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Chapter 3 Theories ¢ ITHI Model

3.1 Introduction

The simulation of ship’s manoeuvres in ice is a problem that involves solid-solid
and fluid-solid interaction processes. For each small ice piece, similar physical
processes apply to ship motions in straight-ahead adv  cing and in turning. From

the macro point of view, for ship advan: 1g, roughly equal amounts of broken ice

pass along both sides of the hull; however, different amounts of roken ice pass
along both sides when the ship turns in ice. This difference in how the ice is
pushed aside can cause asymmetric clearing loading on the hull. Furthermore, one
side of the hull may contact more intact ice during turning, which so leads to
asymmetric load on the hull. The ice breaking ttern during ship transit is
complex and stochastic. Most existing models estimate the ci > pattern with
elastic plate theories. Various ice failure modes may happen simultaneously from
the stem to the stern along the waterl  when the ship turns due to the varying
flare angle of the hull in contact w*~ ™ :ice cover, Therefore, a multi-ice failure
model should be employed in the model treatment. The ice-hull contact area, ice-
breaking patterns, ice piece sliding and submergence along the underwater part of
the hull and the ice-hull friction sl 1ld also be considered in the ice-hull

interaction model.
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longitudinal axis of inertia, which may be assumed with very small error, to be
parallel to the baseline of the ship. Its positive direction is forward. T e direction
of the X axis is referred to as the headii  The Z -axis is also located on the center-

plane of the ship, but is perpendicular to the X axis and positive upward. They -

axis is normal to the X - and Z -axes and is positive towards starboard.

The corresponding forces and moments, i.e., surge force, sway force, zave force,

roll moment, pitch moment and yaw m« :nt, are also defined in Figure 3.3.

Yog —

X

0

Figure 3.2 Coordinate systems (2-Dimensional view)
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Figure 3.3 Coordinate systems (3-Di1 :nsional view)

F" ire 3.4 Euler angles

(3-Dimensional view. The Xx,. coordi te system st rotates @ angle along X
axis to become %7'Z' coordinate system, then ¥3'Z' coordinate system rotates /3
angle along y axis to become X'y'Zcc dina system. Finally, X'y'Z coordinate
system rotates y angle along Z axis to become tl XYZ coordinate system.
Accordingly, any rotation may be described using threc .ualer angle )

46






The angular velocities, w;, @, and s, of the ship can be ex}._ssed using the

following equation in the movi1  coor¢ 1ate system.

o, cosfec 7 siny 0 f?
w,b=|—-cosf & cosy 0 V]
@, sin 0 1 }7

If &, S and 7 are small, then,

,?1 (1 -7 Bz
Y y 1 -agy
ZJ -7 7 1|z
and
~ ~ 1,
Yi L -y BV
ve=l¥v 1 -a V,
V3 _ﬁ - IJ[Vz
and
w) [1 0 0]j@
w, =10 1 O{f
o, [0 0 1f|7

(3-3)

(3-4)

(3-5)

(3-6)

The coordinates of any point and 1 : associated ve cities referenced to the two

coordinate systems satisfy the following vectorial formu 1s:

rfff =7, +I’m

-

V c X V357
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Where P57 is the position vector of any point in global coordinate system.

Xi +7j +Zk (3-9)

Vsvz

i, ] andk represent the X axial direction, ¥ axial ¢ ection and axial direction

of the global coordinate system respectively.

pa—

Fo is the position vector of the origin of the movir coordinate system in global

coordinate system:
’:E):XO;+YO.}:+ZOE (3-10)

—_—

Pz is the position vector of any point  the movir  coordinate syst:
= T 0 7
Yz = X1 +y] +.k (3-11)

i', 7' and k' represent the X axial direction, 7 axial direction and % axial direction

of the moving coordinate syst 1 res) :tively. Q is the vector matrix of the
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angular velocities of the moving coo “nate system. Its value is given by the

following equation:

Q i+ v +ok (3-12)

V. 1s the velocity vector of any point in the global coordinate system.

I7)(Yz = VIZ + Vz] + V3l€ (3-13)

¥, is the velocity vector of origin point of the global coordinate system.

Vo =Vioi + Vo) +Viok (3-14)

For the sloping surface ¢ as shownin f~ire 3. and  ire 3.6, the following

geometrical relationship equations cant derived:

tany =- 7 (3-15)
a

tany = (3-16)
Sina
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+N, +N (3-23)

buoy clear

Where, X , Y and N are the surge force, sway force and yaw moment
respectively, and the subscripts “ice, bk, buoy, and clear” refer to the total ice
force, the ice breaking contribution, the ice buoyancy contribution an the ice
clearing contribution, respectively. The ice breaking forces components are mainly
dependent on ice thickness, i« flexural failure strength, ice crushing failure
strength, ice shear failure strength, ice elastic modul , hull frame angles near the
waterline and ship velocity. The ice clearing force components are mainly
dependent on ice thickness, hull wetted surface and ship velocity. The buoyancy
force component is mainly de; 1dent on the ice-water density difference, hull

wetted surface and ice thickness.

