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Abstract

A two-dimensional study of a ship section forced to heaveogrowvater and surrounded by plates
representing ice have been performed. The setting is a shaped in ice infested waters. The
ice is modeled as a stiff rigid body and is not allowed to moveend in any degrees of freedom
nor modes. The distance between the ship section and icebkavevaried and added mass and
damping have been calculated in a frequency range inclugisgnance. The investigation is
carried out by means of model tests as well by a linear waveliased on the boundary element
method.

In the study it was found that around resonance with ice ptese abrupt and steep change
in added mass occurs. In the numerical results for the catbetwo ice-floes the maximum
values for added mass it is seen that it becomes largerbirer.01 m before it becomes smaller
afterb = 0.02m. For the experiments with the same geometric set up the mamivalues show
a similar trend. The maximum values for added mass showsvarggdrend fromb = 0.01 m
and peaks dab = 0.08 mand get a smaller value fdr= 0.10 m. For the case with one ice-floe
the same maximum values decrease a the ship section gétsrfavay from the ice. The model
tests show an discrepancy of when resonance occurs contpateginumerical simulation and
difference in the maximum and minimum values. In generalninerical program predicts a
higher added mass and damping compared to the model testsieenes present. For the tests
without ice present the numerical and experimental resoltelate well.
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Summary

As oil and gas exploration seems to be moving towards Aregigns, research is taking place to
outline possible solutions on how this can be done in a sadeeffitient manner. Development

of offshore fields in the Arctic may include the use of moorgdctures. The interaction of sea-
ice on a vessel is dynamic and will cause a dynamic responsf 8havior have been devoted
a lot of research with emphasis on a structural point of vieswvriot so much with respect to

the hydrodynamics involved. The hydrodynamic loads appbie the vessel are affected by the
presence of sea-ice surrounding the vessel.

To investigate how the hydrodynamic coefficients are affédiy the sea-ice presence a two-
dimensional study have been performed. The hydrodynanefficents are added mass and
damping. The two-dimensional problem consists of a shipi@ed forced heave motions in
three cases. In the first case the ship section is oscillatiggpen water with no ice present,
in the second there is a long ice-floe in close proximity todkeillating section and in the last
the section is surrounded by ice of two sides. This have beessiigated both by numerical
simulations and model tests.

A model test series of scale100 have been performed in a wave flume with a length of 13
m, breadth 6 m and a depth of In. The ship-section have a breadth/defBhD ratio of 267
whereB = 0.32mandD = 0.12m. The ship section is forced to heave by an actuator and pro-
hibited to move an any other degree of freedom. The forcinglidudes tested are2mmand 5

mm The ice is modeled by.80 mlong divinycell plates with a draught of@ m. The ice is not
allowed to move or bend in any degree of freedom nor mode. 83ts have been done with the
distance between the oscillating ship section and the ieevasiable. This distance varies from
1cmto 10cm

The results from the experiments have been compared to ar limee domain boundary ele-
ment method code. Different limitations of both models asewassed and results are presented
for an oscillation period range from#sto 2.0 s.

In the numerical results for the case with two ice-floes theximam values for added mass
it is seen that it becomes larger frdm= 0.01 m before it becomes smaller after= 0.02 m. For
the experiments with the same geometric set up the maximluesahow a similar trend. The
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maximum values for added mass shows a growing trend ren©.01 m and peaks ab = 0.08

m and get a smaller value fdr= 0.10 m. For the case with one ice-floe the same maximum
values decrease a the ship section gets further away fromngh&he model tests show an dis-
crepancy of when resonance occurs compared to the numeinualation and difference in the
maximum and minimum values. In general the numerical progyeedicts a higher added mass
and damping compared to the model tests when ice is presenthé-tests without ice present
the numerical and experimental results correlate well.

Vi



Contents

Abstract I
Preface 1]
Summary \%
Table of Contents W
1 Introduction 1
1.1 Presentsituation. . . . . . . . . . . . . e 2
1.2 Previouswork . . . . . . 2
1.3 Outline . . . . . e
2 The physical problem 5
2.1 Formulation of the basic two-dimensional problem . . ...... ... .. ... b5
2.2 Resonantbehavior . . .. ... ... .. 7
2.3 Piston-moderesonance . . . . . . . ... e 10
2.3.1 Relative importance of calculation parameters . . . ... ... ... 12
2.3.2 Coupled ship and piston-mode resonance . . . ... ... ..... 15
2.4 Effectofflowseparation . .. .. ... ... ... ... .. .. . 16



2.5 Three-dimensional effects and hydroelasticity . . . ...... . . ... .. ... 17

2.6 Boundarylayer . . . . ... . e 91
26.1 Scaling . ... ... .. 20

Numerical calculation method 21

3.1 Governingequation . . . . . . . ... 22

3.2 Representation of a solution by surface singularity . ...... . . ... ... .. 23

3.2.1 Boundaryconditions . . . . . . .. ... 4 2
3.2.2 Boundaryintegralequation. . . . . . .. ... . ... o a. 24
3.2.3 Boundary elementmethod . .. ... ... ... .. .......... 5 2
3.24 Numericalbeach . . . . ... ... .. .. . ... .. 26
3.3 Formulationofforces . . . . . . .. . ... ... 26
3.4 Limitations . . . . . ... 29
3.5 Parameters and numericalmodel . . . . .. ... ... ... L. 29
3.6 Convergency and aCCuraCy . . . . . . v v v v v v v et et e e 30
Hydrodynamic coefficients 35
4.0.1 Equationsofmotion . . .. ... ... ... ... 6 3

4.0.2 Calculation of the hydrodynamic coefficients . . . . . ....... ... 39

4.0.3 Viscousdamping . . . . . . .. 42
Model tests 45
5.1 Set-up andinstrumentation . . . . . . .. ... ..o e . 45
5.2 Calibration . . . . . . . 8 4
5.2.1 Forcetransducer . . . . . . . . ... 8 4
522 Wavegauges . . . . ... e e e 48



5.2.3 Accelerometer . . . . . ...
5.24 Documentation . . . . . ...
53 Routines . . . . . . . .
5.4 Ermorsources . . . . . . . . ..
5.5 Analysis of the experimentaldata. . . . . .. ... ... ... . ........
55.1 Filtering. . . . . . . . e

552 Uncertainty . . . . . . . . .

6 Results from experiments and numerical calculations
6.1 Openwatertest . . . . . . . . . . . e
6.2 Shipin middle oftwoice-floes . . . . .. .. ... ... ... ...

6.3 Shipandoneice-floe . ... ... ... ... .. .. .. ...

7 Experiments versus numerical modeling

7.1 Physicsversuslineartheory. . . . . . . . . . ... ... e

8 Conclusion

8.1 Suggestions for furtherwork . . . . . . ... ... .. .. .

List of Figures

List of Tables

Bibliography

Appendices

A Experimental results

105
106

109

115

117



B Numerical results XXIX

C Attached CD XLVII



Chapter 1
Introduction

Development of offshore fields in arctic waters may inclugeuse of moored structures. These
structures may have to operate year round and thus intericsea ice features. Experience
with moored structures in ice infected seas is limited. Tlrfull scale experience is from the

operation of the conical drilling vessel Kulluk in the BeatfSea, see [23]. In addition, some

ice basin model test studies have been performed studyaiteoges linked to the operation of

moored vessels in ice are reported e.g. [15] and [3].

The interaction of sea ice on the vessel is dynamic and wilseaa dynamic response of the
vessel. Estimation or measurements of the dynamic ice laetilsg on the vessel is difficult.

The vessel response is however easier to observe and isyuspairted. It is then possible to

back-calculate the ice actions on the vessel as reportedhby1®]. However it is then needed
to assess properly the hydrodynamic loads applying on theele

The moored vessel in ice is a body experiencing forced asioils. The hydrodynamic loads
applying on the body are probably affected by the presenseafice around the vessel. The
sea ice will affect the fluid boundary conditions and the adabass or hydrodynamic potential
damping in the different DOF will differ from the open waterse.

For a case where a ship is found in frozen sea-ice one canne#at the ship is surrounded by
infinite ice. In the present work this is not been investigatae to physical limitations. Instead
the ice will be considered big compared to the ship.



The goal of the work in the thesis is to investigate the hygnagnic coefficients by perform-
ing a two-dimensional study with a ship-section. In the wibri two-dimensional ship-section
is forced to heave in open water and between one and two péessenting ice.

1.1 Present situation

Due to expectations that large reserves of undiscovera@diggjas might be found in Arctic areas
and waning opportunities for exploration elsewhere makesregion interesting. As technol-
ogy and solutions are improving the challenges related aiédpetroleum exploration might be
overcome in the near future. Also the melting of sea-ice ikingathe Arctic a more attractive
option. Some examples already exists of activity in harsttiéiclimate like the developments
in the sea of Okhotsk and on the Sakhalin Shelf. However tisgret more research to be done
to explore such regions in an efficient and safe manner.

There are several examples related to the developmentwifaswd for Arctic operation. Some
of these presents e.g. a tandem offloading terminal with mgdines see [4] and the subsurface
interaction under a moored offloading icebreaker, [5]. Alsother system with an Arctic shuttle
barge system for loading of oil in ice can be seen in [18].

1.2 Previous work

For the case of a vessel in ice many publications have beeased, but mainly concerned with
structural loads for various ice conditions and dynamicavedr, like e.g. [7], [6] and [14]. Also
for waves propagating through a Marginal Ice Zone (MIZ) mpaoplications can be found like
e.g. [12]. But the hydrodynamic problem with a vessel opegain sea-ice features or model
tests of such vessels to study the hydrodynamic coefficieavs not as far as the author’s knowl-
edge been published.

However when considering a vessel in motion close to levalise it may be broken down
to something that resembles a gap problem. Such gap proltleahss referred to are two-
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dimensional studies related to moonpools as found in théigasion of B. Molin in [21] and
Odd M. Faltinen in [9]. The gap problem can also be relatedudiss performed for ships and
fixed terminals as Kristiansen have done in [17] and furthseussed in his Phd. thesis. Other
studies that are interesting in relation to the problem @tfaer publication from B. Molin where
he looks into wave propagation and decay in a channel thraugdid ice-sheet and Mclver’s
study of complex resonances in the water-wave problem faraaiffig structure.

Common for all the above publications are the coupled motiba structure and fluid in a
confined space. By studying the theory provided in these paperpossible to relate it to the
ship-ice system, which is described in chapter 2.

1.3 Outline

The work in this thesis is outlined in the different chaptsghe following:

e Chapter 2 gives a description of the physical problem that is to bestigated and physi-
cal effects to be expected.

e Chapter 3 presents the Numerical wave tank with the theoretical gslas behind it and
the parameters related to the numerical model.

e Chapter 4 provides a discussion related to the hydrodynamic coeffisiand how they
can be calculated.

e Chapter 5 presents a description of the experimental test set-uginesi, measuring
equipment and an uncertainty analysis.

e Chapter 6 presents the results from the experiments and numericalaiions.

e Chapter 7 provides a discussion of the the results and the main difte® between the
numerical calculation scheme and the physical model.

e Chapter 8 concludes this work and suggests future work.






Chapter 2
The physical problem

This work is concerned with the two-dimensional motion ofracture in an incompressible and
inviscid fluid with the objective of studying the fluid intexteon with a two dimensional ship
section forced to heave in open water and between one ancéaftoes with a specified gap.
The work is done in order to try and further understand the timhydrodynamic coefficients
behaves.

