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Abstract

The growing interest in Arctic transportation and field logistics leads to an increasing
demand for ships with good ice breaking performance. The ice breaking performance of
ships is usually defined by their ability to proceed in uniform level ice, where good
performance means low ice resistance, high propulsion efficiency and continuous ice
breaking. In order to assess the ice breaking performance in an early design stage, several
theoretical methods may be applied to predict the ice resistance. However, every
theoretical method necessarily makes use of simplifications and assumptions what in turn
affects its precision and its reliability. Due to the physical nature of model tests, all
processes, and thus, all forces contributing to the ice resistance are considered. As a result,
model tests are still the most reliable method to predict the total resistance in ice. But with
regard to the high costs of model tests there is a continued demand to gain knowledge on
the reliability of theoretical prediction methods and to improve their accuracy.

In the course of this thesis a systematic comparison of existing ice resistance prediction
methods is carried out which represent the current state of the art. On this basis an
assessment of the assumptions and simplifications of these different methods is outlined
and the semi-empirical method of Lindqvist is found to be the most suitable method for
further improvement.

In order to achieve a valuable improvement, model test results are used to update the
empirical basis of the prediction method with respect to an ice breaking ship type, i.e. ice
breaking offshore supply vessels, anchor handling tugs and rescue and salvage vessels.
Furthermore, ice model tests are conducted with newly developed testing equipment and
techniques as well as a newly developed post-processing procedure to gain new insight on
the ice breaking process. Thus, assumptions made by Lindqvist can be verified or corrected
with regard to the investigated ship type. In particular, the creation of ice floes in the bow
area of the ship and the resulting bottom ice coverage is evaluated by application of an
underwater image analysis methodology. Furthermore, the ice floe characteristics are
correlated to hull shape parameters, ice properties and finally the ice resistance.

A refined version of Lindqvist’s method is then subjected to a numerical optimization
algorithm. Thereby, the newly gained insights and a current empirical data set comprising
the investigated ship type of ice breaking offshore supply vessels, anchor handling tugs
and rescue and salvage vessels are used.

During the optimization process, four variables are applied to the refined version of the
semi-empirical prediction method of Lindqvist. By means of a computer algorithm these
variables are optimized within specific boundary limits with regard to a minimization of
the deviation to the total resistance in ice determined by model tests. Eventually, this
process provides an optimized prediction method, with which the total resistance in ice can
be predicted with a higher accuracy and reliability for the aforementioned ice breaking ship

type.
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Notations

Roman symbols

Ship breadth

m @

Modulus of Elasticity

Gravitational acceleration

5 o
&

Level ice thickness

Lpp Ship length between perpendiculars

n Number of broken cusps
Rs Bending resistance
Rsi Bending resistance at i-th longitudinal section

Re: Breaking resistance

Rc Crushing resistance

R¢ Frictional resistance

Rice Ice resistance in general
RIT  Total resistance in ice

Ry Potential resistance

Rs Submersion resistance

T Ship draught

THDF Thrust deduction fraction

v Ship speed

Greek symbols

a Waterline (entrance) angle

o Average waterline angle at i-th longitudinal section
B Flare angle

Ap Density difference (between ice and water)

i Average buttock angle at i-th longitudinal section
[0} Stem angle
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A Scaling factor
n Friction coefficient between ship hull and ice

Onex  Flexural strength

\ Normal angle — angle between normal vector to the bow plate and vertical vector
Wi Average normal angle at i-th longitudinal section
Abbreviations

BEM Boundary Element Method

CFD  Computational Fluid Dynamics

FEM Finite Element Method

HD High Definition

HSVA Hamburgische Schiffbau-Versuchsanstalt, Hamburg Ship Model Basin
ITTC International Towing Tank Conference

PIto PVI Publication I to Publication VI

PSO  Particle Swarm Optimization

R&D Research and Development

ROI  Region of Interest

Definition of hull shape angles (Lindqvist 1989, adapted)
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Original features

This thesis focuses on one presently common ice breaking ship type, namely ice breaking
offshore supply vessels, anchor handling tugs and rescue and salvage vessels. The
following features with respect to this ship type are believed to be original:

1.

A systematic comparison of state of the art ice resistance prediction methods is
carried out. All evaluated methods consider a different amount of ice properties
and bow shape parameters to predict different ice resistance portions. Thereby, the
method of Lindqvist considers the most parameters and resistance components. (PI
and PII)
Model tests in pre-sawn ice reveal that the pre-sawn resistance comprising
rotative, submersion and sliding forces for the investigated ship type at typical, i.e.
significant forward speed values amounts to 40 to 70 percent of the total resistance
in level ice. Thus, the breaking resistance amounts to 30 to 60 percent of the total
resistance in level ice. (PIV)
Model tests with an instrumented forward skeg reveal that the resistance portion
caused by the skeg is 7 to 11 percent of the total resistance in ice. (PIV)
To gain insight on the ice breaking process, on the ice floe characteristics and on
the extent of the bottom ice coverage, an image acquisition and analysis procedure
is developed using underwater video records of ice model tests. (PIII)
Application of the image acquisition and analysis procedure confirms findings of
towed propulsion tests in ice: A bow breaking pattern consisting of smaller ice
floes correlates to a higher total resistance in ice compared to a bow breaking
pattern consisting of larger ice floes. (PII and PVI)
The results of the image acquisition and analysis procedure further reveal that

a. ice of smaller thickness can be better cleared off the hull compared to ice

of higher thickness. (PVI)
b. the bottom ice coverage of the investigated ship type amounts to
approximately 33 percent. (PIV)

A numerical approach is developed to adapt the ice resistance prediction method
by Lindqvist to a different empirical data set of ice model tests by optimizing
coefficients and exponents related to the influence of ice thickness and ship speed
onto the total resistance in ice. (PV)
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1 Introduction

1.1 Background

The major requirement for ice breaking ships is a good performance in level ice (Valanto
2015). Good performance means low ice resistance, high propulsive efficiency and
guaranteed continuity in ice breaking (Riska 2006a).

Breaking of level ice by a ship is a complex process consisting of several physical
phenomena resulting in the ice resistance (Uemura et al. 1997). To simplify the problem,
the resistance of a ship in level ice can be subdivided into sequential components in the
time domain according to the creation and advance of ice floes caused by the ship hull
proceeding through the ice sheet. The following force categories are the result of this
subdivision: Breaking, rotary, submersion and sliding forces (Valanto 1989, Puntigliano
1995a, Kédmirdinen 2007). In order to investigate the phenomena of the ice breaking
process, one ice breaking cycle can be considered as follows (Poznyak and Ionov 1981,
Valanto 1989):

e The ice breaking process starts when the ship bow comes into contact with the
intact ice sheet.

e With an increase in contact force small ice pieces are extruded from the contact
zone. This crushing process continues until the normal and tangential force
components are sufficient to induce bending failure of the ice further away from
the contact zone.

e The bending ice failure leads to generation of half-moon shaped ice pieces, called
cusps.

e Due to the forward motion of the ship the broken ice floes are forced to rotate until
they are tangential to the ship’s hull surface. The turning process ends when the
top surface of the floe is pressed abruptly against the ship hull.

e The forward motion of the ship pushes the broken ice downwards and sideways.
The ice floes are submerged along the ship hull to a certain depth as a result of the
continuous forming of new ice floes at the waterline, which displace the adjacent
ones. Thereby, breaking of ice floes into smaller pieces can take place.

e After the sliding phase the ice floes move laterally either to the sides beneath the
intact ice sheet or into the open channel in the wake of the ship. Interaction of the
ice with the propeller(s) or other appendages may occur.

In practical ship design, empirical or semi-empirical formulas are used to approximate the
resistance in the early design stage. After one or more promising designs have been



developed, a numerical resistance prediction method based on CFD or other advanced
numerical methods, such as FEM or BEM may be used (Kaminski and Rigo 2018). But up
to now the available numerical methods for ice resistance prediction are not complete
enough to give a valuable contribution to the design process. Thus, in a later design stage
model tests have to be used to evaluate one or few specific designs (Valanto 2015).

The analytical methods, which often form the basis for general hull design decisions in the
early design stage, necessarily make use of simplifying assumptions. Furthermore,
coefficients and exponents are often based on empirical knowledge and thus, on a selection
of model test or full scale data. Thereby, each analytical method focuses on the ship type
and usual dimensions which are common at the time, when the method is developed
(Lindqvist 1989, Keinonen 1991 and 1996). Over the time, the common ice breaking ship
type may change and so do the usual dimensions and hull shapes. As a consequence, the
empirical basis for analytical resistance prediction methods and the resulting coefficients
as well as exponents may lose their validity.

In order to save costs and time during the design process it is of great advantage to be able
to evaluate the ice breaking resistance of a vessel in an early design stage as precisely as
possible. Thus, the availability of an engineering tool for the prediction of the total
resistance in level ice in the early design stage is of general interest.

1.2 State of the art

1.2.1 Level ice resistance prediction methods for ice breaking in continuous
mode

Runeberg proposed the first formula for predicting the ice resistance of a ship sailing in
level ice in 1888/89 (Runeberg 1888/89). The formula was related to ice breaking ships
operating in the Baltic Sea in continuous movement. Runeberg included mean angles of
the bow shape and thus, considered that the entire waterline in the bow region influences
the breaking process. Similar to Runeberg Shimansky (1939) presented a semi-empirical
method for predicting the ice breaking resistance based on the assumption that the forces
induced by the entire bow dominate the ice breaking process. Therefore, he further
investigated the effect of the bow geometry on the ice resistance.

Other early works (Kari 1921, Simonson 1936, White 1970, Crago et al. 1971) which are
also limited to the breaking component induced by the bow are based on the assumption
that the ice is broken by the stem only. Tarshis (1959) included the sides of the vessel in
addition to the stem.



In 1956 Jansson (1956) proposed a very simple formula in which the ice resistance is
divided into a speed and a breaking component. The latter one is mainly a function of ice
thickness and the ship breadth at the waterline. For solving the formula two empirical
coefficients are used. Similar approaches comprising a speed and a breaking component
are used by Segal and Levit (1972), Maksutov (1973) and Segal (1982).

The next milestone in theoretical ice resistance prediction was reached by Kashtelyan et al.
(1968). They established an ice resistance prediction method based on four components
which are the resistance due to ice breaking, the resistance due to submersion, the speed
related resistance as well as the resistance due to open water. The formula was developed
from model tests and full scale ice trials. Kashtelyan et al. took into account the ice
strength, the ship breadth as well as other form parameters, the ice thickness, the ship
speed and the friction between ice and hull. Thereafter, a number of further ice resistance
prediction methods were published following the same subdivision of resistance
contributions (Elisejev 1968, Lewis and Edwards 1970, Lewis et al. 1982, Vance 1980,
Poznyak and Ionov 1981, Zahn and Phillips 1987, Cho and Lee 2015).

In the 1970s and 1980s a lot of shipping activities took place in the Arctic Sea. Thereby,
new hull forms for ice breaking ships were introduced and numerous researchers started to
analyze the problem of ice resistance on the basis of model tests, analytical and numerical
methods as well as full scale ice trails (Jones 2004, Valanto 2015, Kdmairiinen 1993).

Enkvist (1972) presented a semi-empirical formula comprising a component for ice
breaking, a component for ice floe turning and a component for the submersion of the
broken ice floes. The increase of resistance with increasing speed was mainly included in
the turning component. By conduction of model tests at small and at normal speed, he was
able to separate the speed related term. The submersion component was derived from pre-
sawn ice tests. Later the approaches of Naegle (1980), Luk (1986 and 1988), Kotras et al.
(1983), Lindstrém (1990), Kamirdinen (1993) and Jeong et al. (2010) were based on
mainly the same subdivision. Contrary to Enkvist, some of them assumed that the speed-
dependent component has to be related to the mass forces.

Milano (1973) introduced the first attempt for an entire physical model by summarizing the
energy loss due to ship motion in level ice. He described the individual energy-based
components by usage of analytical expressions and analyzed the influence of ice and ship
parameters on his method (Milano 1975, 1980, 1982). Another energy-based approach was
proposed by Carter (1983) who did not consider inertia and buoyancy forces within his
approach.

One of the most established semi-empirical ice resistance prediction methods was
published in 1989 by Lindqvist (1989). Similar to other methods which are based on the
principle of superposition, Lindqvist divided the ice resistance into components, i.e.



breaking and submersion components. He described the effects of these components by
simple, but physically sound formulas and further divided the breaking component into a
crushing and a bending term. The two main components are supplemented by empirical
based speed terms.

The theoretical method of Spencer (1992) and Spencer and Jones (2001) comprises four
resistance components similar to Kashtelyan et al (1968), but the components are defined
as follows: resistance due to open water, resistance due to ice breaking, resistance due to
ice buoyancy and resistance due to ice clearing. Thus, the method presented by Spencer is
also inspired by Enkvist (1972). Choetal. 2014 and 2015 reviewed and refined the
formula of Spencer and Jones (2001) by usage of model test and full scale data. The aim
was to address the need for a better prediction method for large commercial ice breaking
vessels.

Riska et al. (1997) developed a simple ice resistance formula based on the approaches of
Tonov (1988), Lindqvist (1989) and Kidmérdinen (1993) and validated it with full scale data
of ten ships. Riska et al. divided the ice resistance into a speed-dependent and a speed-
independent term. They considered only very few parameters in their formula, which are
the stem angle and the ice thickness. Further ice parameters are kept constant.

Keinonen (1991, 1996) carried out one of the most comprehensive studies of ship
resistance up to date. For development of his formula he analyzed full scale data as well as
operators’ interviews of 18 ice breakers. Keinonen’s formulation comprises three
components: the resistance due to open water, the resistance at a speed of 1 m/s and the
resistance at speeds higher than 1 m/s. The latter component can be considered as a speed-
dependent term.

