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ABSTRACT

Prediction of resistance of ship level ice is vémportant in

initial stage of ship design due to related to ptsjpn and engine
power of a ship. As model scale test is very expentherefore
an accurate tool is required to predict the rescgtaof a ship in
ice. A semi empirical method to predict ship resise in level
ice based Koto method was presented. The shiptaesis
consisted of ice breaking force due to flexuraersgth of ice,
submersion force due to buoyancy, friction forcataot between
ice and hull and loss momentum force due to collisiThe

simulation results were verified with experimendaita of three
icebreakers: MT Uikku, Hellay and Araon. The metheaks also
compared with other empirical methods: Lindqvistiska,

Keinonen and Jeong. It was founded that the avezarges using
the proposed method was 3 % for MT Uikku, 0.3 % Hiallay

and 0.4 % for Araon.

KEY WORDS: Ice Resistance; Ice Thickness; Icebreaker.

NOMENCLATURE

AAT Aker Artic Technology
DAT Double Acting Tanker
DWT Deadweight

MW Mega Watt

NSR Northern Sea Route

1.0INTRODUCTION

The first model of ice basin was built in the Sovignion by

AARI, 1955. That was needed to observe either dif foam or

propulsion could be effect to ice-breaking shipf@enance. In
ice model test, Froude scaling law is using to eis$e ice model
test and full scale situation. Wilkman (2015) rdedathat total
resistance is the summation of ice resistance grah avater
resistance [1 & 2]. Ice resistance is an amountesfstance to
breaking ice, resistance of some component sinkuraer hull
and resistance velocity due to dynamic working. dfipent in
ice. model scale test can be contributed to redudinge
investment before the real ship was manufactured.

Design of ice-going ships
performance, adequate hull and strength of machiaed good
functioning of the ship in ice condition and opeater condition.
Determining the ship resistance in the level icen@@e complex
than in the open water due to the changing chaisiite
properties of ice and icebreaking phenomena. Sgjstance at
the ice level is very fundamental and crucial aed initial stage
in ice ship designs, consequently many researdteers focused
in ship-ice interaction.

The phenomenon of interaction between ice andtshspeen
carried out by researchers through empirical maétieal
simulation such as Lewis.et.al (1970) [3] proposedormula
consists of ice breaking, friction, ice buoyancyd anomentum.
Crago et al. (1971) described a set of model tesvax-type” ice
on 11 icebreakers [4 & 5]. Enkvist (1972) studiedret
icebreakers: Moskva-class, Finncarrier, and Jeigghr Milano
(1973) made a significant advance in the purelyorthtical
prediction of ship performance on ice based on ewmasion
energy [4]. Vance (1975) [4] obtained an “optimuegnession
equation” from five sets of model and full-scaletajaof the
Mackinaw same data as used by Lewis.et.al (197®)ddvist
(1989) [6] developed a formula to calculate icastesice based
on many full scale tests in the Bay of Bothnia. teien et al.
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(1996) [7 & 8] did research on resistance of icakiieg vessels in
level ice and developed a formula based on resfilts study of
escort operations involving five icebreaking vesseDaley,
Riska, et.al (1997 & 1998) [9] proposed a level resistance
formula with some empirical parameters by develgpin
Lindqvist's formula. J.Koto (2002 & 2005) proposaanethod to
predict ice resistance of double acting tanker imgim unfrozen
and frozen ice channels and level ice for dualetive ship
running ahead and astern [10 ~ 13] . Jeong e2@l() proposed
new ice resistance prediction formula for standeebreaker
model using component method of ice resistance alisd
predicted the model test results to full-scale gigialculated non-
dimensional coefficients [14 & 15]. Tan et al. (30& 2014)
studied the effect of the propelkull-ice interaction for running
astern [16 ~ 19]. Hu.et.al (2015 & 2016) discussed
experimental and calculated ice resistances by semgirical
formulas: Lindqvist, Keinonen, Riska and Jeongdwel ice and
channel ice [20 & 21]. They found the average ewuamied and
very large as follows: 13% for Lindqvist, 50% foiska, 7% for
Jeong and 37% for Konenien [20 & 21]. Jeong.et2017)
presented a semi-empirical model to predict shigstance in
level ice based on Lindgvist model [15].