3.3.4 Ice-Hull Contact and Channel Configuration

The process of ship navigating in ice is represented numerically in time domain. A
time domain methodolc s is adopted to calculate the contact area between the hull
and the unbroken ice and the channel is tracked through a simple house-keeping
method, which means the ice chani  is kept using a channel matrix during the
simulation. The resulting channel ec : by the ship in one calculation step is used

as the initial channel edge for next cal on st
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The THI model estimates the ir -hull ¢ act area for the current tin step based
on the channel configuration and prescribed ship motions (displacement, velocity
and acceleration) of the preceding time step, as ¢« »wn in 1 jure 3.8. Then, it

calculates the ice breaking force based « the contact area.

The ice was broken by the hull where the hull directly contacts unbroken level ice.
At each calculation step, the newly broken ice area is overlapped to the channel
left in previous step, which generates the new cl 1nel. That :w channel is
tracked using the channel matrix and kept as the initial ice channel edge for next

calculation step.

Ice edge at i step

[ce edge at i+1 step

Figure 3.8 Schematic ice-hull contact in IHI model
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Figure 3. 14 Sketch of initial crushing at the edge of the ice cusp acted on by

the inclined force

Equation 3-33 is valid when the crushir

surface completely penet es through

the whole ice profile as shown in b-1 of Figure 3.14. In this case, the ice-hull

h
contact area, A4_, 1s equal to - -[W o —heot(y) * te 2)]
siny 2
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L
7

c' " crush

+siny sin %) cos%
- —=7 (3-39)

+ htan z/~tanL£JJh
2 2

0250 W}  * (cos W COS

crush

tan 523 cOS V/{W

The Equations 3-37 and 3-38 can be respectively transferred into the following

forms:
o tan2
h tan%tan£+0.5—‘
L tan%tam//
crush — o - | —_— (3-40)
0.5—= -1.0
" tan ¥
and
. tangcosu/ . tanfcosy/ . tangcosw
W = ohls 2 yop |t 2 Lo 2 + tan%tan% (3-41)
% cos2 ¥ e o052l | % cost¥

3.3.5.5 Effects of In-Plane Force

The contents of this section consid tl research by Croasdale (1980, 1994) and

Mckenna (1993). A hull surface with t|  sloping angle, y, breaks an ice sheet of

thickness 4, as shown in F ire 3.15. The ice is broken in fle» e by the hull,

which submerges the broken ice along the hull surface. ..e frictional force from
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surface is e mated according to Enkvist (1972), Kotras, et al. (1983) and

Lindstrom (1990, 1991) as shown in Figure 3.16.

4 14
Hull N
V,*t
I( / Level ice
rZ ===
Ventilation
Water line

~.1

Contact Point

I Irodynamic pressure
(Static pressure + Wave pressure)

Figure 3.16 Sketch of ice pieces turning ad sliding (view in horizontal direction)

3.3.6.1 Modeling of Ice Piece Rotation

The following content on the modeling of ice cusp turning process ‘ers to the
research by Enkvist (1972), Kotras, et al. (1983), ™ ‘ndstrom (1990, 1991) and

Valanto (2001a, 2001b, 2006).
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s S

Viscous drag

HE,, cos y

Figure 3.19 Viscous drag force

It is assumed that the floe is r¢ ting around its rear edge for ci :u tion of the
hydrodynamic drag force. Integrating the velocity over the ice floe and solving the
moment equation, the following equatic can be derived for the force normal to

hull surface due to water drag on the turning ice cusp (Lindstrom, 1991):

0.16750.C,V*DW

cos |- gcos(y)sin(y) (3-47)

~
~
hy

Where, V' is the velocity of the front edge of the ice cusp floe; The drag

coefficient, C,, was assumed equal to 1.0 after Kotras et al (1983).
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ship’s travel distance, taking account of their added mass. The ice piece has an

absolute vertical velocity:

Level ice

NN

Huli

P

mass

V'ZZVSiI ! ‘ X
V4

Figure 3.21 Sketch of ice pieces pushed »wn by the turning ice piece

V,=V' =Vsiny (3-51)

Where, V, is the vertical velocity of sliding ice pieces relative to the moving hull

and the absolute horizontal velocity of ice piece is:

V.=V-V'_ =V(1-cosy) (3-52)

Where, V, is the horizontal velocity of sliding ice pi s relative to the h
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E,=0.5%(1+C,, ,..)p,DWhV’ (3-56)

3.3.6.3.2 Hydrodynamic Added Mass Coefficient
The added water mass coefficient is calculated usii  empirical formula (Blevins

R., 1979). The ice piece can be  :arded as thin plate as shown in Figure 3.22.

