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ABSTRACT

An upward-acting icebreaking bow offers certain features,

referred to as operational advantages, that may improve the

utility, reliability, or some aspect of the performance of

ice-transitting shipping. Since the cessation of testing of

icebreaking plow designs in the mid-1970's, there have been

important developments in icebreaking technology that may

make an upward-acting icebreaking bow feasible.

A new concept for an upward-acting icebreaking bow,

designated the S-Bow, incorporates a shearing fracture

action as a method of reducing ice resistance. This study

was directed toward generating a bow form to demonstrate the

concept. An experim~nt?l program was conducted in level

uniform ice, but the range of conditions that an icebreaking

vessel would encounter was considered in the development of

the bo\<,' form.

Alternative bow configurations were tested in a small­

scale experimental program. The S-Bow form selected for 1 30

scale resistance tests resulted from this design program.

The resistance trials were conducted in the ice tank of the
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NRCC Institute for Marine Dynamics using the M. V. "ARCTIC"

as a test case.

The trials were evaluated from videotaped observations,

resistance measurements, and a numerical analysis of the

breaking mechanisms. A clearly defined fracture sequence and

an adequate flow of broken ice could be observed, but the

measured average resistance levels ranged from 2.0 to 5.0

times th~ ice resistance of the "ARCTIC" with its present

bow form. The analyses indicated a large component of the

recorded resistance could be attributed to design problems

but it was also established that a significant inherent

resistance resulted from the lifting and movement of broken

ice.

A set of revisions are proposed to rectify the design

problems. The indicated performance envelope was assessed

against the potential influence of the operational

advantages of an upward-acting bow. The development of the

open water capability of the S-Bow and reduction of the

magnitUdes of ice resistance are required to demonstrate its

fea:dbility.



iii

ACKNOWLEDGEMENTS

I would like to thank my supervisor, Dr. 0.8. MU9'geridge,

for his encouragement, direction, and financial support of

this research pr09ram.

I wish to thank Dr. S.J. Jones, Head of the Ice Group,

D. Spencer, Project Officer, and the members of the Ice

Group of the National Research Council of Canada's (NRCC)

Institute for Marine Dynamics (IMO) for their advice and

effort throughout the program, and particularly during t:he

resistance trials. I would like to express my appreciation

to Mr. T. Randell, as well as the staff of the Model shop,

Technical Services, Memorial University, and ;;he staff of

the Model Preparation Shop of IMD, for their efforts in

constructing the model. I would als::" like to acknowledge the

co-operation of Melville Shipping Ltd. and Dr. F.M. Williams

for allowing access to model test results for the M.V.

-ARCTIC".

The assistance of the Laboratory Technicians at Memorial

University was much appreciated. I would also like to ac­

knOWledge the assistance of: Mr. W.H. Lau and Mr. D. Sen,

graduate students; Ms. S.G. Decker, a work-term student; and

Mr. J. Alm!und, an eXchange student from Denmark.



iv

Financ;ial support was provided by the Natural Sciences and

Enqineering Research Council of Canada (NSERC), Grant No.

A4885. Certain phases of the research were conducted as NRCC

Internal Research project 15306. The author would also like

to thank the Board of Directors of the Centre for Cold Ocean

Research Engineering (C-CORB) for their personal financial

support through their Fellowship program, 1985-1986.

I would also like to thank Mrs. M. Brown for her assist­

ance in preparing this manuscript, and would like to acknow­

ledge the co-operation of the CErC and IMO library staff.



TABLE OF CONTENTS

ABSTRACT

ACKNOWLEDGMENTS

LIST OF TABLES

LIST OF FIGURES

NOMENCLATURE

iii

vii

viii

1.u INTRODUCTION ••••.•••.••••••••.•••.•••..•••.•••••••• 1
1.1 The New Upward-Acting Icebreaking Concept 1
1.2 Operational Advantages 4
1.3 The operational Profile 6
1.4 Scope of Research a

2.0 DESCRIPTION OF THE UPWARD-BREAKING BOW •••••••••••• 10
2.1 General Arrangement 10
2.2 The S-Bow Breaking Action in Level, Uniform Ice 11

3.0 DEVELOPMENT OF THE UPWARD-ACTING BOW FORM .•••.•••• 14
3.1 Form Development Methodology 14
3.2 Small Scale Towing Trials 17
3.3 Evaluation Criteria for the Small-Scale 18

Evaluation Program
3.4 The Evolution of the S-Bow configuration 22

4.0 RESISTANCE TRIALS WITH THE S-BOW IN LEVEL ICE ..... 25
4.1 Test Facilities 25
4.2 Model Description 26
4.3 Outline of Test Program 29
4.4 Analysis of IMO Resistance Trials 31
4.5 Summary of the Analyses of the 45

S-Bow Level Ice Resistance

5.0 RECOMMENDATIONS; CONDITIONS FOR FURTHER RESEARCH .• 4 6
5.1 Refinement of the S-Bow Form 46
5.2 Investigation of the Upward-acting 49

Icebreaking Concept based on the S-Bow

REFERENCES ••••••••••.••••••••••••••••.••••••..•••.•••• 56

TABLES •••••••••••••••••••.•••••••••••••••••••.•••.•••• 68



vi

TAbLE OF CONTENTS (Continued)