The work is conducted with the assumption that theory rdladgiston-mode problems is valid
and hence it will be treated thereafter. As a consequeraatiitre related to such problems have
been consulted to understand the physics involved.

The problem with a two-dimensional ship-section in ice nelskes the principles in [11] chapter
3.7 Sloshing in external flawl'he problem is also analogous to Dr. Trygve Kristiansenkwo
his PhD. [16], who's thesis is used as the main source ford@ding description in the present
work. The theory has been adapted to fit the ship-ice system.

2.1 Formulation of the basic two-dimensional problem

Throughout the study the ship and ice floes have been coesiderbe of simple rectangular
shape with sharp corners. A rectangle with sharp cornetsegémble a simplified version of
a vessel. In this case the vessel is meant to be operating infeested waters. In the study the
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effect of round corners or bilge keels have not been invas@ji.e. only a ship section with
90°corner is considered. The details of the separated flow drthendifferent bilge geometries
mentioned will be different. The imagined flow pattern thatuld occur round the three differ-
ent geometries are illustrated in figure 2.1. For more detagarding bilge keels the reader can
consult e.g. [10].

Figure 2.1: Instantaneous scenarios of flow around bilgks.flbw will always separate around
a sharp corner. Left: No bilge keel. The flow will still sep@rat sufficiently larg& C-numbers,
but not in the illustrated case. Middle: Bilge keel. Right: heorner with bilge keel superim-
posed for illustration purposes.

The ship beam is defined by, and and the draft by £, as seen in figure 2.2. Ice floes are
defined by R, and Dce. In the figure both ship and ice floes are represented withhipars the
middle. The distance between the ship and the ice floe is ddb@ind will throughout the work
also be referred to as gap, ice gap or ship ice gap. Due to symnordy b is needed to describe
the gap distance. The still water depth is dendted

The ice is modeled as a stiff rigid structure that is restdcto move in any degrees of free-
dom and bending modes. This means that the ice can be cawidera horizontal wall with
a draftDijce in the mean free-surface of the water in the tank. The ice idetenl with a more
significant draught compared to real level sea-ice and Bqlaage freeboard. This have been
done in order to as a large as possible way create companmabferanents for comparing nu-
merical an experimental results. This is due to that the misaecalculation scheme is based on
linear theory and effects like e.g. green water is not inetudor dry spots under the due to the
oscillating water column.

The amount of parameters to consider in the problem are mang. beam-to-draft rati®/D
is the main parameter for the ship section itself. In thisedhss parameter iB/D=2.67. The
reason to the somewhat odd ratio number is due to an erroeifatirication of the model for
the experiments. The ratio between the beam and the watér 8épis a relevant parameter
when considering finite water depth effects on ship sectiotian. When considering the ship
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Figure 2.2: Dimensions in the problem of a ship section by ivesfloes: Water depth, ship
section beam or breadBy,p, ice floe beanBice, ship section drafDgp,, ice floe draftDice and
the gap between the ship and ice floe

ice system, the ratios between the gap width and the shipediam and ice floe drafy/B and
b/D, are relevant. These parameters describe the ship seabditg to to disturb the fluid in the
ice gap when the section is forced to oscillate in heave.

The main parameter mostly used to define the problem is tipets@am Bghip, because it de-
fines the relative extent of the gap and an important varisdhtged to added mass.

Most of the analysis will be done with the previous menti8b ratio of 2.67which have been
used during the experiments. However a variation in the B0 waill be tested numerically in
addition to a few variations of the beam of the ice floe. The skction will be forced to oscillate
in a sinusoidal motion in heave. In the experiments with als@rying heave amplitude. The
results will in general be presented as a function of non dsimmal frequency,/B/2g.

2.2 Resonant behavior

The basic principle in the present work can be related to argspnance problem. In theory
there is an infinite number of resonance frequencies in tipe §ost of these are associated
with modes of the free surface localized in the gap betweeicthand the ship. These localized
modes are referred to as sloshing modes. Note that thereissimction between the sloshing
modes and the piston mode, which is of a more global character
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The approach used in the study is to solve the linear probkemdmans of the Boundary Ele-
ment Method (BEM) and not of a modal method. Hence modes arsepatrated and only the
full problem is solved.

It should be noted that there will also be other disturbancdbte gap, they are evanescent-
like disturbances.

In addition to the sloshing modes, there is a zeroth modetwisiaisually referred to as the
piston mode. The piston mode is characterized by that the: dloirained in the ship-ice gap un-
dergoes near uniform vertical oscillatory motion with a,fladrizontal free surface. The piston
mode has an amplitude which is called the piston-mode andaliand is denoted by Ag. The
amplitude is definedy=H ¢/2 whereHg is the trough-to-crest height of the free surface averaged
over the gap. Associated with the piston-mode is a resonfregaency which is denoted the
piston-mode resonance frequency. This frequency is tiipittaver than those of the sloshing
modes. This means that if the excitation frequency is in thany of the piston mode-mode
resonance frequency, the dominating part of the fluid masdhat of the piston-mode. This is
called piston-like behavior. The piston-like behaviorlsstrated in figure 2.3.

/ Piston mode

R ) I
v

) o
\ Communication J \ /

Communication

Figure 2.3: lllustration of the piston-mode motion. Pistonde motion idHg/2 whereHy is the
crest-to-trough height of the free-surface elevation ayed over the gap. Due to continuity of
mass the piston mode must communicate with the outer flow.

Associated with the piston mode is a resonance frequenashvididenoted the piston-mode res-
onance frequency.



It is the piston-like behavior that will be treated in thedstuno sloshing behavior that might
include run-up and wave breaking is going to be treated. Huengtrical set-up with the ship
forced to oscillate in close proximity to the ice-floes regenet an external problem, which means
the following. In the the external problem there exists dgpignode as previously discussed.
As a consequence of mass conservation this does not exist internal problem. By internal
problem it is meant that of a tank partially filled with fluid.nder forced heave of such a tank,
linear theory predict zero sloshing. Another differencenaen the internal and external prob-
lem is that in the external problem energy may escape viatediwaves. The radiated waves
generated by the fluid motion in the ice-gap introduces dagy@nd by that keeping the motion
at a finite level.

The damping effect due to the radiated waves in the extemuddlgm applies in principle to
all modes in the ice-gap, although most pronounced for te®pimode, since the basic nature
of the piston mode is such that it communicates with the agldlow outside of the ice floe due
to continuity of mass. This is illustrated as communicatiofigure 2.4 and 2.3.

Piston mode

,,,v,,,{,,,,,,,,,,,,,,,‘??,F,'P,e, ,,,,,,,,,,,,

Figure 2.4: lllustration of the piston-mode motion but witvo ice-floes.

As previously mentioned the ship section is forced to cstal|l which means it is a part of the
usual diffraction and radiation sub-problems, see e.qg. (8he can also imagine that the ship
could be moving freely and then oscillate and hence the esggpiston-like motion will be
triggered whether excited by waves entering the system dofmgd ship section motions. So
disregarding which sub-problem, there is one single fraquef the piston-mode motion, which
is denotedup. This resonance frequency have also been referred to astbamode resonance
frequency, and terms like ice-gap resonance and pistoremesdnance will be used interchange-
ably.



In the following chapter a description on how to obtain thstqm-mode resonance frequency,
wp. A discussion on the dependence of the geometric paranatavsll as the overall behavior

of the system is included. In addition throughout the reploetterm resonance period will be

used,Ty =277 wp.

2.3 Piston-mode resonance

An approximate method to estimate natural periods in gapsasito the situation under consid-
eration was derived within linear theory by [21] for the casanfinite water depth. The problem
for finite water depth was treated by [9]. In the mentione@mefces a frequency domain ap-
proach have been utilized, but in this work a time domain agghn have been used.

The resonance frequency of the piston maggis found by performing forced motion of the
ship section for a range of frequencies using the linear-tmm@ain numerical wave tank which
will be described in a later chapter. The simulations areuntil they reach steady state. How-
ever it it was discovered that not all cases was solvable thélpresent code, this is discussed in
chapter 6. The resonance frequency of the piston magieis taken as the frequency for which
the averaged amplitude of the free surface in the gap betitreeship and the ice-floe attains a
local maximum when plotted versus frequency.

Piston body reasoning

The existence of a natural period of the piston mode is a cuesee of the mass-spring type
behavior of the piston mode. This can be illustrated by a kiiag linear analysis. The problem
is similar to that of a moonpool see e.g. [8] page 99 and thequhare is translated to fit the
current problem. The fluid motion in the ice gap is assumedetaifiform, e.g. the fluid in
the shaded area in figure 2.4. The flat free surface is dempgdas illustrated in figure 2.5.
This means that all the fluid in the shaded area denQtgeith the figure oscillates vertically with
velocity rt. Under the assumption of uniform fluid motion within,, the fluid inQ, will act as

a rigid body on the surrounding fluid. The equation of motiorneave of the piston bodQ

10



can then be written as,

(pDb+ Ap) Nt + Bpne + pgbn = Fp (2.1)

b

n(t)

ard
VAR

Qp D ice

Figure 2.5: Simplified, linear hydrodynamical problem cftpn-mode motion. The fluid motion
within Qp is assumed uniform, so the shaded mass acts like a rigid b&gys the dashed
(horizontal) line only.

whereA, (w) andBp (w) are the added mass and damping coefficients of the piston tespec-
tively, andFp is the excitation force. The drdit is the draft of the ice-floeDice, but just denoted

D here for simplicity. If the motion in equation 2.1 is assuntedbe harmonicy) = n.€*, the
homogeneous problem can be solved to find the body’s natarisdq)fp. The homogeneous
equation isw? (pr+A(w)) +iwB(w) +gb= 0. The undamped natural period is found to be,

- 1 |pDb+A,

Tp= —y/ ——F 2.2
P™2m pgb (2:2)

whereA, is the added mass at the natural period. From equation 2 @litserved that the natu-

ral period increases with the square root of the dbafHowever as the ship is the driver in the

system the draught would be more correct if the mean valuleeo$hip and ice draught is used.

It further depends on the added mass térg;n The added mass term depends on all geometric

variablesB for ice and shipD for ice and ship andh. The behavior of the added ma&ss a
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variable that is not easy to quantify as it varies appregiablgap problems. It should also be
noted that the fluid flow along the lower parts @f, will not behave as the assumed uniform
flow. An in depth study of the simplified problem have not beerfgrmed in this work but this
example illustrates that the piston mode can be, to a cezkdé@nt, be thought of as a rigid body.
In the present work the ship-ice system is the main focus. ¥uti@t approximate formula for
Tp is given by Molin [21] for the case of deep water and srbaB ratio. In the following chapter

a study of the relative importance of the calculation paeasis presented. It is observed that the
resonance frequency change significantly with the shiprbesio. This implies thab/B ratio
mentioned above is not always small and hence the Molin appadion is strictly not valid for
the ship-ice problem.

2.3.1 Relative importance of calculation parameters

As previously mentioned the added mass varies appreciagyp problems. To aid in the under-
standing of the relative importance of the variables in tfubjem, a set of numerical simulations
were done to establish this. The simulations were done imtimeerical wave tank that is ex-
plained in 3. The calculations were done with the symmdtge&up of the ship-section in the
middle of two ice-floes, as seen in figure 2.4. In these siraratthebeam-draftratiosB/D, of
the ship section and and ice-floes were tested and the inmgertd the tank depth.

