):

V, COS@sSin @+ v, sin’p

F, = F, cos 0—pF, (22)

\/v,z + (v, cOS @ + v, sin @)?
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(@) Local cooridinate system tnz

hull node on the
instantaneous waterline
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instantaneous
waterline

(b) Local contact forces
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Fig. 8. Contact forces.

3.3. Bending failure criterion

As the ship penetrates further into the ice, the contact area and thus
the forces increase. Radial and circumferential micro cracks would de-
velop. This process will continue to the point when F,, the controlling
force in bending cusps off the ice cover, exceeds the bearing capacity,
Py, of the ice edge. Details about the expression for Pyare given by Kerr
(1975). Once the ice edge is broken from the intact ice sheet, new ice
edge is generated and the next icebreaking cycle begins.

3.4. Pressure-area relation

So far, the numerical model is established by approaches introduced
in previous parts of the paper, with a constant contact pressure O
being used. It interests the authors at this point to implement a pres-
sure-area (p-a) dependency for local crushing to the established numer-
ical model to examine the effect of p—a relation on ship's ice performance.

Most of the previous mathematical models mentioned in Section 1.1
(Exceptin Varsta (1983) where the effect of contact length was touched
upon) treated the average pressure, Py, in Eq. (17) as a constant evalu-
ated by the crushing strength, o, of ice (the mean value of crushing

pressure in Kujala (1994)) for simplicity. However, when considering
local ice loads on ship hulls, the pattern of decreasing ice pressure
with increasing (nominal) contact area has been observed by compila-
tion of a large amount of in-service data, which implies that local
ice loads could not be simply described by a “failure pressure”
(Masterson et al., 2007; Sanderson, 1988). Usually, this relationship is
given by pressure-area curves which are used as design loads based
on the correct use of design area (ISO, 19906, 2010).

Analysis on full-scale measurements in published works show
that p-a curves take the form of power relation (e.g. Masterson and
Frederking, 1993; Sanderson, 1988):

Pav = kA?r (23)

where k and n are parameters, and n has a negative value.
Regarding the determination of k, n values, although various sug-
gestions were given in those works based on full-scale data, they are
not directly applicable to the numerical model due to the nature of
the contact detection algorithm used in the model. In the numerical
model, a nominal contact area refers to a geometrical domain without
any discontinuity on the waterline, while in reality small gaps on
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waterline could exist within one contact area, i.e., geometrical imper-
fections. The difference in the definition of contact area between the
numerical model and full-scale measurements on ship hulls (usually
strain gauges with standard sizes) leads to rather different degrees
of dependency of average pressure on contact area.

A more relevant contact situation to that in the numerical model is
the contact between a plate and a monolithic ice wedge, as is shown
in Fig. 5(b). Even for a monolithic ice wedge, the pressure during
crushing may not be a constant due to the mechanical properties of
ice. Actually this kind of material property is shared by many brittle
solids, e.g., in Bienawski (1968) measurements of the compressive
strength of coal were done with different sample sizes and the aver-
age trend of decreasing strength with increasing area was found.
Palmer (1991) proposed a simple mathematical model which quanti-
fied the p-a relation based on combination of fracture mechanics
model of fragment breaking and fractal hierarchical distribution of
fragment size. Since the mechanism of decreasing average pressure
with increasing area is not fully understood, the work is carried out
semi-empirically and parametric study on k, n values is conducted.
Based on comparison of results from several selected k, n values to
full-scale measurements, optimum values for the parameters of k
and n are suggested and discussions are made in Section 4.4.

As depicted in Fig. 9, a pair of reference values for contact area and
corresponding pressure is selected, denoted as Ag and Py respectively.
It is assumed that all of the parameterized p-a curves following
power relation characterized by Eq. (23) pass through this reference
point. Thus, n and k are now dependent on each other, and by varying
n (or k) value only, a series of curves are constructed. Apart from sim-
plifying the parametric study, the introduction of reference point is
necessary also because a threshold value for contact area needs to
be fixed below which the pressure is independent of contact area, im-
plying a transition of material property from being governed by frac-
ture mechanics to strength of material. In this paper, the values of Ay
and Py are determined empirically. In the Baltic Sea, the measured av-
erage pressure on a gauge with an area of 35 x 35 cm? has a mean
value of 2.3 Mpa (Kujala et al., 2007). These values are adopted to
represent the reference values in the parametric study. Four sets of
p-a curves are calculated with n value equally spaced from —0.1 to
— 0.4. The case with no p-a relation included is equivalent to the spe-
cial case when n is equal to 0 (represented by red horizontal line in
Fig.9). In Fig. 9, also marked is the p-a curve given by Palmer's model.

4. Numerical results

In this chapter, a case study is conducted and numerical results are
presented. Section 4.1 outlines some parameters and coefficients for
the vessel and the ice. In Section 4.2 and Section 4.3, simulations are
done using constant contact pressure (0, Table 2); influences of ship
motions on ship's ice performance are investigated. In Section 4.4, the
numerical results with p-a relation included are presented and compar-
isons are made to those with constant contact pressure.

@ reference point (0.1225, 2.3)
no p-a relation, constant pressure of 2.3Mpa

-0.1, k=186

=151

.3, k=123

(] .4, 81

Fig. 9. Pressure-area curves.

Table 1
Ship parameters.
Parameter Notation Value Dimension
Length over all LOA 83.70 m
L. between perpendiculars Lpp 75.20 m
Breath, molded B 18.00 m
Draft, max icebreaking D 6.50 m
Bollard-pull, ahead Ts 202 t
Displacement M 5.74 x 10° kg
Moment of inertia Lix 2.98 x 10° kg-m?
Ly 2.03 x 10° kg-m?
Added mass coefficients Ass 1.83 x 107 kg
Asa 5.36 x 107 kg-m?
Ass 447 x 10° kg-m?
Restoring force coefficients Cs3 131 x 107 N/m
Caa 138 x 10° N-m
Css 6.09 x 10° N-m
Propulsion output Pp 13,440 kw
Open water speed Vow 16.40 knot

Since the numerical model is designed including ship motions in
all directions, by constraining any of the degree(s) of freedom,
reduced-order models can easily be generated. In order to investigate
the influence on icebreaking from some specific motion(s), it is natu-
ral to follow the idea of elimination, i.e., comparing the results from
models with and without the motion(s) in question. In this paper,
several configurations are used to conduct numerical experiments
on the influence from vertical motions and heading control:

- 6-DOF model, with ship motions in all directions;

- 3-DOF model, with ship motions in surge, sway and yaw, also
known as planar model or PMM;

- 4-DOF model, with ship motions in surge, heave, roll and pitch.

Thus, by comparing simulations from the 6-DOF and 3-DOF models,
the influences from vertical motions are easier to be analyzed. And also,
by comparing results from the 4-DOF and 6-DOF models, added ice re-
sistance from sway and yaw is looked into. Additionally, the model used
by Su et al. (2010) is referred to as “previous planar model” in this
paper, and is used to verify the 6-DOF model.

4.1. Ship and ice parameters

The Swedish multi-purpose Anchor Handling and Towing Supply
vessel/Ice Breaker, AHTS/IB Tor Viking II, is adopted as the physical proto-
type in this paper to validate the numerical model. The ship parameters
and ice properties are listed in Tables 1 and 2. For more information on
the ice trials and the ship's operations please refer to Riska et al. (2001).

4.2. Interaction between icebreaking pattern, ship motions and ice
resistance

The influence of breaking pattern on ice resistance was observed
in Su et al. (2010), where the resistance is not only determined by
the ice thickness but by the breaking pattern. In cases where shoulder
crushing happens constantly, the ship would experience higher
icebreaking resistance (mean value of icebreaking force in surge di-
rection) even in a thin ice thickness. When considering ship's motions

Table 2

Ice properties.
Parameter Notation Value Dimension
Density o 880 kg/m>
Young's modulus E 5.40 x 10° Pa
Poisson ratio v 0.33
Crushing strength [ 230 x 10° Pa
Bending strength of 0.58 x 10° Pa
Frictional coefficient u 0.15
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in 6 degrees of freedom, the varying waterline and frame angle due to
ship's vertical motions bring more complexity to the situation by al-
tering the loading condition. In Tan et al. (2012), the interaction be-
tween breaking pattern and ship's motions was studied. The loading
rates of ice edge are significantly altered by the introduction of the
new rate component, v,, given by Eq. (19). Moreover, the loading

A typical simulation result of motions is shown in Fig. 10, where T
stands for the period. The undamped natural frequencies for heave, roll
and pitch in water can be calculated by Eq. (24) (Lewandowski, 2004):

=
+
&

Tz =21 =8.5.
rates v;, v, and v, are functions of ship's global orientation (@) 0 Cs3 8
which causes the change in frame angles, ¢(0), as well as the node's T+ Au
location with respect to CG. All these highly coupled relations onlocal ~ Tos =21 XXCM =10.0s (24)
level make it difficult to express the dependencies explicitly. Numer-
ical models that simulate the dynamic icebreaking process in a con- Tys = 2 Ly +Ass — 6.55
tinuous mode provide a versatile tool to look into the problem. Css
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Fig. 10. Simulated motions in ice thickness 0.6 m at full power from 6-DOF model.
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When ships advance in level ice, the loading conditions on the port
and the starboard side are usually asymmetric due to different loading
rates, ship's vertical motions, asymmetric waterline geometry and hull
sloping angles. This dynamic effect of breaking pattern-waterline-
frame angle interaction usually brings an extra transverse force and
yaw moment which cause the ship to drift, as illustrated in Fig. 10(d)
(note that in this paper the figures showing the ship's courses are not
to scale due to the large aspect ratio as well as the limited space; the fig-
ures are only intended to illustrate the trend over a relatively long sim-
ulation time). Heading control strategies should be incorporated here to
keep the ship going straight ahead (Zhou et al., 2012).

(a) Heave
0.10

0.08
0.06

004 NAMEMARMAAN AR 1

5z (m)

0.00
-0.02

In addition to the influence on the planar motions, breaking pattern
will also affect the vertical motions. Fig. 11 shows the results in ice
thickness 0.5 m, where the simulated breaking pattern shows a lot of
difference to the one in 0.6 m ice: the course of ship (Fig. 11(d)) is
much “rougher”, and a close-up indicates that the loading regions are
more unevenly distributed along the hull, and also shoulder crushing
is more severe in this case. The vertical motions in ice thickness 0.5 m
have much larger vibration amplitudes although the mean values are
lower than those in ice thickness 0.6 m.

Since icebreaking pattern represents a dynamic contact process be-
tween ship and ice, time histories of contact loads could also show the
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Fig. 11. Simulated motions in ice thickness 0.5 m at full propulsion power from 6-DOF model.
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Fig. 12. Comparison of simulated ice breaking force in two cases ((a) in 0.6 m ice; (b) in 0.5 m ice).

difference in characteristics of breaking patterns in terms of the frequen-
cies of different hull regions exposed to contact and the varying breaking
radius of ice cusps. Fig. 12 gives the time histories of icebreaking forces in
surge direction for ice thicknesses 0.6 m and 0.5 m calculated by 6-DOF
model. It is observed that in the case of 0.6 m-thick ice, the curve shows
some regularity, while in 0.5 m-thick ice the loading history is more dy-
namic and irregular. When the ice fails simultaneously around the bow
and the channel is sufficiently wide to let the ship transit (Fig. 12(a)),
the resistance drops momentarily before subsequently increasing.
While in 0.5 m-thick ice, nonsimultaneous failure is dominant, and the
breaking force could continue increasing for several seconds before it
drops (Fig. 12(b)).

In order to investigate the influence of ship's course on ship motions
and resistance, calculations are also done with a 4-DOF reduced-order
model by constraining the degrees of freedom in sway and yaw to elim-
inate the possible drift effect. Since the ship's course in the case of ice
thickness 0.4 m shows a clear zigzag pattern, this could become an

interesting case for the study of ship course influence. The courses of
ship from 6-DOF and 4-DOF model in ice thickness 0.4 m are given in
Fig. 13. In contrast to the breaking pattern in the 6-DOF model, the
one obtained from the 4-DOF model shows more symmetry and regu-
larity, and shoulder crushing barely happens in this case. The difference
in breaking pattern also corresponds to the performance for ice thick-
ness 0.4 m in Fig. 15, where ship speed at full propulsion from the
6-DOF model is a bit lower than that from the 4-DOF model.

The breaking pattern is quite sensitive to the vertical motions for
some ice thicknesses. Fig. 14(a) to (c) show the ice edge shapes calcu-
lated by the 6-DOF model, the present planar model and the 4-DOF
model, respectively, in ice thickness 0.7 m.

Although shoulder crushing (red circles in Fig. 14(a) and (c), and
almost the whole parallel body in Fig. 14(b)) is quite severe in all of
the models compared to other ice thicknesses, result from the present
planar model has much smaller breaking radius than the other
two. Actually, in the planar model, the ice along the parallel body is

(a) Ship’s course (not to scale) and breaking pattern at full propulsion
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Fig. 13. Comparison of ship courses from 6-DOF and 4-DOF models in ice thickness 0.4 m.
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(a) Breaking pattern from 6-DOF model

(G

(b) Breaking pattern from planar model

C) Breaking pattern from 4-DOF model

Fig. 14. Breaking pattern in ice thickness 0.7 m at full propulsion power.

broken by crushing only, and the ice edge is almost always flat. It in-
dicates that the introduction of vertical motions, by changing the
frame angle and the local velocity, could change the breaking pattern
significantly.