~
FIGURES ••••••••••••••••••••••••••••••••••••••••••••••• 73

APPENDICES:
A. Background to Development .••••••••••••••••••••••• 8S

B. Specifications of the M.V."ARCTIC": ..•••....••. 93
Model M326B/MJ26BMS

C. Ice Characterization Tests for the .•••••.•••• 101
Small-Scale Ice Tank

D. Design of the Small-Scale Model Mounting •••..•.• 112

E. Small-Scale Ice Test Program Data ........••..... 117

F. Specifications of tho M.V."ARCTIC" .••••••.... 124
fitted with the 5-80101: Model M326BP

G. Summary of the IMO Resistance Trials ....•...•••• 129

H. Numerical Analysis of the S-Bow Resistance ...•.• 138

I. Performance Analysis: Two Operational ••.•.•..•. 158
Profile Case Studies



vii

LIST OF TABLES

1. Details of Alternative S-Bow Designs ..........•...• 68

2. Summary of Small-Sealo Tests by Bow Type •••.••••••• 69

3. Schedule for lMO Resistance Tests ....•..•••..•....• 70

4. Summary of Resistance Data ..•••...•....•••••••..... 71

5. Summary of the Numerical Analysis •••....••••..•.••• 72

APPENDICES
~

B.1 Hydrostatic Particulars of the M.V."ARCTIC" •••• 97
and Hodel M326BMS

8.2 Form Coefficients for M.V."ARCTIC": Melville Bow•. 99

C.l UR/D/s Ice Mix Calculations ••.......•....•....•.. 106
C.2 UR/D/s Ice Grain sizes 106

E.l Small-Scale Ice Tank Trial Data ..••••.•.••••••. 120-123

F. 1 Hydrostatic Particularf\ of Model M26BP, ••••••..•• 127
F.2 Form Coefficients for M.V."ARCTIC": S-Bow 129

G.1.1- G.1.S Average Model Resistance Data, •.... 130-134
Tests 1- S

G.2 Model Motion Data for Typical Trials .....•....... 136

H.2.1 Radial Cracking Resistance Models ......•.•..... 14 3
H.2.2 Radial Cracking Resistance from Ralston •......• 143

r.1 Route Description .....•......•..........•........ 161
r.2 Performance Data for Case Study 162
r.3 Energy Consumption Rates 164



viii

LIST OF FIGURES

Figure
1. Route Spectrum.......•••.....•. =.••..•• 73

2. S-BowLines •••..•..•.....••...•...•••••••..••..... 74

3. The S-Bow Model Segment.................... . •.•• 75

4. Schematic Diagram of S-Bow Components ..•.......... 76

5. The S-Bow Breaking Sequence in :..I!vel Ice ..•..... 77-78

6. The S-Bow in Pre-Sawn Ice ........•..•..

7. Sm,,-ll-Scale Ice Towing Tank ...

•.• 78

. ..• 79

8, Small-Scale Model Mounting ,........... . .80

9. E'FI - The Pontoon-type Forefoot 81

10. FF2 Fo:p.!oot with the FBZ Forecastle •••....••..•.. 81

n. The over-hanging Forecastle used in FBl. ...••..... 82

12. FBS - showing shorter Forefoot integrated
with Forecastle

.... 82

13. 1:30 Scale Hodel Construction ....•.....•...•..... 83

14. Deflection and Deformation of Ice Sheet •..••. , .84
around Bow

15. Radial Cracking during Quarter Point TriaL 84

16. Broken Channel produced by the S-Bow •...•......•.. 85

17. Time History of Resistance Data: ...•..•••...... 86
S-Bow and Melville Bow

18. Model Resistance Data - IMD Tests ..•.••••.. , •.... 87



ix

LIST OF FIGURES (Continued)

APPENDICES
Figure ~

B.1 BoC:y Plan- Melville Bow••................•....... 100

C.l Flexural Strength vs. Tempering Time 107
C.2 Flexural Strength from Modulus Tests .....• , 108
C.3 Modulus Ratio vs. Tempering Time 109
C.4 Thin Section Photographs 110-111

1.1 ResistanC~l Data for Narrow Beam Case Study 166



NOMENCLATURE

Al, Alj :::: added mass; i,j components
a :::: roll, pitch period coefficient
A."p :::: area of waterplane
AP = aft perpendicular
B = beam (width)
BI:! :::: damping coefficent
BL :::: baseline
8M ::: "metacentric radius from centre of buoyancy
CB = block coefficients
Cli '" midships coefficients
Cp :::: prismatic coefficient
Cw :::: waterplane coefficients
CAlj ::: added mass coefficients
CAM = computer automated machining
CASPPR = Canadian Arctic pollution prevention regulations;

also CASPP
Ch • Cauchy number
o :::: moulded hull depth
DWT :::: deadweight tonnes
d,d! '" inner or least diameter
E :::: (elastic) modulus

~g?lDise~e~%tfi~i~~P'i~~n:o~~in~s; ethylene glycol,
detergent, sugar

F :::: test rating: fair
Fe '" external force
Fl = force in i direction
FA '" failed test
FBx :::: forebody I model x
FFx :::l forefoot, model x
FC ::: test rating: fair to good
Fn ::: Froude number
fwd :::l forward
G ". test rating: good
g = gravitational acceleration constant::: 9.81 mls
GE = test rating: good to excellent
GM = metacentric height
Hi ::: ice thickness, location i in small tank
He = heavy ice cover
h ::: ice thickness
II. ::: moment of area (longitudinal)
IMD = Institute for Marine Dynamics
Jl ::: moment of inertia, i component
k = radius of gyration factor
kl '" spring constant, i mode
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NOMENCLATURE (ContinUed)

KIc CI stress intensi"y factor, tension mode, fracture
toughness .

KB CI height of centre of buoyancy from keel (moulded)
KG :::l vertical centre of gravity from keel (moulded)
L '" length (of cantilever I tip to root 1
Lsp,LIlP :::I length between perpendiculars
Ie '" critical length
LII ::: length from AP to midships
1. ". length to shoulder from midships
L.h = " " " from AP
Lwt,LWL '" length on waterline
LCF = longitudinal centre of flotation
LeG ::::l ,. "of gravity
LVDT = linear voltage displacement transducer
M,Mi = moment, about i axis
M326BMS = designation for 1:30 scale M.V."ARCTIC" fitted

with the Melville Bow
M326BP = designation for 1: 30 scale M. V. "ARCTIC" fitted

with the S-Bow
MCT(xjm = moment to change trim "x" metres
MP ::: medium pack ice
Nj :: specific weight of ice dopant component j
OA = overall
OP ::: open pack
OW,OW. ::: open water; s includes seakeeping factor
P = ice test rating: poor
Pv ::: vertical component of ice loading
PF ::: ice test rating: poor to fair
OP ::: quarter point location in ice sheet
r ::: radius of ice loading
Rt,Rt ::: total ice resistance
Rl,Rr ::: radii of gyration, longitudinal, transverse
Rl,R2 = resistClnce record from LVDT's land 2
RATE = numerical test rating
RPM:: revolutions per minute
S ::: drive setting
S = total distance travelled [Appendix J]
SFj = ratio of route distances, ice condition:total length
SMP = milling machine control program
Ssx ::: stem splitter model x
t ::z time
t = trim [Appendices Band F]
Tr ::: roll period
U '" velocity (feet/sec.)
UR/D/S = model ice dopants; urea/detergent/sugar
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NOMENCLATURE (Continued)