Jeong (2017) proposed a method based on the approach of Lindqvist (1989) and Milano
(1973). In the course of his approach the crushing and bending forces during ship-ice
interaction are determined by a concept of energy consideration and the forces due to
submersion of the ice floes are calculated according to the Lindqvist (1989) approach.

Most of the presented ice resistance prediction formulas assume that the ice resistance can
be subdivided into components. The mathematical expressions of these components are
based on further assumptions and their dependencies on environmental parameters are
often determined with regression analyses. The advantage of the component-based
approach is that it gives a possibility to limit the effects of single parameters to individual
components. Thereby, the regression analysis for determination of the coefficients of the
components is simplified (Valanto 2015).

However, since the effects of speed cannot be separated from breaking the intact ice sheet
and submersion of the ice floes afterwards, Valanto emphasized the need to get insight on



all physical phenomena involved for a ship that sails in continuous mode in level ice
(Valanto 1989). Consequently, he started to investigate the consecutive phases of the ice
breaking process separately in the time domain. Based on the new gained knowledge by
execution of systematic ice model tests, Valanto (2001) developed a 3D numerical model
of the ice breaking process at the waterline. He combined his numerical model with the
formula of the submersion component according to Lindqvist (1989) resulting in a newly
semi-numerical ice resistance prediction method.

Due to the major advances made in computer technology, the number of proposed
numerical methods noticeably increased within the last decades. Efforts have been made to
review or to further enhance available prediction methods or to propose new approaches
and to implement them in numerical models such as Lindstrom (1990), Puntigliano (1995a
and 2003), Kidmaéréinen (2007), Su (2011), Sawamura (2012), Tan et al. (2013), Zhou and
Peng (2014), Zhou et al. (2016). As the focus of this thesis lies on a semi-empirical method
only three numerical ice resistance prediction methods are described briefly in the
following for the reason of completeness:

Lindstrom (1990) presented a numerical estimation for the calculation of dynamic loads
and average ice forces on sloping structures and ships in level ice. The method contained
the determination of a normal force including viscosity related terms, a frictional force and
stresses in the ice sheet. Before generalizing the method for the entire hull, the effects
linked to one individual ice floe were considered. The normal contact force resulting from
the collision between an inclined structure and an ice sheet was given by the average ice
pressure multiplied with the contact area.

Puntigliano (1995a and 2003) developed a theory and a numerical model to predict a path
of the ice floes sliding along the hull. Therefore, he performed model tests with a
segmented hull and pressure transducers to measure the low pressure phenomenon between
the model hull and the layer of submerged ice floes. These measurements were confirmed
by data gained during full scale trials. By use of the numerical model, the clearing ability
of ships as well as the amount of ice reaching the propeller plane can be determined.

Zhou et al. (2016) presented a solution in the time domain by a combined method
comprising a numerical part and semi-empirical formulas. The process of a ship breaking
through a level ice sheet is modeled numerically based on the work of Zhou and Peng
(2014), Hirano (1981) and others. It was simulated by a 2D method involving the
discretization of ice edges and the ship’s waterline. The contact loads were calculated,
compared with the bending capacity of the ice and then used to determine the possibility of
ice breaking. The equations of ship motions were solved and the ice information updated.
The forces acting below the waterline were calculated based on Spencer and Jones (2001).



1.2.2  The ice breaking process

This chapter is limited to first-year level ice and continuous mode ice breaking.
Furthermore, in this chapter the available knowledge on those aspects of the ice breaking
process is summarized which is relevant for the thesis.

Several studies have been published on the influence of the ice properties on the ice

resistance as presented in the following:

The ice resistance is proportional to a power of the ice thickness that varies within
arange between 1.1 and 2.2, Enkvist (1972).

The ice resistance is proportional to a power of the ice thickness of 1.4, Nyman
(1986).

The ice resistance is proportional to a power of the ice thickness of 2.0,
Ettema et al. (1989).

The ice resistance is proportional to a power of the ice thickness of approximately
2.0, Puntigliano (1995b).

The ice resistance is proportional to a power of the ice thickness which varies
within a range of 1.0 and 2.0, ITTC (2002).

The ice resistance is proportional to a power of the ice thickness of around 2 and
of the ship speed of 2, Zahn et al. (1987).

The ice breaking resistance is proportional to a power of the ice thickness of 2
times the flexural ice strength, Yamaguchi et al. (1997).

The ice resistance, i.e. average and peak values increase with increasing ship
speed, von Bock und Polach and Ehlers (2011).

The ice breaking resistance is independent of the ship speed, Enkvist (1972),
Milano (1973), Kotras et al. (1983).

The ice breaking resistance is dependent on the ship speed, Yamaguchi and
Kato (1994).



The influence of the ship design on the ice breaking process has been analyzed by many

researchers. The partly contradicting findings are listed in the following:

The stem angle should be as low as possible, Runeberg (1888/89).

A reduction of the stem angle from 82 to 20 degree decreases the ice resistance by
approximately 60 percent, Johansson and Mikinen (1973).

In low speed range, the ice breaking resistance is small for small stem and large
waterline angles, i.e. spoon shaped bows, Yamaguchi et al. (1997).

Generally, the ice resistance decreases with decreasing stem and normal angles,
Nozawa (2009).

An increase in ship length of 38 percent increases the ice resistance by
approximately 30 percent, Johansson and Mikinen (1973).

A decrease in ship length of 38 percent decreases the ice resistance by
approximately 10 percent, Johansson and Mikinen (1973).

The ice resistance is independent of the ship length, Edwards et al. (1976).

The ice resistance clearly increases with length, Kitagawa et al. (1982).

An increase in ship breadth of 33 percent increases the ice resistance by
approximately 40 percent, Johansson and Mikinen (1973).

A decrease in ship breadth of 27 percent decreases the ice resistance by
approximately 36 percent, Johansson and Mikinen (1973).

The ice resistance is directly proportional to the ship breadth, Edwards et al.
(1976).

The ice resistance increases with increasing ship breadth, Kitagawa et al., (1982).
The ship draught does not affect the ice resistance, Virtanen et al. (1975).

The ice resistance is proportional to the ship draught, Edwards et al. (1976).

The ice resistance is proportional to the block coefficient, Edwards et al. (1976).
The avoidance of crushing at the stem leads to decreasing level ice resistance
values, Narita and Yamaguchi (1981).

Model scale tests with the Max Waldeck before and after conversion to a Thyssen-
Waas bow form lead to a decrease of the ice resistance of about 25 percent,
whereas the speed increases approximately by 100 percent for the same power.
Full scale data gave reasonable agreement (Hellmann 1982).

The progress in the design of ice breaking ship bows over the last two decades has
been to decrease normal angles, waterline angles and stem and buttock angles,
Sodhi (1995).

By concave bow frames which are vaulted inwards, the level ice is broken at a
relatively small normal angle by bending so that compression of ice in the shoulder
area is avoided (Schwarz et al. 1981).

Soft and rounded shape of the ice waterline leads to a higher ice resistance than a
more sharpened shape of the waterline, Lee et al. (2006).



The portions of the level ice resistance have been evaluated so far as follows:
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The resistance below the waterline was considerable, i.e. about 20 percent of the
level ice resistance, Milano (1973).

The length of the parallel mid-body contributed to approximately 33 percent of the
level ice resistance, Vance (1980).

For medium sized ship models the ice breaking component contributed to about 40
percent of the level ice resistance, Poznak and Ionov (1981).

The level ice breaking component was between 40 and 80 percent of the total
creeping speed resistance (determined by full scale measurements), Enkvist
(1983).

The ice breaking component contributed to about 80 percent to the level ice
resistance, Poznyak and Ionov (1981) and Nyman (1986).

For small ships at low speeds in model and full scale, the crushing and shearing at
the stem contributed to about 20 to 40 percent of the level ice resistance, Enkvist
and Mustamaki (1986).

For a segmented ship model the contribution measured at the shoulders of the ship
model is found to be approximately twice of that in the middle of the bow at
waterline level. In total between 77 and 100 percent of the level ice resistance were
measured in the bow region. Thus, the stern resistance was mostly negligible. If a
relevant contribution below waterline was measured, it was found at the beginning
of the flat bottom, Liukkonen and Nortala-Hoikkanen (1992).

The clearing resistance contributed to about 15 to 30 percent of the level ice
resistance even at low draught and to about 35 to 65 percent at normal draught.
Thus, a considerable loss of energy is associated with the initial acceleration of the
broken ice floes, Colbourne et al. (1992).

At the beginning of the sliding phase the rotative motion of the floe in model scale
and the extreme change from rotative to translative motion contributes
significantly to the ice breaking resistance, Puntigliano (1995b) (based on Valanto
1989).

According to measured and computed level ice resistance contributions, the
resistance forces occurring at the waterline (crushing, bending and rotation forces)
of the ship seem to be half of the level ice resistance. The other half is caused by
the sliding phase, i.e. motion of broken ice floes under the ship (submersion and
sliding forces), Valanto (2001).

For a ship sailing in level ice the resistance in the sliding phase can be up to
65 percent of the level ice resistance, Puntigliano (2003).

The ice breaking force which is the largest contribution to the level ice resistance
at low speeds amounted to about 50 percent, Riska (2006a).



The breaking patterns result from the bow penetrating into the level ice sheet. According to

the literature they depend on:

bow form, ship speed and hull motions, Ettema et al. (1989).

bow form, ice quality, speed, ice thickness and snow cover, Puntigliano (1995b).
ship speed and ice thickness. Thereby, higher speeds and thinner ice cause a
smaller ice floe width and a higher number of ice floes, Enkvist (1972), Poznyac
and Ionov (1981), Ettema et al. (1989), Luikkonen and Nortala-Hoikkanen (1992).
According to Enkvist this is due to the increasing mass forces of water and ice.
ship speed, Valanto (1993). He stated that the length of the ice floes seem to first
decrease with increasing speed and then, at moderate speeds, to reach a constant
value.

ship speed, Yamaguchi and Kato (1994). According to Yamaguchi and Kato the
ice floe size decreases with increasing ship speed.

stem angle, Uemura (1997). He reported that the ice floe width decreases with
increasing stem angle.

stem angle and waterline angle, Yamaguchi et al. (1997). They reported that the
ice floe width decreases with increasing stem angle. Moreover, ship bows with
small stem angles and large waterline angles, i.e. spoon shaped bows, produce
wider but shorter ice floes.

stem angle, Lee et al. (2006). According to Lee et al. a decreasing hull stem angle
leads to an increasing width of the broken ice floes.

ship speed, von Bock und Polach and Ehlers (2011). They stated that with
increasing speed the scatter of the ice floe widths becomes smaller as well as the
width itself.

This chapter outlined the large variety of existing ice resistance prediction methods based
on different data sets, analysis techniques and ship designs. Thereby, the testing techniques
as well as the ship designs improved and changed within the time (Ettema 1989,
Puntigliano 1995b). However, the found knowledge on the ice breaking process, on ice
resistance portions and the influence of ice properties on the level ice resistance is not
sufficient to get a consistent overview of the ice breaking process and the resulting level

ice resistance. Actually, some of the available references are partly contradictory. Thus,
there is a need to get more insight on the ice breaking process and to update the available
information with regard to common ice breaking ships. Subsequently, such findings can be
used to increase the reliability and accuracy of level ice resistance prediction methods.
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1.3 Research question

The main research question of this thesis is to improve a selected prediction method for the
resistance of ships sailing ahead in level ice for the early design stage. This improvement
shall increase the accuracy and reliability of the chosen method compared to other existing
methods. Thereby, new insight shall be gained on the ice breaking process, the ice floe
characteristics and the bottom ice coverage by application of new techniques and
methodologies in the course of ice model tests. Furthermore, the empirical basis of this
prediction method shall be updated with respect to ice breaking offshore supply vessels,
anchor handling tugs and rescue and salvage vessels.

12



1.4 Research methodology

At the beginning of the thesis an analysis of state of the art ice resistance prediction
methods is carried out and a method is identified which suits best for improvement
(PI+PII).

The selected prediction method, i.e. approach by Lindqvist (1989), is evaluated with
respect to influencing factors, uncertainties and assumptions. As a result, a number of
aspects bearing potential for improvement are outlined (PII).

By means of model tests in pre-sawn ice at significant forward speed, the range of the
resistance portion due to breaking is determined. Furthermore, ice model tests with an
instrumented skeg deliver insight on the possible resistance contributions of a skeg in the
bow area, which is a typical design feature of the investigated ship type (PIV).

A systematic evaluation of ice model tests is carried out focusing on correlations between
the hull shape, the bow breaking pattern and the total resistance in ice (PII).

In order to gain further insight on the creation of ice floes, its characteristics and the
bottom ice coverage a methodology is developed for acquisition and analysis of
underwater images gained during ice model tests (PIII). Application of the image analysis
procedure to ice model tests and an analysis of the corresponding test results, reveals
correlations between hull shape parameters, ice floe characteristics, ice properties and the
ice resistance (PVI). Moreover, valuable numbers of the bottom ice coverage are
determined for the investigated ship type (PIV).

In order to evaluate the influence of the ship speed and the ice thickness on the total
resistance in ice, the selected ice resistance prediction method is subjected to a numerical
optimization algorithm. Thereby, the empirical basis is adapted to the investigated ice
breaking ship type and the insight gained in the aforementioned studies is used during this
optimization process. Finally, an enhanced prediction method for the total resistance in
level ice for the early design stage of an ice breaking ship of the investigated type is
presented (PV).

