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Summary

Green water problem and its loading effects on téghed containerships was
investigated with the purpose of developing a mlodglframework that can
practically guide naval architects to a better us@eding of this problem and

improvements in design.

The research began by reviewing extensive pubdicati relevant to the
understanding of green water, limitations in theysvahe problem had been
addressed and establishing a methodology that cefikettively unlock the

physics and efficiently solve the problem.

As a first step, a summarised background to howrgreater started, developed
and finally took place was presented. An experi@eprogramme was then
implemented in order to observe the occurrencet@amdplore the physics behind

these events.

From the outcome of the experiments, it was obvibas green water modelling
could be developed and solved by Computational dFiDiynamics (CFD)
technique through Volume of Fluid (VoF) method. @rovide a starting point for
this research, theoretical background of CFD waflprintroduced. Furthermore,
in order to validate this approach, two benchmadtst were implemented and
compared with published experimental data. It shibweat in both cases, the

simulation could accurately reproduce the resuitaioed from experiments.

Following this analysis, research continued to expbthe CFD simulation to
modelling of green water. Due to the complex amtloan nature of green water,
development of the simulation framework was sempieical and based partly on

experimental data. A pure theoretical approach ccodve been adopted.



However, taking into consideration current limiteis in ship motion prediction
theories and sensitivity of green water to elemlefatetors, it was justified that

semi-empirical approach was appropriate.

The simulation was conducted and the output reswise compared with
experimental results for a variety of test condisidhat involved ship velocity,
wave height and period. Good agreement betweenaimu and experiment was
obtained. For all loading cases, experimental tesuére reproduced fairly well.
This suggested that the modelling framework wasqaae for all practical

purposes.

Investigation was also conducted on a series ¢&ngalar breakwaters that were
fitted on the forecastle deck. Changes in wateabelir and loading following

changes in the breakwater were well reflected. Timglied that instead of a
rectangular breakwater, the simulation model caldd be applied to other types

of breakwaters.

The results suggested that the simulation methggolbas many practical
applications. Within naval architecture, it can bged to perform parametric
studies in order to select an optimal design ofakwnater for a ship. In other
sectors such as coastal engineering, the methogdokgbe adopted to investigate

the interaction between water surge and a seawaffshore breakwater.

In conclusion, it was found that the developed niiode framework shows

potential for simple modelling of green water inigfhthe behaviour of the water
and its loading effects could be well reflectedwis further concluded that,
provided appropriate principles are applied, thehme@ology has potential for
other engineering applications. While it is acknesged that current model may
be limited by its semi-empirical basis and issugsoeaiated with computational
requirements, it is noted that considerable pd#s#si for future research and

development remains to be explored.
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Nomenclature

Roman

a acceleration vector

agravity acceleration due to gravity and pitch angle
a acceleration in x-direction

A sectional area of strip

A,  area of each perforation

b half beam at knuckle or deck edge

B breadth of ship

Biocar  local breadth of ship

Biakeoft Dreadth of ship at the position water particleeta&ff the deck edge
Cb block coefficient of ship

d draught of ship

D depth of ship

Dp diameter of perforation

e internal energy of fluid element
fx body force in x-direction

fy body force in y-direction

f, body force in z-direction

f body force vector

F force vector

Fimpact impact force

FB  freeboard

FBexira €quivalent added freeboard due to introduced Kesdk ship bow
FBE freeboard exceedance

Fn Froude’s number

Fpeak peak force
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H(x,t)

Ho
He
How
Hgen

Hmax

gravity constant (9.81nfjs

distance between meta centre and transverseeaagravity
height of knuckle or deck edge above keel

initial water depth in reservoir prior to dam btea

height of load-cell unit

height of water downstream after the danakse dependent on time and
longitudinal distance downstream

initial water height behind the dam

encountered wave height

green water height on deck

generated wave height

maximum green water height

Hstem_neadVater height at stem head of ship

Hwanted required wave height

Kxx
Kyy
Lpp
M

p

P

Py

Pdeck

radius of gyration around x axis

radius of gyration around y axis

length between perpendiculars

mass

pressure

pressure

dynamic pressure from falling block of water frevave prior to collapse
on deck

deck pressure

dynamic pressure from upward vertical velocityred deck
hydrostatic pressure

total pressure

discharge rate of water jet

notional relative motion

corrected relative motion

first derivative of corrected relative motion

amplitude of notional relative motion
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X

Xtakeoff

Yi

Zp

relative wave motion including swell-ups

range of flight of water particle

Reynold number

absolute vertical displacement

absolute vertical velocity

absolute vertical acceleration

amplitude of absolute vertical displacement

time

time of flight of water particle

velocity in x-direction

horizontal component of orbital velocity at sugac

total relative velocity

ship velocity

velocity of front water

velocity of green water flow

horizontal component of total velocity of watertide
velocity in y-direction

vertical velocity of deck

velocity of green water flow

velocity of fluid element

velocity in z direction

distance in x-direction or x coordinate

longitudinal distance at which water particle lamh deck
longitudinal distance at which water particle wkdf the deck edge
y coordinate

transverse distance from ship centreline of ths@tjpm where water
particle lands on deck

z coordinate

depth of effective centroid between centroidseattional areas of a strip
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Oe maximum encountered wave slope

B factor related to the location of the structur@nal the ship, highest at the
bow (for breakwater design)

0 flare angle at deck edge

A ship displacement

At time difference

€ bearing of trajectory relative to axis of ship
Y grid refinement factor
K grid size

Ns heave displacement

n,  first derivative of heave
ij;  second derivative of heave

Ns pitch angle in radians

Ns first derivative of pitch
s second derivative of pitch

A wavelength

Ae encountered wave length

o, source strength

0 taper angle at deck edge

p water density (1025kg/frfor sea water and 1000kg?rfor fresh water)
Tj stress in j-direction exerted on a plane perperaido i-axis
() wave frequency in rad/s

e encounter wave frequency in rad/s

Y, integral by Shearer (1950)

Y, integral by Shearer (1950)

v kinematic fluid viscosity

( incident wave elevation
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wa

bow wave elevation

(¢ corrected wave elevation

ZC first derivative of corrected wave elevation

lof far-field radiated wave

(s surface elevation at the side of the ship

(w  non-wave or local disturbance (for bow wave caltiah)
(sux  dynamic swell-up elevation in x direction

(suy dynamic swell-up elevation in y direction

lw wave disturbance due to the source (for bow waleution)
Symbol

l distance from FP at which minimu@occurs

g repeatability index
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2D
3D

AP

CFD
CPU

FP
FPSO
FVM
GRP
ITTC

LC

LCG
LVDT
PC
PISO
PRESTO
QUICK
RAO
RANSE
SIMPLE
SIMPLEC
suc
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VOF
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Two dimension
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Aft Perpendicular

Computational Fluid Dynamics

Central Processing Unit

Forward Perpendicular

Floating Production, Storage and Offloadimigj u
Finite Volume Method

Glass Reinforced Plastic

International Towing Tank Conference
Load Cell

Longitudinal Centre of Gravity
Linear Variable Differential Transformer
Personal Computer

Pressure-Implicit with Splitting of Operators
PREssure STaggering Option
Quadratic Upwind Interpolation of Convectikenematics
Response Amplitude Operator
Reynold-Averaged Navier-Stokes Equations
Semi-Implicit Method for Pressure-Linked Edjons
SIMPLE-Consistent

Swell-Up Coefficient
Video Cassette Recorder
Volume of Fluid

Wave Probe
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Chapter 1: Introduction

Chapter 1:

Introduction

1.1 Introduction

1.1.1 Problems of water shipment onto ship decks

Ships travelling in open sea expose themselvesrieenous environmental factors
such as wind, waves and current. When badly condbithese factors can result
in very unfriendly motions of the ships that consexfly lead to a number of

issues for naval architects to deal with.

Amongst the most concerned issues is the shipniemhter on to the ship deck. It
happens when the relative motions between the dbgk and the local water
surface become so excessive that water can overdbmedeck edge and,
following its momentum, intrudes deck area. In dmgahntities, this water takes
the form of spray and causes little harm other thetting the deck. In large
gquantities, however, the water is shipped in flamgl can be very destructive. In
order to distinguish the two forms, the latter igely referred to as ‘green water’.
‘Green’ water is termed simply because seawaterather green than blue
(Buchner, 2002).

Apart from causing inconveniences in wetting thekjehe reason that green
water has been seriously considered is becauseedtly affects safety and
operability of ships in both naval and merchanvisess. Whilst spray can disturb
the manning on deck and affect visibility to forstta deck, green water can
seriously endanger crew’'s lives and challenge thectiral integrity of deck

machineries, equipment and structures.
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When serious green water takes place, ships mdgrbed to reduce their speed
or to change heading so that potential threatdeaminimised. The operability of
the ships is also restrained to a great deal irh situations. For some ship
categories such as naval ships, this causes gozmaem since such remedies
against deck wetness are not regarded as regul@adas, 1978, 1979a, 1979b).
Therefore, an effective design of ship hull isldésirable. For merchant ships,
involuntary speed loss and change of heading erariense pressure on the

shipping schedule and failure will result in coresable loss of income.

1.1.2 Green water problems to containerships

Containerships are the fastest growing type indbimercial shipping history.
Designing a big, economic and faster containerstap been the major trend
during the last four decades. The loading capaxitontainerships has increased
from a few hundred containers for the first fullntainership to more than
8000TEU for the most modern ships now in operatibhis evolution was a
cutting edge technology and a lot of research awldpment work is required in
order to push the limits. Containerships with highentainer capacities have to
operate at higher speeds than those ships withr loagacity, because they need
more harbour time. In doing so, the containerskhpsuld be capable of fighting

the bad seas in order to protect the containers.

Tight schedule, high operational speed and largeuaiof uncovered deck cargo
have made green water a genuine concern for cemships. When happens,
besides endangering manning on deck, green watesinga high kinetic energy
can cause serious damage to structures, cargecmpoment. Most vulnerable of
all is the forecastle deck upfront. Secondly, comes, not covered by any means
on deck, are highly at risk to green water. Alltloése issues must be considered

and dealt with at the design stage of containesship
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Massive damage can be predicted when ferociousngneter occurs and this
inflicts on many parties. For ship owners, togetliggh the visible costly affairs of
structural damage and loss of containers are sufiEtaosts of recovering the
ruined container stacks, ship repair, downtime @&kt sailing schedule. To other
parties, there are thousands of drifting containeasely afloat in the water. Close
to the shipping lanes, these floating containeesreal danger, especially to small
ships. If containing toxic chemicals, they are hmeeas to local water and

seriously affect the fishing industries and beamimemies.

In terms of design, class rules and regulation fshown limitations in dealing

with green water and its loading. Accidents haketaplace, quoting green water
and limitations in design standards being the daslpwith the new generation of
ultra large, deep sea containerships being deve)afesign limits are once again
pushed beyond experiences. Under the pressure ropetdion between ship

owners, shipyards and ship classification socigtsdutions to green water
incidents are, more than ever, becoming urgentydad. This inspires further

research into the issues of green water loading.
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1.1.3 Research concepts and design practices to eapith green water

problem

Either based on common sense or true engineering, wuostory of naval
architecture has seen many concepts and desigticesaput into use in order to
minimise the problem of green water. Bulwark hasrba natural design option in
raising the freeboard of ships and this helps ttuce the risk of green water.
However, in the bow bulwark design of some shipsase example showed that
an amount of approximately 1000 tonnes of sea wader lifted out of the ocean
by the ship's forecastle and forward foredeck whgng up from a severe pitch
into a head sea, thereby depressing the deck glatid twisting the bed plates of
several items of mooring machinery (Olsen, 200%) &dditional bulwark also
means additional reinforcement structures. And itedpeing reinforced, large
bulwark may still not be strong enough to cope & impact load caused when

the ship pitches into the incident waves.

Increasing bow flare has been thought as an adapl@sign to naturally shed
water away as the ship pitches into the water, tsrtce, helps to lessen green
water risk (Swaan & Vossers, 1961). The design h&ps to increase the cargo
deck area at the bow, and therefore, is highly eraged by ship owners.
However, Lloyd and Hammond (1982) and Lloyd et(4B85) found that such

design could backfire as it may increase the riglgreen water and slamming.

Other novel modifications to the ship bow are bowudkle and overhang
extensions. They were also investigated and telsyedarious researchers, e.g.
Newton (1960), Lloyd (1983, 1984), and Johnson @)98lowever, the findings
remained inconclusive and relatively tentative. &liguchi (1988) carried out
both experimental and numerical investigation itite behaviour of green water
with different deck areas and shapes. Even thougtas reported that the deck

water height and velocity were strongly affected thyese parameters, more
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extensive numerical work was suggested before ipedatonclusions could be

achieved.

Onto the practical design, many naval architectsdgel to avoid green water risk
by positioning the accommodation and navigationessipucture forward of the

container stow and thereby presenting green wattdret command location of the
ship rather than to the cargo. However, there Hasen poor feedbacks from
shipmasters as they experienced difficult navigmtioaggressive sea conditions,

and channel/berth manoeuvring of the ship.

Subsequent designs into the 1980's, and onwardssekd ships fitted with
breakwaters forward, two thirds or three quarteength from forward
accommodation. This idea could be adopted fromatag breakwaters were used
in coastal engineering The inclusion of a forwaedgo protecting breakwater,
generally acting as a wall against green waterdilog over the forecastle deck
when the ship was pitching into a sea, became ammomstructural feature.
Design of breakwater has come in great variety.uRopin use are V-shape
breakwater and vane-type breakwater as discussdeéhbyn & Varyani (2004,
2006a). Recent practical designs have seen emplayofesimpler breakwater
like a rectangular wall positioned across the fastle deck (double skin
breakwater). This breakwater is likely to face mggrhater green water loading
than other designs. However, it requires minimalcgpand helps to maximise the
deck area. This definitely becomes ship ownersddaite since it is cost effective.

As a result, this breakwater is getting more andenpmpular with containerships.

On some ships, perforations are introduced in theakwater to create the
passages for part of green water to pass througje. Qreakwater becomes
permeable and this certainly lightens green watepaict. Part of the kinetic
energy carried by green water is taken away byndwer jets coming off the back
of the breakwater. This literally means the pradcstructure will have to share

part of the loading that would have been takenheylireakwater. By varying the
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permeability, optimal loading trade-off between dkeater and protected

structures can be achieved.

The early 1990's saw new designs of containerspiggluced with shelter
whaleback cover for the forecastle deck. The cdmwte of this design, with
similar features in fishing craft, was not entirelgw but did add to the "Ship of
the Future" concept. To add shelter over the fatkedead, thereby protecting
both the forward deck machinery and shedding watern the ship is in a short
swell and heavy sea condition, does increase caméiel when achieving the tight
time schedules of the feeder ship. The marineikedyl to have some misgivings
relating to the forecastle whaleback shelters. Ques may arise regarding
entrapment of crew under the shelter in heavy sealitons. The aft sloping
shape of such shelters may accelerate water flomingy container stows
extending above the after edge of the shelter andec damage. The positioning
of mooring rope apertures or Panama leads throbghbtilwark of the shelter

would need to suit the operational requirementhefship.

To summarise the above, many practical conceptairsdd from research and
design practices have lead the way to effectivelyecwith green water. This is
not comprehensive but there is continual effortinbprove designs in order to
tackle the problem of green water.
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1.1.4 Evaluation of green water problem

Thanks to extra-ordinary progresses in mathemasing their subsequent
applications into engineering, the knowledge ofpshehaviour in waves has
recently become a true science. With it, the evmlnaof green water becomes
more quantitative.

Building on the underlying works in ship hydrodynamby Ursell (1949a, 1949b,

1953), Korvin-Kroukovsky (1955, 1957) and Tasai§291960, 1961a, 1961b),

ship motion theories were quickly developed andtetiato set up the foundation
for solving the problem of green water. The firamrerical model for evaluating

green water was established by Ochi (1964) whembaglitistic measures were

applied to estimate the occurrence of green watemegular seas. Later, it was
expanded by Price and Bishop (1974) and still pgsdeebe a solid methodology to
investigate green water issue as the works by Gu8dares and Ramos (1997),
Buchner (2002) and Guedes Soares and Pascoal (2005)

Time-based numerical evaluation was also pursuedthgr researchers and very
encouraging achievements have been made by Mizbu¢i@88) and Crossland
and Johnson (1998). By setting a series of prdctlo@shold conditions, the
occurrence of deck wetting event and its scaleddnd evaluated in time. A
combined approach was also used by Oliver (198#hith green water events
were estimated by probabilistic method and timeastring was used to predict the

durations of threshold crossing and hence volumeadér shipped on board.

Recent advances in computation capability whilshaming at affordable costs
have lead to the widespread application of CFD iatalysis of green water
loading following a green water event (not predictof the occurrence of green
water event itself). Example works include Buch(@002), Nielsen and Mayer
(2003), Stansberg et al. (2003), Kleefsman et 200%), and Yamasaki et al.

(2005). Transient behaviour of water surface as$ediwith the immersion of
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different bow configuration can be evaluated bywswg the simplified Navier-

Stokes equations. By doing so, not only the loadhgleck structures can be
calculated when green water takes place, effect®wfshapes are also taken into
consideration. Even though still limited by the gqautational requirements, the

method has led the way to a comprehensive ana¥sgjseen water loading.

1.2 Research motivation

Great challenges in the investigation of green wédecontainerships together
with inspired interest in exploring the applicatiohCFD in ship hydrodynamics
is the prime motivation of this research. Most loé {CFD analyses so far have
been carried out for stationary ships such as FB.SIiis was justifiable because
of the nature of their services. Containerships,tten other hand, rely on their
speed to keep up with tight schedule. CFD simutasibould, therefore, include

the velocity of the ship within the framework oetmathematical model.

With the Simulation-Based Design (SBD) getting meftective in practice, the
need for extending CFD analysis into the designcgse is ever growing.
Breakwaters and other novel design concepts cammbdelled and results
compared within a parametric investigation. Optatien can therefore be
performed to develop the guidelines for constructb such structures rather than
relying on classification rules which, according Yaryani et al. (2006), have

shown a lot of limitations.

Finally, despite having achieved great successesiany engineering sectors,
CFD is a new analysis technique and it needs exenglidation. Parallel

experiment is therefore essential for launchingystesnatic approach to seek a
reliable solution to the targeted problem. So éaperimental data in the area of
green water and especially the use of breakwatese lbeen very scarce.
Validation is, consequently, lacking and this cesaanother incentive to carrying

this research.
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1.3 Project aims and objectives

The ultimate goal of this research is to develogeesatile, flexible and reliable
modelling framework which can well simulate greeratev behaviour and
accurately estimate the loading. In order to adhidws, intermediate aims were

set and they are as follows:

1. To obtain a comprehensive knowledge of green vaxidrits related issues
through review of critical researches in the field.

2. To acquire a fundamental mathematical model thatwall explain the
stages in the development of green water.

3. To observe green water and to analyse the chaisiiierof green water
flow as it happens so that a physical understanairthe problem can be
obtained.

4. To derive a hydraulic model to represent green midsv based on the
characteristics identified above.

5. To select a suitable modelling environment for dating the hydraulic
model used for green water.

6. To simulate the model and systematically validat autput results with
experimental results.

7. To evaluate the general performance of the modgfiiamework and its
application.

8. To review the modelling framework and identify timaitations that could
restrict the accuracy and versatility in predicti@dased on the above,

future works are suggested.
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1.4 Outline of thesis

This thesis consists of ten Chapters through whlod development of the
research work carried out for this project is présd. The contents of the

Chapters are summarised as below.

Chapter 1 gives a brief explanation to what greeatewis and the possible
problems. Common practices that naval architect® lzlopted to reduce green
water effects are then listed together with a surised review of evaluation of

green water. Finally, the motivation to this resbais explained along with aims

and objectives so that a suitable approach is plduand executed.

In Chapter 2, the histories of research of greetemwproblem are reviewed in
detail. Apart from highlighting the achievementsnir these researches in dealing
with green water, the review also discusses thetdtrans and what can be
expanded. The outcome then assists in establishingffective approach and

methodology for fulfilling the aims and objectivest in Chapter 1.

Chapter 3 aims to provide a simplified mathematlzatkground on how green
water can take place when ships travel in wavesillestration, strip theory was
used to demonstrate the stages through which vgatsr shipped onto the ship
deck.

The experiments are essential to investigate thgsigh of green water and
Chapter 4 is dedicated to outlining the setup afegr water tests and the
conditions in which the tests were carried outaldo briefly explains how the

experimental data are analysed in order to undetdtse physics of green water.
Chapter 5 presents the test data and discussebah&cteristics of green water as

it happens in reality. Key parameters that infleetite behaviour of green water

are then identified. From these, a hydraulic mothelt is friendly to CFD

10
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modelling and at the same time can also reprodueengwater characteristics is

configured.

Chapter 6 explains the mathematical model on wBIED is constructed and why
it is suitable for dealing with hydrodynamic profe. In order to provide

evidences that CFD is capable of handling compleklpm such as green water,
two benchmark problems that are relevant and sinmlaature to green water are
modelled and tested. Validation of the resultsaisied out to justify the adequacy

of CFD technique when it is applied to simulateegrevater on deck.

In Chapter 7, the CFD setup of green water modglliamework is described in

detail.

Chapter 8 focuses on validating the simulation Iteswith the corresponding
experimental results. Results from simulations veitid without breakwaters are
compared with the model test results. Discussia@oreentrated on the agreement
between the two sets of data and on the adequatiyeofleveloped modelling
framework. A summary of the overall performancegoéen water modelling

framework is then presented.

Chapter 9 reviews all the stages of the methodolmgg in this project, aiming to
identify the limitations that can be improved fatdre research. Suggestions are
also promptly made on how these limitations caratbdressed. It then moves on
to discuss the modelling framework for engineeremgplications. lllustrative

simulations are also presented accordingly.

In the final Chapter, a statement is given of tineihgs and conclusions reached
after examination of the results of the studies@n¢ed in the preceding Chapters.
This is accompanied by suggestions for the degmedression of this work,

beyond what has been achieved in the course of gtadies.

11
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1.5 Research approach

Following the aims set out in Section 1.3, a systmapproach for this research
was engineered so that it could steadily and effity lead to achievement of the

goals of the project.

To start with, a rigorous review of previous restas was undertaken so that a
fundamental background of green water could beeaehi. At the same time,
relevant ideas and concepts on how to solve similainlems to the quests for this

research were also collected and analysed.

Even though the project set out to focus on theukition of green water once it
has happened, a mathematical background to thesstdgough which green
water comes into being is also highly important aekkvant. The information
gathered from these stages can certainly be usedpas for the simulation.
Therefore, a brief demonstrative background of lygpeen water developed was
explained using the simple strip theory althougls ttould also be applied with

other ship motion theories.

To get the real physics of green water when fulllesdrials are not available,
experiments are the closest way. Based on idedectad from other researches
and piloting experimental programme, green watgreerments were designed
and set up in the way that key characteristics rafely water behaviour are
captured. Not only being used for exploring the gty of green water,

experimental data were also recorded for validagiolater stage.

The project then moved to analysing the test datarder to seek the generic
characteristics which could link green water to sacsimple hydraulic model. A
new hydraulic model that was most suitable for greeter observed in this

project was then established.

12
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For a modelling framework to work well, a suitalstedelling environment is
essential. Out of many available environments atéel in the hydrodynamics
arena, CFD has proved to be the most powerful hadmriost comprehensively
tested. This simulation technique was thereforesehdo implement the hydraulic
model that had been developed. For validation, beochmark tests of similar
hydrodynamic characteristics to green water problesre carried out. The
outcome of the benchmark tests would consolidatetér or not CFD would be

capable of simulating green water.

Using part of the test data for laying out the fdation, simulations were
launched for systematically varied conditions ofvesmand ship velocity. Generic
breakwaters were also modelled on forecastle dec# aimulation was

accomplished. The project then validated the outgsilts using the experimental

data collected earlier.

Based on the validation outcome, the simulation ehadould be assessed on
whether it was practically good to represent greser in the interaction with
deck structures. Comments would also be made ohehenodification to ship

bow or the use of breakwater was a more effectiag tw deal with green water.

Finally, the project looked into the overall perfance of the modelling

framework, its limitation and the range of its pbksapplications in engineering.

13
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Chapter 2:
Review of Research in Green Water

Problem

2.1 Introduction

This Chapter presents a historical overview of wederied out by various
researchers or research groups, to investigatendttere of green water, its
physical definition and possible numerical methdds model the problem.
Discussion will be made of the techniques and figdiof these investigations and

its relevance.

2.2 General physics of green water

Green water or deck wetting must have started tmine of prime concern in
boat/ship building thousands of years ago. Pictwesnedieval ships (Figure
2.2.1) already saw ships having highly elevatedvhatiks at both ends to reduce
the risk of water getting shipped on board. Follogvthe progression in sciences
over the time, the assessment of deck wetting phenon has gradually moved
out of the qualitative zone into a real sciencemodern era when research in
every field flourishes thanks to advances in mathi&s and computation,

investigation into this subject has become morenisitve than ever seen.
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1 = — —

Figure 2.2.1 Medieval ship with elevated bulwarks at bow atedrs
(http://www.AllPosters.confaccessed 22 November 2007])

In general, green water is one effect of ship nmstiovhen the ship travels in
waves. Putting aside historical review of the walveories, calculation of ship
motions started a number of years ago and stilaiesna challenge to researchers
for improvements. With a complicated hull shape aadnally operating in larger
waves than assumed in every theory, ship creates & non-linear issues that

make the estimation of ship motions difficult.

In order to reduce the number of non-linearitieestrship motion theories assume

waves of small amplitudes so that motion equata@rsbe simplified.

It is noted that the precision of solving motioruations relies considerably on the
calculation of the added mass and damping for¢beoghip hull when it oscillates
in water. Starting with a model of a circular cgar, Ursell (1949a, 1949b, 1953)
provided a method based on source distributiorxsxtty calculate these values.
Building on this success, Korvin-Kroukovsky (195857) and Tasai (1959,
1960, 1961b) applied the Lewis and Theodorsen fiwamsition and conformal

mapping technique to introduce the methods forutating sectional added mass
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and damping coefficients for 2D ship shape sectidhgse pioneering works set
the solid foundation for the later on known as pstitheory that was
comprehensively presented in Salvesen et al. (19TOg theory predicts
relatively well the response of the ship providegprapriate principles are
satisfied, e.g. small wave amplitudes and slenddy Iship. However, in situation
when shipping of water on deck is likely to ocdine wave field is usually severe
and falls outside the range specified by strip thedany non-linearities then

arise and start to affect the resultant responsleeo$hip significantly.

Attempts to address these non-linearities have hbmmrinual. For example,
Fonseca & Guedes Soares (1998) assumed that tmecaoraiponent of the non-
linearity of loads associated with vertical motimas involved with hydrostatic
and Froude-Krylov forces. They, therefore, incogted only the non-linearity
associated with hydrostatic loads and Froude-Krytoees into strip method for
vertical motion prediction. The force acting on thmestantaneous hull wetted
surface was computed in time domain. Thereforegelaramplitude vertical

motions of ship could be predicted with better aacw.

Solutions based on source distribution for 3D shif)s were also available in the
works of Haskind (1947, 1953), and Newman (1955919978). However, at the
very beginning, the 3D solutions did not show al®accut advantages over the
2D strip methods in ship motion calculations antidadion with experiment. In
fact, with larger number of equations to be sohadevery time step, the
computational requirement for the 3D method was hmhigher. Therefore, 2D

strip method was more popular in applications.

Later, both methods were improved by many researchi®re and more non-
linear factors in motion equations such as loads thigreen water on deck
(Dillingham, 1981) can be included and the resatts getting ever closer to the
actual values. Nowadays, thanks to the availabiitypowerful computational

resources at affordable costs, analysis of shipam®tcan include 3D effects and
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more non-linearities in calculation. Nonetheledwre is still a gap to bridge
between the numerical solutions and experimentslili® especially in steeper

waves or waves of large amplitude.

Once ship motions are calculated and incident waveknown, relative motions
between any point on the ship and the water surfzoe be approximated.
Excluding other disturbances, Crossland and Johr{4888) termed this the

notional relative motions. However, due to the foeffects, ship translating in

water does disturb the water surface and create ishaormally referred to as
bow wave. For a slender ship, Shearer (1950) peavid theoretical method to
calculate this bow wave assuming the ship hull ¢dd represented by a line of
sources located at the centreline. For slenderfbuths running at velocity less
than Froude number of 0.5, the method predictedtive wave relatively well. At

higher velocity, underestimation became more distitHowever, Fn = 0.5 is

already well beyond the velocity range of contashgr. Ogilvie (1972) also used
slender body theory to calculate the bow wave geadrby a fine ship bow. His
validation with experimental data was fine. Wanikwet al. (2002) measured the
bow wave generated by an angled plate in a fluntecampared the results with
both experimental data and numerical results bywvig{1972). The agreement
was not quite satisfactory. Waniewski et al. (200#n concluded that the bow
wave flow was highly non-linear and there appeatedbe no satisfactory

analytical solution to this flow indeed.

When heaving and pitching in water, a ship alscate® radiated waves. The
calculation of the amplitude of these waves coudftund in Tasai (1961a),
which was later extended and adapted to computdyoGallagher and Rainey
(1992).

Together with trim and sinkage, these disturbanaes the main sources of

intensifying the relative motions between ship arder surface.
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Tasaki (1963) introduced the term ‘static swell;uphich was composed of bow
wave, trim and sinkage of the ship body when rugnmstill water at constant
velocity. He also described the ‘dynamic swell-gb’water surface due to the
relative vertical velocity of the bow and waves. é&mpirical formula to evaluate
the height of the dynamic swell-up was also devedbpased upon his tank test

results.

Bales (1979), on the other hand, divided the cormaptmof relative motions into
three groups. The first group termed kinematic atffacluded heave, pitch and
undisturbed incident wave. The second group, dyoaswell up, were the
disturbances due to hull oscillation. Finally, thed group was the distortion of
incident wave due to the presence of the hull ivevBeld. These factors were
analysed individually and the resultant motion doude found, giving the

corrected or actual relative motion.

Blok and Huisman (1983) combined heave, pitch aitient wave components
together and named the resultant ‘undisturbed ivelainotion’. The swell-up

coefficient was then approximated as a functionthed relative motion and bow
wave disturbance. This was then added to the wrbistl relative motion to get

the corrected relative motions for further analysis

Crossland and Johnson (1998) adopted the solufmmbow wave by Shearer
(1950), solutions for radiated wave by Tasai (196dred modified by Gallagher
and Rainey (1992) to add to the notional relativetioms. The resultant was
referred to as corrected relative motion and it wsed in their investigation of the

occurrence of green water event.

It is evident that the shipping of green water ipramier function of relative
motion between waves and ship bow. In every rebdargreen water, one way or
another, the event of green water is decided basdte comparison between this

relative motion and the available freeboard (il stater). From this point, there
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are two approaches known to estimate the frequehgyeen water taking places.

The first approach is statistical and the otheelam time-domain.

Ochi (1964) has been widely acknowledged as theareber who set the
foundation for statistical assessment of green m&igping (or often referred to
as probabilistic method). In his work, Ochi (19&4)ried out model tests with a
thirteen-foot Mariner model cargo ship in irreguaas. The relative motion, even
when severe, was found closely following the RagHeidistribution. The

probability of deck wetness was therefore a fumctbfreeboard and the variance

of relative motion:

Probability of deck wetness e ™"/~ (2.2.1)
where

FB = freeboard at ship bow

Rr = variance of relative motion between wave angd bow

In the same year, Goodrich (1964) used probaluligchnique to specifically
evaluate the influence of the freeboard on wetridsmg the experimental data by
Vosser et al. (1960) for analysis, Goodrich (19643umed that the short term
distribution of the variation of relative verticalotion of the bow had a Rayleigh
distribution. The probability of exceeding a spiecifalue of freeboard would then
be calculated as in equation (2.2.1). However, Gobd1964) claimed that in
order to obtain the long-term distribution of relat bow motion, a weighting
factor for weather distribution must be includedquition (2.2.1), therefore,

became:

]

Probability of deck wetnessZe‘FE‘z’Rr xP (2.2.2)
j

where Ris the weighting factor for the general weathabability distribution.

19



Chapter 2: Review of Research in Green Water Problem

Tasai (1969) also used equation (2.2.1) to caleulz¢ frequency of deck wetness
and compared with his model test data using twdketemn of full form. The
agreement was relatively good and he emphasisedrtpertance of including
dynamic swell-up in the calculation of relative ot for obtaining a good

prediction.

Further validation of the method was carried outHng et al. (1993) with a

containership model S-175 tested in irregular waltesas found that there was a
good agreement at test velocity corresponding te Br275 but poor at Fn = 0.15.
Freeboard at the stem head should be used in Bgu@i2.1) and it should take

into account the trim and diffracted waves.

This method was later expanded in greater detaPixge and Bishop (1974) and
remains a very useful tool in the analysis of greeer in irregular waves as
stated by Buchner (2002) and Guedes Soares anda@a$2005). From his
experimental data with FPSO models, Buchner (20@&umed a quadratic
relation between the linear relative motion andribae-linear relative motion and
modified the Rayleigh distribution. The predictiaf the probability of green
water was then well improved for large waves. Geesleares and Pascoal (2005)
tested various probability distribution models gsime experimental data on a
FPSO for wave excitation, ship motions and relathaions. They concluded that
the statistics of wave and heave and pitch indicakeat FPSO motions were
essentially linear. The distribution of crest heighght deviate from the Gaussian
model but the probability of green water could |sbe estimated by this
distribution model for large peak periods. Whenegravater took place, they
found that the maxima of the water height abovekdeere well modelled by a

Weibull distribution with exponent between 1.3 dnd.
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A clear advantage of statistical approach is ifgabdity of produce quick results.
It is also easily coded in ship motions program ameduires very little
computational effort.

However, there have been debates around statisfigmbach on the fact that the
method assumes every time when the freeboard pfistExceeded, deck wetting
occurs. Sea masters and various other researcieesangued that the translation
from a freeboard exceedance into a deck wetnesst @eey much depends on
factors including the sea conditions, ship veloeihd the above water bow form.
As in many times, water was observed to exceednti@ deck but no water was
shipped in (Maruo and Song (1994) and Wu et aD@20

Time domain assessment of green water has thereém@me an interest to other
researchers. Time domain simulation, as its narggesis, looks at the status of
the ship and water surface at the very instantd and judges whether or not the
deck is wetted. Since the calculations are impldéateat every time step and so is

the check, time domain approach demands more catigugl efforts.

Lloyd and Hammond (1982), Lloyd (1983,1984) andydcet al. (1985) carried
out systematic green water tests using narrow bieigate models with varied
bow shapes. Based on the outcome of the testaneddmain method was
developed to predict the occurrence of deck wetfligg method used strip theory
as a foundation and only looked at motions of thgssin vertical plane to
estimate the relative motions between ship deckveaier surface. The code was
later improved and reported by Crossland and Johi($698). The simulation

results were also validated with their experimemishree generic frigate models.

Cozijn (1995) and Buchner and Cozijn (1997) usednidary integral and panel
methods to simulate in time domain the shipmentvater on board FPSOs in
head seas without forward velocity. The water sugfand ship body were defined

by nodes and these nodes were updated at everystiepe If any nodes that
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represented the water surface moved into the shgk @rea, green water was
understood to take place. However, by defining weger surface by multiple
nodes, the method suffered difficulties in achigvaonvergence when the water
reached the sharp deck edge. In general, Buchr@?2)2concluded that the
method made it difficult to deal with complex fremirface flow close to

discontinuities in the boundaries.

Similar method was used by Greco et al. (2000a21)61) and Faltinsen et al.
(2002), and in order to prevent the problems ofewaeaching the sharp deck
edge, they forced the water to leave the bow igeatial direction. Then when
the freeboard was exceeded, the fluid velocitytinedeto the ship would determine
if the water would flow into the deck. Simulatiohgreen water shipped onto the
deck in the form of a plunging breaker and impatthwleck structure was also

performed.

This method was also applied by Schonberg and R&2G02).

Recent trend in ship hydrodynamics has seen theillaiion of green water
implemented using CFD and Volume of Fluid (VOF)heicjue. 3D simulation in
regular waves with truncated ship bow has beeniechmut in the works of
Huijsmans and van Groesen (2004), Kleefsman e{2805), Yamasaki et al.
(2005) and Zhang et al. (2005). Due to the subsfanequirement of
computation, the ship bodies in these simulatiomseveither fixed or forced to
heave and pitch with pre-determined motions. Howewéh numerous of non-
linearities being included, the method appearsetidighly promising especially

when computation is getting more and more powenfutlay-to-day basis.
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2.3 Simulation of green water on deck and its loadg

Besides the investigation into how and when greatewtakes place, a lot of
researches have been dedicated to evaluate thactdrastics of green water flow

as it enters the deck and the subsequent loadiegtebn deck structures.

2.3.1 Green water flow on deck

In the evaluation of green water to a floating folah, Oliver (1981) assumed that
green water on deck was simply the volume slicédhef wave when it exceeded
the platform. The initial shape of green water \larefore sinusoidal with the
height equal to the freeboard exceedance. In this tihe volume of the water on
deck could be estimated based on the sinusoidéhcguthat encapsulated the
water mass. In order to account for the turbuldmdracter of green water, a
dispersion factor could be used to get the estonatioser to the real value.
Hamoudi (1995) and Hamoudi and Varyani (1994, 19998) used this technique
to estimate the volume of green water shipped @mda containership. They also
carried out model tests in which a catch tank wasup to contain and measure
green water volume in each shipment. The disperfsiotor was then calculated

based on the ratio between water captured anddtiesrvolume.