V :cz volume
Vp,v. = velocity; full-scale and model scale respectively
X,x = segment distance (ice piece)
x' = broken ice piece size
Wi = weight of ice dopant component i
Zl = vertical displacement, i component

~
AP = from aft perpendicular
c :: in compression or crushing
f '" in flexure
fw = fresh water
FP :c from/at forward prependicular
I, i ... component due to ice
i,j '" general component counter, orthogonal system
M = from/at midships
m = model scale
P, P = prote~ype (full scale I
6, sh = at shoulders
sw "" sea water
t. '" in t.ension
x,y,z, '" components in x/y,z direct.ion, FoBS orthogonal

system
3 = component in heave (y) direction
5 '" component about pit.ch axis (z)

~.!2l.o.
Q = stem or slope angle, from horizontal
a' ~ complement of slope angle
IJ = waterline entrance angle
., :cz local forefoot frame angle
~ = local forepeak angle, in x-y plane
'" '" pitch angle
( '" resolution factor"I J = displacement (distance)
I = wavelength
j, '" scale factor
w '" angular frequency
p. • Coulomb friction coefficient
PJ '" density of material j
q '" normal stress
r '" shear stress
r .. local forepeak angle, in x-z plane



CHAPTER ONE

INTRODUCTION

Over the past two decades, the ice covered regions of the

world have grown in both strategic and economic importance.

Shipping activity in these regions has increased in volume

and diversity. Operations in ice-covered waters require

specialized equipment and navigation procedures, which re­

sult in higher capital investment and operating costs when

compared with open water operations. Shipping designed for

ice navigation must find an optimum between the conflicting

requirements for ice transit and open water operation. Naval

architects have recognized the role of balancing performance

requirements in icebreaking design, but researchers have

tended to concentrate on the reduction of ice resistance.

The importance of optimizing the performance range of a

vessel, and the factors involved in optimization,

essential aspect of this atudy.

I • 1 THE NEW UPWARD-ACTING ICEBREAKING CONCEPT

An upward-acting icebreaking bow offers certain advantages

over conventional, downward-acting icebreaking designs.

These advantages, designated "operational" advantages, may

not affect ice r&sistance directly, but would affect the

utility or overall efficiency of a vessel. As the roles of

icebreaking vessels become more diverse, these advantages

can be el\.,:'l9cted to -;e~-;;i~e a higher priority.



Previous upward-acting icebreakers have taken a plow con­

figuration (German and Dadachanji,197S; German, 1971; Shvai­

stein,1971; A1exander,1970i Davies,1969l; their development

is presented in Appendix A. The problems reported with the

icebreaking plow included: blockage of broken or pack ice;

poor open water performance; and higher level ice resist­

ance. No reliable model-scale performance data a"re available

in open literature.

Since t.he suspension of the development of the icebreakinq

plow in the mid-1970's, there have been significant develop­

ments in icebreaking technology and ice engineering. Among

the most prominent developments are the various "pontoon"

type bow forms (Enkvist and Mustamaki,1986; Schwarz, 1986;

Tronin, 1986; Freitas and Wilckens,19801. This bow form re­

duces ice resistance by the use of a low stem angle and a

rectangular section, which exploits the weakness of ice in

shear and bending; the Thyssen/Waas bow features side runn­

ers to assist in shearing. The major limitation of this type

of bow is its relatively poor open water performance and

seakeeping properties (Bnkvist and MustaJnaki,1986; Discuss­

ion as noted, Schwarz,1986i Freitas and Nishizaki,1985;

Freitas and Wilckens,1980j.

The new concept for an upward-aatinq icebreakinq boW',

referred to as the S-Bow, combines the superior shearing



action of the pontoon-type form with the upward action of

the ice plow. There is a resistance penalty associated with

any upward-acting bow because the entire weight of the bro­

ken ice must be lifted by the bow. Field data indicates that

the (macroscopic 1 mechanical properties of ice are unchanged

by the direction of action (Mellor, 1983), but a downward

acting bow must only sUbmerge the buoyant component of that

ice. Resistance is affected directly by the weight component

and by the added friction created by the increased normal

load. The elimination of hydraulic or hydrodynamically

-induced resistance provides some compensation for the re­

sistance penalty, but the absence of waterflow also increas­

es the risk of ice blockage. The intent of the new concept

was to compensate for the higher ice resistance due to the

movement of broken ice by an improved fracture action.

Icebreaking resistance is generally treated as a process

consisting of ice fracture and broken ice components, but

the relative contribution of each individual component to

the tota! resistance is not clearly understood (Carter,1985;

Glen,1984; Pozniak et al.,19Bl; Milano,1975; Enkvist,1972).

An experimental program was required to evaluate the per­

formance of the bow.

The objective of this study was to produce a configuration

with an ice resistance competitive with downward-acting



forms, as defined by the candidate vessel's operational pro­

file, in order to exploit the operational advantages assoc­

iated with the upward-acting bow.