The thesis is structured according to the descriptions above. Figure 1 shows the
connections and dependencies of the different publications.
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PVI: Correlations between

ice floe characteristics, hull PV: Development of optimization
shape, ice properties and ice algorithm for semi-empirical
resistance coefficients and

PIV: Determination ——> presentation of improved
of bottom ice prediction method
coverage

/ A

Plll: Development of an
underwater image analysis
procedure

Pll: Refined hull shape
descriptions

e

Pl + PII: Identification of
suitable prediction method and
determination of possibilities
for improvement

Creation and Movement of Ice Floes

PIV: Determination of ice
—— > breaking portion and
skeg resistance

State of ] >
the Art Ice Resistance Components
Figure 1: Contributions of the different publications (PI to PVI) as part of this thesis

1.5 Limitations

The thesis focuses on one ice breaking ship type, namely ice breaking offshore supply
vessels, anchor handling tugs and rescue and salvage vessels as presented in Table 2. As a
consequence, the new insight and the enhanced resistance prediction method presented in
this thesis are limited to this ship type.

As all analyses and developments are based on ice model tests carried out in HSVA’s large
ice model basin, the results of this thesis are limited to model test results gained in model
ice comprising a top layer of fine grained ice and a bottom layer of columnar ice. Within
this thesis scaling uncertainties are not considered.

The developed prediction method and all gained knowledge are limited to ice breaking
offshore supply vessels, anchor handling tugs and rescue and salvage vessels under
forward motion in first-year level ice with the investigated range of ice thickness and ship
speeds. Nevertheless, the acquisition and analysis procedure as well as the optimization
algorithm developed within this thesis can also be applied to other ship types or data sets.
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2 Ice model tests

This thesis, the newly gained insights described herein and the enhancement of the ice
resistance prediction method are based on ice model tests which are carried out in HSVA’s
large ice model basin. All of the tests are executed as towed propulsion tests.

For the tests the ice sheets are produced according to HSVA’s standard procedure (Evers
and Jochmann 1993) taking into consideration the target ice conditions (mainly ice
thickness and flexural strength). For production of the ice sheet, water droplets are sprayed
into the cold air of the ice tank at about -18°C. The droplets freeze in the air and form
small ice crystals which settle onto the water surface. These crystals initiate the growth of
a fine-grained ice of primarily columnar crystalline structure. Highly pressure-saturated air
in the ice tank water leads to formation of air bubbles embedded in the model ice.

During the towed propulsion tests the ship models are towed at constant speeds and the
propeller rate is raised in steps from idling propeller condition up to a rate above the model
self-propulsion. Therefore, the ship model is equipped with its own propulsion system and
trimmed to its ice draught. During the test the pull force is measured by a load cell
mounted at the ship bow and the total thrust is determined by a six component scale
located at the top of the propulsor’s shaft line. Based on the assumption that for a constant
speed the thrust deduction fraction, THDF, is independent of the rate of revolution or the
propulsor load, a linear regression is applied to the data of pull force vs. developed
propulsor thrust. Using this regression function the towing force for vanishing thrust is
determined. The value obtained in equilibrium is the ice resistance, Ric., see Figure 2.
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Figure 2: Test analysis of towed propulsion test in ice (HSVA)
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The ice model tests which are used in the course of this thesis are listed in Table 1 together
with their purpose of analysis.

Table 1: Ice model tests used in the course of this thesis
Number
Ezsﬁtl e of I(:Ifu{}; 2: Used for Analysis Chapter | Publication
paig Models
HSVA’s data ngezlgiirg pattern 5.1 PII
base 1996 — 11 11 - J
2014 Refinement of 6.1 PII
Lindqgvist method )
1 4 Skeg Resistance 4.2 PIV
1 1 Image Analysis 59 PIII
Procedure
Ice Model Tests Ice Floe Correlations 5.3 PVI
within R&D Bottom Ice Coverage 54 PIV
project “ProFEis 4 16 Bregkmg Resistance 41 PIV
Portion
Optimization of
Lindqvist method 6.2 PV

The ice model tests are conducted with different ship models representing the ice breaking
ship type of ice breaking offshore supply vessels, anchor handling tugs and rescue and
salvage vessels. The main hull data of the investigated ships in full scale are presented in
Table 2. Thereby, the average waterline angle is defined as the mean value of the waterline
angles at the stem, at 1/8 B, 2/8 B, 3/8 B and near 4/8 B. Each of the ship model bows is
equipped with a skeg.

Table 2: Main hull data of investigated ships and scaling factors
Property Abbreviation [Unit] Value
Length Lpp [m] between 70 and 90
Breadth B [m] between 18 and 23
Draught T [m] between 6.5 and 8.5
Stem angle O [°] between 19 and 27
Average waterline angle | a[°] between 31 and 47
Forward skeg - present
Scaling factor A-] between 17.14 and 26.25
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3 Identification of best-suited ice resistance prediction method
(PIL, PII)

A systematic comparison of existing, representative level ice resistance prediction methods
developed by Lindqvist (1989), Su (2011), Sawamura (2012), Lindstrom (1990) and
Valanto (2001) is carried out. These methods can be considered as state of the art and the
original publications introducing them contain sufficient information to allow comparison
in this thesis. The comparison focuses on the suitability of the existing methods as
engineering tools for the prediction of different resistance components as well as the total
resistance in ice.

Table 3: Comparison of theoretical ice breaking prediction methods with regard to
relevant ship and ice parameters (Myland and Ehlers 2016)

Author Su Sawamura | Lindstrom | Valanto | Lindqvist
(2011) | (2012) (1990) (2001) (1989)

Parameter

Stem angle ¢ [deg] yes yes yes
Waterline entrance angle

o [deg] yes yes yes
Buttock angle ¢ [deg] yes yes yes

Ship breadth B [m] yes yes yes yes yes

Ship speed v [kn] yes yes yes yes yes

Ice thickness hice [m] yes yes yes

Number of broken cusps n
[-]

Friction coefficient p [-]
Flexural strength ofex | YES yes yes yes yes
[kPa]

Density difference of ice
and water

Ap [kg/m’]

yes yes

From analysis of the presented methods it can be concluded that further research is
required to predict the total resistance in ice and its components more precisely. Some of
the resistance contributions or individual effects are considered by means of generalizing
assumptions and strong simplifications, or are even neglected.
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Due to its straightforward character, its clear expressions and its relatively detailed
consideration of the bow shape the prediction method by Lindqvist (1989) is found to be
the most suitable approach for the development of an enhanced ice resistance prediction
method.

Erceg and Ehlers (2017) provided a similar comparison of different prediction methods,
also including for example the semi-empirical method of Keinonen et al. (1991, 1996) and
the method of Riskaetal. (1997). The outcome of the comparison supports the
aforementioned decision for the method by Lindqvist for further developments.

Lindqvist approximated the ice resistance by simple but physically sound formulas. The
ice resistance was divided into two main components - ice breaking and submersion of the
ice floes. The submersion component includes the resistance due to ice floes sliding along
the ship hull, whereas the rotation of the ice floes is not taken into account by Lindqvist.

The breaking component is further divided into a bending and a crushing component. Both
formulas consider only roughly the mechanical parameters of the ice, the hull geometry of
the ship and the ship speed based on empirical coefficients.

The submersion component was estimated by application of full scale experiments and
experience gained from model testing. From observations Lindqvist knew that the
underwater part of the bow is more or less completely covered by ice pieces. This
knowledge led to the calculation of the submersion resistance as the sum of the loss of
potential energy and the frictional forces that are acting between the ship hull and the ice
floes. Furthermore, also the submersion component includes a speed dependent component
based on empirical coefficients.

The formulas of the semi-empirical method by Lindqvist are given in the following (Eq. 1
to 7):

Rice = Rpr + Rg €Y)
Rg, = (R, + Rp) * <1 + 1.4 ;05> (2)
g*/zice)
O.Scrfhl-zce(tan(¢)+p5$§§$>
Re = sinl (3)
¢ (1_ucosii)))
_ (¥ oy hice cos(¢)
RB - (E) or (T) B( E )0'5 (tan(l'b) t p'cos(lp) sin(a)) (1 +
12+(1-v2)xgxpy
1
COS(I[))) (4)
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Ry = (R, + Ry) * <1 +9.4 ;> (5)

(9+Lpp)”*
(B+T)
Ry = Apghice * B+ T * s (6)
T B
R = Apghice * B * p * (0.7 * Ly, — ) 0.25 * tan(@) + T * cos(¢p) *
1 1 \05
COS(I,D) * (sin(d))2 + tan(a)z) ) (7)

The normal angle is calculated from the waterline entrance angle and the stem angle
according to Eq. 8.

1 = arctan (t:_n (D) (8)

mna
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4 Determination of resistance portions

4.1 Breaking resistance (PIV)

The resistance of a ship advancing in level ice can be subdivided into breaking forces,
rotative forces, submersion forces and sliding forces. Several publications give estimates of
the different contributions. In order to gain information on these contributions related to
the considered ship type, a total of 16 towed propulsion tests were conducted in level ice
and in pre-sawn ice, made from the same ice sheet, with four different ship models. The
tests were executed in ice sheets of about 0.6 and 1.0 m thickness (full scale values) for
each of the ship models; the ship model speeds were 2.0 and 3.5 kts (full scale values).

For model tests in pre-sawn ice a breaking pattern for the corresponding ship’s bow shape
has to be pre-determined. From the level ice tests, an idealized breaking pattern was
deducted individually for each of the ship models and for each test condition. Due to only
marginal differences between the patterns, the influences of speed and ice thickness were
neglected. Thus, for each model only one template for preparation of the pre-sawn ice was
produced. By cutting the ice sheet according to the breaking pattern (Figure 3, Figure 4)
the breaking forces are basically eliminated. Thus, the resistance in pre-sawn ice consists
of the rotative, submersion and sliding forces, only. By subtracting the resistance in pre-
sawn ice from the total resistance in level ice with identical test conditions, the breaking
forces can be determined.

From the results of these tests it can be seen that the breaking portion decreases with
increasing speed for the analyzed speed range, whereas the rotative, submersion and
sliding portions increase with increasing ship speed. Furthermore, it can be seen that the
ice breaking portion increases with increasing ice thickness values, whereas the rotative,
submersion and sliding portion decreases with increasing ice thickness values. However,
the dependencies of both resistance portions on the ice thickness and on the ship speed
seem to be only weak compared to those between the different models. This means, that
the bow shape, even within one ship type, still has a significant influence on the resistance
portions. Generally, the ice breaking portion of the investigated ship type amounts to
approximately 30 to 60 percent. This corresponds well to the already available literature
values which are not related to a specific ship type.
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Figure 3: Preparation of the pre-sawn ice sheet

€5

Figure 4: Pre-sawn ice sheet

4.2 Skeg resistance (PIV)

Almost all ships of the analyzed ship type are equipped with a skeg in the bow area to
accommodate one or multiple transverse thrusters. A skeg in the bow area can have
different impacts on the ice breaking behavior. Depending on the transverse thrusters’
dimensions the skeg is often too wide to allow ice floes broken in the bow region to
smoothly pass the skeg. In this case, the skeg may increase the resistance significantly. But
if the skeg is well-designed in terms of shape and position, it can be an efficient design
feature to support the transport of ice floes to the sides under the ice sheet. Therefore - as a
mandatory condition - the intact ice sheet has to be broken with a clear center crack at the
stem and be separated ahead the forward skeg. Then the ice floes come into contact with
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the skeg which pushes the ice floes aside. However, the resistance is increased at least
slightly due to floes hitting the forward skeg, even though the skeg reduces the ship bottom
area covered by ice floes and thus the sliding forces.

In order to gain knowledge on the potentially additional resistance of a skeg in the bow
area, four towed propulsion tests in level ice were conducted with one representative ship
model. To measure the forces acting between the hull and the skeg, the skeg of the ship
model was instrumented. It was structurally isolated from the model hull and only
connected by means of a six component scale. Thereby, the force acting in longitudinal
direction, i.e. the portion of ice resistance induced by the skeg, can be directly measured
and compared to the total resistance in ice.

It is found that the portion of the skeg resistance for the analyzed ship model amounts to
about 7 to 11 percent of the total resistance in ice. Furthermore, the relative portion of the
skeg resistance increases for increasing ship speed, whereas the ice thickness seems to
have only little effect on the skeg resistance portion for the tested ice thickness values.

23



24

This page is intentionally left blank.




5 Analysis of ice floe creation and influence of ice floe parameters
on the ice resistance

5.1 Breaking pattern dependency (PII)

One of the main contributions to the total resistance in level ice is the breaking force which
is mainly influenced by the bow shape, beside the ice properties and the ship speed.
Understanding the influence of the bow shape on the ice breaking resistance is essential for
the assessment of the hull form in an early design stage.

As a consequence, a detailed analysis of different bow shapes is carried out for ship
models of the investigated ship type which were tested in HSVA’s large ice model basin
between 1996 and 2014. The analysis focuses in particular on the breaking patterns formed
in level ice with regard to relevant hull shape parameters. The ship models chosen for the
analysis have similar scaling factors leading to model ice conditions, model speed values
and ship model dimensions in the same range. The actual ice property and the ship speed
values of the selected towed propulsion tests in ice were measured during the testing and
extrapolated to their target values in full scale according to HSVA’s standard correction
methods, see HSVA (1996). Using the target ice property and ship speed values improves
the accuracy of the analysis since the range of considered ice properties is reduced. Thus,
the ice property and ship speed values as listed in Table 4 can be kept almost constant
throughout the analysis. As a consequence the analysis can be mainly focused on the bow
shape. The model test conditions, i.e. ice properties and ship speed, correspond to typical
design values of the chosen type of ships. Due to the fact that the selected test data for
analysis were taken from towed propulsion tests they provide both, suitable underwater
video records to evaluate the bow shapes as well as the total resistance values.

Table 4: Model test parameters of breaking pattern analysis (full scale values)
. Mean | Standard

Property Abbreviation | Target value value | deviation
Ice thickness hice [m] between 0.9 and 1.2 1.01 0.08
Ship speed v [m/s] between 2.0 and 3.5 2.55 0.58
Ice flexural strength ofex [kPa] 500 - -
Ice-hull friction
coefficient -] 0.1 - -
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Within the analysis frames from underwater video recordings showing the breaking
patterns at the bow are subdivided by visual assessment into two breaking pattern classes.
Selected geometric parameters of each ship bow are analyzed in order to identify
correlations between the ship’s hull shape and the total resistance in ice specific for each
breaking pattern class.

