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Abstract

This thesis presents a detailed analysis of planar moton mechanism model test data in

vanious 1ce A literature on ship bty

in ice was performed. The main focus of this work 1s better understanding of the effects

of different ice on ship bility and for an effectuve and

accurate h | model for ship y in ice. Because of igh
forces and high accelerations in icebreaking operanon. the data are complex. A complete
procedure for the analysis of the raw test data. including wavelet transform and neural
network calculation. was developed. A ship tuming radius predictor based on the data
gives internally consistent results. The proposals for further research. to achieve a more

accurate model. are provided
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Chapter 1 Introduction

1.1 Background

Naval Architects have long faced the problem of estimating the performance of
ships navigating in ice-covered oceans. Exploitation of oil and gas reserves from
hydrocarbon reservoirs below the seabed has increased rapidly since the early 1960s. A
number of offshore structures have been designed. fabricated and deployed in the arcuc
and sub-arctic waters. areas with tremendous potential for deposits. The most effecuve
means of transportation between the mineral deposit and the plant 1s shipping. More and
more crude oil tankers. bulk carriers and other service ships will navigate this area. The
presence of large fields of ice. which are common i this geographic area. provides a
primary impediment to transportation. There s little operational experience with
merchant vessels 1n severe ice conditions. So 1t 1s necessary to understand how to design.

valuate and estimate ship’s v 1n vanous ice

Ice-ship interaction has vanous aspects. These include ice-propeller interaction.
\ce-rudder interaction. ice floe impact. and ship resistance in ice. The study of ship
resistance 1n ice has made substanual advances over the years. A considerable effort was
spent n documentng ice properties and charactenstics. and measunng ice resistance
acung on different ship hulls. Many model expenments were carried out and numerous

empincal formulae were ped by to predict ship inice. [13]

Much less attention has been paid to the study of ship maneuverability in ice. (1]



Maneuverability is one of the aspects of controllability. Controllability of ships

includes all aspects of regulating ship’s trajectory. speed and orientation in various

eny 1 The bility is the ability to change ship’s course as

necessary in a imely and fashion. The g of the

of a ship in ice 1s of great practical importance because icebreakers and arctic cargo ships
move i ice for most of their navigation seasons. In comparison with open water
condition. ships expenence great difficulty in moving through ice-covered water even if
the 1ce cover has been thoroughly broken into small pieces. Thus good maneuvering
performance is an important part of safe navigation. The most widely used method to
study ship maneuverability in ice 1s sull model tests. Data obtained from maneuvering
tests require complex methods of analysis: measured ice forces have large random

vamauons and show irregular sawtooth pattemns.

Model tests to study the effect of different ice condinons on ship’s maneuverability
were performed n July 1998 at the Institute for Manne Dynamics. The planar motuon
mechanism was used to maneuver an R-Class model in the ice tank of the institute. The

analysis presented in this work is based on the data obtained during these tests.



1.2 Objectives

The main focus of this work is to better the understanding of the effects of different

ice conditions on ship maneuverability and o develop an effective and accurate

! model for ¢ ship v in ice. The present study of the

maneuvenng qualities of a ship in ice has the following specific objectives:

1. To develop a procedure for the manipulation and analysis of the raw test data.

To evaluate different data analysis techmiques.

To correlate the ship motions in ice with the corresponding ice forces acting on the

ship.
4. To develop an effectve approach to predict the ship maneuvering performance in
different ice conditons.

5. To provide proposals for further work



[

Methodology

Two types of PMM maneuvering experiments were carried out: constant radius
arcs and sinusoidal maneuvers. They were performed i four ice conditions and m open
water m order to compare ship maneuverability in different ice conditions. Details of the

PMM expeniments are given in Chapter 4.

The data were converted to MATLAB format and manipulated in a methodical
way for further analysis. The detals are given in Appendix 1. Measured forces acting on
the model and the corresponding responses of the model were obtained from the test

data. The denvauon of basic equations is given 1n Chapter 3.

The work focuses on the different method of data analysis. Wavelet filters which

presenve the charactensuc information of the data were developed and apphed. Neural

networks and Regress were employed to idenufy the between

sway force.

aw moment and sway velocity. yaw rate. Staustical Analysis of the results
was used to correlate the ice forces acting on ship during a maneuver with vanous ice

conditions. A model to predict the ship maneuverability 1n 1ce condition was developed.



Chapter 2 Literature Survey

2.1 Review of ship maneuverability in ice

The development of e logy 1 the past several decades has proven
that the maneuverability of a ship can be improved by modifying specific features of the
hull and the propulsion system and by using of maneuvenng aids. such as a thruster. or a

bubbler.

But 1t 15 sull a remendous task to obtain comprehensive insight into the physical
acuions mvolved when a ship performs all types of maneuvers in ice. To develop an
analyucal procedure which will account for the behavior observed and will mdicate the
significant vanables and therr effects on the processes of maneuvering i 1ce 1s sull an

incomplete mission of many researchers

Before we touch the “ship in ice” issues. ship maneuverability 1 open water
should be mentioned to make a companison with the different phenomenon for a ship i

1ce.

2.1.1 Ship Maneuverability in open water

It 1s reasonable to review ship maneuverability in open water before we turn to the
same topic in ice. Although the influenced parameters differ in the two cases. in both

cases no completely satisfactory mathematical model has vet been developed. and the



most accurate of ship are on model testing.

Empirical esumates may be used at early stages in the design process.

After the beginning of the twming motion. the lateral movement of the ship 1s
opposed by the inertial reactions. If the rudder remains at a fixed angle of deflection. a
steady turing conditon will develop when hydrodynamic and mertial forces and

moments reach a balance.

Generally. there are four types of forces acting on a ship during a maneuver:

»  Hydrodynamic forces acting on the hull and appendages due to ship velocity
and acceleranon. rudder deflection. and propeller rotation.

»  Inerual reaction forces caused by ship acceleration.

~  Environmental forces due to wind. waves and currents

- External forces such as tugs. thrusters and other maneuvenng aids.

The first o types of forces generally act in the honzontal plane and involve only

surge. sway and yaw responses. Usually

the simplest case of maneuverability. assuming
a calm open sea without wind. waves. current. and external forces. is considered by most
researchers. Thus. the surge. sway and yaw motions have been extensively studied by

researchers.

From a previous swdy (1] some basic empincal rules have been developed

relaung v to certain ship . (Table 2-1)



Table 2-1 effect of the ship parameters on maneuverability in open water

Charactensuc

Influence

Length/Beam Ratio UB

Tncrease reduces Maneuverability

Length/Draught Rano LD

Increase increases Maneus erability

Block Coefficient Cs

Tncrease increases Maneuverability

Stern Tnm «stern draft increased)

Increase reduces Maneuverability

Bow Shape

Sharp forms reduce Maneuverability

2 Ship Maneuverability in Ice

So far only very limited work has been carmed out to obtan a physical
understanding of the processes which control the maneuvering performance of a ship in
ice. The development of reliable modeling techniques for ship maneuvenne in ice would
constitute a major advance in the design of new ice-worthy vessels and in the simulation

of their navigating charactensucs.

Ship resistance 1n ice has received much more attention than ship maneuserability

in ice. So some models of ship bility 1n ice were developed from

the models of ship resistance m ice. The ship n

level ice also arracted much more attention than 1n any other ice condition. A majonty
of available literature concerning the ship maneuverability in ice 1s the study of ship
performance in level ice with a solitary dominant icebreaking mode. But in actual
operations 1n arctc and sub-arctic regions. the ship will encounter a mixtwre of ice

formations. According to the Captain’s experience. [1] ships sull have great difficulty



not only in level ice but also in moving through water covered with layers broken ice
fragments. The ideal approach would be of course to take all actual ice conditions into

account when arming at real opumization of an ice-worthy vessel’s de:

So & thorough literature review of ship maneuvering performance in ice should
include the following aspects:
1. Bref introduction to the morphology and physical properties of sea ice

2. The process of a ship executing maneusers in ice

3. Important ship g0 vinice

Morphology and physical properties of sea ice

Sutficient hnow ledge of the formation of ice and 1ts various forms. conditions. and
properties can facilitate a better understanding of 1ssues of ice mechanics and ice loads

on ships

Ice 1s a granular matenal. The typical size and shape of an ice grain. which actually
1s an individual ice crystal. vanes greatly. The ice grain ranges from | mm to several
centimeters and 1ts shape can be tabular. granular. or columnar. The structure of ice may
be complicated further by the presence of salt and air. It 1s generally believed that these
impunties play a more important role than microstructure in determining large-scale

deformation and strength.



Generally. sea ice is classified as first-year or multi-year. The charactenistics and

properties of each type of ice are highly vanable. The basic ice condition is a umform.
level 1ce sheet. On calm water. supercooled condition. the smooth ice sheet grows
contmuously throughout the winter season in cold regions. First-year sea ice can be
overndden by the ice sheets of the same or varying thickness which tend to consolidate
quickly 1nto a single thicker sheet. Much of the sea ice 1s present in the form of ndges
and rubble fields. When ndges extend because of pressure acung from several directions
they are often referred to as an ice rubble field. The pack ice is formed by ice movement
breaking the ice sheet or by the passage of vessels. The diameter of pack ice ranges from
2m (Brash Ice) to 10 km (vast floe). An important characteristic in the study of pack ice
1s the concentration. which 1s the ratio in tenths of the sea surface actually covered by ice
10 the total area of sea surface over a defined area. The parameter of concentration
obviously means the total volume of ice. which is very important in predicting ship

resistance in confined navigation channels.

The mechanical properties of sea ice. which are necessary to predict ice load on
ships. usually include compressive, tensile. flexural. shear. adhesion strengths. friction
coeffictent and also 1ts deformation charactensucs such as elastic modulus and Poisson’s
rauo. All of above properties heavily depend on brine volume. which can be calculated
from the empirical formula developed by Cox. and Weeks. [36]. Other useful references

are gven in the list of reference. (3] (4] (27]



Physical description of a ship maneuvering in ice

A full review of the nouceably sparse literature on this issue was carried out. but
necessary informaton 1s far from complete. There are almost an infimite vanety of ice
conditions found 1n cold regions and this greatly complicates the problem of determining
ship dynamics 1n 1ce. For example. at least three ice conditions are typical in Northern
Labrador: level. pack ice and rubble ice. It also should be remembered that the forces

acung on a ship n ice are unsteady. q periodi since ship-ice

may involve varying degrees of ice ingestion. blockage. or ice milling. The vessel may

undergo motions in six degrees of freedom unless restncted.

In order to simplify the problem. it 1s assumed throughout this thesis that the ice-
worthy ship 1n question moves continuously (as opposed to ramming) through a
homogeneous. umiform ice field of constant thickness and mechamcal / physical
properties. without any internal pressure. Real ice fields. of course. are not this simple.
Instead. they are frequently interwoven with pressure ndges of varying size or rafted ice.
The actual ice field may also be 1n vanious states of stress due to wind and water drag. In
this paper. we only consider three dynamic modes. which consutute the steady turning
motion n ice. surge. sway and yaw. The other three modes. heave. pitch and roll become
important when unsteady motons in non-uniform ice are considered such as rammung a
ndge. Roll may have some effects on maneuverability. A heel of ship hull can improve

1ts ability to break the ice sheet.



The ice conditions a ship experiences in cold regions can be grossly divided into
three categones. The first is uniform. unbroken. level ice: the second is pack ice. the

third 1s mulu-layer broken ice. including rubble ice. brash ice. and mush ice.

Level Ice

First. we give an introduction of the dynamics of a ship maneuvenng in level ice.

While the flexural failure mode 1s the dominant pattern in a straight-line forward
icebreaking. the turning mouons of a ship in level ice cause ice failure 1n a combination
of compressive. buckling. and flexural modes. This further makes 1t difficult to set up an

accurate mathematical model for ship maneuverability in level ice.

Kendrick et al. [1] presented a descnipuion of the process of ship maneuvers in a
continuous. homogeneous ice sheet. In the imuial phase of a tum. at a small angle. the
ship will be enurely within the channel broken by the inclined porion of the bow. The
forces and moments opposing the turn will. therefore. be as a result of displacing broken
\ce fragments. When the ship reaches a certain turming rate. the sides of the ship will
also be required to start breaking addinonal ice sheet. Its ability to do this will be
Jdependent on the turning moment applied by the rudders and on the efficiency of the hull
side in icebreaking. in particular the mid-body flare angle. For all vessels. in ice over a

certain thickness. 1t will be impossible to turn beyond a cnucal turning rate.



Menon et al. [5] gave an explanation of the maximum thickness concept. The
process of steady turns ahead in level ice is governed by a number of phenomena. In a
very thin ice sheet. with thickness typically in the range 0 to L0cm. the ship will
normally turn with a turning radius very nearly the same as that in open water. In this
range. the breaking process 1s pnmanly the result of bow wave actions. With the increase
in the ice thickness. icebreaking by bow waves stops and the ice cover begins to interact
with the hull. Most of the breaking processes occur around the bow and the channel 1s
wider than the beam so that the stern moves out to point the bow into the turn. With the
continuous augmentation of the ice thickness. the sides of the hull also break the ice. In
this phase. the rudder force together with hydrodynamic force 1s suffictent to clear the
broken ice between the hull and the channel edge. Beyond a certain thickness. more and
more broken ice 1n the gap will restrct the outward movement of the stern. thereby
prevenung the hull from adopung sufficient dnft angle to obtain the required moment for
4 wm. So there 1s a maximum ice thickness under which the ship can conunuously break

ice and execute a turn maneuver.

The total resistance due to ice when a ship 15 performing a maneuver in level ice Is
assumed to be composed of a component due to breaking the ice. a component due to
submerging and cleaning the broken ice pieces around the ship. and a frictional drag
component between ship huil and ice. Turning in level ice 1s dependent on the farlure of
the ice sheet. which occurs as a succession of discrete events. The basic frequency of

these will most probably be dependent on ice strength and thickness and on ship velocity



When a ship is performing turning maneuvers in an ice field. since breaking and
submerging the ice normally occurs at the bow of the ship. the ship must maintain a
certain forward speed in order fo execute a yaw motion. Thus the observed motion in
tests or tnals is generally restmcted to yaw with a small dnft angle. Sway velocity and
sway accelerauion are relanvely very small. Short term surge and yaw accelerations may

ificant at the moment of ice failure or yield. but on the ume scale of the ship

making maneuvers. ship velocities vary siowly. Experience from ship resistance in ice
indicates that ice resistance 1s quasi-static in nature. that 1s it depends on instantaneous
ship velocity. and not on the history of the velocity or the acceleration. As the ship yaws.

\ce fragments may be accelerated along the length of the hull.

Pack Ice

A large field of pack 1ce 1s a typical ice form i cold regions. The visual feature of

pack 1ce can be descnibed as various sizes of 1ce fragments floating on the water surface.

When a ship 1s maneuvering in pack ice. the forces on the ship due to ice are likely
10 be much greater than the usual hydrodynamic forces. The resistance against urning is
denived from the consideration of mass. momentum and energy conservauon. Instead of
breaking ice as in the motion of a ship in continuous ice. the motion of a ship in pack ice
results in pushing the ice aside and in compression of ice. Several different processes are

happening when a ship moves through pack ice. (38 [39]



The most typical interaction process is: impact between an ice floe and the ship
hull. followed by submerging and overturning of the floe. When there are many ice floes.
they are packed at the side of the hull as they are being pushed away by the hull. In

addition. neighboring ice floes (not in contact with the hull) participate in the process.

In accordance with the described nature of movement of a ship n pack ice it 1s
possible to analyze and clanfy the force components due to ice involved in ship
maneuvenng. So far the different terms of ice force are difficult to separate exactly.

Some of the components do indeed affect one another.

»  Inertia component due to the loss of kinetic energy of the ship tn collision with
ice floes. Duning the motion of ship. the side of the ship comes into contact with
ice floes which are onginally mouonless. Therefore. momentum 1s transferred to
the ice floes which cause therr translational motion. The process follows the law

of conservation of momentum.

- D due 0 of the energy of the ship.

predorunantly fnicuonal. It can be subdivided into two terms: water resistance

to of ice floes water resistance). and friction between ice
floes. The water resistance to the motion of an ice floe on the surface of water is
proportional to the area of water surface covered by the ice floes. and to the
resistance coefficient. The second term 1s proporuonal to the contact area of

separated ice floes and the resistance coefficient between ice floes.



Component due to deformation of ice when ice is being separated. This process
is independent of velocity. and hence we call it static resistance. It comes from
the volume force (bug,ancy). and depends on the length of ice floe and its

thickness.

»  Component due to submersion and overturning of ice. due to creation of waves
and change of the position of the ship. One thing should be mentioned is the
pattern of motion of a ship in broken 1ce depends significantly on the density of
ice floes. The submerging of ice floes by the sides of the hull is seldom
observed in broken ice of low density. The number of ice floes participating in

the motion is refatvely small.

Rubble Ice

The vessel is likely to travel through a highly dynamic ice environment. which
consists of many miles of muluple layers of small ice floes. This 1s formed when ice is
pushed by wind and ocean current into muluple layers. This ice was also subject (o
pressure and consolidation. which can make ship movement even more difficult. Ship

performance in these ice conditions has not yet been studied in depth.

Ice rubble broadly indicates fragmented ice. As such. ice rubble occurs in many
sizes and forms. Although more strictly speaking it is categorized as fragments whose

major linear dimension exceeds about 2 m. smaller ice fragments in the size range of 2 to



0.02 m are categorized as brash ice. Ice fragments that are yet finer usually form mush

ice.