Figure 3.22 Sketch of plate for added mass calc ation

The added mass per unit width, M, ,, , for the :celeration in the direction

normal the plate can be estimated, as : >wn in Figure 3.22, using the following

equation (Blevins, 1979):

b
MT_an’n’ pwﬁ'“4— (3-57)

Where D' is the width of the projected late normal to the velocity of the plate.
The water added mass coefficient is calculated using the following equations for

the ice pieces sliding on the hull as shov in Figure 3.23:
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more universal, applicable to different ull forms and other ice conditions. The
whole hull is divided into small segments and the ice forces on each segment
calculated separately. The contributions from breaking force, clearing force and
buoyancy force are considered. The forces are calculated at each new increment of
any prescribed motion, which makes the simulation sponsive to arbitrary control

inputs and hence arbitrary manoeuvres in ice.
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o Ship motions definition, i.e., prescribed maneuver types, ship velocity,

and ship acceleration, etc.
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pre-sawn ice condition was also carried out. ...e model speed ranged om 0.02
m/s to 0.6 m/s. The targeted ice thickness and flexural strength were 40 mm and
31.5 kPa, respectively. For details of the test series, please refer to the original
reports (Derradji et al.,, 2004a, 2004b; Lau et al., 2007). Figure 6.4 and 6.5
respectively present typical scenes from PMM Terry Fox model test runs in level

ice condition and in pre-sawn ice condi Hn.

6.3 Uncertainty Analysis of Data Set

Experimental Uncertainty Analysis (».JA) is used to quantify the uncertainties in
experiments. Through EUA, the agreement or disag ment between the measured
results and their real values can be calculated. Institu  for Ocean Technology of
National Research Council (NRC/IOT) has carried out a series of research on
applying EUA in analyzing the ship model ice tests (Derradji et ¢ , 2002, 2004a,
2004b), which provided the basis to set up standards for uncertainty analysis in ice

tank testing in the future.

Referring to the research work at IOT (Derradji  al., 2002, 2004a, 2004b; Lau et

al., 2007), the application of ._A in the measured ice loads on the ship model,

surge force, sway force and yaw moment, is introduced in this section.
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It should also be noted that the theories of the model are derived ba 1 on low to
medium ship speed. At high speed, the submersion process of ice pieces is very
complicated and an independent resistance component may not exist (Kamarainen,

1994).

6.5 Constant Radius Run

The constant radius manoeuvre consti s the most simple ice-hull interaction
condition with the constant ship motion, interaction :ometry, and yaw moment.
This section provides the comparisons etween 1 ry Fox Icebreaker constant
radius manoeuvres and the corresponding PMM model test runs. The PMM Terry

Fox model test data were taken from Lau (2007).

Figure 6.14 shows the measured yaw ment-time history for the run of Terry
Fox model in 40 mm- 31.5 kPa level ice sheet with 10m radius and a tangential
velocity of 0.4 m/s. Figure 6.15 corre: Hndingly shows predicted yaw moment-
time history for that run. From gures, 6.14 and 6.15, we can see that, similar to
the ice resistance case, the IHI model so ignores the high e 1ency ice yaw

moment components on the hull and calc ates the average yaw moment.
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tangential velocities were always predefined as 0.25 m/s and the drift angle keeps

zero. The pivot point was fixed at the mass centre of the ship.

On the small radius runs, the highest ice pressure distributes on the inside of the
hull and the stern of the outside also has relative high ice pressure. The mid-body
of the hull only has low ice pressure distribution as shown in Figure 8 4. With the
increase of the turning radius, the fore body of the outside of the hull experiences
higher ice pressure as shown in Figures 8.15 and 8.16, while the stern part
eventually doesn’t have ice pressure on it as shown in Figure 8.17. More high ice
pressure distribution is located at the bow of the hull around the longitudinal
centre, and the inside bow part experiences higher pressure than outside bow part.
That difference decreases with the cc inuous increase of the t ming radius as
shown in Figure 8.18. It can be expected, if the turning radius is infinity, then the
ice pressure distribution on the two side  of longitudinal center of the hull will be
same. At that case, the ship runs become the straight going runs. The ice force

distribution will be similar as shown in  gure 8.19.
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ice loads on the hull, which are the direct = :tors to affects the ship’s

manoeuvrability in ice.