Mizouguchi (1988), on the other hand, treated grerater flow propagating on

deck as shallow water, with initial conditions danito a dam-break model. To
support this, he carried out experiments with aaoership model and measured
green water heights at 40 points on the forecakstk. To transform the results
into numerical simulation for parametric studieszdiguchi (1988) assumed that
the water height of the dam was equal to the kadieight between the deck and
the surrounding waves. The simulation results werell correlated with

experimental results and also helped to underdtamdhange in green water flow

with changes in deck area and shape.
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Luit et al. (2002) assumed that green water on detlaved like a shallow water
problem but focused more on the effects of greetemwan the motions and
bending moment. With these effects integrated @irtharge Amplitude Motion

Program (LAMP), good estimation of both ship mosicend midship bending
moment was produced. Validation with experimentatad using a large

containership model was also carried out showirggdgmrrelation.

Buchner (1995a, 1995b, 1996) analysed the expetahdata with FPSO models
and concluded that dam-break model was suitablsifioulating green water flow
onto deck. However, by monitoring the shape of greater flow on deck, he
figured out that the initial water height behind tdam should be equal to 9/4
times the freeboard exceedance at the bow stem (sl Section 7.2.1).
Simulation was then carried out using CFD with Vi@ehnique and showed good

correlation with experimental data.

Ogawa et al. (1998, 2000) carried out experimesitsgua tanker model travelling
at various velocities, i.e. Fn = 0.025 to 0.14. krecamera monitoring, they
reported that due to the dynamics associated vkighforward velocity, green
water flow did not strictly behave like a dam-brgakblem. They proposed to use
model of flooded waves instead and their compansitn experimental data was

good.

After the heuristic investigation into green watsing CFD (Pham et al. 2003a),
Varyani et al. (2004) measured the average greemrwelocity on deck and
adopted the combination of dam-break and watemjetlels to simulate green
water on deck. Their comparison with the test @dt8-175 containership model
was good. Like Ogawa et al. (1998), they also fothvat for ship with forward

velocity, the model of dam-break underestimatecyreater loading by a great

deal.
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Nielsen and Mayer (2004) employed a finite volumethmd and described the
free surface geometry using an interface captuscizeme similar to the VOF
methodology of Hirt and Nichols (1981). They sintath green water shipping
onto both fixed and moving ship (in vertical plame2D and 3D. The simulation
results were later compared with experimental dgt&reco (2001) and Buchner
(1995), showing “..a favourable agreement...” (Nielsen, 2003). In the case when
vertical ship motions were incorporated, heave @itech motions were introduced
via transfer functions. One of the important cosmus they drew from this was
that the results from 2D and 3D simulation wereyv@milar, which indicated that

3D effects were not dominant.

In the process of reviewing a software, Stansbérgl.e(2004) compared the
experimental results from a green water test uamgtationary FPSO model with
CFD simulation results and found that CFD basedV@¥F technique could
predict the water propagation on deck and the imjmea on a vertical surface

very well.

With the capability of CFD technique to handle adbnon-linearities involved in
the interaction between water and solid structuressynchronism of green water
occurrence, the shipment of water onto deck andémaviour of green water on
deck has been made possible in CFD simulation. &usfglly simulating the
waves and a moving ship body, the works by Kleefsrea al. (2005) and
Yamasaki et al. (2005) have shown the full sequenicénteraction between
incident waves and ship body. All the phases ofegrevater problem were
reflected and they were correlated well with thepezkment (Yamasaki et al.,
2005). However, there are still many challengethis stream of research. Firstly,
no forward velocity was simulated. Secondly, thé simotions were still pre-
determined by separate modelling and then introdlue® CFD simulation via
transfer functions. Finally, only truncated bodystiip could be modelled due to

substantial computation required. Hence, untittadlse issues can be addressed, a
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simplified model to simulate green water on decktil necessary in evaluating

green water and its loading effects on deck.

2.3.2 Green water loading effects

The evaluation of green water loading effects isnsas the most important
objective in the research on green water. In hesas,sgreen water loads are
normally categorised as longitudinal and vertitaingitudinal green water load
accounts for damages to deck structures, cargodacll machinery. Vertical

green water load is usually of primary concerneolkdplating.

Ochi (1964) related the vertical deck pressuretaticspressure caused by water
shipped on board although later researches shdvegedhie dynamics of this water

and the ship could contribute significantly to tb&al pressure on deck.

Oliver (1981) gave a more detailed guidelines ofcutating both the deck
pressure and the pressure on a vertical surfagedéak pressure, he identified

three components that added up to the total pressur

P, =Ps+P, +P, (2.3.1)
where

Ps = hydrostatic pressure of any water on deck atithe of impact

Py = dynamic pressure from falling block of water rfrowave prior to

collapse on deck

P; = dynamic pressure from upward vertical velocityhe deck

The pressure on a vertical surface according tee®I{1981) comprised of two
parts, i.e. static and dynamic. The static pressucalculated based on the water
head in front of the surface and the dynamic pressuproportional to the square

of the total relative velocity;Uetween the structure and the water:
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pu (2.3.2)

Oliver (1981) also noted that depending on theasibm, green water could be
highly disturbed and turbulent rather than a sdlidck of water. Therefore, a
turbulence coefficient could be sensibly includedthe formula for dynamic
pressure. These guidelines only provided some ¢eat background to

estimating green water loading and no validatios eerried out.

Mizouguchi (1988) analysed the experimental datadrded out and claimed that
the impact pressure on a vertical surface coulddbenated well by the empirical

equation proposed by Suhara et al. (1973):

P, = 14pu? (2.3.3)

Buchner (2002) stated that equation (2.3.3) wasewmative in estimating the
mean impact pressure on a panel. It could giveca g@proximation of high local
impact pressure but from a design point of viewyass overestimating the design
pressure. In terms of deck pressure, Buchner (1983@5b, 1996, 2002) listed

three components:

. Static pressure due to the water head on deck
. Dynamic pressure due to the acceleration of th& dec

. Rate of change of the water height on deck

in which the last component was very important eodld explain the sharp peak
impact load as noticed in experiments. This formwas later validated by
experimental data of Ogawa et al. (1998) and Vargaml. (2004), giving good
correlation. Even though the formula still relies @éxperimental inputs, it gives a
good understanding of the physics behind the deelsspre caused by green

water.
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2.4  Experimental studies in green water

Besides extensive analytical evaluation of greerewahere have been also

numerous experimental investigations into this fEwb

It is unquestionable that there is a strong infagenf above water bow form on
the frequency as well as the severity of green ww&ea trials have reported that
there are ships of similar principal particularsl @gpes but some shows a far
better performance against green water than ther@tifhe reason appears to be
with the bow features and this subsequently led teries of dedicated research
into the effects of these features, e.g. freebotiade angle, bow knuckle and
length of overhang.

Edward and Todd (1938) tested three model driftetis different freeboards and
bow flares. Having analysed the results, they cordd the effectiveness of
increased freeboard in keeping the deck dry. A-faren ship with a bow flare
also appeared to produce some advantages in pirayegiteen water to get

shipped on board.

The first extensive series of experiments with geadly varied bow shapes was
carried out by Newton (1960). Using a parent h@ladrigate, he increased the
freeboard by adding bulwarks of different heightsl ghen added knuckles to the
lines plan from station 2 to 4. In total, five méglevere tested. No loading was
measured and only qualitative assessment of detes® was executed. Newton
(1960) focused on zoning the degrees of wetnesshwie claimed could be done
by plotting wetness contours based on geometricdymémic characteristics of
the ship together with the waves encountered. Rigggrthe effects of bow

features, Newton (1960) stated that increasing flamgle by an added knuckle
was having the same effects as increasing freebbardt more advantageous.

The increased flare angle helped shedding the vaatay at early stage by virtue
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of the depth of the knuckle. A formula to assessdffect of a knuckle in terms of

freeboard was introduced as follow:

FBeyira :éxgsine (2.4.1)
where

0 = minimum slope of section at knuckle or deck edge

1 = distance from FP at which this minim@mwccurs

b = half beam at knuckle or deck edge at this gacti

h = height of knuckle or deck edge above keeliatgction

D = depth of ship at this section

FBextra Was then added to the physical freeboard to tiedefffective freeboard for

the ship.

More extensive test series with six ship models wasied out by Swaan and
Vosser (1961). The ships had similar principal digiens and displacement but
differed in section shape in the fore-body andrisrpatic coefficient. Only ship
motions and midship bending moments were measltragas noticed that U-
shaped (referring the shape of the lines plan)sshgpeared to be better in dealing
with wetness. They also concluded that the extrbove flare could reduce deck

wetness to the forecastle despite the potentiaé@se in slamming risk.

With the interest in investigating how green waflewed onto the main deck
from the ship side, Goda et al. (1978) conducté&Damodel test using a cargo
ship hull. The water flow was assimilated to a 2&amdbreak problem based on

which the volume as well as the deck pressure dosildstimated.

Lloyd and Hammond (1982), Lloyd (1983, 1984) andyd et al. (1985) carried

out comprehensive testing of a generically desigiagdily of nine above water
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bow forms based on the parent hull of a narrow beEBANDER frigate. All the
bow features including freeboard, bow flare, andvboverhang were varied
systematically for testing. Lloyd et al. (1985) cuded that the motions were
essentially independent of above water bow fornpiieshe evidence that swell-
up might be affected by this. As far as green watas concerned, increased
freeboard unquestionably reduced green water. Savathang (distance from
stem head to forward perpendicular) was found teseayreater relative motions
and hence, more deck wetness events. Similar seselte obtained for the case of
excessive flare angle. A very fine raked bow witdrwlittle flare appeared to

possess the best performance in all respects.

Green water loading was also measured via a peessumsitive array mounted on
deck. With respect to experimental techniques, dI¢3983) pointed out several
drawbacks of using catch-tank approach to quatitiéyshipped water on board.
According to him, the weight of water flowing thiglu the duct would tend to

sink and trim the model bow down and thereby redheefreeboard. As a result,
the wetness frequency would tend to be increasedhé&more, there was a
possibility that the motion of the residual waterthe catch tank may adversely
influence the pitch motions of the model, leadiagtie deviation from true ship

behaviour in waves.

O’Dea and Walden (1984) used a frigate model watlr interchangeable bows to
investigate the effects of the bow flare and kneakth green water performance.
Contradicting to Newton (1960) and Lloyd et al. §89 their experimental data
showed that the increased bow flare did improve dbek wetness situation.
Knuckles, however, did not show any conclusive atkges or disadvantages

whatsoever.
Takagi and Niimi (1990) studied the bow deck wesnbg expanding Wagner’s

theory on wedge entry assumption and applyingsaiflar flow. They treated the
bow like a tetrahedron or hexahedron, by whichlibe shape features could be
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modified by symmetrically adjusting the intermediaknuckle at the sides.
Theories were developed and validated against ewpetal data with wedge
shape model. Similar to O’Dea and Walden (1984, rsults showed that bow
flares improved the ability to fend off green wat8pecially, if increasing the

bow flare by a high knuckle, the reduction in deakness was more effective.

Buchner (2002) investigated the effects of boweflaf a FPSO model on green
water and reported the observation of the changeslative motions. Generally,
the bow flare pushed water away when the ship pdadhto the water. As a result,
ripple was created progressing away on top of theoanding water profile. As
the flare increased, the magnitude of the ripps® ahcreased and became more
visible especially in the curve of relative motiamound the bow. However, as

soon as the surrounding water exceeded the dexleffiect of flare disappeared.

Regarding experiments with travelling containersiripdels, highlighted works
include studies by Hamoudi and Varyani (1994), \éaiyet al. (2004) and
Fonseca and Guedes Soares (2005) in which greesr Wemtds on deck were

recorded to validate the CFD simulation results.

Away from the effects of above water bow shapegio#xperiments were also
carried out to observe the behaviour of green watee it has been shipped on
board. Cox and Ortega (2002) carried out an exp@rino quantify a transient
wave overtopping a horizontal deck fixed above tree= surface. Their data
showed that the structure increased the free suidbove the leading edge of the
deck by 20 percent. The velocity profile at thedieg edge was, however,
relatively uniform. Moreover, the maximum horizdnialocity was similar to the
maximum water particle velocity at the crest. Unter deck, however, the water
was accelerated to 2.5 times the correspondingciglavithout the deck. After
collapsing on deck the shipped water developed antmre of a velocity of 2.4

times the maximum water particle velocity.
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Recently, Ryu and Chang (2005) used Particle Im&géocimetry (PIV)
technique combined with shadowgraphy to capture wblecity field of the
interaction between a plunging wave and a 2D darect From what they
observed, it was found that the maximum fluid mdetivelocity in front of the
structure during the impact was approximately Inftes the phase velocity of the
wave. The maximum horizontal velocity above thekde@s less than the phase
velocity. By comparing this with the velocity ofehwater particles in the flow

created by a dam-break model:

u:3(5+,/g.hoj (2.4.2)

3\t

where

ho = initial water depth in the reservoir prior tonalreak
X = distance away from the dam

t = time

g = gravity

Ryu and Chang (2005) concluded that dam-break mddehot work well in

predicting green water velocity.

PIV technique was also applied by Tanizawa et 2004) in their attempt to
evaluate the behaviour of green water on deck wstipgrimental approach. From
their observation, it was reported that dependimg tbe wave length, the
interaction between ship bow and waves could resu#flected water by the bow
and the major shipment of water onto the deck. @frtee important conclusions
was that the air entrapment during the impact cagltbunt for the fluctuation in

the impact pressure curves they recorded.
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2.5 Breakwater and its design in reducing green wat loads

2.5.1 Research on breakwaters

Despite being popular in use on ships, it is arssgpthat very little research has

been done on breakwater and its ability to redueergwater loads.

Buchner (1996, 2002) discussed some qualitativéuatian of the efficiency of
protecting breakwaters on deck. Two types of breda&mnwere compared, the first
was traditional V-shape breakwater and the secoasl vane-type breakwater.
The latter was reported to effectively reduce wabat piles up in front of the
breakwater. As a result, less solid water couldhigarotected structures and also
less green water load was sustained by the breakws¢lf. However, no data or

more comprehensive results were published.

The only comprehensive studies in performance ohegeally designed
breakwaters were carried out by Pham and Varyai0422005, 2006a, 2006b)
and Varyani et al. (2005, 2006, 2007). Using CFi2akwaters of various designs
were investigated by simulation. The loads on bred&rs and on protected
structures were compared to find out the advantagesdisadvantages of each
type of breakwater. Validation with experimentaltadavas, however, not

accomplished.

2.5.2 Guidelines on design of breakwaters

Besides limited research on breakwaters, guidefioetheir design are also very
short-supplied and obscure, if available (Varyanale 2006). None of the four
major classification rules for ships, i.e. Det Na@sVeritas (2002), Lloyd’s
Register (2005), American Bureau of Shipping (208&) Bureau Veritas (2005),
refer in detail to breakwater design. Rather, degigessures and loads on such

structures are derived from the equations for tlesgure on the forward faces of
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superstructures and deckhouses. These loads typieay with height above the
forecastle deck, characterised by the tier (lewel}he superstructure. Lloyd's

Register rules (2005) give the following equaticor the head of water to

consider:

h=ad (Br-7y) (2.5.1)
where:

a = coefficient for the tier, greatest for the low#er, which is appropriate for
breakwaters

6= coefficient which depends on the breadth ofdhstruction (breakwater)

relative to the hull breadth

= factor related to the location of the structaleng the ship, highest at the
bow
A= relative motion of the water surface to the shmipexpected extreme

weather, dependent on ship size

Y= height of the object above waterline

The term in parentheses is effectively the potehiad of water over the object
being loaded. For objects not likely to be diredthmersed, a minimum pressure

also applies to allow for water moving on the daok for spray.

Similar formulations are available from other clésation societies. It is noted

that the above equations contain no referenceetshiape of the obstruction, and
so are not directly appropriate to anything butieat faced breakwaters arranged
across the beam of the structure. Application tshape, vane and perforated

breakwaters is therefore limited.
It is also noted that the above equations produesspres that typically reduce

with distance aft, so that the requirements of gremater protection along the

sides of a ship reduce. However, experience ofatiger of FPSOs has resulted in
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vane type breakwaters being retro-fitted along ghg sides. Buchner and van
Ballegoyen (1997), Buchner (2002) noted that theam be an increase in
freeboard exceedence near and aft of midshipshwtid to the amplification of

high frequency wave components.

The classification rules give pressures acting arous types of decks, but with
the exception of specific ships such as fishingvlees, these pressures are not
consistent with the special case of whaleback de&d#ditionally, the effect of a
breakwater or other major deck obstruction is sirret flow and thus to increase
pressures on the deck plating immediately forwafdthe obstruction. Such
increase in pressure may be considered by takiok piessures to be no less than

the corresponding first tier deckhouse pressure.

For reasons noted above, there is considerabletaidg over the use of standard
classification society rules for the type of breaksv design. However, the
classification rules do allow design by direct cddtion, and this approach,
coupled with design pressures produced by CFD mdstlsoich as from current

research, is a valuable tool in the efficient desifbreakwater structures.

2.5.3 Breakwater or above water ship bow modificatin to deal with green

water problem

None of any research known so far has raised tlestiqun of which option is

more effective to deal with green water issue:afdereakwaters or modifying the
above water ship bow. Whilst the latter is to praver mitigate the shipment of
green water on deck in the first place, the forprevides an obstruction to green

water when it happens.
As discussed in Section 2.4, despite a number pémxental works, there has

not been any consistent conclusion on how (abowtenyvbow features can change

the performance of the ship against green watepeBding on ship types tested
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and conditions in which the experiments were cdraat, the outcome appeared
to be relatively tentative and could be very diéfer Furthermore, inclusion of

these bow features may also incur additional aafst®nstruction.

Breakwaters of any design provide immediate praiacto deck cargo or deck
structures. Even though it does not prevent grestienfrom happening, it creates
an obstruction to green water flow and thereby cedithe amount of solid water
that can reach and damage deck cargo and deckusasicThe gain from having a
breakwater, however, also comes at a cost. By wiisig green water at early
stage, breakwaters takes on substantial loadingwbald have been faced by
vertical structures. From a construction point @w; such substantial loading
often has a direct load path back into the main swcture. In the case of a
breakwater, the provision of adequate load pathbeanomplicated by following

issues (Varyani et al. 2006):

. Breakwaters are typically located on relatively wdarecastle structures
that lack substantial transverse bulkheads.

. It is difficult to align V-shaped breakwaters withe pattern of typically
transverse girders under the deck.

*  Vane type breakwaters require support to the tdégheoindividual vanes,
typically by means of a transverse beam. This siracrequires discrete
supports from the deck below.

. Double skin breakwaters typically require closghased support from the
structure below, which is not always consistenthwihe pattern of

transverse stiffening.

Detailed design issues for the breakwater itsedfgest the use of less complex
and more cost effective designs. Thus the usengblsi V shaped breakwaters is
commonplace due to the conventional ship constrnctechniques employed,
similar to bulwarks. Whilst vane type breakwateraynie efficient and impose
much less load on the ship (Buchner, 1996, 200&h structures are typically
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more complex to construct and may require discsétengthening to the deck
below.

The design option of either adopting a breakwatemodifying (above water)
ship bow, therefore, should be based on the overaluation of how effective
each plan is. Extensive analysis and practicaltsypwst be integrated to provide
a reassurance of the choice selected. From a obspaint of view, it is useful to
establish a methodology for optimising the desifra doreakwater for a given
ship. Further investigation into effects of the bdeatures on green water

performance is, nonetheless, always encouraged.

In this research, evaluation of both design optisrisplemented and conclusions

will be drawn based on the output results.

2.6 Summary

On overall, green water has proved to be a higldmamlex phenomenon that
depends on many non-linear factors both relateghip and environmental
conditions. Any subtle changes in these factorddctaad to significant changes
in the way green water takes place or its behavitnwestigation via both
theoretical and experimental approaches has seeariaty of opinions and
conclusions that are far from unanimous. To sumthe, literature review has

revealed the following:
. Deck wetness is a highly complex phenomenon, otlwkewvaluation would
involve comprehensive hydrodynamic knowledge anst \experimental

database.

. Deck wetness is primarily a function of relative tron between deck and

free water surface. The relative motion forms tlasi® on which deck

37



Chapter 2: Review of Research in Green Water Problem

wetness or green water can be estimated for bathr@nce frequency and

severity by methods such as probabilistic or tirnazdin.

Except for freeboard height, effects of other abaater bow features such
as bow flare, overhang, knuckle and rake angl@atget fully understood.
There is a scatter of opinions in the influencéheSe features on the ability

to deal with green water.

Nevertheless, green water loading can be approginby using several

empirical formulae derived from experimental invgation.

For more detailed analysis, CFD and VOF technigae lbe applied to
simulate green water flow on deck with good degpméeccuracy. Even
though more validation and better setup are ®duired, the results so far

have been highly encouraging.

Most CFD investigations carried out so far wereufing on FPSO models
which were stationary at sea. For ships travelibhgome velocity, green
water behaviour can be very different and it is goal of this project to

investigate this factor on green water and itsilogeffects.

Finally, the choice of either adopting a breakwatermodifying above
water ship bow to tackle green water is debatdbkensive analysis and
vast practical inputs are needed in order to mak@ad decision and to

obtain a reassurance of the opted plan.
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Chapter 3:
Time Domain Strip Theory for Predicting

the Occurrence of Deck Wetnhess

3.1 Introduction

Green water, as previously mentioned, is a functbrrelative motions. The
prediction of when green water is going to takecelaherefore, starts with the
prediction of ship motions in waves. There are ssvetandard models for
calculating ship motions and all of these models ba used to estimate the

relative motion between the bow and free waterasarf

This section intends to present an example mathemhanodel in which the
relative motions, and subsequently, the occurreficgeen water are predicted in
time-domain. This model is based on non-linearpstheory from the work
initiated by Lloyd (1983, 1984) and Lloyd et al9@8b) and later expanded by
Crossland and Johnson (1998). The validation & [atesented in Chapter 5.
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3.2 Theories

3.2.1 Ship motions

Heave and pitch are most influential types of motito deck wetness
phenomenon. Even though surge and roll motionsntalke certain contributions
to the problem, these are ignored in the preseatryhfor simplicity. Equations of
heave and pitch are referred to Crossland and doh{i®98). In order to account
for the non-linearity corresponding to the currevdter line at each strip, the
buoyancy force is obtained by integrating elemgnpaessures on the hull around

the instantaneous wetted area of the strip.

The main calculation in ship motions by strip thew to determine the values of
local hydrodynamic coefficients. In standard stfygory, these coefficients are
calculated based on the coefficients for a circaglinder by Ursell (1949b)
combined with hull form transformation and confotnmmaapping techniques.
Classical examples can be found in the works olvKeKroukovsky (1955, 1957)
and Tasai (1959, 1960, 1961b). There are also empetal studies in determining
these coefficients for particular types of shipsmdiical equations are

subsequently developed for numerical applications.

3.2.2 Relative motions

Once heave and pitch motions have been calculdtesl, absolute vertical

displacement, velocity and acceleration can beutatled as:

S=MN3+XNsg (3.2.1)
S=NztXxNs+Ung (3.2.2)
$=TMj; + X5 +2Uns (3.2.3)
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The relative motion, in turn, can be found by satting the absolute motion by

the surface wave.

r=s-¢ (3.2.4)

Crossland and Johnson (1998) referred to thisnesohal relative motion’ in

which other disturbances due to radiated wavesgxample, are not taken into
account. In reality, the incident wave is disturlisda variety of factors, which
include bow wave, and dynamic swell-ups in bothglardinal and transverse
directions. Beck (1982) stated that these compenerd linearly additive to the
ship motions. The corrected elevation of disturbedve is, therefore, the

superposition of these components:

Zc zz+zsux+zsuy+zbw (3-2-5)

The methods to evaluate the disturbances are disdus the subsequent sections.

3.2.3 Calm water bow wave

As a ship advances on a straight course in calnerw#ite stem of the ship
penetrates the water and generates a steady veanehat begins at the bow and
progresses aft. Shearer (1950) used a line of esuat the ship centreline to
resemble a moving ship body. The co-ordinate systamorigin on calm water
surface, in mid-ship plane and centreline plan@rdinate is positive in the
direction of motion and z positive vertically upwar If sectional areas of the

strips are denoted asi’'#y each strip surface was approximated by a soafce

strength:
U
6 = (A=A (32.6)
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The source is located at a deptheqjual to the depth of the effective centroid
between the centroids of areas,;Aand A. The bow wave profil€y, at any
distance x from the origin comprises of two compuse The first component,
denoted ag., is the wave disturbance due to the source. Tbensecomponent,

Cnw, 1S the non-wave or local disturbance. Their egpi@ns are as below:

899,
Z, :8_j’xwl (3.2.7)
Low = ziq)lu x W, (3.2.8)

where W;, W, are values of integrals that are calculated overamge of
independent variables (Shearer, 1950). In numesicallation, these values are
stored in a look-up table and intermediate valwashe interpolated for use at the

intermediate draught.

Note that,, is zero ahead of the source (or positive x) &ndhas the same sign
as x. The calm water bow wave profile can then beputed with adequate

precision by:

wa :ZW +an (3.2.9)

This was later validated by Blok and Huisman (198fgr they conducted calm
water experiments with a compact frigate model. yTieund that Shearer’s
method of predicting bow wave profile was practicadequate for engineering
purpose. Even though it underestimated the bow wé#we discrepancy was

acceptable. Blok and Huisman (1983) also compaled results with those
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calculated by Raven (1980). Shearer's method shanadhtly better prediction

and hence was concluded to be preferable for use.

3.2.4 Dynamic swell-up

3.2.4.1 Lateral swell-up

When the ship body harmonically oscillates in watgeressed by equation:

S =S, CoSw,t (3.2.10)
a surface disturbance will be set up in which mteod standing waves and a train
of progressive waves are generated. According teaiT1961), the surface

elevation at the side of the shjpwas a function of the amplitude of the far field

radiated wavé o
Zs :Zof '@0 COS(‘Cet-'_(F) (3211)

where

9, =%1/Ef +E;5
E, = (Pso(g) +Z(_1)m Yom
1

0

E, =<pco(7—;j+2(—l)m-pzm

1
4 E
e=tan}| =2
El
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(¢co +igs,) = potential by the 2D source at origin

(P +iG,y,) = potential of the component multipole strength

The far field radiated wave can be calculated aBaisai (1959). The ratio of the

far field radiated wave amplitude to the oscillgtaamplitude of the strip was:

2
Cor .B, 1 (3.2.12)

S 29 Jc?+c?

where G and G depended on stream functions at the origin ancctimeponent
multipole strengths. The full expressions of &d G can be found in Tasai
(1959).

At the presence of waves, Gallagher and Rainey2)8fplied these equations
and replaced the absolute vertical motion in (R Mith the notional relative

motion from (3.2.4).

3.2.4.2 Longitudinal swell-up

Longitudinal swell-up was introduced by Crosslamd dohnson (1998) based on
observations during both the experiments and realtsals. Due to the pitching
motion of the ship, a train of waves appears t@éeerated every time the bow
pitches down into the incident wave. The interacid these two trains of waves
tend to increase the height of the latter. Thesf@ong side with swell-up
associated with heaving motion on sides of shigrethexists a ‘so-called’
longitudinal swell-up generated by the bow in theniediate vicinity of the stem.
This swell-up is calculated using similar methoédiso predict transverse swell-

up as discussed above.
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3.2.5 Corrected relative motions

The corrected elevation of disturbed wave is, tloees the synthesis of the
incident wave and disturbance factors, i.e. bowevarnd swell-up (see equation
(3.2.5)). The corrected relative motion can be apipnated as the resultant of

absolute ship motions relative to disturbed incideave:

L =s-1, (3.2.13)

3.2.6 Wetness occurrence and classification

Once the relative motion of the main deck to theefsurface is calculated, the
exceedance of freeboard can be evaluated in timeaitio It has been reported
that the freeboard exceedance and the subsequesm grater event are highly
sensitive to the above water bow form. All ship imwettheories so far have only
considered the under water bow form and assumexxi@nsion of a vertical wall
above calm water draught. For this reason, thecsffef above water hull form

have generally been dealt with in qualitative mamagher than quantitatively.

By using generic equations to calculate hydrodycaamd swell-up coefficients,
Crossland and Johnson (1998) managed to calculae ntotions at the
instantaneous wetted surface. The influence ofattmve water hull form in this
regard was therefore accounted for even thoughdusalidation of those generic
equations for a frigate hull form is necessary.€Biting up a series of threshold
criteria, they also initiated a method to incluée tabove water hull form into
investigating the occurrence of deck wetness armbesiuently classifying the

degree of wetness.
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3.2.6.1 Freeboard exceedance

The freeboard is exceeded when the relative mastween the water surface and

the bow is greater than the freeboard at calm veatdace:

r,>FB (3.2.14)

The exceedance of freeboard is used in probabilsgthod (see Section 2.2) as
the indication of deck wetness. However, both seadaand several researchers
such as Maruo and Song (1994) and Wu et al. (2080% reported that there
were situations in which the freeboard was excedu#dno subsequent deck
wetness took place. The following sections are dbasethe work by Crossland
and Johnson (1998) in which the evaluation of teekdwetness based on the

above water hull form was implemented.

3.2.6.2 Green water

Crossland and Johnson (1998) claimed that greenvsttaess or green water
occurred if the undisturbed or notional relativetio exceeds the local freeboard
at any station:

r=@6-0) > FB (3.2.15)

This criterion appeared to correspond with the olm®ns in green water

experiments carried out by the author which willgpesented Chapters 4 and 5.
3.2.6.3 Spray wetness
Spray wetness is relatively difficult to be definedthematically. It should be a

function of the water mass shipped on board, thecity of rising water and local

effects that are related to the above water hulnfoHowever, genuine spray
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cannot be deduced from modelling and experimerdtd dince the spray in the
experiments cannot represent the spray in realigytd scale effects and viscosity.
The principle concept of spray wetness adoptedros€land and Johnson (1998)
was that if the disturbed water was thrown upwandbse air and could manage to
land on deck subsequently, the spray wetness vgsted in. In order to land
back on the deck, the transverse trajectory of mzdeicle should be less than the
increase in local beam as the ship travels forwaBisail can be found in
Appendix B, which is part of the work by Lloyd (1499

3.3 Summary

Chapter 3 has introduced a methodology based gntkeory to calculate ship
motions and surface disturbances around the ship. bthe outputs were
integrated subsequently to find out the actualtiredamotion between ship deck
and disturbed free water surface. Method for ptewjcand classifying deck
wetness by Crossland and Johnson (1998) was trseniloked as a way to evaluate
the occurrence of green water. Even though no iwgment to this method is
made from this research, it is an intent, by quptims method as an example, to
propose an encapsulate model (see Chapter 9) &uating green water and its
loading effects. The numerical results of this mdtiwill be validated in Chapter
5.
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Chapter 4:
Model Testing of Different Bow Shapes

and Rectangular Breakwaters

4.1 Introduction

The main objectives of the model testing are tegtigate the physics of green
water and its loading effects and to establish #alsle hydraulic modelling

framework for simulating green water on deck. Biecf the above water bow
form are also part of the investigation programeeperimental data acquired are
used to validate the results from the simulationgdod agreement from this

comparison verifies the applicability of the modwl framework.

The experiments also look at the possibility ofusdg green water loading on
breakwaters by testing generic protective breakwafitted on forecastle deck.
Numerical modelling is also executed and verifiedhwexperimental data to

confirm the applicability of the developed modedliftamework.

4.2 Model testing of different bow shapes

The purpose of carrying out green water tests ugemgric bow sections is to
assess the effects of bow features on green watn parameters which
influence deck wetting include freeboard heightylbitare, bow knuckle and stem
overhang. As illustrated in Figure 4.2.1, bow flez@efined to be the angle made
by the tangent to the station at the intersectigh the deck edge. Bow knuckle is
referred to the knuckles that are introduced in dtegion of the bow section.
Generally, bow knuckles define a chine in the bewtisn. Stem overhang is the

horizontal projected distance between the inteirsgqtoint of waterline and stem
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curve, and the stem head. In order to assessféwbf these features, the under-
water body of the bow was kept unchanged. Aboveemwdiows were

interchangeable.

BOW FLARE
STEM OVERHANG

\Q
|
¥

| BOW KNUCKLE

5 MMJ

Figure 4.2.1 Definitions of bow flare, bow knuckle and stem dhang.

From this perspective, three generic bow shapeg werduced and tested. The
parent ship was a 1:70 scale model of the conveaiticontainer hull form S175.

Principal particulars of the parent hull at bothi &icale and model scale are as in
Table 4.2.1. At model scale, the parent hull (Bowhas a stem overhang of 62
mm, no knuckle and a bow flare of approximatelyo&grees at station 9%. The

freeboard at the stem head was 146 mm or 10.22ufl stale.

Bow 2 was the modified bow from parent bow in whigtuckles were added to
stations 8 up to the stem curve. The knuckles \wereduced at a height equal to
half of freeboard at midship section. The bow flatestation 9% was reduced by
10 degrees at the deck edge but increased by ¥Bategt the knuckle. The stem

overhang was maintained the same as the origiewa everhang.
Bow 3 had the stem overhang doubled to 124 mm ftleenoriginal 62 mm.

However, the bulwark was removed (Figure 4.2.4) thmglresulted in a reduction

in freeboard at the stem head of 15mm.
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Table 4.2.2 summarises the bow features of theethoevs and their lines plans
are as in Figure 4.2.2. Figures 4.2.3 and 4.2.4vghe photos of the bow shapes

in front and profile views.

Table 4.2.1 Principal particulars of full-scale and 1:70 moededle S175

containership.

Particulars Full-Scale Model
Lpp (m) 175.0 2.5

B (m) 25.4 0.363

D (m) 15.4 0.22

d (m) 9.5 0.136

A (1) 24 742 0.07213
GM (m) 1.0 0.014
Cb 0.5716 0.5716
Kyy/Lpp 0.24 0.24
Kxx/B 0.328 0.328

Table 4.2.2 Summary of ship bows tested.

Bow Bow flare at Bow Stem

station 9%z (degs.)| knuckles Overhang (mm)

Parent bow (Bow 1) 45.0 No 62.0
Bow 2 35.0 Yes 62.0
Bow 3 45.0 No 124.0
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Figure 4.2.2 Lines plans of three bow shapes tested.

Figure 4.2.3 Front views of three ship bows.
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Figure 4.2.4 Profile views of three ship bows.

All the models were built out of Glass Reinforceldsfic (GRP) at the model-
making workshop at the Centre for Marine Hydrodyiwsn Universities of

Glasgow and Strathclyde.
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4.3 Towing tank

The model experiments were conducted in the Hydranycs Laboratory at the
Universities of Glasgow and Strathclyde. The tankmehsions were
70mx4.6mx2.4m. The setup of the tank is as in Figure 4.8tandard with a
beach at one end and a wave-making system at ties. ofhe wave-making
system consists of one hinged flap and softwaréraballowing both regular or
random wave generation. Railway is fitted on th@esiof the tank to guide a
mobile carriage that accommodates the workstafigute 4.3.2). The velocity of
the carriage is controlled and monitored electraljcto ensure that the desired

velocity can be achieved and maintained in thestest

Work Station Work Station

ENZAN A I AN AN AN

— = — Y —

w
5
]
/
|
<

Figure 4.3.2 Snapshots of towing tank with the mobile carriage hinged flap

wave maker.
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4.4 Measurements

To assess the occurrence of green water, its bmlraen deck and severity of
green water loading, experiments were set up. dhewing measurements were

undertaken:

* Heights of generated waves and encountered waves

e Ship motions in vertical plane

* Relative motions between deck and water surfacgtesth head and at the
ship side in station 9

» Elevation of green water on deck when green waterd place

» Green water loading on vertical surfaces

» Green water loading on breakwater

» Green water loading on main deck

* Visual monitoring of the test via video tracking fjualitative assessment
Only motions in vertical plane were taken into agttoin green-water assessment.

Inclusion of rolling in green water assessment watdmplicate the process and

for simplification purpose, rolling was excludedrir tests.
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4.5 Instrumentation

Based on the measurements that were required,edewiere built and set up. The

following sections described the instruments thateaused.

451 Generated waves and encountered waves

Generated waves are waves produced from the progeanmotions of the wave
maker. In the pilot tests, both regular and irragw/aves were used in testing.
However, due to the forward velocity of the ship test time was only limited to
a maximum of 70 seconds when tests were carriedtdotv velocity of 0.75 m/s
(equivalent to Fn = 0.15 or 12.2 knots at full sgalThe ITTC recommend
procedure suggests that for a reliable set of exgatal results in irregular seas, a
minimum test time duration equivalent to one houfull-scale trial is required.
Given the scaling of 1:70, a required test timéregular seas should be no less
than 430 seconds, indicating tests in irregularegsaynsuitable. Multiple runs in
different irregular waves having the same spectcam be spliced to produce the
wave trains of required duration. However, thigxpensive both in terms of test
time and resources. Therefore, this could not @eémented. As the result, only

test in regular waves were carried out.

Before the start of experiments, calibration of e@awas carried out to obtain the
calibration factors required to achieve wave amghkt and period. During the
tests, generated waves were measured by a resisteane probe located at
approximately twenty metres from the wave makers Was outside the zone that
could be effected by standing waves caused by tneswnaker. During the test,
the ship model was moved at a forward velocitgntountered incident waves at
an ‘encounter frequency’ which was higher than the frequency of the getesla
waves. The motions of the model significantly depewn this encountered

frequency.
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The encountered waves were measured by a wave piolbh was fixed on the

carriage and transversely aligned to the forwampgradicular of the ship (Figure
4.5.1). It was also set at a distance away from gh to ensure that the
encountered waves at the location it measured whasdisturbed by the presence

nor the motions of the ship.