For the simulation to test the importance of 8D for the ship all other parameters were kept
the same as used in the experimental and numerical catmsatFor the other parameter tests
the procedure were similar, only the parameter that were tested were changed. The results
can be seen in figures 2.6 to 2.11.From the results it is obdehat the most significant change
in the resonance frequency and added mass is related ®/theatio of the ship. This also
indirectly indicate that for the gap problem th¢B is the dominating parameter in the system.
When theB/D ratio for the ship is small e.g. 1 as seen in figure 2.6 and k@ means that
the b/B ratio is bigger because the gap widthhave been kept constant while the ship-section
beam,B has become smaller. Thus the most important parameter ishipace system is the
gap width and ship beam ratiy'B.

For the results related to the ship section parameters @en that the water elevation ampli-
tude in the ga@g is linearly dependent on the ships beBmit is also observed in the plots for
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the beam-draught ratios for the ice that the resonancedreyus dependent on the beam of the
ice-floe and there is a peak at a frequency correspondingoit@eimately the width of the ice.
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2.3.2 Coupled ship and piston-mode resonance

The presence of ice, as used in this study, introduces caupktween the flow of the fluid and
the rigid body motions of the ship section. The couplingsia®vay, heave and roll. If an open
water problem is considered, no ice presence in proximithefship, there is only a coupling
between sway and roll, for a symmetric shaped ship. In thidysbnly heave is considered. With
the ship set up, the coupling between the motion of the shiptlag piston-mode is an essential
feature.

In the paper written by Mclver [20] he investigates the gapbpem for both the radiation,
diffraction and freely oscillating problem by a linear pati@l flow analysis. In his study of
the homogeneous solution of the equations of motion (addessndamping and exciting forces
included) he finds that for a freely floating body thiaj do not exist. An exception exists if the
ship section is fixed in one or two degrees of freedom. Theegyshay then retain piston-mode,
wp, resonance. He also shows that in general that the pistale-nesonance is different from the
system resonancey, # wn. He describes this as a shift in resonance frequency, togto .
This means that the coupled ship and piston-mode resonahes, the ship is free to oscillate
in all degrees of freedom, will be significant arouwglonly. There is in particular no pure heave
resonant-motion, only that of the coupled ship section and fhotion.

In the same paper from Mclver he also discuss the occurreincegative added mass. When

sloshing is considered or as in this study a special cas@siislg, previously referred to as the
zeroth mode denoted piston-mode, resonances are fouriee ¢iap problem with the ship forced

to oscillate in heave characteristic rapid changes areredden the added mass and damping
coefficients near resonance frequency. This means thag iprésent case with the ship-ice sys-
tem the phenomenon of negative added mass is observed.

When no moorings are assumed in the set-up there is one redoeguency for each varia-
tion of the gapb in heave. If the heave motion is coupled with sway, two resbfr@quencies

exist for the asymmetric set-up with onc ice-floe with thegpstection oscillating next to it, see
figure 2.3.

In the present work, the required added mass and dampin§oveetfs is found from forced
heave oscillations of the ship section in ice by a numeri@lentank and from experiments. The
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numerical wave tank is explained in chapter 3 and the modés e explained in chapter 5.
The simulations are run to steady-state and the hydrodynewmeifficients extracted from steady
parts of the time-series.

The main driving mechanism for the piston-mode motion isftieed heave oscillation of the
ship-section and the communication with the external dom#@he external domain means the
fluid outside of the ice-floes.

The system that determines the level of response in in thpeistigap, i.e. the achieved steady-
state piston-mode amplitud¥, is the amount of fluid needed, hence the gap with of im-
portance. When the gap is small i.e= 0.01m resonance appear at a high oscillating period
which means longer wave lengths then when the gap is bigger).10m the resonance effect
happens at lower periods i.e. shorter wavelengths. Thue fhod must be accelerated beneath
the ice-floe and into the gap.

At resonance, the amplitude of the ship motion is propodidmthe net force and also inversely
proportional to the damping. Waves radiated as a consegu#itise ship section motion and the
piston-mode motion contribute to the potential damping.

2.4 Effect of flow separation

In the chapter is the piston-mode behavior in the ship-igedgacribed like a damped, linear har-
monic oscillator. Therefore, the response level relativethe level of excitation is at resonance
directly dependent on the level of damping, where lineadynping is manifested through wave
radiation only. This is the potential flow damping. In realite flow separates at the sharp cor-
ners of the ship and ice-floe. This means that vorticity igisht the bulk of the fluid with the
main consequence that circulation is introduced, illusttan figure 2.12. The circulation is in
such a phase relative to the ambient flow, such that that taseptreates a back-flow acting as
a damping factor. This is further conceptually illustratedigure 2.13. Kristiansen, [16], found
that the damping effect of flow separation on the piston-nmadeglitude due to forced heave of
the ship is significant.

16



Circulation

Vorticity

Figure 2.12: lllustration of the circulation introduced twe shed vorticity.

As only linear theory is considered in the numerical caltates it do not predict well the reso-
nant behavior in the ship-ice gap system. This is most likelgted to non-linear effects from
flow separation.

2.5 Three-dimensional effects and hydroelasticity

In the study of the ship-section in forced heave with thefioes present, only the two-dimensional
problem is considered. All realistic situations are in thdémensions, meaning that the fluid will
have the opportunity to flow in all directions. Also green &rain the top of the ice is expected.
Also for the case of a ship in open water, waves will be soadtén all directions around the
ship and in particular radiate from the fore- and aft end$efdtructure, see e.g. [8] page 196.
When real ice is considered it will show elastic propertiégcd is floating in close proximity to

a floating structure that is oscillating one can imagine liegtiuse of the acceleration of the fluid
will induce a vertical motion in the flexible ice. In figure 2.1his effects is illustrated. When
the structure is moving upwards there is an immediate deftbom of the ice downwards and
opposite when the structure has a motion downwards.
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Figure 2.13: Schematic of the effect of circulation.

In hydroelastic problems the hydrodynamic forces are infted by the elastic deformation of
the structure. This deformation is governed by inertia dsrand elastic forces in the struc-
ture. The modeling of the elastic properties of structurdktierefore give several additional
problems compared to the modeling of wave induced dynamsjoomrese of rigid structures. Re-
guirements to an elastic model can be summarized as follows:

e Correctly scaled global structure stiffness
e Structural damping must be similar to full scale values

e The mass distribution must be similar

Geometrical similarity between model and full scale for &stc structure will require that the
elastic deformation is similar, [1].
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(a) Ship moving downwards. (b) Ship moving upwards.

Figure 2.14: lllustration of flexible level ice showing hypatastic behavior.
2.6 Boundary layer

The boundary layer is of importance of the ship-ice probleithis study. When the ship section
is oscillating close to the thickness of the boundary lagamportant to determine how close
the ice floe can be allowed to be and not provoke unphysicaweh Note that the numerical
calculations are performed according to linear theory agmith no boundary layer is found in
them, i.e. the boundary layer is relevant for the model tests

When flow around corners are considered, some turbulencebs &xpected. The level of
turbulence can be quantified with the Reynolds number and eavritten as,

 2wa?
oy

Rn (2.3)

Now, the flow around a ship section corner will behave sintdathat around one corner rectan-
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gle in infinite fluid. This applies at least if the vortical wttures confined to the vicinity of the
corner such that the bottom, ice-floe corner and free sudezeonsidered to be in the far-field.
In all the investigated cases a steady state have been ceactiehe observed piston-mode mo-
tion of the fluid are quite sinusoidal. This means that théopisnode amplitude can be used as
a relevant measure of the ambient flow amplitade 2.3, [16].

According to Kristiansen [16] a measure of the boundaryr@lyiekness can be found by saying
the distanc® from a wall, i.e. Ship side, where the actual flow differs frdra outer flow by 1%.
For a laminar boundary layer this ds~ 4.6\/m). For the open water where the ship section
is oscillating without any ice-floes this is valid. For thesea with ice-floes located close to the
oscillating ship the flow might be considered turbulent. @ganance the Reynold’s number is in
the order ofo(10°). In an oscillatory flow over a smooth surface, the critical Rag’s number
for transition between laminar and turbulent boundaryddipsv is actuallyo(10°). This means
that the boundary layer must be estimated in a different marior a turbulent boundary layer
the thickness can be estimated®y- 0.093aRn %11 [16]. The latter estimation yields a bound-
ary layer of about 3 mm assuming the boundary layer has the same thickness atetfiloéc
the total boundary layer is in the order offim With this in mind the ice-floes were not placed
closer to the oscillating ship section thawerh, the effect of surface tension is also considered in
this choice as such effects are not relevant for full sca¢seis.

2.6.1 Scaling

In the study a model with sharp corners i.e.°l98ve been used. This creates vortex shedding,
due to this no significant scaling effects is expected. Trarbef the model is 32 m and the
draught is 012 m. A real ship might have a beam of &2and a draught of 1f, this means that
the scaling can be said to el 00. Further the ice is modeled with a beam dd &, which gives

a full scale beam of 366h and is considered large compared to the ship, the ratio leette
ship beam and ice beam is then23.
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Chapter 3
Numerical calculation method

In the work of obtaining values for the hydrodynamic coeéfits by numerical calculations the
method, commonly known as the Boundary Element Method (BE&)elbeen used.

The code is developed by Dr. Trygve Kristiansen as part offiB and recently modified
for multibody problems. The following text is based on Kiasisens thesis [16], and is included
here for easy reference to the theory and numerical methathwlas been utilized.

The boundary element method, also sometimes referred e method, is a very economical
method used for two-dimensional potential flow problemse Thlculations have been carried
out within a closed tank as illustrated in figure 3.1. The dionwd the tank is denoted b
and its boundang. In this Sis defined to consist of the solid surfac®s-Sg as well as the free
surfaceS: such thalS=S+Sy+Sp+Sg.

An Earth-fixed right-handed coordinate system is defined @drtesian coordinat¢s, y) where

y is positive upwards, and the horizontal axis defined/byO in the mean water line. The sur-
face S represents a ship section, whigtypically represents the tank wall and bottom &g
is the surface of a flap type wave maker. In the current setiiegvave maker is inactive and is
considered as a wall, lik&. The domaim bounded by the closed surfaBés hereafter usually
referred to as the numerical wave tank.

The numerical wave tank is created after linear theory windans that the domain and its
boundary are fixed in time. The free-surface elevation ity (x,t).
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Figure 3.1: lllustration of the closed linear tank consatemn the work. The domain is denoted
Q and its boundarg=S+Sw+Sp+Sg. The cartesian coordinate system dendtey) is defined
so thaty = 0 is in the mean water line. The unit normal veatas defined positive into the water.

Q

3.1 Governing equation

The fluid is assumed incompressible and inviscid. The gavgrequation for the fluid motion
is the Laplace equation.

’¢=0inQ (3.1)

Because the fluid is assumed inviscid the velocity may be septed by the gradient of a veloc-
itypotential¢, such thau = [¢.

Conservation of mass is described by the divergence of theeitaellu = 0, whereu is the
fluid velocity at any point and at any time, ahld= (d/9x,d/dy).

The unknowny is solved over the domai defined by the closed surfae= S- USy USHU Ss.
The Laplace equation implies that this is an elliptic protlelhe consequence of this is that at
any point in the domain the solution depends the solutionygygere else in the domain. Hence
boundary conditions along the bound&wgre needed.
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3.2 Representation of a solution by surface singularity

The use of a surface singularity as outlined by [13] and [8k0Airce in two dimensions can be
written as

¢ =qlogr (3.2)

In higher dimensions it can be written as

¢ =qr"? (3.3)

Wherer is the radial distance from the source point giverr as /S I'x?, andq is the source
strength anah is the dimension of the space.df< 0, the source is negative, then the previous

equations 3.2 and3.3 are referred to as sinks.