1.2 OPERATIONAL ADVANTAGES

The operational advantages associated with upward-acting

icebreaking are derived tram three teatures.

al D..~ - has a potential effect on performance by:

offering greater control over the sUbmerged hUll form,

with regard to open water performance (AppendiK A), or

the employment of unorthodoK hull forms to reduce ice

resistance (Schonecht et al.,1977; German and Oadachanji,

1975; Kallipke,1972) i and the use of aUKiliary icebreak­

ing technology or low friction coatings uniquely suited

to an upward-acting bow form. Ot"ner features of the

geometry include: ease of maintenancE! because much of the

ice contact region is above the waterline; and a more

full hull form giving a greater OWT:L ratio.

bl Management of Broken Ice - which deposits the ice around

the hull above the waterline offers a range of advan­

tages:

i) increased utility and the reduction of risk of ice damM

age to vessels or structures operating as a platform in

an ice field While engaged in activities requiring a



"rnoonpool", the towing of an appendage, or engaged in

sub...ice surveillance. A limited model study (Kitami et

al.,1983) and field reports indicate ice contact is a

problem (Arctic News Record, 1984; Offshore Engineer,

1983) .

ii l an indirect improvement in safety by providing a super­

ior platform for ice detection sonar by a reduction of

ice interference with the array (Elkholm,1986). Damage

statistics (KOehler,1986; Glen et 8.1.,1982) indicate

that the majority of incidents are caused by situations

that e;.(ceed reasonable design criteria, such as "grow­

ler" impact or extreme ice pressures. Hazard avoidance

is the ideal strategy in these cases.

iii) a direct improvement in safety and reliability I by re­

ducing ice contact with the propulsion and steering

systems. Significant ice contact is reported in all

types of ice-going vessels (peirce,1986i Laskow et al.,

1986; Peirce et a1.,1985; Kramek and Gulik,1981;

Macdonald, 1969). Damage events are rare, but critical

systems such as the propellers are at risk.

iv) a reduction in ice milling or nozzle masking, resulting

in higher propulsive efficiency.

c) Production of an Tce~Free Channel - has historically been

the basis for interest in upward-acting icebreakers, but



the condition of the ice channel is A function of the

integri ty of the ice sheet and the amount of ice pressure

(Shvaistein,197l). A clear channel immediately aft of the

icebreaker may be of value when reversing to ram (Gray

and Haybourn, 1981), or when towing.

Treated individually or cumulatively, the operational

advantages are an anent!al aspect of the upward-acting ice­

breaking concept. They would not receive consideration in a

standard performance evaluation based on resistance tests.

Neglect of the operational advanta.ges of the bow seriously

underestimates the potential of the concept. It is difficult

to quantify the significance of a particular advantage or

what qualifies as -sufficient" performance to be competitive

with conventional designs. The evaluation vculd vary with

each operational profile.

This study attempted to give priority to the operational

advantages in several ways. Their exploitatlon was con­

sidered a design criterion, and experimental evidence of the

mechanisms from which the operational advantages are derived

was sought. The concept was analyzed in terms of case stud­

ies, which could incorporate some aspects of the operational

advantages.



1.3 THB OPERATIONAL PROFILE: FACTORS AFFECTING THE TECHNICAL

BVALUATION OF NEW TECHNOLOGY

The operational protile of a vessel can be defined in

terms of the environmental conditions characteristic of its

route, and the vessel's function (SChVar2,1986i German and

Dadachanji.,1975; Macdonald, 1969). Definition of the environ­

mental conditions should include the variation in ice con­

ditions, the ratio ot ice to open water, and the route

hydrography, in addition to identifying extreme ice con­

ditions. The route environmental conditions can be class­

ified according to a spectrum, where one extreme represents

a route profile consisting entirely of heavy ice conditions

along the entire route for the entire season, while the

other extreme is entirely in open water. A schematic is

shown in Figure 1. The performance of the vessel should be

considered over the entire range of route cc.ndi tions, rather

than over a specific segment. The ability of remote sensing

technology to assist in routing should be considered, as it

vill tend to skew the route conditions to the lighter end of

the spectrum. The availability of icebreaking, navigation­

aI, and repair services is also a factor.

The performance of an icebreaking vessel will be a func­

tion of its capability to transit various ice conditions;

its hazard avoidance capabilitYi and its open water perform-



The capability of a vessel will be a function of its

size, form, propulsive thrust, and its navigational facil­

ities. Greater specialization in one operating mode is

usually achieved at the expense of other modes. The problem

is to produce a vessel that 1s neither underdesignet: "r

overspecialized. Apart from achieving a basic capability to

operate efficiently in each environmental condition, the

optimum design will strike the best balance of performance

appropriate for the route conditions. A comparative eval­

uation of alternative designs should treat performance over

the full range of route environmental conditions.

The vessel's function 1s the other factor in the oper­

ational profile. Capital costs will be higher to adapt to

the harsh operating environment. An icebreaking vessel is

the sum of many sUb-systems; the interaction of these

systems is an important factor in achieving an optimum

design (Kramek and Gulik, 19B1). Some of the operational

advantages will contribute to an efficient interaction of

the hull and propUlsion system. unfortunately the assessment

of these effects was outside the scope of this program.

1.4 SCOPE OF RESEARCH: OBJECTIVES OF THE RESEARCH .PROGRAM

The research program attempted to reflect the importance

of the operational profile, which will be quite specific to



a route or veaael, in the determination of tho reaearch

objectives and evaluation criteria. The design was treated

as a problem in naval architecture, which involved a broader

set of problems than those related to ice mechanics. Con­

tinuous transit of level, uniform, ice was selected as the

initial desi.gn condition becauee it required the most exten­

sive form development, and is the condition most widely used

to assess icebreaking performance. Other ice conditions and

open water performance were considered in the design of

alternative bow configurations. A form that offered better

prospective perfortl\ance in other conditione while still

maintaining the shearing fracture action was favoured, poss­

ibly at the expense ot level ice resistance. Because the

research was a preliminary study, some of the evaluation

decisions were speculative, requiring verification by fur­

ther research in other operating conditions.