Figure 4.5.1 Wave probe fixed on carriage to measure encouhteases.

4.5.2 Ship motions

Ship motions were fundamental to the relative nm#idetween ship bow and
water surface. As mentioned earlier, only heavemtoth motions were interested
and measured in these experiments. The ship moti@me measured using a
system consisting of two linear variable differahtiransformers (LVDT). The
first LVDT was mounted above the longitudinal centf gravity of the ship and

the second at the aft perpendicular as in Figlse4.
The ship motions or heave and pitch in particuéar be derived from the relative

measures from these two LVDT'’s. The derivation @hVve and pitch is referred to

Section 4.9 which explains the analysis of the expental data.
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Figure 4.5.2 LVDT'’s to measure ship motions, one at LCG (lefiflaanother at

aft perpendicular (right).

45.3 Relative motions

Measurement of relative motions was carried outwat locations, i.e. one at the
stem head and the other at station 9 (Figure 4\6i8re the load cells were
mounted (see Section 4.5.4). Both wave probes @xdended vertically from keel

to a height well above the forecastle deck to enslnat a large range of relative
motions was recorded. Note that when the keel emdeaut of water due to

substantial vertical motions, the whole wave prolvesld be out of water and the
signals indicated a cut-off in the time history\as during the time this happens.
Keel emergence (and its duration) or keel slamnoiogid therefore be detected

via these indicative signals.
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Figure 4.5.3 Wave probes at stem head (WP1) and at station B2jWo

measure relative motions.

454 Green water elevation on deck

When green water happens, it is helpful to undedstthe distribution and
behaviour of green water flow on deck. Knowledgegaden water heights, their
distribution on deck and the approximate velocity tbe water flow is

undoubtedly valuable in understanding green wataracteristics and physics.

In order to obtain these data and taking into astdbe dimensions of the
forecastle deck, a system of eight wave probes wetaip (Figure 4.5.3). The
general setup is as in Figure 4.5.4. The wave pralre the forecastle were
arranged in three rows. The first row at the fodvperpendicular comprised of

two wave probes. The next two rows had three wawebgs in each and the

58



Chapter 4: Model Testing of Different Bow Shapes and Rectangular Breakwaters

distance between two adjacent rows was set at 78 Immaach row, the wave

probes were 50.8mm (2 inches) apart.

— ARM STRUCTURE~ [WAVE PROBES
\

/ \

N\

T

VERTICAL
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Figure 4.5.4 General setup of green water tests at the bow.

Measuring the translating velocity of green waterdeck proved to be a difficult
task. Buchner and Cozjin (1997) used wave probaswiere arranged parallel to
the main deck to measure both the entry velocity #re translating velocity.
However, the splashing water during the shipmengmfen water onto deck
caused problems in their interpretation of the ddtarwards. In this thesis, the

author approximated the velocity of green watewfloa the time lag between the
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recordings of two wave probes aligned along thdreéne of deck. This velocity
was then treated as the average velocity whendhtfe motions of the deck
meant that velocity of green water did vary alohg tleck due to the sloping of

the deck and gravity effects.

4.5.5 Green water loading on vertical surface

One of the major effects caused by green waterhi@isiattracted serious concerns
in safety and operability of the ship is the loadion vertical surfaces on
forecastle deck. In order to investigate the séwesf this loading, a vertical
structure comprising of nine load cells was asserhlaind fitted on deck as in
Figure 4.5.4. Figure 4.5.5 details the structuretlodé load cells and their

arrangement. Figure 4.5.6 shows the photo of thisand its installation on deck.

Basically, the vertical load cell unit was mountedforecastle deck at station 9. It
was a 15cml15cm vertical load cell wall (representing objeots deck such as
superstructure or containers) on which nine 88om load cells arranged in &3
array were fitted. All the strain gauges were waieofed, housed and protected
inside a plastic box. When green water impact logdook place, the loading on
each load cell panels was transmitted through #uok Ishafts and was measured
by strain gauges.

The load cells were calibrated to measure the maxintoad of five kilograms
(approximately 50N) and was considered sufficiemr fthe conditions
investigated. The lower limit that could be meadunas at approximately 0.5N.
Loads below this limit could be interfered by naisagiving disturbed and
unreliable signals. This loading is equivalent be fpressure of approximately
1.4m water head at full-scale and may be regardeshahreat to the integrity of

the structure.

60



Chapter 4: Model Testing of Different Bow Shapes and Rectangular Breakwaters

‘ 154,4mm
LC 1 LC 2 LC
LC 4 LC S LC %
Lc 7/ LC 8 | LC

30mm

STRAIN GAUGES

£

-

S — 1S | —

Figure 4.5.5 Load cell structure.
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Figure 4.5.6 Load cell box.

61



Chapter 4: Model Testing of Different Bow Shapes and Rectangular Breakwaters

4.5.6 Green water loading on deck

As green water is shipped onto deck, its weighivall as its dynamics on deck
creates a pressure that may endanger the deckgléti one investigation on the
forecastle deck of a ship, a set-down of 300mm reasrded following a green
water spell (Olsen, 2005). This gives an exampléa damaging green water
may cause to the deck plating. In order to meathisdoading, a rectangular area
at the centre of the forecastle deck and in frdrthe vertical load cell unit was
cut off and replaced by an aluminium plate. Thast@lwas in turn connected to a
high frequency load cell mounted under forecasfiekd The dimensions of the
aluminium plate were 98.36mh23.28mmx8.00mm and the weight was
measured at 270 grams. Figure 4.5.4 shows the ievenf this setup and Figure
4.5.7 shows the setup for experiments. In ordewaterproof the unit, a thin
rubber sheet was attached on deck covering theimilumm plate as in Figure
4.5.8. The deck load cell was calibrated to meatading up to ten kilograms
which is adequate for the chosen test conditions.

Figure 4.5.7 Deck load cell unit located under forecastle deck.
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Figure 4.5.8 Yellow rubber sheet covering aluminium plate andkdmad cell

unit.
4.5.7 Green water loading on breakwater

Protective breakwater is employed to reduce thditgathat would be sustained
by the structure in early stage. The idea of usifiyeakwater as a protection on
ship might have been inspired by the success o&fipdication of breakwater in
coastal engineering. Compared to ship, breakwatereastal engineering have a
far longer history. Man-made breakwaters were fothmmlisands of years ago,
built out of rock and other natural materials. Tinst modern coastal breakwater
was constructed at Cherbourg, France at the etited&’ century (Tanimoto and
Goda, 1991). The concept of building a porous walbrder to reduce the wave
motions in front of the breakwater was initiatedJarlan (1961). By introducing
the perforations on the wall, part of the potenéiaérgy was dissipated through
the formation of multiple water jets behind thefpeated wall. The loading on the
breakwater is therefore reduced. This could bertbgiration to the application of

the Jarlan-type breakwater on ships in recent years
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The experiments were only performed on rectanguleakwaters because of its
popular application to containerships recently. &&nrectangular breakwaters
were fitted in front of the vertical load cell urdhd loading on both structures
were recorded in order to see the effectivenesredkwater in protecting the
structure behind it. Perforations were also intaatlto resemble the Jarlan-type

breakwater to investigate the advantages.

4.5.7.1 Generic rectangular breakwater designs

The generic rectangular breakwaters were desiga@dpaotective structure to the
vertical load cell unit. The width of the breakwatavas to cover the width of the
vertical load cell unit and this width was fixetl was obvious that the protection
to load cell unit was decided by the height of bineakwater. Higher breakwater
meant larger protective area. Breakwaters essinéiel as a sacrificial structure
to cargo or deck structures since it takes on daeihg which would have been

sustained by these objects.

Green water loading is severe and by absorbing ofastis loading breakwaters
need strong foundations to support it. The higher breakwater, the larger
overturning moment caused by green water loadingp8rting structure will
need to be stronger as a result. It is therefooessary to seek an optimal height
for the breakwater to balance the degree of protecand the structural

reinforcement required for the foundation.

As discussed above, following Jarlan’s design afqrated breakwater in coastal
engineering, recent breakwaters used on ships beea perforated in order to
reduce green water loading by dispersing the watecentration and allowing

some water to pass through.

Taking all these concepts into account and alsdlitmensions of the vertical load

cell unit, the generic rectangular breakwaters wdesigned and they are
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summarised in Table 4.5.1 and Figure 4.5.9. Figusel0 shows the photos of the
manufactured breakwaters used for testing. Notetésés were carried out for the

last three breakwaters presented in Figure 4.5H6wever,

location of

perforations on these breakwaters was not consistéth those on other

perforated breakwaters. Therefore, the test reswdte not used for comparison

based on this inconsistency, generically.

The breakwater was mounted at a distance of 37 ram fhe vertical load cell

unit. This distance is equivalent to 2.5 m at &dhle which was regarded a

reasonable distance between the breakwater andssticcontainers or deck

structure in real case.

Table 4.5.1 Matrix of generic breakwaters designed for testing

Breakwater | Dimensions in | Perforation | Number of | Permeability”
number mm diameter rows of of breakwater
(width x height) (mm) perforations | in percentage

1 203.2x 50.8 No No 0.0%

2 203.2x 50.8 10.5 2 11.7%

3 203.2x 50.8 14.0 2 20.9%

4 203.2x 50.8 17.5 2 32.6%

5 203.2x 76.2 No No 0.0%

6 203.2x 76.2 10.5 3 11.7%

7 203.2x 76.2 14.0 3 20.9%

8 203.2x 76.2 17.5 3 32.6%

9 203.2x 101.6 No No 0.0%

) Ratio between total area of perforations to arézbreakwater including

perforations.
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4.5.7.2 Measuring load on breakwater

To measure the load on the breakwater, a loadscellar to the deck load cell
was used and fitted under forecastle deck. It washanically connected to the
breakwater so that load acting on the breakwataldce directly transferred to
the load cell (Figure 4.5.12). Figure 4.5.11 shoavsperforated rectangular

breakwater fitted on forecastle deck in front af tkertical load cell unit.

Figure 4.5.11 Breakwater fitted on forecastle deck.

BREAKWATER
4 I
‘ ‘ ‘ L-FRAME
| 5 - | ‘ L
E LOAD CELL
j [
[
|
|
/ ma
WOOD BEAM WOOD BEAM

Figure 4.5.12 Connection between breakwater and load cell unit.
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4.5.8 Video tracking

Video tracking of green water as it happens is vemportant for qualitative
assessment of the phenomenon. To observe green ovatdeck , a waterproof
camera was fitted on the metal arm as in Figureld.5Another camera was also

used and it was fixed on carriage to capture tieistage from side.

Figure 4.5.13 Deck-mounted camera.

4.6 Connection of model to carriage

As mentioned earlier, only heave and pitch motiovexe considered in this
research. The connection between the model shigrendarriage was therefore
designed to satisfy these requirements. An ovendéwhe connection is as in
Figure 4.6.1. In order to allow the ship to heaeely whilst surge was restrained,
a vertical sliding mechanism was set up with theeloend of the slider bar being

connected to ship. This slider bar was allowedlitbesvertically along a set of
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roller wheels which were fitted to an aluminiumrfrework that was , in turn,

clamped to the carriage (Figure 4.6.3).

TOW POST
ANTI-ROLL &YAW GUIDER ANTI-SURGE

CARRIAGE

800mm

I ROLLER-BEARING =
\ \ \ “atLce

Figure 4.6.2 Overview of connection between model ship andiage:

To allow for pitching motions, at the connectionmdetween the model ship and

the slider bar, a roller bearing was used. To aéstthe ship from rolling and
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yawing, two anti-roll and yaw guiders were usede Tinst guider was the tow
post at the LCG. The second guider was fixed atcer@reline, 800mm at the
back of the first guider (Figures 4.6.1 and 4.612)ese two posts were then held
at the upper ends by two roller bearings whichvaltbe vertical motions of the

posts but would stop them from any horizontal muio

LVDT
i _connect

Figure 4.6.3 Ship model was connected to carriage at LCG vialiding

mechanism.

70



Chapter 4: Model Testing of Different Bow Shapes and Rectangular Breakwaters

4.7 Data acquisition and calibration of devices

4.7.1 Data acquisition

Figure 4.7.1 illustrates briefly the facilitiesliged to acquire test data. Altogether,
twenty three data channels and two high-frequenoyplifiers were used.
Collected data were stored in a PC. Two VCR’s wesed to monitor the tests.

Signals to wave maker were sent via a separate wemp

Figure 4.7.1 Data acquisition system.
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4.7.2 Calibration of devices

4.7.2.1 Wave probes

Figure 4.7.2 shows the calibration process of wpxabes fitted to the bow
section. Three depths with an increment of 50mmevealibrated and the results
gave a linear behaviour. The calibration factorseatben calculated and applied

to the data acquisition system.

Figure 4.7.2 Calibration of wave probes that were fitted to bemetion.
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4.7.2.2 Load cells

The load cells were also calibrated before and #fiee experiments to ensure that
the calibration factors remained consistent throwgh the experiments. Ten
weights with increment of 100g were calibrated &mel results showed almost
linear behaviour. The average slopes of the cumassthen calculated and used as

calibration factors. The calibration process ssitated in Figures 4.7.3 and 4.7.4.

Figure 4.7.3 Calibration of vertical load cells.

Figure 4.7.4 Calibration of deck load cell.
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It was important to bear in mind that the ship hdil have a natural frequency
when responding to loads acting on the hull. IEtfrequency was somewhere
near to the natural frequencies of either the dieatt cell or the vertical load cells,
the recorded data would be influenced by the noiseing from the responses of
the hull and that could mislead the interpretatidrgreen water loading. During
the calibration process, all these frequencies wexeasured. The natural
frequency of hull was measured at 40Hz whilst redtfrequencies of the vertical
load cells were measured at 130Hz and that of #uk doad cell was 150Hz
which was sufficiently high to avoid the influeno&the hull vibration on green

water loading recorded.

4.8 Test conditions

The water level was measured at 2.235 m and theigdtaof the ship

corresponded to fully loaded condition of 136 mnb(® at full scale).

The tests were carried out with variation of parereincluding carriage velocity,
generated wave height and wave periods. For tetowt breakwaters, Table
4.8.1 presents the matrix of the tested conditiéos.tests with breakwaters, the

tested conditions are as in Table 4.8.2.

Still water tests were also conducted at diffenezibcitys to measured sinkage,

trim and bow waves at station 9.
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Table 4.8.1 Matrix of test conditions for test without breakens.

Full-scale Model-scale
12.2 (knots) 0.75 (m/s)
_ 16.3 (knots) 1.00 (m/s)
Velocity
20.4 (knots) 1.25 (m/s)
24.4 (knots) 1.50 (m/s)
3.0 (m) 43 (mm)
Wave height 40 (m) o7 (mm)
6.0 (M) 86 (mm)
8.0 (m) 114 (mm)
10 (s) 1.96 (s)
11 (s) 1.31 (s)
_ 12 (s) 1.43 (s)
Wave period
13 (s) 1.55 (s)
14 (s) 1.67 (s)
15 (s) 1.79 (s)

Table 4.8.2 Matrix of testing conditions for tests with breakess.

Full-scale Model-scale

Velocity 20.4 (knots) 1.25 (m/s)
24.4 (knots) 1.50 (m/s)
Wave height 8.0 (m) 114 (mm)
Wave period 12 (s) 143 (s)
13 (s) 1.55 (s)
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4.9 Data analysis

4.9.1 Introduction

Once the experiment has been carried out and déitected, it is important to
have a transparent interpretation of the data. dlieae that, the data must be
analysed correctly. This section explains the aisilpf test data collected from

experiments.

4.9.2 Noise filter and data truncation

The experimental data are always interfered byasoi¥he sources of these noises
could come from the motor that drove the carrialge,vibration of the ship hull,
etc. To get good data for analysis, the noise Isetdiltered off. The filtering was
carried out using built-in functiofiltfilt(b,a,x) in MATLAB software in which the

cut-off frequency was set to 30Hz.

As explained in MATLAB User’'s Manual, functiofiltfilt(b,a,x) performs zero-
phase digital filtering by processing the inputadit both the forward and reverse
directions. After filtering in the forward directipit reverses the filtered sequence
and runs it back through the filter. The resultsgguence has precisely zero-
phase distortion and double the filter ordétfilt minimises start-up and ending
transients by matching initial conditions, and woffior both real and complex

inputs.

As far as the truncation was concerned, it shoddnbted that data recorded
during the run covers both the pre-run and posteata which were essentially
unnecessary. At the beginning, after encountetieditst waves, the ship motions
would be affected by its natural frequency. Thisuldodiminish quickly and the
ship motions would be dominated by the encountevesge frequency. Also,

toward the end of the run when the ship deceleratesl ship motions would
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change due to the change in encountered frequé&xcgpt for the data recorded

still water at the beginning which were used asdheim for zero correction, the

data must be sensibly truncated.

4.9.3 Waves

Before the tests, wave calibration was carriedtowgnsure that waves generated
during the experiments would have the height arduency close to what were

wanted. From the wave data, the period could ledliktraight from the wave

histories. The wave height was calculated from dtendard deviation of wave

data:

H, =2v/2xstdde{Wave_Data) (4.9.1)

4.9.4 Ship motions
Since LVDT-1 is located at LCG, its measurements ag@ual to heave motions:

Ns = -LVDT, (4.9.2)

Pitch was calculated from the recordings of the tW®Ts using equation:

(4.9.3)

_ 4 LVDT,-LVDT,
Ns = sin ;

wherel is the distance between the two LVDT's.
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495 Relative motions

Relative motion between stem head and free watéacgiwas recorded using a
wave probe (WP1 in Figure 4.5.4). The freeboarstilhwater at this location was
calculated based on the depth from keel and thegtitamark. By comparing the
relative motion with the available freeboard, iutwbbe figured out when and by

how much the freeboard was exceeded.

The amount of free surface water exceeding théotrael is very important since
it is a strong indication of the severity of greeater shipping. The first derivative
of the relative vertical motion would give the ila vertical velocity between the
bow and the water surface. Faltinsen et al. (20@i¢d that the type of green
water flow on deck could be governed by the ragtween the relative vertical
velocity and the relative longitudinal velocity ixeten the bow and the water. The
latter could be derived from the water particleoedy and the velocity of the
ship. In the analysis, these velocities were coegban order to evaluate the

relation between this factor and the behaviourreég water flow onto the deck.

4.9.6 Green water elevation on deck

The green water elevations at various locationgdeck were recorded by the
wave probe system described earlier in Sectiod4lbshould be noted that these
recordings only indicated the maximum elevatioret tireen water flow reached
at that particular location at the time rather tiia® water heads above the deck
level. Intuitive observation during the tests rdedathat for ship such as
containerships with forward velocity, high flaregia and bulwark, green water

was shipped on board in two ways:
The first type of green water was somewhat sintdahe spray wetness described

in Chapter 3. As the ship pitched into the wateeré was a water run-up at high
velocity upwards the ship sides. When this run-@pewreached the deck edge, it
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was shed upwards and outwards in the direction abtonthe deck edge (Figure
4.9.1). As soon as this water left the deck edgegemparticles in the air followed
a path that was similar to a ballistic trajectoBue to the concaveness or the
flaring of the ship sides, the take-off velocity tifese water particles had a
component in positive x-direction (i.e. forward thieip). This magnitude of this
velocity component depended on the flare anglethedangential velocity of the

run-up water.

If this velocity was smaller than the forward vetg®f the ship, the water would
be caught up by the ship (Figure 4.9.2). As it &htback on the deck, it caused
green water to happen (Figure 4.9.2). The wholegs® is summarised in Figure
4.9.3. If this water was caught up early by theshticould reach relatively high
level before falling down on the deck (Figure 4)9Bherefore, if a wave probe
was located at the same place on deck, it migtlardecelatively high value of
green water elevation. This value should not begieed as the real water head

above the deck because of the air gap underneaithater.

If the velocity component in x-direction of shed telawas greater than the
forward velocity of the ship (for example in theseaof stationary ship in waves),
this water would land back into the open water gregn water of this type would

not take place.

From observation, the amount of green water cabgezhed water was normally
small compared with the second type of green whtgris described later. At full
scale when viscosity is less influential, greenavatused by shed water may take
the form of spray. It represents green water thiegs place in small quantities and
its physics can be explained as in Section 3.2& type of green water may
take place even when the freeboard is not excebgeslrrounding water (see
Section 5.4.5).
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Figure 4.9.1 Run-up water (marked) shed upwards off the dedjeeid the

direction normal to the deck edge.

Figure 4.9.2 Due to forward velocity of the ship, shed water i(kea) was
overtaken and landed back inside forecastle deck.
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Encountered Wave

Shed Water Landing
% back on Deck

Encountered W(;v;

Figure 4.9.3 Shed water due to ship pitching into the watedémhback on deck

causing green water.

Figure 4.9.4 Shed water (marked) could reach high elevationrasdlt in large

recordings by wave probes.
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The second type of green water was the in-flowadiisnass of water when the
deck level was lower than the surrounding freeagf(Figures 4.9.5 and 4.9.6).
This corresponds to the green sea wetness desdrip&rtossland and Johnson
(1998). These flows entered the deck area fronditextion normal to the deck
edge. Due to the bulwark and the relative motioesvben the bow and the
surrounding water, the inflows of green water ndiynhad a vertical velocity
component. Therefore, green water flows tendedke bff the deck edge before
plunging back on deck, resulting in an air gap wrestrapment immediately
behind the deck edge or the bulwark (Figure 4.9.7).

Collectively, green water on deck was the combamdf these two types of green
water shipments. In heavy conditions, green wader take place in both forms
(Figure 4.9.8). If the ship velocity is low, soligeen water may be the only form
that is shipped onboard. In light conditions, greeter may take place as spray.

?ﬁpitch

angle

///////7Green Water Flow

Encountered Wove

Air Gap

7 /e 8 8 1/2 9 9 1/e FP

Green Water

Green Water

Figure 4.9.5 Green water enters deck area in form of waterowsl in the

direction normal to deck edge.
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Figure 4.9.6 Solid mass of green water (marked) flows intodkek area as the

water exceeds the deck.

Figure 4.9.7 Behaviour of solid green water flow as it entéms deck area.

83



Chapter 4: Model Testing of Different Bow Shapes and Rectangular Breakwaters

Figure 4.9.8 Collective green water comprises of both shipnoérsolid mass of

green water and the shed water that manages td&uotdon the deck.

Analysis should distinguish these two types of greater since it may affect the
way green water is simulated and loading evalualedterms of loading, it

appeared that the major loads were resulting frben dolid green water mass
rather than splash or spray green water. The exrpetal results showed that
when only spray green water took place, both tre@ldoon deck and vertical
surfaces were small and could be ignored. The sitioml of green water was

therefore focused on the shipment of solid greetemmass on to deck.
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4.9.7 Estimation of velocity of green water flow omleck

The velocity of green water flow on deck is of paoant importance since it is
closely related to the impact pressure on the serf@ee equation (2.3.3) in
Chapter 2). The estimation of this value was tlweefa target in this research.
Due to the limited deck space available and alsoctincern over the obstruction
to green water flow, no velocimeter was used to sueagreen water velocity
directly. This velocity was therefore estimatedhirthe translation of green water
on deck via the recordings by the deck wave proBégure 4.9.9 shows the
detailed arrangement of wave probes. Recordings fwave probes 6 and 9
(denoted as WP6 and WP9, respectively) were usee shey were located along
the centreline of the ship and closest to the deekl-cell unit. The distance
between WP6 and WP9 was 78mm. If the time lag betwhe fronts of the
curves by WP6 and WP9 wag seconds, green water flow velocity could be

estimated as:

-3
- 78%x10 (m /S)

% 4.9.4
gw At ( )

It is also useful to compare this velocity with ethvelocities such as carriage
velocity, wave celerity, relative horizontal velgcibetween water particle and

ship, etc. to see if there was any correlationg/éen any of these velocities.
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Figure 4.9.9 Arrangement of wave probes on the deck.

86



Chapter 4: Model Testing of Different Bow Shapes and Rectangular Breakwaters

4.9.8 Green water loading on vertical surfaces

Green water loading on vertical surfaces was medshy nine load cells which
were assembled together to form a vertical unidescribed in Section 4.5.5.
Loads measured at various locations were compaithdeach other to assess the
effects of green water on different areas and lonaton a vertical structure.
When breakwater was fitted, the variations in thesels indicated the degree of
protection provided by the breakwater. The loadtlo@ breakwater was also
measured and compared with the total reductioménléad on the vertical load-
cell unit as a whole in order to see the transibérioading from the protected

surface to the breakwater and vice versa.

4.9.9 Green water loading on deck load cell

Green water loading on deck was measured by thk ldac cell described in
Section 4.5.6. This loading indicates how much greater could affect the deck
plating structure. The experimental data were at&d to validate the equation by
Buchner (1995a, 2002) in which three components ¢batributed to the total

pressure on deck were identified, namely

. Pressure due to green water mass (denoted as P1).
. Pressure due to the vertical acceleration of tlok (enoted as P2).

. Pressure due to the changing of green water etevédenoted as P3).

If vaeckis defined as the vertical velocity of the deckihwiegard to earth anddd
is green water height at the location where dedsgure is assessed, the deck

pressure according to Buchner (1995a, 2002) caxpeessed as:

OV gec oH
P =PGHay-codns ) + pHey ( adt kj + p( af[;W j.vdeck (4.9.5)
- ~ J & ~ J
(P1) (P2) (P3)
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As reported by Buchner (2002), component P3 madeery significant
contribution (more than 50 percent in the casedistl) to the total pressure on
deck. This pressure should, therefore, not be eedurom the calculation for

deck pressure due to green water.

4.10 Summary

Chapter 4 has described the setup of green wapariexents which were carried
out at the Centre for Marine Hydrodynamics, Uniitgref Glasgow. Three ship
bows were produced and appropriate instrumentatiaa installed to take the
targeted measurements in the tests. The tests ceered out in various wave
conditions and ship velocities. The analysis of twlected data was also

explained accordingly.
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Chapter 5:
Experimental Results on Different Bow

Shapes and Rectangular Breakwaters

5.1 Introduction

In this Chapter, experimental results are presemedirst, all phases leading to a
green water event are illustrated. When green wialess place, investigation
focuses on loads on deck and on vertical surfaCemparisons with theoretical
results are also carried out, followed by comparisbexperimental data obtained
for different bows. This Chapter also presents libaefits by using protective

breakwaters on deck. Finally, repeatability of éixperiments is evaluated.

5.2 Wave height and frequency

Generated wave heights and frequencies were mehantethen compared with
the wave heights and frequencies required for #stst The results are as in
Figure 5.2.1. The wave frequencies were contrdiigaontrolling the frequency

of the wave maker. They matched exactly with tremdiencies required for the
tests. Figure 5.2.1 compared the wave heights gatein the tests for the three

bows.

Table 5.2.1 shows the mean errors and the startiandtions of the generated
wave heights in three test series with three iht@ngeable bows. The precision
was very good in the first test series with boiR&asonable results were obtained
for bows 2 and 3. The generated wave heights didlactuate much (standard

deviations were within 5 percent) showing a coesisy in the results.
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Table 5.2.1 Mean error and standard deviation of generatecwaights.

Ship bow Mean error Standard deviation
(%) (%)
Bow 1 3.50 2.11
Bow 2 5.23 4.37
Bow 3 9.14 5.03
2.0
1.5 1

Hgen/Hwanted
=

o

‘t

o
6]
I

0.0 T T T
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Figure 5.2.1 Ratio between generated wave height and requisac laeight for
waves tested with bow 1.
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Figure 5.2.2 Ratio between generated wave height and requisac laeight for
waves tested with bow 2.
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Figure 5.2.3 Ratio between generated wave height and requisac laeight for
waves tested with bow 3.

5.3  Ship motions

5.3.1 Sinkage and trim in still water

When running in still water, ships normally expaede some sinkage and trim.
This is caused by the unevenly distributed presearéhe hull due to water flow
passing the hull. Depending on velocity and hudip the values of these terms
can be large and they can make significant cortidhuto the overall relative
motions. Sinkage and trim in still water were tliere measured for all three bow

shapes.

Since only the above-water part of the ship bow wasrchangeable and the
under-water body remained the same for all thregsbohe sinkage and trim in
still water are expected to be similar for all #areow shapes. If the sign
conventions for heave and pitch are defined asignre 5.3.1, the sinkage and
trim in still water are as in Figures 5.3.2 and.3.3s expected, the sinkage and

trim values did not vary much between the bowstest
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Figure 5.3.3 shows that trim caused by ship runrimgstill water was not

significant, staying well under 10 percent of a reeg Sinkage, however, was
considerable especially at higher velocity. It test nearly 10mm, or

approximately 7.4 percent of the draught, at v&joof 1.50m/s or Fn = 0.30

(Figure 5.3.2).

T +ve heave

<] +ve pitch

LCG ) < X

v

Figure 5.3.1 Sign conventions of heave and pitch.
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Figure 5.3.2 Sinkage of ship running in still water.
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Figure 5.3.3 Trim of ship running in still water.

5.3.2 Ship motions in waves

Ship motions were measured by the LVDT's as deedriin section 4.9.4.

Normally, green water is likely to take place whemter surface exceeds
freeboard. The ship experiences vigorous motionksthis is usually the case in
aggressive sea conditions. Many non-linearitiesimrelved in such cases. They
are associated with the local effects, bow geometty. which are difficult to

include in the prediction. High discrepancy betwepredicted data and
experimental data for ship motions in hostile weattonditions, therefore, exist,

causing the assessment of green water incidergdornbe a genuine hardship.

Figures 5.3.4 to 5.3.9 compare the heave and Bifo@’s from experiments with

predicted values using non-linear strip theory radtby Crossland and Johnson
(1998). It is noted that the strip-theory methotually predicted the motions in
large-amplitude waves better than in smaller-amgétwaves. For wave heights
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of 43mm and 57mm, which were equivalent to 3m amad &t full scale,

respectively, the strip theory over-predicted titehpRAO’s by up to 33 percent
and the heave RAQO’s by up to 25 percent. At lagave heights of 86mm and
114mm (6m and 8m at full scale, respectively),dher-prediction was only up to

about 15 percent for heave and 20 percent for RisD’s.

It was noticed during the tests that green watex Waly to happen in the\¢L )
range of 0.4 to 0.6. Note thad, defined as encountered wave length, was used for
ease of relating relation between the distance ttiatship travelled from one a
wave peak to the next with the ship lenghe was calculated based on
encountered frequencye. It was the combination of steep waves and large
motions that resulted in green water. At smallevel@angth, the wave steepness
was larger but the ship motions were smaller regguinh a non-critical condition
and hence no green water took place. At larger igagéh, the motion could be

larger but the waves were less steep. As a regaktn water might not occur.

5.3.3 Effects of green water on ship motions

The shipment of green water onto deck did affeetsthip motions as indicated by
Dillingham (1981) and Liut et al. (2002). With itsass and its dynamics, green
water did create extra pressure on deck and tfiieeimced the motions equations.
This influence could clearly be seen in Figures.o.® 5.3.9. For most ship
motion theory without green water on deck, lindaory is assumed in which the
transfer functions or the RAO’s were derived andduso find out the motion
amplitudes based on the wave/wave slope amplitudesording to this
assumption, the RAO’s do not change with the wae®Htt; and in fact for
smaller waves (H = 43mm and H = 57mm in Figures45® 5.3.9), the
experimental data more or less verify this behavidbiowever, at higher wave
heights (H = 86mm and 114mm in Figures 5.3.4 ta9),3vhen green water took
place in the XJLyp) range of 0.4 to 0.6, the motion amplitudes reduce

considerably by more than 10 percent. This cleianiylied that the mass of green
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water did actually apply the loading on the de@ysing a compensating moment
around the midship. Pitching moment was relievedaime extent as a result and
this reduced the ship motions. Also, non-linearyjamey due to above water hull
form and non-linear damping in cases of excessiative ship motions could
play considerable part in this behaviour.

1.4
¢ H=114 mm
1.2 1
= H= 86 mm
1.0 -
o -
A H= 57mm
< 0.8
O
§ 0.6 1 x H= 43mm
T
0.4 - —x—H =114 mm
(Strip theory)
0.2 | e H= 86 mm
0.0 | ‘ | (Strip theory)
0.25 0.50 0.75 1.00 1.25
relLpp
Figure 5.3.4 Heave RAOQO'’s of bow 1 at Fn = 0.20.
14 e H=114mm

m H= 86 mm

A H= 57mm

x H= 43 mm

Heave RAO

—%—H =114 mm
(Strip theory)

e H= 86mm
0.0 ‘ ‘ ‘ (Strip theory)

0.25 0.50 0.75 1.00 1.25

relLpp

Figure 5.3.5 Heave RAO’s of bow 1 at Fn = 0.25.
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Figure 5.3.6 Heave RAO’s of bow 1 at Fn = 0.30.
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Figure 5.3.7 Pitch RAO’s of bow 1 at Fn = 0.20.
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Figure 5.3.8 Pitch RAO’s of bow 1 at Fn = 0.25.
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Figure 5.3.9 Pitch RAO’s of bow 1 at Fn = 0.30.
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5.4 Relative motions

As discussed before in Chapter 3, relative motioetsveen main deck and free
water surface are instrumental for occurrence afeqr water. Fundamental
elements that contribute to these relative motiootude ship motions, incident
waves, bow waves and diffracting waves. The foltayiSections present the

relative motions and its components.

5.4.1 Uncorrected relative motion

From the ship motions measured, the uncorrectedotional relative motions
could be found by subtracting the ship motions iy élevation of undisturbed
incident waves:

r=s-{ (5.4.1)

where s represents the absolute motion responsg iartte incident wave:

S$=N3t+XNs (5.4.2)
ns = heave displacement

Ns = pitch displacement

X = longitudinal distance forward of centre of gtav

The freeboard of the point where the relative nmtineed to be calculated is then
added to equation (5.4.1) to find the relative i between the free surface and

the point of interest:

r=s-{ +FB (5.4.3)
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Equation (5.4.3) would give the relative motionsween the location of interest
and the free water surface if the incident waveewest disturbed. However, due
to the presence of the ship, the incident wave dm¢saffected by disturbances
referred to as swell-ups in Chapters 2 and 3. Tdmponents of water swell-up
around the ship include the bow wave, the latexdiated wave as a result of the
ship heaving and the longitudinal radiated wavéhatbow due to ship pitching

into the water.

Based on equations (5.4.2) and (5.4.3), notiorlative motions could be derived
from experimental data for various locations. Feguis.4.1 shows exemplary

results of the notional relative motion at the stesad in one of the test.

This notional relative motions was then combinethwhe swell-ups to get the
corrected relative motions between the locationntérest and the free water

surface.

pitch 0.2

E waves_wpl

notional_stem
e 0
freeboard_stem

0.5 1 1.5 2 25 3
time
(seconds)

Figure 5.4.1 Notional relative motions between stem head are® fwater
surface when ship travelled at Fn = 0.20 correspgni regular full-scale waves
of 8.0m height and 12.0s period.
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5.4.2 Calm water bow wave

Figure 5.4.2 shows the bow wave heights at thetitmts of wave probe 1 and
wave probe 2. Note that the bow wave should esdbntie measured at the ship
side surface. Experimentally, this was difficultedto the curvature at the ship
side. If the wave probe was faired and attachdudt og the ship side surface, there
will be a difficulty in converting the recorded vals into the height of the bow
wave because the curvature of the ship side ismrashematically known. The
values in Figure 5.4.2, therefore, only give a gatwe expression of what a bow
wave could have generated. These values shouldenteated as the bow wave
used in equation (3.2.5) for calculating the caedcrelative motions between

ship bow and free water surface.

Regarding Figure 5.4.2, since wave probe 1 wadddcat a distance (equivalent
to the overhang) ahead of the front end of theegdingth, it was not affected by
any hull-born disturbance to the free surface bseatlhe ship was travelling
forward. Therefore, the measurements of the bowewatvthis location were all
zeros. However, at the front end of the wettedtlengideo tracking revealed that
large bow wave was generated and this wave traigrpssed aft. The amplitude
of this bow wave was proportional to velocity oftkhip. Estimation via the
chequered lines on the side of the ship bow indit#tat the bow wave reached a

height of approximately 40mm at Fn = 0.30.

Recordings by wave probe 2 at the starboard sidgation 9 were the radiated
bow wave as it was progressing away. As seen,eabdiginning, the bow wave
height at this location increased as the velocitgreased. However, as the
velocity reached 1.0m/s, bow wave height at thisalmn dropped before it
increased again. This behaviour should not be asehe general behaviour of the
bow wave since the wave probe was at a distance fine ship side surface (see

Figure 5.4.3). As the velocity changed, not onlg tie amplitude of the bow
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wave changed, the wavelength also changed. If wavee 2 happened to be at
the trough of this wave train, the measurementd:ballow as noticed.

40

35 | ¢ Bow wave heightatwp 1

301 —=— Bow wave heightatwp 2

Mean bow wave height (mm)

0.00 0.25 0.50 0.75 1.00 1.25 1.50

Tested velocity at model scale (m/s)

Figure 5.4.2 Bow wave recorded at wave probes 1 (stem head) andt(s9).