Heavy pack ice. or rubble ice. resembles a viscous plasuc matenal. Thick brash
ice can perhaps be regarded as a floaung granular solid that 1s homogeneous and
isotropic. Inter-particie cohesion is not likely to be sigmificant unless the mixture remains
stationary for long tme penods and fuses. The effects of any inmnsic cohesion between

ice blocks have been ignored in this discussion.

Dunng a ship maneuver. the total resistance encountered in multi-layer rubble ice
can be divided into the following components:
» Resistance associated with the sheanng or compression of the layer:
~ Resistance attnbutable to the submergence of ice floes:
» Resistance caused by momentum exchange between the hull and ice rubble:
~ Resistance due to fiicuon between ice rubble and hull:
» Resistance associated with the breaking of ice rubble. which 1s significant if
the layer i1s compnsed of relatively large. plate-like ice pieces whose plane

diameter approaches hull beam. and open water hydrodynamuc resistance.

P g Ship M: bility 10 lce

Ship maneuverability 1n ice has received much less attention than have other ship-
in-ice 1ssues. But some reports or papers have now commented on at least some aspects

of the subject.



It has been shown that the position of the pivot point is a major factor affecting the
tumning circle capability of a ship. In the case of a vessel turning under the action of a
stern rudder. the pivot point (zero moment) is located within 0.2 of the ship’s length from
the bow. [6] Iis position will depend upon the efficiency of the bow geometry in terms of
lateral resistance. In general. 1t appears that the higher the lateral bow resistance. the

further forward will be the location of the prvot which increases the tuming radius.

The forward locaton 1s particularly obvious in icebreakers where. although the
system of mouons. forces. and moments goverming the vessel's turming dynamics s
similar to that 1n open-water. the magnitude of the turming resistance 1s greatly increased
by the presence of the 1ce. The net effect 1s to move the pivot point further forward and
50 increase the turning circle. Two approaches are available to move the pivot point
nearer to midship. either a reduction of lateral resistance of the hull or the development
of an increased lateral force of the huil in the direction of the tumn. Thus. the central focus
of the researcher’s considerauon was directed towards the achievement of a more
effectine turming performance by means of reduced lateral resistance and increased

lateral forces.

Edwards et. al. {6] represented the results of two model tests. The two models were
identical except for the block coefficient. The increase in the block coefficient from
0.555 to 0.625 has resulted 1n an increase in the dimensionless turning radius of 95

percent. The turning radius of the longer ship 1s significantly greater than that of the



shorter model. An increase in ship length of 20 percent caused an increase in turning
radius per ship length of 300 percent. A simplified explanation for this greater turning
radius 1s that for a ship to tumn in ice. the hull side must break ice. The longer model must
break 1ce over a greater length than the shorter model in a trn of equal radius. Hence.
the tests predict much higher forces and moments for the longer ship to achieve the same
radius twm. and. conversely. the ship will execute a much greater radius twm with the
same available turning forces. The tuming radius is greatly influenced by ice thickness.
Edwards reported that by increasing the ice thickness from 3 to 6 ft. the ming radius

per ship length increased from 3.3 to 37.5 at a rudder angle of 35 deg.

Perrce et. al. [7] conducted a survey over a database of twenty current icebreakers

covenng a representative range of size. proportions and capability coupled with an

extensive literature search to idenufy and quanufy those factors which contribute to good

maneuserability 1n ice. The following are therr conclusions.

Maneuverability was greatly improved by the reduction of the vessel's length to
breadth ratio. The L/B ratio has a powerful influence on the turming circle. The wrming

circle increased five fold for a doubling in the L/B rauo.

It must be emphasized that bow geometry plays a vastly more important role in a
ship’s total performance than any other underwater portion of the hull. One method of
producing the additional lateral force is by creating a differential geometry between the

two sides of the bow by heeling the ship. The effect of heeling is to change the flare



angles on either side and this will result in a differential resistance across the bow. The
basic principle involves an increase in lateral resistance on the outer side of the turning
path and a reduction on the inner side. The modification to the stern lines near the
waterline could be made to improve twming in ice. Providing a little more slopes at the
waterline would assist the stem sections to break ice in bending rather than crushing. A
model with the greatest section forward of amidships might also show a beter

maneuvering performance. as this allows room for the stem to swing. Vessels having

high-energy downward hull forms by large waterline flare
angles. such as elliptical and spoon bows. reduce laeral resistance and increasing tuning

abulity compared with conventional bows.

The adoption of nozzles and one-f prop has

improved icebreaker trming ability. It has been found that the use of reamers also

g v to improving turing capability. Bubbler systems also can
improve ship’s maneuverability in ice to some degree by reducing the fricuon coetficient

between the ship and the ice sheet. [7]

Some conclusions from the above discussions are shown in Table 2-2. which

should be compared with Table 2-1 for the open water case.



Table 2-2 effect of the ship on ship inice
Characteristic Influence
Length/Beam Ratio LB Increase reduces Maneuverability
Block Coefficient Cy Increase reduces Maneuverability
Bow asymmetry Increased lateral force
Bow thruster Increased lateral force
Bubbler Reduced lateral resistance
Mid-Body flare angle Reduced lateral resistance
Stern thruster Increased lateral force
Bow, Stern, Hull Shape See detailed description

Bow asymmetry means that the two sides of a ship’s bow have different shapes

2.2 Survey of current methods to predict ship maneuverability in ice

Theories and i for predicting the imp ing abilities of

ships in open water have been imp d to a sati y level. U y very little

effort has been exerted to understanding these abilities of ships in ice. Good

is also i tobe an i i for the design of ice —

worthy ships.

Generally speaking, the methods for predicting ship maneuverability can be
divided into three categories, full-scale ship trials, model tests, and analytical

approaches.
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A reliable analytical approach is the ultimate goal of all ice-ship researchers. This
would be a method based on a physical representation of the mechanics of ship-ice

teraction and the building of a matching mathemaucal model. So a thorough

2 of ship-ice isa for this method. The process of the
motion of a ship 1n vanous ice conditions is quite complicated. So far the siudy of the
complex nature of ship-ice interaction leaves too much to be improved. This tremendous

task has been tackled by several investigators over the years. (3] {13]

Full-scale ship voyage tnals obviously represent the most valid performance of
ship 1n 1ce. The data of tnals also give a most powerful database for the validation of
results of the model tests and analytical methods. The major shortcoming of such tnals 1s
that the tmals are related to a parucular type of ship and to a specific ice condition under
which the measurement was made. Thus. full-scale tnals are not generally valid for all
\ce conditions. Due o the limitauons of this approach and the profubiuve cost of full-

scale tests. not too much work has been done using this approach.

The most widely used method in predicting ship maneuverability in ice is model

tests. For the case of open-water model testing. more than 100 years of experience led to

the highly reliable for g ship's v. The
of hydrodynamic denvatives for the motions and control of a hull is a weil-advanced
science. The accomplishments in open water encouraged researchers to apply this

method 1n the study of ship bility n ice. C g the of the

loads imposed by ice. a physical model expenment is currently the best method available



for investigaung the maneuverability of ships in ice. Hence this literature review

emphasizes the theory and application of a variety of model tests.

221 Full scale voyage trials

The first documented full-scale turning test was conducted on the CCGS Labrador
m sea ice duning the winter of 1973. and thus provided the first full-scale data for model

and full-scale correlation study

There are few available reports of full-scale tmals to review. Menon's report (3]
documented the maneusening performance data from tnals conducted onboard 35 ships.
which 1s the most complete record of full-scale trials. The data were used to identify the

principal

g ship’s bility in ice.

The 1985 summer Antarcuc Development of USCGC Polar Star provided an
opportunity to obtain full scale maneuvening performance data in level ice. The dedicated
maneusenng tests were planned with the main objective of quantifying the maneuvenng
capability of the Polar class vessel in ice considening ship speed and rudder angle as

parameters.

Although the single vovage was useful in providing benchmark data for a ship

operaung

m this specific condition. it did not give sufficient informaton for the

evaluauon of ship v in other ice It 1s the principle drawback of

this approach that the results of full-scale tests are of limited value to a general solution.



Furthermore. it is very difficult to find a place where the ice condition is homogeneous
over sufficient length for a ship to accomplish a maneuvering pattern. For instance. in
level ice. the distance between successive arcs must be sufficient to avoid interaction
through the ice. Another shortcoming of this approach is the prohibitive cost and

sophisticated equipments used in the tnals.

However. data obtained from full-scale tnals. in controlled conditions. are of value
for research purposes. The data can be used to identify the main parameters governing
maneuverability in 1ce and to develop functional relationship between the turning radius
and the main parameters. The full-scale data can assist n the development and validation
of numencal models of vessels maneuvenng 1n ice. The success of theoreucal or model

expenment methods depends on establishing reliable correlation with the full-scale ship.

2.2.2 Model Experiments

Up to now. model expenments are the most successful techmique 1n assessing ship

Although is the eventual goal. physical model
tests are an essenuial step in determuming ship muneusvenng equations and parameters.
There are two distinct types of model tests used 1n evaluating of ship maneuverability:
forced captive model tests and free running model tests. Free-running model tests are

more direct and make use of a self-propelled ship scale model fitted with all appendages

and remote control. so that actual can be f d and can

be evaluated. This test requires a large maneuvering basin. and the model tests have to be



conducted in different ice thickness with different rudder angles: thus. the test is very
expensive. Captive model tests are useful in developing coefficients for use in ship
trajectory prediction equations. This expenmental method provides the information on
hull force and moment derivatives and is more versaule to apply to the prediction of
maneuvenng performance. Among these. the planar motion mechanism. oscillator. and

rotating arm methods were considered.

This section provides an overview of the current state of the art techniques used in
the testing of ships i simulated 1ce cover. Validity of model test results only can be
determined 1n companson with available full-scale measurements. It is unreasonable (©

carry out model at all possible of ship and ice conditions. The

vanables currently thought to have the most effect on ship performance are ice thickness.
wce flexural strength. ship speed. The complex nature of the 1ce imposes munimum run

length The test pattern d are restricted by the tank

size. and by the cost of producing each ice sheet. Finally. the expeniments must provide

information which can be correlated with full-scale ship performance.

The formation of model ice and full-scale/model-scale correlauon are also

considered as important aspects of the model expeniments in ice.

Free-running Model Test

For accurate prediction of ship behavior. the model must represent as closely as

possible the ship and its operating condition both geometrically and dynamically. The



self-propelled free-running model is one of the choices. Free-running maneuvering

model tests in ice were performed recently. at IMD. [18]

These free-running tests are similar to full scale tnals and are generally used to

confirm predictions. to evaluate or d the vessei’s 1 bility. For the free
runming model tests. all aspects of the flow and resulting forces are accurately simulated.
One of the main disadvantages of using free running models is the large space required
10 perform specific maneuvers. This means a large maneuvenng basin is required. Often
this limuts the size of the model to a scale not considered surtable for tests. But a specific
test maneuver of a free-runming model 1 difficult to achieve in the ice tank due to the

random interaction between ic2 and the hull of the ship model.

The results from the free-running maneuvenng programs conducted provide
further empincal data to refine our maneuvenng predictions. However. they only
demonstrate the effect of vanous design alternatves but do not proide much msight into

the physical cause for the behavior.

Captive Model Test

Capuive model tests provide the basic data to determne the cause of problems and
are essential for the researchers to improve their knowledge of ship maneuverability 1n

ice.



Most captive model tests are now camed out using a planar motion mechanism
(PMM) or a rotaung arm. In either case the model is tested over a suitable range of
important \ anables such as dnft angle. yaw rate. sway acceleration. yaw acceleration and
rudder angle. and the results are analyzed to obtain the hydrodynamic coefficients
required 1n the equations of motion. The derivatives of forces and moments with respect
{0 transverse velocity or yaw rate can also be measured in what is termed an oblique tow
test 1n a conventional long ship tank. Another approach. impulse-response technique has
recently been developed by researchers at the Berkeley which 1s used to evaluate ship
maneuverability 1n open water. The following text gives introductions to the several

captive model test methods.

Straight-line Oblique Tow model test

Strarght-line oblique fow tests can be camed out 1n a traditional towing tank. In the
straight-line oblique test. the models are towed at constant velocity along a straight line
parallel to centerline of the the basin over a range dnft angles varying 1n a range of
degrees. This strught-line towing of a model with 2 dnft angle generates a transverse
velocity component and thus provides the data to plot the forces and moments against the
transverse velocites. So the velocity dependent denvatives Y, and N, of a ship at any
draft and trim can be determined from measurements on a model of the ship towed in a

conventional towing tank at a constant velocity.

[6] and [15] both demonstrated that the standard oblique straight-line tests could be

applied to a ship model in simulated ice. This is a convenient and inexpensive means by



which the designer can obtain much useful informaton about the vessel's tuming

performance charactenstics in ice.

Rotating-Arm Test

To measure the rotatary denvatives Y. and N. on a model. a special type of towing

tank and called a rotaung facthty 1s employed. In the rotating tests. the
models are towed along an arc segment by the rotating arm. This rotaton generates a
pure vaw angular velocity in the model while its transverse velocity component v 1s at all
umes zero dnft angle equal to zero). The rotaung tests thus provided the data to plot the
longitudinal forces and moments versus the yaw angular velocity. Edwards et. al. [6]
presented a modified rotaung arm expenmental and analysis technique to assess the
maneuverability of ship 1 level ice. The model 1s rotated at 4 constant linear speed at
vanous radn and a dynamometer measures the force and the moment acting on the
model. One way to vary angular velocity 1s to vary radit at constant linear speed. The
rotatng-arm facility can also be used to determune Y+ and Nv as well as Y. and N.. This
accomplished by towing the model at a vamety of values of dnft angles for each yaw
rate. In order to obtain the values of the demvauves Y. and N.. smail values of r are

necessary. This means that the ratio of the radius of turm R/L should be large. For large

models. a large facility 1s required. Thus a major drawback associated with the rotaung-

arm test is that it requires a specialized facihity n a large basin and cannot be conducted

in the long narrow tank v used for and tesung. There



are only a few rotating-arm facilities in the world. Smaller models may use a smaller

tank. but models too small will lead to scale effects in the ship prediction.

Impulse test

An impulse-response technique [43] has been developed at Berkeley which is
capable of providing the designer with a very complete description of a ship’s

maneuvenng qualities in open water. This impulse-response technique 1s also simple and

P because 1t is in the towing tank with a considerable
savings i “setup” ume and facilities costs. This method will yield the added-mass and

damping coetficients as functions of freqy v. while and ght-line tests

vield no information about added masses and only zero-frequency value of the damping

coetficients.

This method might be applicable to the of ship bility in ice.

although some researchers have rejected the possibility of appiving this technique to
maneuverability in ice because of the discontinuous nature of the ice forces on the hull as
individual 1ce cusps break off. Due to the abundant frequency information showed in the
data of measured ice forces of the PMM test pracuiced n IMD ice tank. I would
recommend that 1t be considered before further studies are undertaken. In chapter 5. we

examune the power spectra of measured ice forces and ship mouions to understand that

the added t it (i and freqy de dent damping (velocity)

coefficients are necessary in ice-ship interaction problems.



Planar Motion Mechanism (PMM) Test

In order o avoid the large expense of a rotating-arm facility. a device known as a

Planar Motion Mech, (PMM) was developed for use in the I long and

narrow towing tank to measure the velocity dependent derivatives. rotary denvatinves. as
well as acceleranon denvauves. This research 1s the first one to attempt a detaled and
comprehensive analysis of PMM in ice tests. Basically the PMM consists of o

oscillators to control a ship model’s trajectory. The PMM. however. is more than a

| means of g a model in a manner. The used to
measure the forces on the model. and the special instrumentation required for the proper
resolution of the forces. are vital parts of the PMM. The PMM also measure the
displacements. rotations of the model in the test. The essence of these tests 1s that the
model 1s forced to oscillate at the same ume as being towed below the camage of a

convenuonal ice tank giving nse to sinusoidal yawing and swayving motions.

PMM techniques ailow a better understanding of the maneuvening problem by
allowing us to force a model to follow prescribed path. Test results obtamed using PMM

<an provide the most complete information on the hull force and moment denvatives.

Although PMM test yields satisfactory result in the research. the construction of a
PMM system suitable for ice tests and the reduction of the data obtamed during the
PMM tests in ice were expected to be very complex and costly. In addition. the statstical
ume-varying nature of icebreaking forces would complicate the analysis of such tests

where turning rate is constantly varying. The rates of turn or curvature that can be




applied in PMM tests are limited and the tests do not provide useful information on non-
linearities and cross-coupling terms. Thus the oblique tow. rotating arm and PMM tests

are complementary to one another.

Full-scale/model-scale correlation

Ship designers rely heavily on the results of tests on scaled models in order o
predict whether the ship. as designed. will have sausfactory performance when in service
at sea. A valid model 1s one 1n which the force coefficient measured on the model will
have the same value as the force coefficient that will occur on the ship. The results in the
force coefficient on the model test are not necessanly equal to the force coefficient of the

ship. The difference in the result of force coefficient obtained from model test and full-

scale ship 15 called “scale error” and 15 aunbuted to “scale effects”. Model test results
suffer from “scale effects”. and the development of accurate methods of extrapolation to
full size have been hindered by the lack of rehiable “measurements™ from full-scale tnals

(often expensive) of thrust deduction factor. propeller thrust and

hydrodynamic maneuvenng coefficients. A scale effect is evident in model ice tests. In a

resistance 1n ice test. the 1/48"-scale models predict higher resistance than the 1/
scale models with divergence increasing from zero to 10 percent as ice thickness Froude

number increases from zero to 2.0. [3] At low speeds typical of the limiting conditions of

Breal ce. scale effect 1s negligible.