4.3. Ship's performance, h-v curve

The h-v curve derived from numerical models as well as field data
are shown in Fig. 15. Although for most ice thicknesses (except in the
case of ice thickness 1.1 m) the ship speeds from 6-DOF model are
slightly higher than those from the present planar model, the results

1.6
= 1.4 .
1.2 4 k\ls\ L3
1‘0-. ]
O.B—-
0.6:

04

effective ice thickness (m

0.2 4

from these two models agree well generally. One of the reasons for
the higher ship speed in 6-DOF model could be that when there are
no extra artificial constraints in the vertical motions, the ship breaks
ice in all optimal manners with respect to energy among the 6
DOFs. By comparing the performance with different model configura-
tions (DOFs), the effect of vertical motions on ice performance can be
investigated. The higher ship speed obtained in 6-DOF model as com-
pared to the planar model implies that the introduction of vertical
DOFs is beneficial to the icebreaking in general. Moreover, this also
implies that the numerical method can be used to interpret model
tests which are often done with planar models.

As stated in Section 4.2, the ship's performance is influenced by
the ship's course, ship's geometry at the waterline, the breaking pat-
tern and consideration of vertical motions. These factors interact with
each other too. Regarding comparison between 6-DOF and 4-DOF
models, the physical meaning of heading control, i.e., ship's course,
and its influence on breaking pattern is the motivation. In several
cases, the general trend of higher velocity from 6-DOF as stated in
the last paragraph is not followed. The reason could be that although
comparing to the 4-DOF model the 6-DOF model has less artificial
constraints which means that with more efficient energy use, the re-
lieved DOFs in sway and yaw do not contribute to icebreaking as
much as the DOFs in vertical directions do. Actually, when the ship's
parallel body is quite vertical (even if the effect of roll is considered)
transverse motions could only cause difficulty in icebreaking because
ice is more easily bent than crushed. The advantage of energy use in
6-DOF is somehow canceled by the added resistance caused by the
ship's drift, as in the case of 0.4 m-thick ice in Section 4.2.

In some cases the h-v curves from the previous planar model and
the present planar model show some inconsistency, and the reason
could be that the ship's lines are digitized manually by different per-
sons, and the different calculation method of frame angles, which are
important factors to change breaking pattern as stated in Section 4.2.
It is also noted that the scatter is larger in thicker ice. This is partially
due to the fact that the same difference in frame angles gives much
larger difference in contact area than in small ice thicknesses. The re-
sults given by the present models show a trend of leveling off imply-
ing that the speed is more sensitive to ice thickness in thicker ice.

4.4. Effect of pressure-area relation

As shown in Fig. 16, the simulated mean values of vertical motions
increase with decreasing n value. This effect becomes more obvious in
thick ice. Fig. 17 shows the mean values of total ice resistance, and
Lindqvist's empirical ice resistance is also calculated and plotted. Similar

—— regression curve of full-scale data
+ full-scale data
6-DOF model
4-DOF model
= previous planar model
# present planar model

0.0 — T T T
-2 0 2 4 6

8 10 12 14 16 18

speed (knot)

Fig. 15. h-v curve.
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to the motions, the ice resistance is quite sensitive to p-a dependency
especially in thick ice. The reason for the increase in motions and ice re-
sistance is that for a certain contact area, when n value decreases from
—0.1 to — 0.4, the local contact pressure decreases (Fig. 9). This implies
that for a stronger dependency of pressure on contact area (meaning a
lower n value), a larger contact area should be attained to produce
the force required to fail the ice. Thus for a stronger dependency, the tri-
angular force peaks for the icebreaking force component have a larger
area, hence a large energy consumption.

In general, the ship speeds after considering that p-a relations
(Fig. 18) are lower than before; ship speeds decrease with decreasing
n value due to the same reason stated above. It is also noted in Figs. 17
and 18 that in some cases (e.g. 0.7 m) the results are influenced by
breaking pattern and show more irregularity.

A general analysis on information given in Figs. 17 and 18 suggests
that the results given by the n values between — 0.3 and — 0.2 (with a
k value between 1.23 and 1.51) show smaller discrepancies to the
empirical calculations and field data than the results given by other
p-a relations. Moreover, this agrees very well with the k, n values

(2) Mean values in heave

derived by Palmer (1991) introduced in Section 3.4. The results
from n values of —0.2 and — 0.22 are plotted in Fig. 19 in comparison
with the results without p-a relation; generally a smaller discrepancy
is achieved especially in thick ice.

5. Conclusions

A numerical model for simulating the ships' performance in level ice
including ship motions in 6 DOFs is developed and compared with a
previous model for planar motions as well as full-scale ice trial data of
the icebreaker Tor Viking II. The model is devised based on similar strat-
egies and assumptions as used in the previous planar model which is
extended by including fully coupled 6-DOF motions as well as by con-
sidering excitation forces in 3 dimensions. The key issue is to capture in-
stantaneous waterlines and frame angles at each time step based on the
true geometry of the ship's hull. Individual ice wedges are assumed to
bend in a predefined manner; the icebreaking pattern inherently in-
volves the major assumptions in the analytical treatment of the prob-
lem. A slight perturbation to the system may alter dynamic behavior
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Fig. 16. Mean values of vertical motions.
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Fig. 17. Mean ice resistance in surge direction at the hull speed of 5 m/s.

significantly. Moreover, the influence of local contact pressure is inves-
tigated. Pressure-area curves for local contact are implemented, and
parametric study on the degree of dependency is carried out.

The main conclusions are as follows:

(1) As is shown in Fig. 15, for a ship running at full-power, a general
trend for the maximum attainable speeds in different ice thick-
nesses is that the ship's speed decreases with increasing ice thick-
ness. However, icebreaking pattern plays an important, sometimes
dominating role in influencing the ship's motions, ice resistance
and thus the ship's ice performance. In situations when shoulder
crushing is severe (e.g., in the case of 0.7 m thick ice), the ship ex-
periences lower speed than would be expected.

Ship speeds are in most cases slightly higher in the 6-DOF model
than the results coming from the 3-DOF model. The explanation
of this observation is that relieving artificial constraints on the
vertical DOFs is beneficial to breaking of ice since more velocity
components have participated in determining the loading rates.
Comparison of results among p-a relations (Figs. 16 to 18) shows
that ice resistance and mean values of motions increase with de-
creasing n value, i.e., with increasing dependency of contact pres-
sure on contact area. This is because for a stronger dependency,
the pressure is lower for the same contact area; since the force
required to bend the ice remains the same, a larger contact area

@

—

®)

1.6
1.4+
1 =
1.2 ]

1.0 [ ] u

effective ice thickness (m)

(4

(5

=

=

has to be attained. Thus the triangular force peaks for icebreaking
component have larger area over the contact-break time history,
hence larger energy consumption and lower resistance. This
trend is more obvious in thick ice due to the fact that a larger con-
tact height (ice thickness) causes bigger change in contact area.
Moreover, the breaking pattern effect may even override this
trend, for instance in the case of 0.7 m ice.

Inclusion of pressure-area relation would generally result in
larger responses and ice resistance. In Fig. 19, it is seen that
when n value is around —0.2, and k is around 1.5, the results
show smaller discrepancy to the full-scale regression curve com-
paring to the results where no p-a relation is included, especially
for thick ice. These values also agree well with the ones (—0.25
and 1.7) derived in Palmer's model based on fracture mechanics
and fractal analysis.

In the real world, the process of icebreaking in level ice includes
a breaking pattern of ice which seems quite chaotic (Ettema
et al,, 1991). The word “chaotic” is chosen because on the one
hand, the icebreaking process does evolve a pattern which is
followed and repeated during the whole process; on the other
hand, the evolved patterns after a long time could be so
unpredictable. It is interesting to find that the numerical results
for icebreaking pattern somehow show a similar character. It is
observed from the simulated results that the evolvement of

regression curve of full-scale data
full-scale data

n=0 (no p-a relation)

n=-0.1, k=1.86

n=-0.2, k=1.51

n=-0.3, k=123

n=-0.4, k=0.81

[ B BN K

speed (knot)

Fig. 18. h-v curve with p-a relation included.
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Fig. 19. h-v curve with p-a relation included.

breaking pattern is so unpredictable, even if the ice is bent in a
predefined manner and all of the elements in the model are de-
terministic since no randomness is introduced to the model. It is
also sensitive to initial conditions, e.g., a change in ice thickness
could sometimes lead to severe shoulder crushing. Since break-
ing pattern is important in influencing ship motions and ice re-
sistance, further work needs to be done to look into the
characteristics of the chaotic system instead of following the
evolution of individual breaking events.

(6) The numerical model is designed in the way that it enables easy
generation of derivative models with reduced-order degrees of
freedom. By choosing the DOF(s) as needed, not only could the
conditions for model tests be realized, but a variety of numerical
tests can be conducted. For example, in this paper, a preliminary
work is done by using the 3-DOF and 4-DOF models to investi-
gate the effect of vertical motions (heave, roll and pitch) and
transverse motions (sway and yaw) on icebreaking. Further
work is to be done by first studying influence from each vertical
motion and then their coupled effects on breaking pattern, the
ship's ice resistance and thus the dynamic process of icebreaking.
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Abstract

This paper focuses on the influences of the dynamic effects of ship—ice—water
interaction on ship performance, ship motions and ice resistance. The influences of
the dynamic bending of ice wedges and ship speeds are especially investigated. The
study is carried out using a numerical procedure simulating ship operations in level
ice with ship motions in six degrees of freedom (DOFs). A case study is conducted
with the Swedish icebreaker Tor Viking II. The 3-D hull geometry of the ship is
modeled based on the lines drawing. The predicted performance of the ship is

compared with data from full-scale ice trials.

Keywords: numerical model; dynamic bending; ice resistance; ship motions;

icebreaking pattern; ship performance

1. Introduction
1.1 Overview of the Dynamic Process of Continuous-Mode Icebreaking

Continuous-mode icebreaking of ships operating in level ice is a process composed of
repeated crushing-bending events of the edge of the channel. The ice edge is
subjected to contact loads from the ship hull which moves in six degrees of freedom

(DOFs). Model- as well as full-scale investigations (e.g., Lewis and Edwards, 1970;
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Kotras et al., 1983; Ettema et al., 1987; Ettema et al., 1991; [zumiyama et al., 1991;
Valanto, 1993) have shown that the failure of ice by bending and the emergence of a
new ice edge follow a seemingly regular pattern comprised of sequential breaking-off
of wedge- and cusp-shaped ice pieces from the intact ice sheet. The geometry of the
ice edge created by the repeated icebreaking is often referred to as the “icebreaking

pattern” (e.g., Fig. 1).

(a) Observed icebreaking pattern in Aalto ice tank in Feb., 2012
(Photograph by X. Tan)

waterline and ice edge at time t

time t+dt

R v ,.%&""‘“{'w"ﬂ;,\ ;&

e, e k\
4 ice edge and waterline .

at time t-dt

Y(m)

100 110 120 13 150

(b) Simulated icebreaking pattern

Fig. 1 Example of the icebreaking pattern

Although the repeating cycles of icebreaking are essential elements to the continuous
icebreaking process, individual icebreaking events do not act in unison. The ship hull

may interact with a whole pattern of icebreaking rather than the individual events.
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Moreover, hull motions shape the process by significantly altering the loading

conditions, namely, the loading rates and loading directions.

Due to these characteristics, the ice resistance experienced by a ship, i.e., the mean
value of the longitudinal force induced by breaking and clearing the ice, is determined
primarily by the way how the ship interacts with the pattern of icebreaking, i.e., by the
characteristics of the ship—icebreaking pattern system. To be more specific, ice
resistance is influenced by the material properties of ice, hull geometry, ship motions
and ship speeds. In nature, these factors are intertwined with each other, which brings

more complexity to the dynamic system.

The first ice resistance formulations (e.g., Kashteljan, 1968; Lewis and Edwards,
1970; Enkvist, 1972) used to relate resistance directly to a few “primary parameters”
characterizing ice properties (thickness, strength and friction), hull size (beam,
displacement, etc.), hull form (stem angle, waterline angle, etc.) and ship speed via
single formula. These models have been practical engineering tools for early
(performance) design of ice-capable ships and generally achieved passable

agreements with full-scale measurements.

However, the detailed ship—ice—water interaction mechanisms from where ice
resistance arises are included only when they aid the determination of ice resistance.
Designers were forced to treat the problem from a macroscopic point of view (Lewis
and Edwards, 1970). Effects such as ship motions, icebreaking pattern, ice friction,
local ice pressure distribution and local loading rates were either rarely touched upon
or represented by empirical constants implicitly. Moreover, some of the early models
could sometimes be too ship-specific to be extrapolated to different types of ships and

thus to satisfy the demands for innovative ship (structure) types and optimizing
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designs. Later researches have been dedicated to a better understanding of the
mechanism and physical nature of the dynamic process of icebreaking (e.g., Varsta,

1983; Riska, 1987; Valanto, 1989; Daley, 1991; Tuhkuri, 1996).

Developments in computational mechanics and graphics have stimulated numerical
implementations of mathematical models and made it possible to study the ship—ice—
water interaction using bottom-up approaches which enable consideration of detailed
ice action mechanisms. Since ice loads are in general both (quasi) periodic and
variable, a mean value from analyzing only one icebreaking cycle is not always
reliable. Solutions are further sought in the time domain to simulate the whole
icebreaking process (e.g., Wang, 2001; Liu, 2009; Aksnes, 2010; Su, 2011; Lubaed

and Leset, 2011).

1.2 Present Work

Former time domain simulations simulate the repeating icebreaking process using
static bending failure criteria of the ice wedge, where the influence of loading rates on

the bending failure load was not taken into consideration.