Wave probe 2

©

269 mm
|

136 mm

43 mm

Figure 5.4.3 Relative position of wave probe 2 to ship surfatstation 9.
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5.4.3 Dynamic swell-up

Measuring of dynamic swell-up requires a fully dedéd experimental setup
which is outside the scope of this research. Howefrem the recordings of
relative motions by wave probes 1 and 2, the effe€dynamic swell-up could be

interpreted to certain extent.

Blok and Huisman (1984) evaluated the relative wangtions around a frigate
bow. Based on the earlier work by Tasai (1961)y thhesented a dynamic swell-
up coefficient (SUC) for the relative wave motiotelculated with linear strip

theory:

rs =SUCxr, (5.4.4)

rs is the relative wave motion including swell-up andis the relative wave

motion as a result of heave, pitch and undistuibedient wave. Using equation
(5.4.4) as the basis, swell-up coefficients welewated from the exact relative
motions measured by wave probes 1 and 2 and tienabtelative motions based
on equations (5.4.1). These coefficients are ploiteFigures 5.4.4 to 5.4.9 for
bow 1. Even though SUC’s were also measured inetsts with bow 2 and bow3,
the inclusion of all the data in this thesis provede too extensive. Within the
scope of this research, comparison could only bdenfar key parameters. The
main focus was on the developing a hydraulic maeael modelling framework to

simulate green water on deck.

Wave probe 1, as mentioned earlier, was locateddistance ahead of the front
end of the wetted length. The disturbance due o Wwave and dynamic swell-up
due to the pitching motion was relatively smalln& the ship was moving at
forward velocities, the radiated wave train dugh®e ship bow pitching into the
water was even less likely to catch up with wavabprl. The swell-up coefficient

at this location should, therefore, essentiallychmse to unity (Figures 5.4.4 to
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5.4.6) and the corrected relative motions wereuglly fully dominated by the

notion relative motions at the location.

It should be noted that after green water was sipmto deck, it would start to
drain away off the deck due to deck camber angitobing motion which led to

deck sloping. Wave probe 2 was located at the csadbside of station 9 and it
was standing in the way of green water that draawaly. As this happened, wave
probe 2 would give the signal as if the deck haenbexceeded at this location.
There were, of course, cases when the deck at prade 2 was really exceeded.
However, it is really difficult to distinguish thgvo events. Relative motion and
swell-up coefficient at wave probe 2 were therefordy derived for the cases

when green water did not take place.

As discussed earlier in Section 5.4.2, dependinthervelocity, the bow waves at
wave probe 2 could be anything between a crestamaugh. The swell-up
coefficients measured at wave probe 2 might, tleeeefnot be the maximum

swell-up that could have been.

Figures 5.4.7 to 5.4.9 show that the swell-up foaaehts fluctuated considerably
about the mean values. There was not any obvidteretice between the mean
values between different velocities. If plotted @tiger, the mean value for swell-
up coefficient for three velocities tested was agpmnately 1.81 and the standard
deviation was 21.84 percent. This strongly indidatieat swell-up significantly

contributed to relative motions and it was highbnsitive to the encountered

frequency.
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Figure 5.4.4 Swell-up measured by wave probe 1 (stem head)satvedocity

equivalent to Fn = 0.20.
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Figure 5.4.5 Swell-up measured by wave probe 1 (stem head)satvedocity

equivalent to Fn = 0.25.
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Figure 5.4.6 Swell-up measured by wave probe 1 (stem head)satvedocity
equivalent to Fn = 0.30.
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Figure 5.4.7 Swell-up measured by wave probe 2 (station 9) sit velocity
equivalent to Fn = 0.20.
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Figure 5.4.8 Swell-up measured by wave probe 2 (station 9est velocity

equivalent to Fn = 0.25.

25
m H= 43 mm
[ ]
w 2.0 -
S X
(3] ¥ A * ¢ A H= 57mm
5 1.5 -
S
o x H= 86 mm
2 1.0
2
H=114 mm
? 05 ¢
0.0 | | ‘ ——Mean Value
0.25 0.50 0.75 1.00 1.25
2elLpp

Figure 5.4.9 Swell-up measured by wave probe 2 (station 9) sit velocity
equivalent to Fn = 0.30.
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5.4.4 Corrected relative motions

As explained in Section 3.2.2 of Chapter 3, thaamied elevation of disturbed
wave is the synthesis of the incident wave andidisince factors, i.e. bow wave
and swell-ups (see equation (3.2.5)). Subtractingftom the absolute motion of
the ship will give the corrected relative motioretveeen the bow and free water
surface (see equation (3.2.13)). Figure 5.4.10 shine waves, notional relative
motion and corrected relative motion of the stenadhevith respect to water
surface. The freeboard of the stem head in stitewaas also plotted. The flat
peaks in the corrected relative motion curve c@oaded to keel emergence
events when the whole wave probe 1 was out of tiiervand the signals were cut
off. Free board exceedance was also noticed asutive goes below zero, which

means that the stem head went below the free wat&ce.

Figures 5.4.11 and 5.4.12 show the corrected velatiotions of the water surface
with respect to the stem head and deck at statioaspectively. The conditions
were the same as in Figure 5.4.10. Freeboard casebe exceeded by water
surface at both locations. By expanding the cuoreafclose-up view, it could be
noticed that at the stem head, there was a shsepofi water elevation prior to
freeboard exceedance. This could be due to thd-swedf local water. At that
time, wave probe 1 was closest to the stem andwledi-up could be picked up.
At station 9, freeboard was also exceeded andnmassfollowed by the draining of
green water off the deck at this location. It ekma the broad peaks in the

curves.
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Figure 5.4.10Notional and corrected relative motions betweesmshead and
free water surface when ship travelled at Fn =,0a2@ equivalent regular full-

scale waves of 8.0m height and 12.0s period. (F‘H
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Figure 5.4.11 Relative motion at stem head.
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Figure 5.4.12 Relative motion at station 9 on starboard side.
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5.4.5 Relative motions and green water occurrence

When relative motions between any point on the dmuk free water surface are
large, water is likely to enter the deck. In thgpemments, the easiest way to
detect a green water event was by observing therdiegs of wave probes
located in the deck area (WP3 to WP10 in Figured4ds Figure 4.9.9). In this
research, wave probes 3 and 4 were used for dejegteen water events because
they were closest to the stem head and the sigmete, therefore, clearest.

Sample results are as in Figure 5.4.13.

0.1

O L

0 2 4 6 8 10 12 14

time
(seconds)

Figure 5.4.13Recordings of wave probes 3 and 4 from which greater could
be detected when ship travelled at Fn = 0.20 inlezgvaves of equivalent height
of 8.0m and period of 12.0s at full scale.

Combining Figure 5.4.11 with Figure 5.4.13, it waear that in this situation,
green water took place every time freeboard atstieen head was exceeded.
However, it was interesting to notice during thepemments that in some
conditions, water did not actually exceed the datkhe stem head but green
water did take place. Figures 5.4.14 and 5.4.1Wwde such example. The stem
head was not exceeded by water (Figure 5.4.14gkaén water was definitely
recorded by wave probes 3 and 4. The average heiglgreen water was
approximately 3mm which indicated a very small gitgrof green water. Tracing
the video monitoring, it appeared that green wadek place in the first type as
described in Section 4.9.6. When pitching into upeoming waves, water ran up
and was shed upwards off both sides of the bow.éNmebe 1 did not pick up
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this water run-up since the water was not pasdiegstem head. However, the
water that was shed off the sides of the bow larmlezk on the forecastle deck
due to the forward velocity of the ship and resiiitea green water event Hence,
it was the combination of water run-up at the baw the forward velocity of the

ship that led to the occurrence of green watehimgituation.

0.2

0.1
waves_stem

E corrected_stem ("

freeboard_stem

0.1

0.2
0 0.5 1 15 2 25 3

time
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Figure 5.4.14 Free surface as recorded by wave probe 1 in cosgpato free
board at stem head when ship travelled at Fn =i@.2&gular waves of equivalent
height of 4.0m and period of 12.0s at full scale.
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Figure 5.4.15Recordings of wave probes 3 and 4 when ship tedet Fn =
0.25 in regular waves of equivalent height of 4.8nd period of 12.0s at full
scale.
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5.4.6 Relative motions and keel slamming occurrence

Bottom slamming can take place when the relativéionas large and the keel
emerges, out of the water. Slamming could be seéigures 5.4.11 and 5.4.12 at
the time the troughs of the corrected relative ortiwent flat. The water surface
at these times went below the keel, and hencegfoilite range of wave probes 1
and 2. The signals were therefore cut off. Slammiragvever, is not the target in

this research and no further investigation wasedwut.

5.5 Relation between relative vertical velocity andelative
longitudinal velocity between stem head and free wer surface

Greco et al. (2005) stated that the type of flovs waverned by the ratio between
the relative vertical velocity and the relative d@mdinal velocity between the

bow and the water. If this ratio is large, a damabr flow could be expected.

When the relative vertical velocity was compardbleor smaller than, the relative
longitudinal velocity, the water might enter aslanging breaker. The plunging

breaker could create a cavity or air gap near tiye ®f the deck. At a later stage,
when this cavity had collapsed, the flow had sintiks to the dam-breaking flow

Greco et al. (2007).

The relative vertical velocity was derived by takithe derivative of the relative
vertical motion between the bow and the water serfaith regard to time. Since
stem head was usually where green water first fdake, the relative motion at
this location was used to derive the relative eaftivelocity between bow and
water. Correction for pitching was also made to ¢at vertical velocity

component.
The relative longitudinal velocity between bow anmdter at the stem head was

difficult to measure because of the disturbancedrée surface around this

location. Therefore, relative longitudinal velocibetween bow and undisturbed
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incident wave at the stem head was used for cosgrariThis velocity was equal
to the addition of the ship’s velocity and the kontal particle velocity of

undisturbed incident wave.

Figures 5.5.1 and 5.5.3 show sample results ofivelaertical and longitudinal

velocities (denoted by zvel and xvel, respectivgdgtted alongside recorded
relative motions of the stem head. When wave hergit small and no green
water took place (Figure 5.5.1), both velocitiesewelatively sinusoidal. Relative
vertical velocity showed some slight dynamic bebaviat high frequency but it
was small compared with overall variation. Theaaif relative vertical velocity

to relative longitudinal velocity in this case walstted in Figure 5.5.2. As seen,

this ratio in small wave heights was less than one.

When wave height was large and green water tootep{Bigure 5.5.3), relative
horizontal velocity remained relatively sinusoidahd was dominated by the
velocity of the ship. Relative vertical velocitypwever, showed considerable

dynamic behaviour.
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Figure 5.5.1 Relative vertical and longitudinal velocities alomgth relative
motions recorded by wave probe 1 when ship tragedieFn = 0.20 in regular

waves of equivalent height of 4.0m and period o042t full-scale.
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Figure 5.5.2 Ratio of relative vertical velocity to relativengitudinal velocity
when ship travelled at Fn = 0.20 in regular waviesquivalent height of 4.0m and

period of 12.0s at full-scale.
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Figure 5.5.3 Relative vertical and longitudinal velocities alomgth relative
motions recorded by wave probe 1 when ship tragedieFn = 0.20 in regular

waves of equivalent height of 8.0m and period o0&t full-scale.
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Figure 5.5.4 Ratio of relative vertical velocity to relativengitudinal velocity
when ship travelled at Fn = 0.20 in regular waviesquivalent height of 8.0m and

period of 12.0s at full-scale.
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Figure 5.5.5 Maximum ratios of relative vertical velocity tolatve longitudinal

velocity when ship travelled in regular waves ofieglent height of 8.0m at full

scale.

Before a green water event took place (Figure }.58 relative vertical velocity
increased sharply over a short time, resulting ihigh ratio (average at 3.62
times) between the two relative velocity componégRktgure 5.5.4). According to
Greco et al. (2005), green water in such case dhoeltreated as a dam-break
model. Figure 5.5.5 plotted the maximum ratios eftive vertical velocity to

relative longitudinal velocity in the conditions @i green water was shipped onto
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deck as solid mass. Note that at higher velocifies = 0.25 and 0.30), green
water shipment became more severe but the ratibseba the two relative
velocities were smaller. In Section 5.3.3, it wascdssed that green water mass
on deck helped to reduce the motions of the smpother words, the vertical
motions of the ship bow were subdued by green watedeck. This reduced the
vertical velocity of the deck as the ship pitched of the water. As a result, the
relative vertical velocity reduced and so did tagas in Figure 5.5.5. Figure 5.5.5
showed that the relative vertical velocity at thens head was approximately 2.5
times higher than the relative longitudinal velgciThe flow characteristics, as

reported by Greco et al. (2005), were dominatethbydam-break model.

5.6 Velocities of green water flow on forecastle dk

As described in Section 4.9.7, the longitudinaloegles of green water flow on
forecastle deck could be approximated from the ndings of the two wave

probes aligned along the deck.

Firstly, the entry velocity of green water was mstied based on the time lag
between the recordings by wave probe 1 and waugepr8 and 4. Note that wave
probes 3 and 4 were not directly behind wave prbbalong the centreline.

Instead, they were symmetrically located on eithide of wave probe 1. The
average measurements of wave probes 3 and 4 wasisisa approximation. The
projected distance on x-axis between wave probedlwave probes 3 and 4 was
70mm. Dividing this distance by the time lag gitles approximate entry velocity

of green water.

Figure 5.6.1 plots the ratios between the magnitbfdée absolute entry velocity
(with respect to earth) and the ship velocity farious wave frequencies. Only
occasions when solid mass of green water was shipp® the deck were plotted
in Figure 5.6.1. The wave height was thereforddhgest and it was equivalent to

8.0m at full scale. In other occasions when greextewtook place in small
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guantities, green water entered the deck in ardiftemanner and this is discussed
later. The mean value of the ratios in Figure 518.10.87 and the standard
deviation is 14.3 percent. This indicates a fluttureof the data. Nevertheless, the
entry velocities were very close to the ship velesi The fact that the average
entry velocity was slightly smaller than the shiglocity implies that the water

was pushed back when the ship pitched into therwates was quite reasonable

considering the large flare of the bow.

Likewise, the magnitude of the absolute translatielocity of green water flow
on deck was also approximated via the time lag éetwthe recordings by wave
probe 6 and wave probe 9. As shown in Figure 4Wa&e probe 9 was directly
behind wave probe 6 in the centreline. The veloai#s obtained by dividing the
distance between these two probes (77.5mm) byithe lag. It was then non-
dimensionalised by the ship velocity and the reisufilotted in Figure 5.6.2. The
mean ratio is 1.24 and the standard deviation i4 pdrcent. The fact that green
water was translating in the opposite directioth® ship at higher velocity really
meant that if somebody stood on the deck, he wee&dthe water come towards
himself. Comparing Figure 5.6.2 with 5.6.1, it walsserved that green water
accelerated on deck after it had entered. Thisla@at®n could be attributed to
several factors. Firstly, green water entered thekdwhen the ship pitched
deepest into the water. Then, the ship startedc¢bh put of the water and the deck
would soon slope backwards. The green water, nothemleck, would therefore

start to accelerate due to gravity:
a'gravity =gx Sin(rIS) (5-6-1)

Secondly, when translating along the deck, thehtef green water also reduced
(see Section 5.9). Part of the potential energy twaassformed into kinetic energy

and the velocity of the water flow increased.
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For the cases such as in Figure 5.4.15 when gredarviook place in small
guantity, similar technique could also be usedstinete the relative longitudinal
velocity between green water and the ship. In pracsevere green water usually
forces involuntary reduction of velocity. In doisg, the ship may get itself out of
the aggressive encountered frequency range and hawvagid the threat of severe

green water.
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Figure 5.6.1 Entry velocities of green water flow into the decka.
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Figure 5.6.2 Translation velocity between wave probe 6 and wawebe 9.
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Figure 5.6.3 Recordings of wave probes 3 and 4 when ship tedet Fn =
0.05 in regular waves of equivalent height of 8.8md period of 12.0s at full

scale.

Figure 5.6.3 shows the recordings of wave probas®4 when the ship model
was travelling at 0.25m/s (equivalent to Fn = 0.@9mpared with Figure 5.4.13
when the ship model was running at 1.0m/s (Fn ©)Qthe average green water

height was reduced by 75 percent from 77mm to 18mm.

5.7 Relation between freeboard exceedance and gresater
height on forecastle deck

In this Section, the relation between freeboarceedance and green water height
on forecastle deck is investigated. By subtracting vertical relative motions
measured at wave probe 1 by the freeboard at stead, hthe freeboard
exceedance was obtained. Note that there were ecds®s freeboard was not
exceeded at the stem head but at a nearby lod@@enSection 5.4.5 and Figure
5.4.15). However, since the relative motion way anéasured at the stem head in
this research, comparison was made at this locatiorordingly. For more
detailed investigation in this regard, more wavebes are suggested to be

mounted around the front area of the forecastl&.dec
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Green water heights on forecastle deck were takewctty from the wave probes
located at the centreline of the ship. At the fadvaerpendicular location (Figure
4.9.9) where there was no wave probe located atdghteline, the mean value of

wave probes 3 and 4 was taken for comparison.

Buchner (2002) analysed the test data with FPSOefmahd concluded that the
relation between the free board exceedance at boivatine and water height on

deck was almost lineatr,

How = & x FBE (5.7.1)

where Hw represents green water elevation on deck BBE represents free
board exceedance at bow centreline or stem heagffiGent & was determined
with least square fit through the measurement pdimtregular waves (Buchner,
2002). Note should be taken that for FPSO, greetemtasts were carried out
without any forward velocity. The interaction betweghip hull and waves were
therefore less severe. The shipment of water oat,das a result, could be more

random and scattering in nature.

Figures 5.7.1 to 5.7.9 shows the variation of therage green water heights on
deck measured by wave probes along the ship cewtrelith the freeboard
exceedance at stem head. It could be seen thaillpube relation between green
water height on deck and freeboard exceedanceelasvely linear and took the

form of:

Hew =a x FBE + Iy (5.7.2)
where both values ofpaand ky are positive and are as in Table 5.7.1. The
interesting point noticed for all the cases wag tiraen water could take place

when freeboard at stem head was not exceeded .aftad was contrast to
Equation (5.7.1) by Buchner (2002) which impliedttfoa the stationary ship like
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FPSO, green water only took place when the freebadr stem head was
exceeded. As described in section 5.4.5, greenrwatnts when stem head was
not exceeded by water were usually caused by wateting up the sides of the
ship. Even though such green water events were @il sqoantity, they did

indicate that green water could take place wherfrdeboard was not essentially

exceeded.

Figures 5.7.1 to 5.7.9 show that the linearity wkesrest for wave probe 9. Data
from wave probes 3/6 and 6 show more scatteringeqest This could be

attributed to the presence of shed water mentioneSection 4.9.6. Recall that
collectively, green water on deck comprised of teomponents. The first

component was the water that was shed off the ddgke and later caught up by
the ship. The second component was the water thshdt onto the deck as the
forecastle deck went below the water surface. Thmédo was essentially similar

to a splashing of water. It was normally small uagtity and was, therefore, more
random in nature. Wave probes 3/4 and 6 were closéne stem so they were
more likely to catch this water splash. Their reaugd were, as a result, more
influenced by this random water. At lower velocitiie interaction between ship
and water was less severe and so was this wasgshsplhe water height on deck
was more dominated by the influx of solid mass eg water and its relation
with the freeboard exceedance became more linesnpgare Figure 5.7.4 with

Figures 5.7.5 and 5.7.6 for wave probe 6).

At furthest back, wave probe 9 was least influenbgdthis water splash and
therefore its recordings were much less scattedngiethodology to determine
the coefficients @ and I in equation (5.7.2) proved to be difficult since
physically, they depended on many factors. Theseded bow shape, deck area,

ship velocity, wave conditions, etc.
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Figure 5.7.1 Relation between free board exceedance at stend laeal
maximum green water height at the wave probes 34awthen ship travelled at
velocity equivalent to Fn = 0.20.
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Figure 5.7.2 Relation between free board exceedance at stend [aeal
maximum green water height at the wave probes 34amthen ship travelled at
velocity equivalent to Fn = 0.25.
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Figure 5.7.3 Relation between free board exceedance at stend [aeal
maximum green water height at the wave probe 3/&nwbhip travelled at
velocity equivalent to Fn = 0.30.
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Figure 5.7.4 Relation between free board exceedance at stend [aeal

maximum green water height at the wave probe 6 vangm travelled at velocity
equivalent to Fn = 0.20.
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Figure 5.7.5 Relation between free board exceedance at stend [aeal
maximum green water height at the wave probe 6 veigm travelled at velocity
equivalent to Fn = 0.25.
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Figure 5.7.6 Relation between free board exceedance at stend [aeal
maximum green water height at the wave probe 6 vangm travelled at velocity
equivalent to Fn = 0.30.
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Figure 5.7.7 Relation between free board exceedance at stend [aeal

maximum green water height at the wave probe 9 veigm travelled at velocity
equivalent to Fn = 0.20.
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Figure 5.7.8 Relation between free board exceedance at stend [aeal

maximum green water height at the wave probe 9 vahgm travelled at velocity
equivalent to Fn = 0.25.
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Figure 5.7.9 Relation between free board exceedance at stend [aeal
maximum green water height at the wave probe 9 veigm travelled at velocity
equivalent to Fn = 0.30.

Table 5.7.1 Polynomial coefficients of the least-square fitlieés.

Fn=0.20 Fn=10.25 Fn=10.30
Qo bo ao bo a0 bo
WP3/4 | 1.2485 0.0335 1.3202 0.0384 0.04505 1.3316
WP6 0.7623 0.0214 1.2655 0.0316 1.8083 0.0511
WP9 0.4806 0.0219 0.4941 0.0198 0.0222 0.8691
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5.8 Green water height at different locations on fieecastle deck

Containership S175 has a relatively parabolic fasde deck (Figure 5.8.1).
When the bow pitched into the water, water statedenter the deck in the
direction relatively normal to the deck edge. Havia transverse velocity
component, water tended to head towards the camdref the ship bow. This led
to a concentration of green water along the cant&eln other words, along a line
drawn athwart ship on the forecastle deck, greetemiaeight at the centreline
would be larger than green water heights on eidiée. This trend was well

reflected by experimental data.

Figures 5.8.2 and 5.8.3 present the ratios of taeemheights measured by wave
probes 5 and 7 to that by wave probe 6. Note tleatewprobes 5, 6 and 7 were
located athwart ship with wave probe 6 at the edine and wave probes 5 and 7
on the sides (Figure 4.9.9). As seen, in all treesathese ratios were smaller than
1.0. This strongly indicated that there was a cotmaéon of green water along

the centreline of the deck. This is further cordatied by Figures 5.8.4 and 5.8.5
where the ratios of green water heights measuresdawe probes 8 and 10 to that

by wave probe 9 are presented.
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Figure 5.8.1 Approximate visualisation of intrusion directiohgreen water and

shapes of frontlines of green water on forecasttekd
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Figure 5.8.2 Ratios between maximum green water elevation nmedday wave
probe 5 and that by wave probe 6.
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Figure 5.8.3 Ratios between maximum green water elevation nmedday wave
probe 7 and that by wave probe 6.
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Figure 5.8.4 Ratios between maximum green water elevation nmedday wave

probe 8 and that by wave probe 9.
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Figure 5.8.5 Ratios between maximum green water elevation nrmedday wave

probe 10 and that by wave probe 9.
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5.9 Longitudinal green water loading

Longitudinal green water loading can be referrecasothe loading on vertical
surfaces on deck. Before going further into theleis of this parameter, it is
noted that during the tests without breakwaters,ltiads measured by load cells
on the top row of the load cell box (load cells2land 3) were smaller than the
lower limit of the measuring range (see Section5}.5 he signals from these load
cells were, therefore, dominated by the noise aacewsubsequently ignored. The
analysis was therefore carried out only for thedi@dow and bottom row of load
cells on the load cell box (i.e. load cells 4 tm%igure 4.5.5). Figures 5.9.1 and

5.9.2 show examples of the longitudinal green wiatads recorded by these load

cells.
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Figure 5.9.1 Longitudinal green water loads on middle-row leatls (load cells
4, 5 and 6, respectively) when ship was traveland-n = 0.30 in regular waves

having height and period equivalent to 8.0m an@42t full scale.
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Figure 5.9.2 Longitudinal green water loads on bottom-row laatls (load cell
7, 8 and 9, respectively) when ship was travellbd-n = 0.30 in regular waves

having height and period equivalent to 8.0m an@42t full scale.

Figure 5.9.3 shows a typical impact load (extractenn the time history of

impact load on load cell 8 in Figure 5.9.2). Thisdocurve has three key
characteristics, i.e. the primary peak load, tke time to this peak load and the
secondary peak load. After being shipped onto trechstle deck, green water
forms a bore and surges towards the load-cell Duié to the pitching motion, the
velocity of green water flow increases along theywieor surfaces that directly
face the water bore like load cell 8, the impacyha treated as the impinging of
a water jet on a flat surface (see Section 2.3Bg peak impact load is then a
function of the squared velocity of the front watéhe kinetic energy of the front
water was absorbed by the vertical surface ovehat gime, resulting in the

primary peak impact load. The time taken to re&ehprimary peak impact load is
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referred to as the rise time. Rise time is veryangmt as it results in vibration in
the structure. If the natural frequency of the dinee happens to be the same as

the inverse of the rise time, unwanted resonangetaie place.

After the primary peak, water accumulated in froftthe surface and the load
becomes more of a quasi-static nature. Therefoee|dhding reduces quickly.
Note that the accumulated water also helps to dii@dow-up water to upper
locations and thereby creates the water run-ugantfof the vertical structure.
Kinetic energy transformed into potential energytles water runs up. At some
point, this water will start to fall back on theatteand in front of the vertical
surfaces before dispersing away. At the time thmumelated mass of water in
front of the surface closest to deck (like load &lwas largest, the secondary

peak load takes place. The load was more or lestoditatic pressure.

Primary peak load

(N)

Ic8

Secondary peak load

0 |
0 0.2: 0.4 0.6 0 1
| time
—_— e (seconds)
Rise time

Figure 5.9.3 Typical time history of a green water impact loaecarded
(equivalent to Fn = 0.30, H=8.0m and T = 12.0kktscale).
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In order to investigate the relation between impaat at location close to deck
level and the freeboard exceedance (FBE), Buch?@02) reported that it is

quadratic in the form:

F

mpact = 8 X FBE? (5.9.1)

where @ is a constant that could be found by empirical hodt Figure 5.9.4

plotted the variation of peak impact loads on lazdl 8 with the freeboard
exceedance at three ship velocities. The data atefica relatively scattering
pattern that surely did not reflect the relationEquation (5.9.1). Note that the
experiments carried out by Buchner (2002) usedosiaty FPSO models whilst
the models tested in this research had forwardciteds. This could be the factor

that accounted for this difference.

Going back to the problem of a water jet impingga flat surface, Suhara et al.
(1973) proposed the following empirical formula festimating the peak impact

pressure:
P=CpUj, (5.9.2)

C was set at 1.40 for bottom slamming situationan attempt to re-evaluate this
equation, peak impact pressures on load cell 8 wértted against estimated
green water velocities (see Section 5.6) in Figbi@®5. Similar to what was
noticed by Buchner (2002), the use of C = 1.4 iuatign (5.9.2) would
overestimate the peak impact pressure on a pan¢heofsize of load cell 8
(5cmx5cm at model scale or 3.%3.5m at full scale). The maximum impact

pressure corresponded to C = 0.8.
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Buchner (2002) also stated that the peak forcenmtre breadth was an important
parameter because it expressed the rate of chanfieear momentum at the

moment the maximum water height at the deck reattieestructure:

F

peak _ 2

——=pH_ .U 5.9.3
breadtl P-Fimax-gw ( )

Figure 5.9.6 plotted this relation and water heigb¢d for equation (5.9.3) was
the water height measured by wave probe 9 (clasettad cell 8). The least
square fitted line had a slope of 0.57 whilst theximum slope was
approximately 1.42. The corresponding slopes quibyeBluchner (2002) based on
his experimental data for FPSO’s were 0.40 and,Ir@§pectively. This means
that the rate of change of linear momentum insearch were higher in the case
for FPSO by approximately 14 percent. The differecoelld be due to the
forward velocity of the ship.

9 11 o Experimental data
8 || — Coefficient C = 1.40
71| — Coefficient C = 0.80

Pressure (kPa)

t 4 ;
4 b &

0 1000 2000 3000 4000 5000 6000 7000

2
0.Ugw

Figure 5.9.5 Peak impact pressure on load cell 8 as a funafdhe square of

the water front velocity .
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Figure 5.9.6 Peak force per metre breadth on load cell 8 asinmtibn of
maximum green water height measured by wave prabelfiplied by the square

of the water front velocity.

Returning to equation (5.9.2), it is indicated thia¢ impact loading is highly
dependent on the incident velocity of the watethd water jet impinges the flat

plate at an incident angl equation (5.9.2) can be re-written as:
P=CpUZ, cosd (5.9.4)

As described above, after the initial impact betweenrgvester and the vertical
surfaces, the water accumulated in front of the verticattre and directed the
follow-up water upwards. As the water moved upwardskiigtic energy was
transformed into potential energy so the velocity was mdludhe impact
between this run-up water and the upper vertical sasfaherefore happened at
lower velocity and also at an incident an@lle O degrees. The impact pressure, as
a result, reduced quickly. Examples can be seen tmpaong Figure 5.9.1 with
Figure 5.9.2. Figure 5.9.7 plotted the loads recordetbéy cells 2 and 5 as the
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percentage of load by load cell 8 in the test conditiors tlorresponded to
Figures 5.9.1 and 5.9.2. It is clear that green watefingareduced quickly with
height. At load cell 5, the peak load decreased by appetgly 80 percent. At
load cell 2 on the top row directly above load cell 8, It/eed reduced by more
than 95 percent.

Figures 5.9.8 to 5.9.11 show the maximum impact loadsuned by load cells in
the middle row as percentage of the maximum impact loadsurezh by load
cells in the bottom row. On average, the maximum impaat t;m middle row of
load cell box was only about 15 percent of the maximum dinfgzad on the

bottom row.

3 100%
S 0O Maximum
g Impact Load
S 05 |
s : 80% by Load Cell 8
ES
ETR
E S 60% 1 m Maximum
%33 Impact Load
=3 40% - by Load Cell §
5B
o S
c’ .
s @ o | [ Maximum
3 * 20% | Impact Load
5 by Load Cell 2
o 0% 2L

1 2 3 4 5 6 7 8 9 10 11

Impact Number

Figure 5.9.7 Maximum impact loads decreased with increased heightaaf

cell (based on measurements of load cells in middle cobfrtire load cell box).
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Figure 5.9.8 Maximum impact load measured by load cell 4 as pergentd

maximum impact load measured by load cell 7.
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Figure 5.9.9 Maximum impact load measured by load cell 5 as pergentd

maximum impact load measured by load cell 8.
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Figure 5.9.10 Maximum impact load measured by load cell 6 as pergentd

maximum impact load measured by load cell 9.
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Figure 5.9.11 Maximum impact loads measured by load cells in midde od
the load cell box as percentage of maximum impact loagssured by

corresponding load cells in bottom row of load cell box.
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5.10 Vertical green water loading

Measured green water loading was used to verify equédi.9.5) for vertical deck
pressure by Buchner (1995a, 2002). For the third ferequation (4.9.5), green
water height measured by wave probe 9 was choserptesent K, because it
was located near the centroid of the deck load catep(see Figures 4.5.8 and
4.9.9). Note that the dimensions of the deck load cek plas relatively sizeable
(98.36mmx 123.36mm). It might not be ideal for this verification bessathe
change of green water height over such a large platd cotibe as homogenous
as wanted (see Section 5.8) to apply equation (4@dperly. The comparison,
therefore, only aimed to provide some approximate ke between the
experimental data and the calculated results by this-sepirical formula.
Figure 5.10.2 shows these calculated pressure comgrideir total and the

actual deck pressure measured for comparison.

With the mean values of peak pressures being 1.58kRalculated and 1.45kPa
for experimental results, there was a good correlation dstvihe two sets of
data. Figure 5.10.1 summarises the ratios betweenlatdupeak pressure and
measured peak pressure. In general, they stayeel tak0 for 75 percent of all
green water cases. Recall that the large size of the plattk might not be ideal
for the cases when the change of green water heighth@rplate was not
homogenous. Examples of such cases were when graten shipments were of
small quantity and shipped water was splashing on éstkc deck. The non-
homogenous variation of green water height on the giaie also could also

explain why the impulses of the measured deck pressene wwoader.

Nonetheless, Figures 5.10.1 and 5.10.2 imply that geeksure by equation
(4.9.5) could give a relatively good estimate of greenewptessure when the
water shipment was amassed. In the cases when the wslmnent was

scattering, it should only be used locally.
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Figure 5.10.2 shows that the pressure component dhe tthange in green water
height was very important. Indeed, in this particular casedefined the
characteristics of the deck pressure. As noticed, thie pressures due to gravity
and due to vertical deck acceleration accounted for 3®yercent and 16 percent
of the total peak pressure, respectively. Peak pressigrdéo the change of water
height amounted to 72 percent (note that since the peskpes of component
pressures did not take place at the same time, thecadaitthese percentages did
not necessarily equal to 100 percent). Note that Pitgré pressure due to
gravity; P_accel is pressure due to vertical acceleratib forecastle deck;

P_dwp9 is pressure due to variation of water height at locatiavave probe 9.

If converting Figure 5.10.2 to full scale, it could bgured out that for this
particular case, there was an average peak presqurealent to 10 tons per

square metre distributed over a deck area of8/6m along the centreline.

30 —

20 —

Percent

10 —

\ \ \ \ \ \ \ \ \ \
04 06 08 10 12 14 16 18 20 22

Pcalculated-to-Pmeasured ratio

Figure 5.10.1Distribution of ratios between calculated peak pressure and

measured peak pressure on deck plate due to gréen wa
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Figure 5.10.2Deck pressure components, their calculated total agairesures
total pressure on deck load cell plate in the case qunneléng to Fn = 0.30, H

8.0m and T = 12.0s at full scale.
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5.11 Configuration of green water model

Amongst the main objectives of this research is to fihgidraulic model that can
well simulate green water on deck. From the analysexp&rimental data so far,

the characteristics of green water can be summaaised

*  Green water is made up by direct shipment of solid maesiter when the
deck is submerged and the water that is shed off thie edge and later

caught up with by the ship due to its forward velocity.

. Due its small quantity, the shed or splashing water is relgtikandom.
Even though it can reach high locations on deck, thditg effects of this

splashing water can be assumed to be small.

*  The real threat of loading comes from the shipment efsblid mass of
green water. This water entered the deck at a veldaifytly less than the
advance velocity of the ship. This was due to the fvaatier being pushed
backwards when the ship pitched into the water prior éemmwater taking

place.

* Once on deck, green water flow accelerated due tslilpepitching out of

the water which created a backward sloping in thedastle deck.

« Green water concentrated along the centreline and sulgach the
forecastle deck. If crashing against a vertical surfgoe,resulted impact
load would highly depend on the velocity of the front wated the water
height.

To help visualise green water profile on deck, greeremlocity derived from

Section 5.6 was multiplied with the time history of greenewatevation recorded

by wave probe 9. The result gave green water elevagiaimst the distance along
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the centreline or the water profile at the centreline gm#sed wave probe 9.
Figure 5.11.1 gives an example of such water profilervthe ship was travelling
at Fn = 0.25 in regular waves of height and periodvadgnt to 8m and 12s at full
scale. On overall, the water profile was relatively trapedardshape.

0.2
E wp9g 4
o= / —
0 0.2 0.4 0.6 0.8

Longitudinal distance (m)

Figure 5.11.1 Approximate shape of green water flow translating azkde

Buchner (2002) stated that green water flowing into @echd be simulated using
a dam-break model in which the initial dam-break height egsvalent to 9/4

times the freeboard exceedance at the stem head. Thidesigzed based on the
experiments with stationary FPSO models. For ship witivdad velocity, the

model requires some modification and the natural modifinais to incorporate

this relative velocity between ship and water behind the id&orthe simulation.

This appears to agree with the observations in this ndseashere the entry
velocity of green water was found to be relatively clmsthe advance velocity of
the ship.

Having an approximate visualisation of green water flmwdeck as in Figure
5.11.1 as a guideline, the configuration of the watessnad the beginning before
it enters the deck can be approximated for simulatioeciematic configuration

of this water mass is detailed in Chapter 6.
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5.12 Efficiency of protecting breakwaters

5.12.1 Design missions for breakwaters

A popular way of preventing green water from damagiegk structures is to use
protecting breakwaters. Depending on the available dexk and the potential
severity of green water, breakwater can be desigliéerently. If deck area is
limited, breakwater can simply be designed like a vertieatangular wall. In
such cases, the loading on the breakwater can be stidisténdeck area is
sufficient, other breakwaters can be designed notoicklgreen water in full face.
Green water can be diverted to the sides of the shighardby the impact load
can be reduced. Examples of these breakwaters inghsth@pe breakwater which

is relatively common in use and vane-type breakwater.

The design missions of breakwater, in general, are:

. Effectively break or deflect green water flow so that actploading on

critical structures can be minimised.

«  Strongly withstand the impact loading caused by grestenv

The limited deck area in the models tested in this reseaednt that only one
type of breakwater was suitable for experiments, i.¢angular breakwater. This
is also the common practice in the construction of contstiiigs nowadays. With
the high priority for accommodating more containers orkdéhe space available

for deck machineries and other appendages is leftliveitgd.
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5.12.2 Observations

After entering the forecastle deck, green water flonekrated quickly along the
deck and crashed into the breakwater. Blocked by thekimager, green water
built up in front of the breakwater and directed the follgvwater upwards.
There was water that overcame the top edge of théwadar and struck the
vertical load cells at the back. Due to the high velocityafer flow, the impact
could be relatively violent. Figure 5.12.1 shows a stoahdsthaviour of green

water during the impact with breakwater.