In the present study, the authors presented a whefibio
calculating ship resistance in level ice. This rodtfs expected to
provide better accuracy than previous methods. @imgirical
method was developed based on Koto model. The hipe-s
contact was derived into four forces which was lreaking,
submersion due to ice buoyancy, losing momentum the
collision and friction between ice and hull shifheTaccuracy of
ice resistance predicted by the Koto model wasfiedriby test
data of the icebreakers Healy, Araon and MT Uikku.

2.0ICE RESISTANCE OF SHIP

Performance ship on ice was measurable in capabiliship to
break ice and to manoeuvre in ice condition. Thatld be
confirmed through achieved speed by ship when ngpiin
uniform or certain ice thickness, ice ridges ortle level ice
condition (Wilcox, 1994). Figure.l describes intgi@n
happening between hull and ice including crushibgnding,
submersion and friction of ice at bow hull. Theog#ty of ship on
ice condition can be determined through thrust ddppller
available to overcome the ice resistance. Perfocmanf
propulsion system can be improved through modificabn hull
shape and some change into propulsion design,didttat could
minimize an effect of resisting forces and maximitdee
propulsive forces.

Water nses om top of the ice

— Urnishmg and berding

Radial cracks

Figurel: Hull and ice interaction (Wilcox, 1994).

The ice resistance is assuming linear to ship speeidh
composed of three components, like described irafigu (2.1):

Rice =Rb+RS+Rf (21)

Each componen®, , R, and Ry successivelyare breaking,
submersion and friction components. The breakimgpmment is
related to break the ice such as crushing, benafigturning of
ice. The submersion component is concerned to fhestbroken
ice down along the ship hull. The friction componisrconnected
to slide the broken ice along the ship hull. In eyah velocity of
the ship depends on working ice resistance assakctat friction
component. The total resistance working on R;g;,; is the sum
of ice resistance K;..) and open water resistanceR,) as
expressed in Equation (2.2):
Reotal = Rice + Row (2.2)

Jones (2004) has discussed in detail the histoigebieaking
ship from what he considered the earliest true rieser,
Eisbrecher-1 [4]. The icebreaker was operated k@tvitamburg
and Cuxhafen, it was built in 1871 and in 1956 #svwbegan to
use bow propeller while penetrated on ice. Janasmdiscussed
the science of icebreaking. He quoted values fer ghysical
properties of freshwater ice, aB°C

There was not mentioned of details experimentsudinb
that value, some addition information were only doefficient of
friction between ice and metal as 0.10 to 0.15ffesh or Baltic
ice and 0.20 for salt water or polar ice. He gaséngple formula
for the total ice resistance as described in Eqongg.3):
Rice = (C;.h+ C,.h.v?) .B (2.3)
Where;C; andC, are experimental constanksis ice thicknessy
is vessel speed ardis breadth of vessel at waterline.

After that, Jones (2004) in his report said cretlit®
Kashteljan et al. (1968) whom the first detailem@ipt to analyse
level ice resistance by breaking it down into comgrs [4].
Where on the paper, it was appeared like an Equdf®) to
determine the total of ice resistanBeor:

Rror = kaptoBoh + kapoBpih? + ks inwks (2.4)

Where;o is ice strengthB is ship beamh is ice thicknessy is
ship speed, ang; is the density of icey, andr, are related to
Shimansky’s ice cutting parameters, dnd k., ks, k,, ks are
coefficients experimentally determined (0.004, &5, 1.65,
and 1.0 respectively).

In the Equation (2.4), that compose of severalspléte, first
component R= u,Boh is resistance due to breaking the ice,

second component represented gf:HtZ,uonihz, is resistance

due to forces connected with weight (such as susiorerof
broken ice, turning of broken ice, change of positiof
icebreaker, and dry friction resistance) and tisrdomponent of

Ry = k3 niB"w"s for determined of resistance due to passage
through broken ice

Lewis and Edwards (1970) gave a good review ofiptes/
work and derived the Equation (2.5) [3];

Rim = Cooh? + C1p;gBh? + C,p;Bhv? (2.5)
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Where;R;,, is mean resistance excluding wajeis acceleration
due to gravity and,, C;, C, are non-dimensional coefficients to
be determined experimentally.