Model Ice

Numerous materials have been used over the years in an effort to find the ideal
matenal for testing. one which maintains the required scale ratios for all dimensional and
mechanical properties simultancously. Most recently. three matenals have been used for
the simulation of the ice sheet. [2] These are: Saline 1ce. Carbamide 1ce and MOD-ice.
The first two of these materials are formed by freezing solutions of salt or urea.
respectively. The third 1s a syntheuc ice formulation requining no refngeration formerly
used by ARCTEC (no longer in use . The target properties for the ice to be modeled can

vary greatly with loading conditions. structural shapes. and geographical area of interest.

The concept of model tesung with saline ice was imnally developed in the Sovet
Union 1n 1955 and has been shown to give good results for cases where ice failure occurs
in the flexural mode. Saline ice was considered to be the more flexible and cost-effective
medium for subsequent tests. But the turming motions of ship cause ice fuilure in a4
combination of farlure modes in full scale. This dynamic process unfortunately cannot be

duplicated with saline model ice. which only can break in a flexural mode.

This section gives an mtroduction of formulation of the model ice. All ice-tesung
facilines now use some kind of doped ice as the modeling matenal. This model ice 1s
grown from a water bath in which a dopant. either salt. carbamide (urea). or ethylene
glycol has been added. Growth of the ice sheet at the surface of the towing tank. the
dopant 1s trapped within the pure ice matrx. formuing the equivalent of brine pockets.

Once the ice sheet has nearly reached the target ice thickness. the ice sheet is usually



tempered undil the flexural strength of the model ice is within an acceptable range of its
target value. Columnar ice is initiated by the wet seeding method: a fine water mist is
sprayed in the cold air (-10 t0 20C) where it freezes into small ice crystals that deposit at
the water surface. The columnar ice sheet grows from the top down at a rate that depends
primarily on the air temperature. Fine-grain ice is grown by continuously spraying.
throughout the growth period. fine water droplets in the frigid air that settle as ice

erystals on the water surface: the ice sheet therefore grows from the bottom up.

Uncertainty Analysis

Uncertainty analysis is a true and important aspect in the design of experiments.
Especially in the study of ship-ice interaction, we observed that the ice forces are
transtent and irregular. It 1s possible that the jagged pattern ice forces imtiate the

instantaneous velocity of the ship. The magmitude of this instant velocity 1s perhaps in

the range of v of the sensors. et. al. preformed the
uncertainty analysis on the results of the ship experiments at IMD in 2001.[30] Although.
n this paper. the mode! test database did not include the data in ice conditions. we can
also have a general idea about what 1s the level of uncertainty in the measured data.
Uncertainuies associated with ship motions. wave impact forces and pressures were
calculated in this paper. The results of uncertunty analysis reveal that the measured
errors possibly cause the unreliable outcome. (Details in Chapter 5) In the summary of
total uncertainty of this paper. we can nouce the maximum error in ship speed
measurement 1n calm water is 0.30 m/s. 142 degree in angle measurement. 4.1 N in

force measurement.



2.3 Development of numerical models

We know the analytcal approach or a perfect mathematical model is the final goal
of every researcher. However the ice forces have a different dynamic mode than the
hydrodynamic forces. The ice forces. which are governed by ice failure processes. are
transient and irregular. The force amplitudes may be much larger than the mean thrust or
twrming moment which the ship can generate. and the ship is effectively restrained from
lateral motion. Because of the lack of a sauisfactory analytical expression for ship

maneusenng resistance m ice. numencal models of vessel maneuvening performance are

Due to the v of ship-ice such al tools are

obtamed by simphfying the dynamic processes. Therefore. several assumptions are

normally apphied in the pment of models. D

and vahdauon of numencal tools for the and of ship

will provide an efficient and versaule wd to ship design valuation. navigation route
selection. and operational traming. Such tools ewist for ship maneuvers in open water.
But satisfactory simulations 1n ice are unlikely o be accomplished by a simple extension
to exisung methods. and there 15 a requirement for new tools (o support the simulation of

ship operations In ice.

\'arious attempts have been made in the past several decades to numencally model
the maneuvening performance of ships in ice. The earliest one dated back to 1969. when

Tromin [50] atempted to express analytically the components of ice forces and resulting



moment acting on an g hull form g steady turns in pack

ice.

Canmar Numerical Model

The first predictive mathematical model of the steady turning performance of
\cebreakers with conventional bow forms in level. unbroken. homogeneous ice fields is
the model developed by Canadian Marine Drlling Limited (Canmar) (5]. This approach
developed directly from Carter’s straight-ahead icebreaking resistance model and used
simplified hull geometry to develop a balance equation for the forces acting on an

icebreaker w hilst turming. The force balance is then used to predict the radius of the tum.

Generally. there are three dynamic modes which constitute the steady turning
motion n level unbroken ice. surge. sway and yaw. (Ch. 2111 A simplified vessel

model 15 presenied for only the three pnmary vanables of mouon tor degrees of

freedom) 1n the honzontal plane. The pimary simplifications of this approach are the
chimination of higher order terms i the hydrodynamic force formulation. Further. the

hull hydrodynamic forces are assumed to be independent of the ice interaction forces.

The co-ordinate system. x-axis referred 0 as surge axis. y-axis referred 10 as sway
axis. z-axis referred to as yaw axis. The mathematical model of a maneuvering ship can

be described by the equations in the surge. sway and yaw modes of motion. with

reference to the body axes mven below:
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Where
> x. ¥ ¥.¥ V. Summation of X and Y forces and the moments about the Z-axis:
m. Mass of the vessel:

. Mass moment of inertia of the vessel about the z-axis:

w.v.r . Surge. sway and yaw velocities relative to water:
u.v. 7. Surge. sway and yaw accelerations relative (o water:

%, Longitudinal position of the center of gravity of the vessel:

Ice forces and Moments:
X..Y..N,. Forces and Moments from propeller:

X,.¥,.N,. Forces and Moments from rudder:

. Hull hydrodynamic forces and moments.

The 1ce forces und moments are computed using a modified version of Carter’s

model of level ice resistance. The algonthm that computes the forces and moments

resulung from ice tulure around the hull uses the hull angles along the waterline to

define the hull/ice mterface geometry. and the angular and lateral velocities to define the

relative velocity on the hull surface imteractung with the 1ce edge. The three modes of ice

failure along the interface. bending. buckling and compressing. determine the local

forces on the bow and the shoulder. Breaking forces are concentrated around the bow.

while the parallel midbody and the stern contnibute to frictional and ice cleaning forces.

The local forces are integrated along the length of the ship to determine the net (global)

longitudinal and wansverse forces and the yaw moment. In order to facilitate the

computation of the ice forces. the distribution of the contact force was idealized.

k3



triangular or force were adopted in the numerical
algonthm based on full-scale observations and operational expenence. The
hydrodynamic forces and moments on the hull. the propeller thrusts and the rudder
forces were calculated by using standard semi-empirical formulations in this approach.
The governing nonlinear equations of motion of a mancuvering vessel are numencally

integrated to give the trajectory of the vessel center of gravity in the time domain.

Correlation of predicted maneuvering performance with full-scale measurements
did not yield acceptable results. Since the model was developed from a straight-ahead
resistance model. ice forces in the X direction seem to be predicted with a reasonable
degree of accuracy. But. ice forces in the Y direction and the resulting moment on the
vessel appear to be overestimated in companson with measured data. The results of the
numencal calculation show that the model properly predicts the expected trend of the
turming radii i ice. The ship tuming radii increases with increasing ice thickness: the
ship turns with a smaller turming circle with greater power and at higher rudder angle.
The Canmar model. for a particular ship. also predicts greater turming radius for turns to
port and tends to underestimate the turning radius for turns to starboard when compared

to the g full-scale

The prediction capability of the model can be greatly improved by taking into
account the following aspects: a better esumate of the location of the mud-body side

force and center of rotation by calibration with other full-scale data: a better estimate of



rudder lift force taking into account the effects of the propeller race: the direct influence

of the propeller on turning: the effect of wind and current:

Menon Time Domain Model

A numencal model of a ume domain maneuvering simulation is presented by
Menon et. al. (5]. This numenical model 15 based on conventional maneuvering equations
with coefficients obtained from model test. It has limitations which prevent it from
taking sufficient account to prevailing circumstances. and was unable to provide a

general and powerful prediction.

One method that 1s amenable to the calculauon of three honzontal modes of
motion which consutute the steady turning motion in level unbroken ice is to uulize the
principles of ngid body dynamics and functional representations of external forces. Such
2 method 15 used in the development of the mathematical model that allows computation
of the turming trajectory as a ume-stepping process. The mathematical details of the

nonfinear equations of motion are given by Abkowirs. (8]

When the full-scale data were applied to take a companson with the results of
time-domain simulation. the result of T-D model of vessel maneuvenng in level ice (5]
consistently over-predicted the steady tumning radius. The model also failed to give
steady turning radii. at 40000 and 18000HP. 1n 1.5 and 1.8 m of ice respectively. It is
seen that the result of T-D model consistently under-predicted at lower ice thickness and

over predicted at higher ice thickness.



A number of factors contnibuted to this discrepancy: the hull denvative coefficients
which were extracted from model test data of icebreaking hull forms do not account for
changes in flexural strength. The T-D model in its present form takes into account equal
thrust on the three propellers (Polar Star Class vessels involved in full-scale mals) in the

calculanon of forward mouon and 1ts effect on the rudder.

Lindstrom’s model

Ti % I ice force such as ice

has been based on the static solution of a semi-infinite plate on an elastic foundation.
Yet. full scale observanons. model tests and calculanons by the finite element method all
show that ice-breaking 1s a dynamic phenomenon. Lindstrom (33] observed that the
static equation cannot take 1nto account the influence of speed on the ice load and on the
s1ze of the broken ice flce etc. Consequently. the following dynamic equanon for an

elastic plate on elastic foundation ts used 1n this approach:

where w 15 the verical deflection of the ice sheet and c is the vertical mass per unit
area. D 15 the flexural ngndity of the ice plate and 7 describes the refation between the

pressure from the underneath water and the deflection of the ice.

Sorensen [41] has solved the equation for a sem-infinite plate with a linearly

growing verucal force distnbution on the free edge. He gave expressions for the



deflection of the ice sheet as well as for the bending moments in the ice. The results are.
however. in integral form but can be solved by means of numencal methods. So when
the response of the ice sheet 1s known. the ume history of the force in a contact pont
between the ship and the ice could be calculated together with bending stresses in the ice
sheet. The total stresses in the ice sheet are the sum of the bending stwresses and
membrane stresses caused by the horizontal component of the contact force. The
horizontal stresses are calculated by the static equation. An application of Tsai-Wu

falure cntenon will @ve us the impact duration. the maximum ice force. In the

the g ice force is the average force acting on the entire
ship. The average force in the assumed contact point can be estmated by mtegrating the
force from first contact unul the broken ice floe has been turned parallel to the hull. The
hydrodynamic forces and rudder forces are calculated using semu-empinical methods

developed for ships 1 open water.

The presented model 15 tested by numencal simulaon of turning maneusers 1n
level ice with the Finmish patrol vessel Tursas. the USCG Mobile Bay and the Finmish
\cebreaker Kontio Thus. The results of simulations show relatively good correlation with
results from full-scale measurements. The model 15 believed to be a helpful tool in the
design of ice transtting vessels. The main disadvantage of the model 1s that the bending
failure of the ice 15 the only mode of ice breaking. Because of this. the model cannot be

used for ships with vertical sides.



A brief introduction of several numerical models is presented above. The
development of every model is similar. First. quite a few approximations are considered
to simplify the complex interaction between ship and ice. Second. a selected failure
cntenon 15 applied in the calculation. Next. a specified ship hull. espectally the shape of
bow and side. 1s chosen as the rigid body under the ice load. Finally. the average ice
force and yaw moment 1s calculated by integraung (numencal method) the force in
contact pornt along the ship hull. From the summary of the general procedures of the
numencal method. we can understand why each one of them is only limited to a special

hull and ice. The disagreement between the resuits of numencal methods and full-scale

15 ped from the of the ship-ice and the
ice failure cntenon. A universal numenical method is not available. So it 1s sull necessary

to develop an efficient approach of physical model testing in ice.

224 E ion of the icati and limitati of current

A hensive of present in the research of ship
maneuverability 1n ice 1s clearly demonstrated in the following table. including the

advantages. disady antages. oS, acCUracy. prospect. eic.
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Chapter 3 Derivation of the Basic Equations of Motion

3.1 Linear Newtonian Equations

The basic dynamics of maneuvering can be studied using Newton's equations of
motion in the honzontal plane. It is customary to consider the dynamic equations with
reference to two different rght-hand coordinate systems: one set of axes fixed relative to

the earth. and the other set fixed relative to the ship.

Figure 3-1 shows the onentation of the coordinate systems. OpXoYo is fixed in
space and OXY s fixed in the ship. O is located at the center of gravity of the ship. with
the x-axis pomung forward. The y-axis 1s pornting to the starboard side of the ship. The

two ongins comcide when the ship is in her imitial position.

Figure 3-1 Two Coordinate Axes

s “
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|
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The yaw angle. . is the angle between the ship’s longitudinal axis x and the fixed axis
(xn). drift angle. B. is the difference between the x axis and the tangent to the actual
course of the ship (direction of the velocity vector at the center of gravity). The motion

of the ship 15 completely defined by the %o Yoo and the yaw angle w.

With reference to the fixed coordinate system. according to Newton's second law

of motion. the equations of motion of the ship can be written as:

o =AY, (Surge)

Agg  (Sway) 3.1

[y (Yaw)

Where.

Xo. Yoand N. are the total forces and moments acting at the center of gravity of ship. in
the Xo. vo direction and about an axis parallel to the zo-axis: earth coordinate system.
A.1s the displacement of ship:

1,15 the mass moment inertia of ship about the z-axi

. 1s the yaw angle.

Coordinate transformation

The motion of a ship 1s more conveniently expressed with respect to the axes < and
+ fixed in the ship. The moving axes x. y form a nght-hand orthogonal system whose

ongin 1s fixed at the center of grav

v The x-axis 1s along the longitudinal center line of

the ship. The instantaneous linear velocity of the center of gravity. always tangent to the

43



real course of the ship. is indicated by the vector V in Fig 3-1. As noted earlier. the
onentation of the x-axis is the heading angle of the ship. named yaw angle v: and the so-

called drift angle B is measured from direction of motion V to the moving axis x.

Now we can rewnte the Equations (3.1) in the moving coordinate (ship axis) using

the follow ing coordinate transtormation:

X =X, cosy + Y, siny

B2
¥, cosy - X, siny
Similarly. velocity transformations are given as:
Yo =UCOSY —vSINY
(3.3

Yo =USINY ~vCOSY

Where u and v are the components of V along ship axes x and v and a dot above the
vanable indicates the first denvative with respect to time.

Next. differentiate equations ¢3.3) with respect to ume to obtain the accelerauon

transformation:

Yo; = KCOSW —VSINY — LW/ SINY — vy COSY

SUSINY ~VCOSY ~ Uy Cosy —vy siny

Substituting equations (3.2) and (3.4). Equations (3.1) amves at (ship aus:
X =Mu-vy) (Surge)

Y=Aw-uy) (Sway) 4331

N=1y (Yaw)



Linear Equations of Motion

In the most general case. the force components X. Y and the moment component N
are functions of the velocities and the accelerations of the ship. 1.e. the motion of the
ship. For the present study. X. Y. and N are assumed to be expressed functionally as:

X = F (uv.uav.y i)
Y =F (v vy g)

N = F v vy gy

The functional expressions shown above must be simplified. Tayior expansion of a
funcuion of several vanables is one of the choices. Consider a small disturbance which
deflects the ship through a small angle ¥ relauve to 1ts iniual path. The velocity of the
ship 1s sull substanually along the direction of the imual path. The ship hull. at an angle
of attack w . develops a lift force which is in the direction of the perpendicular to the
ship’s heading. This force can be replaced by a parallel force acting at the center of
gravity of the ship and a turning moment about the verucal axis passing through the c.g.
of the ship. The direction of the moment is such that it leads to decrease the angley .
Considering only small deviations from a straight path so that second order terms can be
neglected. linear equations can be used to describe ship maneuverability. The lineanized
form of Taylor expansion for the force Y. can be written as:

¥=F v

O+ =Y, = (v=v)¥ =

3.7
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where the subscnipt 1 means the values of the vaniable at the initial equilibrium condition

% sing Taylor initial d and symmetry

and ¥, =
du

properties of ship. linearized Taylor expansion equations can be reduced to:
X=Xu-X w-u)

F=¥veYi-Yr-t7 (3.8)

NN BN NF

Dynamic Equations

Finally. g above linear

q nto Newton of

Motion. for small perturbation (control force 1s zero), one get

- X, =1 A= X, =0 (Surge)
“Yv=QA-F¥ =¥, -dir-Yr=0 Sway) 3.9
~Nv=Ny=Nr= -Nor=0 Yaw)

.. refers to denvauve coefficients:

and subscripts u v r denote differentiation with respect to surge velocity (iongitudinal
component of velocity). sway velocity tlateral component of velocity) and yaw rate (rate
of changing heading) respecuvely. i.e. ¥, =3¥ /dv. etc.