An example of video frames for different breaking cycles for one ship model within one
test run (constant speed and constant ice conditions) is presented in Figure 5. From all of
the snapshots belonging to the shown test run only minimal differences between the
images can be identified. Since these differences are within the required accuracy for the
following analysis all of them are considered to be representative for a certain ship under

the given conditions as presented in Table 4. As a consequence, only one characteristic

snapshot per test run is used for the analysis.

Figure 5: Series of snapshots for different breaking cycles within one test run




Breaking pattern class 1 is characterized by large ice floes covering the ship hull in a
regular pattern (Figure 6 left). Mostly, one ice floe covers half of the ship's breadth.
Breaking pattern class 2 shows smaller sized floes and consequently an increased amount
of floes with different shapes (Figure 6 right). While the ice floes of breaking pattern class
1 are shaped like bars, which are arranged in a regular pattern, the ones of breaking pattern
class 2 are shaped and arranged more individually. Nevertheless, the clarity with which the
ships of the thesis could be divided into breaking pattern classes based on the initial
breaking pattern at the bow has diminished at the beginning of the parallel mid-ship.

S &
Figure 6: Examples for breaking pattern classes - left: breaking pattern class 1;
right: breaking pattern class 2

A comparison of the total resistance values in ice to the subdivision of each model into the
breaking pattern classes reveal smaller resistance values for breaking pattern class 1 than
for breaking pattern class 2. Furthermore, the values indicate a correlation of the bow
length, the average buttock angle and the average normal angle to the total resistance in ice
and at the same time to the breaking pattern classes. However, these parameters are
geometrically related to the stem angle, especially the bow length and the average buttock
angle. Thus, their dependency might be a result of this relation. The average normal angle
considers additionally the waterline entrance angle.
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5.2  Underwater image analysis methodology (PIII)

An image analysis methodology is developed to further evaluate possible correlations
between specific ice floe parameters and the total resistance in ice, characteristic values of
the ship hull or ice properties during model scale ice tests (Figure 7).

| Ice model tests with special underwater video carriage |

Generating snapshots of ship model sections
from video material

| Image preparation for stitching |

Camera mode

| MATLAB ®
Super view Wide view Wide view
(4000-7000) (4000-7000) (8000-11000)
Remove dynamic Rescale image
stretching
______________ . A

Canon Photo Stitch ® | Image stitching of ship model sections | | manual working step |
paint.net ® Ice floe tracing manual working step

Ice floe analysis

MATLAB ® Definition of ROI

| Conversion to grey scale |

Set measurements

Image J ® in MATLAB ® |

Particle analysis

| Allocation of ice floes and ice floe sizes covering the . I

— 1~

| bow section | | midship section | I stern section |

MATLAB ® Tce floe size
correction

Determination of
characteristic values

N v

Determination of
characteristic values
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Determination of l

Figure 7: Methodology for assessing the ice floe size and distribution along a ship hull
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Assuming that the ice breaking process of a ship advancing in continuous motion in
modeled level ice is a quasi-steady process, the ice floe behavior is characterized by the ice
floe size and distribution at any given point of time during the test.

The image analysis procedure is developed based on towed propulsion model tests in level
ice and can thus ideally be applied to such tests. During the model tests an underwater
video carriage is used to continuously record the ice floe motion along the ship hull. The
video recording is performed by three video cameras set to full HD quality. These are
mounted on a specifically designed underwater video carriage which is guided by rails
positioned on the floor of the ice tank. Subsequently, a MATLAB® based image post-
processing procedure is applied to the frames of the underwater video recordings to correct
the distortion of the recordings, which is produced by the extra wide angle mode of the
cameras. After manual tracing of the ice floes in the pictures (Figure 8), they are identified
in the image together with their size and location by another MATLAB® script and are
assigned a unique identifying number (Figure 9). After further application of a correction
method for the tilted ice floes in the bow area, characteristic values like the bottom ice
coverage or the average floe size can be calculated.

Figure 8: Stitched image with manually traced ice floes

Figure 9: Analyzed image with identified ice floes
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The developed methodology is applied to a test case, which is a towed propulsion test in
level ice performed in HSVA’s large ice model basin. During this model test the required
underwater video equipment was used. The results of the methodology as applied to the
test case reveal that it is capable to deliver results of the desired amount and quality.

5.3 Ice floe correlations (PVI)

Two aspects of the ice breaking process with regard to ice floe characteristics are analyzed
based on results of the image analysis methodology (see chapter 5.2, PIII): First,
correlations between ice floe characteristics, hull shape parameters and the level ice
resistance and second, dependencies of ice floe characteristics on ice properties. The
investigations are mainly based on 16 model tests conducted in level ice of about 0.6 and
1.0 m thickness at two speed values of 2.0 and 3.5 kts (in full scale).

5.3.1 Correlations between ice floe characteristics, hull shape parameters and the
level ice resistance

In chapter 5.1 the hypothesis is developed that the ice resistance is generally of smaller
amount if larger ice floes are broken in the bow area compared to smaller ice floes.
Figure 10 shows the total resistance in level ice, RIT, against the stem angle for the four
investigated ship models as well as further total resistance values from towed propulsion
tests in level ice for the same ship type from HSVA’s data base. The resistance values were
scaled by Froude scaling law without application of further correction methods. The
different data series represent different test conditions as given in the legend of the figure.
The figure indicates that higher stem angles lead to higher values of the total resistance in
ice. This indication matches well with, e.g. Johansson and Mikinen (1973) and Nozawa
(2009). The reason for this correlation is that a low stem angle induces a high vertical force
and a low horizontal force on the ice sheet and thus, ice breaking in the most efficient way
(Riska 2006b).
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Figure 10:  Total resistance in ice from model testing vs. stem angle

Based on the subdivision of the resistance components described in chapter 1.1, the hull
shape at the water level affects mainly the ice breaking resistance. Consequently, this
relationship is also found when plotting the ice breaking resistance, Rg:, derived from the
pre-sawn tests (as described in chapter 4.1) against the stem angle for the four investigated
ship models, see Figure 11.

In Figure 10 and Figure 11 the ice resistance values of one ship model appear as outliers,
i.e. at a stem angle of 24 degree. One reason could be that this ship model has the smallest
draught and the smallest breadth of the used ship models.
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Figure 11:  Ice breaking resistance from model testing vs. stem angle

In order to gain insight on the ice floe characteristics and thus to further investigate the
aforementioned hypothesis, frames of underwater videos of model tests in level ice are
post-processed according to the image analysis methodology described in chapter 5.2
(PII). For each of the 16 tests frames of three different ice breaking cycles are analyzed
with respect to the following ice floe data:

e Number of ice floes covering the bow region of the ship model’s underwater hull

e Size of ice floes covering the bow region

e Ice coverage of the bow region, i.e. sum of all individual ice floe areas covering
the bow region (hereafter called covered bow area).

For each of the floe parameters the mean value of the three analyzed cycles is used in the
following.

Figure 12 presents the mean bow floe size against the stem angle for the four investigated
ship models. According to the figure a higher stem angle leads to smaller ice floes broken
at the bow. Underwater video records show that the relatively large scatter of the values for
the mean ice floe size in 1 m ice thickness mainly results from the different influences of
the forward skeg related to each specific design.
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Figure 12:  Mean bow floe size from model image analysis vs. stem angle

Figure 13 presents the ice breaking resistance, Rg: against the mean ice floe size in the bow

region. Therefrom, it can be seen that the ice breaking resistance decreases with increasing
ice floe size.
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Figure 13:  Ice breaking resistance from model testing vs. mean bow floe size from

image analysis

33



From the three aforementioned correlations it can be concluded that a large stem angle
leads to small ice floes broken in the bow region what further leads to a high ice resistance.

In order to make the results of the different test conditions comparable to each other and
thus, to further evaluate the outlined correlation, the resistance values are normalized with
respect to the ship speed and ice thickness. The normalization is done on the basis of
chapter 6.2, i.e. the outcome of an optimization algorithm applied to the Lindqvist
approach.

However, as hi.. cannot be eliminated mathematically correct from the bending resistance,
Rg, and the crushing resistance, Rc, the ice breaking resistance, Rg;, is divided by hi.' and
the speed and ice thickness dependent terms. Thus, the ice breaking resistance values are
normalized as follows:

! = Rpr
Rpr = 0.682 9
(—0.212+1.408+h;c)*h} *<1+1.4*;0_5)
g*hice)

lce

Figure 14 presents the normalized ice breaking resistance values, R g, against the mean ice
floe size broken in the bow region for the four investigated ship models. It can be seen that
the normalized ice breaking resistance decreases with increasing ice floe size, what
supports the correlation shown in Figure 13.
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Figure 14:  Ice breaking resistance from model testing vs. mean bow floe size from
image analysis
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Finally, it can be concluded that the data gained from the analysis of the underwater video
frames support the hypothesis developed from the results of the analysis related to the bow
breaking patterns (chapter 5.1), i.e. the ice resistance is generally of smaller amount if
larger ice floes are broken in the bow area compared to smaller ice floes.

5.3.2 Correlations of ice floe characteristics on ice properties

The influence of the ice thickness on the investigated ice floe characteristics at the bow for
the investigated ship models and test conditions are presented in Figure 15 to Figure 18. As
already stated by Enkvist (1972) and Ettema et al. (1989) the results outline that the bow
floe size increases with increasing ice thickness (see Figure 15 and Figure 16). From the
results of the present study, i.e. Figure 15 to Figure 18 it can be further concluded that the
bow area is covered with less ice floes of larger size at thicker ice compared to thinner ice.
The bow coverage is higher at thicker ice. The reason is most probably that thinner ice can
be better cleared off the hull compared to thicker ice.

With regard to the ship speed no trends with respect to the investigated ice floe parameters
can be outlined. This may be due to the fact that the investigated speed values are in a
narrow range.
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Figure 15:  Maximum ice floe size in the bow region vs. ice thickness for four different

ship models of the investigated type
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Figure 18:  Number of bow floes/bow length vs. ice thickness for four different ship
models of the investigated type.

The results presented in this chapter show that common trends can be outlined for all
investigated ship models correlating the ice floe characteristics to ship hull parameters, ice
properties and the ice resistance. However, the indicative correlations outlined in this
chapter do not serve for an improvement of ice resistance prediction methods due to the
limited number of underlying model tests.

5.4 Bottom ice coverage (PIV)

The sliding forces acting on a ship advancing ahead in level ice are strongly dependent on
the bottom ice coverage. In order to gain information on typical bottom ice coverage
values of the ship type which is considered within this thesis, the image analysis
methodology described in chapter 5.2 (PIII) is used to analyze the bottom ice coverage of
four ship models during a total of 16 towed propulsion tests in level ice. The tests were
executed in ice sheets of about 0.6 and 1.0 m thickness (full scale values) for each of the
ship models; the ship model speeds were 2.0 and 3.5 kts (full scale values).

The results show that the average bottom ice coverage, i.e. the sum of the projected ice floe
area divided by the projected underwater hull area, is 33 percent, with a maximum value of
approximately 50 percent and a minimum value of approximately 20 percent. The bottom
ice coverage increases with increasing ice thickness. For increasing speed no clear
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dependency of the bottom ice coverage could be determined. It seems that the bow shape
has a stronger influence on the bottom ice coverage than the ship speed. These determined
values of the bottom ice coverage are significantly lower than the 70 percent which are
reported by Lindqvist for the ship types investigated in his study.

Figure 19 shows the total resistance in ice versus the bottom ice coverage. It can be seen
that the values are scattered around a general trend of increasing total resistance in ice for
increasing bottom ice coverage. This trend becomes more pronounced when plotting the
resistance values measured in pre-sawn ice tests (see also chapter 4.1), i.e. rotative,
submersion and sliding resistance versus the bottom ice coverage as shown in Figure 20.
This means that the scatter of the data points is lower for the pre-sawn resistance than for
the total resistance in ice, leading to an increased coefficient of determination of
R?2 =0.3826 instead of R2 =0.251. However, the correlation only indicates a dependency.
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Figure 19:  Total resistance in ice vs. bottom ice coverage
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Figure 20:  Rotative, submersion and sliding resistance vs. bottom ice coverage

It can be expected that the trend of increasing resistance over increasing ice coverage
becomes even more pronounced if only the sliding resistance would be compared to the
bottom ice coverage. However, at the time of the model tests, no model testing or post-
processing procedure was available to determine the sliding resistance separately from the
other resistance components.
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6 Enhancement of ice resistance prediction method

6.1 Refinement of Lindqvist method (PII)

Two of the modifications of the Lindqvist approach analyzed by Myland and Ehlers
(2016), (PID) lead to significant improvements: First, the determination of the number of
cusps by means of video frames taken from underwater records of ice model tests and
second, an increased precision with which the hull shape of the ship is considered.

Lindqvist defined the number of cusps as the ice floes broken within one breaking cycle at
the waterline at the bow. The submersion part of the total resistance in ice as defined by
Lindqgvist does not take into account any further breaking within the breaking process.
From the underwater videos further breaking of the cusps in the bow region can be
identified. Since further breaking induces additional forces at the bow, it can be assumed
that this is at least one reason for deviating total resistance values between model tests and
Lindqvist.

In order to consider further breaking in the bow region in addition to the initially broken
ice floes the number of cusps is determined at the end of the bow region. This is done for
11 ship models on the basis of underwater video recordings of towed propulsion tests in
level ice. Finally, the determined number of cusps is compared to the number of cusps
resulting from Lindqvist’s approach.

Although the number of cusps is strongly affected by the complete bow geometry,
Lindqvist considers only a limited number of hull shape parameters for its calculation. For
the investigated ship models these parameters are in a very narrow range. In contrast, the
model tests consider the complete bow geometry including special design features such as
the forward skeg. The number of cusps determined from model tests shows a wider scatter
than the number of cusps calculated on the basis of Lindqvist’s approach.