Figure 5.12.1 Green water crashing against breakwater, resulting Hupwwater

and scattered water.
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To reduce the force of the impact, Jarlan-type ofopated breakwater has been
adopted in many ships. The perforations in the breakwaltew part of the
incident water to go through. The momentum imparted @nkiteakwater is,
therefore, reduced and so is the load on the breakwébevever, this also means
that the protected cargo will have to face larger loadserh by the water that
goes through the breakwater. Figure 5.12.2 gives an mgaof the impact

between green water and perforated breakwater.

Figure 5.12.2 Green water flow was divided by perforations in theakwater,
resulted in some sub-flows being blocked by the bredéémvand others going

through and impact with deck structures.
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5.12.3 Protective efficiency of breakwater

In order to evaluate the protection by breakwaters, mvatres of peak impact
loads on load cells 2, 5 and 8 (along the centrelineaaf-cell unit) were plotted
for comparison. Peak values of total load on the laddunit were also compared
and results are as in Figures 5.12.3 to 5.12.10. Foretdence in identifying the
breakwaters, they were coded based on the heightdiameters of perforation.
For example, breakwater HO51D10 was referred takwater height of 51mm
with perforation diameter of 10mm (10.5mm to be exdat)l dimensions of the

breakwaters are listed in Table 4.5.1 of Section 4.5.7.

Without doubt, the breakwaters considered helped to esttutotal load on the
vertical structure by at least 50 percent. Most of the temtuevent to the load cell
closest to deck (load cell 8). Breakwaters could emeethe peak impact loads on
upper load cells (load cell 2 and 5) but such increas® sanall compared to the

total load.

When the heights of breakwaters increased (Figures.7/5.tt2 5.12.10), the

longitudinal green water loads reduced.

Figures 5.12.11 and 5.12.12 show the variation of gveser peak load on load
cell 8 with variation in breakwater permeability. The heightoad cell 8 was
smaller than the breakwater height in all these casesther words, load cell 8
was fully covered by breakwater in the x-directionttBbigures indicate that the
load on load cell 8 steadily increased with increased arititg. The relation

was not linear and rather quadratic.

If the total load on the load-cell unit was consideredeadtof load cell 8, the
behaviours of this load are as in Figures 5.12.13 ah2l B4. It can be seen that
for breakwater height of 76mm, the total longitudinal loa&dily increased with

the increased permeability like the case for load cell 8.dv¥ew for breakwater
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height of 51mm, the variation shows a more fluctuatielgaviour. Chapter 8 will
discuss in detail the explanation for such behaviour. Bigiggreen water load
on the load-cell unit comprised of two components. Th& fiomponent was
related to water that passed through the perforatiotiheibreakwater. The second
component was caused by the water that overcame thkwater. The higher the
breakwater, the lesser this water and smaller impact ad result, the first
component would dominate the characteristics of the loath@rhoad-cell unit.
Since the first component depended on amount of waatrctiuld pass through
the breakwater, the total load (dominated by the first corp) would be

proportional to the permeability as noticed.

For lower breakwater height, the effects of permeabilgégdme less obvious
since the impact load caused by overriding water staisdcome more influential
on the total impact load. At breakwater height of 51rima,amount of water that
overcame the breakwater became comparable to anobuwater that passed
through the breakwater. The total load, as a result, wetsiting because neither

component had a clear dominance over the other.

Load cell 2
Load cell 5
O Load cell 8
@ Total on load cell unit

Green water loads on vertical load cells

No BW H51D00 H51D10 H51D14  H51D17

Breakwater

Figure 5.12.3Effects of breakwater on longitudinal green water loaden
model was tested at Fn = 0.25 in waves of equivalenséalle height and period

of 8m and 13s, respectively.
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25
Load cell 2
20 - Load cell 5
0O Load cell 8
15 | Total on load cell unit

(N)

Green water loads on vertical load cells

No BW H51D00  H51D10 H51D14  H51D17

Breakwater

Figure 5.12.4 Effects of breakwater on longitudinal green water loaden
model was tested at Fn = 0.30 in waves of equivalenséalle height and period

of 8m and 13s, respectively.

25
Load cell 2
20 A Load cell 5
O Load cell 8
15 - @ Total on load cell unit

Green water loads on vertical load cells
(N)

No BW H51D00 H51D10 H51D14  H51D17

Breakwater

Figure 5.12.5Effects of breakwater on longitudinal green water loaden
model was tested at Fn = 0.25 in waves of equivalenséalle height and period

of 8m and 12s, respectively.
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25
Load cell 2
20 A @ Load cell 5
O Load cell 8
15 m Total on load cell unit

Green water loads on vertical load cells
(N)

No BW H51D00 H51D10 H51D14  H51D17

Breakwater

Figure 5.12.6 Effects of breakwater on longitudinal green water loaden
model was tested at Fn = 0.30 in waves of equivalenséalle height and period

of 8m and 12s, respectively.

12
Load cell 2
101 Load cell 5
8 | O Load cell 8
W Total on load cell unit

(N)

Green water loads on vertical load cells

No BW H76D00 H76D10 H76D14  H76D17

Breakwater

Figure 5.12.7 Effects of breakwater on longitudinal green water loaden
model was tested at Fn = 0.25 in waves of equivalehséale height and period

of 8m and 13s, respectively.
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25
Load cell 2
20 @ Load cell 5
0O Load cell 8
15 4 @ Total on load cell unit

Green water loads on vertical load cells
(N)

No BW H76D00  H76D10 H76D14  H76D17

Breakwater

Figure 5.12.8 Effects of breakwater on longitudinal green water loaden
model was tested at Fn = 0.30 in waves of equivalenséalle height and period

of 8m and 13s, respectively.
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Load cell 2
20 Load cell 5
O Load cell 8
15 4 m Total on load cell unit

Green water loads on vertical load cells

No BW H76D00 H76D10 H76D14  H76D17

Breakwater

Figure 5.12.9 Effects of breakwater on longitudinal green water loaden
model was tested at Fn = 0.25 in waves of equivalenséalle height and period

of 8m and 12s, respectively.
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25
Load cell 2
20 A @ Load cell 5
O Load cell 8
15 4 | Total on load cell unit

Green water loads on vertical load cells
N

No BW H76D0O0 H76D10 H76D14  H76D17

Breakwater

Figure 5.12.10 Effects of breakwater on longitudinal green water loads
when model was tested at Fn = 0.25 in waves of equiv&ld-scale height and

period of 8m and 12s, respectively.
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Breakwater permeability

Figure 5.12.11 Effects of breakwater permeability on longitudinal green
water loads when model was tested in waves of equivaldrgchle height and

period of 8m and 13s, respectively.
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B Breakwater height=51mm Fn =0.25
O Breakwater height=51mm Fn =0.30
B Breakwater height=76 mm Fn =0.25
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Effects of breakwater permeability on longitudinal green

Figure 5.12.12

water loads when model was tested in waves of equivalérgchle height and

period of 8m and 12s, respectively.
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Figure 5.12.13

green water load when model was tested in waves of @quivfull-scale height

and period of 8m and 13s, respectively.
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Figure 5.12.14

Effects of breakwater permeability on total longitudinal

green water load when model was tested in waves of @quivfull-scale height

and period of 8m and 12s, respectively.

5.12.4 Influence of the breakwater height

It is observed that for higher breakwater height, moatewis blocked and less

load is imposed on the protected vertical structure. Egyr12.15 and 5.12.16

show the influence of increased breakwater height onldhgitudinal loads

measured by load cells 2, 5, 8 and the load-cell unit ash@e. Four non-

perforated breakwater heights were compared (the ¢aselreakwater was seen

as a breakwater with zero height).

It can be seen that longitudinal green water load ofotmcell unit reduced very

quickly with the increased height of the breakwater amdréduction was not

linear. Since the breakwaters were not perforated, gneder load was caused

solely by the water that overcame the breakwater. Theuatrof water was not

linearly dependent on the height of the breakwater &odld be best found by

simulation.
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As mentioned earlier, load cell 8 was fully covered byhkreakwater because of
its smaller height. The load on this load cell was reducest since it was located
at deck level. It would have directly faced green witéhe breakwater had not
been present.

At intermediate height, load cell 5 was subject to direct imfspam the water that
overcame the breakwater. Therefore, the load it facegtitnmcrease compared

with no breakwater present (Figure 5.12.16).

On overall, it was shown that breakwater height did indeade ha strong

influence over green water load on vertical surfaces.
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Figure 5.12.16 Effects of breakwater height on the peak longitudinadidoa
when ship model was tested in waves of equivalent éallesheight of 8m and

period of 12s.

5.13 Effects of modified bow features

This section is dedicated to evaluating the effects ofcttenges in the above-
water bow shape described in Section 4.2. Though idnimyemost ship motion
theories, the above-water bow form does indeed affediubgancy force, added
mass and damping when the ship pitches in water. sStiisequently affects ship

motions and green water.
5.13.1 Effects on motions
The RAO’s of heave and pitch motions with bow 1 wereay presented in
Section 5.3.2 so only RAQO’s of heave and pitch at diffe tested velocities for

bow 2 and bow 3 are shown in this Section (Figures. 51635.13.12).

By looking at the heave and pitch RAO’s of bow 1 ao@v[8 (Figures 5.3.4 to
5.3.9 vs. Figures 5.13.7 to 5.13.12, respectivalyas noticed that motions of
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these two bows were relatively similar. This is quitesogmble considering the
bow shapes in the two cases. Except for the stemhang being extended, the
above-water bow shapes are almost similar. Figure 4h@®ssthe lines plans of
the two bows and it can be seen that up to the forwaggkpdicular, all stations
are the same for the two bows. The extra hull volumesazhaly the extended
overhang was very small compared with the volume ofatheve-water bow.

Therefore, motions of the two bows are similar. Howgeitemust be made clear
that this does not necessarily mean the relative motions atehrehead stay the
same. Being further away from the centre of floatatibe, dtem head of bow 3

would experience larger relative motions.

Bow 2 has a knuckle or a chine line introduced betweatiost 7% and the
forward perpendicular (Figure 4.2.2). As a resuis, above-water bow form
becomes fuller than bow 1 and bow 3 as in Figure34.Phis, consequently,
affects pitch motions of the ship and it did. By compaifigures 5.13.4 to 5.13.6
with Figures 5.3.7 to 5.3.9 (bow 1) and Figures 5.13d.(%.13.12 (bow 3),
respectively, it is observed that the pitch RAO’s of bowe&e much larger,
especially towards the critical encountered wave lengthivalgnt to one ship

length.

In all cases, the strip theory under-predicted the shopoms by quite a large
margin, especially for pitch RAO’s. Even though the metiomd into account the
instantaneous wetted surface of the ship in its calculatien fully non-linear

effects of the bow shapes were not reflected. Tis#tipe point was that at larger

wave amplitudes, the predicted motions got closer toxperanental data.
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Figure 5.13.1Heave RAQO’s of bow 2 at Fn = 0.20.
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Figure 5.13.2Heave RAQO'’s of bow 2 at Fn = 0.25.

1.6 .

¢ H=114mm

= H= 86mm

@]
<
x A H= 57mm
[}
>
©
% x H=114 mm
(Strip theory)
—%—H= 86mm
(Strip theory)
0.0 T T T
0.25 0.50 0.75 1.00 1.25
A ?Lpp

Figure 5.13.3Heave RAQO’s of bow 2 at Fn = 0.30.
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Figure 5.13.4 Pitch RAO’s of bow 2 at Fn = 0.20.
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Figure 5.13.6 Pitch RAO’s of bow 2 at Fn = 0.30.
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Figure 5.13.8 Heave RAQO'’s of bow 3 at Fn = 0.25.
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Figure 5.13.9Heave RAQO’s of bow 3 at Fn = 0.30.
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Pitch RAO’s of bow 3 at Fn = 0.25.
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5.13.2 Effects on the occurrence of green water

Since no experiment was carried out in irregular waveshiireason mentioned
in Section 4.5.1, the effects of above-water bow shapgreen water frequency
could not be evaluated. The aim of the experimentsefivey, changed to

investigating the threshold conditions at which green wsitated to take place.

Table 5.13.1 shows the conditions and green water rdsultiree bows. All the

parameters were converted to full scale for easetefgretation. Note that it was
observed in the experiments that the critical wave perdshich green water
was most likely to happen were 12s and 13s. In wak&sadheight, green water
did not take place for all three bows regardless of tkewertered wave period. At
wave height of 4.0m and wave period of 12.0 secofuishows 1 and 2, green
water did not take place before ship velocity reacl@ Rnots. For bow 3, green
water started at lower velocity of 16.0 knots. Likewisethe same wave height
but wave period of 13.0 seconds, green water on bstwarged at 20.0 knots whilst
for bows 1 and 2, this velocity was 24.0 knots. Asdarthe start-up of green
water was concerned, bow 3 with extended overhangreddced freeboard

appeared to perform more poorly than bows 1 and 2.

The occurrence of green water could be a functiobott the encountered wave
slope and encountered wavelength. It appeared thathforranges of test
conditions chosen, the critical encountered wavelengthbstseen 0.5 and 0.6
times the ship length. Within this range, for higher oepgée waves, it was more

likely that green water event would occur.

Tables 5.13.2 to 5.13.4 validate the prediction of greater occurrence using
method by Crossland and Johnson (1998). ‘Yes' isrnedeto a deck wetness
event (green water or spray wetting) whilst ‘No’ indicat® deck wetness taking
place. There are some discrepancies (shaded cellsbiesT8.13.2 to 5.13.4).

However, these discrepancies were all found in spray wgetomditions. The
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mechanism behind spray wetting, as described in Sectid$.3 is highly

complex and subject to many non-linearities as well a=ll effects. The

prediction can, therefore, be regarded as goodngttie circumstances. Green

water events, on the other hand, were predicted velly w

Table 5.13.1 Effects of above water bow shape on the occurrengeceh

water.
Equivalent| Equivalent| Equivalent| Occurrence of Green Water Encountered )\e/Lpp
full-scale | full-scale | full-scale wave slope
wave wave velocity | Bow1l | Bow2 | Bow3 (deg.)
height (m) | period (s) | (knots)
3.0 12.0 16.0 No Not No 4.62 0.61
tested
Not Not
3.0 12.0 20.0 tested | tested No 5.50 0.52
3.0 12.0 24.0 No No No 6.40 0.46
Not Not
3.0 13.0 24.0 tested | tested No 5.05 0.58
4.0 12.0 16.0 No No Yes 6.22 0.61
4.0 12.0 20.0 Yes Yes Yes 7.36 0.52
Not
4.0 13.0 20.0 No Tested | Y€S 5.78 0.67
4.0 13.0 24.0 Yes Yes Yes 6.59 0.58

Table 5.13.2 Validation of prediction of green water occurrence ¢tovBL.

Wave Wave Fn=0.20 Fn =0.25 Fn =0.30
height period Test Simulation Test Simulation Test Simulation
3m 11s No No No No No No
12s No No No No No No
11s No Yes No Yes No Yes
4m 12s No No Yes Yes Yes Yes
13s No No No No Yes Yes
10s No Yes No Yes No Yes
11s Yes Yes Yes Yes No Yes
12s Yes Yes Yes Yes Yes Yes
6m 13s Yes Yes Yes Yes Yes Yes
14s No No No Yes Yes Yes
15s No No No No No No
16s No No No No No No
10s No No No Yes No Yes
11s Yes Yes Yes Yes Yes Yes
12s Yes Yes Yes Yes Yes Yes
8m 13s Yes Yes Yes Yes Yes Yes
14s Yes Yes Yes Yes Yes Yes
15s No No Yes Yes Yes Yes
16s No No No No No No
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Table 5.13.3 Validation of prediction of green water occurrence tmwe.

Wave Wave Fn=0.20 Fn=0.25 Fn =0.30
height period Test Simulation Test Simulation Test Simulation
3m 12s - No - No No No
am 12s No Yes Yes Yes - No
13s - No - No Yes Yes
10s No Yes No Yes No Yes
11s Yes Yes Yes Yes Yes Yes
12s Yes Yes Yes Yes Yes Yes
6m 13s Yes Yes Yes Yes Yes Yes
14s No Yes Yes Yes Yes Yes
15s No No No Yes No Yes
16s No No No No No No
10s No Yes No Yes No Yes
11s Yes Yes Yes Yes Yes Yes
12s Yes Yes Yes Yes Yes Yes
8m 13s Yes Yes Yes Yes Yes Yes
14s Yes Yes Yes Yes Yes Yes
15s Yes Yes Yes Yes Yes Yes
16s - No - Yes No Yes

Table 5.13.4 Validation of prediction of green water occurrence ¢tovEs.

Wave Wave Fn=0.20 Fn =0.25 Fn =0.30
height period Test Simulation Test Simulation Test Simulation
10s No No No No No No
3m 11s No No No Yes No No
12s No No No No No No
13s No No No No No No
10s No Yes No No No No
11s Yes Yes No Yes No Yes
4m 12s Yes Yes Yes Yes Yes Yes
13s Yes No Yes No Yes Yes
14s - No No No No No
10s No Yes No Yes No Yes
11s Yes Yes Yes Yes Yes Yes
12s Yes Yes Yes Yes Yes Yes
6m 13s Yes Yes Yes Yes Yes Yes
14s Yes No Yes Yes Yes Yes
15s - No Yes No Yes Yes
16s - No - No No No
10s Yes Yes No Yes No Yes
11s Yes Yes Yes Yes Yes Yes
12s Yes Yes Yes Yes Yes Yes
8m 13s Yes Yes Yes Yes Yes Yes
14s Yes Yes Yes Yes Yes Yes
15s Yes Yes Yes Yes Yes Yes
16s - No Yes No Yes No
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5.13.3 Effects on green water height on deck

Apart from the effect on when green water starts, tlowedvater bow shape can
also influence the severity of green water. This Sedboks at the change in

green water height on deck following changes in bow shape

Measurements by wave probe 9 were selected for casopabased on several
reasons. Firstly, wave probe 9 was located at the cemtrelirere green water
concentrated. It therefore represented the most sever. esecondly, green
water on deck comprised of two components describe@atid® 4.9.6, i.e. run-

up water off the deck edge and water inflow due to thengugence of the bow.

Being located furthest at the back, measurements of weslee 9 were least
interfered by the run-up water which could give a falsase of the actual water

height on deck.

Comparison was carried out in conditions correspontiingave height at full

scale of 8m, and in two critical wave periods of 18d &43s (equivalent to wave
frequencies at model scale of 0.70Hz and 0.64Hpeely). The results are as
in Figures 5.13.13 and 5.13.14. It could be seengieggn water heights on bow 3
were consistently higher than on bows 1 and 2 focaiditions. Bow 1 appeared

to be slightly better than bow 2.

The experimental results showed that neither of the fnowifications (i.e. added
knuckle and extended overhang) improved the perfocmaf the ship against
green water. As the data have indicated so far, it diticezased the motions (bow
2) or intensified green water problem (bow 3) without ¢inig in any obvious

advantages.
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Figure 5.13.13 Effects of above water bow shape on the green watghh

on deck (wave frequency of 0.64Hz).
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Figure 5.13.14 Effects of above water bow shape on the green watghh
on deck (wave frequency of 0.70Hz).
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5.13.4 Effects on longitudinal green water loading

In order to obtain an overview of the effects of aboxger bow shape on
longitudinal green water loading, the total load measured édyséitical load-cell

unit was compared between the ship bows. To get thi lo@amponent loads
measured by individual vertical load cells were addedtbegeand the peak value

was lifted.

For similar test conditions mentioned in Section 5.13.3nthan values of these
peak loads were compared between the three bows anceshks are as in
Figures 5.13.15 and 5.13.16.

Following the outcomes in Sections 5.13.2 and 5.13.3,itlosigal green water
loading on the load-cell unit for bow 3 was, as expected,latgest for all

conditions. The loading for bow 2, on the other hand; sraaller than for bow 1
despite the fact that green water height at wave probeiryy Islightly higher

(Section 5.13.3). This implied that the green water heigiwbae probe 9 for bow
2 could be interfered by the splashing water or waterwviaat shed off the deck
edge.

Results shown in Figures 5.13.15 and 5.13.16 providédu evidence that the
extended overhang and reduced freeboard to S1#aicership hull intensified

green water problem on the forecastle deck.

Despite increasing ship motions of the ship, the addedkt® appeared to help

lessen green water loading on vertical surfaces.
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Figure 5.13.15 Effects of above water bow shape on longitudinal green

water loading on load cell box (frequency = 0.64Hz).
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Figure 5.13.16 Effects of above water bow shape on longitudinal green

water loading on load cell box (frequency = 0.70Hz).
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5.13.5 Effects on vertical green water loading

Due to problems with deck load cell during the tests with Bowertical green
water loading or deck loading was not recorded propetiyaae tests. The results
were, therefore, presented only for bow 1 and bow B dsgures 5.13.17 and
5.13.18.

Despite the extended overhang, the reduced freebodalnir8 appeared to result
in more water shipped on board when green watertdwek place (see Section
5.13.3). As a consequence, the longitudinal loading waeased (Section 5.13.4)
and so was the vertical loading on deck load cell. Aetesvave frequency of
0.64Hz (13s wave period at full scale), the load on dea# cell for bow 3 was
consistently higher by approximately 30 percent on averAgetested wave
frequency of 0.70Hz, the margin was not as large tdbinslicatively showed that

green water deck loading for bow 3 was greater.
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Figure 5.13.17 Effects of above water bow shape on vertical greenrwate

loading measured by deck load cell (frequency = 0.64Hz)
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Figure 5.13.18 Effects of above water bow shape on vertical greenrwate

loading measured by deck load cell (frequency = 0.70Hz)
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5.14 Repeatability

This Section aims to check the repeatability of the experiea The repeatability
of the data was evaluated based on the ratio betweestahdard deviation and

the mean value. This ratio is referred to as repeatabitityxin:

[

n_
E - (5.14.1)
X
where
1 n
X==)x, (5.14.2)
n “

i=1

O = 0 will indicate a perfect repeatability of the measumseThe larger the

value oflJ, the poorer the repeatability implies.

Repeatability tests were carried out for both test sewdh and without

breakwaters. In each case, the following data werekelefor repeatability:

* Encountered wave

* Relative motion at stem head

* Green water heights on deck at wave probes 3, 6.and 9
» Vertical green water load

» Longitudinal green water loads on load cells 2, 5 and 8.

The results are discussed in the following sub-sections.
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5.14.1 Repeatability check for test series withouireakwaters

A representative test run was selected and it was assowikiteithe following test

conditions:

* Wave height of 114mm which was equivalent to 8m fullescal

* Wave frequency of 0.70Hz which corresponded to wanmog of 12s at
full scale.

* Model ship velocity of 1.25m/s which was equivalent t© ¥ 0.25 or

20.3knots at full scale.

Figures 5.14.1 to 5.14.3 plot the peak values measuretthebghannels listed
above. The mean values, standard deviations andtadyiag indices of these
channels are as in Table 5.14.1. The waves were afedewith good precision.
As indicated by Figure 5.14.1, the measurementslafive motion (wave probe
1), and water heights on deck at wave probes 3 antkr@ also relatively
consistent with the repeatability indices of around 5 perddre. water height at
wave probe 6 appeared to be most affected by the wplgeshing. As a result, its
measurement shows some scattering behaviour witheatadglity index of nearly

10 percent.

Due to the complicated interaction between the water antb#ltecell surfaces,
the measurements of green water loads appear to be suattered. The
repeatability indices of load cells 5, 8 and deck load cetkevall greater than 10

percent but less than 20 percent.

By comparing the standard deviations of the wave prabddoad cells with the
standard deviation of the encountered wave, it can he ls@® sensitive green
water event could be to changes in test conditions. Wehteht velocities and

wave frequencies being well controlled, the only extechanges appeared to be
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in the wave amplitude. A variation of within 3 percent of amplitude resulted

in up to nearly 20 percent change in green water loads.

On overall, given the complicated nature of the teststha violent interactions
between water and solid surfaces, the repeatability of ettgeriments was
considered reasonable.

o

Peak value of the measurements
of wave probes (m)

0.100 0.105 0.110 0.115 0.120
Encountered wave height (m)

« wave probe 1 o wave probe 3 a wave probe 6 x wave probe 9

Figure 5.14.1 Repeatability of the wave probe measurements.
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Figure 5.14.2 Repeatability of the vertical load cell measurements.
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Figure 5.14.3 Repeatability of the deck load cell measurement.

Table 5.14.1 Repeatability indices of selected test measurements.

Mean value | Standard | Repeatability
deviation index

Encountered wave 0.109m 0.003m 2.63%
Wave probe 1 0.178m 0.006m 3.16%
Wave probe 3 0.098m 0.006m 6.19%
Wave probe 6 0.092m 0.009m 9.75%
Wave probe 9 0.040m 0.003m 7.37%
Deck load cell 13.561N 1.483N 10.94%
Load cell 2 0.266N 0.015N 5.75%

Load cell 5 1.377N 0.236N 17.17%
Load cell 8 7.017N 0.716N 10.21%
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5.14.2 Repeatability check for case of green wateshipment in large

guantities

The selected test run for repeatability check in this eas® associated with the

following test conditions:

* Wave height of 114mm which was equivalent to 8m fullescal

*  Wave frequency of 0.70Hz which corresponded to waamog of 12s at
full scale.

* Model ship velocity of 1.50m/s which was equivalent 1 # 0.30 or
24 .4knots at full scale.

» Breakwater height of 51mm with perforation diameter oban.

The peak values of the measurements listed for checkenglatted in Figures
5.14.3 to 5.14.6. Their mean values, standard deviatidrregreatability indices
are as in Table 5.14.2. In general, the measureméritee ovave probes were
relatively consistent, having repeatability indices aroupergent. Wave probe 9,
however, appeared to be affected by the water lsplgsnstead of wave probe 6
as in Section 5.14.1. Note that the test velocity was hititen that in Section

5.14.1 and this could be the reason.

With the perforated breakwater present on deck,irteraction between green
water and deck structures became further complicatedt@userial impacts.
Figures 5.14.5 and 5.14.6 show scattering behaviour efldad cells. Their
repeatability indices were between 10 percent and 25 gerdenexplained in
Section 5.12.3, green water loads on load cell 8 werainated by the impact
with the water that went through the perforations. Theatgbdity of load cell 8
was, therefore, relatively better than load cells 2 @n@he loads on load cells 2
and 5 were comprised of the impact with water that @raecthe breakwater and
the pressure due to water running up the load-cell uniteSooth green water

loads resulted from secondary interactions after the pyimgpact between green
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water and breakwater, their behaviours became moreomarahd scattering as
seen.

However, with all the indices below 25 percent, the redétacould be seen as
reasonable.
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Figure 5.14.4 Repeatability of the wave probe measurements.
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Figure 5.14.5Repeatability of the vertical load cell measurements.
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Table 5.14.2 Repeatability indices of selected test measurements.

Mean value | Standard | Repeatability
deviation index
Encountered wave 0.114m 0.004m 3.80%
Wave probe 1 0.174m 0.009m 5.08%
Wave probe 3 0.079m 0.005m 6.87%
Wave probe 6 0.133m 0.007m 5.30%
Wave probe 9 0.076m 0.007m 9.30%
Deck load cell 28.349N 2.639N 9.31%
Load cell 2 0.669N 0.087N 12.98%
Load cell 5 2.049N 0.525N 25.64%
Load cell 8 2.218N 0.333N 14.99%
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5.15 Summary

This Chapter has presented the experimental data othtore green water tests
carried out at the Centre for Hydrodynamics, UniversitiesGiisgow and

Strathclyde. All the data related to the development ofrgreater were shown.
Later, the behaviour of green water on deck was evawatd a hydraulic model
that could best represent green water flow was configuBased on the
experimental data, effects of breakwaters on green Wweeding were discussed.
The influence of the above water bow features was alaluaed on both ship
motions and green water behaviour. Prediction of theromoce of green water
using method by Crossland and Johnson (1998) wad fawatching relatively

well with experimental results. Finally, the repeatabilityttd experiments was
investigated which showed reasonable behaviour. Greggr wroblem was found
to be a highly complex process which could be sensiov@ntall changes in the

external conditions.
The next objective is to find a suitable modelling envirentmo simulate green

water flow on deck and to test the hydraulic model tha ezmfigured in Section
5.11.
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Chapter 6:

CFD Numerical Model Development

6.1 Introduction

As discussed in Chapter 5, green water is a highly aamiocess. To model this
properly, a powerful modelling tool is needed so thatcthraplicated interaction

between green water flow and deck structures cantectly reproduced.

There have been several approaches in dealing witin grater simulation. One
of such approaches was via Lagrangian technique in wthighhydrodynamic
properties of specific masses of fluid are tracked apdated during the
simulation. The method is very popular in geophysicsraslachieved successes
in simulating the shifting of particulate substances like aod gravel. In the
piloting research, Pham et al. (2003b) tested this rdeithgimulating the dam-
break model and the model of a water jet striking a ventvadil Even though the
gross characteristics of the flows were found readenabe method showed
difficulties in reproducing hydrodynamic properties of thater, impact loading
and subtle interactions with solid surfaces. The trackihgmaltiple water
masses/volumes also appeared to be very expensivenputation, especially for
3D simulation. Extensive efforts in improving the methodl aadapting it to
hydrodynamic problems can also be found in the wofkSesteria et al. (2003),
Iglesias et al. (2004) and Koshizuka and Shibata (20@6)yvever, the results
were still limited to the qualitative assessment of the profleWith lack of
validation, this approach, therefore, has not proveaeta comprehensive tool for

modelling complex hydrodynamic problems such as gvesar.

The second approach is based on Computational Fluid nilgga(CFD) and
Volume of Fluid (VOF) technique as in Chapter 2. CFD asdad on Eulerian
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approach to find the properties of fluid inside predefimetlimes in space. The
method has been used by various researchers for @waluaf green water
problem. Validation was also carried out and the resulte baen found to agree
fairly well (Pham and Varyani, 2004, 2005, 2006a, 200&ollowing Sections

describe the numerical process, benchmark modellingalidhtion.

6.2 Governing equations

For incompressible, invicid flow, the governing equatiomssimplified to:

@+@+6_W:O \
ox oy o0z

d(pu) __0p
Fra Opuv) = 5 P

> (6.2.1)
o(pv) __0p
o + D.(pvv) = oy +pfy

o(pw) __op
p + D.(pWV) ™ +pf, )

Detail of the derivation of these equations is referoedppendix A which is part
of the work by Anderson (1995).
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6.4  Solutions of the differential equations

Even in simplified form, analytical solutions to incompressidhd inviscid flow
are impossible. Numerical solutions are therefore devdldgjee provide an

estimate as close to the actual solutions as possible.

6.4.1 Integration and discretisation

As mentioned above, the Finite Volume Method (FVM) digidhe domain into a
large number of infinitesimally small fluid cells or contka@lumes. This process
is normally termeddrid/mesh generation’ and is performed in a pre-processing
program such a&ambit for Fluent processorFluent 5 processor is selected for

simulation in this research.

Fluent 5 (ANSYS Inc., 2006) uses a control-volume-based teglento convert
the governing equations to algebraic equations that camlieedsnumerically.
This control volume technique consists of integrating theegorg equations
about each control volume, yielding discrete equations thesiecee each quantity

on a control-volume basis.

Fluent 5 stores discrete values of the scalar quantities (likespre and velocity,
etc.) at the cell centres. However, face values arairezt for the convection
terms and must be interpolated from the cell centre valigs.is accomplished
using a differencing scheme. With regard to differegcgtheme, Anderson
(1995) noted that equations iteompressible flow problem are derived based on
equations forcompressible flow problem and this may lead to the thought that
differencing scheme to solve for solutions to the foroser also be used to deal
with the latter. However, the difference stays in the tha&t the Mach’s number of
compressible fluid is finite whilst that of incompressifiled approaches infinite

in theory. This makes differencing schemes such asatatifferencing (which

works well for compressible flow problem) become highipstable and
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convergence time consuming when applied to incompresfliiolv. To address
this issue, upwind differencing scheme is developed itaisdncluded inFluent
5) to deal with incompressible flow problems. Upwinding nsedmat the face
value is derived from quantities in the cell upstreamupivind," relative to the
direction of the normal velocity. There were severalind schemes for use, i.e.
first-order upwind, second-order upwind, power lawd 2QUICK (Quadratic

Upwind Interpolation of Convective Kinematics).

6.4.1.1 First order upwind scheme

When first-order accuracy is desired, quantities dtfeeks are determined by
assuming that the cell-centre values of any field vegiabpresent a cell-average
value and hold throughout the entire cell; the face quanttiesdentical to the

cell quantities. Thus when first-order upwinding is sieldcthe face value is set

equal to the cell-centre value in the upstream cell.

6.4.1.2 Second order upwind scheme

When second-order accuracy is desired, quantities atfamds are computed
using a multidimensional linear reconstruction appro#ckhis approach, higher-
order accuracy is achieved at cell faces through aof agries expansion of the
cell-centred solution about the cell centroid.

6.4.1.3 Quadratic Upwind Inter polation of Convective Kinematics (QUICK)

QUICK scheme is only applicable to quadrilateral andhedral meshes where
unique upstream and downstream faces and cells daemigied. It is based on a
weighted average of second-order-upwind and centri@rpaolations of the
variable. The QUICK scheme is typically more accuratestmctured grids
aligned with the flow direction. However, due to the ctemjpy of the simulation

model in this research, the grid was hybrid and it wasid during the simulation
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process that the use of QUICK scheme led to high instabilite QUICK scheme

was therefore not used in the simulation for this thesis.

6.4.1.4 Pressure interpolation scheme

The default scheme iRluent 5 interpolates the pressure values at the faces using
momentum equation coefficients. This procedure worldl w&s long as the
pressure variation between cell centres is smooth. Wleza #re jumps or large
gradients in the momentum source terms between conthaines, the pressure
profile has a high gradient at the cell face, and cabeanterpolated using this
scheme. |If this scheme is wused, the discrepancy shays in

overshoots/undershoots of cell velocity.

Flows for which the standard pressure interpolation seheifi have trouble
include flows with large body forces, such as in strprsglirling flows, in high-
Rayleigh-number natural convection and the like. In sades, it is necessary to
pack the mesh in regions of high gradient to resolve pitessure variation

adequately.

Another source of error is thRtuent 5 assumes that the normal pressure gradient
at the wall is zero. This is valid for boundary laebbut not in the presence of
body forces or curvature. Again, the failure to correettcount for the wall

pressure gradient is manifested in velocity vectors pa@rntifout of walls.

Several alternate methods are available for cases in wicBtandard pressure

interpolation scheme is not valid:

*  The linear scheme computes the face pressure asdtegawf the pressure

values in the adjacent cells.
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*  The second-order scheme reconstructs the face presghemanner used
for second-order accurate convection terms (see Segdoh?2 for Second-
Order Upwind Scheme). This scheme may provide sorpeovement over
the standard and linear schemes, but it may have sontddrif it is used at

the start of a calculation and/or with a bad mesh.

The body-force-weighted scheme computes the face peebguassuming
that the normal gradient of the difference between pressut body forces
is constant. This works well if the body forces ar®@kn a priori in the
momentum equations. When large body forces (e.gvitgrar surface
tension forces) exist in multiphase flows, the bodycdoand pressure
gradient terms in the momentum equation are almost iilegqum, with
the contributions of convective and viscous terms smaltdmparison.
Segregated algorithms converge poorly unless partialiliegum of
pressure gradient and body forces is taken into accblugnt 5 provides
an optional "implicit body force" treatment that can accoontliis effect,

making the solution more robust.

« The PRESTO! (PREssure STaggering Option) scheme hsesliscrete
continuity balance for a "staggered" control volume abibet face to
compute the "staggered" (i.e., face) pressure. Hewethe PRESTO!
scheme is available only for quadrilateral and hexahedeshes. For a
hybrid grid that was developed in this simulation, PRESW&¢ not valid

to use.
Fluent 5 suggested that for problems involving large body forttesbody-force-

weighted scheme was recommended. The second-ordbems was

recommended for compressible flows which was not tke tar this simulation.
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6.4.1.5 Pressure-vel ocity coupling method

Fluent 5 provides the option to choose among three pressuoeityelcoupling
algorithms:

» Semi-Implicit Method for Pressure-Linked Equations (8INE)

* SIMPLEC (SIMPLE-Consistent)

» Pressure-Implicit with Splitting of Operators (PISO)

Steady-state calculations will generally use SIMPLE or FBLEC, while PISO is
recommended for transient calculations. PISO may ladsoseful for steady-state

and transient calculations on highly skewed meshes.

The Pressure-Implicit with Splitting of Operators (PISO) spuee-velocity
coupling scheme is based on the higher degree of tpeoxamate relation
between the corrections for pressure and velocitye @mnthe limitations of the
SIMPLE and SIMPLEC algorithms is that new velocities amdresponding
fluxes do not satisfy the momentum balance after the pessurection equation
is solved. As a result, the calculation must be repeatditl the balance is
satisfied. To improve the efficiency of this calculatione tRISO algorithm
performs two additional corrections: neighbour correctiand skewness
correction.