The object ot this research was to establish whether the

proposed upward-acting shearing bow concept was feasible. A

basic form had to be created for thi.s research. Level ice

resistance data was used to def tne a performance envelope,

rather than to definitively evaluate the bow. This perform­

ance envelope was then used to investigate the potential

concept. A full evaluation of the concept would require an

extensive long-term research program.
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CHAPTER '!'WO

DESCRIPTION OF THE UPWARD-ACTING BOW

2 • 1 GENERAL ARRANGEMENT

Figures 2 and 3 show the bow confiquration, designated 48

the 5-Bo""" that was developed for the comparative re~istance

tests with a downward-acting bow. While the design concept

originated 4S a combination of lhe ice plow and the pontoon­

type bo~~, the S-Bow configuration owes much to the snout bow

employed by many l<e.te-nineteenth centuri warships, and to

the extreme bulbous bow featured by 90me recent merchant

vessels (Appendix A). The S-Bow cl1nsists of the following

elements, as labelled in Figure 2:

1) the bow undert'ide _ not treated in this stuciy~

2) centreline skeg or runner.

3) forefoot - a snout form, featuring a paralalic section

forward, a rectangular section aft.

4) shoulders.

5) forecastle - featuring:

5a) the l:)wer section featuring "tumblehome~.

5b) a flarEj:ct torepeak of circular section

This nomenclature will be used throughout the text. The bow

geometry can be defined by characteristic angles, as in

Figure 4.
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The driving mechanism for the breaking action of the S-Bow

in unbroken level ice is the buoyancy force created as the

bow is driven under the ice sheet. Bow geometry affects the

hull trim induced by the ice sheet, the fracture action, and

the flow of broken ice. A critical aspect of the breaking

action is the maintenance of the flow of broken ice over the

bow. There is no waterflow to entrain the broken ice as in

downward-acting designs. The S-Bow uses inclined surfaces to

ensure an adequate flow of ice, through the use of the

weight of the broken ice.

2.2 THE S-BOW BREAKING ACTION IN LEVEL UNIFORM ICE

It is possible to describe the breaking action as a series

of discrete events, based on experimental observation. The

sequence is illustrated in Figures 5 and is described below.

l) A centreline crack is induced in the ice sheet by the bow

stem runner. A lifting force is generated as the bow sub­

merges under the ice sheet; a region of ice deformation is

generated around the snout (Figure Sal.

2) A circumferential crack develops over the snout, to

form a "tee" with the centreline crack (Figure 5b). The

development of this crack corresponds with a release in

the lifting load on the snout. Shearing is initiated at

the shoulders.

3) The circumferential crack connects with radial cracks

that develop from the initial shear crack created at each
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shoulder (Figure ScI. This forms the Mtwo-dimensional­

failure sequence of the short, wide, cantilever formed on

each side of the centreline extending back to the should­

ers. The geometry of the fractured segment will depend on

the relative location of the circumferential crack to the

shoulders. as determined by the induced hull trim, bow

form, the ice thickness, and ice quality. In tests in lab­

oratory ice, the S-Bow on a hull with a high length:beam

ratio formed crescent~Bhapedcantilevers, as the bow did

not trim f.igniticantly prior to fracture.

4) As the ice moves aft over the snout and on to the should­

ers, the cantilever segments begin to separate into two

distinct "trains" as the ice rides up onto the spine of

the snout.

5) Each side of the crescent Jlides out....ard and aft, con­

forming to the shape of the bow and inducing some second­

ary cracking in the crescents. This breaks the ice into

smaller segments. The lateral motion is induced by the

action of the !Item and the weight at broken ice on the

inclined bow surfaces.

6) As the broken ice elide..; laterally and aft on the should­

ers (Figure ScI:

6a) the outer segments of the crescent are pushed .outward

off the shoulders 1 when unsupported they will collapse

on to the adjacent ice sheet.
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6b) the inner piece of ice will slide further aft along the

forecastle; no longer confined by the outer segments of

the crescent, the ice will slide down the inclined sur­

faces onto the adjacent ice sheet under its own weight.

This description of the breaking action is sOlnewhat ideal­

ized; certain problema believed to originate with the test

configuration will be analY2ed in succeeding sections dealing

with experimental results (Section 4.4).

The behaviour of the S-Bow in broken ice was not specific­

ally studied but it was a factor in developing the bow geo­

metry. The snout forefoot was designed to deflect broken ice

laterally and down. Earlier ice plow designs were reported

to accumulate broken ice ahead of the plow until forward

movement stalled (Shvaiatein,1971; OAvies,1969). A limited

number of experiments with the 5-Bow in pre-sawn and uncon­

fined ice indicated a speed dependency. At low speeds, the

ice pieces were observed to rotate, move laterally and sub­

merge (Figure 6); with increasing speed the ice began to

ride up on the bow, until the ice flowed as an unbroken ice

sheet. A complete analysis of broken/pack ice performance

would require the design of the bow underside.
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CHAPTER THRES

DEVELOPMENT OF THE UPWARD-ACTING BOW FORM

3 • 1 FORM DEVELOPMENT METHODOLOGY

The objective of the form development ph.lse was to develop

a feasible upward-acting bow in accordance with the prin­

ciples outlined in section 1.4. Previous experience with

upward-acting icebreakers (Appendix A) indicated several

problems that had to !:>e resolved in the new design. A suit-

able test case, the icebreaking bulk carrier M.V."ARCTIC"

was selected; specifications are given in Appendix B.

The S-Bow as described in Chapter 2 was one of several

alternative configurations of the upward-acting shearing

concept. An inexpensive method was required for evaluating

the alternative designs. Available computational methods

lacked the flexibility and accuracy needed to predict the

behaviour of a new concept, and therefore it was decided to

attempt a smell scale experimental program using the latest

(1985) developments in model ice.

A small-scale towing tank was constructed for use in a

standarj refrigerated "cold room" at Memorial University.

The size of the cold room limited the tank length'to about

one metre: if the M.V."ARCTIC M with a 23m beam was used as
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the test case then a geometric scale of about 1:100 was

possible. The models were towed along a monorail uoi-slide

track by cables and a vee-belt/pulley drive from a 0.8 kW

variable-speed electric motor. The system gave a speed range

equivalent to 0.5 to 3.5 knots full scale. Speed was mon­

itored using a cam-switch system on the towing aXle, which

recorded revolutions on an K-Y Plotter; linear velocity was

obtained from the time scale and the axle dimensions. Brak-

ing was initiated by tripping a limit switch. The towing

tank is shown in Figure "I.