The dynamic effects of ship—ice—water interaction may be of great significance to the
icebreaking process in that the ice bending failure load as well as the size of ice pieces
is influenced by local loading rates. Moreover, ship’s forward speed together with the
size of the ice pieces determines the frequency of load peaks and thus influences the

dynamic response of the ship.

This paper focuses mainly on the effect of ship speed dependent phenomena in
icebreaking on ice resistance and ship performance in ice. In particular, the effect of
dynamic bending of ice wedge due to ship impact is investigated. The investigation is
carried out by implementing a dynamic bending failure criterion into a previously

4
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developed numerical procedure which simulates the continuous-mode icebreaking in
the time domain. This forms the novelty of the paper because a time domain simulator
with a dynamic bending failure criterion has not been addressed before. Speed
dependence of the icebreaking resistance is investigated using the numerical
procedure with a dynamic failure criterion for the bending of the ice edge adopted

(referred to as the “dynamic bending model” hereinafter).

The numerical procedure, proposed by Tan et al. (2012) and further developed by Tan
et al. (2013), simulates continuous-mode icebreaking with ship motions in six degrees
of freedom (DOFs). A static bending failure criterion was then used. However, the
application of static solutions to icebreaking speeds has been questioned. The inertial
force of the ice and the hydrodynamics of the water foundation, which are sensitive to
loading rates, are important factors in determining ice bending failure loads and thus

ship performance.

In this paper, these factors related to the dynamic ice bending are taken into
consideration. First, a dynamic bending failure criterion for ice is developed based on
the semi-empirical studies provided by Varsta (1983). This is then incorporated into
the previously developed numerical procedure. The results from using the dynamic
bending model are compared with those from the static model, in a wide range of ice
thicknesses and ship speeds. The effects of dynamic bending of ice edge on ice
resistance and ship motions are investigated by comparing the results from these two

groups of simulations.

The main assumptions and simplifications made in the numerical procedure are as

follows:

1) The force superposition principle is applied
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2)

It is assumed that ice floes are cleared by the advancing hull immediately after the
bending failure from the intact ice sheet. The resistance from ice floe clearing and
submersion is considered not to interfere with the next contact. Similarly, open
water resistance is also separated from ice resistance. Thus, the expression for the
total resistance of a ship experiences in icebreaking can be written in vector form

as:

brk +Rsbmg+Row (1)

R, =R

where, R, denotes the total resistance in ice; R denotes ice resistance; R, is
the resistance caused by clearance and submersion of broken ice floes; R, is the

icebreaking resistance arising from the crushing-bending actions; R, is open

water resistance.

The icebreaking force, R, , which is the immediate cause for the formation of

icebreaking patterns, is calculated numerically by integrating contact forces
(obtained via a contact algorithm) along the icebreaking waterline. The magnitude

of R is calculated by the empirical formula given by Lindqvist (1989).

sbmg

Propulsion force is estimated by the net thrust in ice, T

net 2

which is determined by

bollard pull and ship speeds for a given propulsion power.

Ship’s open water maneuvering coefficients are constant, i.e., frequency

independent.

The total excitation force given by Eq. (1) is then applied to solving the ship’s

dynamic equations of motion (EOM):
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(M+A)F+Bi+Cr=F )

where, M, A, B and C are the mass, added mass, linear damping and hydrostatic
restoring force matrices, respectively; F denotes the general force vector

determined by resistances (as defined in Eq. (1)) and propulsion force.

Eq. (2) is formulated with respect to a ship-fixed coordinate system so that the
coefficient matrices are constant. In this paper, the maneuvering coefficients, M,
A and C, are calculated by 3-D boundary element method. Linear hydrodynamic
damping is not included because in ice covered water, icebreaking is considered to

be the major source of energy consumption.

3) Ice is considered as an elastic brittle material due to the high strain rates
associated with icebreaking especially at the forebody (Enkvist et al., 1979).
Therefore, lateral deflections for the loaded ice wedges are not considered in the
contact algorithm. Local failure mode is assumed to be uniform crushing only,
although in nature flaking and shearing failures are possible. The ship is

considered as a rigid body moves in six DOFs.

2. Numerical Modeling of the Icebreaking Process

2.1 Description of the Icebreaking Process

When a ship is advancing in a level ice field, the hull, especially the forebody (bow),
comes into contact with the edge of the intact ice. Local failures such as crushing,
shearing or (and) flaking could occur at the loaded areas of the ice edge depending on
loading conditions and ice properties. As the ship penetrates continuously into the ice,
some loaded sub-areas of the ice edge start to fail in bending when the downward

bending loads exceed the bearing capacity of the edge.
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In most cases, the bow opens a channel wide enough for the maximum beam to pass
through. But there are also occasions when bow shoulders or even the side hull of the
ship have to force themselves through what is left of the ice edge after the bow
breaking. In this situation, i.e., shoulder crushing, the hull behind the bow shoulders is
constantly in contact with the ice edge with relatively large contact area and low

indenting speed; frictional forces make significant contribution to the ice resistance.

Model- as well as full-scale observations have shown that the ice edge breaks in
pieces in half moon shape (cusps) as well as in wedge shape (wedges), which leads
the continuous icebreaking process to take on some pattern (as shown in Fig. 1). The
broken ice pieces could either be cleared aside then pushed under the unbroken ice or
simply continue to glide along the bottom line of the ship and emerge again in the

channel from behind the ship.
2.2 Introduction to the Contact Algorithm

In this section, the mathematical modeling of the icebreaking process is briefly

introduced. A more thorough description is presented by Tan et al. (2013).

Two primary coordinate systems are used in the numerical model. One is fixed to the

ship, denoted as xyz; the other one is Earth-fixed, denoted as x,y,z,

The six coupled dynamic equations of motion given by Eq.(2) are solved by step-by-
step integration method; coefficients and variables are organized in matrix and vector
form. Iterations are performed during each time step to solve the interaction between
the icebreaking force and ship motions. The generalized acceleration, velocity and

displacement vectors are denoted as:

¥ =[a,v,%, p,g,7]
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P =[u,v,w,p,q,r] 3)

r:[x’yaz;q)ae;\v]

where, the components are arranged in the order of surge (x), sway (), heave (z), roll
(¢), pitch (0) and yaw (y). Newmark’s numerical integration scheme (see, e.g.,
Langen and Sigbjornsson, 1977) is adopted to solve the dynamic EOM, with

modifications made to suit the condition of moving body-fixed frames.

In order to solve the dynamic EOM in each time step, the general force vector, F, has
to be determined first. In the numerical procedure, the icebreaking and crushing force
component, R, is calculated by a contact algorithm developed in the previous
works (see, Su et al., 2010a; Tan et al., 2012; Tan et al., 2013). First, the instantaneous
icebreaking waterline is modeled (Fig. 2); then, overlaps between the waterline and

the ice edge are identified as contact zones.

Fig. 2. Modelling hull form at the waterline

Contact area, A4, for each contact zone is calculated based on the indentation depth,

cr?

frame angle of the local hull and the ice thickness.
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(b). Local contact forces on ship

Fig. 3. Contact

Before analyzing the contact forces, a local coordinate system, denoted as tnz (Fig.

3(a)), is introduced to transform the rigid body velocities to hull nodal velocities:

v, cosa, —sina, O v,
{mz} _ —| o _ {ship}
v ' =|v, |=|sina, cosa, O v, |=M(a,)-v; “)
v, 0 0 1|y,

where, o, denotes waterline angle at node i.
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Eq. (4) is an important relation specifying the transformation from ship’s rigid body

velocities to local nodal velocities.

Then the velocities are decomposed into components that are tangential (v,) and
normal (v,) to the contact surface, as depicted in Fig. 3(b). As a result, the nodal

velocities are expressed in vector form as:

v, 1 0 0 v,
ﬁ“z} =|v, |=|0 cosp, sing, |[v, Q)
v, 0 sing, —cosg,||v,

where, ,is the frame angle at node i.

The magnitude of the normal crushing force, F,

cr?

caused by the indentation into the ice

edge is determined by the contact area and the average crushing pressure:

-p. A, v, <0
F;‘.:{ pav cr 2 (6)

0 i v, >0

where, the negative sign means the force is always in the opposite direction to v, .

On the contact plane (planel- T in Fig. 3(b)), the tangential relative velocities, v, and

v, give rise to a vertical and a horizontal frictional force, denoted as f, and f.,

T

respectively:
v
A (7
Vi +V,
v
Jo=uE — (8)
Vo4V,
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The nodal forces on the ship hull expressed inTnz are obtained through:

E1[t o o r

T

E{mz}: F |=|0 cose, sing, fi ®

F 0 sing, -—cosq, || F,

z cr

Finally, the force intnz, F,.{’"Z}, is transformed back to ship’s coordinate system by:

E{ship} _ M—l (Ot,) . E{tnz} (] 0)

The global ice crushing and breaking loads on the ship are obtained by integrating
F""™ over all of the contact zones in the current time step.
2.3 Dynamic Bending of Ice Wedge

The forces exerted on the ice wedge by the ship hull are reactions to the forces shown

in Fig. 3(b). The normal crushing force, denoted as F!

cr?

together with the vertical

frictional force, denoted as f,, gives rise to a vertical force component, F

F}=—(F cos@— fsing) (11

By introducing

Vv, CosSQ+V,sin@

H=—1 =uF,—= L (12)
\/vT + (v, cos@+v, sing)
into Eq. (11), and by knowing that F, =—F, =P, - A, we arrive at:
. . 2
F=—| cosp—p v, cosQsing+ v, sin” ¢ P(A) A (13)

2 : 2
\/vr +(v,cos@+v,sing)

12
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Fig. 4 Tllustration of the idealized indentation depth and crushing area

Ice is assumed to be brittle meaning that the lateral deflection is small relative to ice

thickness before bending failure happens. The contact area, 4, could then be

cr 2

™mz

expressed by the vertical crushing depth, & =§, (V,{ }) , and the ice wedge’s opening

angle, 0, as (Fig. 4):

0
t _W
)

=—=—g (14)
sin@tan @

cr

By inserting Eq. (14) into Eq. (13), a simplified dependence of the vertical load on the

vertical crushing depth as well as the local contact velocities are obtained:

FI=R,00™.8), (9
where,
0
— Vv, cos@sin@ + v, sin’ @ tan(j‘”)
K,=—|cosp—p—= = . P (4,)-E, (16)

\/ V2 + (v, cos@+v,sing)’ | sinptang
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is the equivalent dynamic stiffness of an ice element defined by two adjacent ice

nodes.

In the numerical procedure, bending failure of an ice wedge occurs when F, exceeds
the bending failure load (also known as the bearing capacity), denoted as F,, of the

ice wedge.

In the previous works (see, Tan et al., 2012; Tan et al., 2013), a static bending failure
criterion was used in the numerical procedure. Field tests have shown that for an ice
sheet with a vertical loading on the edge, an increase in the vertical load causes
fractures which begin with the formation of radial cracks. The cracks grow in both
number and length and propagate from the loaded area into the ice field until the ice
ultimately fails due to the formation of circumferential cracks. This character of a
semi-infinite ice field loaded on the edge suggests that it is feasible to transform from
the plate bending problem to the (non-uniform) beam bending problem (Nevel, 1958)
by assuming that the adjacent ice wedges divided by radial cracks are independent.
The studies on the static bending failure load for a vertically loaded ice sheet was
comprehensively surveyed by Kerr (1975) where the model given by Kashtelyan

based on observations was introduced:

Pfstatic — Cfohiz (e?w)Z (17)

Eq. (17) proposed by Kashtelyan is an empirical formula where the static bearing

capacity of an ice wedge is proportional to the bending strength (o, ) and the square
of thickness (#,) of the ice, which is consistent with observations from experiments

(e.g., Lau and Williams, 1991) and results given by beam theory. The less studied
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factor of wedge geometry was assumed to be represented by the term, (e—w)z, where
T

0, 1s the opening angle at the vertex. The non-dimensional analysis thus leaves one

empirical coefficient, ¢, , to be determined by field tests, in theory.

However, the application of the static bending failure criterion to the icebreaking
process is not proper as speeds clearly influence the load. Both experimental and
theoretical studies (e.g., Varsta, 1983; Valanto, 1989; Valanto, 1992) imply that the
bending failure load of an ice wedge subjected to a rapid loading increases with
increasing loading rates. The inertial force of the ice and the hydrodynamics of the
water foundation, which are associated with loading rates, influence the ice bending

failure load.

When an ice wedge is loaded by an icebreaker hull at a relatively high speed, it is
crushed and bent at the same time and obtains an acceleration instantly. This
acceleration then causes an effect similar to “slamming”, only in this case the water
entering object is the ice (see, e.g., Lu et al., 2012). Since water is incompressible, the
deflecting ice wedge with certain acceleration causes an increase in the hydrodynamic
and possibly hydrostatic pressures in the water foundation. This increased supporting
pressure from the water foundation acts in the opposite direction to the hull loading
and thus increases the load required for bending failure. The increased water pressure

leads to an increased “stiffness” in the loaded ice—water system.

The physical effects taking place during the dynamic bending of the ice wedge are
complicated considering the coupling between ice and water. Although simplified
solutions have been proposed based on analytical models (e.g. Serensen, 1977) to

account for inertial and hydrodynamic forces by introducing “inertial constants”,

15



297

298

299

300

301

302

303

304

305

306

307

308

309

310
311

312

313

314

considering the variation of the added mass of the ice over in time and space, this

method has also been questioned (Dempsey and Zhao, 1993).

Elastohydrodynamic theory (see, e.g., Fox, 1993; Fox and Squire, 1994; Dempsey et
al., 1999; Fox and Chung, 2002; Lubbad et al., 2008) has been drawing more and
more attentions due to its ability to include the hydrodynamic effects. But no quickly

applicable solutions exist.