The main idea of the PISO algorithm is to move the redeztkeulations required
by SIMPLE and SIMPLEC inside the solution stage of thesgure-correction
equation. After one or more additional PISO loops, theected velocities satisfy
the continuity and momentum equations more closely. Taiative process is
called a momentum correction or "neighbour correctiorfie PISO algorithm
takes a little more CPU time per solver iteration, but iit deamatically decrease
the number of iterations required for convergence,edafly for transient
problems.
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For meshes with some degree of skewness, the apptexigiationship between
the correction of mass flux at the cell face and thémihce of the pressure
corrections at the adjacent cells is very rough. Sithee components of the
pressure-correction gradient along the cell faces atekmown in advance, an
iterative process similar to the PISO neighbour corractiescribed above is
desirable. After the initial solution of the pressure-adio®m equation, the
pressure-correction gradient is recalculated and usagpdate the mass flux
corrections. This process, which is referred to akewsess correction”,
significantly reduces convergence difficulties asseciawith highly distorted
meshes. The PISO skewness correction allelwent 5 to obtain a solution on a
highly skewed mesh in approximately the same numbdéewtions as required
for a more orthogonal mesh. For these merits, PISO itigpwas used for the

pressure-velocity coupling method.

6.4.2 Boundary conditions

In order to come up with a unique solution of the cora@n equations, the
domain boundaries are to be defined. In general, doreréwo types of boundary
conditions that are popular in use, i.e. Dirichlet andrNann. Dirichlet condition
specifies the value of the function on a surface;doample, pressure at free
surface is equal to ambient pressure. Neumann conditemifisg the value of the
normal derivative of the function on a surface; for exianfor wall boundary to
an incompressible flow, the normal derivative of presssirequal to zero. To set
up the modelling, appropriate boundary conditions are tcsperified at the
beginning. Details of the boundary conditions set uptlier simulations in this

research are described in Chapter 7.
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6.4.3 Solutions of linear equation system

The Fluent 5 solver uses a segregated solution algorithm with implicit
formulation to solve Reynolds-Averaged Navier-Stokes atiqns for time-
dependent solutions of momentum and hence loading on stedresurfaces.
Using this approach, the governing equations are dobeguentially (i.e.,
segregated from one another). Because the governmuatiegs are non-linear
(and coupled), several iterations of the solution loop rhagterformed before a
converged solution is obtained. Each iteration goes thretegbs illustrated in

Figure 6.4.1 and outlined below:

1. Fluid properties are updated, based on the current salufibrthe
calculation has just begun, the fluid properties will beaipd based on

the initialised solution.).

2. Theu, v, andw momentum equations are each solved in turn usingmurr
values for pressure and face mass fluxes, in om@ptate the velocity
field.

3. Since the velocities obtained in Step 1 may not satisfyctminuity
equation locally, a "Poisson-type" equation for the sues correction is
derived from the continuity equation and the lineatismomentum
equations. This pressure correction equation is then sodvethtain the
necessary corrections to the pressure and velocity f@ldshe face mass

fluxes such that continuity is satisfied.

4. A check for convergence of the equation set is made.

These steps are continued until the convergence créterimet.
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Figure 6.4.1 Overview of the segregated solution method.

6.5 Free surface modelling

In the simulation of problem such as green water, tiesn interface between
different fluids (water and air in this case). Due to sevateraction between
green water and solid structures, this interface is@&gdeo change dramatically
during the course of the simulation. In general, theeeth@o methods for dealing
with free surface or fluid interfaces in CFD, namelyfate tracking and surface

capturing.

The surface tracking method is essentially an explieirgsentation of the
surface. In other words, the grid is adapted to the dteface and it is updated at
every time step to track the new location of the freeasarby means of a height
function that describes the new elevation of the freéaser The limitation of
surface tracking is in the fact that it is unable to de#h complex surface

geometries and overturning waves due to the problemtheofnodes getting
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clustered and entangled, etc. This automatically sidelinesubface tracking

technique from modelling green water problem becausigecdeverity involved.

Surface capturing method is a different approach aneé trer several techniques
available in CFD applicationgrluent 5 adopts the Volume of Fluid (VOF)
technique which involves a scalar that indicates the fillingll®f a cell. This

scalar field is integrated in time by solving a transpquiagion.

6.5.1 VOF concepts

In Fluent 5 the standard interpolation schemes are used to obtafadédluxes
whenever a cell is completely filled with one phase ortlgro When the cell is
near the interface between two phases, the geometonsteaction scheme is

used.

The geometric reconstruction scheme represents theacgeetween fluids using
a piecewise-linear approach. It is generalized forruostred meshes. It assumes
that the interface between two fluids has a linear slagannweach cell, and uses
this linear shape for calculation of the advection oidfitnrough the cell faces.
The first step in this reconstruction scheme is calculatiagsition of the linear
interface relative to the centre of each partially-filled,cefised on information
about the volume fraction and its derivatives in the CHfle second step is
calculating the advecting amount of fluid through eadte fasing the computed
linear interface representation and information about thhenaloand tangential
velocity distribution on the face. The third step is calcugathre volume fraction

in each cell using the balance of fluxes calculated duhiegrevious step.
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6.6 Benchmark problems

Despite having a sound mathematical foundation, simulagsalts by CFD
processor ofFluent 5 solver in this project are to be verified via benchmark
studies. Successful benchmark validations will certainly gigefidence of

upgrading the simulation towards dealing with more compteblems.

Two benchmark problems are considered relevant to pghigect. The first
problem is the classic dam-break problem. In manyarekes such as Buchner
(2002), green water on deck has been describedembds a dam-break problem.
The second problem is the water entry of a wedge seciibis. problem is
relevant to the evaluation of green water problem bedatsatures a substantial
interaction between fluid and solid structure. The resuftuid surface becomes
very complex and overturning waves can be developed #s case for green
water. If Fluent 5 is found to model these problems well, there will bdearc

suggestion that it is also able to model green watdaiguma

6.6.1 Dam-break problem confined in a tank

6.6.1.1 Introduction

The dam-break problem is well known in civil engineeriAg.its name suggests,
it describes the problem of a collapsed dam leading tiboauof water that was
held by the dam before. Due to its importance in civdieeering as well as its
resemblance to other engineering problems, the dank-predlem has been the
topic of numerous researches both theoretically and iexpetally. Details of the
mathematical model of the dam-break model can be fauigloker (1957). Out
of many experimental investigations in dam-break, expantal data by Zhou et

al. (1999) will be used for validation purposes.
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6.6.1.2 Experimental setup

To describe the experiments carried out by Zhou et1#99), Figure 6.6.1
sketches the set up that was constructed by Zhou e©8B)(1Locations H1, H2
and H3 were positions at which the water heights weneitored. P2, P3 and P4
were three pressure transducers mounted on the impaiet fd record the
pressures at these locations during the experiment. ééfertest, the reservoir
was filled with a water head of 600mm. To start theeeixpent, the flap was

lifted at high speed and water was allowed to crasimtwthe flow area.

2020 mm 1200 mm
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Platey Ho H3 xeservol £
— - - — — — - — K- -
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o 2 1200 mm

Figure 6.6.1 Dam-break experiment setup by Zhou et al. (1999).
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6.6.1.3 CFD modelling setup

The dam-break experiment by Zhou et al. (1999) was headén the mesh
generatorGambit and later solved ifrluent 5 solver. Due to the scale of the
experiment, it was thought suitable to simulate the probleBDiiso that the grid
can be refined to give better results. A domain of simianensions was
constructed and the boundaries were defined as iné=@6r2. All the confining
boundaries were defined as non-slip walls at which thedent fluid flow will be
totally reflected. Viscosity is neglected in this problem edoundary layer was
included. Initial mass of water was contained at the startwlo walls at the
bottom and at the back and two internal boundaries. Timsaal boundaries
were ‘virtual’ and were used only to define the shapthe water mass prior to
simulation. When the simulation commenced, these intermahdaries did not
interfere with the translation of the water whatsoevee Tést of the space was
filled with air. Note also that three small walls were créais the left hand side
to represent three pressure transducers P2, P3 aiidhfeéé. small walls were also
modelled corresponding to three positions H1, H2 andTHa. static pressure on

these walls gave the water heights at these locations.

Pressure Outlet

Wall
Air
P4CWall Wall
Wall Internal
P3Walty -+
Wall Internal — — Woter— —
Ppe(Wolly T T T T T T T
Wall

Figure 6.6.2 Boundary definition in modelling of dam-break problem.
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Figure 6.6.3 Grid of the dam-break model.

The structured grid was then generated following the @ayrfitted co-ordinate
system. Note that the accuracy and numerical stability efsimulation are
largely dependent on the quality of the grid. If the grid csarse, the
representation of the problem will be poor and so areuheerical results. On the
other hand, if the grid is too dense, excessive cortipot effort will be
required, sometimes, unnecessarily. An optimal grid @aly be obtained via
parametric studies or assessment of discretisation dinercommon practice to
optimise the grid generation is to construct dense chustiecells at critical areas
where the interaction is most active. The density of isethen reduced toward
areas where interaction is less active. The grid ferddim-break simulation is as
in Figure 6.6.3.

The constructed grid with defined boundaries was theonted to Fluent 5
solver for processingFluent 5 offers two solvers, namely, coupled solver and
segregated solver. The former is coded for high-speetpressible applications
and the latter for incompressible lower speed flows. Foltiphase problems,

segregated solver is the only option and it was usetthifidmodelling.
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6.6.1.4 Numerical results and validation

Figure 6.6.4 shows the visualisation of the water dutimg simulation. As
noticed, after impact with the left wall, the behaviafr water became very

complex with overturning waves and subsequent slosHinger.

The limited released data meant that the comparison otmeeth results with

experimental data could only be made for pressur€ ane the water height at
H1. There was a fair agreement between the two $elata as shown in Figures
6.6.5 to 6.6.7. Note that in their report, Zhou et 4099Q) stated that the
experiment data were relatively scattering. In fact, theyl us/drostatic pressure
to compare with the experimental data which made the typeressure

transducers they were using questionable. In order tsuneghe high-frequency
impact load, a high-frequency load cell or pressure dwger should be used.
Figure 6.6.8 shows the simulation results of the totalspresat P2. Recalling

equation (5.9.2) in Section 5.9, peak impact load byatemjet against a vertical
surface can be approximated By= Cpu?. In this formula, u is the velocity of the

front water. In the case of dam-break problem, iingku as the velocity of the

water particles at P2, the following formula is given lbgk8r (1957):

u=§(%+Jg.HOJ (6.6.1)
where x = 2.02m is the distance of P2 from the dags B.6m is the initial water
height behind the dam. The time t taken for water to réaelheight of P2 can be
approximated from Figure 6.6.8 at the peak pressureO(71s). The value of u

can then be estimated as:

3(202 \/981><0) 351m /s) (6.6.2)
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Substituting this value into equation (5.9.2) and using C4=a% suggested by
Suhara et al. (1973), the peak impact pressure is:

2
p= 1.4x1000k—%x(3519j ~1725«Pa (6.6.3)
m S

Comparing this with the peak value of 9.135 kPa in Figuée8, the use of C =

1.4 is relatively conservative as noted in Section 5.9.
If using C = 0.88 as derived from experimental ddtaws in Section 5.9, the

peak value estimated by equation (5.9.2) becomes 1@.Wkieh correlates with

numerical result.
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Figure 6.6.4 Visualisation of the dam-break simulation.
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Figure 6.6.5 Comparison of pressures at P2.
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Figure 6.6.6 Comparison of water heads at H1.
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Figure 6.6.7 Comparison of water heads at H2.
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Figure 6.6.8 Total pressure at P2.
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6.6.2 Water entry of a wedge section

6.6.2.1 Introduction

The water entry of a wedge section is another approachntlerstand the
hydrodynamics of a planing craft travelling at high speedlamming in general.
Overturning waves normally occur in that case and tadihg is a high-frequency
impact. To simplify this slamming, the problem is modelled a®Dawedge

section intruding the water at some velocity. No gravitgefis accounted for.

Only hydrodynamic force is considered.

Water entry of a wedge-section and green water shiagesomplication in their
hydrodynamics which involves complex interaction betweater flow and solid
structures. A successful representation of the form#r certainly develop
confidence in modelling green water problem with CFDisBection looks at the
modelling of the water entry of a wedge-section u§ilugnt 5 and the validation

of the simulation results with experimental data by Tvsit{2001).

6.6.2.2 Experimental setup

The detailed experimental setup is referred to theshmsTveitnes (2001). This
section only describes in brief the mechanism which \pa$iead to carry out the
experiment. As seen in Figure 6.6.9, the test sectionattashed to a model
carrier via load sensors. The model carrier was, im, wonnected to a guide and
drive combo system. A pair of vertical guide shafts weseduto ensure linear
motion of the structure. Each of these shafts ran ¢irawo guide bearings that
were attached to an A-frame support structure. A semmvas installed to
drive the structure vertically up and down via rotating theatied shaft. The

rotational speed was calibrated to obtain the desiret\setcities for testing.
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GUIDE SHAFT _ _ THREADED SHAFT$

SERVO-MOTOR
MODEL CARRIER /
A-FRAME SUPPORT
STRUCTURE
CARRIAGE i i

RAIL
@ s [T] 11 o ®

TEST SECTION WATERLINE

Figure 6.6.9 Experimental setup of water entry of a wedge sectivei{nes,
2001).

To capture the disturbance of the water surface inebe & video camera was
used. All the control and data acquisition units were located separate carriage

to reduce noise. The wedge entered water at a constiaaity.

6.6.2.3 CFD modelling setup

Figure 6.6.10 defines setup and the boundary conditidrthe model as it was
constructed in the mesh generaBambit. Dimensions of the sample test section

are as in Figure 6.6.11. The structured grid is illustratédgure 6.6.12. Note that

elements were clustered around the area where intardmtitween water and test
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section was most active. Further away, pressure gradieete not varying as
much, the grid could be coarser so that the simulatialddze optimised in terms

of computational time. The completed mesh was expaadduent 5 solver for

processing.
OUTLET

rrrrr Tt

AIR DOMAIN

WALL
WALL
BOUNDARIES BOUNDARIES
d
FREE SURFACE T

WATER DOMAIN SYMMETRY
BOUNDARIES

SYMMETRY
BOUNDARIES

600mm 300mm

300mm
300mm

15

\V

— WATERLINE

80.38mm
80.38mm

Figure 6.6.11 Dimensions of wedge section tested (Tveitnes, 2001).
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Figure 6.6.12 Grid of water-entry simulation.

Figure 6.6.13Enlarged view of grid around ship section of wateren

simulation.
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Free surface

N

Figure 6.6.14 Capture of initial setup of water-entry simulation.

6.6.2.4 Numerical results and validation

The initial state before the simulation began is as in Figuré4%.€igure 6.6.16

shows the visualisation of the interaction between water aigjevsection during

simulation. In this case, severe slamming led to a jetaiér to be created and

shed away.

Force Coefficient
(F'/0.V2.B)

14
12 | + Experimental data
10 | . —— Simulation data
Rad .0
*
8 .
*
6 - V4 .
- *
4 .0 Lo .'...
* o b
2 S
0 e
0.00 0.25 0.50 0.75 1.00 1.25
z/d,,
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Figure 6.6.15 Comparison of impact force acting on bottom plating ofager-

entry wedge (water-entry velocity of 0.72 m/s).
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In terms of loading, Figure 6.6.15 shows the numerieallts compared with
experimental data by Tveitnes (2001). As seen, tleeeefairly good correlation

between the two sets of data.

t=0.001:

t=0.250:

Figure 6.6.16 Snapshots of interaction between water and wedgetsteuduring

the water-entry of the wedge section at the velocity. @2 @n/s.
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6.7 Summary

Chapter 6 has presented a theoretical background o wigdCFD is built on. In
order to prove that CFD was suitable for simulating greetemwflow, two
benchmark problems of similar characteristics were ewdudthe first problem
was the dam-break model and the second problem wasates entry of a 2D
wedge section. In both cases, the CFD modelling setup explained and
numerical results were compared with published experirheessults. The
correlation was fairly good for both the dam-break maahel water entry of a 2D
wedge section. Based on this outcome, it can be ietiegbthat CFD is capable of

simulating hydrodynamic problems of complex nature ssojreen water.
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Chapter 7:
Numerical Prediction of Green Water
Flow on Deck Using CFD

7.1 Introduction

Based on the outcomes of Chapters 5 and 6, this Chexggands on the setup of
the hydraulic model to represent green water flow arkd€éhe general theory of
the dam-break model is briefly introduced. Since the Bhgpa forward velocity,
some modification is then needed to account for thisnpeter. The setup process
begins with a 2D model for simplification. It is later exded to 3D in which all
the geometrical parameters that define green water ar@sexplained. Steps

leading to the start of simulation are elaborated.

7.2 Hydrodynamic models for green water flow

7.2.1 Dam-break model

As discussed in earlier Chapters, from the analysis @érgmwater problem of
FPSQO'’s, Buchner (2002) reported that green water flawdeck could be well
simulated by a dam-break model. Stoker (1957) desciibddtails the theory of
dam-break problem based on the assumptions that théeprotas similar to a
shallow water wave. If initially at time t = O seconds, tteen water height is
denoted as fimetres, the water height H at a distance x downstegaime t > 0

seconds (Figure 7.2.1) is:

2
H(x,t) = {%ﬁ—ﬁ} (7.2.1)
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Figure 7.2.1 lllustration of the theoretical dam-break model.

Buchner (2002) used green water height measursteat head as the effective
green water height on deck. The longitudinal dis¢ax in equation (7.2.1) would

be close to zero and therefore, the initial watacdof the imaginary dam would

be:

H, = 2H (7.2.2)

stem_ head

The green water downstream can also be approxinieded the velocity of the

water particles in the flow, which is given by S#é0K1957) as:

u :g{%+\/g._l—|o} (7.2.3)
Buchner (2002) stated that since dam-break flowmddes a shallow water wave,
the velocity distribution over the height of thewl at one point is considered to
be constant. It means that velocity given by (73.2a&h be seen as the horizontal
velocity of the flow at time t and position x owtkie complete height H of the flow
at this position (Figure 7.2.2). By rearranging &tpn (7.2.3), it can be obtained:
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u—+/gH, (7.2.4)

X _
t

N w

Also, rearranging (7.2.1) gives:

X
o7 2./gH, -3,/gH (7.2.5)
Equating (7.2.5) to (7.2.4) and rearranging thegiit gives:

u=2Jgl/H, -vH) (7.2.6)

Initial
77777 Dam
| o
\ ~ \
¥ \ AN
\ N
° S
\ N
| o _u_
¢ | HE=
0 X e

Figure 7.2.2 Distribution of particle velocity of water flow idam break model
at a fixed location (Buchner, 2002).

Equations (7.2.1) to (7.2.6) are the fundamentab&gns of a dam-break model.

In the case when ship is travelling with a velocityese equations are subject to

changes which are discussed in the next section.
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7.2.2 Dam-break model with initial velocity

FPSQO’s are stationary during operation whilst comtships have forward
velocities. If green water occurs, there will beekative velocity between the ship
and the water shipment. If the velocity is assuroedstant during the time the
shipment of water takes place, a person standinteforecastle deck would see
the water moving in at a velocity equal to shipoegl. If the ship was modelled
as a fixed object, green water could resemble a-lol@ak model with an initial

velocity equal to ship velocity.

7.3  Setup of 3D simulation of green water flow

7.3.1 Introduction

In order to simplify the explanation of the setd@®D simulation of green water

flow, a 2D setup is first described. It is thenesxded into 3D at later stage.

7.3.2 Set up of two-dimensional (2D) simulation ajreen water flow

7.3.2.1 Water mass profile

The water height of the dam can be calculated byawon (7.2.2). In the
theoretical dam break problem, the water mass dehim dam is infinite. In green
water problem, only a limited volume of water wdsipped onto the deck.
Therefore, the water mass behind the dam need< toohfigured. From the
approximated profile of green water on deck derire®Gection 5.11, the water
mass behind the dam can be assumed to take afsahEhape of a trapezoid
ABCD in Figure 7.3.1. The height AD is the initiahater height behind the dam
Ho. Important parameters to be configured are theetge AB and the bottom
edge CD.
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In Section 5.6, it was pointed out that before gregater event occurs, the water
front was pushed backwards due to the ship pitcimtagthe water. Angle ADC in
Figure 7.3.1 should, as a result, be less thane¥fdegs. Note that as the ship
pitches into the water, the run-up water is sheadyatangentially to the flare.
Edge AD is, therefore, assumed to be tangentitiidstem of the ship at the deck

edge. Point A then becomes point A’ as in FiguBe17.

Imaginary Dam
o Ho
A_AS B
v

Green Water Mass

Figure 7.3.1 Water mass ABCD behind the dam needs to be caefigu

As mentioned above, green water is part of thedami wave and as a result,
green water mass should be derived based on tligeation of the wave itself.
As the ship pitches at a frequency equal to enesadtwave frequency, it is
presumed that the profile of encountered wave cbeldised to configure green
water mass. A sample encountered wave profile is Rigure 7.3.2. If tangents at
the zero-crossing points and the peak point ofwhges are drawn and joined
together, a trapezoid EFGH can be obtained. Thigetzoid envelops the wave
peak as seen. The configuration of green water msdsssed on the configuration
of the wave. In other words, trapezoid A'BCD in &iig 7.3.1 is derived from
trapezoid EFGH in Figure 7.3.2. For simplificatiohjs assumed that top edge
A’B in Figure 7.3.1 is equal to top edge FG in Fgw.3.2. From the known
encountered wave height,Hvavelength\. and maximunu,, the length of these

edges can be calculated as:
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1 H
Bow ==Ae ——Fo— 7.3.1
gw ~5%e tan(ae) ( )

Slope of edge BC is also presumed to be the sammbps of edge GH which is
the maximum encountered wave slape The final configuration of green water
mass is as in Figure 7.3.3. Edge BC is extendeldetdower boundary MN of the

control volume. The detail on how the control vokuns selected follows in

Section 7.3.2.2.

\ ‘ Max. Wave
777777 i G Slope  ae

‘ 0.9 Ne ‘
Zero-crossing Zero-crossing

point point

Figure 7.3.2 Encountered wave profile for deriving the shapegmfen water

mass.
C Top boundary of control volume =
U
B — Front
R g boundary
2hie , Fof
h Loadcell A B
Lc B control
ox Ho
volume
- — C
SHIP BOW
| | | K N
0.5Freeboord — 8 172 9 9 1/2 FP Max. Wave Slope

Figure 7.3.3 Water mass modelled in 2-D CFD simulation.
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7.3.2.2 Control volume

Control volume is the encapsulating domain in whiwd dynamics of the fluid or
interaction between fluid and structures is simadatControl volume is defined by
boundaries and the conditions of these boundaresarefully selected so that
reality is reflected. Usually, a large control vole is desirable because it can
capture more interactions between fluid and strectli the boundaries are walls,
the further they are from the interaction zone, lttss reflection effects will be
exerted on the fluid. However, it also means thatgressure/velocity field to be
processed becomes larger. The computational regeie will, as a result, be

more intensive.

Selection of an optimal control volume that besnhpeomises the computational
effort and reduction in boundary interference cooéda subject on its own. The
selection of control volume for simulation in thigsearch was based on
simulation experiences, experimental observatiod advices from previous

researchers as well as review of simulations oflaimmature. Spatial boundaries
of the control volume were then selected as desdridelow.

Only the above water bow section was modelled énsimulation. So above water
body from station 8% towards the stem was moddlégure 7.3.3). The lower
boundary MN was set at a distance of 0.5 timedréeboard at stem head. The
top boundary EF was set at a height of twice thghteof the load cell box h
from the deck. The front boundary of the contrduwoe depended on the slope of
edge BC.

7.3.2.3 Initial velocity of water mass
In reality, the ship travels at a forward velocity U. However, in CFD,

simulation of moving boundaries is an extremely dading and unstable process

in terms of computation. And the computational iegment will be multiplied
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when the simulation becomes 3D. This was solve@ddsigning the water mass

with an initial velocity equal but opposite to shiglocity U.

7.3.3 Setup of 3D model of green water flow

To extend the 2D configuration into 3D, the 2D deobf green water mass in
Figure 7.3.3 was used as the basis. At the cemtrgliane, the sectional view of
the setup was exactly the same as in Figure 7By.8weeping edges A’'B and BN
to port side of the ship by a distance of 1.5 tinsé§p’s breadth, surfaces
A'BB;A; and BNNB;. Note that away from the ship body, the wateraefwas
less disturbed so it was assumed that the frofiacairof the water volume was
equal to the maximum encountered wave slapeTherefore, edge A’Awas
swept to create a surface that made an angte td the horizontal plane. Edge
A’D was also swept along the deck edge to creagartace that represented the
water that was shed off the deck edge. The intéoseof these two surfaces was
found and together with the surfaces that had lmeeated, it helped define the
volume of water on the port side of the ship. Santyl, the volume of water on the
starboard side of the ship could be defined. Altoge the water volume that
contained green water mass to be shipped on basdlefined as in Figure 7.3.4.
Figure 7.3.5 shows the visualisation of this watelume together with the ship

body modelled irFluent 5.
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2D Configuration of
Green Water Flow

Figure 7.3.4 3D setup of green water flow based on the 2D gométion.

Figure 7.3.5 Visualisation of the 3D setup of green water flawithe initial stage
in Fluent 5.
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7.3.4 Grid generation

As the model was symmetrical about the centrelimty half the control volume
shown in Figure 7.3.4 was modelled in the simutatithe grid was constructed in
the mesh generat@ambit and it was structured in such a way that there avas
dense cluster of cells in the space on the deckevpeen water flow translated
and interacted with the vertical structures (load-uonit and breakwater). Further
out, either the fluid-structure interaction wassles there was no water translation
at all, the cell size could be larger without l@ssignificant numerical accuracy.
The pressure/velocity gradients in these areasialicchange much. All the grids
consisted of approximately 900,000 elements and thas appropriate for
obtaining good numerical results (see Appendix Cdetail). Figures 7.3.6 and

7.3.7 give example visualisation of the grid getetdor simulation.

Figure 7.3.6 Example of grid — front view.
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Figure 7.3.7 Example of grid — back view.
7.3.5 Boundary Conditions

As mentioned above, boundary conditions are impoad need to be carefully
defined. Initial boundary conditions provide thelues of pressure or fluid
velocity at the boundaries. They then help to sdhee differential equations and
find solutions of pressure/velocity in other celghin the control volume. The
defining of boundary conditions in this researchswaased on a rational
judgement of the hydraulic model, backed up by atiason with specialists and
inputs from research over other works of similgoety Figures 7.3.8 and 7.3.9

illustrate the definition of boundary conditionstire simulation.

All the surfaces that defined ship body, load callsl breakwater (if modelled)
were defined as non-slip walls. The bottom, side fmont surfaces of the control
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volume were also defined as non-slip walls so thatwater was not dispersed
away before it reached the vertical structures. ek and top surfaces of the
control volume were defined as pressure outletased. That allowed fluid
splashing to exit the control volume (as it would éxperiments) after the

interaction with vertical structures rather thaltirig back to the control volume.

PRESSURE OUTLET
(Top Surface>
|

PRESSURE OUTLET
(Back Surfoace>

L

WALLS

(Load Cellsy  ——— — LNTERIORS WALL

—Surfaces Defining (Front Surface)
| Water Mass) |
\ ! r—

)

! WATER
WALLS — — —

(Ship Bow)

WALL
(Bottom Surface>

Figure 7.3.8 Definition of boundary conditions in profile view.
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SYMMETRY
(Surface containing
centreline)

WALL
(Front Surface)

Figure 7.3.9 Definition of boundary conditions in 3D view.

All the surfaces that defined the initial shapewvafter mass/volume were defined
as interior surfaces. They did not interfere wilid once the iteration began.
Their presence was just to define a domain thatatoed a fluid of different

properties such as water in this simulation. Thetica surfaces at the centreline
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were defined as a symmetry surface because thel mvadesymmetric about these
surfaces.

7.3.6 Discretisation schemes

Following the description in Section 6.4, the sttetof discretisation schemes is

as follows:

» Discretisation of momentum equations: First Ordpnithd scheme.
» Discretisation of pressure equations: Body Forcégiited scheme.

» Pressure-Velocity coupling: PISO.

7.3.7 Time stepping

The selection of appropriate time step is import@nensure the simulation is
stable. The Courant number is a dimensionless nunfia¢ compares the time
step in a calculation to the characteristic timerafsit of a fluid element across a
control volume. In other words, it is a measurehofv far inside a cell a fluid
element travels per time step.

For explicit formulations, the maximum value of ti@urant number for a
solution to be stable is one. This is referred gattee Courant-Friedrichs-Lewy
criterion. However, in most cases the Courant numieguired to achieve
numerical stability is below 0.25. Using initial lgeity of water mass and the
minimum vertical distance between horizontal gitee$ to calculate the Courant
number, it was found that this number had to be tean 0.50 for all the case to

be stable. The default value of 0.25, therefores wsed for all the cases.
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7.3.8 Fluid properties

Multiphase model was selected in which the primfloeyd was air and the
secondary fresh water. At room temperature, theites of air and water in use
were 1.293kg/rhand 998.2kg/rh respectively.

7.3.9 Initialisation

At the beginning of the solving process, properaésluid, their occupancy and
initial state were to be initialised. If these ialtvalues were closer to the actual
solutions, fewer iterations would be required. T$wving would, in turn, be

faster.

7.3.10 Convergence

The process of obtaining a converged solution isg@at importance in the
simulation. For monitoring this procesduent 5 provides a running report of the
residuals for each equation at every iteration. fidsduals are measures of how
closely each finite difference equation is balanagden the current state of the
solution. During the solving process, a level i$ 8 which the sum of the
normalised residuals must drop to before goingootié next time step. For most
problems, the default convergence criterionFlment 5 is sufficient. For the
present analysis, the default convergence critimiavelocities and continuity

were 10E-3. These criteria were reset to 10E-4nfore accurate solutions.

To ensure that these criteria were adequate fosithalation, the total pressure
forces on the vertical load cells in the bottom roivthe load-cell box were
plotted against the number of iterations. The gaaksure was then checked with

pressure approximated by simple equation suchzetieq (5.9.2) in Section 5.9.
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7.4 Summary

Chapter 7 has explained the establishment of tltralic model to simulate
green water flow on deck. Using the dam-break madethe basis, green water
mass behind the dam was initialised with the shéfpaity so that the relative
velocity between the ship and green water couldirmuded at the start.
Configuration of the water mass behind the dam alss described in detail. For
CFD simulation, the grid of the model was constdcwith the mesh generator
Gambit and later exported tBluent 5 solver. Boundary conditions were defined
and descretisation schemes were selected. Apptepiiae-step was also chosen
to ensure the simulation was stable. Some notesomwergence criteria and
checking were finally discussed to provide guidedinfor monitoring the

simulation process.
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Chapter 8:

Comparison and Discussion of Results

8.1 Introduction

This Chapter focuses on verifying numerical resd#éscribed in Chapter 7 using
experimental data. The validation was carried aut dxperiments with and
without breakwater on forecastle deck. The tesditmoms are listed in Tables
4.8.1 and 4.8.2 in Section 4.8, Chapter 4. Ided#llg,same number of simulations
should be implemented to perform a complete vabdatHowever, due to the
limited computation resources (especially demandimig 3D simulation), the
substantial amount of data analysis work that wd@dequired, and the scope of
the thesis, it was believed that adequate validatias carried out over nine
representative tests without breakwater and ningresentative tests with

breakwaters.

For tests without breakwaters, validation was utaden for the conditions that
correspond to equivalent full-scale wave heigh8mfand periods of 11s, 12s and
13s. The velocities in use were equivalent to Fn26€, 0.25 and 0.30. These were
the most severe conditions of the test series aaengwater was likely to pose
most serious threat.

For tests with breakwater, due to a number of lweddrs involved in the testing
(ten breakwaters), the wave height was fixed at(&rh scale) and wave period
12s. The ship velocity was equivalent to Fn = @23 pproximately 20 knots at

full scale.

In Chapter 5, it had already been shown that greater loading on a vertical

structure varies with the height of the structusevee the deck. The closer to deck
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level, the greater green water loading the strectwas likely to face. Three
separate levels or heights were used for compadsgreen water loading on the

load cell box:

. Load cells in the bottom row of the load-cell btbad cells 7, 8 and 9;
. Load cells in the middle row of the load cell btvad cells 4, 5 and 6;

. Load cells in the top row of the load cell box:dozells 1, 2 and 3.

Note that in Section 4.5.5, it was already mentibtieat any load smaller than
0.5N could be interfered by noise and is assumedtfid. When that was the
case, either the results were assumed to be tawvidlignored or they could be
presented for illustrating the loading behaviouheTpeak values might not be

exact due to the filtering of the data for clarity.

It should also be noted that due to the severeaatiuthe tests and under severe
wet conditions, the load cells were subject to higks of getting damaged by
water and as a result malfunctioned. When this @éaeg, the comparison was
performed with either the data from the load celtloe other side, symmetrical to

it or from the central load cell if that load celds also out of order.

Since the main purpose of this Chapter is to vididae numerical results, the
results are shown at model scale values ratherftilbacale. The test conditions
are, however, mentioned at full scale for convecgenf interpreting the sea

conditions. The validation is presented in thedwihg Sections.

223



Chapter 8: Comparison and Discussion of Results

8.2 Comparison of longitudinal green water loadingvithout
breakwater

Due to the number of load cells involved in thegemnd the location they were
mounted, the comparison of longitudinal green wédading was categorised in
four groups (refer to Figure 4.5.5 for the arrangamof load cells). The first
group included the three load cells (7, 8 and Yhebottom row of the load cell
box. The second group were three load cells ()& in the middle row. The
third group included the load cells located in the row (1, 2 and 3) and finally
the comparison looked at the sum of all the lodts @&, in other words, the total

loading on the load-cell box as a whole.

In order to facilitate the comparison process, &a®l2.1 re-listed green water
height measured at wave probe 9 for comparison eathesponding load. Also,
in order to identify the tests, runs were codedesyatically based on the test
conditions at full scale. The data used for codimg runs include wave height,
wave period and ship velocity represented by Fraudmber. lllustration of the

coding is as in Figure 8.2.1.

Table 8.2.1 Green water heights measured at wave probe 9.

Test run Green water height
at model scale (mm)
HO8T11Fn020 35
HO8T12Fn020 40
HO8T13Fn020 23
HO8T11Fn025 23
HO8T12Fn025 40
HO8T13Fn025 36
HO8T11Fn030 24
HO8T12Fn030 56
HO8T13Fn030 46
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HOBT12F n0RS

Froude Number

Wave Period in seconds

Wave Height in metres

Figure 8.2.1 Coding of test run without breakwater.

8.2.1 Longitudinal green water loading on load cedlin bottom row

Figures 8.2.6 to 8.2.14 show the comparison betvgeean water loads on load
cells in the bottom row with experimental data.Uf&8.2.2 summarises the ratios
of the peak load by simulation to the peak load dxperiment. Generally
speaking, the simulation data predicted relatiwell the behaviour and peak
values of the loads. The mean error of only 3.@¢marand the standard deviation
of 12.1 percent indicated good agreement. Numenesiilts fluctuated within

approximately 10 percent of the experimental result

By combining results in Figures 8.2.6 to 8.2.14hwitable 8.2.1, it could be seen
that at the same ship velocity, green water loadéadly increased with the water
height on deck. Also, all the Figures consistestlipw that the load on the central
load cell (load cell 8) was higher than those angtues (load cells 7 and 9). This
reconfirmed that there was a concentration of greater along the centreline of
the ship. Figure 8.2.3 shows the sectional viewgreén water flow on deck at the
time of peak impact loads at load cells 7, 8 and®¥seen, the water appeared to
enter the deck as a plunging breaker at the beginrsimilar to what was
described by Greco et al. (2005, 2007). The wedearaiso be seen to concentrate
along the centreline of the ship (Figure 8.2.3) left
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One of the drawbacks of the simulation results thas after the peak values were
reached, the numerical load curves tended to rednoes slowly than in
experiment. This was attributed to the fact thaexperiment the ship started to
pitch out of the water at this stage. Green wabelicchave drained away and off
the deck faster due to the sloping of the main d&blke pitch motion could not be
simulated and this led to a greater pile-up of greater in front of the bottom
load cells. The extra hydrostatic pressure consstueaccounted for this
difference between the two load curves. The dispersf green water could also
be fastened by extending the control volume transghg.

One way of addressing this issue is to reduce gnestar at the tail of the green
water volume in the simulation. This curtailing gltbnot compromise the peak
load caused by green water because the peak lo&xptained at later stage, was
mostly caused by green water at the front. Withhsalteration, (which could not
be accomplished in this research), the simulat®meélieved to reflect reality.
Nonetheless, the most critical part of green whitading was the peak load and
the rise-time (time taken by the load to reach maxn from zero at the impact)

and they both were predicted at reasonably goaal Eaccuracy as seen.
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Figure 8.2.2 Comparison of peak loads on the load cells in tten row.
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Extending the width of the control volume could caleeduce the difference
between simulation data and experiment data. Parenrevestigation into this is

recommended for future work.

In Figure 8.2.3, it was evident that maximum implaetds took place almost at
the time of the first water impact. It was the frovater that resulted in the peak
load. This is consistent with the equation (5.9m2)vhich the peak impact loads
on structures were proportional to squared velooftghe front water on deck.
Equation (5.9.2) indicates that the peak load néyntakes place at the initial

impact when the velocity of the water is highest.