The model ice consisted of fresh water doped with a mix of

2% (by weight) urea (carbamide), 0.05% detergents(AD), and

0.03% sugar; the mix was referred to as UR/D/s ice. A seeded

ice sheet averaging l. Scm thick could be grown after 1. S

hours at _24°C; target ice properties were achieved after

tempering at _2°C for about 1.5 hours. The ice structure was

columnar with an extensive "polycrystal1ine" granular upper

layer; thin sections are shown in Appendix C.

A series of chbracterization tests were performed prior to

the start of the model test program; they are discussed in

Appendix C. These tests were intended to identifY' the scal­

ing limits of UR/o/s ice and to develop a standard operating

point. The tests included monitoring of g.'(owth rates, pro-
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filing ice sheet thickness, measurement of flexural strength

and modulus of thp. ice sheet using the cantilever beam meth­

od, and measurement of shear strength using the "guillotine l1

method (Timea, 1980). The tests are described in a M.U.N.

Ocean Engineel-ing internal report (Paterson and Lau,1986)

It proved possible to scale down UR/D/S ice well below the

limits of standard urea ice (Timea, 1980). Flexural strength

was the most sensitive to tempering; strengths averaged 15

kPa but could be reduced if ice quality was monitored. Mod­

ulus ratios (E/O't) were always satisfactory, but measurement

of shear strength was unreliable. The effort to identify a

standard operating point failed, because it proved imposs­

ible to isolate the ice sheet from external conditions with

the equipment available. Each model trial had to be reviewed

to determine the ice quality.

The models consisted of a boW' segment constructed of lam­

inated blue styrofoam, reinforced with thin plastic sheet

and coated with epoxy resin. The bow segment was mounted on

a frame using compressive springs sized to sjmulate the

restoring buoyancy of the hull, as shown in Figure 8. The

equations of motion for the M. V. lIARCTIC" were analyzed with

the assistance of a computer simulation developed for sea­

keeping, where wave-induced hull motion was treated as an
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analoque tor the induced icebreaking motion. Calculation of

spring sbe is given in Appendix D. A distortion factor of

two was required to accommodate the variation between the

scaling limits of the model ice and the geometric scale.

3.2 SMALL SCALE TOWING TRIALS: OBSBRVATIONS ON TECHNIQUE

Owing to model scaling limitations, a qualitative test

program was adopted tor the small scale trial,s. Therefore

the scaling limits were not as important. , Rather than

measuring resistances, each trial was videotaped to assess

the fracture pattern and the size ot the broken ice pieces

produced. A system of ranking the quality ot trials was

developed (Appendix B). Observations from model tests and

field trials (Freitas and Nishizaki,1985; Molyneux, 1982),

and a semi-empirical equation from Milano (1982) provided

the basis for evaluation. A series of ac.ceptable trials were

used to assess the performancn of a particular bow design.

A total of 123 trials were attempted over a five Mnth

period; the growth time allowed for two trials per day, with

a maximum of three trials possible. About 30' of the trials

were performed in a pre-drilled sheet; a pattern of holes

w,,"s drilled in the ice sheet to promote fracture to the pre­

dicted ice piece size. The trials are classified by quality

and bow type in Tables 1 and 2. About 70', of the 102
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successful trials were rated of fair to excellent quality:

the supporting data on ice conditions and speeds from th,3se

trials are given in Appendix E.

Most of the problems encountered with the trials could be

eliminated with higher quality equipment and improved pro­

cedures. The increment in quality achieved would have to be

considered Against the cost, in equipment and testing time,

noting that this is a preliminary design method. The major

non-technical limitation of small-scale testing was the sub­

jective nature of the qualitative evaluation. It was necess­

ary to define specific criteria and outline some design

principles for the test program to follow.

J.3 EVALUATION CRITERIA FOR THE SMALL-SCALE DESIGN PROGRAM

The first objective of the design program was to produce a

functional configuration that would demonstrate the shearing

action of the concept. A series of specific design problems

were identified and used to develop alternative bow config­

urations. These problems then effectively formed the eval­

uation criteria for the small-scala test program.

1) An adequate trim moment had to be provided by ~he test

hull, to ensure a sufficient icebreaking buoyant force and

to avoid propeller irrunersion problems. This is e&sential
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to the successful operation of an upward-acting bow, but

is more related to matching the hull to the ice condi­

tions. The test case, the M.V."ARCTIC", is a large vessel

with a high length:beam ratio, such that induced trim

angles would be small. The hydrostatic particulars indi­

cate a trim of one metre would generate a lifting force of

over 600 tonnes at the forward perpendicular (Appendix B).

This was sufficient for the estimated ice load. A very

conservative ice fracture model was used, basically a lin­

ear elastic cantilever beam with small deflection, and an

assumed weight of broken ice. Trim by the bow was predict­

ed to be about the thickness of the ice sheet. This est-

imatl'l affected the bow geometry and was carried into the

spring analogue for the model mounting.

2) The most basic configuration of the bow used an inverted

"pontoon" form (labelled FFl, Figure 9), which was a

short, simple form that was certain to shear the ice

sheet. However its potential performance in other oper-

ating conditions was limited by its geometry. A forefoot

(labelled FF2, Figure 10) resembling the "snout bOw",

discussed above, was proposed. It was expected to have

better open water performance, and to be more ~ffective in

pack ice and ridges (where displacement of the ice is more

important than ice fracture 1. The inverted-pontoon form
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was believed to share the same ice-clearing problems as

the ice plow (Appendix A) because of its two-dimensional

form. The snout WIlS intended to discriminate between ice

conditions and deflect broken ice laterally. It had to be

determined how the snout fortD affected the breaking action

in level iC8; the shearing action of the concept had to be

maintained.