The first term represents ice breaking and frictibe second
accounts for all resistance forces attributable¢obuoyancy and
the third accounts for all resistance forces aitable to
momentum interchange between the ship and the biiocke

They conducted non-dimensional analysis by dividiggh?
to obtain the Equation (2.6):

R' = Cy+ C,B'Ny + C,B'N, (2.6)

Where;R = R;»/oh? is non-dimensional mean ice resistance,
B = B/his non-dimensional bean, = p;gh/o is volume
metric number andl;, = p;a/v? is inertial number

Crago et al. (1971) describe a set of model teSivax-type”
ice on 11 icebreakers [4 & 5]. By considering sienfdow
geometry and the vertical force acting on the ibees, they
derived Equation (2.7) for the ice thicknes; (

135 _ _ 153 2.7)
VTt tan(i+B) ’
Where; 7 is ice tensile strengtif;is thrust,i is stem angle,
B = tan™!f andf is the coefficient of friction.

Enkvist (1972) made a major addition to the literatof ship
performance in level ice [4]. On the article, herrated
experimental on model tests of three ships asvisiidvloskva-
class, Finncarrier, and Jelppari and were able aimpare his
results with limited full-scale data from all thréeebreakers.
From a combination of analytical work, dimensioaablysis, and
a few assumptions, they derived a semi—empiricalaign 2.8
where defined ice resistance based on three terms:

Rice = CyBho + C,BhTppg + C3Bhp;v? (2.8)

Where; T is draft of ship,p, is water density ang; is ice
density,py = py —p;

Milano (1973) made a significant advance in theepur
theoretical prediction of ship performance on ic4. [He
considered the energy needed for a ship to mowadghr level
ice, which varied somewhat with ice thickness. Example, for
very thick ice the ship moves through the ice-lihannelE;),
impacts the various bow and cusp wedges causira tmashing
(E3), climbs onto the ic€E3) until sufficient force is generated
to cause fracture, at which time the ship fa{l3,) , and moves
forward, forcing the ice downwar@s). The total energy loss
due to ship motion can be calculated using EqQu#fd®);
ET=E1+E2+E3 +E4+E5 (29)

Vance (1975) obtained an “optimum regression eqoati
from five sets of model and full-scale data, of k@ckinaw same
data as used by Edwards et al. (1972), Moskza, cBmier,
Staten Island, and Ermak. Equation (2.10) was teduby
regression to define ice resistance:

R(iCE) = CSpAgth + CB(TBh + CVinZLhO'6SBO'35 (210)

Where;R .y is the resistance due to ide,is length of vessel,
andCs , Cg , Cy are empirically determined values. The first term
is a submergence term, the second a breaking gerdththe third
term is a velocity dependent resistance.

An example of a fit to his equation is shown in gl in
which the Mackinaw full-scale data (label FS) dnewn fitted to
his equation above (label FSR) and a model-sc@ession to
his equation (MSR) is also shown. Good agreemerfousd
between the model and full-scale results.

TH-1.6 FT
FSR;/-MSR
2.7

3.6 T
USCGC MALCKINAW

m /
g / H=8FT,
5 FSi+— FSR
MSR
8 S
") FS
(=}
=18 "/r[
Y
2 A<
= FSR~
»
2 | A A MsR
T 0.9 . - -
o
M TH=.3 FT
0 ="
0 14 21 28

VELOCITY (FT/SEC)

Figure 2: Result using optimum Regression (Vance, 1975)

Edwards et al. (1976) presented full-scale dataterLouis
S. St. Laurent collected by analysing ramming tygsts using
Equation (2.11). The equation is in non-dimensidoah.