After the initial impact, green water piled up norfit of the load-cell box, creating
a buffer that consequently directed the follow-uatev upwards (Figure 8.2.4).
Figure 8.2.5 shows the velocity vectors at the fiddhe load-cell box. It could be
seen that near the corner, velocity of water wamat zero. Further out, following
the direction of the velocity vectors, it was evit¢hat the follow-up water was
steered upwards at almost the same velocity asirtbielent velocity. The
pressures on load cells 7, 8 and 9 started to beooane hydrostatic and therefore

reduced as shown in Figures 8.2.6 to 8.2.14.

t=0.17s

Figure 8.2.3 Sectional views of green water on deck (longitatin and
transversely) corresponding to maximum loads od lmls 7, 8 and 9 when ship
was running in regular waves of 8m height and 18%op at a velocity equivalent
to Fn = 0.25.
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Figure 8.2.4 Longitudinal sectional views of green water rugnup the load-
cell box.
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Figure 8.2.5 Velocity contours and vector field of fluid arourlde corner of

load-cell box and main deck.
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Figure 8.2.6 Comparison of green water loading on load cells87and 9,

respectively when ship was travelling at Fn = Oir2@vaves of equivalent full-

scale height of 8.0m and period of 13 seconds.
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Figure 8.2.7 Comparison of green water loading on load cells87and 9,

respectively when ship was travelling at Fn = Oir2@vaves of equivalent full-

scale height of 8.0m and period of 12 seconds.
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Figure 8.2.8 Comparison of green water loading on load cells87and 9,

respectively when ship was travelling at Fn = Oir2@vaves of equivalent full-

scale height of 8.0m and period of 11 seconds.
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Figure 8.2.9 Comparison of green water loading on load cells87and 9,
respectively when ship was travelling at Fn = Oi2%aves of equivalent full-

scale height of 8.0m and period of 13 seconds.

232



Chapter 8: Comparison and Discussion of Results

8 —— Simulation

7 - Experiment

Force on load cell 7 (N)

0 0.1 0.2 0.3 0.4 0.5 0.6
time (s)

(A)

8 — Simulation

71 o Experiment

Force on load cell 8 (N)

0 0.1 0.2 03 0.4 05 0.6
time (s)

(B)

8 1 — Simulation

\
)
~
L

> Experiment

Force on load cell 9 (N

0 0.1 0.2 0.3 0.4 05 0.6
time (s)

(©)

Figure 8.2.10Comparison of green water loading on load cells87and 9,

respectively when ship was travelling at Fn = Oi2%vaves of equivalent full-

scale height of 8.0m and period of 12 seconds.
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Figure 8.2.11 Comparison of green water loading on load cells87and 9,
respectively when ship was travelling at Fn = Oi2%waves of equivalent full-

scale height of 8.0m and period of 11 seconds.
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Figure 8.2.12Comparison of green water loading on load cells87and 9,
respectively when ship was travelling at Fn = Oirl3@vaves of equivalent full-

scale height of 8.0m and period of 13 seconds.
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Figure 8.2.13Comparison of green water loading on load cells87and 9,

respectively when ship was travelling at Fn = Oirl3@vaves of equivalent full-
scale height of 8.0m and period of 12 seconds.
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Figure 8.2.14 Comparison of green water loading on load cells87and 9,

respectively when ship was travelling at Fn = Oirl3@vaves of equivalent full-
scale wave of 8.0m and period of 11 seconds.
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8.2.2 Longitudinal green water loading on load cedlin middle row

Green water load on vertical structures decreasthsimcreased height. Section
5.9 reported that for tests without breakwater® kbngitudinal green water
loading on load cells in middle row were only ard&0 percent of the loading on
bottom row. This is re-confirmed herein when conmugaFigures 8.2.18 to 8.2.26
in this Section to Figures 8.2.6 to 8.2.14 of Svc8.2.1, respectively.

As the lower limit of load cells’ measurement waSN), any loads smaller than
this limit were likely to be interfered by noiseadamay not be inadequate for
validation purpose. Comparison should really beiedrout for loads greater than
0.5N only. Figure 8.2.15 compares the peak loadsitmylation and experiment.
Generally speaking, there was a fair agreementdssivthe two sets of data. The
mean error was 8 percent. A standard deviation @b Zercent, however,

indicates a scattering of numerical data.

For small loads, direct comparison between simutatind experiment can be
misleading since a large discrepancy in percentaaenot be significant in terms
of loading. If both of these values are comparethwads on bottom row, the
difference may not be as much. In light of thise fbads in middle row were
compared with each other as percentages of the noeasured by load cell 8
(usually the largest load faced by the a singld logl in the load-cell box). Table
8.2.2 shows that mean error between numerical aqebrinental results is

reduced to 1.7 percent and standard deviatioroisnar 3.8 percent.
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Figure 8.2.15Comparison of peak loads on the load cells in tida row.

Table 8.2.2 Comparison of peak loads on the load cells imtidzle row in

terms of percentage of load recorded by load cell 8

Run Experiment| Simulation | Load by [% of load cell §% of load cell § Discrepancy
load cell 8 | by experiment| by simulation in %
(N) (N) (N)
HO8FO76V10Qq 0.5026 0.57 5.105 9.8% 11.2% 1.3%
oad cell4 HO8FO70V12Y  0.77 1.353 7.21 10.7% 18.8% 8.1%
HO8F064V150 1.244 1.82 7.916 15.7% 23.0% 7.3%
HO8F070V15Q 1.14 1.187 8.208 13.9% 14.5% 0.6%
HO8F070V10Q 1.23 1.02 5.242 23.5% 19.5% -4.0%
HO8FO76V100 0.835 0.71 5.105 16.4% 13.9% -2.4%
HO8F064V125  0.652 0.74 4517 14.4% 16.4% 1.9%
HO8F070V125 1.35 151 7.21 18.7% 20.9% 2.2%
Load cell 5
HO8FO76V125  0.49 0.47 4.044 12.1% 11.6% -0.5%
HO8F064V150 1.99 2.08 7.916 25.1% 26.3% 1.1%
HO8F070V15Q 151 1.12 8.208 18.4% 13.6% -4.8%
HO8FO76V150  0.52 0.618 3.479 14.9% 17.8% 2.8%
HO8FO76V100 0.566 0.57 5.105 11.1% 11.2% 0.1%
HO8FO70V12Y4  0.95 1.353 7.21 13.2% 18.8% 5.6%
Load cell HO8F064V15Q 13 1.82 7.916 16.4% 23.0% 6.6%
HO8FO70V150  1.053 1.187 8.208 12.8% 14.5% 1.6%
Mean error: 1.7%
Standard deviation: 3.8%
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Regarding the behaviour of green water on deckurEig8.2.16 shows the
sectional views of green water flow on deck nearltad-cell box when the loads
on middle row are maximum. It is seen that maximieads on middle row
occurred shortly after the follow-up water was digd to the middle row by the
water piling up in front of the bottom row. Figude2.17 shows the vector field
around load cell 5 and it could be seen that tigé Rielocity stream at this time
directly impacted load cell 5. This explains whg thaximum load was reached at
this point. However, it could also be noticed ttat impact was at an angle much
smaller than 90 degrees (which indicates a heatfrpact). This could partly
explain why the impact load on load cell 5 was msictaller than that on load cell

8 when the impact was almost at the right anglgu(fe 8.2.5).
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Figure 8.2.16 Sectional views (longitudinally and transversedfgreen water on
deck at the time when loads on load cells 4, 5 @ndere maximum in run
HO8T12Fn025.
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Figure 8.2.17 Velocity vector field around load cell 5 when tload on this load
cell was maximum in run HO8T12Fn025.
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Figure 8.2.18 Comparison of green water loading on load cells54and 6,
respectively when ship was travelling at Fn = Oir2@vaves of equivalent full-
scale height of 8.0m and period of 13 seconds.
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Figure 8.2.19 Comparison of green water loading on load cells54and 6,
respectively when ship was travelling at Fn = Oir2@vaves of equivalent full-
scale height of 8.0m and period of 12 seconds.
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Figure 8.2.20Comparison of green water loading on load cells54and 6,
respectively when ship was travelling at Fn = Oir2@vaves of equivalent full-
scale height of 8.0m and period of 11 seconds.
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Figure 8.2.21 Comparison of green water loading on load cells54and 6,

respectively when ship was travelling at Fn = Oi2svaves of equivalent full-
scale height of 8.0m and period of 13 seconds.
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Figure 8.2.22 Comparison of green water loading on load cells54and 6,
respectively when ship was travelling at Fn = Oi2svaves of equivalent full-

scale height of 8.0m and period of 12 seconds.
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Figure 8.2.23Comparison of green water loading on load cells54and 6,
respectively when ship was travelling at Fn = Oi2swaves of equivalent full-
scale height of 8.0m and period of 11 seconds.
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Figure 8.2.24Comparison of green water loading on load cells54and 6,

respectively when ship was travelling at Fn = Oirl3@vaves of equivalent full-

scale height of 8.0m and period of 13 seconds.
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Figure 8.2.25Comparison of green water loading on load cells54and 6,

respectively when ship was travelling at Fn = Oirl3@vaves of equivalent full-
scale height of 8.0m and period of 12 seconds.
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Figure 8.2.26 Comparison of green water loading on load cells54and 6,
respectively when ship was travelling at Fn = Oirl3@vaves of equivalent full-
scale height of 8.0m and period of 11 seconds.
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8.2.3 Longitudinal green water loading on load cedlin top row

It was noticed both in experiments and in simulattbat for the cases of no
breakwaters, green water loads on top row of ladtbox were very small (well
less than the lower limit of 0.5N). The compariseas therefore found
unnecessary and the results were assumed to beifitsnt (see also Figure 5.9.7
in Section 5.9, Chapter 5).

Figure 8.2.27 shows the capture of the momentrmulsition when green water
load on load cell 2 was maximum and Figure 8.21#8\s the vector field at this
time. As Figure 8.2.28 indicated, the water in frohload cell 2 was the run-up
water from load cell 5. The velocity of the watasping load cell 2 was relatively
high, around 1.5 m/s at model scale. However, Waser was running almost
parallel to the surface and therefore there wasigwificant pressure imposed on

the surface. The longitudinal loading, as a resfs low as noticed.
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Figure 8.2.27 Snapshot corresponding to maximum loads on lo#sl te2 and 3
in run HO8T12Fn025.
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Figure 8.2.28 Vector field around load cell 2 at the time greeater load on this

load cell was maximum in run HO8T12Fn025.
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8.2.4 Total longitudinal green water loading on lod-cell box

With green water loading on the top row being &ilyi small, the total green
water loading on load cell box was mostly maderomfthe loads on middle row
and bottom row. Figures 8.2.31 to 8.2.39 compahneddtal load on load-cell box
measured in experiment with that in simulation. fEh@as a good agreement in
terms of peak loads, the rise time and the gertehhviour of the loads. As
already mentioned in Section 8.2.1, the numerieallts herein also indicate
some over-prediction of the loading after the pemd had been reached. The
reason, as already explained, was the pitchingamaif the ship during the test

which helped to drain green water faster.

Figure 8.2.29 compared the peak loads by simulatitin those by experiments.
It showed a fair agreement with a mean error oéftent and standard deviation

of 17 percent.

Figure 8.2.30 shows example views of green watav fit the time the total load
on load-cell box reached maximum. Since the mgajamft this load came from
load on bottom row, the moment the peak load washed relatively coincided
with the moment the loads on bottom row reachedimax (i.e. around the time

of impact between front water and the load-cell)box
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Figure 8.2.29 Comparison of peak loads on the load-cell box ialto

t=0.16s

Figure 8.2.30 Sectional views of green water flow at the timeewhotal green

water load on load-cell box reached maximum forHO8T12Fn025.
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Figure 8.2.31 Ship was travelling at Fn = 0.20 in waves of eglént full-scale

wave height of 8.0m and wave period of 13 seconds.
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Figure 8.2.32 Ship was travelling at Fn = 0.20 in waves of eglént full-scale

wave height of 8.0m and wave period of 12 seconds.
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Figure 8.2.33 Ship was travelling at Fn = 0.20 in waves of eglént full-scale

wave height of 8.0m and wave period of 11 seconds.
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Figure 8.2.34 Ship was travelling at Fn = 0.25 in waves of eglént full-scale

wave height of 8.0m and wave period of 13 seconds.
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Figure 8.2.35Ship was travelling at Fn = 0.25 in waves of eglént full-scale

wave height of 8.0m and wave period of 12 seconds.
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Figure 8.2.36 Ship was travelling at Fn = 0.25 in waves of eglént full-scale

wave height of 8.0m and wave period of 11 seconds.
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Figure 8.2.37 Ship was travelling at Fn = 0.30 in waves of eglént full-scale

wave height of 8.0m and wave period of 13 seconds.
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Figure 8.2.38 Ship was travelling at Fn = 0.30 in waves of eglént full-scale

height of 8.0m and period of 12 seconds.
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Figure 8.2.39 Ship was travelling at Fn = 0.30 in waves of eglént full-scale

height of 8.0m and period of 11 seconds.
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8.3 Comparison of vertical green water loading inase of no
breakwater on board

When shipped onto the main deck, green water doe®mly cause damage to
vertical structures, it also results in substantialding on the deck plating. As

discussed in Section 4.9.9, this loading comprsekree components:

»  Gravity or the weight of the water mass that lamdsleck.
. Loading caused by the acceleration of the decK.itse

* Loading caused by the change in height of greeemvat

In simulation, the acceleration of the deck coutd Ime simulated due to limited
computational resources. Therefore, the second cpermg was not included in
the simulation results. The comparison between raxat and simulation results
is as in Figure 8.3.3 to 8.3.11. Note that the desukel used for monitoring deck
loading was relatively large. At model scale, theémehsions were

98.36mmx123.28mm (equivalent to approximately 25 percenthef deck area

between forward perpendicular and station 9). Tason for using such a large
panel was due to limited number of load cells tbatld be used. In this test
series, only one deck load cell was available. dswlecided that global loading
would be measured rather than local loading whigegphtmnot reflect the general

behaviour of the vertical green water loading.

Comparison shows that on overall, both experimeantdl simulation data showed
similar order of deck loading even though the cbimstics of the load curves
appeared to differ to certain extent. Experimeni@a indicated that there was
noise interference of a frequency of approximaté@Hz in the signals.

Investigation into this noise interference revealet it could be attributed to the
natural frequency of the ship hull in bending. Peagteriment calibration showed
that when an impulsive load was applied to the deak cell, the signals did get
influenced by the natural frequency of the hullisTbould only be addressed by
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stiffening the hull. Attempts were undertaken ttiefi out this noise but the
outcome was not as reliable. Hence, the experirheata were smoothed such
that up to the peak load, the data were kept infsfeer that, a best-fit curve was
fitted to the data and the results are as in Fg)8rd.3 to 8.3.11.

The simulation results showed some impulsive charatics in the load curves,
especially at the beginning when the water stattedand on the deck. The
experimental data, on the other hand, showed a m@dual increase in load
curve at the time the water was shipped onto tick.dehis could be related to the
hull stiffness which helped to dampen the deckilogdin simulation, all the ship
surfaces were assumed to be solid walls, which tteahthe stiffness of the hull
was essentially infinite. The complete impulsivehdéour of the load curves
could therefore be picked up in the simulatiorfolfusing on the peak loads and
the general trend of the loading, the simulatiosults could reproduce a

reasonable picture of how green water loading madfteict the deck panel.

Figure 8.3.2 shows the sectional views of greerewfidw at the time the deck
loads were maximum. When green water flow on deak greater in mass, the
prediction was better. For lesser quantity, gre@tewflow was more scattering
when it was shipped on board. Figure 8.3.2 (G) gjiem example in run
HO8T11Fn030. The simulation in this case actuatigvged that due to the high
velocity and small quantity of green water, the evaimpinged the deck in a
projectile manner. It impacted the bottom row ot tload-cell box before
reflecting and landing on the deck load cell. Rev@ the video recording also
implied a similar behaviour of water. The loadirghbviour consequently became
more complicated and difficult to predict preciséfygures 8.3.10 and 8.3.11). In
other cases when green water was in larger quasitithe general behaviour of
green water was predicted at a reasonable levedcotiracy (note that load

component due to deck acceleration was not included

259



Chapter 8: Comparison and Discussion of Results

Figure 8.3.1 compares the peak loads by simula@mhexperiment. The standard
deviation of 28 percent implied a scattering ofadaround the mean value.
However, with the mean error of minus 9 perceng, phediction was relatively
fine and slightly under-estimating. In about 50qgeet of the cases considered, the
agreement was good. The interference of the nate@iency of the hull and the
lacking of load component due to deck accelerajgpeared to play primary roles
in the discrepancies noticed herein.

20

15 ~

10 | A

Simulation data (N)

0 5 10 15 20

Experimental data (N)

Figure 8.3.1 Comparison of peak loads on the deck load cell.
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HO08T12Fn02
t=0.13s
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B t=0.26s
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| & ‘.
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load cell.
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Figure 8.3.3 Ship was travelling at Fn = 0.20 in waves of eglént full-scale
height of 8.0m and period of 13 seconds.
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Figure 8.3.4 Ship was travelling at Fn = 0.20 in waves of eglént full-scale
height of 8.0m and period of 12 seconds.
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Figure 8.3.5 Ship was travelling at Fn = 0.20 in waves of eglént full-scale
height of 8.0m and period of 11 seconds.
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Figure 8.3.6 Ship was travelling at Fn = 0.25 in waves of eglént full-scale

height of 8.0m and period of 13 seconds.
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Figure 8.3.7 Ship was travelling at Fn = 0.25 in waves of eglent full-scale

height of 8.0m and period of 12 seconds.
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Figure 8.3.8 Ship was travelling at Fn = 0.25 in waves of eglent full-scale

height of 8.0m and period of 11 seconds.
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Figure 8.3.9 Ship was travelling at Fn = 0.30 in waves of eglént full-scale
height of 8.0m and period of 13 seconds.
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Figure 8.3.10Ship was travelling at Fn = 0.30 in waves of eglént full-scale
height of 8.0m and period of 12 seconds.
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Figure 8.3.11 Ship was travelling at Fn = 0.30 in waves of eglént full-scale
height of 8.0m and period of 11 seconds.
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8.4 Longitudinal green water loading when breakwates are
fitted

From this Section, the cases when breakwaters fitegd on the forecastle deck
are analysed. With a large number of 10 generiakwaters tested and due to the
limitation in computational resources availablef atl the conditions listed in
Table 4.8.2 could be simulated and verified. Haviaggen all aspects into
consideration, it was decided that for the begtrasts of validation without losing
much generality, one representative condition wassen for simulation with 10
breakwaters. This condition was when the ship tragdeat Fn = 0.25
(approximately 20 knots at full scale) in regul@at waves of equivalent full-

scale height of 8m and period of 12s.

In the piloting researches using CFD analysis, Phach Varyani (2004, 2006a)
and Varyani et al. (2005) reported that the preseriche breakwater could create
a water jet that overrode the breakwater and ingghtie structures at greater
height on the deck. This essentially meant thahdriglocations behind the
breakwater could be exposed to larger green watating. This was true in all
types of breakwaters that Pham and Varyani (200062) and Varyani et al.
(2006) analysed, including V-type, Vane-type andtaegular breakwater with
and without perforations. This Section will re-iesp this behaviour to ensure

consistency of the results reported previously.

Due to a large number of load cells, the compassame carried out in several
stages. Firstly, the loads on the load-cell box @mpared. Then green water
loading on the breakwater is validated. Finallynparison of vertical green water
loads is carried out. In order to identify the teshs, the experiments were
denoted based on the test parameters specificettetit. Because the validation
was carried out only in one wave condition and ship velocity (Section 8.1),

the parameters used in coding the test runs indlunldy the height of the

breakwater and the diameter of the perforationgalse of no perforations on the
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breakwater, the diameter was referred to as zexbleT8.4.1 lists the codes of the

test runs and their associated identity parameters.

Table 8.4.1 Denotation of test runs in the test series witakwaters

Run Code Height of Breakwater Diameter of Perforations
(mm) (mm)
h051D000 51.0 0.0
h051D105 51.0 10.5
h051D140 51.0 14.0
h051D175 51.0 17.5
h076D000 76.2 0.0
h076D105 76.2 10.5
h076D140 76.2 14.0
h076D175 76.2 17.5
h101D000 101.6 0.0

8.4.1 Breakwater height of 51mm and no perforations

Without the perforations, there was no water pastinough the breakwater and
structures at the level close to the main deckbetter protected. Figure 8.4.1
shows the front view of the breakwater and the Joaltibox and Figures 8.4.4 to
8.4.10 shows the comparison between the simulatimhexperiment. At a height
of 51mm (model scale), the breakwater was one tifithe height of the load-cell
box. It should be noted that, during the courséhefexperiments, load cells 1, 4
and 9 mal-functioned and therefore the comparisaridconly be carried out on
other load cells. Also, in this particular experithesignals from load cell 7 were
very low due to small loading and were dominatechbige. To keep consistency
in the comparison process, the load on load cel§ assumed to be equal to that

on load cell 8.
In general, the simulation predicted relatively lwéhe experiment results

including the trend, peak values and the rise-timis peak loads matched within

an error of approximately 10 percent. Measuremémis load cells 7 and 8
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indicated that the loads at this height were low tlu protection by breakwater.
As mentioned before, loading of under 0.5N coulddbeninated by noises and

could not well reflect the actual process. As allte was ignored.

LCL | LC2 | LC3
LOAD-CELL BOX

(AT THE BACKD

LC4 | LCS | LCG

BREAKWATER
(IN FRONTY  — LC/ | LCB | LCY

Figure 8.4.1 Front view of breakwater and load-cell box.

Figures 8.4.4 and 8.4.5 show that the top row aflicell box recorded larger

loads than lower rows (Figures 8.4.6 to 8.4.9).dilegy Section 8.2, in which the

tests were without breakwaters, the loads on lals @n the top row were so

small that they were assumed insignificant and rigdoWith a breakwater, the
results indicated that there was a green water éimgtatop row of load-cell box.

This was investigated from simulation outputs andufe 8.4.2 shows the

sectional view of green water flow at the time greeater loads on the top row
were maximum. It is clear that when interactinghwthe breakwater, green water
flow formed a water jet which took off and directiypacted the top row of load-
cell box. This resulted in the loading as in Figug4.4 and 8.4.5.

The first green water impact on the load-cell basvthe most aggressive. Later,
the follow-up water attenuated and the take-offlaraj the water jet started to
reduce. The water jet then began to hit the lodld e¢ lower levels. Figure 8.4.3
captures the view of green water flow at the tirtne kads on the middle row
were maximum. Comparing Figures 8.4.6 and 8.4.1 Wigures 8.2.22 indicated
that green water loads on the middle row were wiilar order to the case when

no breakwater was used.
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Overall, the breakwater helped to reduce the tddald on load-cell box
substantially. By comparing Figure 8.4.10 with Fey8.2.35, it is noticed that the
reduction was more than 50 percent. Most of thikicon came from the load
cells in the bottom row where the loads were redubg approximately 90
percent. Even though the load cells in the top faeed greater loads, they were

well offset by the reduction on the bottom row.

t=0.20s t=0.22s

Figure 8.4.2 Snapshots corresponding to maximum impact loadeadh cell 2
(left) and load cell 3 (right).

t=0.2675s t=0.2675s

Figure 8.4.3 Snapshots corresponding to maximum impact loadeaah cell 5
(left) and load cell 6 (right).
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Figure 8.4.4 Comparison of green water loading on load cell 2.
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Figure 8.4.5 Comparison of green water loading on load cell 3.
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Figure 8.4.6 Comparison of green water loading on load cell 5.

269



Chapter 8: Comparison and Discussion of Results

N w N
I I I

Force on load cell 6 (N)

[y
I

— Simulation

> Experiment

0.1

0.2 0.3 0.4 0.5 0.6
time (s)

Figure 8.4.7 Comparison of green water loading on load cell 6.
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Figure 8.4.8 Comparison of green water loading on load cell 7.
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Figure 8.4.9 Comparison of green water loading on load cell 8.
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Figure 8.4.10 Comparison of total green water loading on loaltlfamex.

8.4.2 Breakwater height of 51mm and perforation dieneter of 10.5 mm

The perforations on the breakwater (Figure 8.4Mibuld create passages for
water to pass through (Figure 8.4.14). As descrlbe@ham and Varyani (2004,
2006a) and Varyani et al. (2006), the breakwateiccbold back a large amount
of the front water. And as this water piled up mrit of the breakwater, this
created a buffer of stagnant water that divertedftllow-up water upwards. A

water jet was then created and overrode the breakw&igures 8.4.12 and
8.4.13). Since this water jet was formed by thdofelup water, it normally

reached the structures behind the breakwaterttzderthe water that went through
the perforations (Figure 8.4.14). By comparingithpact times in Figures 8.4.15
to 8.4.18 with Figures 8.4.19 and 8.4.20, it wasepbed that the impacts on load
cells 7 and 8 were caused by the water that patsedgh the breakwater and
they were 0.06 seconds earlier than the impact®anh cells 2 to 6 which were
caused by the overriding water. This time lag @eat step in the total load curve
on the load-cell box as a whole (Figure 8.4.21)e Bimulation could actually

predict this behaviour relatively well.

As far as validation is concerned, the simulaticedicts quite well the behaviour,

magnitude and the rise-times of green water loadmdividual load cells. Even
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though the loads on bottom row were slightly unelstimated (Figures 8.4.15 and
8.4.16), on overall, the mean difference in thekpeads was approximately 10

percent.

Figures 8.4.12 to 8.4.14 show the sectional viefvgreen water flow when the
loads on top, middle and bottom rows were maximigspectively. These events
took place at the time the water first impacted tbed cells. Similar to
observation in Section 8.4.1, the overriding wataused by the breakwater led to
an increased loading on the top row (Figures 8.41& 8.416 compared with

trivial loads on the top row noted in Section 8)2.3

Maximum loading on the bottom row was mostly caubgdwater that passed
through the perforations (Figure 8.4.14). Howewempared with Figure 8.2.10,
it was reduced by 80 percent. The overall loadhenlbad cell box was therefore
reduced by approximately 55 percent in total dug¢ht breakwater (comparing
Figure 8.4.21 with Figure 8.2.35).

i i
LCl, LCP | LC3
LOAD-CELL BOX | |
(AT THE BACKY T p———- Je SR
Lc4i LCSi LC6
| |
[ [
BREAKWATER Q0 Q0 O
an FRONTD | 4 557 BB 5P

Figure 8.4.11 Front view of breakwater and load-cell box.
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%Y t=0.225s t=0.215s

Figure 8.4.12 Snapshots corresponding to maximum impact loadeadh cell 2
(left) and load cell 3 (right).

. t=0.265s

t =0.265s

Figure 8.4.13 Snapshots corresponding to maximum impact loadeadh cell 5
(left) and load cell 6 (right).

t =0.155s t =0.165s

Figure 8.4.14 Snapshots corresponding to maximum impact loadeaah cell 7
(right) and load cell 8 (left).
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Figure 8.4.15 Comparison of green water loading on load cell 2.
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Figure 8.4.16 Comparison of green water loading on load cell 3.
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Figure 8.4.17 Comparison of green water loading on load cell 5.
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Figure 8.4.18 Comparison of green water loading on load cell 6.

Force on load cell 7 (N

\

)

S
I

— Simulation

= Experiment

0.1

0.2 0.3 0.4 05 0.6
time (s)

Figure 8.4.19 Comparison of green water loading on load cell 7.
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Figure 8.4.20 Comparison of green water loading on load cell 8.
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Figure 8.4.21 Comparison of total green water loading on loaltlfamex.

8.4.3 Breakwater height of 51mm and perforation dieneter of 14.0 mm

The front view of the breakwater and load-cell boxhis case is as in Figure
8.4.22 and comparison of longitudinal green wateds is as in Figures 8.4.27 to
8.4.33. In general, the simulation predicted thieaveur of green water loading
relatively well even though the peak loads werghtly over-predicted for load

cells at higher levels (load cells 2 to 6). Thed@@an bottom row (Figures 8.4.31
and 8.4.32) were well predicted.

As the perforation diameter was increased to 14.0there was more green water
passing through the breakwater. The green wateirigaon load cells 7 and 8, as
a result, increased (comparing Figures 8.4.31 ah®3 with Figures 8.4.19 and
8.4.20, respectively). As more water was allowegdes through the breakwater,
there was less water that overrode the breakwaikrtlze water jet became less
aggressive. As a result, the height reached onldhd-cell box was lower

(comparing Figure 8.4.23 with Figure 8.4.12).
Interestingly, the load curves of load cells 5 afdshowed a double-peak

characteristic and this was well reproduced by #&tian (Figures 8.4.29 and
8.4.30). Using simulation data to analyse this olzen, it revealed that the
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double peak actually came from the double impantshese load cells. The first
impact was caused by the water that passed throlghupper perforations
(Figures 8.4.24 and 8.4.25). The second impactfreas the water that overrode
the breakwater. Since the overriding water wastgrea mass (Figures 8.4.24
and 8.4.25), the second peak load was larger tharfitst as noticed in both

numerical and experimental data.

Due to the breakwater, the loads on bottom rowoaftitcell box were reduced by
approximately 70 percent. The middle row still fddbe loads of similar order.
The loads on the top row were, however, larger tiwaen no breakwater was
fitted. As explained earlier, this was due to timpact with the water that overrode
the breakwater. Overall, the total load on the {oedl box was reduced

approximately by 58 percent.

i i
I |
LOAD-CELL BOX LCL Lty LEs
(AT THE BACK) T f-——- de Lo
Lc4i LCSi LCE
| |
BREAKWATER
(IN FRONTY  — é§7§§é§8§§é§9

Figure 8.4.22 Front view of breakwater and load-cell box.

B
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[
¥

¥

t=0.215s

Figure 8.4.23 Snapshot corresponding to maximum impact load®ad cells 1,
2 and 3.
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t =0.155s

t=0.225s

t=0.165s

t=0.225s

Figure 8.4.25 Snapshots corresponding to double impact loadsauhcell 6.

t=0.165s

t=0.155s

Figure 8.4.26 Snapshots corresponding to maximum impact loadeaah cell 7

(left) and load cell 8 (right).
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Figure 8.4.27 Comparison of green water loading on load cell 2.
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Figure 8.4.28 Comparison of green water loading on load cell 3.
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Figure 8.4.29 Comparison of green water loading on load cell 5.
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Figure 8.4.30 Comparison of green water loading on load cell 6.
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Figure 8.4.31 Comparison of green water loading on load cell 7.
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Figure 8.4.32 Comparison of green water loading on load cells 8.
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Figure 8.4.33 Comparison of total green water loading on loaltlfamex.

8.4.4 Breakwater height of 51mm and perforation dieneter of 17.5 mm

Figure 8.4.34 shows the front view of the breakwated the load-cell box aligned
on deck. The validation between simulation and arpent is as in Figures 8.4.39
to 8.4.45. Except for loads on the top row whereytivere too small for an

adequate validation, the other loads showed aivelptgood agreement between
the simulation and the experiment. All the behaxigeak loads and rise time of
the load curves were well predicted by the simafatifhe mean error of predicted
peak loads fell within 10 percent of the experinaéntalues. Nevertheless, the
simulation results showed some over-predictionhat tail of the load curves

(behind the peak loads). The reason was as exdlang&ection 8.2.1, related to

the pitching motion of the ship which could notrhedelled in the simulation.

Characteristics of green water flow were relativslyilar to observations in
Section 8.4.3. The increased diameter of the paitors meant that more water
could pass through the breakwater. This meansthti®istrength of overriding
water caused by the presence of the breakwaterréhsced. As a result, the
impact point on the load-cell box was lower, tovgatide middle row of load cells
(Figure 8.4.34). It means that middle row had toefalirect impact with the

overriding water. However, since the strength oérading water reduced, the
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loading on the middle row was not necessarily higoemparing Figures 8.4.41
and 8.4.42 with Figures 8.4.29 and 8.4.30, for eplajn

The bottom row definitely faced larger impact Icgidce more water could pass
through the breakwater (Figure 8.4.38). The dopelak in load curve of load cell

6 was well predicted by simulation (Figure 8.4.4R)e first and minor peak was
caused by the water that passed through the uppéorations (Figure 8.4.37

(left)) and the second (and major) peak was froenitttppact with overriding water

(Figure 8.4.37 (right)).

With the use of breakwater, the loading on bottoow rwas reduced by
approximately 50 percent (comparing Figures 8.44@ 8.4.44 with Figures 8.4.9
and 8.4.10, respectively). The total load on loali4oox, as a result, was reduced

by approximately 40 percent (comparing Figure &4vith Figure 8.2.35).

| |

| |

LOAD-CELL BOX | |
(AT THE BACK> M [——— i L.

| |

| |

| |

| |

sreses — | PO RD RS

Figure 8.4.34 Front view of breakwater and load-cell box.

NN
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t=0.22s

Figure 8.4.35 Snapshot corresponding to maximum impact load®ad cells 1,
2 and 3.

t=0.17s t=0.23s

Figure 8.4.36 Snapshots corresponding to double impact loadeaahcell 5.

t=0.17s t=0.2.3s

Figure 8.4.37 Snapshots corresponding to double impact loadeaahcell 6.
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t=0.17s t=0.17s

Figure 8.4.38 Snapshots corresponding to maximum impact loadeadh cell 7
(left) and load cell 8 (right).
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Figure 8.4.39 Comparison of green water loading on load cell 2.
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Figure 8.4.40 Comparison of green water loading on load cell 3.
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Figure 8.4.41 Comparison of green water loading on load cell 5.
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Figure 8.4.42 Comparison of green water loading on load cell 6.
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Figure 8.4.43 Comparison of green water loading on load cell 7.
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Figure 8.4.44 Comparison of green water loading on load cell 8.
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Figure 8.4.45 Comparison of total green water loading on loaldi .
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8.4.5 Breakwater height of 76.2mm and no perforatias

The front view of the breakwater and the load-bek is as in Figure 8.4.46. The
height of the breakwater was increased to halhtfsight of the load-cell box. The
amount of protection to the load-cell box was mdtman previous cases as
observed through experimental and simulation. Lionighal loads on individual

load cells became very small. Figure 8.4.49 plottedtotal load on the load-cell
box as a whole and it could be seen that the maxitead was only 2N (model
scale). Comparing this with Figure 8.2.35, it wadyocaround 10 percent of the
maximum load faced by the load-cell box when noakweater was fitted.

Validation on individual load cells was not carriedt since the loads were
insignificant. Figure 8.4.49 indicates an agreembatween simulation and

experiment.

Figure 8.4.47 shows the moment when green wateadtep the top row. Similar
to other cases, the pile-up of water in front c# tireakwater accounted for the
overriding of green water which took off at the badt the breakwater in the form
of a water jet. The increased height of the breagwmeant that the water jet took
off at higher location. It was therefore likelyreach higher areas on the load-cell
box (comparing Figure 8.4.2 with Figure 8.4.47).wdwoer, as the water went
higher, kinetic energy transformed into potentinkmyy so the velocity of the
water jet reduced as a result. The time of impaas @wiso later which meant that
the impact in this case came from the water furtitethe tail of the green water
mass. Since the energy of the water dissipatedgluts translation, the impact
caused by this water became less severe. As d,rd®ilmpact on the top row of
load-cell box became much weaker than that whenbtieekwater height was
lower (see Section 8.4.1 for example). Figure &4ldmonstrated the stage when
the water jet attenuated and water started to ddst®the deck. At this stage,
more water was observed in front of the load-celt but the loads on the load

cells were low since they were merely due to hyttaspressure.
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Figure 8.4.47 Snapshots corresponding to maximum load on lo#dso& with

water jet impacting load cell 2 (left) and loadlsdl and 3 (right).

Figure 8.4.48 Snapshots showing water behaviour at time of Qef§ and 0.5s
(right), respectively.
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Figure 8.4.49 Comparison of total green water loading on loaltlamex.

8.4.6 Breakwater height of 76.2mm and perforation édimeter of 10.5mm

With three rows of perforations of 10.5mm diamét&gure 8.4.50), water would
pass through the breakwater and directly strike lde cells at low levels
(Figures 8.4.51 and 8.4.52). Compared with theiptsvcase in Section 8.4.5, the
loads on these load cells were greater (Figure$B.dnd 8.4.58). However, as in
Section 8.4.2, these loads were much smaller thi@nwo breakwater was fitted.
Most of green water loading caused by the frontewawvas taken by the
breakwater. The water jet that overrode the bretdtwaas mostly made up by the
follow-up water further down the tail of the wafow. As explained in Section
8.4.5, this water did not carry high kinetic energyhe impact caused was
therefore far less severe than when lower breakvadtsimilar design was used
(Section 8.4.2).

From the validation point of view, prediction ofalds on all the load cells was
relatively good as in Figures 8.4.53 to 8.4.58. phak loads and the behaviour of
green water flow matched reasonably well. Regarthegprotection performance,

the breakwater in this case helped to reduce #mslon bottom row by more than
80 percent. The load on the load-cell box in tetak also reduced by the same

margin (comparing Figure 8.4.59 with Figure 8.2.35)
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Figure 8.4.51 Snapshots corresponding to maximum impact loadsamhcells 1,
2, 3 (left) and load cells 5, 8 (right).

t=1.6s t=0.5s

Figure 8.4.52 Snapshot corresponding to maximum impact load®ad cells 6,
7 (left) and water behaviour at time of 0.5s (r)ght
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Figure 8.4.53 Comparison of green water loading on load cell 2.
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Figure 8.4.54 Comparison of green water loading on load cell 3.
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Figure 8.4.55 Comparison of green water loading on load cell 5.
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Figure 8.4.56 Comparison of green water loading on load cell 6.
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Figure 8.4.57 Comparison of green water loading on load cell 7.