X.Y.N Surge force. Sway force and Yaw moment. respectively:

u.v.r Instant Surge velocity. Sway velocity and Yaw rate. respectively: r=dy /dr

u, Velocity at the time of initial equilibrium condition:



A displacement of ship:

1. Mass moment inertia of ship:

These equanons are based on a Taylor senes expansion of the Newtonian Dynamic

E with the that ail 1 terms n the senes are either zero or

small enough o be neglected. All derivauve coefficients can be obtained from model

tests or estmated from mathemaucal modeling of the ship hull.

It 1s important to notice that 13-9) are These

equations express the equilibnum condition without control forces or moments acting on
the hull. When a ship makes a maneuver in water. the control forces on the nght sides of
the equatons are generated by rudder deflecuon and any other control devices. In a

PMM model test. 1t 1s created by the carmage of the PMM.
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3.2 Derivation of Equations for PMM Model Tests.

To consider the motion of a ship model dunng a PMM maneuver. we used to
modify the nght hand side of equation (3-9) to reflect the effect of the PMM on the

model.

Firstly. we should return to figure (3-1) o review the relanonship between the

fixed coordinate system and moving coordinate system. Using figure (3-1). we can

denve the following relationships:

v=u,-B (3100
Velocity Relationship:
w=V"cos B

Visin g

30
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Figure 3-2 Ship turning motion diagram

From above graph figure (3-2). we get
GG, =\dr

GG.=Riv,

Thus. from Vi = Rdw, obtain

dv,
dr

[EREY

In the graph. where

o+ Yo - Center of gravity of the ship:



V' Instant Velocity at the center of gravity of the ship:

w, Voyage Angle. Angle measured from x, axis to the direction of V. from x to V.
Positive direction is Clockwise:

v Yaw Angle. Angle measured from x, axis (fixed) to xaxis (moving). from x, axis to

xaxs. Posiuve direction 1s Clockwise:

B Dnft Angle. Angle measured from x axis (moving) to the direction of V. from x to

V", Positive direction 1s Clockwise:

r Yaw Rate: instant angular velocity of ship’s rotation:

R Instant Turning Radius of the ship
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In the PMM test, we carry out two kinds of tests.

(The unit of x-axis in the following figures is sample number, with sample rate 50Hz.
Thus, 50 data points equal to 1 second.)

3.2.1 Sinusoidal Tests

A pure yaw test should satisfy:

v=0,y=0,=0

Figure 3-3 Sinusoidal test data velocity plots (rclassmano_40, level ice, SOmm)

m/s
o7y

Resultant Velocity

hd’r*:ﬁ"‘“ v SRR = o oo SN

| Carriage Velocity

015~ = o
Sway Velocity (Ship)

SR SO

Figure 3-3 shows the results from the raw sinusoidal test data according to
equation (3-12). From above graph, we can observe that the carriage velocity (u,) and

sway velocity (in ship coordinate system) of the ship (v ) are almost constant in a



comparison with resultant velocity. Sway velocity (v ) is nearly zero. The resultant
velocity and the sway velocity with respect to the fixed axes are denoted V andv,,
respectively. These results also can be verified using the following plot of drift angle

from the same test data.

Figure 3-4 Sinusoidal test data drift angle plot (rclassmano_40, level ice, 50mm)

1

|
1
|
|

oty - 1 8 8 WWMWWWM

From figure 3-4, we can find that the drift angle (voyage angle minus yaw angle) is close
to zero. So the sway velocity (resultant velocity times cosine of drift angle) is a very
small value.

Figure 3-3 and figure 3-4 were obtained from the same test file (rclassmano_40,
level ice, SOmm). The results can validate the test program. The prescribed maneuvers

were achieved exactly under the control of PMM.
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Since v=0,v=0, the dynamic ions (3.9) in a si idal test can be si

~(¥, ~Bu)r-Y,i =¥,
(3.16)

~N,r+(I,=N,)i=N,+N,,,

3.2.2 Constant Radius Tests

aBL
dt

L
dt

v =cons.,.

r=cons.,.

Figure 3-5

v

and V,R are constants, 50

0
0

Constant Radius test data velocity plots (rclassmao_28, level ice, 50mm)

m/s

Resultant Velocity

rwwﬂ“m/“" N

Carriage Velocity




From above Figure 3-5, we can find that the resultant velocity (V) and sway

velocity (v) are approximately constant.

The variances in the sway velocity measurement reflect the nature of ship passage

in ice.

Figure 3-6 Constant Radius test data drift angle plot (rclassmano_28, level ice, 50mm)
rads

il 1
e Drift Angle |
"
SECRe——
|
o 0o £ E3 > w5 3

From above Figure 3-6, we notice that the drift angle (voyage angle minus yaw

angle) is nearly constant.

So the sway velocity (resultant velocity times cosine of drift angle) is a constant.



Since v = cons..v = 0.r = cons..

=0. the dynamic equations simplify to:

~¥ (¥, - Ay

(37
-Nv-Nr=N,,




Chapter 4 Experimental Program

The present work is based on the analysis of data that was obtained during an
expenmental program to study the maneuverability of ship models in ice. The program
was carmied out at the Institute for Marine Dynamics using their PMM and an R-class
model. This program was preceded by two senes of tests of the same model. The

previous tests were recorded in 18] and [37].

4.1 The Planar Motion Mechanism (PMM)

The advantages of using the PMM were reviewed in Chapter 2. In what follows.

we will provide a brief description for the IMD facility

This apparatus 1s a new mult-purpose planar motion mechamsm designed by
Manneenng Limited. which has been specially manufactured for use at the Institute for
Marine Dynamics 1n St. John's. The PMM consists of two pnmary components: a sway
sub-carnage which mounts beneath the IMD main towing camages and a yawing
assembly that bolts to the sway sub-camage. The combinatons of sway and yaw
camages enable the PMM to conduct a vanety of maneuvers. The sway sub-carnage. the
largest component of the PMM. was first developed to tow structures through ice with
changing dnift angles. The sway carmage is a 2m x 2m open steel frame suspended on

linear bearings between the two 10m long ras allowing the sway carmiage a net travel of



8m. It is driven by a stepper server motor coupled through a gear box to a chain drive.

Therefore the sway carriage is able to travel *4 m at a maximum velocity of 0.7m/s.

The PMM digital control system allows great flexibility in managing the sway and
yaw motors. Actually. any complex planar motion can be programmed using this system.
The window-based control program has fwo components: a motion generation
component and another for motion implementation. The motion generator component
generates ASCII files containing control instructions for the motors. The motion
generator module has six predefined motion types: Static. Sway. Yaw. Drift. Surge.
Circle. During the generauon phase the software esumates loads and checks rates to
make sure the maneuver can be safely performed. The execution module loads these files
and transfers them to the computer controlling the motors. Once the file is transferred.
the program could be executed and the computer begins to take the control of the

machine.

Table 4-1 Paruculars of IMD’s PMM

Maximum Sway Amphtude (m) =30
Maximum Yaw Amplitude degreer | =175 |
Naximam Sway Veloewy s | =070 i
Maximum Yaw Amplitude (degree ) | =600 |
Maximum Sway Force (N) 00
T Mammem Yaw Vioment (N ] 3000




4.2 Maneuvering Test Program

.2.1 Data Acquisition and Instrumentation

It 1s necessary to check and adjust the data acquisition instrumentation used in the
tests as an imual preparation for the test. This task includes recording relevant

information e.g. sample rates. units. .....etc. Table 4-2 shows a typical information sheet.

Table 4-2 Data A and Instr Parar
Name Devie  Cms  Range  Tolernce  Sign TSample | Crucal |
| ! ; convention | rates | level |
Fod Sinkage VDT M 0003 | 0005  down Y e 1
ATt Smkage TLVoT M 0003 TZ0005  down EJ N
Torque Port TR Nm 106 =005 ouwboard |20 B ;
Torque Sthd R Nom 06 | =005  owboard |20 = 4
Thrust Port N B head % )
Thrust Sthd By =10 ahead Y m
Model Speed Camage  ms 0= =0l Shead ; T
o P Tarage M 0 =03 ahead E
Port Shat Speed Controller s 3 =1 Qutboard | 20 T 1
Sthd Shart Speed Conroller s ] =1 Sutboard | 0 T
PMM Sway Posiion  LVDT M =3 =05 stbd 30 1
TPMM Sway veloaiy | LVDT s 05 | z005  std T T
PMM Yaw TRVDT  Deg | 0612 | =005  sibd ) T i
PAMM Surge T T =10 foead 0 T i
PMM Fwd Sway foadcell N 000 =10 stbd K T
PMM Aft Sway Toadcell N 000 | =10 stbd 0 T




Criucal level
1= stop test and repair immediately

2= stop at earliest convenience and repair

.2.2  Ship Conditions

The ship model 491A used in this test is a 1:20 scale model of the Canadian Coast
Guard R-Class Icebreaker. The model was fitted with twin propellers and a single
centerline rudder. The model was ballasted to the correct condition. The model’s initial
condition is: Forward Perpendicular Draft. 0.338m: After Perpendicular Draft. 0.362m:
Draft in Midship. 0.35m: Tnm. 0.024m: Displacement. 965Kg. The ship parameters
changed in the test were model speed. propeller speeds. and rudder angle. Model speed
was chosen to be 0.6 m/s for tests both i open water and in ice. Propeller speeds were

steady 1n the ice tests. The rudder angle was constant at 0° all the ume n the ice tests.

4.2.3 Ice Conditions

Tests were carried out n a vanety of ice conditions. Ice conditions were Level ice.
Pack ice and Rubble ice. Two nominal ice thicknesses. 30mm and S0mm. were used in

the tests. corresponding to 0.6 m and 1.0m of the full scale level ice.

The EG/AD/S C.D. model ice [42] was prepared for these tests in the ice tank at
IMD. EG/AD/S C.D. refers to the model ice composed of 0.39% Ethylene Glycol

(Anufreeze). 0.0036% Aliphatic Detergent (Dishliqud) and 0.04% Sugar. C.D. refers to



controlled density in which the density of the ice is controlled using an air bubbler
system. This technique has been developed to provide the model ice with kinematic and
mechamcal properties required to model the ship-ice interaction correctly. The ice is
grown at finely controiled temperatures in a mild EG/AD/S solution. resulting in uniform
thickness. with standard deviation normally less than 3%. Fine bubbles are selectively
incorporated into the ice to produce the required ice density and plate suffness. The ice is
tempered for a penod of time before the test. unul the required flexural strength is
achieved. Shear strength and compressive failure stresses are established as functions of
the flexural strength. similar to the full-scale relationships. Ice flexural strength was
measured by sets of cantilever beam tests at different umes and locauons in the tank. For
each ice sheet. flexural strength-ice curves were developed. and strength was interpolated
to test nme and locauon. Ice density. shear strength. and compressive failure stress were
determined from flexural strength relations. calibrated by measurements in each ice

sheet. The flexural strength of model ice in this test was 20kPa.

Level ice refers to the onginal and unbroken ice sheet.

Pack 1ce refers to level ice that has been broken into pieces. In the tests. pack ice
was created by breaking the ice with the paddles on the ice tank service camage. First.
the ice was broken 1nto a series of approximately parallel fractures across the tank. Then
it was broken by hand so that floe shapes were approximately square. Pack ice
concentration was determined from digitized overhead photographs of each ice
condition. before the start of experiments. For pack ice. the thickness was measured

directly.



Rubble ice refers to pack ice that has been compressed along the length of the tank.

After of the pack ice the ice was made into a wide rubble field.
The pack ice was compressed longitudinally using the paddies on the service carriage
This resulted in rafting of the ice. in a process not observed in nature. where ice floes
naturally moved over one another under the action of wind and current. The nominal ice
thickness was based on the volume of ice. but this did not take into account the porosity
which resulted from uneven stacking of the ice floes. Ice concentration is given in tenths.
For example 20/10 rubble 1s the pack 1ce that has been compressed half the length of the
tank and is nominally twice as thick as the level ice sheet. Actual ice thickness can be
measured manually or an underwater acoustic aray of ultra-sonic probes. mounted on an

underwater camage that moved at the same speed as the model

4.2.4 Experimental Maneuvers

There are two types of maneuvenng tests conducted in the plan: constant radius
and sinusoidal maneuver. They were carried out in four ice conditions and in open water.
The constant radius arcs are performed for three radii. corresponding radius to ship
length ratios: 2. 10. and 20. The middle value was chosen close to the turming radii from
the free running tests 1n order to provide a good companson with the free running tests.
The pure yaw test was performed as a single sinusoidal along the length of the tank. The

sway amplitude of the sinusoidal was chosen to be 2.5m.

A 4-day test plan was conducted. Table 43 shows a summary of the

experimental program.
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Irciassmano_035
Irclassmano_036
'rclassmano_037

Test type
sinusoidal

sinusoidal

sinusoidal
. Radius

Const. Radius

Table 4-3 table of tests

30 mm
30 mm
30 mm
30 mm
30 mm
30 mm
30 mm
30 mm
30 mm
30 mm
30 mm
30 mm
30 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm
50 mm

thickness

Ice condition
level
pack

20/10 rubble

30/10 rubble

tevel
pack
pack
pack
20/10 rubble
20/10 rubble
30/10 rubble
level
pack
20/10 rubble
30/10 rubble
level
level
level

20110 rubble

20/10 rubble

30/10 rubble
level
pack

Radius m

BL88588588888E888

20




Two sets of tests were carried out in this research. One group of tests is from
relassmano_001 to rclassmano_043. and another group from rclassmano_045 to
rclassmano_069. The only difference between the two groups of tests is that different
hull-ice friction coefficients of the model were applied. In the first group of tests. the
ship hull was tested with a hull-ice friction coefficient 0.06. This value corresponds to
the average condition of a new ship based on IMD" data for icebreakers. The model also

tested at a much lower fricuon coefficient (0.01) to investigate the influence of hull-ice

on the ship y In ice

The purpose of the tests 15 to obtan further information on ship-ice interactions in
a vanety of ice conditons. The incenuve to perform PMM maneuvening tests comes
from two senes of maneuvening tests previously done [18] [37). The test data will
expand the database for ship maneuvenng in ice [37] and compare PMM test results with
those free-runming test results [18]. The goal i1s to produce reliable data from which

accurate predictions can be made about ship maneuvenng in varous ice conditions.
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Chapter 5 Data Analysis

In previous chapters. we discussed recent developments in the study of ship

bility in ice. An of current in this area was
presented in chapter 2. Basic dynamic equations in the test were derived and validated by
raw test data in chapter 3. The experimental program on which this thesis is based is
@iven in chapter 4. In this chapter. we concentrate on analysis techniques which could

extract valuable information from test results to achieve the objectives of this work.

5.1 Data Manipulation

The raw test data were prepared for further analysis. The data were imually
analyzed using GEDAP (“General Experimental Data Acquisition. Control and Analysis
Package™. developed and used by NRC) command procedures. The first step. was o
convert all .DAC files to MAT files using 2 VMS program named “convert.com™ and
transfer the test data from VMS system to 2 Window System. The next step was to
examine the data structure of the files. extract the useful columns of data from raw data.
cut the valuable segment of data to eliminate the unusual effects of the towing camage
start and stop. execute a filter process by using a designed Wavelet filter. and calculate
the required forces and ship motions. A MATLAB program implements the whole
process including extract. cut. filter and anthmetic caiculat:ons. The details of the data

preparation are given in Appendix 1.



5.2 Wavelet Analysis

In chapter 2. we discussed the irregular nature of the ice forces and the scale of the
force vanations. After an examination of the raw test data. we found significant noise
contaminating the onginal signals. It is necessary to remove the noise from the onginal

signal in order to obtain accurate results.

Conventional analysis techniques apply a low pass Fourier filter to the ume senes
to remove the high frequency noise. or a Founer transform to separate the phase at the
test pattern frequency. Typical filter design methods include Butterworth. Chebyshev.
may also be used. It 1s convenient to design these filters in MATLAB. But there are
problems with this approach. This filter will arbitranly get rid of the components in the
onginal signal whose frequency 1s higher than the value we tnitially set in the filter
design. When the data 1s low pass filtered. the retained information 1s the sum of the low
frequency Founer coefficients. each of which 1s an integral over a large portion of the
data. Localized information 1s lost. When taking a look at a Founer transform of a signal.
1t 1s impossible to idenufy when a special event took place in ume. Observing the plots
of the raw test data. the signals contain numerous transitory charactenstics. abrupt
changes. localized trends. beginnings and ends of events. These charactenstics are often
the most important part of the signal 1n the research of ice forces. Founer analysis 1s not
a good way to detect these phenomena. So the usual Founer methods used to determine
hydrodynamic coefficients from open water PMM tests are not appropnate for the ice

maneuvering analysis.



A powerful technique which can remove the high frequency noise and still retain
the localized information involves the use of wavelet filters. Wavelet analysis allows the
use of long time intervals where we need more precise lower frequency information. and

shorter regions where we need higher freq : Wavelet ¢

represent both scale and frequency information. At small scale. there 1s high frequency

information. and at large scale. the low frequency is retained.