Varsta (1983) developed a numerical procedure to study the mechanics of ice loads on
ships in level ice in the Baltic. In particular, the non-linear dynamic bending behavior
of an ice wedge was investigated. Fig. 5 shows a schematic illustration of the ice
wedge geometry, which is idealized based on full-scale measurements. The main

dimensions are the contact length (/,), contact depth (/,) and the wedge angle (¢, ).

The normal crushing force applied on the wedge is obtained by the product of the

contact area and the average crushing pressure.

G

o™

Fig. 5. Idealized wedge geometry (reproduced from Varsta, 1983)

In Varsta (1983), the problem was solved by fluid—structure interaction (FSI) finite
element method, which is a finite-element realization of the elastohydrodynamic

theory. The ice wedge and the water underneath are fully coupled on the ice—water

16



315 interface. Tsai-Wu failure criterion was adopted to define ice failure, with the
316  mechanical constants for a macroscopic failure criterion being determined

317  experimentally by the procedure developed by Riska (1980).

318  The calculation results were compared with full-scale tests of ice impact on a landing
319  craft bow, which was especially designed to measure the dynamic ice loads. The
320 calculation results along with the test data are shown in Fig. 6. Although the measured
321  ice failure loads show quite a scatter, the average values correlate well with the
322 calculated curves. The calculated curves and the measured data show that bending

323  failure loads increase with increasing loading rates.

f
Fcr 124 ¢ Full-scale, ¢ = 40° P
(MN) | © Fullscale, g =60° A
1.0
0.8 Pm— 65°
06 i .
/ e
O e
0.4 / / 2 s >
o, [ —— 40°
9 Pl 9
02 ; - ?
0.0
0 1 2 3 4
394 v (m/s)
325  Fig. 6. Normal crushing force at failure vs. ship speed (reproduced from Varsta, 1983.
326 Notations for force, speed and frame angle are changed to be consistent with the
327 present work)

328  The information given by Fig. 6 is processed in the present work to formulate the
329  dependence of ice bending failure load on loading rates. The procedure is given in the

330 forthcoming part.

331 By using the relationships:
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B, = F, cos—uF, sing (18)

v, =V, sin@ (19)

the dependence of the vertical load at failure, 7, on normal relative speeds, v,, for
different frame angles is obtained, as presented in Fig. 7. It is shown in Fig. 7 that the
P,—v, relations for the four tested frame angles (40°, 60°, 65°, 70°) are very close to
each other. Thus, it seems justified to believe that the v, dependence of P, for

different frame angles can be reduced to a common base (the “average” curve in Fig.

7) which is independent of frame angles.

0.24
0.20 / -
016 //
2 /
S o012
a .
0.08 p=40
——p=60°
—— =65
0.04 p=T0°
Average
0.00 T T T T T T T

T —— T T
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

v, (m/s)

Fig. 7. Vertical failure load vs. normal relative speeds

Then, a non-dimensional analysis is carried out assuming, based on the static model

proposed by Kashtelyan, that the dynamic bearing capacity, P, , is proportional to the

bending strength (o, ), the square of thickness (/47 ) of the ice and the geometry factor,

(—2)*, specifying the wedge size in the circumferential dimension. The result is then
T

a dimensionless coefficient function of the normal relative speed, defined as:
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A(vy) = — 1102 (20)

2
(8
T

A, is plotted versus v, in Fig. 8.

: B

2 —,
e 7»[, fitted curve
'] -
¢= 29
0 T T T T T
0 1 2 3 4 5 6 7 8
v, (m/s)

Fig. 8. Coefficient A, as a function of crushing speed v, (#,=0.35m, c,=1.2MPa,
0, =90

After curve fitting for A, shown in Fig. 8, Eq. (20) is then expressed numerically as:
e 2
P.(v,)=(1.65+2.47v)*)o I’ (—W) 2n
T

Eq. (21) is used as the dynamic bending failure criterion and implemented into the
numerical procedure to investigate the speed effect on icebreaking resistance and ship
motions. It should be noted that Eq. (21) is a semi-empirical formula based partially

on finite element method and partially on physical tests.
2.4 Icebreaking Pattern

In the present work, individual ice wedges are assumed to bend in a predefined

manner. A series of successive individual icebreaking events develop a pattern of
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icebreaking which interacts with the motions of the ship and influences the resistance
a ship experiences. The icebreaking pattern involves some major assumptions in the
analytical treatment of the bending problem. Both full-scale and model-scale data (see,
e.g., Lewis and Edwards, 1970; Enkvist, 1972; Varsta, 1983) suggest that the size of
broken ice pieces generally decreases with increasing ship speeds and increases with
increasing ice thicknesses. This is attributed to the fact that the loaded end of the ice
beam, as compared to the location that is far away from the free end, receives less
support from the dynamic water flow underneath (because the water underneath the
loaded free end is under free surface condition). When loaded at higher rates, the
location where maximum bending moment occurs in the ice beam moves closer to the
end. In addition to ship speeds and ice properties, the size of broken ice pieces is also
influenced by the bow form of the ship. In Wang (2001), a relationship describing the
geometry and the size of the ice floe was proposed with rational justifications.
Comparison was made with test data given by Izumiyama et al. (1991). Based on the
studies of Enkvist (1972) and Varsta (1983), Wang (2001) suggested that the shape of
the circumferential bending crack can be modeled as a circular arc and the size of the

broken ice floe be controlled by the quantity “ice floe radius”, which is expressed as:

R=Cl(1+C,v,) (22)

where, / is the characteristic length of the ice; C, and C, are empirical constants.
Static theory of a plate on elastic foundation gives the solution of / as:

_ Em
G (23)
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It is shown theoretically in Fox (2001) that the characteristic length derived from

static cases gives the appropriate length scale for both static and dynamic responses.

In nature, the crack shape could be more complicated and radial cracks could happen.
Based on previous studies (Tan et al., 2012; Tan et al., 2013), the authors believe that
Eq. (22) is able to describe the most typical shape of the bending cracks observed in
physical tests. The two major factors — loading rates and ice thicknesses — are taken

into account empirically by tuning the empirical constants C,and C, .

The shape of the ice edge in contact with the hull can be quite irregular, which has
been observed in icebreaking patterns from both nature and numerical simulations.
The “ice floe radius” model given by Wang (2001) specifies only one dimension (the
radial, or, the depth) of the broken floe. In the present paper, an additional relationship
is used together with Wang’s model to describe the geometry by which the ice cover
fails. Milano (1973) suggested, based on full-scale tests, that the ratio between the

length (denoted as ¢,/ in Fig. 9) and the depth (denoted as ¢,/ in Fig. 9) of the cusp

for sea ice ranges from about 3 to 6.

Point of
Maximum Beam

Cusp Depth Y
+——
c '11 /
N f Cusp Length

Fig. 9 Example of icebreaking pattern (Milano, 1973)
(! denotes the characteristic length of ice)

Vo= 67.5°
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In this paper, a coefficient C, , following Milano (1973):

N
C = j (24)
1

is introduced to represent the length-to-depth ratio of broken ice cusps.

Thus, based on the length and depth of the ice floe, the ice edge in contact with ship
hull will be deleted if the vertical load exceeds the dynamic bending failure load
developed in Section 2.3. A new edge will be generated by interpolating an arc at the

location of the circumferential crack.

3. Numerical Results
3.1 Ship and Ice Properties

The ship parameters and ice material properties adopted in the numerical model are
listed in Table 1 and Table 2.

Table 1. Ship parameters

Parameter Notation Value Dimension
Length over all LOA 83.70 m
Length between perpendiculars Lpp 75.20 m
Breath, moulded B 18.00 m
Draught, max icebreaking D 6.50 m
Bollard pull, ahead Ts 202 t
Displacement M 5.74x10° kg
Moment of inertia Do 2:98310° ke -t
L, 2.03x10° kg -m’
Az 1.83x107 kg
Added mass coefficients m 5.36x107 kg .m>
Ass 4.47x10° kg -m?
Cs3 1.31x10’ N/m
Restoring force coefficients Cuy 1.38x10° N.m
Css 6.09%10° N.m
Propulsion output Pp 13440 kW
Open water speed Vow 16.40 knot
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Table 2. Ice properties

Parameter Notation Value Dimension
Density P; 880 kg/m’
Young’s modulus E 5.40 GPa
Poisson ratio \Y 0.33

Crushing strength Oy 2.30 MPa
Bending strength (o 0.58 MPa
Coefficient of friction n 0.15

3.2 Ship Performance

The numerical predictions of ship performance with the static and the dynamic
bending models are shown in Fig. 10 and Fig. 11, where full-scale measurements are
also included. It is shown in Fig. 10 that the #A—v curve derived by the dynamic
bending model correlates better to full-scale curve than the static one, especially in the
cases where ice thickness is above 0.4m. It is also noticed in Fig. 11 that in very thick
ice (1.1m and 1.2m), the resistance given by the static bending model is much higher
(ship speed gets much lower) than that given by the dynamic bending model. This can
be attributed to the fact that thick ice corresponds to low ship speeds and thus low
normal speed for local impact, given an certain propulsion power. According to Fig. 8,
the bending failure load given by the dynamic bending model is more sensitive to
loading rates at the low velocity range. The dynamic modulation could result in a

lower bending failure load than given by the static bending model.

In the case of ice thickness 0.6m, the result for ship speed diverges from the others. A
closer examination of the breaking pattern shows a large contact area between the
parallel midbody and the ice edge. Due to the large frame angle (nearly vertical) at the
side hull, ice is continuously crushed rather than fail in bending. The corresponding

high ice resistance shown in Fig. 11 indicates the “shoulder crushing” effect.
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Fig. 11. Mean surge ice resistance at full propulsion power

It is worth noticing that in Fig. 8, the value of A, for zero speed (1.65), which seems
supposed to correspond to the static case, is not equal to the ¢, value used in the static
model (which is 2.9), as may be expected. Technically, the ¢, value is to be obtained

either by direct field tests or by tune-up according to measurements (e.g., #—v curve
and ice resistance as shown in Fig. 10 and Fig. 11) or at least some analytical

resistance formulae. Especially, when developing numerical models, tuning is
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commonly used due to insufficient field data and the complexity in conducting such

measurements as the one conducted by Varsta (1983) with special designed set-up.

A literature study reveals a quite a big scatter of ¢, values in former works. For

example, Kashtelyan, who proposed the static bending failure criterion, used a value
of 1.04 (Kerr, 1975); in Wang (2001) the same value was used for a wedge with apex
angle of 90°; while Nguyen et al. (2009) adopted a value of 4.5 and the calculations
were validated with Lindqvist’s resistance model; in Su et al. (2010a) a value of 3.1
was selected by validation with Lindqvist’s resistance model too; in a later work, Su
et al. (2010b) readjusted it to 2.9 by validation with full-scale measurements and this
is then followed by Tan et al. (2012). The scatter implies that the numerical
adjustment of ¢, were made to agree with either full-scale measurement, where the
influence of dynamic bending is already included in the measured results, or with
empirical resistance formulae, where many details of the icebreaking cycle discussed

in Chapter 2 were roughly represented by a few main particulars of ships.

Thus, it is reasonable to believe that the ¢, values suggested by former works

mentioned above is a result of balancing calculation results over the particular speed
ranges associated with each model. In other words, for each of the numerical
simulations listed above, the loading rates encountered may lie in different speed

ranges in Fig. 8, which gives quite scattered ¢, values.

3.3 Mean Ice Resistance vs. Ship Speed

For ship design, it is practical to relate the mean value of resistance to ship speeds as
well as other primary parameters of ice and hull geometry. Regression analysis and

dimensional studies typically include the ship speed effect by relating mean ice
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resistance (or its components) to Froude numbers based on ice thickness or (and) ship
waterline length (e.g. Lewis et al., 1982; Lindqvist, 1989). For example, Lindqvist

(1989) proposed an ice resistance formula:

F = (F 4 F)(1+ L4F") + F(1+9.4F") @

which accounted for hull speed effect by multiplying static ice resistance components

for crushing, breaking and submersion, denoted as F,, F, and F_, respectively, by

Froude numbers, F"and F" :

Fh — Vx
' gh;
(26)
Fr=_1
! ngl

Typically, empirical formulae based on regression and dimensional analyses indicate

linear dependence of mean ice resistance on ship speeds.

The numerical results showing relations between ship speed and mean resisting force
and moment from ice in surge and pitch directions at steady speed are presented in Fig.
12. Regarding the numerical results obtained by the dynamic bending model, the
mean values of resisting forces and moments increase linearly with ship speed, which
agrees with the trend predicted by most ice resistance formulae. The values for surge
ice resistance (Fig. 12(a)) calculated by Lindqvist’s are however lower than that given
by the dynamic bending model especially for thick ice. For the static bending model,
the main ice resisting force component that is speed dependent is the ice floe clearing
and submersion force. It is noticed in Fig. 12(a) that in very thick ice (e.g., 1.1m),

where the icebreaking component has became dominant over the clearing and
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submersion component, resistance given by the static bending model does not seem to
show much sensitivity to ship speeds. In thin ice, however, the total ice resistance
from the static bending model is influenced more by the ice clearing and submersion
component and thus shows a linear dependence on ship speeds as depicted in Fig.

12(a).