R~ 424+005-2

+ 8.9
pwgBh? pwgh

\4
o (2.11)
Kotras et al. (1983 his paper proposed an equation based
on Nagle’'s thesis (Nagle, unpublished) which déscryet by
another semi-empirical approach [4]. In his proglosguation the
total ice resistance is given by

Rice = RB + RBf + RT + RTf + RS + RSf (212)

Where;R;. is total ship ice resistancBg, Rgy are normal and
frictional resistance due to breaking of level i®g, Ry, are
normal and frictional resistance due to broken flosvs and
Rs,Rsy are normal and frictional resistance due to sulingr
broken ice

Since 1985, development of new icebreaking formss deen
having significant value and more scientific appiodad been
used such as modelling of ships in ice with exiengnodel
testing and, most recently, numerical methods. @GianaArctic
oil exploration and development led to new designsh as the
Kigoriak, and Terry Fox, while other activities Iéd the Oden,
double acting tankers (DAT) with Azipods, FPSO'si¢e, and
research ships such as the Nathaniel B. PalmerGdS8ealy,
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and the converted CCGS Franklin now called CCGS rdsan.
An interesting development in the middle 80’s, Zhetnal.
(1987) was made a full-scale resistance trial efNtobile Bay in
uniform level ice [4]. Denny (1951) had been repdrthe same
term, in the principle the experiment method isaflels with the
open water ftrials of the Greyhound (Froude, 1874d &aucy
Ashton. While such tests are clearly difficult ®rform, in theory
they provide a direct measurement of full-scaléstasce. They
also conducted full scale propulsion tests. Theynfbthe best fit
to their towed resistance results was with the Eqng2.13):
L3

Co+C 2
=Cy+ 19—37

Rice

pwgBh? (213)

Where;C, = 4.25 andC; = 3.96x107°

Lindqvist (1989) had included submersion componerthe
Equation (2.14) to determine ice resistance work@jgBased on
his observation from the full scale experimental,conclude that
ice would be fractured in the one continue cycleluding
rotating and sliding of broken ice floes.

R; =6 h TB+T
i=0p.g.-hy B+ 2T
+ 0.7L T 5
e tan® 4tana
1
+TCOS®.COSIIJ m'ﬁ'm A1

+9.4

0

(.14

Wheredp is the density difference between the water aeddé,

g is the acceleration of gravity; is ice thicknesd, , B, andT
are the length, breadth and draft of the ship the frictional
coefficient,@ is the stem angle; is the waterline entrance angle,
v is the ship speed in ice agdis the angle between the normal
of the hull surface and the vertical vector and lsamlefine by ;

an @

naoa

Y = arctan

Tan et al. (2013) has rearranged formula of Lingigand
present coefficients that were applied to represanh of step on
the ice breaking including crushing, braking andbrsersible.
That is showed in Equation (2.15):

: 1.4C
Eic = c,h? + <bh +—=" vx> his

NG
S — T —— | V. i
" \/E \/ngl * '

(2.15)

Keinonen et al. (1996) did research on resistarfcéive
icebreaking vessels in level ice.

Rice = C£[0.08 + 0.017C5C,, B®7LO2TO A} 2 k1 k|
(2.16)

ky = (1—10.0083(¢ + 30))(0.63 + 0.00074a;)
ky = (1+40.0018(90 — Y)**)(1 + 0.04(p — 5)*°)

Where; R;.. is total ice resistance of shig, is water salinity
coefficient (0 fresh, 1 salinefJ;, is hull condition coefficient (1
inertia, 1.33 bare steelB, T andL are ship beam at waterline,
draft and waterline length in metey,andy are average flare
angle and buttock angle in degrees air temperaturegy is
flexural strengthh; is ice thickness.

Riska et al. (1997) proposed a level ice resistdocaula by
modifying the formulations of Lindqvist (1989).

RiCE = Cl + C2V

1
¢, =023 <7> BLparh;
1+2T/,

+ (14 0.0210)(4.58Bh? + 1.47Ly o, h?
+ 0.29BLpowh;)

(2.17)

C, = (1+ 0.0630)(18.9h}* + 0.67Bh;)
2

B
+ 1.55h;(1+1.2T/B)—
i( ) / )\/Z
1+
_ Vghi
- V;
1+ 1/
Vahi

Cr

whereV, B, T andL are vessel speed, breadth, draught and length,

hi is ice thicknesg) is the stem angle in degrees dnpg,, and
Lyqr are the length of bow and parallel sides sectiespectively.
Cy is the correction factor considering the effecvessel speeds
with reference spedd = 1 m/s.

Jeong (2010) proposed new ice resistance predittionula
for standard icebreaker model using component ndetifoice
resistance and also predicted the model test setulfull-scale
using calculated non-dimensional coefficients.