A wavelet is a waveform of effectively limited duration that has an average value
of zero (34]. Wavelets tend to be iregular and asymmetric in companison with sinusoids
in Fourter analysis. Fourter analysis consists of breaking up a signal into sine waves of
various frequencies. Similarly. wavelet analysis is the breaking up of a signal into shifted

and scaled versions of the onginal wavelet.

In this work. two wavelet echniques were applied. Continuous Wavelet Transform
\CWT) and Discrete Wavelet Transform (DWT). CWT was used to qualitatively analyze
the frequency information of measured data at different phases in a test run. The DWT
algonthm 1s the basts of the wavelet filter. We used a wavelet filter to implement the de-

noise task.

Conti Wavelet T Applicati

The continuous wavelet transform (CWT) is defined as the sum over all ime of the

signal muluplied by scaled. shifted versions of the wavelet function ¥ ©
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Clscale. position) = [ f(tW scale. position.ds 5.1

The resuits of the CWT are many wavelet coefficients C. which are functions of the scale
and the position. Multiplying each coefficient by the appropnately scaled and shifted
wavelet vields the constituent wavelets of the original signal. The factor C represents
how closely correlated the wavelet s with a segment of the signal. The higher C is. the
more the similanty. The process produces the coefficients of different scales at different
sections of the signal. A plot of CWT coefficients is usually used to inspect the signal’s
frequency charactenstics. The x-axis of the plot represents tme. and the y-axis
represents the scale and the color at each x-y point represents the magnitude of the
wavelet coefficient C. The continuous wavelet transform coefficient plots precisely
display the ime-scale view of the signal. It is a different view of signal data than the
ume-frequency Founer view. but 1t 1s not unrelated. The scales on the coefficients plots
(shown as y-auss labels) run from mimmum to maumum values. The higher scales
correspond to the most “stretched” wavelets. The more the stretched the wavelet. the
longer the portion of the signal with which 1t 1s being compared. and thus the coarser the
signal features being measured by the wavelet coefficients. Thus. the low scale in the
CWT plot represents rapid changing details. CWT operates at every scale. from that of
the onginal signal up to some maximum scale determined by the need for detailed
analysis. The CWT is also continuous in terms of shifting: dunng computation. the
wavelet kernel is shifted smoothly over the full time domain of the analyzed signal. We
present the CWT coefficient plots of two raw test data channels as examples to explain

how to use this techmique.



The first one is the raw data of a sinusoidal test, file name: rclassmano_001, ice
condition: level, 30mm. We performed CWT on the measured sway force and yaw

moment:

Figure 5-1 CWT Coefficients Plots of Sway Force (rclassmano_001, level, 30mm)
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The upper plot in the figure recorded the sway displacement of the model. The lower plot

presents the calculated CWT for the d sway force data. Brighter

areas represent larger coefficients. Larger scale represents lower frequency information.
Thus we can provide an initial evaluation of the sway force the ship encountered when it
executed a sinusoidal maneuver. It is noted that different forces (frequency) were
generated in different locations in a sinusoid. In this run, we can observe that a low
frequency force dominated around time 500, 2000 and 3000(highlight area in large scale).

In other parts of the sinusoid, higher frequency force is the primary component due to the



ship-ice interaction. It is not easy to find a clear frequency component in the test data.
The data of the sway force consist of different frequency components without a clear
trend during the maneuvers.

The following figure is CWT plot of yaw moment in the same test.

Figure 5-2 CWT Coefficients Plots of Yaw Moment (rclassmano_001, level, 30mm)
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Another example is the application of CWT to a constant radius test, file name:

rclassmano_028, ice condition: level, 50mm.



Figure 5-3 CWT Coefficients Plots of Sway Force (rclassmano_028, level, 50mm)
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Figure 5-4 CWT Coefficients Plots of Yaw Moment (rclassmano_028, level, 50mm)
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The frequency of force and moment in constant radius tests sull cannot

a clear freq

The CWT technique is helpful in the study of the physics of a ship maneuver in
\ce conditions. such as. an observation of different frequency components of ice force at
different phases in a turning maneuver. But it can just offer a qualitative evaluation and
leaves much (o be developed. The main problem of this method is that calculatng

wavelet coefficients at every possible scale requires a large amount of work.

5.2.2 Discrete Wavelet Transform (DWT) application

For many signals. the low frequency content is the most important part. One of the

most of DWT 15 d 2. After a one-stage discrete wavelet

transform of a signal. the outcome 1s a vector of detail coefficients cD consisting mainly
of the high-frequency noise: while the approximation coefficients ¢A contain much less

noise than the oniginal signal does. The decomposition process can be iterated. with

successive being de: y. so that one signal 1s broken
down into many lower-resolution components. Since the process 1s iterative. 1n theory it
can be continued indefinitely. In practice. one selects a suitable number of iterations

based on the nature of the signal.

Using DWT to remove the noise from a signal requires identifying which

component or components contan the noise and then reconstructing the signal without

these In a coarse d g method. a mult-} process is

7



d. The successive become less and less noisy as more and more

high-frequency information is filtered out of the signal

But. in g all the high-freq) we also lose many of the
onginal signal’s sharpest features. Optimal de-noising requires a more subtle approach.
A tradinonal linear smoother 1s to cut the series. starung from some prescribed term. for
example. to keep only the first five terms of the expansion. Another way is to keep only

those coefficients. whose absolute value is greater than some threshold values. The result

is a nonlinear smoothing function. Such a technique 1s called threshholding. Wavelet

threshholding provides a way to v adapt to the irregulanty of the function t©
be esumated. Note that the “detail coefficients™ obtained from the Discrete Wavelet
Transform are MATLAB vectors. Then we manipulate each vector. setting each element
to some fraction of the vectors’ peak or average value and removing the coefficients
within the threshhold. Finally. we can use the new “detail coefficients™ to reconstruct the
signal 1n order to get the filtered signals. Notice that 1t 1s a strength of the waselet filter
that we can remove the noise without compromising the sharp detail of the ongmnal

signal. This advantage 1s particularly helpful in the study of ice related forces.

The detals of the wavelet filter are documented in Appendix 2.2.

Now we can compare the onginal signal with de-noised signals. These plots

commespond 1 a 10 second segment of measured forward sway force (data from

rclassmano_001. sinusoidal test. 50mm level ice). The upper one is the raw test data plot.



The lower plot is the data filtered by using wavelet filter. The noise components in the
original signal were removed and some sharp details which reflect the nature of ship-ice

interaction are retained.

Figure 5-5 Raw test data and filtered test data of sway force in rclassmao_001
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5.3 Neural Network Calculations

Interest in the Neural Network technique has grown rapidly over the past few
years. The field initially grew from 1930s ideas about how biological systems work,
particularly the human brain. Later research in human development and neurological
systems proved those early theories about how people learned were not quite accurate
but neural network research continued. Today neural network systems are being used in
business, government, and academic research because of their ability to model data
quickly and to produce better results than other more traditional data analysis techniques.

Neural Computing also can be used to solve complex problems which defy practical
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solution by other more traditional methods. Neural Network Identification does not use a

physical model. Because of this. it is more robust than the classical parametric

The inp P of the system is represented by a
network consisting of different layers of neurons. One of the problems of this approach is
that its convergence 1s not always guaranteed. In addition. usually a tremendous amount

of computer tme is needed for the parameters to converge to therr true values.

In this section we show how to calculate the vaw rate using neural networks. In the

constant radius test. we have:

192

But. in the sinusoidal test. the radius of turn 1s not a constant value. So we have to carry

d
out differentiation r = J—"’ to obtain the nominal yaw rate.
i

The first idea which comes to our mind 1s the most common numencal method

: “fimte method™. The yaw acceleranion. and yaw rate
tume senes can be calculated from yaw angles time senes in the raw test data. The yaw
velocity 1s the 1™ derivative of the yaw angle and the vaw acceleration is the 2™

denvative of the yaw angle. The numencal methodologies are given below:

where. 6 1s the yaw angle.



Unfortunately. this methodology did not work due to the nature of the signal.

Although we the equation to r = 8-:0':; =9 in order to remove

the effect of the rapid. sharp local vanations in the signal. sull the results were not

sansfactory.

The neural network method is a possible altemative which can be used to find the
first denvanve of the vaw angle. To achieve this purpose we need understand the

structure and detailed algonithm of the neural network.

First. we can set the ume as the only input and yaw angle as the only output. Then
the neural network program can generate a network after calculanon. When the ume
senes passes through the network the yaw angle 1s obtaned. It 1s actually a function
which correlates ume with yaw angle. If we differenuate this function (the network) with

tme. we can get the tme senes of yaw rate. The detailed algonthm:

Figure 5-6 Neural network Structure
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First. the variable must be scaled from its original values to a range [-1.1]. The
scaled input is given by

—maxi(x,) - min(x, )

max(x, ) - min(x, )

{et=la]. =1

Where. x, is the onginal data. The input to the ) node 1n the intermediate layer is g@iven

by

A=Ywx. =
7
Where | 1s the number of neurons 1n the middle layer. The input to the J-node in the

middle layer 1s acted upon by an activation function. H (A 1 is @iven by

The output of the network 1s given by

\:EB.HA.-\V 15.6)

Once v has been determined. then the result 1s rescaled to the range of the data.

max(y, ) = min(y,) max(y, )= mmniy, )
v, = v, -
4 5 « 5

v, 15 the real output test data

Differential coefficients

After and the is:




&y, _max(y,)— mm(y)zﬂ 1+H(A)ll H,(A))
Wi

rads/s

Figure 5-6 displays the results of finite difference numerical method (upper one)
and neural network (lower one) applied to the raw data extracted from sinusoidal test
rclassmano_40 (level ice, 30mm). It is clear from the graph that the finite difference
method produces a noisy result. The results of neural network calculations are much

better. This approach can also be used to compute the yaw and sway accelerations.

It is resonable to consider the application of this approach in the derivation of

Hydrodynamic coefficients of ship in ice.



We investigated the use of neural network 1o identify the dependence of sway force
and yaw moment on sway velocity and yaw rate. The purpose is to determine the
denvatives in equation (3.15 & 3.16). The procedure was as follows:
1. Divide the sinusoidal test data to a number of segments each of a 2-second
length (100 points).

2. Tram the network using one segment. The network uses 3 inputs (sway velocity.
yaw rate and ume) and 2 outputs (sway force and yaw moment).

3. Use the weights (traiming results) and raw data to calculate the required sway

velocity dependent denvatives and yaw rate dependent denvatives.

Combine the data segments of coefficients to one file and save it.

This techmque did not provide f: v results. The that the

hydrodynamic coefficients in equations (3.15 & 3.16) are linear with small vanauons 1s

not vahd.



Figure 5-8 H ic coefficients calculated by neural network method
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This result shows that a general linear dynamic equation does not reflect the local
variations of ice forces acting on ship hull. To explain the problem of this approach, we
need a more comprehensive study of the ice breaking dynamics and a careful review of
the details of the experimental set-up. The neural network result’s probability

distributions are also discussed in the next section.
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5.4 Stadstical Analysis

5.4.1 Spectral Analy:

In the previous sections in this chapter. we applied a series of data analysis
techmques to the test data. including data retneval. conversion. reduction. validation.
anthmeuc calculanon. wavelet filter and neural network differentiaion. Now the data are
ready for further staustical analysis. which includes sway force. yaw moment. sway
velocity and yaw rate (differenuate yaw angle with ume by means of neural network

computation .

Although the errors i the calculation are reduced. and most of the nstrumental
and system noises i the signal are removed. there are sull sigificant high frequency
components in the processed test data. This 1s due 1o the nature of ship-ice interaction.
The random vanauon i the ume semes of ice force 15 a realistic phenomenon. It 1s
necessary 10 check the frequency information of the ice forces. | designed a MATLAB
program to execute the spectrum analysis. | plotied the spectral density functions of the

measured ice forces 1n vanous ice conditions.

A sinusoidal and a constant radius test data were selected from data of each ice

<condition. Since six ice conditions. 30mm level. 30mm pack. 30mm rubble. 50mm level.
S0mm pack. 50mm rubble. were simulated in this expeniment. 12 test files in total were

chosen to be inspected.



Figure 5-9 Ice force spectra of rclassmano_001, sinusoidal, 30mm, level
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Figure 5-10 Ice force spectra of rclassmano_017, constant radius, 30mm, level
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Figure 5-11 Ice force spectra of rclassmano_002, sinusoidal, 30mm, pack
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Figure 5-12 Ice force spectra of rclassmano_060, constant radius, 30mm, pack
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Figure 5-13 Ice force spectra of rclassmano_003, sinusoidal, 30mm, rubble
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Figure 5-15 Ice force spectra of rclassmano_040, sinusoidal, 50mm, level
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Figure 5-16 Ice force spectra of rclassmano_028, constant radius, S0mm, level
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Figure 5-17 Ice force spectra of rclassmano_042, sinusoidal, S50mm, rubble
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Figure 5-18 Ice force spectra of rclassmano_032, constant radius, SOmm, pack
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Figure 5-19 Ice force spectra of rclassmano_043, sinusoidal, SOmm, 2rubble
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After a careful examination of these spectrum plots. [ can arrive at the following

conclusions:

\

N

In general. the frequency distributions of ice forces are concentrated on a small
range of values in a very low frequency zone.

The spectrum of the ice force consists of two parts. One is a very low frequency
part: the other one is a higher frequency part up to 2.5 Hz. The lower frequency is
close to the frequency of the vaw rate: and the higher frequency is similar to the
frequency of sway velocity.

The spectrum in level ice consists of two clearly separated parts as mentoned
above. The spectrum of pack ice is similar to that of the level ice. But the two

components of the spectrum cannot be distnguished as clearly as that of the level

e,
The dominant frequency of the ice force 1n rubble ice (mulu-layer broken ice) is

very low. no matter what the test pattern and ice thickness.

The dominant frequency of most tests 1s below 2.5 Hz. corresponding to a peniod
of 0.4 second.

The spectra of the sway force and the yaw moment are very similar.

The spectral distnbutions of sinusoidal test and constant radius test data for the
same ice condition are alike in the ice thickness of 30 mm. but not in 50mm.

In the same ice condition of 50mm ice thickness. the spectral distributions of
sinusoidal test and constant radius test are different. The dominant frequency of

sinusoidal test is very low and approximately equal to the frequency of the



sinusoidal maneuver pattern. But in the constant radius test. the dominant
frequency of ice force is unevenly distributed between 0 Hz to 2.5 Hz. This is to
say that. 1n thicker ice conditions. the yaw rate is the dominant control motion in
ship maneuvering because the yaw rate was assumed constant. or having a very

small value. in constant radius test.

\

The spectral energy of the ice force is always in the range of 0 =2.5 Hz. This
suggests that the test system responds to broad-spectrum excitation by the ice. It

is always less energy in rubble ice because the rubble is a plastic material which

damps out vibration.

Now. from the study of the spectrum plots. we have a general idea how the model
motion parameters determine the dynamic parameters 1n this physical process. Now we
can take a closer look at what the real test data looks like. [ plotted a small segment of

the data. It just lasts + seconds and includes the sway force. yaw moment. sway velocity

and yaw rate. The reason to choose only 4-second segment here 1s that it is too difficult
to find some reasonable conclusions from a whole run of the test data. These full run test
data are plotted in Appendix 1.2 (P147- P149). [n this scale. we cannot find detailed
nformauon of the data. So we randomly chose a 4-second segment from test data for the
examination. It should be noticed that the data in the ume segment will not be consistent

n the whole run.



Figure 5-21 Segment of rclassmano_001, sinusoidal, 30mm, level
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Figure 5-23 Segment of rclassmano_002, sinusoidal, 30mm, pack
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Figure 5-24 Segment of rclassmano_021, constant radius, 30mm, pack
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Figure 5-25 Segment of rclassmano_003, sinusoidal, 30mm, rubble
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Figure 5-26 Segment of rclassmano_026, constant radius, 30mm, rubble
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Figure 5-27 Segment of rclassmano_040, sinusoidal, 50mm, level
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Figure 5-28 Segment of rclassmano_029, constant radius, 50mm, level
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Figure 5-29 Segment of rclassmano_042, sinusoidal, 50mm, pack
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Figure 5-30 Segment of rclassmano_032, constant radius, S0Omm, pack
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Figure 5-31 Segment of rclassmano_043, sinusoidal, 50mm, rubble
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These plots have corroborated some of the conclusions [ obtained from the spectral
analysis. In level ice condition. there is an apparent matching relationship between the
ice forces and the sway velocity. In broken ice conditions. this matching relationship is
not clear. Although we assume the sway velocity is very small in sinusoidal test. the
small transient sway velocity has a significant influence on the ice force. So we cannot

neglect the sway velocity in the ice-ship problem.

5.4.2 Hydrodynamic CoefTicients Analysis

In the open water PMM maneuvenng fests. we can obtam the hydrodynamic
coefficients. which can be used to predict the ship’s trajectory and turming radius. In
secuion 5.3 we showed how to use neural network calculation to obtain the Yv. Sway
Force derivative with respect to Sway Velocity: Yr. Sway Force derivative with respect
to Yaw Rate: Nv. Yaw Moment denvative with respect to Sway Velocity: Nr. Yaw
Moment denvative with respect to Yaw Rate. The linear relationship between force and
response 1s clear n open water. that 1s 0 say the sway force and yaw moment almost
linearly increase with the increase the ship’s velocity. But m ice condition. we cannot get
the sausfactory results like that in open water test. The following are plots of neural

network results for rclassmano_001 test. level 30mm ice.
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Figure 5-33 Segments of coefficients obtained from neural network calculation
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It is clear that the i lcul here d large variations. This

implies that the linear ice force coefficients are random.