Potential flow problems can be solved by distributing sosiaeng the boundaries of the fluid
and solving for the source strengths q by applying propentaty conditions. By assuming a
continuous representation of sources over the boundametbeity potential can be written as

6 (xy) = [a(in((x—& ()% +(y-n(9)?) ds (3.4)
S

Where(&(s),n(s))are the coordinates along the boundary and s is an integreidable over
the boundary. To make a numerical approximation the boynckm be divided intdN straight
lines and it is assumed a constant source density over egotesé

NI

6 xy) =0 [ (9 ((x-£(9)%+ (= (9)?) ds

S
=+... (3.5)

—an [ (9 ((x-&(9)%+ (- (9)?) “ds
S

Nl

23



3.2.1 Boundary conditions

When boundary conditions are introduced a matrix system dbrirgy the unknown source
strengths can be established.

Along S the boundary conditions comprise the dynamic and kinenfiztessurface conditions,
while alongSy + Ss there is the zero-penetration boundary condition.
For the free surfac&:

7}

a0 —g{ony=0 (3.6)
o9 ¢ _

a0 %ony_o (3.7)

Where byy = 0 is the mean waterline outside the body ard the normal vector pointing in to
the fluid.

On the solid boundaries of the wave tank the zero penetregiomposed

oy
an = Oong (3.8)

And for the boundary of the ship section and ice floes, whey déine applied;

op
an = UghonS$s (3.9)

HereUs is the velocity along the ship and ice floe.

3.2.2 Boundary integral equation

In the program sources and dipoles are distributed all albadooundary. Them BEM is based
on Greens second identity. For any potnih the fluid domain including its boundaries, we have
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¢ (&)
s—/L/J(E,x) n; 5 (3.10)

Where the first integral is defined as a principal value integsaanalytic everywhere, and the
source termis

Y (&,x)=Inr (3.11)

r= (= &%+ y-ny) (3.12)

The positive direction of integration is counterclockwiaad n is the unit normal to vector point-
ing into the fluid, see figure 3.1. The internal an§lex)is measured counterclockwise and is,
e.g.—mwhenx is on a flat part of the boundary. The field poinkis- (x,y), and§ = (&,n) is
the integration parameter. Furthermgp@nf =m?%/y g /d nis the normal derivative with
respect to the integration parameter

3.2.3 Boundary element method

The Boundary Element Method (BEM) is the discretized versicth® boundary integral equa-
tion. The boundary of the fluid domai8, is divided into elements of some prescribed shape, and
the variation of the unknowns over each element assumedabdeertain order. The program
used in the work use a linear variation of the unknowns oveh eéement.

The boundary element program works by dividing the full bdany S into a total ofN (free
surface)+M (solid boundaries) straight elements and assumedthaatd ¢, vary linearly over
each element. It is chos&ih+ M collocation points to be the end points of the elements. he i
tegral equation then reduces to a selef M linear equations in the same number of unknowns.
The resulting linear system of equations is dense and ieddly a direct solver. With the bound-
ary conditions forp on the free surface ang, on the solid boundary, thd — 2 unknownsp on

the solid boundaries and tiNe+ 2 unknowns on the free surface are calculated.
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3.2.4 Numerical beach

A numerical damping zone is used to damp out waves in thedlt-filhe damping is introduced
by artificial dissipation terms that are added in the freéaserconditions which are chosen to be
proportional to the vertical coordinate of the free surfg@and the potentiap in the kinematic
free-surface conditions, respectively,

Bi(_m_vzon& (3.13)
D¢ 00 00
= =5 (Wer_y) —g{-véonS (3.14)

herev = v (x) is typically a smooth function, which is nonzero in the dangpzone, and zero
elsewhere. See figure 3.2. It is taken such it is smoothlyeaming up tymax. The interval over
whichv = v (x) is nonzero is denoted;. Because the function is smooth to minimize reflections
it varies withx.

Damplng zone Damplng zone

Figure 3.2: lllustration of numerical damping zone parametx) with the scenario of a body
in forced heave motion.

3.3 Formulation of forces

When the velocity potential is known at every location of thevestank the pressure along a
body can be found, and by integration of the pressure alomfalys boundary gives the forces
acting on it.
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F:—/pnds (3.15)
&

where the normal vectdin = (ny,ny,ng)) points into the fluid, wher@g = Xany — yanx andxa
andy;, are the distance from the center of gravityxinandy-direction. The pressurp for any
point in the fluid is found using thBernoulliequation

p 09 1/99\?> 1/9¢)\? B
E+E+§(&) +§ ay +gy=c (3.16)

Wherec is a constant and is set to zero. Inserting the Bernoulli éguat equation 3.15 for the
pressure yields

F:p/%ndsjtp/%|D¢\nds+pg/ynds (3.17)
S S S8
Sr
Y
%JWV
SQ Sl

S() SO
Ss
So

Figure 3.3: Path of integration, point A and B are to be takebe a ship breadth from the ship
ends. Note tha$- is now the free surface between point A and B.

The equation can be rewritten to eliminate theterms and a control surface is introduced as

shown in figure 3.3. The expression for the force can now bgemras

F:_/pnds:—/pnds+ / pnds (3.18)
S S S+
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Where the integrals on the free surfdgeis zero, as the pressure is zero &dis defined as
equal toS; + S, + S3. Similar equation 3.17 can be rewritten as

F= p/pnds+p / —|D¢| nds+ pg / ynds— p/pnds (3.19)
S+ S+

The integration ofp; over the surfac&is not trivial and has been completely removed from the
calculation scheme. This is achieved by first usBausstheorem

I — —%nds: —/qutdQ (3.20)
Q

and next using the Transport theorem is utilized

|1:—%/D¢td9—/m¢unds (3.21)
Q S

WhereU,, is the normal velocity of the boundary. And again us@dgusstheorem and that and
thatU, =0 on& andU, = ¢, on S+ S

dt/d}nds— / O¢ dnds (3.22)
S+

inserted into equation 3.19 gives the following expression

1
F= pdt/¢nds+p / (§]D¢\2n—D¢¢n>ds+pg / ynds— p/—nds (3.23)
S+5 S+

The expression in the second integral can be rewritten, leg@drtial derivative with respect to
time in the last integral can be eliminated using the nonetisitonal equivalent of the Transport
theorem. See [16] for the complete derivation of the forcenge
The resulting equation for the force terms can be written as

Fpd [ onasip [ (%(¢§—¢%)n—¢¢ns)ds+pg [ s+ plugsl, + plups,

S+5 S+ S+
(3.24)
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Here the first integral (only considering integral overS Bpnresents added mass and damping,
and the third integral is the restoring force.

3.4 Limitations

During calculations with an asymmetric geometric layouthvane ice floe on one side of the
oscillating ship it was shown that it was not possible toiege good results for all cases to be
evaluated numerically. For all situations where the ice-flolocated closer than em for the
asymmetric configuration the calculations either broke mowthe solution go towards infinity
and also some times heavily influenced by beating. A shodrg®n of beating is given below.
It should also be noted that as the numerical wave tank isdbasdinear theory effects like
vortex shedding are hence not included in the solution. @nsequence of this is that it will in
general over predict the hydrodynamic forces the ship aediexperiencing.

Beating was observed in the vicinity of the resonance frequency viherce-floes was included
in the calculations. Beating is provoked due to transientabiein when starting from
initially calm conditions. This is a result from small damgi Therefore, steady state may
in general not be reached within the time of simulation.

3.5 Parameters and numerical model

Because the numerical calculations are performed in twomkioas all quantities are taken per
length in the xy-plane. All parameters from the experimemestherefore scaled in such a way
that they are comparable to the two dimensional values framtmerical calculations.

To model the setups that were to be evaluated, three modeslsugetd in the numerical code

presented. The three geometrical discretized setups weeshawn in figure 7.1b, the models
are a open water setup, the ship and one ice floe and the shig mi¢idle of two ice floes
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The length of the tank was set hy= 12ambda+ Bghip for the open water case. For the geometri-
cal set up with one and two ice-floes the length was set, régplgby L = 124 +Bgpjp+ b+ Bice
andL = 12X + Bship+ 2b+ 2Bice. A sinusoidal signal with linear initial ramp of ten periogtas
used to, as a large extent as possible, avoid beating. Thdatioms were run for 60 to 100
oscillation periods to achieve steady state and the nunf@ne stepsN, per period is set to
80.

3.6 Convergency and accuracy

A convergence test was performed to test the effect of thebeumf elements per wavelength
on the free surface and the number of elements used on thatasgiship. The result of the
convergency test at resonance is seen in figure fig:konvdwg. résults from the test with the
highest density of elements to the lowest is abo@t%, hence the number of elements used in
most of the calculated cases arg/15
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Free surface (external + gap left + gap rig
Ship section (side + bottom + side)
Ice-floe (side + bottom + side), min. value
Bottom of wave tank

Far end of damping zone

Tank length, open water

Tank length, one ice-floe

Tank length, two ice-floes

Numerical beach length

Dissipation parameter

No. of time steps per period

No. of oscillation periods

Forcing amplitude (steep)

htyr — 180+ 8 — 188

Ngor = 80
Nwm = 8/A

L = 12X + Bship+ b+ Bice

L = 12X + Bship+ 20+ 2Bjce
3A

Vmax= 0.4

Np =80

Nt = 60,80 and 100
N3a=0.01m

Table 3.1: Numerical parameters in the simulations.
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Figure 3.4: Overview of the numerical models used in the watk grid. Note that the axis are
not equally scaled.
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Figure 3.5: Results from a convergency test done in the ngalexiave tank with from 15 to 20
elements per wave length The results differ with only 0.2% from the simulations with/A
to the simulations with 20A.
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Chapter 4
Hydrodynamic coefficients

The present work is concerned with the two-dimensional amodif a structure in an incompress-
ible and inviscid fluid with the main objective of studyingetfuid interaction with a ship section
that is oscillating in close proximity of one and two ice-Boe

In the study linear theory is used for the theoretical comsitions. A steady state condition
is assumed, which means that no no transient effects arernreése to initial conditions. This
condition implies that the linear dynamic motions and loadghe ship are harmonically oscil-
lating with the same frequency as the wave loads that extigeship, or in this case the opposite
as the ship section is operating in forced oscillations.sTithe second of the usual two sub-
problems as described in [8] and [11].

In the second sub-problem the forces and moments are founideomody when the structure
is forced to oscillate in calm water with the wave excitatitgguency in any rigid-body motion
mode. Incident waves are not present, but the oscillatirdly lmauses causes radiating waves.
The hydrodynamic loads are identified added mass, dampirandrestoringforces, and mo-
ments. This subproblem is often denotedttheiation problem With this in mind the equations
of motion will be looked into.
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4.0.1 Equations of motion

For a steady state sinusoidal motion the equations of bgily motions may be can be written as

6
Z Mik + Ajk) fik+ Bikflk + Cixni] = Fie* (j =1,...,6) 4.1)
k=1

whereMj, Ak, Bjx andCji are, respectively, the components of the generalized radsigd
mass, damping and restoring for the shif.are the complex amplitudes of the exciting force
and moment components. The subscripts in &;g) refer to force (moment) component in the
j-direction because of motion in thedirection. As only heave is considergdndk is equal to 3.