3600
Dynamic Bending Model:

O 0.1m thick ice
3000 - O 0.3m thick ice

V' 0.7m thick ice

<] 1.1m thick ice
—— linear fits of

dynamic bending model

Static Bending Model:

O 0.1m thick ice

O 0.3m thick ice

v 0.7m thick ice

< 1.1m thick ice
Lindgvist's Formula:

o 0.1m thick ice
---o-- 0.3m thick ice

v 0.7m thick ice
---<-- 1.1m thick ice

2400

1800

F 1 (kN)

1200

600+

(a). Mean surge ice resistance vs. ship speed

0
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300004 SES—g————— Mgy —0—0.1m thick ice
TV | —o-03mihickice

~40000 - < —v— 0.7m thick ice
T~ —1—1.1m thick ice

-50000 ~

M. (kN-m)

-60000

-70000 4

-80000 ; i ;

v, (m/s)

(b). Mean pitch moment vs. ship speed
Fig. 12. Simulated mean values of ice resistance vs. ship speed
Comparison between numerical results from the dynamic and the static bending
models shows that for a certain ice thickness, the ice resisting force and moment given
by the static bending model is slightly higher than that given by the dynamic bending

model at very low speed (1.0m/s). The reason is explained in Section 3.2. In the high
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speed range, the situation is reversed due to the same reason. As shown in Fig. 8, the
bending failure load given by the dynamic bending model increases with colliding
speeds which are associated with the ship’s forward speed, whereas in the static

bending model, it is independent of ship speeds.

Fig. 13 shows the dependence of surge ice resistance on ice thickness with the lowest
and the highest speeds that are covered in this paper. The fitted curves of numerically
predicted data as well as Lindqvist’s calculations show a power relation between

mean values of surge ice resistance and ice thicknesses:

Fi* =ah’ 27)

X

Both Lindqvist’s calculation and the numerical predictions indicate that the
coefficient a increases with ship speeds, which is a trend also observed in the model
tests conducted by Ettema et al. (1987). The values of a given by Lindqvist are lower
than the ones given by the dynamic bending model, which is the main cause for a
lower resistance as seen in Fig. 12(a). The smaller sensitivity to ship speeds of the
static bending model is reflected in Fig. 13 too. The exponent b for the dynamic
bending model is in the range of 1.2 ~ 1.4 for the speed range covered; Lindqvist’s

gives values of b between 1.2 ~ 1.3, and it is 1.9 ~ 2.1 given by Ettema et al. (1987).

Although Eq. (25) is somewhat simplified and empirically based especially with
respect to hull geometry and contact mechanism, it is however illustrative and helpful
when trying to understand the relations between ice thickness, ship speed and ice
resistance. The resistance components given by Lindqvist in Eq. (25) can be

expressed concisely as:
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E: = chhi2

F, =b,h” (28)
F =s.h

S 1

where ¢, , b, and s, are coefficients associated with hull geometry, ice flexural strength

and friction, i.e., independent of ice thickness and ship speeds. By inserting Eq. (26)

and Eq. (28), Eq. (25) can be rewritten as:

R e (b, + 18 s (s, 4 (4 948,

\/g \/g_ ngl

WO, (29)

Eq. (29) reveals that in addition to the dependence on A , other lower-order terms
may exist. Moreover, v_and s, may be entangled with each other. This explains why
the coefficient a increases withv_, which is observed in three different studies. The
overall power dependence, i.e., the b value, is determined by parameters in Eq. (29),

on which ship speeds has an influence too.
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Fig. 13. Simulated mean surge ice resistance vs. ice thickness

3.4 Ship Motions
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534  The simulated mean values of heave, roll and pitch are presented in Fig. 14. Similar to

535 the characters of forces and moments, the motions given by the static bending model

536  are not as sensitive to ship speeds as those given by the dynamic bending model.
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Fig. 14(b) indicates that roll is not influenced by ship speeds. However, several major
jumps of roll angle are spotted in thick ice for both the static and the dynamic bending
models. The ice loads around the bow is not laterally symmetric especially for thick
ice where icebreaking radii (floe sizes) are larger and thus the ship is loaded more
non-uniformly. Transverse responses may under some circumstances be significant in
determining the icebreaking pattern and the ice resistance. Large amplitudes of roll
and correspondingly high values of ice resistance have also been reported in the

model tests conducted by Ettema et al. (1987).

The pitch angles given by the static bending model decrease linearly with ship speeds
for all ice thicknesses calculated. For the dynamic bending model, however, the pitch
angles decrease with ship speeds for thin ice while increase with ship speeds for thick
ice (Fig. 14(c)). It is interesting to note that in medium thick ice for the dynamic
bending model (e.g., 0.5m and 0.7m), an increase in low speed range is followed by a
decrease with speeds in high speed range. The natural frequency of pitch for Tor
Viking II is estimated to be 0.15Hz. Spectral analysis on the time histories of pitch
moment at 1.0m/s ship speed (i.e., the lowest speed) gives the frequency values of
1.31Hz and 0.20Hz in 0.1m and 1.1m ice, respectively. As the ship speed increases,
the frequency of pitch moment increases and thus goes further away from the natural
frequency of pitch. This leads to a general decrease of pitch as shown by results given
by the static bending model. For the dynamic bending model, however, the magnitude
of pitch moment in thick ice increases dramatically as compared to that in thin ice as
well as to the case in the static model. Therefore, the value of pitch angle is influenced
by the magnitude of pitch moment and its frequency. A similar trend for the mean
values of pitch and heave variations with ship speeds is reported in the model tests by

Ettema et al. (1987), as is shown in Fig. 15.
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Fig. 15. Mean pitch and heave vs. ship speed from a model test with an USCGC
Polar-Class Icebreaker (Ettema et al., 1987)

3.5 Spatial Distribution of Icebreaking Forces

The spatial distributions of the icebreaking forces with various ice thicknesses and
ship speeds are inspected. The ship’s waterline is discretized into 50 nodes and
segments. The time histories of the normal icebreaking loads on each of the hull
segments are recorded, and examples of typical load histories for different hull areas

are shown in Fig. 16Fig. 17.
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The mean values of the icebreaking forces on each of the segments are calculated and

plotted in Fig. 17.
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Fig. 17 Spatial distribution of the mean normal ice force on the hull (the magnitudes
are represented by the “heights” of the “load rectangles™ associated with each
segment)

The forces on the bow area, especially on the segments between nodes #25, #26 and
#26, #277, show a distinct dependence on ship speeds. For the shoulder and the side
hull areas, however, the distribution is more irregular as compared to the bow area
due to the drastically increased frame angles. Additionally, since at the bow shoulder
and the side hull areas the ship hull is sliding along the ice edge rather than indenting
directly into it, the normal relative speed is much smaller than that for the bow area.
Ice is more often crushed than bent. This makes the frictional force the major
contribution to the hull loading. When the channel opened by the bow is not
sufficiently wide to avoid constant contact between the hull and the ice edge, crushing
may be significant, as in the case of 0.3m—3.0m/s, 0.7m—1.0m/s & 3.0m/s and 1.1m—
3.0m/s. These cases correspond to the high resistance points in Fig. 12(a). Thus, the

inspection of spatial distributions of ice forces explains how, in some cases, despite
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the relatively small ice thickness and low ship speed, the total ice resistance is much
higher than expected, and how the occurrence of shoulder crushing could increase the

total ice resistance by increasing the local ice loads.

4. Conclusions

The dynamic bending effect of the ice edge is investigated and implemented into a
numerical procedure simulating the interaction between level ice and ships. The s—v
curve reflecting ship performance is calculated and compared with full-scale data.
Based on the mechanism of dynamically bent ice edge, the relations between ice
resistance, ship motions and ship speeds are examined. Conclusions are listed as

follows:

1) The bending failure load of a wedge shaped ice edge is dependent on loading rates,
which is associated with ship’s forward speed, via power relation as given by Fig. 8

and Eq. (21).

2) The h—v curve given by the dynamic bending model correlates better to full-scale
ice trial than does the one derived by the static bending model due to the ability of the

dynamic bending model to dynamically modulate the local failure load of the ice edge.

3) The ice resistance and pitch moment given by the dynamic bending model increase

linearly with ship’s forward speed.

4) Roll motion could under certain conditions bring about extra resistance in ice,
especially when the bow does not open a channel sufficiently wide to let the

maximum beam transit through.

5) An inspection of the spatial distribution of the icebreaking resistance reveals that

for some cases the shoulder areas experience much higher ice loads locally than other
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area of the hull. The occurrence of shoulder crushing is determined by the icebreaking
pattern which assumes ice bending in a predefined manner in the numerical model;
the icebreaking pattern inherently involves the major assumptions in the analytical
treatment of the problem. A further study on the correlation between the mathematical
model of the icebreaking pattern and the channel width and ship motions needs to be

carried out.

6) Pitch angles given by the dynamic bending model decrease with ship speeds for
thin ice while increase with ship speeds for thick. In medium ice thicknesses (e.g.,
0.7m), pitch angle increases more rapidly in low speed range (Im/s~3m/s) than in
high speed range. This is a result of both the magnitude and frequency of pitch

moment.

(7) The speed dependence of the ice wedge failure load proposed in this paper is
based on limited information and idealized conditions. For example, the speed

dependent term, A, is derived under a certain ice thickness (0.35m), flexural failure

strength (1.2MPa) and wedge opening angle (90°). By assuming that the failure load
is proportional to the square of ice thickness and that it is linearly proportional to the
flexural strength of ice, the limited information given by Varsta’s tests are
extrapolated to be used for different thickness and strength conditions. Although the
assumed proportional relationships are consistent with former works conducted by
various researchers, its adequacy to describe the picture for other ice thicknesses and
flexural strengths needs to be verified in future works. The influence of the geometry
of the ice wedge also needs to be investigated. For this purpose, more extensive
investigations, both theoretically and experimentally, on the problem of ice—water—

ship interaction are expected.
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Abstract

The ice performance of a dual-direction ship is investigated through a numerical
procedure developed to simulate the continuous-mode icebreaking in level ice. The
effect of propeller—hull-ice interaction for running astern is included by applying the
knowledge obtained from model tests to the numerical procedure. The numerical
procedure is in turn used as a performance prediction tool to supplement the model
test data to investigate the thrust deduction in ice.

Keywords: numerical model, dual-direction ships, propeller—hull-ice interaction,
thrust deduction in ice

1. Introduction

1.1 Dual-Direction Ship Concept

The experience with the “bow propellers” for icebreaking dates back to late 1800s,
when captains operating ships in ice bound waters discovered that sometimes it was
easier to break through ice by running their vessels astern (Juurmaa et al., 1995).
These findings then resulted in the adoption of bow propellers in older icebreakers
operating in the Great Lakes and the Baltic Sea (see e.g. Jansson, 1956a; Jansson,
1956b; Jones, 2004). However, the steering ability of a ship with traditional shaftline
propeller—rudder system is greatly reduced when running astern. Moreover, forward-
facing propellers have very low propulsion efficiency and they considerably increase
the ship's open water resistance. These shortcomings of conventional propulsion
systems made running astern not a main operation mode at that time.

The dual-direction concept advantage was not fully unleashed until the application of
electric podded propulsion units (e.g. Fig. 1) to ice-capable ships. Such propulsions
systems combine the advantages of diesel-electric powertrain with azimuthing
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thrusters, offering enhanced propulsion efficiency, great maneuverability and better
hull space usage.

Azipod Electric Steering Local Steering
Interface Unit ~ Control Unit Backup Unit _ Drives

Shaft line

Cooling
Air Unit

Steering Module Air Duct (out)

Air Duct (in)

Slipring Unit

Propulsion Module

Fig. 1 The Azipod® XO system (source: www.abb.com)

The basic idea is that the ship runs in bow first mode in open water and light ice
conditions; in heavy ice it runs in stern first mode. When running ahead, with the bow
designed for open water operations, the ship achieves better performance in open
water than it does when being installed with icebreaking bows. When heavy ice
conditions are encountered, the ship turns around and attacks the ice with the stern
designed for icebreaking. More importantly, when running astern with propeller first,
the flushing effect the propeller brings about lowers the ice resistance by flushing the
ice floes backwards and decreasing the water pressure under the ice cover (Vocke et
al., 2011). As a result, the icebreaking performance in heavy ice conditions when
running astern is better even if the open water resistance in this mode is higher. Thus,
a better overall performance and economic effect may be achieved considering the
relatively long open water voyage along the Arctic sea routes.

1.2 Theory of Dual-Direction Ships

1.2.1 Thrust Deduction in Open Water

It has been observed in open water tests that the thrust force of a ship at self-
propulsion point, i.e., free running at the maximum speed attainable without external
towing force, exceeds the towing force measured when the ship is towed at the same
speed. The propeller therefore alters the hull resistance by an amount, for which the
force equilibrium equation can be expressed as:

T, =RV + 4R, (1)
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where T denotes the total thrust, i.e., the thrust measured on propeller shaft; R_ is

open water resistance, the superscript [h] indicates the resistance of bare hull (towed
resistance); 4R, is hull resistance augmentation caused by the interaction between

the hull and propeller flow.

The physical origin of 4R lies in the fact that propeller accelerates flow in front and

behind of it resulting in an increased rate of shear in boundary layer (meaning an
increased frictional resistance on propeller blades) as well as an increased pressure
over the rear of the hull (meaning an increased pressure resistance on the hull). In
practice, this is viewed as a thrust deduction:

TT'(l_tow)zRol\g (2)
AR, is usually expressed as a fraction of the total thrust by a thrust deduction factor

defined as:

f, = 3)

Generally, the value of 7, in the ahead mode (approximately 0.03) is much smaller

than that in the astern mode (approximately 0.2) due to the different hull shapes in the
bow and stern areas.