In this section we show the distribution of these random variations.



Figure 5-34 Probability distribution of Yv Sinusoidal 30mm r01 (level) and r02 (pack)
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Figure 5-36 Probability distribution of Nv Sinusoidal 30mm r01 (level) and r02 (pack)
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Figure 5-38 Probability distribution of Yv Sinusoidal 50mm r40 (level), and r67 (level)

of Yv Si idal S0mm r40 (level), r42 (rubble)
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Figure 5-40 Probability distribution of Yv level 50 Constant Radius R28-R30
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Figure 5-42 Probability distribution of Yv Constant Radius, R28 (level), R32 (pack). R35
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Figure 5-44 Probability di

of Nv Different

r28(level 50) and r56(level 30)

Figure 5-45 P
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Figure 5-46 Probability distribution of Nv Different thickness: r32(pack50) and

r60(pack30)
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In general, the distributions of coefficients are concentrated on a small range of
values in comparison with the whole range of possible values of coefficients.

The coefficients’ distributions for tests in same ice condition are similar.

The coefficients’ distributions for broken ice tests have a narrow range of values
(smaller standard deviation) compared to that of level ice tests.

Different broken ice tests (pack, rubble, thick rubble) show the same magnitude
of the data range of coefficients.

The coefficients’ distributions for tests in the thinner level ice have a narrow
range of values compared to that of thicker level ice tests. (Coefficients in thicker

ice are large because force magnitudes are larger.)
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» Broken ice tests with different thickness (pack. rubble. thick rubble) show the

same magmitude of the data range of coefficients.

5.4.3 Regression Analysis

From the analysis presented in previous sections of this chapter. we have a better
understanding of the ice force and moment caused by ship’s sway velocity and angular
velocity (yaw rate) when it performs maneusers. The high frequency part in the force 1s
produced by the sway velocity and low frequency part 1s produced by the vaw rate. But
the complexity of the ship-ice interaction means that the methods to extract linear
coeffictents used in open water condition are inappropriate. The local force and moment
cannot be accurately predicted using the linear equations denved 1n chapter 3 and
coefficients calculated using the neural network program. We now focus on the average

value of the tests.

We constder a regressed best-fit expression to descibe the trend in total measured
force as a funcuon of the key ship motion parameters. A regression was run on the
average test data to establish a single best-fit expression for the model ice force and

moment as a function of model sway velocity and yaw rate.

Table 5-1 presents the average value of the coefficients obtained from the neural

network The average saw moment. sway force and radius /

length rato are shown. The turning radius 1s prescnibed and fixed. The last column of

table 5-1 shows the radius rano calculated using the predicted coefficients.



Table 5-2 presents the mean values of the main parameters in a series of constant
radius tests. We can observe that the magnitude of the ice force is similar between two

sets of tests with different friction coefficients mentioned in chapter 4, that is to say the

of friction i on ship ility is not apparent. This

conclusion can also be found in [18].

According to the data in table 5-2, we can plot yaw moment v.s. yaw rate for three
consecutive constant radius tests (3 yaw rates). Adding a trend line to every plot made
some reasonable results. But this is a very rough result. We can use the mean value of a
segment of data as a data point. Then we can plot these data points to get a more accurate
result. Extensive trials were carried out to select the length of the data segment. Finally
100-point segment (2 second) was taken. Normally a two second segment of data
includes at least 5 cycles because the main frequency of variation less than 2.5 Hz. (The
main period is 0.4 second) Figure 5-47 shows the scattered plot using one-second-
segment (50 points) average value as a point.

Figure 5-47 scatter plot of yaw moment v.s. yaw rate for one-second-segment mean values

‘Yaw Moment
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After the regression analysis for constant radius tests. we should take a look at
sinusoidal tests. If we plorted all measured yaw moments v.s. vaw rates for the whole
sinusordal run. 100 much noise would hinder the success of the linear regression analysis
So. again. we took an average value for every 100 data points (2 second) of test data as a
data pont. For example. for a smusoidal of 4000 data points (30 second). we got 40
average values. We replace the raw test data with the average value senes and plot the
average vaw moments vs yaw rates. Then we can add a trend line 10 every sinusoidal plot.
The vaw rate dependent denvaaves are displayed on the following plots. We can nouce

that the trend lines demonstrate the same consistency as that in constant radius tests.

For all the following regression scatter plots (figure 548 to figure 5-70). the x-axis

1s vaw rate or sway velocity. the y-axis 1s sway force or yaw moment. Ever

v data point 1s
an average value of 100 measured data points. The utle of the figure indicates the file
name. ice conditions. test pattern. The legend of the plot indicates the hinear coefficients

we pursued.



Table 5-1 coefficients (from neural network), PMM force and R/L

Filename Test type Thickness | Ice form Yv Yr Nv Nr Ypmm Npmm RIL
relassmano_001 | sinusoidal |30 mm | level 74162653 | 4358.2586 | -9133.2066 5367.24

relassmano_017 | Const. Radius | 30 mm | level 540.86908 | -1156.5814 | 52456128 | -1121.7091 | -1953843 | -179.3903 | 19769
relassmano_018 | Const. Radius | 30mm | level 4958.8336 | 2181.594 | 49112088 | 2160.6443 | -166.8951 | -683336 | 19.7269
relassmano_019 | Const. Radius | 30mm | level 46024247 | -1596.3093 | -517.93114 | -17963972 | 2163069 | -128.6914 | 4.1425
relassmano_056 | Const. Radius | 30mm | level 1568.3672 | 370.84261 | 12917664 | 305.43995 | 2004728 | -175.027 | 1.9922
relassmano_057 | Const. Radius | 30mm | level 3669.6903 | -37742532 | 31862912 | -3277.0803 | -179.9666 | -113.4516 | 4.1976
relassmano_058 | Const. Radius [ 30 mm | level 15742132 | -1082.4249 | 1566.3465 | -1077.0158 | -149.7567 | -65.569 | 192238
relassmano_002 | sinusoidal 30 mm pack 1197.6865 | -1292.3449 1928.4461 -2080.8596

relassmano_021 | Const. Radius | 30mm | pack -14.224062 | -581.63738 | -10431987 | 42657533 | -532283 | -70.5381 | 1.9246
relassmano_022 | Const. Radius [ 30mm | pack 1391415 | 29339124 | 834.45488 | 17595164 | -535632 | 544373 | 4.1884
relassmano_023 | Const. Radius | 30mm | pack 3256.1298 | 776.1871 | 27207845 | 64857299 | -413067 | -22912 | 19.4948
relassmano_060 | Const. Radius | 30mm | pack 6589355 | 10033495 | 57233078 | 87147805 | 633629 | -87.5873 | 1.9878
relassmano_061 | Const. Radius | 30mm | pack -131.77283 | 28.020624 | -82.534001 | 17.550332 | -52.1491 | -58.8295 | 4.2277
relassmano_003 | sinusoidal | 30mm | 20/10 rubble | 12883725 | -543.21372 | 23264758 | -980.90696

rclassmano_025 | Const. Radius | 30mm | 20/10 rubble | 9040.7952 | 1375.6748 | 7979.0258 | 1214.1128 | -87.8439 | -563377 | 4.0962
relassmano_063 | Const. Radius [ 30mm | 20/10rubble | 2199.7891 [ -916.21993 | 2561.7252 | -1066.9676 | -106.1653 | -105.9363 | 19399
relassmano_064 | Const. Radius | 30mm | 20/10 rubble | -531.49484 | 921.94558 | -374.41868 | 649.47695 | -101.3431 | -57.1397 | 4.1400
relassmano_004 | sinusoidal | 30mm | 30/10rubble | 1101879 | 1714.9707 | 1366.0882 | 21261875

relassmano_026 | Const. Radius [ 30mm | 20/10rubble | 913.19727 | 273.53976 | 633.84944 | 189.86371 | -128.1441 | -57.9167 | 4.1599
rclassmano_066 | Const. Radius | 30 mm 30/10 rubble -669.47625 1285.635 | -498.12743 956.58372 | -127.0519 -66.7636 4.1358
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rclassmano_040 | sinusoidal 50 mm level 8126.8734 106541420 | 515858090 127753400

relassmano_067 | Sinusoidal 50 mm level 2628.7958 30018.698 [ 31355929 35805.906

rclassmano_028 | Const. Radius | 50 mm level 6211.8276 18411.957 | 4191.4011 12423381 | -401.0007 -313.0238 1.9540
relassmano_029 | Const. Radius | 50 mm level 8272.6369 | 9284.5597 | 8185.6447 9186.9266 | -383.8869 -205.2991 4.1851
rclassmano_030 | Const. Radius | 50 mm level 8383.5537 6988.3818 | 72743007 6063.7282 | -332.1692 -130.8156 18.8586
relassmano_045 | Const. Radius | 50 mm level 6100.7325 14342093 | 5185.6233 12190781 | -370.9582 -293.0964 1.9900
relassmano_046 | Const. Radius | 50 mm level 5903.224 | -10179.115 | 3465.9054 | -5976.3695 | -365.4292 -226.9234 42111
rclassmano_047 | Const. Radius | 50 mm level 7379.1405 42.063987 | 7745.6417 44.153208 [ -309.9494 -100.1553 20.0035
rclassmano_032 | Const. Radius | 50 mm pack -63.401848 3889.1475 -64.64657 3965.501 | -133.4709 -119.9634 1.9805
relassmano_033 | Const. Radius | 50 mm pack 414.63267 38324199 | 489.19303 4521.576 | -83.0247 -73.7086 4.1990
relassmano_034 | Const. Radius | 50 mm pack -608.10419 | -900.24941 | -599.55875 | -887.59856 | -112.0249 -24.7008 19.5733
relassmano_049 | Const. Radius | 50 mm pack -614.1819 | -2292.3233 | -514.70221 | -1921.0333 | -87.1727 -93.1496 1.9955
relassmano_050 | Const. Radius | 50 mm pack 1597.3349 5229.0581 1255.2184 4109.1007 | -78.9356 -44.766 4.2206
rclassmano_042 | sinusoidal 50 mm pack -278.73149 14255032 | -376.6798 1926.4356

relassmano_035 | Const. Radius | 50 mm 20/10 rubble | -2751.5977 | -2044.0075 | -3426.8862 | -2545.6415 | -130.3789 -130.1131 19579
relassmano_036 | Const. Radius | 50 mm 20/10 rubble 178.82112 3690.779 180.57039 3726.883 | -172.3603 -98.5204 4.1723
relassmano_052 | Const. Radius | S0 mm 20/10 rubble | -2249.9491 679.02444 | -2260.9932 68235747 | -95.0393 -116.22 1.9690
rclassmano_053 | Const. Radius | 50 mm 20/10 rubble 335.82151 15343219 | 244.07572 111.51481 | -128.361 -79.228 4.1969
rclassmano_043 | sinusoidal 50 mm 30/10 rubble 1557.5132 | -1139.3847 [ 1720.9477 | -1258.9438

rclassmano_037 | Const. Radius | 50 mm 30/10 rubble 270.83031 1277.7656 | 338.49706 1597.0144 | -222.2017 -99.6466 4.1687
relassmano_054 | Const. Radius | 50 mm 20/10 rubble 1351.1039 | 43.180826 [ 1159.8778 37.069299 | -132.5196 -81.3796 4.1687
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Table 5-2 Average values of PMM force. sway velocity and yaw rate

Filename Condition Yomm Npmm v v
rclassmano_017 ievel 30 -195.3843 -179.3903 0.0596 0.0629
rclassmano_018 level 30 -166.8951 -68.3336 0.0542 0.0063
rclassmano_019 level 30 -216.3069 -128.6914 0.0654 0.0297
rclassmano_056 level 30 -200.4728 -175.027 0.0569 0.0626
rclassmano_057 level 30 -179.9666 -113.4516 0.0634 0.0295
rclassmano_058 level 30 -149.7567 -65.569 0.0518 0.0064
rclassmano_021 Pack 30 -53.2283 -70.5381 0.057 0.0635
rclassmano_022 Pack 30 -53.5632 -54.4373 0.0646 0.0294
rclassmano_023 Pack 30 -41.3067 -22.912 0.0545 0.0063
rclassmano_060 Pack 30 -63.3629 -87.5873 0.063 0.0629
rclassmano_061 Pack 30 -52.1491 -58.8295 0.0644 0.0293
rclassmano_025 Rubble 30 -87 8439 -56.3377 0.0634 0.0297
relassmano_026  30/10 Rubble 30 -128.1441 -57.9167 0.0669 0.0294
rclassmano_063 Rubble 30 -106.1653 -105.9363 0.0544 0.0626
rclassmano_064 Rubble 30 -101.3431 -57.1397 0.063 0.0295
rclassmano_066  30/10 Rubble 30 -127.0519 -66.7636 0.0643 0.0294
rclassmano_028 ievel 50 -401.0007 -313.0238 0.0633 0.0628
relassmanro_029 level 50 -383.8869 -205.2991 0.0667 0.0293
rclassmano_030 level 50 -332.1692 -130.8156 0.0548 0.0065
rclassmano_047 level 50 -370.9582 -293.0964 0.056 0.0627
rclassmano_046 level 50 -365.4292 -226.9234 0.0642 00294
rclassmano_045 level 50 -309.9494 -100.1553 0.0521 0.0062
rclassmano_032 Pack 50 -133.4709 -119.9634 0.0579 0.063
rclassmano_033 Pack 50 -83.0247 -73.7086 0.0632 0.0295
rclassmano_034 Pack 50 -112.0249 -24.7008 0.0541 0.0063
rclassmano_049 Pack 50 -87.1727 -93.1496 0.0615 0.0627
rclassmano_050 Pack 50 -78.9356 -44.766 0.0622 0.0294
rclassmano_052 Rubble 50 -95.0393 -116.22 0.0627 0.0629
rclassmano_035 Rubble 50 -130.3789 -130.1131 0.0673 0.0632
rclassmano_036 Rubble 50 -172.3603 -98.5204 0.0691 0.0294
rclassmanc_037  30/10 Rubble 50 -222.2017 -99.6466 0.0674 0.0294
rclassmana_053 Rubble 50 -128.361 -79.228 0.0657 0.0293
rclassmano_054  30/10 Rubble 50 -132.5196 -81.3796 0.0671 0.0294



The following plots are the linear regression results
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Figure 5-49 regression on v of level 30 C. radius r17-r19 and r56 — r58
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Figure 5-50 regression result of level 30 sinusoidal r01
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Figure 5-51 Regression result of pack 30 sinusoidal r02
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Figure 5-52 Regression result of pack 30 sinusoidal r02
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Figure 5-53 Regression result of pack 30 r21-r23 r60-r62
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Figure 5-54 Regression result of Pack 30 r21-r23 r60-r62
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Figure 5-55 Regression result of Rubble 30 sinusoidal r03
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Figure 5-56 Regression result of Rubble 30 sinusoidal r03
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Figure 5-58 Regression result of level 50 C. Radius r24-r25 r63-r64
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Figure 5-59 Regression result of level 50 C. radius r28-r30 r45-r47
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Figure 5-60 Regression result of level 50 sinusoidal r40
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Figure 5-61 Regression result of level 50 sinusoidal r67
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Figure 5-62 Regression result of level 50 sinusoidal r67
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Figure 5-64 Regression result of rubble 50 sinusoidal r42
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Some results of the linear regression analysis are clearly illustrated by these plots.

The d of fit of linear ion is different in various ice conditions. Test data in

50mm ice sheet is more convergent to their trend line than the test data in 30mm ice.
(refer to Figure 5-50 and Figure 5-60). The linear coefficients we pursued in this work are
Nr Yr Nv Yv. Apparently, the results of Nr and Yr are much more reliable than that of
Nv Yv. We try to find the correct coefficients with constant radius test data and
sinusoidal test data. It is better to make a summary for all the results. (see table 5-3)
Please note the linear coefficients we got is the negative value (equations 3-17).
-Yy-(¥, -Au)r=Y,,
=Ny=Nr=Noo+ N
According to the equations, we should change the linear differentiated coefficients to

positive and add the term Ax; to obtain the Yr. Where A is the mass of the model, 965Kg:

us




and u, is the initial forward speed, 0.6 m/s in this test. In the linear regression analysis,
we manually removed some strange points in the scatter plots to get the most accurate

linear coefficients.

In the sinusoidal test plots, we found the different slopes in different phases of a
sinusoidal maneuver. When the ship performs a sinusoidal maneuver, because of the
rapid turning direction, especially at the moment of the negative yaw rate changing to
positive yaw rate, the midbody of the ship is required to break additional ice to achieve

the turn. So in this phase, the yaw rate dependent coefficient Nr is larger than other

phases in a si idal . This ph: is not apparent in a thin ice sheet. But

we can observe it in thicker ice ition. We divided a si idal test to three phases:

lower yaw rate (negative), mid yaw rate (near zero) and higher yaw rate (positive). The

results are given as following figures.