The added mass and damping loads are considered to be t@abg-state hydrodynamic forces
and moments due to forced harmonic rigid-body motions, ssudsed in relation to the second
sub-problem. No incident waves are present but the forcetbmgenerates outgoing waves.
The forced motion results in oscillating fluid pressure oa éxterior wetted hull surface. As
the ship has no forward speed the dynamic pressure is WEl€5 = —pd‘P/at, which is to
be considered in the equation of added mass and damping Iddds velocty potentialp is
linearly dependent on the forced motion amplitude and haroadly oscillates with the forcing
frequency. Integration of these pressure loads over the pesition of the ship’s wetted surface
gives the resulting forces and moments on the ship. In getlerdnydrodynamic added mass
and damping loads due to an harmonic motion mggdean be written as

Fj = —Ajkfik — Bjk/k (4.2)

whereF; is the total hydrodynamic force in the direction of the motidVith this it is implicitly
said that added mass has nothing to do with a finite mass of tiatieis oscillating. In this prob-
lem when resonant response is considered the main sourdasping are from wave radiation
and viscous damping. Where the most important effect in visaamping is associated with
vortex shedding from the sharp bilges and the resultingenite on the pressure distribution on
the hull. Eddy making damping could also be a significantdiadtie to the rectangular cross-
section.

The restoring force can be found by integration of the hydhtas pressure loads on the ship
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hull (i.e. the term—pg2). It is necessary to integrate over the instantaneousipost the ship.
The linear restoring force may in general be written as

Fj = —Cjknk (4-3)

And for the heave motion the coefficie@ly is C3z = pgAym whereA,, is the waterplane area.
However, to demonstrate how equation 4.2 behaves in therdugap problem numerical time-
series of the hydrodynamic, added mass and damping foreqdaited in figures 4.1 to 4.4 for
b= 0.10m. Because the numerical wave tank is based on linear theopldteeshow results for
inviscid fluid. Because heave motion is considered equati®is4vritten as

Fs = —Agaf]3 — Baans (4.4)

The plots are from different oscillating frequencies fag #hip-section. In figure 4.1 the oscil-
lating frequency is far from the non-dimensional resonaneguency and the added mass and
damping forces are not very different. In the next figure, th2 plot shows the forces just be-
fore the resonance frequency and it is observed that theidgrfgoces is starting to become the
dominant force. In figure 4.3 the results are in the immediabimity of the non-dimensional
resonance frequency and because of the nature of the galeiprdie added mass is getting
smaller, hence a lot of the hydrodynamic force is dampinghénlast plot, figure 4.4 the added
mass has become negative as the non-dimensional resomaggerfcy have been passed.
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4.0.2 Calculation of the hydrodynamic coefficients

To find values for the added mass and damping from forcedlasoris of the ship section the
starting point is from equation 4.2. By first multiplying thetee equation with the acceleration
termfjx and then integrate over an integer amount of periods equdt®is found.

nT nT nT
/Fjﬁkdtz —/Ajkﬁfdt—/Bjkﬁk’?kdt (4.5)
0 0 0

By now using the orthogonality propertiesadsineandsinean expression without the damping
term is found

nT nT
/Fjﬁkdtz —/Ajki’.h%dt (4.6)
0 0

Because the integration is performed in the time domain aedatlded mass is a function of
frequency an expression for added mass can be written asiatieq 4.7

nT .
i Fjndt
0
nT
[ fédt
0

Ak = — 4.7)

The same procedure is applied to get an expression for thpidgnibut in this case equation 4.2
is multiplied by the velocity)x

nT nT nT nT
/Fj Akdt = —/Ajkflkflkdt—/Bjk’;IkZdt = —/Bjkf?fdt (4.8)
0 0 0 0

an expression for the damping is found as seen in equation 4.9

T

J Fjnidt
0

nT

J ngdt
0

Bjk = — (4.9)
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Calculation of the coefficients from the numerical wave tank

In the numerical wave tank the force is foundRs= p [ ¢:nds where the force is due to the
S

unsteady term in the Bernoulli equatiaof, in thek'th direction due to a forced motion in the
j’'th degree of freedom anuk is the corresponding component of the normal vector. Hgse,

is the fixed mean boundary of the ship sectign.is estimated by numerical differentiation of
¢, in the present taken a(z,’b““ — ¢>”) /At, wheren is main time-step number. The added mass
and damping are calculated by equation 4.7 and 4.9. Theityelnud acceleration is found by
numerical differentiation of the displacement of the shiijpe restoring force is not included in
the calculated result from the wave tank, but if it was it wbbk have to subtracted to be left
with only the hydrodynamic force.

The added mass and damping are made non-dimensional inltheifg way

Bss /B
33= — 1| 5=
PAY 29 (4.10)
_ Ass
az3 = PA

whereA is the area of the wetted cross-section.

Calculation of the coefficients from model tests

In the model-tests the hydrodynamic force is not directiynid from the measurements. The
measured force includes hydrostatic forces from the riegfderm as well as inertia forces from
the mass of the rig itself, which means that

Fmeasured= thd rodynamic+ thd rostatict Finertia

) (4.11)
= F3— pgAwns — Mrigns
hence the hydrodynamic force is found by
F3 = pgAWN3 + Mrig )3 — Fineasured (4.12)

The velocity and acceleration is found by differentiatidthe forced displacement of the model.
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The added mass and damping are made non-dimensional inltheifg way

b Bz /B

33= — 1t/ 52
PALY 29 (4.13)
_ Ass

az3 = _p AL

whereA is the area of the wetted cross-section and the length of the model, as the model is
a three dimensional volume.

Damping from the radiation problem

As the oscillating ship generates waves there is also dagmplated to far-field wave generation.
There are waves outside the ice-floes, when present, andgeaeeation when the ship is forced
to oscillate in open water. Due to the propagating wavesggreansported away from the sys-
tem and causes damping. By considering energy transporathpidg can also be calculated by
using the wave amplitudes far away from the oscillating s@ption with equation 4.14, see [8]
page 47. The reason far-field waves is used to calculate thpidg caused by radiating waves
is because of the fluid close to the ship is accelerated in &migber degree, hence close to the
ship added mass is dominating. The water rise-up is hightaeimmmediate vicinity of the ship
is thus higher then the wave height itself, this effect daseeexponentially as the water travels
away from the ship until the actual wave height is achieved.

2
As ) g’ (4.14)

Bss=p (— -3

|’73a| w3
whereAgs is the wav amplitude far away amg, is the heave amplitude of the ship section. Again
the damping is made non-dimensional as

Bss /B
=33 /= (4.15)

b33 = oA\ 2g
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4.0.3 Viscous damping

In chapter 2.4 the effect of flow separation is discussed inaitative way. As the ship section
is oscillating it produces vortices that add to the dampimgddition to potential damping.

The contribution from the drag force experienced in heawsed by vortices being shed at the
corners may be written as,

Fo = 2 ACo ]3| (4.16)

whereA is the projected arefp is the drag coefficienp the density of water angs the heave
velocity.

In [8] there is a presentation on how to calculate the dradficant from experiments, an ex-
pression for the drag coefficient can be written as,

2
3 1
Co— ——/F sin(6)de (4.17)
83pUzA)
wheref is
2t
60="7 (4.18)
For an oscillating flowJ is found by
U — Upsin (sz) (4.19)

From model tests the measured hydrodynamic force will sieldamping contributions from
both potential and viscous forces. If equation 4.17 is riégmias an intgral in the time domain
and the potential damping force is subtracted equationid.2@® result.

T

n
S (Fy — Bsafz) sin(wt) dt (4.20)

Co=cq 5=
81puzDNT )

and
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U = Uasin(wt) (4.21)

whereBg3 is potential damping calculated by linear thedfyjs the measured vertical hydrody-
namic force andv is the oscillation frequency of the ship section &hg= Nz, w.
When evaluating the drag coefficient it should be done in cotnore with theKC number. The
KC number is defined as follows,

UaT

KC=— 4.22
. (4.22)

whereD is the ship draught and used as a characteristic length iK@reumber. The&KC num-
ber says something on how much the respective structuresmowdluid relative to itself , which

is of importance when looking into the effect of vortex shiedd Berthelsen has shown in [2]
that for lowKC numbers high values for the drag coeffici@gt, is to be expected. For the open
water situation with the ship section forced to oscillatéwv&5 mmand at resonance, which is at
a period of abouT = 1.1 stheKC number is 013 which is considered to be very small. Hence
large values foCp is expected to be found. Note in practice with the ship inddroscillations
the parameters in th€C number is the forcing amplitudgs, and ship draughd see equation
4.23.

N3a2TT
D

KC = (4.23)
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Chapter 5
Model tests

The model tests were performed in the Ladertank at Marin@ri@ogy Center, NTNU Trond-
heim during week 9, 10, 11, 12 and 13. The first week was speahging the set-up and
calibrating measurement equipment. The rest of the timedeasted to doing test runs.

5.1 Set-up and instrumentation

An overview of the model test set up is presented in figure S he model of the ship section
and ice-floes used in the model tests have the same geoméitiy m®del used in the numerical
calculations. This means that the draught of the ship sectid2cmand the beam is 32 cm,
the draught of the ice-floes arechand the beam is.8 m. The total height of the ship-section
model is 36cmand the height of the ice-floes are® The length of the ship model is Fcm

5 mmshorter than the breadth of the tank, this is to avoid fricfilom the tank glass walls. The
ship-model and ice can be seen in figure 5.2.

Both the ship section and the ice-floes were made from divihyedard foam material. The
ship model was also painted to make it more robust. The medsrnnected to the actuator and
force-gauge through an aluminum frame. The set-up do nowvdtie model to move freely in
any degrees of freedom, the actuator impose a forced heatverm@he force gauge measures
the force in shear, meaning that it only registers force mica direction. The force gauge was
produced by MARINTEK and of high quality. The actuator witke tforce gauge mounted can
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Figure 5.1: lllustration of the general model test set-uppél: the test set up seen from the side.
Lower: The location of the wave gauges denoted w1l to w8.

be seen in figure 5.4. In addition there is a displacement tmoon the actuator to register the
actual actuator displacement.

The actuator is automated in the way that it is possible td bbgest program in to the actuator
control unit. With this it is possible to define a test progransuch a way that for a geometric
set up the actuator can continually run tests with a givenliéude and frequency on its own. It
was found that a test run of @@condsnd a pause of 68econdgo let the water calm down was
sufficient. In all test-runs two forcing amplitudes weretéels 25 mmand 5mm

The ice was to be modeled as a rigid body, meaning that it isathotved to move or bend
in any degrees of freedom. To achieve this the ice-floes wiasmplace by wooden frames and
wedges, seen in figure 5.3. The frames were fastened to tkyariamps.

Both the ice and ship model was constructed by workers at MARIKIT
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There are in total eight wave gauges in the tank located atdiierent locations in the tank
to measure the free-surface elevation. The wave gaugedaa@dpn pairs so it is possible to
average the water elevation in the width of the tank. Theeepair of wave gauges outside the
ice-floes on both sides of the tank as indicated in figure %l Tanthe ship model. The wave
gauges used to measure the far field wave elevation wereraiasth capacitance type with two
metal bars. The wave gauges located on the ship model arefadstapacitance type but differ-
ent in the way that they are made up of copper tape. In totad thvere 8 wave gauges, and an
amplifier shown in figure 5.4 were used to generate the signals

On top of the ship model an accelerometer capable of measadceleration in 3 degrees of
freedom was mounted. The accelerometer measures the ddiddzrceleration in the x, y and

z direction, analogue to a ordinary coordinate system. Teelarometer was used as an indi-
cation to whether the model were feeling any friction frome tflass walls, and also calculate
the velocity of the model to find damping and use the measuwegleration to find added mass.
Later during the analysis it was found that the approach thighaccelerometer did not give good
values for velocity and acceleration so only the measursglaiiement from the actuator was
used.