1.2.2 Thrust Deduction in Ice

Similar to the open water case, in ice covered waters, the force equilibrium equation
for a ship breaking ice can be expressed as:

T, =R™+R™+ AR, @)
R

where R is bare hull ice resistance; R is the bare hull total resistance; AR, is the

hull resistance augmentation caused by the interaction between the ship hull, propeller
flow and the ice.

Unlike the added resistance in open water, 4R is often observed to be negative when
the ship is running propeller first. In fact, when the ship is running propeller first in
ice covered waters, the propeller on the one hand causes an increase in hull resistance
(a positive 4R ) due to the interaction between the stern and the propeller flow; on
the other hand, the broken ice floes attached to the bottom of the hull would be
flushed backwards (towards the bow) by the flow generated by propeller which causes
a decrease (denoted as 4R, ) in the hull resistance component associated with carrying

the broken ice floes. The experiences with icebreaking when running astern suggest

3
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that often the overall effect of propeller is to reduce the total hull resistance even if the
open water thrust deduction is higher than when running ahead, implying a larger

effect of 4R, which overrides the effect of 4R, .

Since the added resistances, 4R, and AR, originate from different regions of hull

due to different physical backgrounds, it is assumed that AR is a superposition of

AR, and 4R;:
AR, = AR + 4R,

Thus, Eq. (4) becomes:

Ty =RM™+ AR, +R™ + AR,

By introducing the concept of net thrust in ice, 7, :

n

Tnet :TT.(I_ZOW)_R([):/]'

Eq. (6) could be expressed alternatively as:

Tnel = Rl[h] + ARI

The thrust deduction factor in ice in this paper is defined as:

_ 4R,
T.

T

f

Thus,

T,-(1-t,,—t)=RM+RM

T

Besides, an overall thrust deduction factor could be defined as:

_ ARy
TOT TT

t

Thus,

T; '(1_tTOT):R([>:3 +R1[h]

1.2.3 Knowledge from Model Tests

®)

(6)

0

®)

©

(10)

an

(12)

4
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A series of model tests were conducted by Leiviskd (2004) to clarify the issue of
propeller—hull-ice interaction with the model of M/T Uikku. Several distinct types of
tests were performed.

Propeller open water tests were used to measure the propeller characteristics including
the thrust and torque coefficients, denoted as Kt and K respectively:

T
K. = 13
' pn®D,* (13)
Y
K,=——— 14
Q pnszs ( )

where 7 and Q denote thrust and torque respectively; p is water density; » is propeller

shaft speed and D, is propeller diameter.
The propulsion power delivered is described by the measured » and Q as:

P, =2mnQ (15)

Open water overload tests were conducted over a wide range of shaft speeds and ship
speeds to obtain the thrust deduction factor in open water (7, ) which is usually

described as a function of the advance ratio, J :

V
J=—4 (16)
nD
p
where ¥, is the advance speed of the propeller.
The test results and regression curves of open water thrust deduction factors, 7, for

ahead and astern modes are plotted in Fig. 2 and Fig. 3, respectively.

Ahead Mode
0.140
o
0.120
0.100 <
°
0.080
z i ° °
< x
0.060 4 & tow =0.1154) +0.0217
0o 5 00 R? = 06593
0,040 — e 2 ]
0020 1%
0.000

0.00 0.10 0.20 030 0J4U 0.50 0.60 0.70 0.80

Fig. 2 Open water thrust deduction factor for ahead mode (Leiviskad, 2004)
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Astern Mode
0.700
0.600
0.500
=0.5123) +0.1155
0.400 =
R?=0.9751 /%V
2 A man
Lo 03 M
0.200 M
0.100
0.000 - . - . - - -
0.p0 010 020 0.30 0.40 0.50 0.60 0.70 0.80

0.100

J

Fig. 3 Open water thrust deduction factor for astern mode (Leiviska, 2004)

In addition to the model tests mentioned above, self-propelled as well as
corresponding towed tests in open water, level ice and brash ice were conducted for
the purpose of determining the resistances under different conditions. These tests
provide an insight into the physical nature of the pheromone of bow propellers.

Especially, model tests in level ice were conducted under towed as well as self-
propulsion conditions in astern mode to investigate the influence of propeller flow on

the broken ice resistance component. In the towed tests, the bare hull resistance, RE‘] s

was measured at the same speed as in the self-propulsion condition. The level ice
model tests were conducted in two ice thicknesses, 18mm and 29mm. For each of the
ice thicknesses, four tests were carried out with different power outputs which enclose
the installed propulsion power of the full-scale ship. Since the test results provided by
Leiviskd (2004) are somewhat raw, the authors extend the results for further use in the
present paper. The added resistances caused by the flushing effect of propeller flow in
level ice in astern mode are calculated and listed in Table 1 and Table 2 based on the
measured quantities.

Table 1 Hull resistance augmentation in 18mm level ice, astern mode”

[h]

N 1\’)\[{) T, R_E_h] RE}E R, - AR, AR AR,
[m/s] IN] - NN N
E1s) INDINL N ggay) 0 K83 g 3) Be@ Ea

0.36 27.6 12.6 18.2 2.0 16.2 0.219 2.8 -5.6 -8.4
0.55 60.6 19.9 25.8 4.4 21.4 0.241 4.8 -59 -10.7
0.74 95.1 29.9 35.7 8.0 27.7 0.257 7.7 -5.8 -13.5
091 146.7 41.0 452 11.6 33.6 0.264 10.8 -4.2 -15.0
6
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Table 2 Hull resistance augmentation in 29mm level ice, astern mode”

. Pp T R rM Rl[h] low AR, AR AR,
ms YN W G N Fgd NN N

Eq.(15) NI [N] N gq.a7) Eq.(3) Eq.(4) Eq.(5)
0.26 57.9 19.6 23.0 1.1 21.9 0.179 3.5 -3.4 -6.9
0.38 66.8 22.6 29.2 2.2 27.0 0.203 4.6 -6.6 -11.2
0.53 119.4 32.0 37.5 4.1 33.4 0.217 6.9 -5.5 -12.4
0.73 181.4 42.3 49.6 7.6 42.0 0.235 9.9 -7.3 -17.2

* The originally recorded quantities in the model tests given directly by Leiviska (2004) are: v, T,

Rg.h] s R™ and ¢

ow ow ?

which are highlighted in yellow. The rest quantities in the tables are calculated by

the authors based on the measurements and equations introduced in this paper.

The relations between the added resistance obtained from Table 1 and Table 2 and
ship speed are plotted in Fig. 4.

O AR (18mm)

6 T T O AR, (29mm)
s —— polynomial fits
-84 1 1 ! 1 ! T
-104 B\
o

AR (N)

s]
16 1 | | |

-20 T T T T T T
00 0.1 02 03 04 05 06 07 08 09 1.0

v (m/s)

Fig. 4 Hull resistance augmentation in astern mode

The negative AR, and AR, calculated in Table 1 and Table 2 indicates that when the

ship is running astern in level ice, the propeller has such an effect as lowering the total
hull resistance. The reason is that the propeller flow flushes some of the broken ice
floes away, which would otherwise be attached to, or sliding along, the bottom of the
hull, and thus decreases the area of the hull covered by the broken ice pieces. As a
result, the broke ice resistance component is lowered.

The maximum ship speeds at the full installed power (Pp in Table 4) in each of the ice
thicknesses are calculated and listed in Table 3.

Table 3 Maximum ship speed attainable at full power, astern mode”

Ice thickness mm 0 18 29

Ship speed m/s 097 059 033

* The values of ship speed listed in Table 3 are calculated by the authors based on self-propulsion test
results given by Leiviské (2004).
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1.3 Present Work

In this paper, a dual-direction ship behavior is studied through a numerical procedure
developed in previous works simulating level ice—ship interaction during continuous-
mode icebreaking. The detailed methodology is introduced by a case study carried out
with the model of the icebreaking tanker M/T Uikku. Since the propeller—ice—hull
interaction, especially for astern mode, involves really complicated physical processes,
direct modeling is not pursued in the present work. Instead, this effect is incorporated
into the numerical model by calibrating the numerical model with model tests
conducted by Leiviskd (2004) introduced in section 1.2.3. Then, the performance of
the ship in both ahead and astern modes is predicted by the numerical procedure. The
numerical prediction of the bare hull ice resistance is verified by model test results. In
addition, the thrust deduction factor in ice is discussed.

2. The Numerical Procedure

The numerical procedure was developed and further improved over the authors’
previous works to simulate the icebreaking process in the time domain. Due to the
lack of sufficient understanding of physics of icebreaking especially by moving
structures, the work was conducted by combining rational theoretical analysis with
knowledge obtained empirically, i.e., semi-empirically. The icebreaking pattern
observed in model- and full-scale tests is reproduced by the formation of bending
cracks during an icebreaking run. Having been validated with full-scale trials, the
numerical procedure can be used as a tool for performance prediction. In this chapter,
the basic idea of the numerical model is briefly introduced; more detailed description
is presented in Tan et al. (2013).

2.1 Ship Motions

In the numerical model, the interaction between ship motions and the ice load is
simulated by solving the ship’s dynamic equations of motion in the time domain with
a step-by-step integration scheme. Iterations are performed during each time step to
solve the interdependence between ship motions and the ice load. The ship is able to
move in six degrees of freedom (Fig. 5) with the coupling between motions included.

Fig. 5 Reference frames
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2.2 Resistance Components in Ice

It is assumed that ice floes are cleared by the advancing ship hull immediately after
the bending failure of the intact ice sheet. The resistance from ice floe clearing and
submergence is considered not to interfere with the next contact. Similarly, the open
water resistance is also separated. Thus the total resistance acting on the ship during
icebreaking can be broken down into the following parts (see e.g. Spencer and Jones,
2001):

R, =R, +R
N

sbmg + Row (17)
R

1

where R, is the ice resistance arising from breaking, i.e., crushing and bending, of

the intact ice; R is the resistance due to the interaction between ship hull and the

sbmg

broken ice floes; R, is the total ice resistance; R is the open water resistance.

In the numerical model, the icebreaking component, R which is the immediate

brk °
cause for the forming of breaking pattern, is calculated numerically by integrating the
pressure induced by the contact with the ice edge along the waterline. R is
calculated as a global load with the empirical formula given by Lindqvist (1989). The

open water resistance, R__, is measured in open water towed tests.

ow 2

2.3 Icebreaking Force

By assembling the ice load models describing various aspects of icebreaking proposed
by past works (e.g. Kashteljan, 1968; Enkvist, 1972; Milano, 1973; Varsta, 1983;
Izumiyama et al., 1991), the icebreaking force is obtained through a contact algorithm
which detects the contact zones between the ship hull and the ice edge by
computational geometry algorithms.

2.3.1 Ice Crushing Failure

The crushing force, F

cr?

which is normal to the contact plane on each of the contact
zones, is calculated by the product of the average crushing pressure, p,, , and the
crushing area, A . The average crushing pressure is observed to be dependent on the
crushing area, which is often known as the “pressure—area relation”. The pressure—
area relation is investigated by Tan et al. (2013) through a parametric study.

2.3.2 Ice Bending Failure

At each of the contact zones, the wedge shaped ice edge is loaded by the ship hull at a
certain loading speed and hull frame angle. If the vertical force on the ice wedge
exceeds the bending failure load, then the ice bends and the wedge is deleted. An
example of the ice edge update procedure is shown in Fig. 6.

9
Journal of Ship Research, 601 Pavonia Avenue, Suite 400, Jersey City, NJ 07306



O©oONOUTAWN =

236
237

238
239
240
241
242
243

244
245

246

247

248
249
250

251

Journal of Ship Research

waterline and ice edge at time t

o PR I N T g >
4 4 ice edge and waterline :

— at time t-dt

E o

-

>

100 110 120 130 140 150

Fig. 6 Example of the ice edge update procedure and the icebreaking pattern

It has been observed in field and model-scale tests (e.g. [zumiyama et al., 1991;

Valanto, 1992) that the breaking length of the ice slab is dependent on the loading rate.

In the numerical model, the size of the broken ice floe is described by the length and
depth of the ice cusp, as depicted in Fig. 7. The breaking length is determined by the
material properties of the ice and the loading rate, and the depth of ice cusp is
determined by empirical formula given by Milano (1973).