Figure 9.19 and figure 9.20 respectively show the IHI model calculated yaw
moments and sway forces durii  Terry Fox Icebreaker 10 m radius runs with 0.3
m/s tangential velocity, different drift a1 “es from —30 deg to 30 deg and in 40 mm
- 31.5 kPa ice. As comparison, the ice forces in the pre-sawn ice are also presented

in the figures.

From the figure 9.19, it seems that smallest yaw moment point (zero yaw moment)
is at the drift angle, 10°. In fact, that . ip motion case is only for theoretical
analysis, because in reality the sway force is more an 400 N at the 20° drift
angle, as shown in I jure 9.20, which  beyond the ship’s turn 3 ability un r

the rudder moment and propeller thrust.

Figure 9.21 shows the ice force distribution along : waterline of the hull in —
3.5% 0.0° and 20°. As mentioned in ¢ pter 3, the yaw moment and forces are
calculated in the moving coordinates, which origin point is always fixed at the
mass centre of the ht . In the 20° drift angle run, the higher ice fi e distribution
moves to the inside of the turning : ip around the hull mass centre, which
sensitively increases the sway force while the yaw moment contrarily decreases

compared to the zero drift angle run.
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underestimated to some extent because the ice jamming at the shoulder can’t be

accurately modeled using present IHI model.

9.5. 7.2 Ship Motions

Drift Angle and Radius Effects on Ice-Hull Cont:

The IHI model simulation results proved that the drift angle aa 1 ning __dius
directly influences the ice-hull contact area and l¢ tion that determine the ice
force distribution on the hull and fini / determine the global ice forces on the

hull.

Drift Angle and Radius Effects on Cl1 1nel Width

In general, the channel width vs. drift angle curve shows a “V” shape for the
constant radius runs. The channel width vs. drift angle curve for the . aight going
up run shows a standard “V” shape with the top ¢ 1 at the Y axis. When a ship
turns with a small radius, the stern always breaks the ice with negative drift angle,
while a large turning radius run, a very small " ift gle will cause the stern to

break the ice.

Drift Angle and Radius Effects on Ice Forces

From the simulation results, it can be s¢ n that the yaw moment increases with the

increase of the drift angle in the const: radius runs. In the straight going run and

“15


















10.3 Pure Yaw Maneuver and Pure Sway Maneuver

Two typical ship manoeuvres in PMM model it, pure yaw run and pure sway
run, (Marinering Limited, 1997; Spencer D., 1998) for the Terry Fox model in
level ice were simulated and discussed in this section. In the two runs, 1e Terry
Fox model kept 0.6 m/s tangential velocity, 200 seconds period, 2.5 m amplitude

in Y direction and zero drift angle.

Figures 10.3 and 10.4 show the simul: :d channel geometry in pure yaw run and
pure sway run respectively. The channel widths in the two manoeuvres are plotted
against model ship locations as shown in Figure 10.5. The simu ions show that
channel width changes in a big range : 1nearly o1 side of the ull from bow to
stern directly contacted the unbroken ice in the pure sway run, while the channel
width nearly keeps constant and only the bow directly contacts the unbroken ice in

the pure yaw run.

Figures 10.6 and 10.. respectively show the yaw moment-time history predictions
for the two manoeuy :s. Figt . 10.8 and 10.9 respectively show the sway force-

time history predictions.

The yaw moment curves for the two manoeuvres both roughly . ow a more or less

sinusoidal shape, but the force levels are different and the ice yaw moment on the
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provided, which are also the important ‘idences for the model’s accuracy through
comparing the experimental data. Some clues for future more refinements on IHI

model were obtained.

It was proved that the IHI mo:  can satisfy the requirements of some real-time
ship navigation simulators like the CMS training simulator: the model favourably
predicts the global ice forces on the hull during ship’s arbitrary manoeuvres

required by the simulator with ~20d numeric  effic cy and uni* sality.
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failure, shear failure and crushing 1 lure during the hull 1 :aking the level ice
are studied using the multi-model ice failure model adopted in IHI model.
Several prescribed typir 1 ship ma jeuvres like backing manoeuvre, “Star”
manoeuvre, pure yaw manoeuv ~ pure sway manoeuvre, and arbitrary
manoeuvres were simulated and studied using IHI model. Such a detailed
parametric analysis on ice-hull interaction has not previously been conducted.
Some general conclusions and comprehensive views on the ship manoeuvring
in ice were drawn, which was of high value for the operators in steering ship in
ice. Some typical curves of ice loads due to ship’s motions, ice properties and
hull geometries were obtained, which can also be regarded as the important

evidences for the IHI model’s correction and accuracy.