Furthermore, the number of cusps determined from model tests is in most cases slightly
lower than the number of cusps according to Lindqvist. This is noteworthy especially,
when realizing that the number of cusps determined from model tests is considered at the
end of the bow region, whereas the Lindqvist approach is supposed to give the number of
cusps during the initial breaking process at the waterline.

The majority of the currently available prediction methods, including the method of
Lindqvist use only a limited number of characteristic values for the description of the bow
shape. Thus, the Lindqvist approach - as well as other methods - does not consider minor
changes in the hull shape for prediction of the ice resistance. In order to increase the
precision when using Lindqvist’s method, HSVA separates the bending resistance into
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terms for four longitudinal sections per ship’s half. In particular four buttock angles, four
waterline angles and four normal angles are used in addition to the originally considered
stem, waterline and normal angle at the centerline to calculate average angles for the
corresponding sections. The bending resistance terms are expressed as given in Eq. (10) to
Eq. (13).

_ (27 95\ B hllci cos(¢py)
Rp, = (64-) 9f ( T ) 4 (E/(12x(1-v2)*gxpy))05 (tan(lpl) tu COS(I/)l) sm(al)) (1 + cos(lpl))(
27 o5\ B hice cos(¢2)
RBZ - (6 )O-f ( T ) 4 (E/(12x(1—v2)*gxpy,))0S (tan(lpZ) + cos(lpz)sm(az)) (1 + cos(l,bz))(ll)
27 r\B hice cos(@3)
Rps = (64-) 9f ( T ) 4 (E/(12x(1-v2)*gxpy,))05 (tan(t/)3) + ucos(lp3)sm(a3)) (1 + cos(¢3))(
27\ _ (91\B hice cos(¢4)
RB4 (64) i ( T ) 4 (E/(12x(1—v2)*g=*py,))0-5 (tan(l/)4) T u¢:os(1p4) sm(a4)) (1 t cos(tp4))( 3)

Thereby, ¢; is the average of the stem angle and the buttock angle at 1/8 B, ¢, is the
average of the buttock angle at 1/8 B and the buttock angle at 2/8 B, ¢s is the average of
the buttock angle at 2/8 B and the buttock angle at 3/8 B and ¢4 is the average of the
buttock angle at 3/8 B and the buttock angle near 4/8 B. The average waterline and the
average normal angles are determined accordingly.

The total bending resistance can then be calculated as given in Eq. (14)
Rg = Rpy + Rpz + Rpz + Rpy (14)

The deviations of the original Lindqvist approach from the model test results can be
reduced for most of the investigated ships by application of the refined method.

Since model tests are usually conducted in later design stages, the first of these
refinements, i.e. determination of the number of cusps by means of model tests, is not
usable for a resistance prediction tool in early design stages. Thus, only the second of the
aforementioned refinements, i.e. separate calculation of the bending resistance for four
longitudinal sections, which still provides a valuable improvement, is considered in the
course of the optimization process in Chapter 6.2.

The prediction method comprising the separate calculation of the bending resistance for
four longitudinal sections is referred to within this publication as “refined Lindqvist
approach”.
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6.2 Optimization of Lindqvist method (PV)

The approach proposed by Lindqvist is currently the semi-empirical prediction method,
which considers the most hull shape and ice parameters (chapter 2). At the same time it
provides practical advantages by its relatively quick and easy applicability. Within this
thesis the Lindqvist approach is adapted to the ship type of ice breaking offshore supply
vessels, anchor handling tugs and rescue and salvage vessels. In particular, the speed and
ice thickness dependencies, which are based on empirical investigations in the original
Lindqvist approach, are evaluated in detail for the mentioned ship type. For a more precise
analysis of the complex influence of ship speed and ice thickness of the defined ship type
on the total resistance in ice, an optimization algorithm is applied to the Lindqvist
approach with a total of 16 ice model tests as a recent empirical data set.

Four variables are introduced to the refined Lindqvist approach (see chapter 6.1) in such a
way that the influence of the ship speed and the ice thickness can be evaluated. The
objective of the optimization algorithm is to determine a valid set of variables which
provides the minimum deviation of the total resistance in ice resulting from the optimized
prediction method to the total resistance in ice resulting from model tests. The latter are
scaled by Froude scaling law without application of further correction methods.

The optimization process makes use of a Particle Swarm Optimization (PSO) algorithm.
PSO is a population-based heuristic optimization technique developed by Kennedy and
Eberhart (1995). A fitness value is used to evaluate a group of randomly composed
population. The population particles which have an in-built memory are then updated with
the internal velocity. As a result, the best particle of the population forwards its
information to the other particles. Hence, it is a one-way sharing mechanism which only
looks for the best solution. The advantages of the PSO are that it converges relatively fast
and that it can be implemented with relatively few parameters to adjust.

Based on the newly gained insights of the aforementioned studies (PII — PVI), two
modifications are considered for the prediction method during the optimization process:
The bottom ice coverage is set to 33 percent (see chapter 5.4, PIV) and the breaking
resistance is constrained to be between 30 and 60 percent of the total resistance in ice (see
chapter 4.1).

The presented solution of the design objective found by the optimization algorithm lies
within the given constraints and none of the defined boundary values is reached. For the
investigated ship type the set of variables resulting from the optimization process gives a
slightly higher dependency of the breaking resistance on the ice thickness than considered
in the original Lindqvist approach. The speed dependency of the breaking resistance seems
to be less than in the original Lindqvist approach for the analyzed ships whereas the speed
dependency of the submersion resistance seems to be remarkably higher than in the
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original Lindqvist approach. The overall influence of speed on the total resistance, i.e. on
the combination of breaking and submersion resistance is roughly linear. Thus, the
optimized variables seem to be physically reasonable.

From application of the optimized method it can be seen that with respect to the original
Lindqvist approach a clear improvement can be achieved in general. The maximum of the
absolute deviation to the model test results is reduced from 35.9 or 39.4 percent for the
original or refined approach, respectively to 27.3 percent for the optimized approach. The
average of the absolute deviation is reduced from 17.7 or 11.9 percent for the original or
refined approach, respectively to 10.8 percent for the optimized approach. The standard
deviation is reduced from 9.8 or 10.9 percent for the original or refined approach,
respectively to 9.4 percent for the optimized approach. Although some individual results of
the optimized approach show a higher deviation to the model test results than the original
Lindqvist approach, the results are less scattered, meaning that the reliability of the
approach is increased. With respect to the refined Lindqvist approach the optimization
process still leads to an improvement of accuracy and reliability of the prediction method.

The formulas of the optimized prediction method are given in equation (15) to Eq. (295).
Thereby, the variables resulting from the optimization process are written as bold numbers.

Rice = Rpr + Rg (15)

0.682
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Thereby, the ice thickness is to be used in meters and the speed in meters per second. The
formulas are only valid for the investigated speed and ice thickness range, i.e. 1.0 to
1.8 m/s and 0.6 to 1.0 m.

In order to distinguish how much of the improvement is attributable to the optimization
process itself and how much is attributable to the adaption of the bottom ice coverage, the
optimization is also conducted with a bottom ice coverage value of 0.7 as stated in the
original Lindqvist. The results, i.e. 11.6 percent mean deviation and 30.0 percent
maximum deviation to model test results, show that both, the application of the
optimization algorithm as well as the adaption of the bottom ice coverage value from 0.7 to
0.33 lead to significant improvements of the results. With a different bottom ice coverage a
different set of variables is found by the algorithm to deliver the best results. Thus, all four
variables are affected by the specified bottom ice coverage value.
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7 Concluding remarks
7.1 Discussion

Both, model tests and theoretical ice prediction methods have their uncertainties. Due to
the complexity of the ice breaking process, all theoretical approaches necessarily make use
of assumptions and simplifications resulting in estimations of the physical effects.
However, model tests naturally cover the majority of the physical effects of the ice
breaking process. Uncertainties may result from scaling methods and the modeled ice
structure. Thus, this thesis mainly makes use of up-scaled, but uncorrected values for
development of the enhanced prediction formula. Theoretical methods are essential tools
during the early design stage of a ship, whereas model tests are still the most reliable
prediction method for the total resistance of ships in ice and thus, are to be applied in a
later design stage. Finally, both methods have their advantages and thus, their reason for
existence.

The breaking resistance portions presented in this thesis are derived from model tests in
pre-sawn ice. Thereby, influences of the ice thickness and ship speed on the breaking
pattern are neglected. Occasionally, it was observed that pre-sawn ice floes were broken
once again by the advancing model. However, these aspects are considered to have only
little effect on the determined breaking resistance portions. The influence of the hull
friction coefficient on the sliding resistance was not considered.

The skeg resistance portions presented in this thesis appear as an additional resistance
component at the first glance. However, a well-designed skeg also induces beneficial
effects with regard to the bottom ice coverage. This effect reduces the sliding resistance
and may even counterbalance the skeg resistance. Nevertheless, the design of a skeg in the
bow area is usually also affected by further aspects than the total resistance in ice.

The developed image analysis procedure contains a number of small uncertainties. Among
these are the manual ice floe tracing, the handling of crushed ice and the approximately
corrected size of tilted ice floes in the bow region.

The evaluation of the breaking patterns and the ice floe characteristics within this thesis
did not result in a valuable contribution to the enhanced resistance prediction method.
Although the results indicated tending correlations between the breaking patterns, the ice
floe characteristics, the ice properties, ship hull parameters and the ice resistance, no
quantitative correlations could be obtained on a sufficiently sound basis. For other found
but not presented trends further evaluations are necessary to check how far they are
influenced by other parameters. Both aspects require further analysis on the basis of an
expanded data set.
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One of the findings of the analysis of ice floe creation and distribution is that the bottom
ice coverage of the investigated ship type amounts to approximately 33 percent, whereas
Lindqvist originally stated 70 percent. One reason could be that all ship models evaluated
in this publication are equipped with a skeg in the bow area. A well-designed skeg
improves the ability of the bow shape to clear broken ice floes off the ship’s hull.

Although the coefficients and exponents resulting from the optimization algorithm for the
investigated ship type turn out to meet approximately the general dependencies originally
defined by Lindqvist, the accuracy and reliability of the approach could be improved.
Individual outliers may be the result of additional and unconsidered phenomena during the
ice breaking process, such as shoulder crushing.

It is to be noted that the resulting coefficients and exponents are the results of a numerical
optimization process. Although the definition of boundary values and constraints seek to
direct the solution to a realistic and physically sound set of variables, the resulting
variables remain based on the selected expression of the objective function and in
particular the used data sets, i.e. scaled model test results.

The findings described in this thesis are determined on a limited data set and only for one
ship type. As numerous physical effects occur during the ice breaking process of a ship
advancing in level ice which are linked in a complex manner, the various influences of hull
shape and ice properties may turn out to differ for other ship types. Furthermore, an
extension of the data set to other ship types and thus, an extension of the range of hull
shape parameters may deliver other relationships.

7.2 Summary and conclusion

This thesis focused on the resistance of a ship advancing continuously in level ice.
Different aspects of the ice resistance were analyzed for the ice breaking ship type of ice
breaking supply vessels, anchor handling tugs and rescue and salvage vessels. Thereby,
newly developed methods and techniques were used in the course of ice model tests and a
semi-empirical resistance prediction method was enhanced with the gained insight.

At the beginning, a systematic comparison of existing, representative ice resistance
prediction methods was carried out. Based on the insights gained during ice model tests
and evaluation of the influence of hull shape parameters and ice conditions, the
assumptions and simplifications of the prediction methods were assessed. From
comparison and analysis of the available prediction methods it was concluded that further
research is required to predict the resistance and its components more precisely. The
simple physical sound formulas given by Lindqvist form a valuable basis for the
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development of an enhanced ice resistance prediction method. However, one of the major
issues which have a large influence on the prediction of ice resistance is the precision with
which the hull shape of the ship is considered. Furthermore, the empirical basis of the
Lindqvist approach may be outdated since the typical hull shapes and dimensions may
have changed in the past. Consequently, three aspects of a ship advancing in level ice were
analyzed in more detail:

Firstly, different portions and contributions to the total resistance in ice were evaluated by
ice model tests which were executed in a special manner. In particular, ice model tests in
pre-sawn ice at considerable ice breaking speeds were conducted. By comparison of the
resistance values of the pre-sawn ice tests to the resistance values of ice tests in the same
but intact ice sheet, the breaking portion of the total resistance in ice could be determined.
For the investigated ship type, it was found that the breaking portion amounts to
approximately 30 to 60 percent of the total resistance in ice. Dependencies of the ice
resistance portions on the ship speed, the ice thickness and the ship hull shape could be
found. Furthermore, ice model tests with an instrumented skeg were conducted to evaluate
the possibly additional resistance which is induced by the presence of a skeg in the bow
area. It was found that the presence of a skeg in the bow area can be responsible for
approximately 7 to 11 percent of the total resistance in ice.

Secondly, the ice floe creation and distribution and its influences on the total resistance in
ice were analyzed. A systematic comparison of breaking patterns showed tending
correlations to the total resistance in ice. A regular shaped breaking pattern with a
relatively small number of cusps (breaking pattern class 1) seems to be advantageous for
the total resistance in ice. Furthermore, an image analysis procedure including a number of
semi-automated MATLAB-scripts was developed to evaluate underwater images of ice
model tests. The application of this procedure to a number of ice model tests and analysis
of the corresponding test results support the developed hypothesis that the ice resistance is
generally of smaller amount if larger ice floes are broken in the bow area compared to
smaller ice floes. Furthermore, it was found that the bottom ice coverage of the
investigated ship type amounts to approximately 33 percent and that thinner ice can be
better cleared off the hull than thicker ice.