Point of
Maximum Beam

TS

Cusp Depth 7
i e
N7

Fig. 7 Idealized bending model of icebreaking (/ denotes the characteristic length of
ice) (Milano, 1973)

0
B

2.3 Calculated Icebreaking pattern and Time Histories

Examples of the calculated icebreaking pattern, time histories of ship motions and ice
resistance and pitch moment are plotted in Fig. 8 through Fig. 10. Note that the time
axes in the following figures are in model-scale.
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Fig. 8 Icebreaking pattern (4; = 29mm, v,=0.292m/s, astern mode)
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Fig. 9 Time histories of motions (4 = 29mm, vx=0.292m/s, astern mode)
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Fig. 10 Time histories of ice resisting force and moments (/#; = 29mm, v,=0.292m/s,

astern mode)
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1
2
2 271 3. Investigation of the Influence of Propeller—Hull-Ice Interaction
5 272 In this chapter, the flushing effect of propeller flow on broken ice resistance is
3 273  investigated through a case study with the model of M/T Uikku. With the actual total
8 274  thrust, the open water thrust deduction factors and open water resistance obtained
9 275  from the model tests conducted by Leiviskd (2004) as inputs, numerical experiments
10 276  are carried to fit the calculated ship speeds at the installed propulsion power to the
1; 277  tested data points by adjusting the relevant coefficient in the numerical model.
13 .
14 278 3.1 M/T Uikku
12 279  M/T Uikku is one of the earliest ice-going ships outfitted with an azimuthing
17 280  propulsion system. Built in 1977, the product tanker was originally installed with a
18 281  conventional propeller-rudder propulsion system. In 1993, a conversion is made to
19 282  replace the propeller-rudder configuration with an 11.4 MW Azipod unit with a
2(1) 283  “pushing” type azimuth propeller (Fig. 11).
22
23
24
25
26
27
28
29
30
31
32
33
34 284 : c )
gg 285 Fig. 11 Conversion on M/T Uikku (source: www.abb.com)
37 . . : . .
38 286  Due to the design of the stern, the propeller is not permitted to azimuth fully in 360°.
39 287  As a result, the efficiency in astern mode is lower than that in the ahead mode due to
:? 288  the inversely rotating propeller.
33 289  The main particulars of the ship are listed in Table 4. The geometry scale factor of the
44 290  model is 31.56.
45 .
46 291  Table 4 Ship parameters
47 Parameter Notation  Dimension  Full Scale Value  Model Scale Value
48 Length over all LOA m 164.4 5.21
49 Length between perpendiculars Iy m 150.0 4.75
50 Breath, moulded B m 222 0.70
51 Draught, icebreaking D m 9.5 0.30
50 Installed propulsion power Py w 11.4x10° 64.55
Propeller diameter Dp m 5.6 0.179
53 -
54
55 292 3.2 Propulsion Characteristics
56 293 3.2.1 Thrust and torque coefficients
57
58
59
60 13
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The thrust and torque coefficients are plotted in Fig. 12 versus the advance ratio. The
corresponding propeller shaft speed is 15 s™. As can be seen from the figure, when
going astern, the propeller has to rotate in the opposite direction, which results in a

lower efficiency.

0.50
0.45 4 —O0—K; (ahead)
—o0— 10K, (ahead)
0.40 \D\ =g=iK, (astern)
0.35 U\ —o— 10K, (astern)
;\ n\
& 0.30 8\\5 Ny
S 0.25- S o
= 8.
& 020 N S
= © S
0.15 }— 0 — ~ T
(o) \ o
0.10 \o 8\ \D
0.05 \o\ \g\
o)
000 +——"FT—"—"T—"——T T T 7T+
00 01 02 03 04 05 06 07 08 09 1.0 1.1

Fig. 12 K, K, curves

3.2.2 Net thrust in ice

(n=15s"

The total thrusts at full propulsion power obtained through K., K, curves are

plotted versus ship speed in Fig. 13, where the open water resistances are also plotted.

By using the thrust deduction factors given by Fig. 2 and Fig. 3, the net thrust in ice,

T, is also plotted in Fig. 13.

50

T . Tnet’ Row (N)

Ahead Mode:
—A-T,
-0-T,(1,)
-0—-R,,
=0=T .
Astern Mode:
—A-T,
—0-T.(1+,,)
-0-R,,
=T,

v (m/s)

Fig. 13 Total thrust, 7', , open water resistance, R

ow

and net thrust, 7,
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The T, curves shown in Fig. 13 are incorporated into the numerical model as

n

propulsion forces to predict the performance of the ship in level ice.

3.3 Calibrating the Numerical Model

As explained in Section 1.2, when the ship is running astern, the total hull resistance
is reduced due to the flushing effect of propeller flow on the broken ice resistance,
R

sbmg *

In the numerical model, R, is calculated by the empirical formula given by

Lindqvist (1989), where it is assumed that 70% of the hull bottom length is covered
by broken ice floes during icebreaking, so that the area of the flat bottom covered with
ice can be expressed as:

4,=B-(071,, - D/tan$-0.25B/ tanv) (18)

where ¢ and a denote the stem angle and the waterline angle, respectively.

Since the Lindqvist’s resistance formula was originally developed for ships going
ahead, this coefficient representing the coverage is calibrated in the numerical model
to account for the flushing effect of propeller flow on broken ice floes when going
astern.

In this paper, the calibration is done by fitting the numerical calculations to the model
test results presented in Table 3. That is, for each of the ice thicknesses listed in Table
3, the ship speed at the full installed propulsion power is calculated by the numerical
procedure. By adjusting the Lindqvist’s coverage coefficient in the numerical model,
it is found that a value of 0.32 gives the best fit to the model test results. This value is
used in the numerical procedure for the performance prediction for astern mode. For
ahead mode, the original value of 0.7 proposed by Lindqvist (1989) is followed.

With the calibrated broken ice resistance component, the ship’s performance in a
range of ice thicknesses is predicted with the numerical procedure, as is plotted in Fig.
14. In the calculations of ship performance presented in Fig. 14, the average values of
the material properties of ice measured in the model tests are adopted, as listed in
Table 5.

Table 5 Average values of model ice properties

Parameter Notation Dimension Value
Density P, kg/m’ 880
Young’s modulus E MPa 34.7
Poisson ratio v 0.33
Crushing strength G, kPa 76.7
Bending strength o kPa 243
Coefficient of friction H 0.05
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It is clearly shown in Fig. 14 that the ship’s performance in thick ice in astern mode is

better than that in ahead mode even if the total thrust is lower.

6

54

The predicted bare hull ice resistance versus ship speed is plotted in Fig. 15 against

0

Model Test:
~-(-ahead mode
~[J- astern mode
Numerical Predictions:

@ ahead mode

B astern mode
—— linear fit (ahead mode)
—— polynomial fit (astern mode)

e

T T T —T—
0.0 0.2 0.4 0.6 0.8 1.0

v (m/s)

Fig. 14 h—v curve

the model test results. It is shown that a good agreement is achieved.

70
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R (N)

60 4

50

Model Test:

—A—h = 18mm (astern) I~}
| —O—h, =29mm (astern)
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Numerical Prediction:
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Fig. 15 Bare hull ice resistance

16

Journal of Ship Research, 601 Pavonia Avenue, Suite 400, Jersey City, NJ 07306

Page 16 of 21



Page 17 of 21

O©oONOUTAWN =

345
346
347

348

349

350
351
352
353

354
355

356
357
358
359
360
361
362

363

Journal of Ship Research

It should be noted that, in order to verify the numerical predictions with the model test
results, the calculations in Fig. 15 are done with the actual values of the ice material
properties measured in each test, as listed in Table 6.

Table 6 Model ice properties for resistance tests

Direction A (mm) o (kPa) o (kPa) E(MPa)

Astern 18 21.6 100.2 73.0
Astern 29 26.9 69.4 24.2
Ahead 30 28.1 69.3 23.8

4. Thrust Deduction in Ice

In Fig. 16, the predicted bare hull ice resistance versus ship speed for a series of ice
thicknesses is plotted. In these calculations, the average values of the material
properties of ice listed in Table 5 are used so that the results are comparable to each
other.

50
—8—h, =6mm
] —A—h, = 18mm
40 - /’ —&—h, =29mm
Y —b—h, =42mm
] /
&
~ W
< < rd
o 20+ /‘/A
A/
104
]
-/'/-/
o———T—7T—— T T 7
0.0 0.2 0.4 0.6 0.8 1.0 1.2

v (m/s)

Fig. 16 Predicted bare hull ice resistance vs. ship speed

In Fig. 17, an example of the procedure of deriving thrust deduction in ice is
illustrated. For each ice thickness, firstly, the ship speed at the full installed
propulsion power is looked up from the ~—v curve for astern mode plotted in Fig. 14.
Then, the net thrust and bare hull ice resistance at this speed is obtained from the 7',
curve (Fig. 13) and the calculation given by Fig. 16. According to Eq. (7), the added
resistance from propeller—ice interaction, 4R, , i.e., the thrust deduction in ice, is

equal to the difference between the net thrust, 7, and the bare hull ice resistance,

net >
R,
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Fig. 17 Example of deriving the added resistance due to propeller—ice interaction

The thrust deduction in ice at self-propulsion with the installed propulsion power for a
range of ice thicknesses is plotted in Fig. 18.
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Fig. 18 Thrust deduction in ice at self-propulsion in astern mode

The thrust deduction factor in ice, 7,, and the overall thrust deduction factor, 7, ,

defined in Eq. (9) and Eq.(11), are plotted in Fig. 19 versus ship speed.
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Fig. 19 Thrust deduction factors during icebreaking

5. Conclusions

The performance of a dual-direction ship is investigated through a numerical
procedure simulating continuous-mode icebreaking in level ice. With knowledge
obtained from model tests, the thrust deduction during icebreaking for the astern mode
is especially looked into. The main conclusions are as follows:

1) The actual thrust, open water thrust deduction factor and the open water resistance
of Uikku model is derived based on model tests; the obtained net thrust in ice is
applied to the numerical procedure to simulate the ship’s performance in both
ahead and astern modes.

2) By fitting to the model test results, the effect of propeller flow on broken ice
resistance in astern mode is accounted for by modifying the underwater area
covered by broken ice in Lindqvist’s (1989) submergence and clearing resistance
formula.

3) The h—v curves which represent the ship’s performance at full propulsion power in
a range of ice thicknesses are calculated with the numerical procedure.

4) As shown in Fig. 4, the absolute value of the added resistance due to propeller—ice
interaction increases with ship speed (different propulsion power) for a certain ice
thickness.

5) As shown in Fig. 18, for the installed propulsion power, thrust deduction in thick
ice is higher than that in thin ice.

6) For the installed propulsion power, the absolute value of the thrust deduction factor
in pure ice decreases with ship speed generally (Fig. 19).

The current study is based on a particular ship — M/T Uikku, where limited model test
results are extrapolated to draw relations between thrust deduction in ice and
parameters such as ice thickness and ship speed. Future works recommended are:
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1) In reality, the propeller flow may also have an effect on the breaking of level ice by
lowering the water pressure below the intact ice. Future work is needed to clarify
this effect quantitatively.

2) The numerical model calibration is done with limited information from model tests,
it is suggested that more case studies be conducted to further verify the numerical
model.
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Calculation of Global Design Loads and Load
Effects in Large High Speed Catamarans. (Dr.Ing.
Thesis)

Fatigue Strength of Titanium Risers - Defect
Sensitivity. (Dr.Ing. Thesis)

Nonlinear Shell Finite Elements for Ultimate
Strength and Collapse Analysis of Ship Structures.
(Dr.Ing. Thesis)

Wave-current interactions in the vicinity of the
sea bed. (Dr.Ing. Thesis)

Sloshing in rectangular tanks and interaction with
ship motions. (Dr.Ing. Thesis)

Geometry and Kinematics of Breaking Waves.
(Dr.Ing. Thesis)

Wash and wave resistance of ships in finite water
depth. (Dr.Ing. Thesis)

Utilization of VOC in Diesel Engines. Ignition and
combustion of VOC released by crude oil tankers.
(Dr.Ing. Thesis)

Wave Induced Motions of Two Ships Advancing on
Parallel Course. (Dr.Ing. Thesis)

Numerical and experimental investigation of
whipping in twin hull vessels exposed to severe
wet deck slamming. (Dr.Ing. Thesis)

Global Hydroelastic Response of Catamarans due
to Wet Deck Slamming. (Dr.Ing. Thesis)

Nonlinear Shell Finite Elements for Ultimate
Strength and Collapse Analysis of Ship Structures.
(Dr.Ing. Thesis)

Probabilistic Evaluation of FPSO-Tanker Collision
in Tandem Offloading Operation. (Dr.Ing. Thesis)
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Skaugset, Kjetil Bjgrn, MK

Chezhian, Muthu

Buhaug, @yvind

Tregde, Vidar

Wist, Hanne Therese

Ransau, Samuel

Soma, Torkel

Ersdal, Svein

Brodtkorb, Per Andreas

Yttervik, Rune

Fredheim, Arne

Heggernes, Kjetil

Fouques, Sebastien

Holm, Havard

Bjgrheim, Lars G.

Hansson, Lisbeth

Zhu, Xinying

Reite, Karl Johan

Smogeli, @yvind Notland

On the Suppression of Vortex Induced Vibrations
of Circular Cylinders by Radial Water Jets. (Dr.Ing.
Thesis)

Three-Dimensional Analysis of Slamming. (Dr.Ing.
Thesis)

Deposit Formation on Cylinder Liner Surfaces in
Medium Speed Engines. (Dr.Ing. Thesis)

Aspects of Ship Design: Optimization of Aft Hull
with Inverse Geometry Design. (Dr.Ing. Thesis)

Statistical Properties of Successive Ocean Wave
Parameters. (Dr.Ing. Thesis)

Numerical Methods for Flows with Evolving
Interfaces. (Dr.Ing. Thesis)

Blue-Chip or Sub-Standard. A data interrogation
approach of identity safety characteristics of
shipping organization. (Dr.Ing. Thesis)

An experimental study of hydrodynamic forces on
cylinders and cables in near axial flow. (Dr.Ing.
Thesis)

The Probability of Occurrence of Dangerous Wave
Situations at Sea. (Dr.Ing. Thesis)

Ocean current variability in relation to offshore
engineering. (Dr.Ing. Thesis)

Current Forces on Net-Structures. (Dr.Ing. Thesis)

Flow around marine structures. (Dr.Ing. Thesis

Lagrangian Modelling of Ocean Surface Waves and
Synthetic Aperture Radar Wave Measurements.
(Dr.Ing. Thesis)

Numerical calculation of viscous free surface flow
around marine structures. (Dr.Ing. Thesis)

Failure Assessment of Long Through Thickness
Fatigue Cracks in Ship Hulls. (Dr.Ing. Thesis)

Safety = Management for Prevention of
Occupational Accidents. (Dr.Ing. Thesis)

Application of the CIP Method to Strongly
Nonlinear Wave-Body Interaction Problems.
(Dr.Ing. Thesis)

Modelling and Control of Trawl Systems. (Dr.Ing.
Thesis)

Control of Marine Propellers. From Normal to
Extreme Conditions. (Dr.Ing. Thesis)
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Storhaug, Gaute

Sun, Hui

Rustad, Anne Marthine

Johansen, Vegar

Wroldsen, Anders Sunde

Aronsen, Kristoffer Hgye

Gao, Zhen

Thorstensen, Tom Anders

Berntsen, Per Ivar B.