11.2 Summary and Conclusions

1.

The requirements for mathematical modeling ice-hull interaction : plied in
training simulators, navigation simulators or auto pilot systems can be
summarized as: Simulation accur :y: the model should be able to correctly
‘feel’ the ship’s response; Numeric  effic :ncy: the model should be able to
estimate the ice-force on the hull within the short time; Universa y: an ideal

model should be able to simulate the ship’s any maneuvers in ice.
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Appendix A Brief Instru _:ion of IHI Model Software
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The complete instructions of the generated m-files are provided in IOT report (Liu
et al., 2007a). The details of the runn g of the software are also provided 10T

report (Liu et al., 2007b).

A.1 List of Created M-Fil ; for IHI Model Software

The whole IHI model software consists of three sers, Paran :rs Input Layer

(PIL), Core Calculation Layer (CCL) d Results Output Layer C ).

The IHI model software consists of a collection of m-files as follows:

Trim chann.m - Nav ition.m
Simpl_model calcu.m . Movie proce.m
Shear mode.m . Motion_ship.m
Secti_two_line.m . Monit_calcu.m
Secti ice break force.m . Judge contact ull.m
Rank_crosc ~osit.m . Ice force calcu.m
Prope ice calcu.m . Ice force initi.m
Point_close.m . Ice « :ar force.m
Param_input.m . Ice_buoya forr m
Output_motio.m . Ice brea!” force.m
Output_force.m . Hull ice model.m
Output_chann.m . Gener ~hann.m
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Chann_wi h_calcu.m . Calcu_pl p2 force densi_left.m

Chann_close.m . Calcu_cross_point.m
Calcu_water line for chann.m . Calcu_conta_area.m
Calcu_water_line.m . Calcu_chann_for new_chann.m
Calcu_pl p2 force densi rightm = Break horiz_unit_width.m

The CCL layer consists of the followir routines:

Trim_chann.m . Ice_buoya force.m
Simpl_model ci :u.m . Ice -eak_force.i
Shear_mode.m . Hull ice_model.m
Secti_two_line.m . Ger ' chann.m

Secti_ice break force.m . Chann_close.m

Rank cross_posit.m . Calcu_water _line for chann.m
Prope ice calcu.m . Calcu_water line.m
Point_close.m . Calcu pl p2 force densi_right.m
Judge contact_hull.m . Calcr »1 p2 force densi left.m
Ice force calcu.m - Calcr ~ross oint.m

Ice force initi.m . Calcu_conta_area.1

Ice clear force.m . Bre 10riz_unit_width

The ROL layer consists of the following routines:

Monit_calcu.m . Ou it_chann.m

325



Output_force.m . Movie proce.m

Output_motio.m . Chann_width_calcu.m

A.2 THI Model Software Running and Result Qutput

The THI model simulation can be started through running the main routine,
Navigation.m. As the present IHI software is designed as VCP (Visual
Calculation Program), one f ire onitoring the simulation process keeps
appearing onscreen during the simulation process as shown in Figure A.l. The
simulation progress as the percentage of the total simulation is shown in
monitoring figure (Figure A~ and DOS Command Windows (Figure A.l)
instantaneously at the same time. From the monitoring figure, the user can
instantaneously monitor simulation progress, surge force, sway force and yaw
moment, ship motion and position, cha el shape and position and unbroken level

ice-ship contact.
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Appendix B Movies of Selected Nume: :al Simulations Using

IHI Model
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B.1 List of Recorded Movies of the Selecte . Numerical Simulations

1) ArbitraryManoeuvre ©  ryFox.avi
2) Resistance TerryFox.avi

3) Backing_TerryFox.avi

4) Circle r109 TerryFox.avi

5) Circle 1218 TerryFox.avi

6) Circle r1090_TerryFox i

7) Circle r218 dn3 TerryFox.avi
8) Circle 1218 dnl0_TerryFox.avi
9) PureSway TerryFox.avi

10) PureYaw_TerryFox.avi

11) ‘Star’_TerryFox.avi

B.2 Brief Descriptions for the Movies

ArbitraryManoeuvre_Te1  Fox.a

This movie records the simulated process of terry fox Icebreaker in an arbitrary
manoeuvre run, in which the sl »’s motion is press  :d. The simulation showed
that it is impossible to represent such a complicated manor v  using a simple
analytical approach. The IHI model can satisfactorily simula ; this arbitrary

manoeuvre and correctly and accurately “feel” the ship motions and ice edge.
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