Thirdly, the semi-empirical prediction method of Lindqvist was enhanced by two aspects:
By means of a subdivision of the bending resistance into four longitudinal sections per
ship’s half, the precision with which the hull shape is considered can be increased what
leads to an improved prediction accuracy. Based on this refined prediction method and on
the insights gained in the aforementioned analyses, a numerical particle swarm
optimization algorithm was employed to evaluate the dependencies of ice thickness and
ship speed on the total resistance in ice. Four variables were introduced to the formulas
which were then optimized with regard to a minimum difference between the predicted
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total resistance in ice and the corresponding ice model test value. Thereby, the selected
models of the underlying ice model tests formed a recent empirical data set of ice breaking
ships of the investigated ship type. The coefficients and exponents resulting from the
optimization process indicate an ice thickness dependency of the breaking resistance only
slightly higher than assumed by Lindqvist. The speed dependency resulting from the
optimization process is lower for the breaking resistance and higher for the submersion
resistance than assumed by Lindqvist. By consideration of all applied coefficients and
exponents as well as the adapted bottom ice coverage, the accuracy and reliability of the
approach could be improved.

Assuming that a sufficient amount of model test data is available, the proposed
optimization algorithm forms a tool that can be used for modification of the Lindqivst
formula related to other ship types and conditions as well. Thus, the tool serves as a good
basis for further development of semi-empirical ice resistance prediction methods used in
early design stages.

7.3 Future work

In the course of this thesis ice model test results were used from HSVA’s data base as well
as results of recently conducted tests with the use of specifically designed methods and
techniques. Since the precision and reliability of (semi-)empirical methods strongly depend
on the underlying data set, the enhanced prediction method presented in this thesis could
be further improved by an increased data set. In particular, the results of model tests
performed in level ice sheets of a third ice thickness could improve the results of the
algorithm since this would enable the use of a polynomial expression instead of a linear
one for the ice thickness dependency of the breaking resistance. Thereby, it is essential that
the data is of the same or of a comparable origin, i.e. based on ice model tests ideally
conducted as towed propulsion tests in model ice comprising a top layer of fine grained ice
and a bottom layer of columnar ice.

By means of an extended data set, the trending correlations between ice floe
characteristics, the ice resistance, characteristic values of the ship hull and ice properties
could be further evaluated to develop quantitative dependencies. Furthermore, it may be
possible to determine correlations for the ship’s mid-ship and stern region and thus
correlations to other resistance components. Based on such data, possibly further resistance
terms could be added to the prediction method, e.g. a skeg related term. In order to enable
judgment on the advantageousness of a skeg, model tests with a detachable skeg would
deliver valuable numbers.
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The analysis of the breaking resistance separately from the remaining resistance
components by means of pre-sawn ice tests could be enhanced by application of e.g.
segmented models. Therefrom deeper insight could be gained on the physical process of
ice breaking to improve prediction of the individual resistance components. Additionally,
tests in pre-sawn ice with different size of ice floes would provide further insight on the
influence of the ice floes size in the bow region on the ice resistance.

With respect to the image analysis procedure, the employment of multiple cameras for
capturing the bow region from different positions would provide a basis for replacing the
ice floe size correction algorithm in the bow region by a more accurate 3D algorithm.

In order to cope with the uncertainties related to model testing, full scale data would
deliver valuable input, although a strictly quantitative evaluation could fall at a lack of
homogeneous ice or ideal ship conditions.
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One of the main contributions to the resistance in level ice is the breaking force which is mainly influenced by
the bow shape, beside ice properties and the ship’s speed. Understanding the influence of the bow shape on the
ice breaking resistance is essential for the assessment of the hull form in an early design stage. However, at a first
glance the bow shapes of modern ice breaking vessels seem to be quite similar. Thus, a need exists to evaluate
the contribution of the ice breaking force to the resistance in ice methodically for different bow shapes. Since
model tests are still the most reliable resistance prediction method, they form the basis for the analysis of the ice
breaking process at the bow. Specifically, breaking patterns and geometric bow parameters are investigated. The
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Lindqvist formula are suggested where appropriate based on the analysis.
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1. Introduction

The major requirement for ice breaking ships is a good per-
formance in level ice. Good performance means low ice resistance,
high propulsive efficiency and guaranteed continuity in ice
breaking. This paper focuses on the resistance in ice, which can be
subdivided into the following categories according to the different
forces acting on the ship hull: Breaking, rotary, submersion and
sliding forces (Puntigliano, 2003). This subdivision of the resis-
tance in ice is the result of creation and advance of ice floes caused
by the ship hull proceeding through the ice.

In practical ship design empirical or semi-empirical formulas
are used to approximate the resistance in the early design stage.
After one or more promising designs have developed, a numerical
resistance prediction method based on Computational Fluid
Dynamics (CFD) or other advanced numerical methods may be
used. But up to now the available CFD-methods for ice resistance
prediction are not sufficiently reliable to give a valuable con-
tribution to the design process. Thus, in a later design stage model
tests have to be used to evaluate one or few specific designs.

One of the main contributions to the resistance in level ice is the
breaking force (Puntigliano, 2003; Riska, 2006; Valanto, 2001), which is
mainly influenced by the bow shape, beside ice properties and the
ship’s speed. Although the bow shapes of modern ice breaking vessels
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seem to be quite similar at a first glance the breaking resistance may
show significant differences. In order to save costs and time during the
design process it is of great advantage to be able to evaluate the ice
breaking resistance of a vessel in an early design stage as precisely as
possible. However, there may be constraints for the bow geometry due
to ice class requirements. Important ice class rules are given by the
Finnish Transport Safety Agency, TraFi (TraFi, 2010), and the Russian
classification society RMRS (Russian Maritime Register of Shipping,
2013). Specifically, TraFi requires a certain engine power depending on
the ice class resulting from an approximation formula. The formula is
based on the bow geometry and the main dimensions of the ship. The
Russian rules require certain angles of the bow depending on the ice
class. Beside the existing regulations, a need exists to evaluate the
contribution of the ice breaking force to the total resistance methodi-
cally for different bow shapes.

As a consequence, a detailed analysis of different bow shapes based
on ice model test results from HSVA’s database from 1996 to 2014 is
carried out. The analysis is based on current ice breaking ships such as
Ice Breaking Supply Vessels, Anchor Handling Tugs as well as Salvage
or Rescue Vessels. Especially in recent years the demand for such ice
breaking ships increased strongly, which is why the majority of the
available test data originates from this group of ships. The analysis
focuses in particular on the breaking patterns formed in level ice (Fig.
A15) with regard to relevant hull shape parameters as identified
by Myland and Ehlers (2014). The main hull data of the ships are
presented in Table Al. The ship models chosen for test analysis have
similar scaling factors leading to model ice conditions, model speed
values and ship model dimensions in the same range. In order to



218 D. Myland, S. Ehlers / Ocean Engineering 119 (2016) 217-232

Nomenclature

B ship breadth

E modulus of elasticity

FP pull force

g gravitational acceleration
Rice level ice thickness

l length of cusp

Ic characteristic length of ice
L Ly, ship length between perpendiculars
Lvow ship bow length

n number of cusps

Nidling rate of revolution at idling condition
Nmax maximum rate of revolution
Rg bending resistance

Rpq bending resistance at 1/8 B
Rg> bending resistance at 2/8 B
Rgp3 bending resistance at 3/8 B
Rpy bending resistance at 4/8 B
Rgr breaking resistance

Rc crushing resistance

Rice ice resistance

Row open water resistance

Rs submersion resistance

RIT, Rio: total resistance

T ship draught

THDF  trust deduction fraction

T thrust

v ship velocity

a waterline (entrance) angle

Qavg average waterline angle at center line of hull

al waterline angle at 1/8 B

a2 waterline angle at 2/8 B

a3 waterline angle at 3/8 B

a4 waterline angle at 4/8 B

Ap, pg density difference

u friction coefficient between ship hull and ice

v Poisson’s ratio

Pw density of water

oy, 0nex  flexural strength

@ buttock angle

¢ stem angle

W normal angle - angle between normal to the bow
plate and vertical

Wavg average normal angle

obtain a certain friction coefficient between ice and hull (x=0.1) the
tested ship models were painted with a special paint composition.
The actual ice and ship property values of the selected ice
model tests were measured during the testing and extrapolated to
their target values in full scale as listed in Table A2. The extra-
polation was done according to HSVA's standard correction
methods (Appendix C — Data Analysis). The methods were set up
in the past by comparison of full scale trials with corresponding
model test results. These correction methods have been validated
against full scale data several times. Using the target ice and ship
property values improves the precision of the analysis since the
range of considered ice properties is reduced. Thus, the ice and
ship property values as listed in Table A2 can be kept almost
constant throughout the analysis. As a consequence the analysis
can be mainly focused on the bow shape. Due to the fact that the
selected model tests were carried out as towed propulsion tests
the target value of the ship speed is equal to the measured value.
The model test conditions of ice and investigated ships correspond
to typical design values of the chosen group of ships.
Understanding the influence of the bow shape on the total resis-
tance is essential for the assessment of the hull form in an early design
stage. Several theoretical ice prediction methods may be applied here,
eg. Su et al. (2010), Sawamura (2012), Lindstrém (1990), Valanto
(2001) and Lindqvist (1989), which take into account the physical
effects of the ice breaking process by different approaches. In Table A3
a systematic comparison of the mentioned methods is given.
Another issue, which has a large influence on the prediction of the
resistance in ice, is the precision with which the hull shape of the ship
is considered. Provided that the hull shape is taken into account, only a
limited number of characteristic values are used for its description. The
same applies for the ice conditions. Thus, from comparison of the
presented theoretical ice prediction methods it can be concluded that
the relevant resistance contributions are considered differently for each
method by means of generalizing assumptions, strong simplifications,
or are even neglected in the existing approaches. Thus, further research
is required to predict the resistance and its components more precisely
as stated in Myland and Ehlers (2014).
From theoretical considerations the obvious difference between
model tests and all presented methods in Table A3 is that model

tests seek to cover major physical effects of full scale ship-ice
interaction, whereas almost every analytical or empirical method is
the result of the author’s judgment about the significance and
influence of each physical effect by setting up equations to describe
them. However, some of the formulas include physical effects of full
scale ship-ice interaction by taking into account model test results.
Nevertheless, also these methods lead to only rough estimations of
the resistance, since the present ship design, i.e. the bow shape, is
not fully considered in the applied prediction method. Conse-
quently, the aim of this paper is to analyze the ice breaking process
at the bow in more detail, compare the findings with a selected
semi-empirical method, evaluate the semi-empirical method with
further model test results and theoretical considerations and finally
suggest adjustments where appropriate based on the analysis. The
prediction method is chosen on the basis of Table A3 with the
objective to identify the influence of geometric changes on the
resistance rapidly in the conceptual design phase. Table A3 reveals
that the Lindqvist method is the most advanced empirical predic-
tion method for calculation of the ship’s resistance in level ice by
taking into account the most hull shape and ice parameters.

2. Presentation of applied methods

Brief descriptions of two resistance prediction methods are
given in this chapter - Lindqvist approach and ice model tests.

Since model tests are still the most reliable resistance predic-
tion method, they form the basis for the analysis of the ice
breaking process at the bow. The findings are finally used to
suggest adjustments for the semi-empirical method of Lindqvist
where appropriate. Table A3 reveals that the approach of Lindqvist
forms a valuable basis for revision, because it takes into account
most relevant hull shape and ice parameters.

2.1. Lindqvist approach

Lindqvist (1989) approximated the ice resistance by simple but
physically sound formulas. The considered hull parameters are
presented in Fig. A7.
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Lindqvist divided the ice resistance into two main components-
ice breaking and submersion of the ice floes. The submersion
component includes the resistance due to ice floes sliding along
the ship hull, whereas the rotation of the ice floes is not taken into
account by Lindqvist. The breaking component is further divided
into a bending (Eq. (1)) and a crushing (Eq. (2)) component.

27 (hgces ) cos (¢) 1
fo= (@>6f3 E (tan (WH”COS (w) sin (a)) (1 " cos (W))
21,8

1)

Rc= O.SO'fhizce <tan (¢) +,ucos (¢)> / (1 2)

cos (v)

where Rg is the bending resistance, o the flexural strength, B the
ship breadth, h;c the ice thickness, v the Poisson’s ratio, p,, the
density of water, g the gravitational acceleration, y the normal
angle, p the friction coefficient between ship hull and ice, ¢ the
stem angle, o the waterline entrance angle and Rc the crushing
resistance. The normal angle is calculated from the waterline
entrance angle and the stem angle according to Eq. (3).

y = atan(tan (¢)/ sin (a)) 3)

Both, Egs. (1) and (2) were derived from semi-empirical approx-
imation of the physical process of ice breaking. The formulas consider
only roughly the mechanical and geometrical parameters.

The submersion component was estimated by application of
full scale experiments and experience gained from model testing.
From observations Lindqvist knew that the underwater part of the
bow is more or less completely covered by ice pieces. This
knowledge led to the calculation of the submersion resistance as
the sum of the loss of potential energy and the frictional forces
that are acting between the ship hull and the ice floes (Eq. (4)).

sin (¢))

“cos ()
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where Rs is the submersion resistance, pg the density difference, T
the ship draught and L the ship length between perpendiculars.

The influence of a plough is not considered in the formula,
whereas the ship’s draft and the density difference between ice
and water are taken into account. The total estimated bottom
coverage of the vessel is 70%, since the stern of the vessel is in
general not completely covered by ice.

The main resistance components are extended by speed
dependent components based on empirical constants. Thus, the
resulting ice resistance is reported by Lindqvist as given in Eq. (5).