Figure 5-65 regression for level 50 r40 low yaw rate
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Figure 5-66 regression for level 50 r40 higher yaw rate
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Another Level 50 sinusoidal test

Figure 5-68 regression for level 50 r67 lower yaw rate
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This can explain why the Nr calculated from the sinusoidal test is higher than that of
constant radius test. Different physics governs in these two different maneuvers. In the
constant radius test, just the bow and one side of the hull take a part in the breaking ice.
In sinusoidal test. during the lower and higher yaw rate part. the ship experiences same
physics as in the constant radius test. But in the part of that yaw rate changes from
negative to positive, both sides of the ship hull have to break the ice sheet. The regression
results of Nr obtained from the sinusoidal test are average values in the whole run. So we
chose yaw rate dependent coefficients from constant radius tests. But the values of Nv
and Yv obtained from constant radius tests are very strange and unstable due to a limited
range of sway velocities during the test. So we try to find sway velocity dependent
coefficients from sinusoidal test. A larger range of sway velocity is observed during the
sinusoidal test. Considering the sway velocity's influence on ice force in the sinusoidal

test displayed in Figure 5-21, 5-22, 5-27, sway velocity term -¥,vand -N,v should be



added to the left hand side of equations 3-17. The more reliable linear coefficients Nv and

Yv can be obtained from the regression analysis of sinusoidal test data.

After carefully g and g the results from different test

data. we determined the four coefficients for eight ice conditions. The final results

presented in the row of ‘summary” in table 3

. N.A. means we cannot extract the

reasonable coefficients from available test data.
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Table 5-3 Summary of Coefficients

Yv
9249.3
4401.9
23459
ICombination r17-r19 and r56-r58| 3147.9 X 4 X
9249.3
3923.9
940.49
N.A.
1180.8
3923.9

12549
N.A.
NA.

1969.6
12549

| 29645 |

N.A.

29645

7919.5

13588

5067.5

onstant radius r45-r47. 3774.8
ombination r28-r30 and r45-r47| 2852.8

13588
N.A.
N.A.

5643.7
N.A.

7517.6

7517.6

21833
N.A.
N.A.

4580.5 LA.

21833 i

N.A.
20779
20779
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Tuming Radius Prediction

We can use the basic equations 3-17 derived from Chapter 3 and the coefficients

obtained from last section to develop a Turning Radius Predictor.

In the PMM model test. the basic equanons 3-17 1n steady turning motion are:

=Yv—t¥ - 2ur

-Nv=V,

In steady state constant twrming maneuver.

So. wrning radius R 15

v
R=— 15.8)
r

Affer transformation and simplification. we obtain turming radius-ship length ratio:

15.9)

Table 54 presented the results calcuiated by using equanon 3-9. corresponding

coefficients and measured test data. (The last column is the real turning radius ratio)

In the constant radius turning maneuver for real ship. the ship dynamic equations

are given by:

(5.100




Where

3. the rudder angle:

the rudder force coefficient on rudder angle:

N ; . the moment coefficient on rudder angle.

Replacing the PMM forces with rudder forces ¥.5, and V3, . we get

(5.1

It 15 convenient to use an empinical method to obtain rudder coefficients ¥; and

Hence equation 5.1 can be used as a helpful tool to predict a ship’s wrming radius in
vanous ice conditions. The Captan can simply calculate the turning radius if she/he
knows the ship speed and the executed rudder angle. The accuracy of the prediction

depends on the precision of the coefficients

The followng table 5~ shows the accuracy of the prediction:

Regression analysis was carned out for sinusoidal test together with constant radius

test data to obtain 4 coefficients.

%

The sway velocity are fairly

3. The R/L2 s calculated by the formula R =

4. The R/L s calculated by the equation 5.9.
5. To compare the R/L and R/L2. some results. such as in 50 mm level ice. 30mm level

ice. 30mm pack ice. give satisfactory predicuons.
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6. With reliable sway velocity dependent coefficients from tests. we could develop a
more accurate predictor for ship’s turning radius in ice and validate with full-scale

ship data.

[



Table 5-4 Results of Turning Radius Prediction

Filename Test type ‘Thickness | form Yv Yr Ny Nr Ypmm Npmm RIL RA2 | Ermor
relassmano_001 | sinusoid 30mm | level 92493 | 140047 | 32555 | 1990.8
rclassmano_017 | Const. Radius | 30 mm__| level 92493 | 140047 | 3255.5 | 1990.8 | -1953843 | -179.3903 | 19045 | 19769 | 3.66%
relassmano_018 | Const. Radius | 30 mm__| level 92493 | 140047 | 32555 | 19908 | -166.8951 | -68.3336 | 21.9526 | 19.7269 | 11.28%
relassmano_019 | Const. Radius | 30 mm | level 92493 | 1400.47 | 3255.5 | 19908 | 2163069 | -128.6914 | 39613 | 4.1425 | 437%
relassmano_056 | Const. Radius | 30 mm_| level 92493 | 1400.47 | 3255.5 | 19908 | 2004728 | -175.027 | 2.0233 | 19922 | 1.56%
057 | Const. Radius | 30 mm__| level 92493 | 140047 | 32555 | 1990.8 | -179.9666 | -1134516 | 4.1849 | 4.1976 | 030%
relassmano_058 | Const. Radius | 30 mm__| level 92493 | 1400.47 | 3255.5 | 1990.8 | -149.7567 |  -65.569 | 16.1908 | 19.2238 | 15.78%
_002_| sinusoid 30mm | pack 39239 | 792.94 | 16404 | 1049.3

rclassmano_021 | Const. Radius | 30 mm pack 39239 | 89233 16404 | 1007.7 -53.2283 -70.5381 2.1867 1.9246 | 13.61%

rclassmano_022 | Const. Radius | 30 mm pack 39239 | 89233 16404 | 1007.7 -53.5632 -54.4373 3.3265 4.1884 | 20.58%

rclassmano_023 | Const. Radius | 30 mm pack 39239 | 89233 16404 | 1007.7 -41.3067 -22.912 | 18.8255 | 19.4948 3.43%
_060 | Const. Radius | 30 mm pack 39239 | 89233 16404 | 1007.7 -63.3629 -87.5873 1.7788 1.9878 | 10.52%

061 | Const. Radius | 30 mm pack 39239 | 89233 1640.4 | 1007.7 -52.1491 -58.8295 29005 | 42277 | 31.39%
061 | Const. Radius | 30 mm pack 3923.9 892.33 1640.4 | 1007.7 -35.0517 -25.1326 9.8901 | 20.0717 | 50.73%
rclassmano_003 | sinusoid 30 mm 2 rubble 12549 3154 | 16841 3216

rclassmano_024 | Const. Radius _| 30 mm 2 rubble | 12549 966.1 16841 | 1501.5 | -111.8407 -84.793 | -1.7156 | 2.0072 | 185.5%

relassmano_025 | Const. Radius | 30 mm 2 rubble | 12549 966.1 16841 | 1501.5 -87.8439 -56.3377 | -1.8532 | 4.0962 | 145.2%
063 | Const. Radius | 30 mm 2 rubble | 12549 966.1 16841 | 1501.5 | -106.1653 | -105.9363 | -3.1118 1.9399 | 260.4%

rclassmano_064 | Const. Radius | 30 mm 2 rubble | 12549 966.1 16841 1501.5 -101.3431 -57.1397 | -1.4563 4.1400 | 1352%

rclassmano_004 | sinusoid 30 mm 3 rubble 29645 7601.5 | 39747 | 5412.1
relassmano_026 | Const. Radius | 30 mm 3 rubble | 29645 68939 | 39747 1199 | -128.1441 -57.9167 7.8477 | 4.1599 | 88.65%
066 | Const. Radius | 30 mm 3 rubble 29645 68939 | 39747 1199 | -127.0519 -66.7636 8.5839 4.1358 | 107.6%
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relassmano_040 | sinusoid 50 mm level 7060.9 37273 | 79144 4656

rclassmano_067 | Sinusoid 50 mm level 13588 3205.3 | 4900.5 | 3981.9
rclassmano_028 | Const. Radius | 50 mm level 13588 1822.3 | 4900.5 | 33949 | -401.0007 | -313.0238 2.1396 1.9540 9.50%
relassmano_029 | Const. Radius | 50 mm level 13588 1822.3 | 4900.5 | 3394.9 | -383.8869 | -205.2991 5.3857 | 4.1851 | 28.69%
rclassmano_030 | Const. Radius | 50 mm level 13588 1822.3 | 49005 | 3394.9 | -332.1692 | -130.8156 | 32.6620 73.19%
rclassmano_045 | Const. Radius | 50 mm level 13588 18223 | 4900.5 | 33949 | -370.9582 | -293.0964 2.3023 15.69%
rclassmano_046 | Const. Radius | 50 mm level 13588 18223 | 4900.5 | 33949 | -365.4292 | -226.9234 3.8236 | 4.2111 9.20%
rclassmano_047 | Const. Radius | S0 mm level 13588 1822.3 | 4900.5 | 33949 | -309.9494 | -100.1553 | -31.3411 | 20.0035 | 256.7%

rclassmano_041 | sinusoid 50mm__| pack N.A. 1237.19 NA. 1854.1

relassmano_069 | sinusoid 50 mm pack NA. 639.39 NA. 1047.3
rclassmano_032 | Const. Radius | SOmm | pack 7517.6 | 1037.04 | 2193.7 1447 -133.4709 | -119.9634 20141 1.9805 1.70%
rclassmano_033 | Const. Radius | 50 mm pack 7517.6 | 1037.04 | 2193.7 1447 -83.0247 -73.7086 3.2709 4.1990 | 22.10%
rclassmano_034 | Const. Radius | 50 mm pack 7517.6 | 1037.04 | 2193.7 1447 -112.0249 -24.7008 | -20.1560 | 19.5733 203%
049 | Const. Radius | 50 mm pack 7517.6 | 1037.04 | 2193.7 1447 -87.1727 -93.1496 24173 1.9955 | 21.14%
_050 | Const. Radius | 50 mm pack 7517.6 | 1037.04 | 21937 1447 -78.9356 -44.766 74620 | 4.2206 | 76.80%
051 | Const. Radius | 50 mm pack 7517.6 | 1037.04 | 2193.7 1447 -109.0399 3.4007 | -4.4523 | 200717 | 1222%

042 | sinusoid 50 mm 2rubble | 21833 5320.1 16756 | 4505.8
rclassmano_035 | Const. Radius | 50 mm 2 rubble | 21833 724.69 16756 | 14742 | -130.3789 | -130.1131 5.5347 1.9579 | 182.7%
rclassmano_036 | Const. Radius | 50 mm 2 rubble | 21833 724.69 16756 | 1474.2 | -172.3603 -98.5204 | -4.8706 | 4.1723 | 216.7%
relassmano_052 | Const. Radius | 50 mm 2 rubble | 21833 724.69 16756 | 1474.2 -95.0393 -116.22 3.8474 1.9690 | 95.40%
rcl no_053 | Const. Radius | 50 mm 2rubble | 21833 724.69 16756 | 1474.2 -128.361 -79.228 | -8.5542 | 4.1969 | 303.8%

relassmano_043 | sinusoid 50 mm 3 rubble | 20779 6026.2 11927 | 5069.3
relassmano_037 | Const. Radius | 50 mm 3 rubble | 20779 8090.5 11927 | 5069.3 -222.2017 -99.6466 | -3.2559 4.1687 | 178.1%
054 | Const. Radius | 50 mm 3 rubble | 20779 8090.5 | 11927 | 50693 | -132.5196 -81.3796 [ 17.0909 | 4.1687 310%
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5.6 Uncertainty Analysis

In this work. our purpose for the test setup is (o remove sway velocity and achieve a
smooth sinusoidal or constant radius test. But in real test data. we found a small variation

of speed does affect the force acting on the ship hull. (See 5.4.1)

We can notice that the wming radius prediction model is not perfect from the
results of table 3.4. The important reason is the unreliable sway velocity dependent
coefficient. For example. the mean measured sway velocity of the test rclassmano_017
(30mm level ice) is 0.0604 m/s. But its standard deviation is up to 0.0056m/s. We can
also find the total uncertainty of speed channel of the IMD tank facility is up to 0.3 m/s in
open water. [30] The measurement of such a small sway velocity itself is unreliable. So
the level of accuracy in the expenmental results is another factor contributing to the

incorrect prediction in table 5-4.
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Chapter 6 Discussion and Conclusions

6.1 Discussion of the Test Program

The use of the planar motion mechanism to study ship maneuverability in open
water is well established. In this work, we presented a detailed analysis of experimental

data obtained using the planar motion ism to study ility in ice. One of

the main problems that we encountered is that sway velocity is not zero during a
sinusoidal maneuver as would be expected. Table 6.1 shows samples of the average and

standard deviation of measured sway velocity during a sinusoidal maneuver.

Table 6-1 sinusoidal test sway velocity

Test type Conditions Mean(v) Std(v)
m/s m/s

rclassmano_001 level 30 mm 0.0038 0.0031

rclassmano_002 level 30 mm 0.0019 0.0036

rclassmano_003 | level 30 mm 0.0053 0.0015

rclassmano_040 | level 50 mm -0.0040 0.0048

Although the average value of the measured sway velocity is small and is

appropriate for the purpose of these tests, the velocity variations are large. This

d ignifi sway ion values. The ship-ice interactions result in the
small sway velocity. In such a condition. the reliability of the yaw-rate dependent

coefficients obtained from sinusoidal test was affected by the sway velocity effect.
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A similar problem occurred in the constant radius maneuvers. In these maneuvers,
the sway velocity and the yaw rate should stay constant during the maneuvers. Table 6.2
shows samples of the average value and standard deviation of the measured sway

velocity and yaw rate during some constant radius tests.

Table 6-2 constant radius test sway velocity

Test type conditions | Mean(v) | Std(v) Mean (r) Std () v
m's m/s rad/s rad/s m/s
rclassmano_017 | level30 mm | 0.0604 X 0.0157 | 0.57
rclassmano_018 | level30 mm | 0.0536 0.0034 | 0.57
rclassmano_019 | level30 mm | 0.0659 0.0077 | 0.56
rclassmano_021 | pack30 mm | 0.0577 0.0169 | 0.56
rclassmano_022 | pack30 mm | 0.0649 0.0105 | 0.57
rclassmano_023 | pack30 mm | 0.054 0.0061 | 0.56
rclassmano_028 | level50 mm | 0.0638 0.0138 | 0.56
rclassmano_029 | level50 mm | 0.0666 0.0131 | 0.56
rclassmano_030 | level50 mm | 0.0542 0.0042 | 0.56
rclassmano_032 | pack50 mm | 0.0583 0.0163 | 0.57
rclassmano_033 | pack50 mm | 0.063 0.0088 | 0.57
LT
rclassmano_034 | pack50 mm | 0.0536 0.0052 | 057

In table 6-2, mean(v), std(v), mean(r). std(r) indicate the average values and
standard deviations of sway velocity and yaw rate respectively. V is the average value of
the resultant velocity in the tests. We can observe large variations in both the measured

yaw rate and the sway velocity. These large variations introduced acceleration effects.

R/L is the average value of the cal dius-length ratio to the equation
R/L=V/rL. The results of R/L are not exactly equal to the preset test radius. This is a

result of the vibrations of the mechanism during the test runs. The ship model gains
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velocity and from the breaking of the ice sheet and impact of
the ice floes. It 1s more difficult to mantain a steady turning mouon in ice than 1n open

water.

One of the problems in the test program is the limited range of the tests as a
funcuion of the average sway velocity. Both the sinusoidal tests and constant radius tests
give a sufficient range of yaw rates fo study the ice force as a function of yaw rate. The
linear regression results in the previous chapter show the validity of the test design. We
obtained acceptable esumates for the vaw rate dependent coefficients from three
consecutive constant radius tests. The range for the average sway velocities for which the
tests were designed does not allow a good esumate to be obtained for the sway velocity

dependent coefficients.

6.2 Darta Analysis Methodology

The wavelet denoise approach 1s a very useful tool and should be considered as a
standard signal filter in ship-ice study. The complexity of ship-ice interaction is
represented by the random vibraton of ship and the stochastic impact between the ship
and 1ce floes. From the plots of the spectrum. we find that the ice force power spectra are
evenly distnbuted in a small range of frequency. But from the plots of CWT (continuous
wavelet transform) we know that the domunant frequency changes with the location in a
single run. The raditional cut-off filter wiil indiscnminately remove the higher frequency

informanon based on the fixed cut-off frequency. We need a tool to remove the noise



without losing the fine details of the signal. Wavelet analysis is a powerful method in
signal analysis which can denoise the signal adaptively and keep required local

information. The wavelet filter was applied in this work and the results are satisfactory

(Refer (o figure 5

Neural network is another technique we used in the data analysis. A neural network
can be used to directly extract hydrodynamic coefficients in open water maneuvering
tests. We did not achieve this goal 1n ice maneuvering tests due to data and test facilities

himitanions. However. we were able to calculate reliable values for the yaw rate by

differenuaung the yaw angle with respect to ume. The finite difference method was
imuially applied and the results were not sausfactory. The neural network method

provided better results than that obtained from the finite difference method. (Refer to

Figure

6.3 Conclusions

The following conclusions can be drawn from the data analysis.

1. The spectrum of the ice force consists of two parts. One is a very low frequency

part: the other one is a higher frequency part up to 2

Hz. The lower frequency
is close to the frequency of the yaw rate: and the higher frequency is similar to

the frequency of sway velocity.



The power spectrum plots and the distributions of coefficients obtained from the
neural network show that ship’s dynamic responses are mainly determined by the

sway velocity and yaw rate dependent coefficients.

Maneuvenng performance 1s not sensitive to the coefficient of fncuon. (Ch. 5.4.3)

Regression analysis revealed that yaw rate dependent coefficients obtained from
a sinusoidal maneuver are not unique. Their average value seem to be higher

than that obtained from a constant radius test.