In total, with all the measurement gauges there were 12 @&isirta be logged in each run.
To sum it up; 8wave gaugesone for the displacement of the actugtone for the force gauge
and three for the accelerometer

An amplifier of type Hottinger MGCplus received all the sighal the end, the amplifier can
be seen in figure 5.4. The signal from all of the channels wegeieed at a sampling frequency
of Fs=200Hz

At each end of the tank a parabolic beach was placed to presi@ttion of generated waves
from the oscillating ship model, the beach is illustratefignre 5.1.

In addition to the measurement equipment mentioned a ddn@dor the actuator and a logging

PC was used. The logging program used to log the measurewvdatsl ARINTEKS version of
Catman. All the equipment was provided by MARINTEK.
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5.2 Calibration

All of the output signals from the sensors are in volt. Thesses are linear, meaning e.g. A
higher load gives a bigger output that is linearly proparéicto the loading. This means that the
calibration factors found are in the form of/V, N/V andm/s?/V. For the calibration of the
wave gauges and the force gauge a calibration program mawgd MARINTEK was used. The
calibration factors are found by a MARINTEK program and thed into the MGC amplifier.
The program calculates the linear slope number, which isahibration factor.

5.2.1 Force transducer

The force can be registered as eitkgy/VV or N/V, for the use in this study the latter was chosen.
The calibration factor was found by placing known weightglmaluminum frame, without the
model mounted, and measure the signal from the force gaugepibcedure is to start with no
load, log the result and then put on a load and do another mezasat, when done with the last
weight another zero-load case is measured and the averagetexel is used. In total 5 mea-
surement points was found in a range from 0 taB88\. It was not possible to calibrate the the
gauge after the initial calibration but it was frequentlgpected by placing known weights on
the model and check the offset in the measured force. Thiepoe revealed any discrepancies
between the extra load and the measured load.

5.2.2 Wave gauges

At the first week the model was not available but the alumintamge was, hence an easy way
to do the calibration of the far field wave gauges to mount theithe actuator and do the cali-

bration. This was done by imposing a displacement on theatmtuthus lowering the gauges a
known distance and then log the output. When the ship modehveasted to the actuator the

procedure was repeated for the copper tape wave gauges placeThe procedure to calibrate

the wave gauges are similar to that of the force gauge. Stdrtaxzero level, impose a known

displacement for a wanted number of times and then do theleeebmeasurement again, the
average zero-level measurement is then used.
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The wave gauges on the model was calibrated every mornirtigthbufar field gauges were
not due to practical reasons and available time. To keepdbges drifting they were cleaned
every morning in their positions to keep the oxidation leaglconstant as possible. They could
have been calibrated by tapping and filling the tank by knowangjties but to achieve a steady
water temperature throughout the entire tank takes abauhigimt and hence not practical.

5.2.3 Accelerometer

The accelerometer mounted on the model measures the atweien three directions, and reg-
isters a positive or negative acceleration depending omthteon and defined positive direction.
The accelerometer was calibrated in the following manrer,zero level is found by placing
the accelerometer on a still surface with the measuringtime pointing upwards, for one of its
degrees of freedom and measure the output. The calibraaarfis then found by turning the
accelerometer in such a way that the measuring directiam @iizontal direction. The differ-
ence between the two cases is then the gravity congtar.81 m/s?. This was done in all the
three degrees of freedom of the accelerometer.

5.2.4 Documentation

All the measured data is stored .4mn files and the time-series analyzed by the help of Matlab
routines. Several photos were taken to document the setdua high speed camera was used to
be able to study the fluid behavior in the gap between the nadklce-floe. The spread sheets
with the calibration data were stored on a hard drive withnieasurement data and also printed.

5.3 Routines

The test runs were done in the following manner.
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Open water test

For the set up with only the ship model in the tank,

[ —

. Calibration of the wave gauges on the model (not beforeyesiagle run)
2. Check that the model is clear of the tank glass wall

3. Define a frequency range and wanted oscillating ampliaméfeed it into the actuator
control unit, the input for the control unitis=1/T

4. Check that the water in the tank is calm i.e. still wateracef
5. Set the length of the test in Catman
6. Take zero settings of the sensors and store them

7. Start the actuator and check the live feed from Catman tid #eemeasured data oscillates
symmetrically around zero level

8. Start logging of data
9. When a series of automated tests was done Catman autoiyegiopk the login
10. Save timeseries

11. Run an analysis to check the results to see if re-runs tedee

Ship and one ice-floe

For the set up with one ice-floe in the tank the routine is sinbut the model have to be placed at
a wanted distance away from the divinycell plate repregsgritie ice. The ice-flow was placed to
the right of the model, when seen from the front side as seégure 5.3. For practical reasons
the model was moved instead of the ice floe. Once the ice-flol@i®d in the tank the following
procedure is done,

1. Move the carriage to place the model in the wanted posigtative to the ice-floe

2. Check that the draught of the ice is correct and that it isllev
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10.

11.

12.

13.

14.

Double check the distance along the ship side has an estamde to the ice-floe
Check that the model is clear of the tank glass wall
Calibration of the wave gauges on the model (not beforeyesiagle run)

Define a frequency range and wanted oscillating ampliardefeed it into the actuator
control unit, the input for the control unitis=1/T

Check that the water in the tank is calm i.e. still wateracef

Set the length of the test in Catman

. Take zero settings of the sensors and store them

Start the actuator and check the live feed from Catmaretd 88 measured data oscillates
symmetrically around zero level

Start logging of data
When a series of automated tests was done Catman autdipatiops the loging
Save time-series

Run an analysis to check the results to see if re-runs tegee

Ship and two ice-floes

For the tests with two ice-floes in the tank the ice-floe that imahe tank for the above configu-
ration was held permanently in the same position while thdehand the new ice-floe, located
on the left side of the model was moved to regulate the gajrtist For the case with two
ice-floes the following routine was followed,

1.

2.

3.

4.

Move the left ice-floe to next position
Move the carriage to place the model in the wanted posigtative to the two ice-floes
Check that the draught of the ice is correct and that it isllev

Double check the distance along the ship side has an estamde to the ice-floes
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10.

11.

12.

13.

14.

15.

Check that the model is clear of the tank glass wall
Calibration of the wave gauges on the model (not beforeyesiagle run)

Define a frequency range and wanted oscillating ampliardefeed it into the actuator
control unit, the input for the control unitis=1/T

Check that the water in the tank is calm i.e. still wateracef
Set the length of the test in Catman
Take zero settings of the sensors and store them

Start the actuator and check the live feed from Catmaretd 88 measured data oscillates
symmetrically around zero level

Start logging of data
When a series of automated tests was done Catman autdiypaticps the loging
Save time-series

Run an analysis to check the results to see if re-runs tedee

5.4 Error sources

To be able to evaluate the quality of the results from the expts an identification of possible
error sources have been done. Also an attempt to quantify Haze been performed. Basically
there are two kinds of error; random error and bias error. fEimelom errors may be quanti-
fied by repetition tests. Other means of investigation nathere needed to identify potential
bias errors. The process of identifying possible sourcebifis errors includes actions such as
guantifying limitations of the equipment and utilizing tegperience of others, as the authors
experience with model testing is very limited, as well as@arobservation during the model
testing.

During the model testing, continues efforts were made tetesand identify artifacts of po-
tential significance to the results.
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A parabolic beach , or any shaped beach, will not in general be a perfect waverbbés The
strategy of the beach is to induce wave breaking. It is nasiptesto remove all the energy
in a wave with this damper, in particular for shallow watewes, [16]. In figure 5.6 is a
plot indicating when the waves are to be considered as shallier waves, this happens
at an oscillating period of the ship model of approximatély- 1.6 s. A wave is to be
considered a shallow water wave wh&p4 > h, i.e. the tank depth. In total the tests
performed cover a periodic range bf= 0.4 sto T = 2.15s. Hence reflections are to be
expected but, however no reflections of significance weradda hit the oscillating ship
model.

Capacitance type wave gaugesonsists in general of two parallel steel wires penetratimey
free surface. Bias error may be introduced through nonlityesr the voltage created.
This might be caused by that the water climb on the steel wites is also known as
the meniscus effect or by drifting over time. A semi-quatie estimate of the error
introduced by the latter effect is said to be in the order efdrameter of the steel wires,
[16], which were about 3nmin diameter. However experience have shown that this type
of error source can be neglected. In addition to steel wineevggauges, copper tape were
used as a capacitance type wave gauge on the ship model, scoeeffect is not believed
to have a significant effect but water film on top of the tapehmnigeld a higher output
then what it suppose to give. A quantified value for this wasaahieved. Drifting of the
far-field wave gauges might have occurred, but not to a bigndds it was not possible to
do recalibration of them.

A slight motion of the ship was observed during the tests with the ship model and onkoee-
in the tank. The aluminum frame that was originally congedd¢o mount the model to the
actuator was found to be to weak with respect to horizontalef® applied on the model.
This was seen as an horizontal rigid body motion in combomatvith a small rotation of
the model. There was also another source for the horizonséibm this was found to
originate from the actuator mounting as it was mounting \&atibut one degree off relative
to a vertical axis. The aluminum frame was modified until iswansidered strong enough
for the purpose. However a small horizontal motion was sblerved, and measured to
be of an amplitude of approximatelyri@m

Seiching is a low-frequncy oscillation of the fluid corresponding he fiirst longitudinal eigen-
period of the basin, meaning a standing shallow water wauas iE in theory always
triggered in any flume or basin. Typically the standing waas & very low amplitude but
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might result in a significant horizontal motion of the fluidg]. From close observations
it was found that a stop of about 8@condsvas enough time to adequately damp out this
effect, hence it is not believed to influence the results ilgaicant way.

Transverse sloshingis the corresponding transverse standing wave of the figetngieriod in
the transverse direction of the wave flume, [16]. The breatlthe flume is about.60 m,
this gives a resonant period of abou8®s, assuming the deep water dispersion relation.
Transverse sloshing was observed in the tests around tioslj@eé oscillation. The trigger
for this is believed to be caused by small three dimensioffatts from the model and
perturbations when the ice was present in the tank.

Glass wall gap. To avoid friction from the tank glass wall on the model thepsbection was
constructed with a Bnmmargin with respect to the tank width, hereby denoted thesgla
wall gap. The gap was a necessity in connection with forcesomeanents. The ship
section had to be denied any mechanical contact excepightibe force gauge. This gave
room for a standing wave between the model and the glass whbth sides of the model.

Slight tilt. When the model was observed from above, birds eye view, it aasdf that is was
not mounted completely orthogonal with respect to the taak.wThis means that the
glass wall gap was not constant on both sides. In the runsthatice it was possible to
observe a slight transverse variation of the distambetween the ice and ship of about 1
mmon the right side and approximatelyn2non the left side A picture of the ship-model
and ice as seen from above is found in figure 5.7. In the testwinen the gap was small
i.e. 1cmthis becomes important. It was observed that the wave @bevat the gap was
sensitive to this tilt as the elevation was not constantughout the width of the tank.
When analyzing the time series the amplitude at the locatioere/the gap was relatively
bigger the elevation was bigger.