3 J The length of the bow had to be similar to a conventional

icebreaking bow, to keep construction costs comparable and

to avoid a reduction in manouverability. This placed lim­

its on the waterline angles of the snout form. The limit­

ation was expected to be compensated by bow trim which

would expose the upper part of the snout, with a reduced

stem angle and finer entrance angles, to the ice sheet.

4) Development of a centreline crack was essential to ensur­

ing a lateral flow of broken ice. Both stem profile and

bow height are factors. Bow height had to be sufficient to

k"ep ice from falling on the deck, yet a high bow impedes

visibility and adds to construction costs. Because the

inverted-pontoon bow fnit"iates a centreline crack on a stem

splitter located aft of the forefoot (Figure 9), the bow

height had to be about half the bearn. The snout forefoot

produces the centreline crack ahead of the shoulders using
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a stem splitter as with the Alex-Bow icebreaking plo....

(1U.9xander,1970); consequently bow height is less crit­

ical, although hiqher in-plane forces may result.

5) The entire upper forebody. including the stem profile and

forepeak, had to provide an adequate flow of broken ice

laterally and aft. This was a critical problem with the

early ice plow designs. curing this test program some de­

sign principles became apparent. In the absence of ....ater

flow, ice clearance depends on maintaining II "train" of

broken ice, and the use of the ice' s own weight. A flared

forepeak was adopted to deflect extreme ice excursions

without increasing bow height. However sufficient clearance

under the torepeak was required for the main flow of

broken ice.

61 The importance of broken ice management relative to ice

fracture had to be investigated. The configuration of the

bow shoulders was of particular concern. The location of

the shoulders relative tc the forecatltle stem was also a

factor. Locating the shoulders ahead of the forecastle

emphasized the shearing action but resulted in a longer

bow and an increased risk of ice blockage.
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An important trend ....as identified from these six problems.

The concept was b.ned on the assumption that recent design

developments that reduced the resistance of downward-acting

bow forms could be applied directly to :tn upward-acting

form. These criteria depart trom that assumption, suggesting

that practical concerns related to upward-acting icebreaking

forms may result in different set of design priorities,

unique to this type of bow.

3.4 THE EVOLUTION OF THE S-BOW CONFIGURATION

The development of the S-Bow configuration was treated in

three stages: forefoot, forecAstle profile, and complete

forebody. The alternative configurations are shown in Fig­

~lres 9-12; a summary of the test program is given in Table

3. The test program followed several trends which eventually

resulted in the selection of the PBS fonn for resistance

trials, as the S-Bow.

The snout configuration (FP2) was adopted for the

forefoot i the shearing action could be maintained along with

a centreline crack. The snout produced diagonal, but

relatively straight cantilever segments in these trials.

Trials with modified inverted-pontoon forms (FF1B and

FF1C) indicated that a stem-splitter had to be prominent to
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produce an effective centreline crack. Cunaequently the stem

splitter was placed forward on the snout, despite the higher

in-plane forcss that could result. Tests ....ith the complete

forebody indicated that a fine entrance at the upper stem

was required to maintain the centreline crack and ensure the

lateral separation of the ice flo..... The upper stem profile

was extended ahead of the shoulders.

Much effort was directed toward ensuring an adequate flow

of broken ice; the pre-drilled tests (Section 3.2) were used

in this phase of the program. A shorter snout, more closely

integrated with the foreCAstle was adopted (FB3). The recog­

nition of the role of gravity in clearing ice resulted in

the replacement of the original snout form (FD2) with a torn

that featured more inclined surfaces (FB3 - PBS). The in­

itial snout forms (FF2 - FB3M) featured side runners, as

with the Thyssen!Waa8 boW, and a -tunnelled- section at the

shoulders. This arrangement assisted the shearing action,

but could impede the lateral flow of broken ice. In the

final configurations (FB4, FBS), the runners were removed,

and in the FBS version the tunnelled section was replaced by

a truncated airfoil shoulder configuration. It was observed

that a sharp edge on the shoulders would shear the ice ade­

quately, without the risk of ice blockage.
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Two observations are relevant to the later tests. An

overhanging forecastle (FBl) was observed to create ice

blockage problems, but a small overhanging forepeak was

retained to deflect extreme ice excu....sions (PB3 - FBS) while

minimizing bow height. The crushing that was observed under

the forepeak was attributed to the poor fracture properties

of the model ice. The other observation was that the models

were observed to settle consistently with each trial, and

would produce a "chevron" pattern of relatively straight

cantilever segments.
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CHAPTER FOUR

RESISTANCE TESTS WITH THE S-BQW IN LEVEL ICE

The form development program demonstrated the S-Bow con­

cept qualitatively: the purpose of the resistance program

was to provide performance data for assessment of the S-Bow.

A comparative resistance program was adopted, where the S­

Bow was compared with a modern conventional icebreaking bow.

This was intended to minimize the effect of scali'lg problems

on the evaluation, by providing a standard for verifying

results.

4.1 TEST FACILITIES

The resistance te::lts were performed at the Institute for

Marine Dynamics (IMO) , St. John's, Newfoundland, from 6- 16

December 1986. A full description of the IMD facilities can

be found in Jeffrey and Jones (1986). The S-Bow resistance

tests were performed as internal project 15306.

The ice tank has a length of 75m and a width of 12m, large

enough to permit tests at several speeds per trial and a run

at the side of the ice sheet (the quarter point) as well as

down the centre of the ice sheet. There is a large tOWing

carriage capable of speeds uo to 4m/s and equipped with its

own microcomputer-based data collection system. Resistance
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and model llIotion is measured using a towing post dynamometer

allowing three degrees of freedom, mounted on the towing

carriage frame. A videotaping system with two cameras was

used to record the trials. A service carriage is used as a

platform for ice testing. The tank uses EG!AD/S model ice

developed by Timeo (1985 J A typical model ice sheet can be

grown, tempered, and tested every 24 hours.

IHO has complete model preparation facilities, including a

five-axis computer-aided milling (CAM) machine And a paint

shop. computer support is provided, with software for mill­

ing machine control and for data analysis.