Reliable estimates for the yaw rate dependent coefficients were easy to obtain. In
conclusion. it was not easy to obtain reliable esumates for the sway velocity

dependent coefficients.

The coefficients obtained from the raw test data can be used to predict twrming
radius of ship navigaung in similar ice conditions. The accuracy of the prediction
1s dependent on the accuracy of the sway selocity dependent coefficients. This

prediction model can be applied to full-scale ship conseniently.



6.4 Recommendations for future work

It is still a tremendous task to exactly predict ice forces acting on the ship when it
performs maneuvers i various ice conditions. Several possible reasons are discussed 1n

the previous section. The following are some suggestions for the future research.

> The principal task is to design an experiment to study the ice force response to
vanous sway velociues. A Straight-line Oblique Tow model test in traditional towing
tank or with the PMM in IMD’s ice tank can be carried out. The measured data of the
new experiment combined with present PMM test data can be used to develop and
validate a more accurate mathematical model of ship maneuverability in ice.

~ The data acquisition system and test facility should be improved or adjusted to match
the requirements of ice study. For example. in the constant radius test. the turming
radius was maintaned constant. but the measured instant velocity and yaw rate were

delayed or asynchronous in the test. So the turning radius c d by

instantaneous velocity and yaw rate did not remain constant.
»  Anefficient way to calculate the second denvatives of yaw angle (yaw acceleration)

and sway should be

ped 1n order to gate their contnbutions

on ice forces. A sig sway and yaw may occur in the
course of the test. They cannot be neglected.
» Nonlinear regression techniques and other nonlinear approaches. such as neural

network are worthy of a trial when the required data are supplemented.
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APPENDIX 1 Test Data Manipulation

1.1. Data retrieval and conversion

The PMM test data was initially analyzed using GEDAP command procedures.
which are developed by IMD in order to analyze the data acquired duning the test runs.
The test data were mmally stored on the IMD server with a GEDAP (General
Expenmental Data Acquisition. Control and Anaiysis Package) format. An ftp program is
prepared to transfer the test data files from VMS OS to Windows OS automatically. It i
contenient o conduct test data analysis with other avalable tools in Windows

environment a binary format

GEDAP can handle the test data to some degree. but 1t 1s not as powerful as
Matlab Program which provides us all mathematical tools that can analyze the test data as
well as programmable language. Matlab includes all tools mvolved i my research.
Wavelet toolbox. Neural Network toofbox. Stauscal toolbox. Signal processing tool box.
So it 1s necessary to convert all .DAC files to .MAT files. A shorter program was
developed to carry out this conversion called “converr”. It can manually convert .DAC
files to .MAC files without losing any useful information. The short program “converr”

s given in appendix 1.
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1.2. Data Structure

After the conversion of all .[DAC files to .MAT files by “convert.com” program

(GEDAP programming language). the data structure of Matlab file should be introduced.

The raw test data are saved in 18 different data channels. The last channel is a
ume series. The interval between two measured data points 1s 0.02 second. The data

structure s displayed in the following table and diagram.

©

Referring to the free body diagram. two right-hand coordinate systems were used
10 identfy the main parameters measured in test. One is OgXayoZo. Which is fixed in the
tank: another is oxyz. which is fixed on the center of gravity of model. moving with the

motion of the ship model.
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Channel Data Remark Unit
Surge-Center Surge Force (along the x direction) N
2 Fwd Sway Forward sway force (N3) N
3 In line load N
4 Aft Sway After sway force (N;) N
5 Stbd Torque Starboard torque Nm
6 Stbd Thrust Starboard thrust (Ps) N
7 Port Torque Port torque Nm
8 Port Thrust Port thrust (Py) N
9 Sway Velocity Transverse Velocity (v, = Yo ) m/s
10 Sway Displ T Disp (%o6) m
11 Fwd-yo-yo-pot m
12 RVDT Yaw Angle () deg
13 Aft-LVDT m
14 Port shaft speed Port shaft speed ™s
15 Stbd shaft speed Starboard shaft speed ps
16 Model Position m
17 Model Speed Carriage Speed (1, = X,;) m/s
18 time s

The measured data of two typical test runs are plotted. These plots represent
measured raw test data against time. A total of eight channels of test data were chosen to
be plotted. The first group of plots comes from the data measured during a constant
radius test in 30mm level ice. (file no.: rclassmano_014). The second group of plots

corresponds to the data measured during a sinusoidal test in 30mm level ice. (file no.:

rclassmano_001).




On inspection of the plots, one can see that the sway velocity increases while the

carriage velocity slows down in the constant radius test. This combination resulted in

making the model to travel along a part of a circular path. The plots of sway force, surge

force and thrust revealed the random property of the ice-related dynamic data series.
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Fowars Sway Force Aner Sway Force

Starbosd st Pon Thust

1 |- e
wa e

In sinusoidalal test run, the sway velocity is

to perform a
maneuver pattern, while the carriage velocity stays constant. So this forced the model to
perform a sinusoidalal maneuver. The plots of sway force, surge force and thrust also

reflected the parameter’s stochastic nature.
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1.3. Data Reduction and Validation

It is obvious that the measured test data. especially the ice-caused forces. are noisy
and stochastic 1n nature with a reference to previous plots and not all information stored
in the raw test data 1s useful for our analysis. So we have to extract the valuable
informanon from the raw data. What we want is the information in the ume duration of
the tests when the model executes exact maneuvers in the desired 1ce condition. In this
section. we present analysis techmques to extract useful informanon at the appropnate

level of complexity n the data.

Selection of the appropniate interval over which to examine the data 1s a key step.
In the constant radius tumns. the model quickly reaches steady state n the tm. The
average ship velocity. yaw rate. and turming moment. taken over the steady state portion.
adequately describe the maneuver. In this case. the appropnite nterval is the length. or

tme penod. of the steady state portion. From we wish 1o d

Nt as a funcuon of r and r'. A pure yaw test with a sinusoidal motion elimunates sway
velocity and acceleration. and provides information over a range of r and r. The
measured yaw moment N is the sum of Ni and hydrodynamic forces. The main
component of N is due to the test pattern. usuaily one cycle or less. Other components
appear in different portions of the turn. depending on the nature and location of the ice
contact zones. The measured N signal also contains a component which is the test system

rcarmiage together with PMM and attached model) response to the transient ice forces. For
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the 1:20 R-class. the freq v of this 1S y 2.1 Hz. The valuable

segment of test data is selected using visual inspection and judgment.

The Matlab program we prepared is able fo plot all measured information
simultaneously on a time base scale. After a visual inspection we can decide to get nd of
useless information manually. In this program. we just set the imitial ume point and end
tme point and extract data record in this interval. We set miuial point for some time after
the camage start moving and the end point before the carriage stops. In these two ume

zones. velocity

force and moment changed greatly and suddenly. So these two parts of
information have 1o be removed in order to obtain an objective evaluation of the ice

force. After above-mentioned process. we can get the valid test data.

Detarled procedures are presented here with reference o the Matlab program.
+ Choose the useful columns of data from raw data
Surge force. forward and after sway load. starboard and port thrust. sway velocity.

model speed. vaw angle. sway displacement. a total of 9 columns.

~  Cutthe raw test data
Input the numbers of beginming data pomt and end data point after a visual
inspection. (To eliminate the disturbed effects of engine start and stop)

Finally. to cut data segments between start point and end point and subtract the
average value before intermediate data point to get absolute value of measured

test data.
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1.4. Filter Program

Detail procedure and the design of the wavelet filter was documented as following

> Multi-level 1-D wavelet d WAVEDEC performs a multi-
level 1-D wavelet analysis:

» DDENCMP lcul the default for d

» De-nosing wavelet command WDENCMP performs the actual de-noising

process.

Note that we pass in to WDENCMP with the results of the decomposition (C and L)
that we calculated in the first step. After a number of tnals. we specify the most desirable
wavelet filter parameters. “sym8” wavelet o perform the oniginal analysis. maximum
wavelet decomposition level 10, and global thresholding option “gbi” which is applied to
the whole data senes. Waselet filter were applied to 9 channels of raw data. surge force.
forward and afterward sway force. Starboard and Port thrust. model carnage velocity and

transverse velocity. yaw angle and sway displacement.

1.5. Arithmetic Operation

This step 1s necessary because only a free body. the model. will be considered
when we study the ship responses to ice forces. So we should do everything about ice

forces acting on ship in the moving coordinate system. But the data measured in the test

150



are g 0 the fixed inate system. A Matlab program is used to make a

from earth to ship and include the

extra forces and moments provided by 1 This arithmetic calcul resulted in a

matnx of test data which is ready to analyze.

The following equations outline the operations involved in the Matlab program.
As 10 the algorithm. please refer to Code for GEDAP Command Procedures prepared by

IMD. which has been used in the imitial analysis of the tests.

Surge force = surge center load + starboard thrust + port thrust
Sway force = forward sway load + after sway load
Yaw Moment = forward sway load x 0.9969 - after sway load x 0.9144 +

starboard thrust - port thrust) x 0.204

Sway Velocity

Surge Velocuty = yu,” -

v
“cositan (=L —w
w,

> u . ;
Yaw Rate = Y22 (for Constant Radius Test only. in the case of

Sinusoidal test. neural network technique was used to obtain yaw rate)



Where i, is the carriage speed. v, is sway velocity corresponding o fixed axes.

w s yaw angle and R is Instant Turning Radius of the ship.
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APPENDIX 2 Application Program

2.1 Program “convert.com™
Run under VMS OS convert .DAC file to .MAT file.

S SPLIT_DACICE: [TEST_PJ96802.VB22['P1' ! name of DAC input file [DAC]
! GEDAP file name option [1]

! output data scale opuion [0]S!S!S EXPORT_MAT2PI’
* output MATLAB mat file name [ MAT]17

! number of GEDAP input files (1-20) [1]G1.001
" name of GEDAP input file no. 1 [.001]G1.002
* name of GEDAP input file no. 2 [0011G1.004
" name of GEDAP input file no. 3 [.0011G1.005
 name of GEDAP nput file no. 4 [.001/G1.017
! name of GEDAP input file no. 5 [.001G1.018

! name of GEDAP input file no. 6 [.001]G1.019

* name of GEDAP input file no. 7 [.001G1.020
* name of GEDAP input file no. 8 [.001]G1.021

* name of GEDAP input file no. 9 [.001]G1.022

* name of GEDAP input file no. 10 [.001]G1.023
! name of GEDAP input file no. 11 [.001]G1.024
* name of GEDAP input file no. 12 [.001]1G1.025
! name of GEDAP input file no. 13 (.001]G1.031
! name of GEDAP imput file no. 14 (.001]G1.032
! name of GEDAP mput file no. 15 (.001]G1.046
! name of GEDAP input file no. 16 [.001]G1.047
! name of GEDAP input file no. 17 [001]Y

o



! Export GEDAP data? [Yes|: GEDAP_DATA

! name of data matrix (19 char max)Y

! Export GEDAP header parameter? [Yes|:

! string for missing char headers | |

! integer number for all missing numeric headers [0]4

! number of header parameters to export (1-100) [1]DATA_CHAN_1
! name of header parameter no. IDATA_CHAN_2

! name of header parameter no. 2UNITS_CHAN_I

! name of header parameter no. SUNITS_CHAN_2

! name of header parameter no. 4N

! Convert all matnx names to lower case? [NoJ:

2.2 MATLAB program “extract.m”

Extract and filter data

“Uload raw test Jata

nputs enter file name o~
wad= [l mat|.
evali]load _ioad |

*Entract usetul intformanon

e

P Forwar and Atter Sway Load
<h2=GEDAP_DATA:
chd=GEDAP_DATAC A
F Starcoard and Port Thrust
cho=GEDAP_DATA.61:
ch8=GEDAP_DATA.81
i Sway Velouty
ch9=GEDAP_DATA(:.91:
7 Model Speed

<h12=GEDAP_DATA(.121:
i Sway Displacement



ch10=(

iEDAP_DATA(.10):
plotich 101
‘i Input the keypomnts

=mputplease enter initial point r;
pe=input please enter end point i:

i Cut the data

“i Suge Force

<l=chliprper

i Forwar and After Sway Load
2ipiper:

\3=chdiprper

“i Starcourd wd Port Thrust

“isway Veloerty
\6=ch9(pr:per:
Model Speed
ch17(piipe:
Yaw Angel
w=eh 1 2ipipen:

a3 Displacement
O=chiprepe

‘i Filter

=l

ledl=wavedeciv L s ms 1
Ithr.sorh.Aeepappl=
dencmpe ghl

den’ws
N 10ahrsorh.keepapp

“den’wa
" 10.thesorh.keepapp s

“den'wa i
sym3'10.thr.sorh.keepapp

=wdencmpr ghlc.l

=
[ed=wavedect v 10, syms'i:
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[thr.sorh.keepapp
H=wdenempi'g

=ddencmpt'den” w '
1'sym8".10.thr.sorh.kecpapp):

A=x6:

[edl=wanedecn 10, symS 1

[thr.sorh.keepapp | =ddencmpi den” wa . x1:
v6r=wdencmpe gbl.clsymy . 1 Outhr.sorh.keepappr:

[thr.sorh. LLsrupphddganp: denwa o
Vf=wdenempeghle.d sy m3' 10.thr.sorh.heepapp

Ao VN, L0 Sy T e
lthr.sorh keepapp [=ddencmpr den’. wi
AST=wdencmpd bl L symS' 10.thr.sorh.keepapp:

=

Jell=n avedec v, 10, my i:
[thr.sorh.keepapp | =ddencmpr den. wy
\Of=w denempr ghl L symy. I0.throrhkeepapp 2

R A R R AN A AT A AT RO/ H

“eSave the extracted data
=t

n2=mput please enter the file name s 12
file_savel= (2 data.ndf:
fevainlfile_savel. ruw . -a:

clear
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2.3 MATLAB program “calcu.m™

Calculate the required test duta for further analysis

* Load raw test file
fni=inputienter test data file name 5
file_load= [fn . datwit |:
duta=loadfile_load 2

v=datacd e

\O=datac9n

‘e Caleulation

 Suge Force

Yaw Moment
F=\2 09969
Sy Veloeny
R
AN, P N0
¢\ clocity

CTON a0 TS 180
Yaw Rate

ave's
file_save= [tnl. e |
HUSA sult.-ascin

le_save



2.4 MATLAB program “mynn.m™

aw rate and

Exccute the neural aetwork calculztion for the purpose of getting »

difterential coetficients

Load raw test file

tnl=nput enter test dat file name .~ 12
fiie_load= [l el
Jdata=toadifile_load:

‘e entract userul data

v=datan 4
J=data. ™ pu 180

i data preparation for neural network caleulaion
n=lengthe .

= 0Zin-1o 002

P

Ip=sguashipr
lt=sguasher s

. neural network caleulaton for vaw rate
si=roends L-sgrtin e
net=new 1m0 mandtLis 1L tansg purehn |
net.trunParam.epochs= | 50,

net=tramnetitlp

werl=netiw 111
etdw: 20
pl=netbilli:
bl=netb{2.1}

werls

tor=1mn
=l

i werlp=b g

158



L=HuL-Hg o

alyiwealin

ri=sum DH. S We:
end

AE2man -mini;
ap=2/imaniprminipi:

r=lauap T
clear nettin A H DH We

*i data reparation for neural network caleulation to get differentiate coetficients
da=(im o rl

=0:0.02:1.95:

li=squashit:

len=lengthi du:

ens 10
for se=lisey

das=dar 1007 se-99 3¢ 100y
Ii=squashdas |
Im=squashidase

I =squashi dase 3.0
Ir=squashrdasi4. o
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net=new (i PR.s1 1].{ tans
nettrainParam.epochs=300:
net=iranoetP.Y ;

sl=netin{ LI
w2=netiw {211
Al=neth! 1.1

hl=nethi.1:

fori=l.n

Hijr=tansign A
DHipi=t E=Hup e E-H i
MWt

end
Yo n=sumiDH. We
end

z=w Lol fw 2

Yi=taaf Y

HUSESERY

Np=sumin L. mieh g

Hip=tansig Ao
DHupos L=Hip o -Higo

Werpsw h 2 w2
end
Yro=sumiDH. We
end

Yr=araloYr:

<lear net

net=new ffiPR.[s1 1].{ tansig purelin’} 12

netramParam.epochs=3
net=traniet.P.N

purelin’] 1:

ArpEsumen Lo =blg



Aursumes L. inieb g
Hij=tansizi Aq i:
DHui= L=Hig s L-H e

Werp=w Ll F w2
end

Nvi=wumiDH. Wer:
end

Ny=cavamr Na:

fori=lin

n=Pioan

for =155t
Arp=sumos Lotini=hlg
Hp=tansig A :
DHijo=L=Hip L-Hipo:
Werpimw 1.2 2

end

Nrn=sumiDH. We:

rame Nt

=iV Yr N Nr s
e 10 ~e=99:5¢ 100,
=fmeantY v means Yoo mean N means N

7 geansy

end
Jdi=da:

i saving the files
fi=wave:

le_save=[fnl. coe.oxt |:
fevalifiufile_suve. coe’ ~asen'r:
file_savel={fnl. re.axr]:
fevalififile savel.df -asen'n:
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¢ Lincar Squash function from -1 to 1

funcuon y=squashi 1

manv=mani
minx=nneo:

S=2imanemin
b=1-a"max\:
v=ax=h:
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