Rice = 13.14V2 4+ [0.5 Apgh; BT |puoyancy
+[1.11 F7 7 pBh;V?]

clearing
—1.54 2
+ [2.73 Sy piBhiV ]breaking
(2.18)
F vV
h= T
ghi
%4
SN =
ot
piB
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whereRr,., is ice resistancdy, andsSy are Froude number
and strength numbew, is index of Froude numbeg, is
index of Strength numbep; and p,, are ice and water
density, Ap is water density minus ice density, is
gravitational constant;, is ice thicknessB andT are beam
and draft of the shi] is ship speed is flexural strength
of ice.

J.Koto (2002 & 2005) proposed a method to predigt i
resistance of a ship sailing in level ice. The rodtthas been
applied to double acting tanker Tempera and MastEha ice
resistance of a ship was derived into submersiyp,] due to
buoyancy, ice-hull frictionKg,;.,), loss of momentum,;,,,.en¢)
due to collision and breaking iCE,(.cqx)-

Fice = Fsyp + Ffrict + Fmoment + Fbreak - Fthrust (2-19)
The ice breaking can be written as below
Fyreak = 0p-hi®.f (9, @) (2.20)

Where;ay is Flexural strength of icé, is ice thickness.
Normally in the level ice condition, there are ie&sing in the
submersion resistance which would be coming fraagrrents of
ice. After ship structure interacted with ice, sdinagments could
be still floating and shear a shape hull of thepsand other
fragments were rubbing the bottom of the hull makgquation
(2.21) could be used to determine the submersisistemce with

CSH(”) to be useable as submersion coefficient in thel hexel

ice condition.

Fsup = Csup- (Pwater — Pice)-g-T-B. h; (2.21)
Friction resistance which to be calculated in héaal ice

condition considers some of parameters consistabérline angle

at the fore, stem angle at the bow, dimension ef ghip and
density of ice, as can be found in Equation (2.22).

FHO) _ oD

Frrice = Pice-g-7-hi.B.V f(@aC
frict f £ Pice-9-T-Ni /\/ﬁ f(@,a,C,)

(2.22)

The resistance due to lose momentum can be watten

Fmoment = Cmom- P-B. h;. Vz-f(Q): a) (2.23)

3.0RESULT AND DISCUSSION

In the study, ice resistances of MT Uikku, Helayl éraon are
calculated by empirical and analytical formulas gused by
Lindgvist, Keinonen, Riska, Jeong annd J.Koto anchgared
with experimental test results.

The icebreaking tanker MT Uikku
icebreaking motor tanker that is owned by Nestep@hg and
Kvaerner Masa-Yard's joint venture company, Nemaable 1
shows the principal dimensions of MT Uikku.

Figures 3 and 4 show comparison of ice resistarfic

is a double-hull

Uikku from experiment and calculation using varidasnulas at
0.63 m and 1.04 m ice thickness, respectively. diner between
measured data and analytical data was also cadutest shown in
Table . It shows that the calculated ice resistamgieg Riska
formulas overestimate up to 46% in average and Riska

formula also gave the largest predictions amongfainulas.
Joeng formulas estimate ice resistance with théerdifice of
12%. Konenien formulas overestimate the ice resigtdy 48%
in average. The average error of Koto formula wery well with

4.7 % in average.

Table.2: Principal dimenison of the icebreaker MT Uikku [Hu
2016]

Length between perpendicular | 4.7¢  150.(
Length of bow (m) 1.24 39.C
Length of paralle (m) 2.0¢€ 65.C
Beam (m) 0.67 21.3
Draft (m) 0.3C 9.5
Stem angle (deg) 30.0 30.0
Waterline enrance angle (d: 21.0 210
Experimental and calculated ice resistance of
MT Uikku at 0.63 m ice thickness
800 A
700
z 600 # Experiment
ég 500 ; n Q Ifu\';qvisl
% 200 - X 2 A Keinonen
E 300 * Riska
200 Jeong
100 * Koto
0
0.0 0.2 0.4 06 08 1.0 12
Ship speed (m/s)

Figure 3: Comparison of experimental and calculated ice
resistance of MT Uikku at 0.63 m ice thickness.