1+14x*v 1+94xv
Rice = (Rc+R) R 5
ice = (Re + B)(\/g*hice>+ S< \/m ) )

where Ri is the ice resistance and v the ship velocity.
2.2. Ice model tests at HSVA

In order to understand the influence of the bow shape on the
ice breaking resistance model test results from HSVA’s database
are used. Almost all ship model tests at HSVA, which serve for
determination of the resistance in level ice, were performed as
towed propulsion tests. Provided that the rate of revolution is
varied within a sufficient wide range the towed propulsion test is a
favorable alternative to the pure towing test for determination of
the total resistance in ice. From pure towing tests only the resis-
tance in ice can be obtained whereas much more information can

be gained by towed propulsion tests, such as information about
thrust deduction, propulsion efficiency and required propulsive
power. Thus, the test data for the analysis are taken from towed
propulsion tests which provide both, suitable underwater videos
to evaluate the bow shapes as well as the total resistance values.

2.2.1. Ship model preparation

The following equipment, partly installed in the ship model itself,
was used to perform towed propulsion tests in level ice: Propulsion
system; In case of pods six component scales or in case of conventional
propulsion systems dynamometers to measure thrust of the ship
model; Load cell at the bow to measure the towing force; Speed wheel
to measure carriage speed and position; Data acquisition and storage
system and power supply system.

Fig. A8 shows exemplarily a ship’s propulsor (left) and presents
the load cell mounted at the bow to measure the pull force FP
during a towed propulsion test (right).

2.2.2. Model ice preparation

According to Evers and Jochmann (1993) HSVA's current model ice
preparation starts with freezing the ice from a 0.7% sodium chloride
solution, where the ice surface is exposed to pre-cooled air of about
—18° C. By spraying water into the cold air of the ice tank (Fig. A9) the
droplets freeze in the air and form small ice crystals, which settle on
the water surface such that the growth of a fine-grained ice of pri-
marily columnar crystal structure is initiated.

Highly pressure-saturated air in the tank water leads to formation
of air bubbles with a diameter of 200-500 um embedded in the model
ice. Due to the air content in the ice it is appearing white. This side
effect is beneficial for the analysis of photos and videos of ice tests.

Before reaching the target ice thickness the cooling system is
switched off and the air temperature is raised to a point slightly
above the freezing point (Fig. A10). This temperature is kept until
the target flexural strength is reached. Then, the heat transfer into
the tank is reduced to a minimum in order to keep the flexural
strength almost constant for the duration of the test.

2.2.3. Test execution - towed propulsion test

During a towed propulsion test (Fig. A11) the ship model is
towed at a constant speed value and the propeller rate is raised in
steps from idling propeller condition up to a rate above the self-
propulsion point. During this procedure the pull force and the total
thrust are measured as shown in Fig. A12. The pull force is
recorded by the load cell mounted at the ship bow (Fig. A8, right),
whereby the system thrust is determined by a six component scale
located at the top of the propulsor’s shaft line in case of pods and
by a dynamometer at the shaft line in case of conventional pro-
pulsion systems. The data are measured with 50 Hz.

2.2.4. Test results - total resistance in ice

Assuming that for a constant speed the thrust deduction frac-
tion, THDF, is independent of the rate of revolution or the pro-
pulsor load, respectively, a linear regression is employed to the
data of pull force vs. developed propulsor thrust. Using this
regression function the towing force for vanishing thrust is
determined. The value obtained in equilibrium is the total resis-
tance, RIT, see Fig. A12.

2.2.5. Test results — breaking pattern

One of the most important results for the following analysis is
the video recording made below the water surface of the breaking
process of the ice sheet at the ship bow. Snapshots are generated
from those underwater videos showing the breaking patterns of
the bow segments as shown in Appendix A. As an example, a
series of snapshots from different breaking cycles for one ship
model within one test run (constant speed and almost constant ice
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conditions) is presented in Fig. A14. From all of the snapshots
belonging to the shown series just minimal differences between
the images can be identified. Since these differences are within the
required accuracy for the following analysis all of them are con-
sidered to be representative for a certain ship under the given
conditions as presented in Table A2. As a consequence, only one
characteristic snapshot per test run is used for the analysis.

3. Review of Lindqvist method

In order to identify possible improvements of Lindqvist's approach
for the prediction of the ice breaking resistance, the total resistance
values from model testing are compared to the ice resistance values
from Lindqvist’s approach. The resistance values gained by model
testing are calculated according to the procedure described in Chap-
ter 2.2.4. Table A4 summarizes the results, which are normalized by the
mean length of all ships due to confidentiality reasons. Therein, a much
narrower scatter of resistance values for the Lindqvist approach com-
pared to the model test results are shown. Additionally, the ice resis-
tance values estimated on the basis of the Lindqvist approach are
mostly smaller than the ones from model testing. Both aspects indicate
that Lindqvist does not take into account all physical effects related to
the ice breaking process.

Considering the above mentioned points the approach of
Lindqvist is reviewed by the help of further model test results as
well as theoretical considerations. In particular the consideration
of the following aspects concerning the breaking force as a part of
the ice resistance (Eq. (1)) is further investigated and refined in the
following subchapters: Open water resistance; Ship shape para-
meters and number of cusps/breaking pattern.

3.1. Open water resistance

The resistance due to the water flow around the hull is not taken
into account in Lindqvist’s approach. It is commonly known that the
influence of this water flow to the total resistance is small. Never-
theless, this portion should be considered as a part of it. The open
water resistance can be subdivided into the following parts: frictional
resistance, wave resistance, eddy resistance and air resistance. The
wave and the eddy resistance may be reduced due to the presence of
ice. Since both portions are small under Froude numbers of 0.1, the
resistance due to the water flow around the hull in ice is assumed to be
equal to the open water resistance (Eq. (6)).

Riot = Rice +Row (6)

where Ry is the total resistance.
The ice resistance R is given in Eq. (5) by Lindqvist (1989).
Thus, the total resistance Ry, can be expressed by Eq. (7).

1+1.4xv 1+94xv
Riot = (Rc+R) +R +R 7
tot ( C B)(\/g*h,-ce> S( \/gTL ) ow ( )

3.2. Selection of ship shape parameters

For predicting the ice breaking force, Lindqvist considers the bow
geometry by means of four ship shape parameters as stated in Chap-
ter 2.1, ie. ship breadth, stem angle, waterline entrance angle and
normal angle at the stem. In order to evaluate the influence of these
parameters the model test results are analyzed regarding correlations
between the geometric parameters and the resistance values. These
correlations are derived from Table A5 and Fig. A13. In order to use the
total resistance values taken from HSVA's data base in a confide-
ntial way, they are parameterized by the mean length of all
investigated ships.

Fig. A13 reveals a clear influence of the stem angle on the total
resistance in ice, meaning the total resistance in ice tends to be
higher for increasing stem angles. None of the other parameters,
i.e. the waterline entrance angle, the normal angle at the stem and
the ship breadth respectively shows any clear dependency
between the total resistance in ice and the according ship shape
parameters. One possible reason is that the study is based on a
specific type of ship and thus, the considered parameters are
within a narrow range. However, the breaking pattern and the
total resistance values from model testing show significant dif-
ferences. Hence, it seems that the ship shape parameters selected
by Lindqvist may have to be extended or the mathematical
expressions within the formulas may have to be modified.

3.3. Refinement of ship shape parameters

As already concluded from Table A4 and Chapter 3.1.2 minor
changes in the hull shape are not considered for the resistance
values according to the Lindqvist approach. In order to be more
precise HSVA divided the ship breadth, B, into four sections: 1/8 B,
2/8 B, 3/8 B and 4/8 B from the centerline as shown in Fig. A21.
Accordingly, the buttock angle and the waterline angle are deter-
mined. Each normal angle is calculated from the waterline
(entrance) angle as well as the stem or buttock angle ¢ according
to Egs. (3) or (8) respectively.

y =atan(tan (¢)/ sin(@)) 8)

Finally, the formula for calculation of the bending resistance is
extended by the resistance contributions resulting from the dif-
ferent sections as shown in Egs. (9)-(13).

15
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where Rg; is the bending resistance at 1/8 B, Ry, the bending
resistance at 2/8 B, Rg3 the bending resistance at 3/8 B and Rp4 the
bending resistance at 4/8 B.

3.4. Number of cusps

The ice is broken at the ships’s bow into a certain number of
cusps. The number of cusps n is obtained according to Lindqvist by
Eq. (14).

n=B/(l* sin(a)) 14)
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Lindqvist assumes that the length of the cusps, [, broken during
sailing through ice is one third of the characteristic length of ice, I
(Eq. (15)).
1=1/3l, (15)

where by the characteristic length of ice, which is a measure for
the deformation of ice, is determined as stated in Eq. (16).

e 025
ICZ(E*—(IZ*(]—DZ)*pW*g)> (16)

where E is the modulus of elasticity.

The publication of Lindqvist (1989) does not reveal in detail where
and when during the breaking process this number of cusps, n, is
reached. However, it can be derived from Eq. (14) that n is the number
of cusps which is broken within one breaking cycle at the waterline at
the bow. The submersion part of the total resistance as defined by
Lindqvist does not take into account any further breaking within the
breaking process. From the underwater videos (Figs. A1-A6) further
breaking of the cusps in the bow region can be identified. Since further
breaking induces additional forces at the bow, it can be assumed that
this is at least one reason for deviating total resistance values between
model tests and Lindqvist.

In order to consider further breaking in the bow region in addition
to the initially broken ice floes the number of cusps is determined at
the end of the bow region. This is done for each of the ships studied in
this paper on the basis of underwater video recording of model tests as
presented in Appendix A. Finally, the determined number of cusps is
compared to the number of cusps resulting from Lindqvist's approach.
Table A6 summarizes the values of both methods.

Although the number of cusps is strongly affected by the
complete bow geometry, Lindqvist considers only a limited num-
ber of hull shape parameters for its calculation. For the investi-
gated ships these parameters are in a very narrow range. In con-
trast, the model tests consider the complete bow geometry
including special design features such as the forward skeg. The
number of cusps determined from model tests show a wider
scatter than the number of cusps calculated on the basis of
Lindqvist’s approach, as it can be seen in Table A6.

Furthermore, the number of cusps determined from model
tests is in most cases slightly lower than the number of cusps
according to Lindqvist. This is noteworthy especially, when rea-
lizing that the number of cusps determined from model tests is
considered at the end of the bow region, whereas the Lindqvist
approach is supposed to give the number of cusps during the
initial breaking process at the waterline. But since the relation of
bending strength to compressive strength cannot be modeled
correctly and thus, natural sea ice is more brittle than the model
ice, it is usual that fewer cusps are broken during model testing
compared to ice breaking in reality. Consequently, the cusp num-
ber defined by Lindqvist may have the correct range for ice
breaking in natural sea ice. The deviation related to the more
ductile model ice is usually being compensated when scaling the
total resistance and other model test results to full scale by
applying the correction methods as stated in Chapter 1.

4. Further investigation on ice breaking resistance

On the basis of the gained knowledge by review of the Lindqvist
approach (Chapter 3) the influence of the ship geometry on the total
resistance is investigated in more detail. For the investigation model
test results are used, i.e. snapshots and geometric parameters. Snap-
shots of the bow area of the studied ships are prepared from under-
water videos (Appendix A) and subdivided into two breaking pattern
classes. Moreover, selected geometric parameters of each ship bow are

analyzed in order to identify correlations between the ship’s hull shape
and the total resistance in ice specific for each breaking pattern class.
The analysis findings are compared to the results obtained from the
review of Lindqvist’s semi-empirical method. Table A8 summarizes the
investigated ship data and test conditions.

4.1. Breaking pattern classes

To evaluate the influence of bow shapes on the total resistance
in ice the chosen ships are divided into two breaking pattern
classes by visual assessment of the ice breaking pattern they cre-
ate, see Table A7. Examples for both breaking pattern classes are
given in Fig. A15. Breaking pattern class 1 is characterized by large
ice floes covering the ship hull in a regular pattern. Mostly, one ice
floe covers half of the ship's breadth. Breaking pattern class
2 shows smaller sized floes and consequently an increased amount
of floes with different shapes. While the ice floes of breaking
pattern class 1 are shaped like bars, which are arranged in a reg-
ular pattern, the ones of breaking pattern class 2 are shaped and
arranged more individually. A further subdivision of the breaking
pattern classes may be possible with a significantly larger set of
ships, which is, however, beyond the scope of this analysis.

Based on the defined breaking pattern classes it can be con-
cluded from Table A6 that the number of cusps determined from
the underwater video recording seems to be slightly higher for
breaking pattern class 2 than the cusp numbers for breaking
pattern class 1. Nevertheless, the clarity with which the ships of
the study could be divided into breaking pattern classes based on
the initial breaking pattern at the bow has diminished at the
beginning of the parallel midship. For consolidating the depen-
dency the data basis may have to be extended or the quality of
investigated snapshots may have to be improved. In contrary, the
values resulting from Lindqvist’s approach do not outline any
dependency to the breaking pattern classes.

4.2. Geometric parameter analysis

Understanding the influence of the bow geometry on the total
resistance in ice is essential for development or assessment of a
preliminary bow shape in an early design stage. The review of
Lindqvist's approach revealed that the selection of bow shape
parameters may have to be extended or the mathematical
expressions within the formulas may have to be modified. Thus,
the correlations between selected geometric parameters and the
resistance values specific to each breaking pattern class are ana-
lyzed. The parameters comprise the ones selected by Lindqvist and
further bow parameters as identified by Myland and Ehlers (2014)
and listed in Table A8.

The average waterline angle in Table A8 is calculated as given in
Eq. (17).

Uavg = (@+01 + 2 +a3+0a4)/5 an

where a,, is the average waterline angle, o, the waterline angle
at 1/8 B, a, the waterline angle at 2/8 B, a5 the waterline angle at
3/8 B and a4 the waterline angle at 4/8 B.

For determination of the average buttock and normal angles Eq.
(17) has to be adjusted accordingly.

In order to plot the total resistance values taken from HSVA’s
data base in a confidential way, they are parameterized by the
mean length of all investigated ships. The ship bow length is
defined as the waterline length between the ship bow and the
parallel midship (Fig. A16).