Presence of ice.The rigging of the divinycell plates representing the icesveacumbersome
process that required high precession fitting to achievedhect draught, location relative
to the ship model and to get it level over its entire lengtmitir to the ship model, it was
for the ice a glass wall gap, though slightly smaller it gav@m for a standing wave along
the side of the plate. It was found that the results with ressfgethe resonance period was
sensitive to this water elevation. To mitigate this a rudistwas taped to the tank glass
wall to prevent the water from flowing freely up and down, tat@n plastic bags were
forced down in addition to the rubber lists, see figure 5.8&ahdThese actions prevented
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the water to run up the side of the ice-floe to a certain extehitldid not stop this from
happening completely. In addition the ice-floes experidreeme flexing but this was
small and the exact effect of it is not known.

Slight flexing if the ice, could sometimes be observed in the tests. Even if this waalwatys
possible to see in such an extent that it was possible to measamplitude it is expected
to give a damping effect on the piston mode motion in the stepgap and perhaps a
slightly smaller hydrodynamic force.

Force measurements.The graph from the calibration of the force gauge is seen urdi¢p.5
. The graph shows that the calibrated range is from zero tooappately 60N and the
measured force during the experiments range from appragiyn@N to about 8ON. The
accuracy of the of the force measurements is questionalde wWie oscillating period is
high. This means that the dominating force is the restorngnt measurements from the
open water tests show a spring like result for low frequencide ship model was meant
to have space milled out to fit weights so it would float with tented draught, but the
milling machine was not available and this was not done. Asrssequence of this the
force gauge had to operate with e pre tension and this couddble have affected the
sensitivity of the measurements.

The actuator forcing amplitude was not able to keep up with the correct displacement for os-
cillating periods below approximately= 0.6 s, for these frequencies the actual amplitude
is lover than it was meant to be, this does not effect non demeal values in a very sig-
nificant extent as the actual forcing amplitude is used iratiedysis and calculations.

Accelerometer. The accelerometer have not been thoroughly analyzed asdhsured signal
from it was not used.

5.5 Analysis of the experimental data

The raw data was analyzed using Matlab where time seriestfiertests were plotted as well as
reduced data. The time seres that were plotted was the wawatieh inside the gap and the far
field wave elevation, the actuator displacement and the umneddorce. The reduced data com-
prise the non dimensional wave elevation inside the gap anfileid plotted against oscillating

period in addition non dimensional added mass and dampicaldsilated and plotted against a

55



Object Mass
Outer plate of force gauge| 33679
Model and aluminum frame 12113g

Accelerometer 569
Nuts and screws 1779
Total 157139

Table 5.1: List of structural masses felt by the force gague.
non dimensional frequency.

To find the hydrodynamic force the hydrostatic force wasmadbed and the inertia force from
the force gauge. The analytic procedure on how this is dodescssed in chapter 4.0.2. The
masses that is used when determining the inertia forceesllia table 5.1.

5.5.1 Filtering

To be able to do an analysis of the measurements the raw data ba filtered. This was done
in Matlab using a bandpass filter on the logged force signdltha wave gauges. The upper
and lower frequency set for the band pass filter wigg = 0.2 Hz and fhigh = 2.5 Hz. The
displacement data for the actuator did not need filtering.

5.5.2 Uncertainty

During the model tests repetition tests was performed tolctiee repeatability of the measured
results. Every repetition showed good that the results wagythe same, the standard deviation
and mean value for such tests for the open water, one icesitbens ice-floe configurations are
showed in figure 5.10, 5.11 and 5.12. The plots show resultdhi@®measured force and wave
elevation to the right of the ship, denotagl
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Figure 5.2: Upper: Ship-section model, on the left it is skklem the front and the right from
the side, the copper tape makes a wave-gauge in two paiteaevave-gauges. Lower: the two
divinycell plates that makes the artificial ice.
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Figure 5.3: Left: the ice seen in the tank from above, fixechwiboden frames and wedges.
Right: The model and ice-floe seen from the side through tHegkass wall.
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Figure 5.4: Upper: To the left the actuator with the forceggamounted and a aluminum frame
to hold a model. To the right the actuator control unit withezgency stop button on top. Lower:
on the left wave-gauge for far-field wave elevation regtgiraand in the lower right wave gauge
amplifier (right) and signal amplifier for all measurementides.

59



15

—¥— N4
tank depth, h

Maite verdier og regresjonskurve

[m]

0.5F

Padrag

» Padrag
— Regwver

OO g

RS

10,000

0,000 4

Figure 5.6: The graph displays when a wave is
000 to be considered as a shallow water wave in the
. tank, the curved line i& /4 and the straight line
is the depth of the tank = 1 m, the waves at an
Figure 5.5: Calibration curve for the force oscillation period ofT = 1.6 sis to be consid-
gauge. ered as shallow water waves.

Figure 5.7: A view of the gap between the ship and ice seen &oove.
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Figure 5.8: Rubber list taped on the tank wallFigure 5.9: Rubber list and plastic bags forced

with ice-floe and ship model. between the ice and glass wall.
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Figure 5.10: Repetition tests for the open water configunatibere the horizontal axis ticks
1-8 correspond to tests 20090, 20130, 20160, 20190, 2022602 20290 and 20330 and their
respective two respitions. Bars represents mean valuefiarmror bar on top represent 2 times
the standard deviation, the numbers is one time the stami@ardtion
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Figure 5.11: Repetition tests for the one ice-floe configaratvhere the horizontal axis ticks 1-8
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respitions. Bars represents mean values and the error bapoepresent 2 times the standard
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Figure 5.12: Repetition tests for the two ice-floe configurativhere the horizontal axis ticks
1-8 correspond to tests 10030, 10060, 10090, 10130, 1008901 10230 and 10260 and their
respective two respitions. Bars represents mean valuehartror bar on top represent 2 times
the standard deviation, the numbers is one time the stamigardtion
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Chapter 6

Results from experiments and numerical
calculations

In this chapter condensed data retrieved from the numesiicallations and model tests are pre-
sented in the same plots. In the plots the experimentalteeatg from a forcing amplitude of
2.5mm This is done for easy comparisment of the results for addeskpdamping and the gap
amplitudes. First the open water results are presentedavthertwo-dimensional ship section is
in forced heave oscillations without any ice present. Neg&tresults for the tests where there is
two ice-floes in addition to the ship. The last results arenftbe tests done with one ice-floe is
placed next to the oscillating ship.

In appendix A and B separated plots of experimental and nigalerespectively, results are
plotted. In the plots for the experimental results in appeAdthe graphs show the results for a
forcing amplitude of 5 mmand 5mm

Unless specified the added mass and damping have been tadcatzording to equation 4.7
and 4.9 as shown in chapter 4.0.2. Where it is specified the idgrhpve been calculated by the
principle of damping from radiating waves as shown in chia$1@.2.

For the geometrical set-ups where there is ice presentltsdsu the non-dimensional waater
elevation in the gap between the ship-section and the idsaspaesented and refered to&g
Also the non-dimensional far-field wave elevation amplésid\¢, are included in those results.
As previously shown the added mass and damping have beennoadémensional the follow-
ing way for the numerical results
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az3 = oA
the results from the modeltests are made non-dimensiotia¢ifollowing manner
Bss |B
33= — 1/ 5
PALY 29 6.2)
_ Ags
a3 = PAL

6.1 Open water test

Numerical and experimental results for the case when theishiorced to oscillate in heave
without any ice-floes present in the wave flume and numerieabwank are found in figure 6.3.
The first results shows the results for the drag coeffidgnt

065 070 075 080 085 0.90 065 070 075 080 085 090
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Figure 6.1: Drag coefficier®p, forcing ampli- Figure 6.2: Drag coefficier@p, forcing ampli-
tude 25 mm tude 5mm
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6.2 Ship in middle of two ice-floes

Numerical and experimental results for the case when tipeisiorced to oscillate in heave with
two ice-floes present in the wave flume and numerical wave t&in& ship and the two ice-floes
makes a symmetrical set-up where gapvaries from 01 mto 0.10 m. The condensed results
for the non-dimensional added masg, dampingazz and non-dimensional gap amplituég
are presented in the following figures.
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Figure 6.4: Maximum values @f3. Figure 6.5: Max. valuegyg.
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6.3 Ship and one ice-floe

Numerical and experimental results for the case when tipeisiorced to oscillate in heave with
one ice-floe present in the wave flume and the numerical wanke fBhe ship and the two ice-
floes makes an anti-symmetrical set-up wheregyevaries from Icmto 10cm The condensed
results presented here range from 0.04 mto b = 0.10 m. And again the results given are the
non-dimensional added malsgz, dampingazz and non-dimensional gap amplitudg presented
in the following figures.

100

. ; - : :
—¢— B33 may EXPEMIMeENt +Ag,max experiment|

5.5 S a33,ma></2 numericalf| 90 o Ag,max numerical H

3,max

g,ma\x/r| 3a

A

7
b [cm] b [cm]
Figure 6.30: Maximum values @és. Figure 6.31: Max. valuesy.

87



20

Ag/r]3a experiment

— - 100
Ag [ experiment
o Ag/r]3a numerical
80
g
60 5
£
>
=
8
40 £
<®
20

Arln3a experiment

A/nBa experiment]

o A/n3a numerical

[y

Atjr]3a numerical

1.2
w(B/2g)*°

Figure 6.32:Ag andAs. b= 0.04m.

15 T /‘ — 60
Ag n,, experiment
A /n._numerical
—o—
g 3a | 50
£ 10r 40
2 o
g 302
& g
\D’ o
< st 20<
10

10

0.6

0.7 0.8

0.9
w(B/2g)"°

11 1.2 1.3

1

0.5f

Arlnsa experiment

A/nBa experiment]

o A/n3a numerical

8.5 0.6 0.7 0.8 0.9
w(B/2g)*°

Figure 6.33:Ag andA¢. b= 0.06 m.

Ag/r] 3 EXPeTiMent
(&)

40

Ag/n 3 experiment

S Ag/n3a numerical 135

[ N w
S a )
A /n._numerical
g '3a

[y
a1

0.6

0.7

0.8

0.9
w(B/2g)"°

1

i 1‘.1 1.2 1.8

Arlnsa experiment

A/r]Ba experiment]

o A/n3a numerical

Figure 6.34:Ag andA¢. b= 0.08 m.

88

[y

Atjr]3a numerical

[y

Atjr]3a numerical



Ag/n 34 EXPeEriment

10

Ag/r]3a experiment|

S Ag/n3a numerical

0.8

0.9
w(B/2g)*°

Figure 6.35:Ag andAs. b= 0.10m.

N
a1

[ N
4 . CF
numerical

Ag/r] 3

=
(=}

89

Af/r]3a experiment

o
3]

A/r]3a experiment]

o A/r]3a numerical

0.7

0.8

0.9
w(B/2g)*5

11 1.

o
4

Agnga numerical



A, (PA)

T
3 experiment

o a33/2 numerical

0.7

0.8 0.9 1 1.1 1.2 1.3

Figure 6.36:a33, b= 0.04m.

90

1.4

1.5



0.5
B,.,/(PA)(B/29)

T
| —x b33 experiment

|- b33/2 numerical

| 1 | l |

0.9 1 11 1.2 1.3

Figure 6.37:b33, b=0.04m.