Experimental and calculated ice resistance of
MT Uikku at 1.04 m ice thickness

1200

1000

# Experiment
mLindqist

A Keinonen
400 Riska
Jeong

Ice Resistance (kN)
o
8
3

Koto

0.0 0.2 0.4 0.6 08 1.0 1.2

Ship speed (m/s)

Figure 4: Comparison of experimental and calculated ice
resistance of MT Uikku at 1.04 m ice thickness.

Table.3: Average error of empirical formula for predictime

resistance of MT Uikku.

Lindqvist
Keinonen

36.4
48.4
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Riska 46.0 resistance of icebreaker Healy at 58 mm ice thisgne
Jeong 12.0
J.Koto 3.1 Table.5: Average error of empirical formula for predictime
resistance of icebreaker Healy.
Table4: Principal dimenison of the icebreaker Healy [Jeong Riska 27.0
2017] Jeony 69.0
J.Koto 0.3
Length between perpendicular | 5.1C
Beam (m) 1.05
Draft (m) 0.3¢ Table.6: Principal dimenison of the icebreaker Aaron [Jeong
Stem angle (deg) 32.0 2017]
Waterline enrance angle (deg) 24.C
Block coefficient Cg) 0.583 Length between perpendicular | 5.1C
Midship coefficient €y) 0.898 Beam (m 1.c2
Waterline are coefficienty,) 0.818 Draft (m) 0.364
Displacement (ky 1240 Stem angle (de 35.0
Waterline enrance angle (deg) 54.3
Figures 5 and 6 show comparison of ice resistantce o Block coefficient Cg) 0.603
icebreaker Healy from experiment and calculatiof.40 m and Midship coefficient €y) 0.898
0.58 m ice thickness respectively. It shows thatdalculated ice Waterline are coefficientCy,) 0.923
resistance using Jeong formulas underestimate uf9% in Displacement (kg 1142

average as shown in Table 5. The Riska formulamesé ice
resistance with the difference of 27% in averagee Average

. . Figures 7 and 8 show comparison of ice resistahdeebreaker
error of Koto formula was the lowest with 11 % ireeage. 9 P

Araon from experiment and calculation at 29 mm &8dnm ice

thickness, respectively. It shows that the caledlate resistance
Experimental and calculated ice resistance of

Healy at 40 mm ice thickness using Jeong and Riska formulas underestimate 48% and 50
000 % in average, respevtively, as shown in Table 7 akerage
o error of Koto formula was the lowest with 8 % iresage.
100.00 *
_ ®
i 8000 A Experimental and calculated ice resistance of
¢ A § # Experiment Araon at 28.7 mm ice thickness
& 6000 ®
3 A JKoto
E 000 >< ARiska iz ZZ '
x| Jeong . 4
20.00 % 160.00 °
g 140.00 *
0.00 S 12000 $ )
00000  0.1000 02000 03000  0.4000 05000  0.6000  0.7000 2 ®Bxperiment
g e J.Koto
Ship speed (m/s) E 80.00 Riska
. R N . H 60.00 eon
Figure 5. Comparison of experimental and calculated ice 1000 X X % eone
resistance of icebreaker Healy at 40 mm ice thiskne 2000
0.00
0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000

Ship speed (m/s)

Experimental and calculated ice resistance of
Healy at 58 mm ice thickness

Figure 7: Comparison of experimental and calculated ice

20000 resistance of icebreaker Araon at 28.7 mm ice tiask.
180.00
160.00
= 140.00 - ® *
g 12000 . A  Experiment
.i 10000 A A » J.Koto
| 80.00
% A Riska
2 6000
x Jeong
40.00 >4

20.00

0.00
0.0000 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500  0.4000

Ship speed (m/s)

Figure 6: Comparison of experimental and calculated ice
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Experimental and calculated ice resistance of Icebreakers, November 12--13, 1970, the SocietiNafal
firson 3t 33.2mmice tickness Architects and Marine Engineers (SNAME), pp.213-249
350,00 4. Jones, S. J, 2004, Ships In Ice - A Review! Fymposium
30000 . on Naval Hydrodynamics St. John’s, Newfoundland and
g 2000 . Labrador, CANADA, 8-13 August 2004.
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