4.2 MODEL DESCRIPTION

A 1:30 scale model of the )l.V.~ARCTIC", designated as

M326BMS or M326B, was available at IMD. The model was oon-

structed as three components; bow, stern, and parallel mid­

body segments, modelled up to the weather deck. The stern

segment was constructed of wood laminate and was fitted with

a rudder, ice knife, stern tube swelling, propeller bossing

and duct. The parallel mid-body extended from 2. 29m to 4. 81m

forward of the aft perpendicular, and was constructed in

fibreglass (FRG) with plywood framing. The S-Bow was to be

compared with the CASPPR Class 4 bow develc:. ad by Melville

Shipping Ltd. for the M.V."ARCTIC", referred to as the
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Melville Bow. The bow segment was also constructed in fibre­

glass. The hydrostatics and ballasting information for the

Model M326B are provided in Appendix B.

The availability of a segmented model meant that only a

new bow segment with the S-Bow had to be constructed. The

bow segment was created by fairing the S-Bow int.o the model

segment of the Melville bow. This involved the digitiz8.tion

and transfer of the FBS (Section 3.3) linea into the IMD

computer system, which were then faired using the in-house

SMP programs to a form acceptable for milling. The "beakM

seen in Figure 3 was introduced for fairing. A basic plug

suitable for milling was constructed by laminating sheets of

blue R-30 styrofoam. This plug was milled to 2. Srnm layers on

the CAM system, as three segments because of limits on the

cutter head motion, then assembled and hand sanded smooth at

the Merr,",rial University model shop. The plug was sent with a

Melville Bow shell to the Newfoundland and Labrador Marine

Institute for fibreglassingl the S-Bow plug had to be joined

with the Melville Bow segment 8S indicated. The fibreglass

shell wag returned to the IMD model shop for framing, sand­

ing, painting and fitting out .. The stern splitter was con­

structed of hardwood. Foam insulation was sprayed inside the

snout to reinforce the fibreglaas shell when hardened. The

construction sequence is shown in Figure 13.
































































































































































































































































































	001_Cover
	002_Inside Cover
	003_Blank Page
	004_Blank Page
	005_Title Page
	006_Copyright Information
	008_Dedication
	009_Abstract
	010_Abstract ii
	011_Acknowledgements
	012_Acknowledgements iv
	013_Table of Contents
	014_Table of Contents vi
	015_List of Tables
	016_List of Figures
	017_List of Figures ix
	018_Nomenclature
	019_Nomenclature xi
	020_Nomenclature xii
	021_Chapter 1 - Page 1
	022_Page 2
	023_Page 3
	024_Page 4
	025_Page 5
	026_Page 6
	027_Page 7
	028_Page 8
	029_Page 9
	030_Chapter 2 - Page 10
	031_Page 11
	032_Page 12
	033_Page 13
	034_Chapter 3 - Page 14
	035_Page 15
	036_Page 16
	037_Page 17
	038_Page 18
	039_Page 19
	040_Page 20
	041_Page 21
	042_Page 22
	043_Page 23
	044_Page 24
	045_Chapter 4 - Page 25
	046_Page 26
	047_Page 27
	048_Page 28
	049_Page 29
	050_Page 30
	051_Page 31
	052_Page 32
	053_Page 33
	054_Page 34
	055_Page 35
	056_Page 36
	057_Page 37
	058_Page 38
	059_Page 39
	060_Page 40
	061_Page 41
	062_Page 42
	063_Page 43
	064_Page 44
	065_Page 45
	066_Chapter 5 - Page 46
	067_Page 47
	068_Page 48
	069_Page 49
	070_Page 50
	071_Page 51
	072_Page 52
	073_Page 53
	074_Page 54
	075_Summary and Conclusions
	076_Page 56
	077_Page 57
	078_Page 58
	079_Page 59
	080_Page 60
	081_Page 61
	082_Page 62
	083_Page 63
	084_Page 64
	085_Page 65
	086_Page 66
	087_Page 67
	088_Tables
	089_Page 69
	090_Page 70
	091_Page 71
	092_Page 72
	093_Figures
	094_Page 74
	095_Page 75
	096_Page 76
	097_Page 77
	098_Page 78
	099_Page 79
	100_Page 80
	101_Page 81
	102_Page 82
	103_Page 83
	104_Page 84
	105_Page 85
	106_Page 86
	107_Page 87
	108_Appendix A
	109_Page 89
	110_Page 90
	111_Page 91
	112_Page 92
	113_Appendix B
	114_Page 94
	115_Page 95
	116_Page 96
	117_Page 97
	118_Page 98
	119_Page 99
	120_Page 100
	121_Appendix C
	122_Page 102
	123_Page 103
	124_Page 104
	125_Page 105
	126_Page 106
	127_Page 107
	128_Page 108
	129_Page 109
	130_Page 110
	131_Page 111
	132_Appendix D
	133_Page 113
	134_Page 114
	135_Page 115
	136_Page 116
	137_Appendix E
	138_Page 118
	139_Page 119
	140_Page 120
	141_Page 121
	142_Page 122
	143_Page 123
	144_Appendix F
	145_Page 125
	146_Page 126
	147_Page 127
	148_Page 128
	149_Appendix G
	150_Page 130
	151_Page 131
	152_Page 132
	153_Page 133
	154_Page 134
	155_Page 135
	156_Page 136
	157_Page 137
	158_Appendix H
	159_Page 139
	160_Page 140
	161_Page 141
	162_Page 142
	163_Page 143
	164_Page 144
	165_Page 145
	166_Page 146
	167_Page 147
	168_Page 148
	169_Page 149
	170_Page 150
	171_Page 151
	172_Page 152
	173_Page 153
	174_Page 154
	175_Page 155
	176_Page 156
	177_Page 157
	178_Appendix I
	179_Page 159
	180_Page 160
	181_Page 161
	182_Page 162
	183_Page 163
	184_Page 164
	185_Page 165
	186_Page 166
	187_Blank Page
	188_Blank Page
	189_Inside Back Cover
	190_Back Cover