91



5 T 5
s 84, €Xperiment

, —6—333/2 numericall |

70.8 0.9 1 1.1 - 1.2 - 1.37 71.4
w(B/2g)®°

Figure 6.38:a33, b= 0.06 m.

92



0.5
B,.,/(PA)(B/29)

)f‘

)

1o
S b33/2 numerical

T
b33 experiment

0.6

0.7 0.8 0.9 1

Figure 6.39:b33, b=0.06 m.

93

1.3



' —6—333/2 numericalf

T
s 84, €Xperiment

0.6

0.7 0.8 0.9 1
w(B/2g)®°

Figure 6.40:a33, b= 0.08 m.

94

1.1 1.2 1.3



0.5
B,.,/(PA)(B/29)

@,
0)

| —x b33experiment
3 o b,./2 numericall|

0.6

0.7 0.8 0.9
w(B/2g)°°

Figure 6.41:b33, b=0.08 m.

95

11 1.2



A, (PA)

T
| —s—a,, experiment ||

o a33/2 numerical

0.6

0.7 0.8 0.9 1 1.1 1.2 1.3
w(B/2g)®°

Figure 6.42:a33, b=0.10m.

96



3.5

0.5
B,.,/(PA)(B/2g)

T
¢ b33 experiment

| —e— b33/2 numerical

|
o
(9]
T

0.7 0.8 0.9

Figure 6.43:33, b=0.10m.

97

1.1

1.2



98



Chapter 7
Experiments versus numerical modeling

In the results presented in chapter 6 it is observed disnogs between the numerical and ex-
perimental results for the cases where ice is present. Earghn water case the numerical and
experimental results correlate well. The latter shows tivatcalculation routines to find added
mass and damping are valid. In addition results from Ir. $uf#t2], report on on hydrodynamic
coefficients for swaying, heaving and rolling cylinders ifree surface was consulted for this
purpose.

The drag coefficient have also been estimated for the opesrwase. The results shows large
values for this coefficient. This is to be expected for smallies of theKC number, this is shown
in [2]. From the results it is seen that for the forcing amyai of 5Smmthe values for the drag
coefficient gets smaller, this can be seen in connection tivaththeKC number is larger as the
oscillation amplitude is larger.

The discrepancies that can be seen in the comparison plotsapter 6 are at what frequency
resonance occur in the experiments and numerical calontatnd the hydrodynamic force i.e.
the values of added mass and damping and the non-dimengiapamplitudes. For the one
ice-floe set up the difference of when the resonance frequesgurs is about 5% fds = 0.04m
and approximately 3% fdy = 0.10 m. For the symmetric set up with two ice-floes the difference
is about 20% fob = 0.01 mand 6% forb = 0.10m.

Even though there are differences in the results both theenaoai and experimental show the
same trend. The results for when one and two ice-floes aremrebow an abrupt and steep
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change in the added mass occur close to and at resonancerfogquhere added mass change
sign. As the ice-floes are moved away from the ship sectioastfeund that the resonance occur
at a lower frequency. The added mass shows a tendency to shaeismaximum value as the
ship-ice gap gets wider.

This is an interesting observation. If one think intuitivelf how the added mass would be from
the ships pint of view it is to be expected to find that it wouéddi its highest when the ship-ice
gapb is smallest. The latter would be expected because the shiftiiiave to accelerate more
mass to communicate with the outer flow i.e. more water is @@¢o be pushed by the ship to
make a wave outside the ice-floes. From this reasoning, lagfiuinvestigation to check if this is
correct would be favorable. If the result do not come fromegkpental and numerical artefacts
it might be triggered by that the piston-mode motion introglan increased communication with
the external flow.

Another importent comment is that in the results there igaiicant difference in the damping
from radiated waves. They should have been more equal, ifgsepancy might caused by a
mistake from the author when performing the calculations@n wrong measurements during
the experiments.

In appendix A the experimental results are presented. Fhasetresults it is observed that
the smallest forcing amplitudes gives the largest added raag largest damping. This is be-
lieved to be caused by viscous effects.

7.1 Physics versus linear theory

To be able to achieve results that are somewhat comparahledrethe linear numerical simula-
tions and the model tests the ice-floes were modeled asgiiffrodies with a significant draught
and freeboard. This provides an environment that is expgeotprovoke less non-linearities for
the water to oscillate in. The intention with giving the dgatiand freeboard. In linear theory
effects of green water (water on deck) nor dry spots undeicthes taken into account. For this
reason the height of the ice flow at the gap had to be built upitzetthe total height as the rise
of the water column was found to move above the ice freebolddcon The modified ice can
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be seenin figure 7.1c.

While doing the model tests non-linearities was observeag@ally near and at resonance fre-
guency of the ship-ice system. A series of snapshots fronhitjie speed camera is shown in
figure 7.1, the snapshots are from resonance frequencywatice-floes with a gap db = 0.04
mand a forcing amplitude of Bim From this a series of non-linearities are revealed. The mos
dramatic is that the water level actually becomes so lowdhgeart of the ice becomes clear of
the water column. As the water is rising again, air is trapped as the water is rising beyond
the bottom of the ice, air bubbles is escaping and distudb&#e surface. When the water has a
vertical velocity upwards and hits the ice flow it also getdiarizontal velocity towards the ship
model where it is then ricochet back towards the ice and esashhe latter gives an appearance
of a sloshing mode. In addition when the water column is mgwipwards it is disturbed by
vortex shedding from the ship model itself but especially sharp corner of the ice-floe. The
effect of flow separation is also discussed in chapter 2.4.

An illustration of the difference between the physical moaied the linear numerical model

is seen in figure 7.1a and 7.1c. In linear theory inviscid figidssumed, meaning that there
is no effect of vorticity, trapped air, boundary layers ahdre is of course no water oscillating
between the model and the tank wall and the gap between tlaadtéhe wall, hence it is more

simplified and ideal. All these effects increase the dampmindpe physical system. From the

results it can be seen that the frequency where resonanoe dtange significantly the closer

the ice floes are to the ship section.
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(a) lllustration of physical model. (b) lllustration of numerical model.

(c) Picture of the divinycell plate with doubled height.
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Chapter 8
Conclusion

In the study performed in this master thesis the hydrodyoambéraction between an oscillating
two dimensional ship section and ice have been investigaitbcemphasis on the hydrodynamic
coefficients. The study includes numerical calculatiors mwodel tests where added mass and
damping in heave have been calculated using Matlab and cechpa

The work have been conducted with the assumption that thretated to piston-mode problems
is valid and hence been treated thereafter. As a conseqiimmature related to such problems
have been consulted to understand the physics.

Numerical tests of the geometric parameters have beenrpetbto establish what relation-
ships that will be dominating. It was found that the gap btle@ddind ship beanB ratio, b/B, is
the dominating factor with respect to change in resonandgegand added mass.

The calculation routines to find added mass and damping b@sedeasured force have been
validated with open water tests and qualitative comparfsam Ir. Vugts’ results published in
[22]. The open water experiments correlate well with the adoal calculations.

In both the experimental and numerical study of the shipsimdlem the results showed same
tendencies but discrepancies were discovered. The deawregs are believed to be mainly due
to linear theory being applied in the numerical wave tanke mbnlinearities considered to give
a significant effect being mainly vortex shedding and theafbf air being trapped beneath the
ice floe. In addition the physical modeling of the ice-floegegeoom for water elevation between
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the ice-floe and the glass wall in the tank. The tests showatdtk measured force was sensitive
for this behavior.

In the numerical results for the case with two ice-floes th&imam values for added mass
it is seen that it becomes larger frdm= 0.01 m before it becomes smaller after= 0.02 m. For

the experiments with the same geometric set up the maximiumesahow a similar trend. The
maximum values for added mass shows a growing trend bres©.01 m and peaks ab = 0.08

m and get a smaller value fdr= 0.10 m. For the case with one ice-floe the same maximum
values decrease a the ship section gets further away fromehén general the numerical pro-
gram predicts a higher added mass and damping comparedruwthed tests when ice is present.

8.1 Suggestions for further work

Due to the discrepancies discovered between the modebtgsthe linear numerical simulations
another approach can possible be taken to include noniiesarAnd also a study to further in-
vestigate if it is correct that the maximum values of the ada@ass should rise as the ice-floes
gets further away from the ship section. In addition the damfrom radiating waves should be
checked for mistakes in the calculations and experiments.

The force gauge used in the experiments might be considerkd to robust and stiff relative
to the measure forces. Another model of the ship sectionevités hollow so it is possible to
place weights inside can be constructed. A model with roarwéaghts is possible to be floating
at the correct draught instead of applying a pretension eridite gauge. In this case a softer
force gauge can be used and that will be more sensitive andleecameasure the forces more
correctly at lover oscillation frequencies. With a modehtlag freely with the correct draught
it is possible to do free decay tests to estimate the seatiansal frequency and estimate added
mass at resonance.

During the model tests a water elevation between the ice-foowl the tank glass wall was
observed. It was found that this effect influenced the meashydrodynamic force and the
frequency at when resonance occurred. Instead of usingidely for the modeling of the ice-

floes they could be constructed by stiffened aluminum phlatésa rubber gasket on the sides to
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prevent water elevation between the tank wall and ice stractilso the effect of the ice darught
can be further investigated. In connection with the watevagion on the side 3D effects in the
model scale tests can be looked into.

Different ways of modeling the ice can be undertaken. In tlesgnt study the ice-floes have
been modeled as stiff rigid bodies which are not allowed towanor bend in any degrees of
freedom. Similar model tests could be performed in a wavedlwith real model ice or use a
backbone model with the correct scaled stiffness to actaewere correct hydroelastic behavior.
The ice can be anchored with springs or another adequatiosola keep it from drifting.

A less complicated way of modeling an elastic ice-floe codddodesign it as an Euler beam.
This could be done by clamping the end furthest away from kiye section and let the other
end, close to the ship be free.

When considering what would be possible to model numerighiylatter is possibly the most
feasible to include in a code. With the beam approximatidieidint bending modes can be al-
lowed to contribute in the solution and in that way includemas effects of hydroelaticity. The

use of flexible modes in the free surface can also be a way t@agp the problem.
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Appendix A

Experimental results

Open water tests
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Appendix B

Numerical results

Open water tests
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Tests with two ice-floes
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Tests with one ice-floe
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Appendix C

Attached CD

The attached CD contains a folder with the matlab files usedatthe calculations. If there is
guestions about the matlab files or data files is wanter tHeoamtay be contacted. In addition
Trygve Kristiansen has back up of all data files.
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Folder Matlab

Filename Description

Createlnp.m Make input files for numerical wave tank

common.m Read datafile from numerical calculation. Used by A33andB3platzeta.m ane
analyzeRuns.m Plot time series from numerical wave tank

plotzeta.m Plot the numerical calculation time step by time step (bygVeyKristiansen)
konvergens.m Plot convergency test for the numerical wave tank

FindCD.m Calculate the drag coefficie@h

uncertainty.m
createActuatorfile.m
splitCatmanfiles.m
analyzeExperiments.r
bpass.m
findK.m
ShallowWater.m
findA33andB33

Calculate the standard deviation in the experiments

Create the test program for the actuator in the experiemytSrflgve Kristianser
Split logging data from experiments into one file for eachaddrequency (by Tr
nPlot measured time series from experiments (by MARINTEK)

Band pass filter (by Trygve Kristiansen)

Find wave numbek (by Trygve Kristiansen)

Plot wavelengths divided by 4 to find shallow water waves

Calculate added mass and damping from experiments
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