Ye, Naiquan

Radan, Damir

Thomassen, Paul

Pakozdi, Csaba

Grytgyr, Guttorm

Drummen, Ingo

Skejic, Renato

Experimental Investigation of Wave Induced
Vibrations and Their Effect on the Fatigue Loading
of Ships. (Dr.Ing. Thesis)

A Boundary Element Method Applied to Strongly
Nonlinear Wave-Body Interaction Problems. (PhD
Thesis, CeSOS)

Modelling and Control of Top Tensioned Risers.
(PhD Thesis, CeSOS)

Modelling flexible slender system for real-time
simulations and control applications

Modelling and control of tensegrity structures.
(PhD Thesis, CeSOS)

An experimental investigation of in-line and
combined inline and cross flow vortex induced
vibrations. (Dr. avhandling, IMT)

Stochastic Response Analysis of Mooring Systems
with Emphasis on Frequency-domain Analysis of
Fatigue due to Wide-band Response Processes
(PhD Thesis, CeSOS)

Lifetime Profit Modelling of Ageing Systems
Utilizing Information about Technical Condition.
(Dr.ing. thesis, IMT)

Structural Reliability Based Position Mooring.
(PhD-Thesis, IMT)

Fatigue Assessment of Aluminium Welded Box-
stiffener Joints in Ships (Dr.ing. thesis, IMT)

Integrated Control of Marine Electrical Power
Systems. (PhD-Thesis, IMT)

Methods for Dynamic Response Analysis and
Fatigue Life Estimation of Floating Fish Cages.
(Dr.ing. thesis, IMT)

A Smoothed Particle Hydrodynamics Study of
Two-dimensional ~ Nonlinear  Sloshing  in
Rectangular Tanks. (Dr.ing.thesis, IMT/ CeSOS)

A Higher-Order Boundary Element Method and
Applications  to  Marine  Hydrodynamics.
(Dr.ing.thesis, IMT)

Experimental and Numerical Investigation of
Nonlinear Wave-Induced Load Effects in
Containerships considering Hydroelasticity. (PhD
thesis, CeSOS)

Maneuvering and Seakeeping of a Singel Ship and
of Two Ships in Interaction. (PhD-Thesis, CeSOS)
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Harlem, Alf

Alsos, Hagbart S.

Graczyk, Mateusz

Taghipour, Reza

Ruth, Eivind

Nystad, Bent Helge

Soni, Prashant Kumar

Amlashi, Hadi K.K.

Pedersen, Tom Arne

Kristiansen, Trygve

Ong, Muk Chen

Hong, Lin

Koushan, Kamran

Korsvik, Jarl Eirik

Lee, Jihoon

Vestbgstad, Tone Gran

An Age-Based Replacement Model for Repairable
Systems with Attention to High-Speed Marine
Diesel Engines. (PhD-Thesis, IMT)

Ship Grounding. Analysis of Ductile Fracture,
Bottom Damage and Hull Girder Response. (PhD-
thesis, IMT)

Experimental Investigation of Sloshing Loading
and Load Effects in Membrane LNG Tanks
Subjected to Random Excitation. (PhD-thesis,
CeS0OS)

Efficient Prediction of Dynamic Response for
Flexible amd Multi-body Marine Structures. (PhD-
thesis, CeSOS)

Propulsion control and thrust allocation on
marine vessels. (PhD thesis, CeSOS)

Technical Condition Indexes and Remaining
Useful Life of Aggregated Systems. PhD thesis, IMT

Hydrodynamic Coefficients for Vortex Induced
Vibrations of Flexible Beams, PhD
thesis, CeSOS

Ultimate Strength and Reliability-based Design of
Ship Hulls with Emphasis on Combined Global and
Local Loads. PhD Thesis, IMT

Bond Graph Modelling of Marine Power Systems.
PhD Thesis, IMT

Two-Dimensional Numerical and Experimental
Studies of Piston-Mode Resonance. PhD-Thesis,
CeSOS

Applications of a Standard High Reynolds Number
Model and a Stochastic Scour Prediction Model for
Marine Structures. PhD-thesis, IMT

Simplified Analysis and Design of Ships subjected
to Collision and Grounding. PhD-thesis, IMT

Vortex Induced Vibrations of Free Span Pipelines,
PhD thesis, IMT

Heuristic Methods for Ship Routing and
Scheduling. PhD-thesis, IMT

Experimental Investigation and Numerical in
Analyzing the Ocean Current Displacement of
Longlines. Ph.d.-Thesis, IMT.

A Numerical Study of Wave-in-Deck Impact usin a
Two-Dimensional  Constrained Interpolation
Profile Method, Ph.d.thesis, CeSOS.
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Bruun, Kristine

Holstad, Anders

Ayala-Uraga, Efren

Kong, Xiangjun

Kristiansen, David

Ludvigsen, Martin

Hals, Jorgen

Shu, Zhi

Shao, Yanlin

Califano, Andrea

El Khoury, George

Seim, Knut Sponheim

Jia, Huirong

Jiao, Linlin

Abrahamsen, Bjgrn Christian

Karimirad, Madjid

Erlend Meland

Bond Graph Modelling of Fuel Cells for Marine
Power Plants. Ph.d.-thesis, IMT

Numerical Investigation of Turbulence in a
Sekwed Three-Dimensional Channel Flow, Ph.d.-
thesis, IMT.

Reliability-Based Assessment of Deteriorating
Ship-shaped Offshore Structures, Ph.d.-thesis,
IMT

A Numerical Study of a Damaged Ship in Beam Sea
Waves. Ph.d.-thesis, IMT/CeSOS.

Wave Induced Effects on Floaters of Aquaculture
Plants, Ph.d.-thesis, CeSOS.

An ROV-Toolbox for Optical and Acoustic
Scientific Seabed Investigation. Ph.d.-thesis IMT.

Modelling and Phase Control of Wave-Energy
Converters. Ph.d.thesis, CeSOS.

Uncertainty Assessment of Wave Loads and
Ultimate Strength of Tankers and Bulk Carriers in
a Reliability Framework. Ph.d. Thesis, IMT/
CeSOS

Numerical Potential-Flow Studies on Weakly-
Nonlinear Wave-Body Interactions with/without
Small Forward Speed, Ph.d.thesis,CeSOS.

Dynamic Loads on Marine Propellers due to
Intermittent Ventilation. Ph.d.thesis, IMT.

Numerical Simulations of Massively Separated
Turbulent Flows, Ph.d.-thesis, IMT

Mixing Process in Dense Overflows with Emphasis
on the Faroe Bank Channel Overflow. Ph.d.thesis,
IMT

Structural Analysis of Intect and Damaged Ships in
a Collission Risk Analysis Perspective. Ph.d.thesis
CeSoS.

Wave-Induced Effects on a Pontoon-type Very
Large Floating Structures (VLFS). Ph.D.-thesis,
CeSOS.

Sloshing Induced Tank Roof with Entrapped Air
Pocket. Ph.d.thesis, CeSOS.

Stochastic Dynamic Response Analysis of Spar-
Type Wind Turbines with Catenary or Taut
Mooring Systems. Ph.d.-thesis, CeSOS.

Condition Monitoring of Safety Critical Valves.
Ph.d.-thesis, IMT.
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Yang, Limin

Visscher, Jan

Su, Biao

Liu, Zhenhui

Aarsaether, Karl Gunnar

Wu, Jie

Amini, Hamid

Nguyen, Tan-Hoi

Tavakoli, Mohammad T.

Guo, Bingjie

Chen, Qiaofeng

Kota, Ravikiran S.

Sten, Ronny

Berle, @yvind

Fang, Shaoji

You, Jikun

Xiang ,Xu

Dong, Wenbin

Stochastic Dynamic System Analysis of Wave
Energy Converter with Hydraulic Power Take-Off,
with Particular Reference to Wear Damage
Analysis, Ph.d. Thesis, CeSOS.

Application of Particla Image Velocimetry on
Turbulent Marine Flows, Ph.d.Thesis, IMT.

Numerical Predictions of Global and Local Ice
Loads on Ships. Ph.d.Thesis, CeSOS.

Analytical and Numerical Analysis of Iceberg
Collision with Ship Structures. Ph.d.Thesis, IMT.

Modeling and Analysis of Ship Traffic by
Observation and  Numerical  Simulation.
Ph.d.Thesis, IMT.

Hydrodynamic  Force Identification from
Stochastic Vortex Induced Vibration Experiments
with Slender Beams. Ph.d.Thesis, IMT.

Azimuth Propulsors in Off-design Conditions.
Ph.d.Thesis, IMT.

Toward a System of Real-Time Prediction and
Monitoring of Bottom Damage Conditions During
Ship Grounding. Ph.d.thesis, IMT.

Assessment of Oil Spill in Ship Collision and
Grounding, Ph.d.thesis, IMT.

Numerical and Experimental Investigation of
Added Resistance in Waves. Ph.d.Thesis, IMT.

Ultimate Strength of Aluminium Panels,
considering HAZ Effects, IMT

Wave Loads on Decks of Offshore Structures in
Random Seas, CeSOS.

Dynamic Simulation of Deep Water Drilling Risers
with Heave Compensating System, IMT.

Risk and resilience in global maritime supply
chains, IMT.

Fault Tolerant Position Mooring Control Based on
Structural Reliability, CeSOS.

Numerical studies on wave forces and moored
ship motions in intermediate and shallow water,
CeSOS.

Maneuvering of two interacting ships in waves,
CeSOS

Time-domain fatigue response and reliability
analysis of offshore wind turbines with emphasis
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2013
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2013
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2013
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2013
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2013

IMT-12-
2013
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2013

Zhu, Suji

Zhou, Li

Ushakov, Sergey

Yin, Decao

Kurniawan, Adi

Al Ryati, Nabil

Firoozkoohi, Reza

Ommani, Babak

Xing, Yihan

Balland, Océane

Yang, Dan

Abdillah, Suyuthi

Ramirez, Pedro Agustin Peérez

Chuang, Zhenju

Etemaddar, Mahmoud

Lindstad, Haakon

on welded tubular joints and gear components,
CeSOS

Investigation of Wave-Induced Nonlinear Load
Effects in Open Ships considering Hull Girder
Vibrations in Bending and Torsion, CeSOS

Numerical and Experimental Investigation of
Station-keeping in Level Ice, CeSOS

Particulate matter emission characteristics from
diesel enignes operating on conventional and
alternative marine fuels, IMT

Experimental and Numerical Analysis of
Combined In-line and Cross-flow Vortex Induced
Vibrations, CeSOS

Modelling and geometry optimisation of wave
energy converters, CeSOS

Technical condition indexes doe auxiliary marine
diesel engines, IMT

Experimental, numerical and  analytical
investigation of the effect of screens on sloshing,
CeSOS

Potential-Flow  Predictions of a  Semi-
Displacement Vessel Including Applications to
Calm Water Broaching, CeSOS

Modelling and analysis of the gearbox in a floating
spar-type wind turbine, CeSOS

Optimization models for reducing air emissions
from ships, IMT

Transitional wake flow behind an inclined flat
plate-----Computation and analysis, IMT

Prediction of Extreme Loads and Fatigue Damage
for a Ship Hull due to Ice Action, IMT

Ageing management and life extension of
technical systems-
Concepts and methods applied to oil and gas
facilities, IMT

Experimental and Numerical Investigation of
Speed Loss due to Seakeeping and Maneuvering.
IMT

Load and Response Analysis of Wind Turbines
under Atmospheric Icing and Controller System
Faults with Emphasis on Spar Type Floating Wind
Turbines, IMT

Strategies and measures for reducing maritime
CO2 emissons, IMT
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IMT-18-
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2014
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2014
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2014
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Haris, Sabril

Shainee, Mohamed

Gansel, Lars

Gaspar, Henrique

Thys, Maxime

Aglen, Ida

Song, An

Rogne, @yvind Ygre

Dai, Lijuan

Bachynski, Erin Elizabeth

Wang, Jingbo

Kim, Ekaterina

Tan, Xiang

Damage interaction analysis of ship collisions,
IMT

Conceptual Design, Numerical and Experimental
Investigation of a SPM Cage Concept for Offshore
Mariculture, IMT

Flow past porous cylinders and effects of
biofouling and fish behavior on the flow in and
around Atlantic salmon net cages, IMT

Handling Aspects of Complexity in Conceptual
Ship Design, IMT

Theoretical and Experimental Investigation of a
Free Running Fishing Vessel at Small Frequency of
Encounter, CeSOS

VIV in Free Spanning Pipelines, CeSOS

Theoretical and experimental studies of wave
diffraction and radiation loads on a horizontally
submerged perforated plate, CeSOS

Numerical and Experimental Investigation of a
Hinged 5-body Wave Energy Converter, CeSOS

Safe and efficient operation and maintenance of
offshore wind farms ,IMT

Design and Dynamic Analysis of Tension Leg
Platform Wind Turbines, CeSOS

Water Entry of Freefall Wedged - Wedge motions
and Cavity Dynamics, CeSOS

Experimental and numerical studies related to the
coupled behavior of ice mass and steel structures
during accidental collisions, IMT

Numerical Investigation of Ship’s Continuous-
Mode Icebreaking in Level Ice, CeSOS
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