In general Table A8 reveals smaller resistance values for
breaking pattern class 1 than for breaking pattern class 2. Fur-
thermore, the values indicate a correlation of the bow length, the
average buttock angle and the average normal angle to the total
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resistance, RIT, and at the same time to the breaking pattern
classes as shown in Figs. A17-A20. However, these parameters are
geometrically related to the stem angle, especially the bow length
and the average buttock angle. Thus, their dependency might be a
result of this relation. The average normal angle considers addi-
tionally the waterline entrance angle. However, a modification of
the mathematical expressions even with respect to the average
normal angle does not seem to be feasible.

By reviewing the waterlines of the different ships basically two
characteristics can be developed. Some waterlines are straight or
even concave and have a small shoulder radius, whereas other
waterlines are smoothly rounded with a large radius at the
shoulder, as shown exemplarily in Figs. A22 and A23. But the
characteristics are often too weakly pronounced to allow a clear
distribution into groups. In addition, the characteristics cannot be
assigned to the breaking pattern classes.

5. Results of refined method

In this section the results of the fefined Lindqvist formula for
common ice breaking ships as defined in Chapter 1 are compared
to both, values calculated by application of Lindqvist’s original
approach and model test results. Since the execution of model
tests is still the most reliable method to determine the total
resistance in ice, the model test results are used as a basis to
evaluate the suitability of the other two approaches. Thus, Fig. A24
shows the results of both formulas in relation to the corresponding
model test result for each ship.

As it can be seen in Fig. A24 the deviations of the original semi-
empirical method from the model test results could be reduced for
most of the investigated ships by application of the refined
method. Specifically, for ship models 4, 5 and 8 the refined method
resulted in slightly increased deviations compared to the original
method. For all other investigated models the deviation was
reduced, for both over and under estimated values of the original
Lindqvist approach. For ship model No. 3 the refined method leads
to a slight over estimation of the total resistance in ice, whereas
the original method resulted in an under estimation. By means of
the prediction formulas the total resistance in ice seems to be
under estimated for ship models belonging to breaking pattern
class 2. Whereas the predicted total resistance in ice is partly
under estimated and partly over estimated for the ship models of
breaking pattern class 1. However, the scatter of deviations of
resistance values according to both Lindqvist formulas from model
test results is in the same range for both breaking pattern classes,
when neglecting the outlier, i.e. the resistance of ship model 5.

6. Summary and conclusions

This paper evaluates the influences of different bow shapes on
the resistance caused by a ship advancing in level ice. Model test
results and theoretical considerations are used for identification of
inconsistencies and subsequent refinement of a semi-empirical
resistance prediction method, i.e. the approach of Lindqvist. The
evaluation of the Lindqvist approach focuses on the component of
the resistance which is related to ice breaking. By means of
snapshots from underwater video recording the considered ships
were divided into two breaking pattern classes. Based on the
gained knowledge further model test results were used to find a
possible correlation between bow shape parameters or two
dimensional characteristics and the total resistance in ice with
relation to the defined breaking pattern classes. Finally, the resis-
tance values resulting from the developed refinements of the

Lindqvist approach are compared to the resistance values of the
original Lindqvist method and the values from model testing.

Lindqvist only considers a certain number of hull shape parameters
instead of the complete bow geometry. An evaluation of the ship shape
parameters selected by Lindqvist as well as further usual ship shape
parameters shows that the ship shape parameters selected by Lindqvist
already represent the main influences, i.e. basically the stem angle, but
neglect at least geometry details which have a certain contribution to
the total resistance in ice. From further analysis of model test results a
dependency of the breaking pattern classes to the total resistance in ice
is determined. A breaking pattern consisting of small and irregular-
shaped ice floes (breaking pattern class 2) seems to induce a higher
resistance than a more regular shaped breaking pattern consisting of
large ice floes only (breaking pattern class 1). However, with the
available data base it does not seem to be feasible to obtain sound
correlations between ship shape parameters and the total resistance in
ice related to the breaking pattern classes. Neither an analysis of the
waterline characteristics reveals a valuable correlation.

A comparison of the number of cusps considered in the Lindqvist
approach and determined from underwater video recording revealed a
significant difference. It is assumed that the number of cusps in
Lindqvist's method is supposed to indicate the amount of ice floes in
one broken row at the waterline. The underwater video recording from
the model tests show significantly less floes even when taking into
account that the number of cusps in one row at the beginning of the
parallel midship should be the governing parameter related to ice
breaking. However, the number of cusps strongly depends on the type
of model ice preparation and resulting model ice properties. The latter,
and consequently the breaking pattern, may deviate from the ice
properties in reality.

By a refinement of the considered bow angles, i.e. normal angle,
stem angle and buttock angle, Lindqvist's formula could be
improved slightly. Further slight improvements may be possible
with an extended data base or video material of better quality.

In order to further investigate possible causes for the wide scatter of
resistance values in ice with respect to the defined common ice
breaking ships, special design features such as geometric dimensions of
the forward skeg and its influence on the ice breaking process may
have to be evaluated. In addition the distribution of ships into breaking
pattern classes may contribute to the investigation of the bow geo-
metry influence on ice breaking resistance, although no precise cor-
relation could be determined within this analysis.

As stated in the introduction both model tests and theoretical ice
prediction methods have their uncertainties. Due to the complexity of
the ice breaking process, all theoretical approaches necessarily make
use of assumptions and simplifications resulting in rough estimations
of the physical effects. However, model tests seek to cover major
physical effects of the ice breaking process. Uncertainties may result
from scaling methods and the modeled ice structure, especially the
ratio between compressive and flexural strength. Finally, both methods
have their advantages and thus, their reason for existence. Theoretical
methods are essential tools during the early design stage of a ship,
whereas model tests are still the most reliable prediction method for
the total resistance of ships in ice and thus, are to be applied in a later
design stage.
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Appendix A. Snapshots of breaking patterns for investigated
ship models

See Figs. A1-A24.
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Fig. A1. Breaking pattern of ship model 1 (left) and ship model 2 (right).

Fig. A2. Breaking pattern of ship model 3 (left) and ship model 4 (right).

Fig. A3. Breaking pattern of ship model 5.
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Fig. A4. Breaking pattern of ship model 6 (left) and ship model 7 (right).

Fig. A5. Breaking pattern of ship model 8 (left) and ship model 9 (right).

Fig. A7. Considered hull parameters by Lindqvist (1989).
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Fig. A8. Left: azimuth thruster of tested ship model, right: load cell at bow.

Fig. A9. Water is sprayed into the air of the pre-cooled ice tank at HSVA forming small ice crystals which settle on the water surface.
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Fig. A10. History of temperature during freezing-warming-cycle in the ice tank (Sutherland and Evers, 2013).
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Fig. A11. Execution of towed propulsion test.
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Fig. A12. Test analysis of towed propulsion test in ice.
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Fig. A13. Total resistance from model testing vs. stem angle.
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Fig. A15. Left: example for breaking pattern class 1, right: example for breaking pattern class 2.
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Total Resistance from Model Test, Normalized [kN/m]
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Fig. A16. Definition of bow length Lyow.
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Fig. A17. Total resistance from model testing vs. ship bow length.

+ Class 1
© Class2

15
Stem Angle [deg]

20 30

Fig. A18. Total resistance from model testing vs. ship stem angle.
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Fig. A19. Total resistance from model testing vs. average normal angle of ship.
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Fig. A20. Total resistance from model testing vs. average buttock angle.
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Fig. A22. Example of waterline characteristic 1.
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Fig. A23. Example of waterline characteristic 2.
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Fig. A24. Total resistance from model testing (line), Lindqvist (plus), adjusted refined approach (squares) vs. ship model no.

See Tables A1-AS8.

Table A1

Main hull data of investigated ships and scaling factors.

Property Abbreviation Value

Length Lyp [m] Between 70 and 90
Breadth B [m] Between 18 and 23
Draught T [m] Between 6.5 and 9.0
Fore foot - Present

Lambda Al-1 Between 17.14 and 26.25

Table A2
Model test parameters.

Property Abbreviation Target value Mean Standard
deviation
Ice thickness hice [m] Between 1.01 0.08
0.9 and 1.2
Ship speed v [m/s] Between 2.55 0.58
2.0 and 3.5
Ice flexural strength ofex [KPa] 500 - -
Ice-hull friction wl=1 0.1 -

coefficient




Table A3
Comparison of theoretical ice breaking prediction methods with regard to relevant ship and ice parameters.
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Parameter Author
Su (2011) Sawamura (2012) Lindstrom (1990) Valanto (2001) Lindqvist (1989)
Stem angle ¢ [deg] No No No Yes Yes
Waterline entrance angle « [deg] No No Yes Yes Yes
Buttock angle ¢ [deg] No No Yes Yes Yes
Ship breadth B [m] Yes Yes Yes Yes Yes
Ship speed v [kN] Yes Yes Yes Yes Yes
Ice thickness hic. [m] Yes Yes Yes Yes Yes
Number of broken cusps n [-] No No No No Yes
Friction coefficient u [-] Yes Yes Yes Yes Yes
Flexural strength ogex [kPa] Yes Yes Yes Yes Yes
Density difference of ice and water Ap [kg/m?] No No No Yes Yes
Table A4
Resistance values resulting from model tests and Lindqvist formula.
Ship model Applied method
no.
Ice model test at Lindqvist approach: Deviation: Lindqvist/
HSVA: RIT [KN/m] Rice [KN/m] ice model test [%]
1 14.72 10.93 74.25
2 12.58 11.28 89.67
3 5.50 8.97 163.09
4 10.86 9.03 83.15
5 7.97 10.83 135.88
6 11.84 10.36 87.50
7 17.15 11.10 64.72
8 12.63 12.88 101.98
9 17.79 12.07 67.85
10 21.23 14.18 66.79
1 17.18 12.07 70.26
Table A5
Main hull parameters of investigated ships related to breaking pattern classes.
Ship Stem Waterline Normal Total resistance from
model angle ¢ entrance angle angle at model tests RIT (nor-
no.” [-] [deg] a [deg] stem [deg] malized) [KN/m]
1 225 44.7 311 311
2 204 90 204 14.72
3 20 90 20.0 12.58
4 24 423 335 55
5 22 422 31.0 10.86
6 27 98.8 273 7.97
7 26.6 101.3 27.0 11.84
8 26.6 101.3 27.0 17.15
9 28 55 33.0 12.63
10 27 98.8 273 17.79
1 28 55 33.0 21.23

Table A6

Number of cusps resulting from model tests and Lindqvist formula.

Ship model no.
[-]

Number of cusps from

model testing

Number of cusps from

Lindqvist formula

RN A WN =

-
-
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Table A7
Ship models assigned to breaking pattern classes.

Breaking pattern class [—]

Ship model no. [—]

1 1-5
2 6-11
Table A8
Ship and ice parameters of investigated ships.
Ship model Parameter
no.
Ice thickness  Ship speed Stem angle Water-line Normal angle at Bow length  Avg. buttock Avg. waterline Avg. normal
[m] [kN] [deg] entrance angle stem [deg] Lpow [m] angle [deg] angle [deg] angle [deg]
[deg]
1 1.0 25 225 44.7 311 19.9 284 20.6 43.4
2 1.1 2.0 204 90.0 204 18.9 238 249 39.8
3 1.0 2.5 20.0 90.0 20.0 16.0 233 211 40.1
4 1.0 1.0 24.0 423 335 14.2 26.2 24.2 40.3
5 0.9 35 22.0 42.2 31.0 12.9 25.7 133 37.2
6 1.0 2.0 27.0 98.8 273 19.3 313 18.7 49.5
7 1.0 3.0 26.6 101.3 27.0 19.0 26.6 252 41.1
8 1.0 3.0 26.6 101.3 27.0 19.0 26.7 26.6 41.4
9 1.0 20 28.0 55.0 33.0 20.6 41.3 16.1 59.2
10 1.2 3.5 27.0 98.8 273 19.3 31.3 18.7 49.5
n 1.0 20 28.0 55.0 33.0 215 41.3 16.1 59.2

Appendix B. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.0oceaneng.2016.02.
021.
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Errata
Nomenclature:

Rsi bending resistance between stem and 1/8 B
Rg2 bending resistance between 1/8 B and 2/8 B
Rg3 bending resistance between 2/8 B and 3/8 B
Rp4 bending resistance between 3/8 B and near 4/8 B

o average waterline angle between stem and 1/8 B
o2 average waterline angle between 1/8 B and 2/8 B
o3 average waterline angle between 2/8 B and 3/8 B
o4 average waterline angle between 3/8 B and near 4/8 B

3.3 Refinement of ship shape parameters:

In order to be more precise HSVA divided the ship breadth, B, into four sections: 1/8 B,
2/8 B, 3/8 B and near 4/8 B from the centerline as shown in Figure 21.

The last paragraph is to be replaced by:

“where, @ is the average of the stem angle and the buttock angle at 1/8 B, > is the average
of the buttock angle at 1/8 B and the buttock angle at 2/8 B, @3 is the average of the
buttock angle at 2/8 B and the buttock angle at 3/8 B and ¢4 is the average of the buttock
angle at 3/8 B and the buttock angle near 4/8 B. The average waterline and the average
normal angles are determined accordingly.”
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Table 5: Main hull parameters of investigated ships related to breaking pattern

classes
Ship Waterline Total resistance from
Model | entrance angle | model tests RIT
No. [-] | o [deg] (normalized) [KN/m]
1 44.7 14.72
2 90.0 12.58
3 90.0 3.50
4 42.3 10.86
5 422 197
6 90.0 11.84
7 90.0 17.15
8 90.0 12.63
9 55.0 17.79
10 90.0 21.23
11 55.0 17.18
Table 8: Ship and ice parameters of investigated ships
Parameter Water-line

entrance angle
Ship [deg]
Model No.
6 90.0
7 90.0
8 90.0
10 90.0
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