5
— Simulation
—~ 41 ;
z o Experiment
e
8 3
Ee]
[
o
S 2
[
<
£ % /
1
> S »
0 Lmana T T T T

0 0.1 0.2 0.3 0.4 05 0.6
time (s)

Figure 8.4.58 Comparison of green water loading on load cell 8.
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Figure 8.4.59 Comparison of total green water loading on loaltlfamex.

8.4.7 Breakwater height of 76.2mm and perforation é&imeter of 14.0mm

With larger perforations (Figure 8.4.60), more greeater passed through the
breakwater and the loads on the load cells incteasea result. Figures 8.4.63 to
8.4.69 show that the numerical results matched wih the experimental data.
The load on load cell 8 could be slightly over-peged but on overall, there was
good agreement. Figures 8.4.61 (right) and 8.4lé®&) (show that all the

impulsive loads on middle and bottom rows were edusy green water flows

that passed the breakwater through the perforatibnere was an impact on the
top row caused by the overriding water jet. Howewsspite large amount of
overriding water (Figure 8.4.61 (left)), velocityf ahe water was low

(approximately 0.75m/s from simulation results) ahd impact was not severe.

The loads on the top row, as a result, were loguiféis 8.4.63 and 8.4.64).

As far as the effectiveness of the breakwater wascerned, the breakwater
helped to reduce the total load on the load-cetl lwp approximately 70 percent
(Figure 8.4.69 verse Figure 8.2.35). The loads aioin row, in particular, was

reduced by around 75 percent.
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Figure 8.4.60 Front view of breakwater and load-cell box.

t =0.155s

£
£

Figure 8.4.61 Snapshots corresponding to maximum loads on ledld &, 2, 3
(left) and on load cells 5, 8 (right).

t=0.165

Figure 8.4.62 Snapshots corresponding to maximum loads on lelsl @, 7 (left)

and water behaviour at time of 0.5s (right).
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Figure 8.4.63 Comparison of green water loading on load cell 2.

5
— Simulation

4 .
z = Experiment
™
8 31
k=]
[
o
§ 21
[}
<
O
w

1 4

0 0.1 0.2 0.3 0.4 0.5 0.6

time (s)

Figure 8.4.64 Comparison of green water loading on load cell 3.
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Figure 8.4.65 Comparison of green water loading on load cell 5.
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Figure 8.4.66 Comparison of green water loading on load cell 6.
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Figure 8.4.67 Comparison of green water loading on load cell 7.
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Figure 8.4.68 Comparison of green water loading on load cells 8.
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Figure 8.4.69 Comparison of total green water loading on loaltlfmex.

8.4.8 Breakwater height of 76.2mm and perforation édimeter of 17.5mm

The breakwater in this case has largest perfosi{bigure 8.4.70) and it allowed
most green water to pass through. However, sineengwater loading on the
load-cell box also depended on the overriding watgs did not mean that the
loads on the load cells would be the largest. Eg@#.4.75 to 8.4.78 showed that
compared with breakwaters of similar dimensions buotaller permeability

(Sections 8.4.5 to 8.4.7), the loads on middle lawttbm rows were higher. They
well predicted by the simulation in terms of peakd, rise time and general
behaviour. The discrepancies were well below 5 qrdrof the peak load on load
cell 8. Figure 8.4.79 also indicated a good agred¢rbetween experiment and
simulation in terms of total load on the load d®k. The loads on top row were

too small for comparison.

Figures 8.4.71 and 8.4.72 show that all the impaldoads on middle row and
bottom row were due to the impacts of the wates jebming out of the
perforations. There was quite a lot of overridingtev (Figure 8.4.71 (left)) but
the loading on top row remained small due to lowoey of water

(approximately 0.6m/s from numerical results). Diheakwater in this case helped
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to reduce green water loading on bottom row by ntbes 50 percent. On the

load-cell box as a whole, the reduction was 45g@rc

| |
LOAD-CELL BOX -t i LCEi b
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| f“Ar ‘ | FS ‘ Lf‘e
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BREAKWATER D @) @ D
(IN FRONT>  — 0%7@ 8@%90

t=0.16s

Figure 8.4.71 Snapshots corresponding to maximum loads on ledld &, 2, 3
(left) and on load cell 5 (right).

t=0.1.7s t=0.15s

Figure 8.4.72 Snapshots corresponding to maximum loads on lelsl @, 7 (left)

and on load cell 8 (right).
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Figure 8.4.73 Comparison of green water loading on load cell 2.
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Figure 8.4.74 Comparison of green water loading on load cell 3.

N w £
I I I

Force on load cell 5 (N)

[y
I

— Simulation

o Experiment

0.1

0.2 0.3 0.4 05 0.6
time (s)

Figure 8.4.75 Comparison of green water loading on load cell 5.
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Figure 8.4.76 Comparison of green water loading on load cell 6.
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Figure 8.4.77 Comparison of green water loading on load cell 7.
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Figure 8.4.78 Comparison of green water loading on load cell 8.
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Figure 8.4.79 Comparison of total green water loading on loaltlfamex.

8.4.9 Breakwater height of 101.6mm and no perforabins

The last breakwater of the test series had thehh@igreased to two thirds of the
height of the load-cell box as in Figure 8.4.80. poforations were introduced
meant that the green water stopping capability l@egest. This is observed in
Figure 8.4.83 when the total load on the load-bek was hardly noticeable (a
fractional three percent of the load when no bregkwwas on deck). This was

observed in both experiment and simulation.

Even though there was water that overrode the lratsk, this took place at a
later stage of the impact. Figure 8.4.81 recordedtime of 0.48s at which the
overriding water managed to overcome the breakwvaatdrclip the top row of the
load-cell box. Due to its low kinetic energy, tmater mass soon fell deck-wards
and imposed no real loading on the load-cell bague 8.4.82 shows that most
of the green water was reflected back from the kweter and this further

explained the low impact load noticed on the loali{zox.
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Figure 8.4.81 Snapshots corresponding to maximum impact loadeadh cell 2
(left) and load cells 1, 3 (right).

Figure 8.4.82 Snapshots showing water behaviour at time of £.86d 0.6s,

respectively.
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Figure 8.4.83 Comparison of total green water loading on loaltlfamex.

8.5 Comparison of green water loading on breakwatear

So far the longitudinal green water loads meashyetthe load-cell box have been
compared and the validation has shown a relatiyebyd agreement. The presence
of the breakwater no doubt helped reduce greenrwaéeling on the vertical
structures by at least 40 percent, if not betteprinciple, the breakwater acted as
a protective or, strictly speaking, sacrificial e that took the severity of green
water flow in early stages. The protected structutteerefore only faced the
secondary green water loading. The investigatiorthis Section looks at the
extent of the load that the breakwater had to @ how well the simulation

model could predict it when it happened.

Qualitatively, maximum load on the breakwater camieen the front water of
green water flow impacted the breakwater. Figufe18gives two examples of
this moment in two different cases. It was eviddwat initially, the high kinetic
front water interacted with the breakwater, resgltin impulsive load. After the
impact, the water piled up in front of the breakevaand acted as a buffer that
protected the breakwater from any further impacimfrthe follow-up water.
Therefore, water could be seen to accumulate abtbakwater as a result. The

loading, dominated by hydrostatic pressure, begaaduce (Figure 8.5.2).
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t=0.145s t=0.15s

Figure 8.5.1 Snapshots corresponding to maximum impact loadsreakwater
of 51mm height with perforations of 14mm diametieft] and 76.2mm height

without perforations (right).

t=0.22:

Figure 8.5.2 Water amassed at the breakwater but loading bégamduce
(breakwater height of 51mm with perforations of Idmiameter on the right and

breakwater height of 76.2mm without perforationgtum left).

Figures 8.5.5 to 8.5.13 show the loads on the bratés in nine cases analysed
and Figure 8.5.3 compares the peak loads from grpat and simulation. With a
mean error of 51.4 percent and standard deviatio25® percent, there was a
large discrepancy between numerical and experirheasalts. A review of the
experimental setup was therefore carried out td bat what could have been

behind this discrepancy.
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Figure 8.5.3 Comparison of the peak loads on breakwaters.

The loading on the breakwater should follow the sdrend as the loads on the
bottom row of load-cell box because in principléisey were similar setups.
Figure 8.2.10 presented the results for the samdittons as the test series with
breakwaters. The rise time and the total load enkbttom row should give an
indication of how the load on the breakwater ofghéiof 51mm and without
perforations (see Figure 8.4.1) should look likeguFe 8.5.4 combines the
simulation data, experimental data with the totald on the bottom row taken
from Figure 8.2.10. It then became clear that tiapeared to be some flaw in the
measuring of green water loading on the breakwsitete the measured data
showed neither the expected impulsive charactesistor the adequate peak load.
As it stands in Figure 8.5.4, despite having adaipy 33.33 percent) projected
area, the load on the breakwater by experimentevas smaller than the total
load on the bottom row of the load-cell box. Theertime of 0.152s compared
with 0.03s implied that the measured load on tleakwater was not showing any

impulsive characteristics. The simulation resudig, the other hand, showed a
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better reflection of what could have been the loadhe breakwater both in terms
of rise time and peak load.

30

—— Total load on breakwater
5 | (Simulation)

- Total load on breakwater

(Experiment)
20

—— Total load on bottom row
(Experiment)

Force on breakwater (N)

time (s)

Figure 8.5.4 Review of simulation and experiment data on tlagliog sustained
by the breakwater.

The flaw could be due to the mechanical setup efdick load cell. Figure 4.5.12
in Chapter 4 shows the setup of the deck load tteié possible that the wood
beam on which the load cell was mounted was thecsoaf error. Located at
approximately 100mm below the forecastle deck,htbeding moment caused by
green water loading on the breakwater was as fagh%Nm. This could cause the
beam to twist, resulting in the under-measuremdnthe load. Nevertheless,

Figure 8.5.4 implies that the simulation could havedicted well the load on the
breakwater.

306



Chapter 8: Comparison and Discussion of Results

30
— Simulation

25 A
< o Experiment
9] |
& 20
S
x
<
o 154
o
c
o
2 10
S
w

54

0 T T T T T

0 0.1 0.2 0.3 0.4 05 0.6
time (s)

Figure 8.5.5 Comparison of green water loading on breakwatdreaght 51mm
and no perforations.
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Figure 8.5.6 Comparison of green water loading on breakwatdreaght 51mm
and perforation diameter of 10.5mm.
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Figure 8.5.7 Comparison of green water loading on breakwatdreaght 51mm
and perforation diameter of 14.0mm.
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Figure 8.5.8 Comparison of green water loading on breakwatdreaght 51mm
and perforation diameter of 17.5mm.
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Figure 8.5.9 Comparison of green water loading on breakwaterheight
76.2mm and no perforations.
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Figure 8.5.10Comparison of green water loading on breakwaterheight
76.2mm and perforation diameter of 10.5mm.
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Figure 8.5.11 Comparison of green water loading on breakwaterheight
76.2mm and perforation diameter of 14.0mm.
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Figure 8.5.12 Comparison of green water loading on breakwaterheight
76.2mm and perforation diameter of 17.5mm.
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Figure 8.5.13Comparison of green water loading on breakwaterheight
101.6mm and no perforations.
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8.6 Vertical green water loading when breakwaters re fitted

Besides posing direct threats on vertical strustugeeen water was a real danger
to the deck plating itself. A case example shovied &n amount of approximately
1000 tonnes of sea water was lifted out of the wdmathe ship's forecastle and
forward foredeck when rising up from a severe pitcto a head sea, thereby
depressing the deck plating and twisting the beatepl of several items of
mooring machinery (Olsen, 2005). Massive damagédcbe predicted in such a

situation.

This Section concentrates on validating the loatingcon the deck panel

described in Section 4.5.6 in Chapter 4. Figurel8m@esents an example of the
longitudinal and horizontal views of green water adeck at the time when the
load on the deck load cell was maximum. As sees, tdok place shortly after

green water landed on the deck when the highly tkingreen water mass

interacted with the bare deck plating. Later, mawger was shipped above the
deck plating (Figure 8.6.2). The pressure became mydrostatic and deck load
started to reduce.

Comparison of the loads on the deck load cell wadaerand the outcome is as in
Figures 8.6.6 to 8.6.14. On overall, the simulatigave a relatively good
estimation of the loads. The peak loads and tmelgref the load curves were both
well predicted. Figures 8.6.3 and 8.6.4 comparepiak loads lifted from these
load curves together. The mean error was 5.7 persghthe standard deviation
9.1 percent evidently implied a good agreement betw experiment and
simulation. However, as the load curves in Fig@#s6 to 8.5.14 suggested, the
peak loads in the simulation were more impulsiventin experiment. This could
be attributed to the noise interference coming ftomvibration of the hull at its
natural frequency as discussed before in Secti®n/so, the acceleration of the

deck which was not simulated meant that the loadpmment due to the motion of
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the deck was not included in the simulation resultsis could account for the

broadness of the experimental load curves in Fg8ré.6 to 8.6.14.

The variation in vertical load by both experimentdasimulation meant that the
deck loading was influenced to a certain extenthieyvariation of the breakwater.
Figure 8.6.5 shows the deck loads when there wad¥raakwater on board.
Compared with Figures 8.6.6 to 8.6.14, it was evidéat the presence of the
breakwater did lead to an increase in deck loasiggificantly. This could be due
to the water that was reflected backwards, off bheakwater after the initial
impact.

The variation of deck loading with the variation perforation diameter further
consolidated this conclusion. Figure 8.5.3 showat for the same breakwater
height, as the perforations were introduced anit thameter increased, the deck
loading reduced considerably until the diameteched 14.0mm. After which, a
further increase in diameter to 17.5mm did notdpany further reduction and this
was the case for both breakwater heights of 51men7&2mm. This could mean
that around this range of perforation diameter,abeumulation of water in front
of the breakwater did not necessarily change samtly. The loading therefore

stayed relatively steady.
As far as validation was concerned, the simulasibowed that it was capable of

estimating the behaviour of green water loadingdenk even with the changes

that followed by variation in breakwater parameters
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t=0.145s t =0.145s

Figure 8.6.1 Sectional views (vertically and horizontally, resfively) of green

water on deck at the time maximum impact load arkdead cell was recorded.

t=0.215s : t=0.225s

Figure 8.6.2 Water head above the deck load plate was highempiassure

became more hydrostatic and began to reduce.
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Figure 8.6.3 Comparison of load on deck load cell in test seneith

breakwaters.
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Figure 8.6.4 Comparison of peak loads on the deck load cell.
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Figure 8.6.5 Comparison of loads on deck load cell when no kweser was
fitted.
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Figure 8.6.6 Comparison of green water loading on deck loadl ioetase of

breakwater height of 51mm with no perforations.

30

— Simulation
25 4

8 > Experiment

20 -

154

10 4

Force on deck load cell (N}

0 .1 0.2 0.3 0.4 0.5 0.6
time (s)

Figure 8.6.7 Comparison of green water loading on deck loadl ioetase of

breakwater height of 51mm and perforation diametdi0.5mm.

30

—— Simulation
25 4

o Experiment

20 A

154

10 4

Force on deck load cell (N}

0 0.1 0.2 0.3 0.4 0.5 0.6
time (s)

Figure 8.6.8 Comparison of green water loading on deck loadl ioetase of

breakwater height of 51mm and perforation diametdr4.0mm.

314



Chapter 8: Comparison and Discussion of Results

30

— Simulation
25 4

- Experiment

20 -

154

10 4

Force on deck load cell (N}

0 0.1 0.2 0.3 0.4 0.5 0.6
time (s)

Figure 8.6.9 Comparison of green water loading on deck loadl ioetase of
breakwater height of 51mm and perforation diametér7.5mm.
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Figure 8.6.10 Comparison of green water loading on deck loadl ioetase of

breakwater height of 76.2mm and no perforations.
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Figure 8.6.11 Comparison of green water loading on deck loadl ioetase of
breakwater height of 76.2mm and perforation diametd0.5mm.

315



Chapter 8: Comparison and Discussion of Results

30

— Simulation
25

\
)

- Experiment

20 -

151

10 4

Force on deck load cell (N

s T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

time (s)
Figure 8.6.12 Comparison of green water loading on deck loadl ioetase of
breakwater height of 76.2mm and perforation diameftd4.0mm.
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Figure 8.6.13 Comparison of green water loading on deck loadl ioetase of
breakwater height of 76.2mm and perforation diametd7.5mm.
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breakwater height of 101.6mm and no perforations.
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8.7 Discussion of results and parametric analyses

Sections 8.2 to 8.6 have compared all aspectetetatgreen water loading with
and without the breakwaters on the forecastle d€uslerall, the validation has
been relatively good. Despite several minor disgnejes, the agreement between
simulation and experiment has been consistent hisdléads to the conclusion
that the proposed hydraulic model is reliable andrke relatively well in

reproducing the characteristics of green wateremkd

As an extended analysis, this Section continues arntattempt to conduct several
key parametric investigations into other aspectgreén water as well as the use
of breakwaters in reducing the damages that coeléhflicted. There were two
sets of data that could be used for these invegiiga i.e. experimental and
numerical. In order to avoid confusion in the asaly it was decided that
simulation results were more convenient to useesibcould provide illustrative

images that help to explain the events in detalil.
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8.7.1 Effects of green water height

If the velocity of the ship is unchanged, the geeatater height will undoubtedly
inflict more loading and, hence, worse damagesadih lvertical structures and
deck plating of the ship. The question is if thare any other changes that can
result from the increased height of green wateghtedther than loading. In order
to find the answer for this, three sample caseg®én water event were selected

and compared with each other in terms of:

* Loading on vertical structures
» Load on deck plating

» Characteristics of green water flow on deck at $iages

These three selected cases corresponded to test HOB8T11Fn020,
HO8T12Fn020 and HO8T13Fn020 as listed in Tablel8hese cases were tested
at velocity of Fn = 0.20 (or 16 knots at full sQalewave height of 8m and wave
periods of 11s, 12s and 13s, respectively at fidles The results are presented in
model scale for comparison with other Sections.|§&h7.1 lists green water

height in each of these three cases.

Table 8.7.1 Initial green water height on deck in simulation.

Run Green water height in simulation
(mm)
HO8T11Fn020 63.7
HO8T12Fn020 70.0
HO8T13Fn020 33.0

In order to make the Section concise without losing generality, comparison of
loading was carried out only on load cells 5, &, tbtal load on the load-cell box
and the deck loading. Figures 8.7.1 to 8.7.4 shuay, tin general, the relation

between the peak loads and green water heightsrelatevely linear for all cases.
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Water from greater initial water height reached kb&d-cell box sooner, as in
Figures 8.7.1 to 8.7.3. This was consistent with dam-break theory when the

velocity of the front water is defined in termsinitial water height K by:

Ufront = 2\) gHO (871)

Equation (8.7.1) means that greater green watghhexill cause the front water
to travel faster. This is confirmed by Figures B.70 8.7.7 which show the
sectional views of green water flow in three cashen the deck loading reached
maximum. To reach the same location on deck, k th@6s for the front water in
run HO8T11Fn020 but only 0.13s in runs HO8T12Fn@26 HO8T13Fn020.

Figures 8.7.5 to 8.7.7 also indicate that greerewantered the deck in a form
similar to a plunging breaker as described by Gedcal. (2005, 2007). For small
green water height, the water flow appeared tod#gper into the deck before
landing. The air gap or air cavity between the dac# the plunging green water
was therefore larger. This can be seen clearly vdoemparing the dry deck areas

surrounded by water in Figures 8.7.5 (right) ta B(right).
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Figure 8.7.1 Effects of green water height on loading on loaldl &.
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Figure 8.7.5 Sectional views of green water on deck in run HCBANO20 at the

time the deck loading was maximum.

t=0.13s

Figure 8.7.6 Sectional views of green water on deck in run HOBANO20 at the

time the deck loading was maximum.

t=0.13s

Figure 8.7.7 Sectional views of green water on deck in run HOBANO20 at the

time the deck loading was maximum.
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8.7.2 Effects of ship velocity on green water andading

When green water height is kept constant, the as@é relative velocity between
the ship and the green water mass should integsifgn water impact. In order to
check this and also to investigate the differennehe behaviour of green water
flows on deck, two simulations (Table 8.7.2) wemgplemented and the results

compared.

Table 8.7.2 Initial green water height on deck in simulation.

Run Green water height in simulation
(mm)
HO8T11Fn020 63.7
HO8T13Fn030 64.0

The comparison of loading was carried out on loalts &, 8, the load-cell box as
a whole and deck load cell. The results are asgarés 8.7.8 to 8.7.11. Figure
8.7.10 clearly shows that by having larger relatre¢ocity, green water flow in
run HO8T13Fn030 reached the load-cell box earligrapproximately 0.033s.
However, Figure 8.7.11 indicated that green watehis case impacted the deck
load cell slightly later than in run HO8T13Fn020heT answer was found by
viewing green water flows at the impact times ia to cases (Figures 8.7.12 and
8.7.13). Indeed, due to its higher velocity and sharp deck edge, green water
flow in run HO8T13Fn030 took off the deck at thekledge. It later landed at the
far end of the deck load cell (Figure 8.7.13). Grewater flow in run
08T11Fn020, on the other hand, entered the delokvet velocity. Even though it
also took off the deck at the deck edge, it lanback on the deck earlier at the
near end of the deck load cell (Figure 8.7.12).ré&fore, despite having lower
relative velocity, the impact on deck load cell mn HO8T11Fn020 actually

occurred slightly earlier as seen in Figure 8.7.11.
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Higher relative velocity between green water flomdavertical structures would
result in larger and more impulsive impact loacsaggested by equation (5.9.2)
and this was well reflected in Figures 8.7.8 taB)7 Using equation (5.9.2) as an
approximate estimation, the ratio between the p@agact loads is to be
proportional to the square of the ratio of vel@stiThe ratio of velocities between
run HO8T13Fn030 and HO8T11Fn020 was 1.5 which iedpthe ratio between
the peak impact loads to be in the order of 2. Muas indeed the case when
comparing the peak values of the load curves inreg8.7.8 to 8.7.10.

In summary, the relative velocity between the shiqg green water is closely
related to the degree of severity in which greetewkading can take place. The
velocity also influences the characteristics ofegrevater flow when it enters the
deck.
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Figure 8.7.8 Effects of ship velocity on loading on load cell 5
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Figure 8.7.12 Sectional views of green water on deck in run HOBANO20 at the

time the deck loading was maximum.

t=0.14s

Figure 8.7.13 Sectional views of green water on deck in run HOBANO30 at the

time the first peak load on deck load cell tookcpla

t=0.17s

Figure 8.7.14 Sectional views of green water on deck in run HOBANO30 at the
time when the load on load cell 8 and also on dasldcell box as a whole was

maximum.
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8.7.3 Effects of breakwater height on green waterral loading

Breakwater is designed to obstruct incoming wdtex fand keep the destructive
impact loading away from the protected structutdgyher breakwater means
larger cross section area, and hence, more pnotedireakwater. Larger
breakwater, however, comes at the cost of extreemaht heavier supporting
structure and foundation. Also, up to a certainghgi the protection of the
breakwater does not significantly increase with aumther increase in breakwater

height. The design of breakwater will then neeldemptimised using CFD tools.

This Section carries out a sample investigatiotheneffects of breakwater height
on the behaviour of green water on deck and thdingaon deck structures and
plating. Four cases were selected for this invattg and they are listed in Table
8.7.3.

Table 8.7.3 Cases for investigation of the effects of brealewaeight on green

water and loading.

Case number Breakwater Breakwater Perforations
height (mm) width (mm)
No breakwater 0.0 0.0 0
HO051D000 51.0 203.2 0
HO76D000 76.2 203.2 0
H101D000 101.6 203.2 0

The investigation looked at the following aspectsorder to look for relations

between the breakwater

guantitatively:

* Loading on the middle row of the load-cell box

Loading on the bottom row of the load-cell box

* Loading on the top row of the load-cell box

Total loading on the load-cell box collectively

height and green water lopihlitatively and
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» Loading on deck load cell.

* Loading on the breakwater.

The comparisons of these loadings are as in Fighiie45 to 8.7.21. In general,
breakwaters helped to substantially reduce greeterwiading on vertical

structures. Figure 8.7.18 indicated that the breakwwith a height equivalent to
one third of the structure height (H051D000) redutee total green water load
by more than 60 percent. When the height incretsédlf of the structure height
(HO76D000), nearly 90 percent of the load was redu®vhen breakwater height
was increased to two thirds of the structure hegli01D000), green water load

was reduced to almost zero.

Most protection from the breakwater was made toldkelevel structures. Well
sheltered behind the breakwater, these low-levattires successfully avoided
the destructive front water in green water flowngufe 8.7.16 shows that even
with lowest breakwater height, green water loadbotiom row of the load-cell
box was reduced by a substantial amount of 95 perdée only load on these
structures was related to the hydrostatic presstitbte descending water from

upper levels, which was generally insignificant.

Upper-level structures, on the other hand, coute fgreater green water loads due
to the breakwater. The accumulated water in frdrthe breakwater appeared to
create a buffer that diverted the follow-up watewards. In heavy green water
event such as those considered herein, the acctiomutd water continued until it
reached the top edge of the breakwater. Then, dlh@wfup water flow would
overcome the breakwater in the form of a wateajet could be strong enough to
carry on and strike the structures behind the bvagder. If such impact took place,
the severity depended on the velocity of the wakefequation (5.9.4)) and the

incident angle of the jet itself.
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Figure 8.7.22 captured the moments when green Wadron the middle and top
rows were maximum for all four cases. The timingtledse moments indicated
that green water took longer time to overcome hidgiveakwater. Figures 8.7.22
(B) and (C) showed the direct impacts of green njats on the top row at similar
incident angles. However, the load resulted inf@% much higher than in (C) as
in Figure 8.7.17. This was due to the differencgreen water velocities in these
two cases. Reviews of vector fields around thertop revealed that green water
velocity at the time of impact in (B) was 1.8m/silshin (C) it was only 0.5m/s.
In the case of no breakwater (Figure 8.7.22 (Afhoaigh the velocity of green
water at the top row was relatively high (approxieiya1.3m/s), green water load
was low. This was because the incident angle omatigde of impact was almost
90 degrees. The water simply ran up the load celthout imposing any
significant pressure. Figure 8.7.23 presents thecitg vector field around load
cell 2 in the top row of the load-cell box for tkase corresponding to Figure
8.7.22 (D). It could be seen that the water wasaleding along the load cell
surface (velocity vector was parallel to the swujad herefore, even though there
was a fair amount of water in front of this load ,céhe load was almost as low as
in Figure 8.7.17.

Figure 8.7.16 plotted the load curves on middle afwhe load-cell box. One
interesting fact about the middle row was thatasvat intermediate level between
the low-level and high-level. The physics behind khad acting on this row was,
therefore, relatively sensitive to the height of threakwater in use. Without the
breakwater, incident water accumulated in fronttleé bottom row and then
directed the follow-up water upwards, resultingamimpact with the middle row
(Figure 8.7.24(A)). With the breakwater of low heatigthe load on the middle row
was caused by direct impact with the overridingengt that took off the edge of
the breakwater (Figure 8.7.24(B)). When high bregtens were fitted, the
overriding water jet caused an impact at higheation than the middle row. The
water after this impact then descended and asgegubthe middle row, it imposed

some pressure. This pressure is normally insigmiti@s in Figure 8.7.16.
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As far as the loads on vertical structures wereceored, the increased height of
breakwater could increase the loads faced by strestat upper levels. However,
this increased load, if any, was well offset byuastantial reduction in the loading
on low-level structures. Overall, the total loadiog the vertical structures

reduces.

Figure 8.7.19 shows green water loads acting onbtie@akwaters and Figure
8.7.20 compares the peak loads on the breakwatlertiase on the load-cell box.
Despite a harmonic transition of green water |dagtsveen the breakwater and the
load-cell box, it could be seen that for the rargjebreakwater height in
consideration, the peak impact load on the breadmwdit not change significantly
with breakwater height. In equation (5.9.2), thakpenpact loads are proportional
to squared velocity of the water front. If the @ty was not changed and as long
as the breakwaters were large enough to take ofuthinpact (Figure 8.7.25),

the peak impact loads should stay relatively tmesa

After the impact, the water accumulated in front tbé breakwater. Higher
breakwater meant that more water could be accuedilatthis region. The extra
hydrostatic pressure would then cause some diféexeim the load curves and this

was observed in Figure 8.7.19.

Figure 8.7.21 compared the loads acting on the dmadt cell. As discussed in
Section 8.6, due to the reflected water off theakweater, the load on the deck
load cell increased. Since all the breakwatersidensd in this Section did not
have any perforations and were of similar desiga,amounts of reflected water
should be similar. The differences between the loacves should therefore be

small as in Figure 8.7.21.

For similar design features, the variation in heigithe breakwater could change

the behaviour of green water. The loading as dtresuld also change. If all the
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breakwaters were large enough to take the full shfram green water flow, any
increase in height would not result in any sig@ifit changes in loading on the
breakwater itself. The loading on deck plating doahange depending on its
location relative to the breakwater. If the breatews are of similar design and

large enough, this load would not pose any sigaifichanges.
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Figure 8.7.15 Comparison of loads on the bottom row of the loatl-box.
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Figure 8.7.16 Comparison of loads on the middle row of the Igatl-box.
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Figure 8.7.18 Comparison of total loads on the load-cell box.
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Figure 8.7.19 Comparison of loads on the breakwater.
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Figure 8.7.20 Peak loads on the load-cell box and on the bretgtwa
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Figure 8.7.21 Comparison of loads on the deck load cell.
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Figure 8.7.22 Green water flows at the time of maximum loadsa@mrow of the

load cell box.

3 009+05\\\§t7
i

2 Sﬁe+05\i\
271e400" B
Py

257e+0 K

1558+00 ~

1406400 % 4/

1.26e+00. 7 4
I

| 1128400 -
&
are-01
825e-01 .
6.80e-01

536e-01

A )
Tl
380e-01 0 :
245e-01 iy 11 = goe
1.00e-01 \|I
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Figure 8.7.24 Green water flows at the time of maximum loadsraddle row of
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Figure 8.7.25All the breakwaters were large enough to takefathempact from

green water which resulted in maximum loads orbiieakwaters.
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8.7.4 Effects of breakwater permeability on green ater and loading

The effectiveness of a breakwater against greeenfiaiw does not only depend
on the height, it is also influenced by the degrepermeability of the breakwater.
This Section aims to investigate this influence.abhieve this, four breakwaters
of different perforation diameters or permeabiligrcentages were selected and
they are as in Table 8.7.4. Without losing any gelitg, the breakwater height

selected was 51mm (at model scale).

Table 8.7.4 Specifications of breakwaters for investigating ihfluence of

permeability on green water and loading.

Breakwater | Dimensions Rows of Number of Perforation | Permeability
(mm) perforations | perforations diameter percentage
(mm)
HO051D000| 51x203.2 2 14 0.0 0.0%
HO051D105| 51x203.2 2 14 10.5 11.7%
HO051D140| 51x203.2 2 14 14.0 20.9%
HO051D175| 51x203.2 2 14 17.5 32.6%

Figures 8.7.26 to 8.7.32 show the variation of oadvarious load cells within
the influential zone of green water loading. Figu827.26 and 8.7.27 present the
load curves from load cells for the lower-level sowAll the load curves had
distinct double-peak characteristics which indidatbat double impacts took
place on these load cells. Figures 8.7.33 to 8.f#t86ent the views of green water
flow on deck at the times that the peak loads hapgelt turned out that the first
peak loads were caused by water jets that camefroot the perforations.
Depending on the dimensions of the perforations,ghantities and velocities of
these water jets could vary. When the breakwater e perforated (H051D000)
or, in other words, the perforation diameter wa zéhere were no such water
jets (Figures 8.7.33(A) and 8.7.35(A)) and thetfpeak loads in this case were
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zero as in Figures 8.7.26 and 8.7.27, respectiviélg. larger the perforations, the
larger the permeability percentage and more watmrdc pass through the
breakwater. The loads would therefore increase. 2oison of the first peak
loads could be made from Figures 8.7.26 and 8.F@7simplification, if the exit
velocities (U’s) of the water jets were assumebdasimilar, the discharge rate Q
of each water jet behind the breakwater would vy depend on the areg, Af

the perforation:

Q=UA (8.7.1)
Assume also that the distance between the loadsoglland the breakwater was

small enough to ignore any reduction in the waggrvelocity, the peak impact

load on the load cellsifpac:could be estimated by the formula:
Fimpactz p.Q.U (8.7.2)

By substituting (8.7.1) into (8.7.2) and using foatenfor a disc area based on its

diameter [3, impact force caused by one water jghk:could be given as:
: — 1 2112
Fimpact = ZP-TEDP-U (8.7.3)

Since U was assumed to be constant, the load olodldecells depended on the
square of the diameter of the perforations. Raitsveen the first peak loads on
load the load cell box (Figure 8.7.29) reflecteid ttharacteristic.

Figure 8.7.34 show that the second peak loads ebdttom row of the load-cell

box were due to the combination of the build-upsater between the load-cell

box and the breakwater and the water that contitnedme off the perforations.
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Figures 8.7.36 and 8.7.38, on the other hand, shatvthe second peak loads on

the middle row were actually due to the water thegrrode the breakwater.

Figure 8.7.37 shows the views of green water flaivghe times the impact loads
on the top row of load-cell box were maximum. Sitloe top row was well above
the influential zone of the water jets that camketbé perforations, the double-
peak characteristics in the load curves were nesemt (Figure 8.7.28). This
Figure also indicated that the height this watecqaild reach on the load-cell box
depended on the size of the perforations. Note tiatperforations helped to

divide the incident water flow via three followimgays:

» Letting some of the water pass through.
» Reflecting some of the water back.

» Diverting the rest of the water upwards and away.

The strength of the original water flow was therefaivided accordingly. The
strength of the diverted water or the water thatrmde the breakwater would
depend on the amount of the water that could gassigh the breakwater. Also,
the accumulation of the reflected water partly etife the strength of the diverted
water. If the rate of accumulation of water in frof the breakwater is higher, the
follow-up water will be diverted upwards and awayrm quickly. When the
breakwater was not perforated, the rate of watenraalation was highest and the
overriding water was the strongest. It reacheddbd-cell box at higher location
on the top row. As the perforation diameter incegiast was evident in Figure
8.7.37 that the overriding water reached the lagtliox at lower location. The
impact load was then shared between the top rowttendiddle row. Therefore,
even though the velocity of this water did not reseeily change much (Table
8.7.5), the peak impact load on the top row redusee also Table 8.7.5). For
perforation diameter of 17.5mm, the velocity of widing water did reduce

significantly. Together with the lower impact area the load-cell box, this
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resulted in a considerable decrease in peak impadton the top row (see Table
8.7.5 and Figure 8.7.28).

Figure 8.7.30 present the loads imposed by gredarvem the breakwaters and
Figure 8.7.31 plot the peak values of these lo#misgawith the peak impact loads
on the load-cell box as a whole. In Section 8.if.@as already shown that there
was a transition between the load on the load-bek and the load on the

breakwater when the breakwater area was variedjeLdireakwater area would
see less loading on the load-cell box but moreitmpdn the breakwater itself.

Similar trend was noticed as in Figure 8.7.31. Feg8.7.39 shows the moments

when the peak loads on the load-cell box occurred.

Figure 8.7.32 compares the loads acting on the deal cells when the
perforation diameter was varied. It could be natiteat the load curves were very
much the same except for the impulsive peak loadtea beginning when the
water first landed on the deck load cell. Slightedences could be noticed and
these were due to the hydrostatic pressure cayséielreflected water from the
breakwater. Larger permeability percentage mearallembreakwater area and

less reflected water. The load on the load cell, was result, smaller.
In summary, the permeability of the breakwater dogileatly affect green water

and its loading. Generally, for larger permeabhilityore loading was faced by the

protected load-cell box and less loading on thakwater.
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Table 8.7.5 Velocity of overriding water on impact the top rofvload-cell box
and peak impact load on top row.

Breakwater Velocity range of overriding Peak impact load on the
water on impacting the top row deck load cell
(m/s) (N)
HO051D000 1.30-1.50 25.43
HO051D105 1.35-1.50 22.67
HO051D140 1.35-1.55 20.28
HO051D175 1.10-1.30 15.62
10
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Figure 8.7.26 Comparison of loads on the bottom row of the loatl-box.
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Figure 8.7.27 Comparison of loads on the middle row of the Igatl-box.

339



Chapter 8: Comparison and Discussion of Results

10 I I
> 9 —HO051D000
vt ° H051D105
S 84 — HO051D140
= ——H051D175
© 7
?
T 6
o
S 5
2
° 4 o
=3 8
2 3]
c
o
T 29
]
o
4 14
0 : .
0 0.1 0.2 0.3 0.4 0.5 0.6
time (s)

Figure 8.7.28 Comparison of loads on the top row of the load {oex.
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Figure 8.7.29 Comparison of total loads on the load-cell box.
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Figure 8.7.30 Comparison of loads on the breakwater.
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Figure 8.7.32 Comparison of loads on the deck load cell.

341



(A)

fr
X

HO051D000

t=0.17s

(B)

., H051D105

(©)

t=0.165s

(D) t=0.17s

Chapter 8: Comparison and Discussion of Results

Figure 8.7.33 Green water flows at the time of the first peadkd® on bottom row

of the load-cell box and also on the load-cell hexa whole.
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Figure 8.7.34Green water flows at the time of the second peakid on bottom

row of the load cell box.
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Figure 8.7.36 Green water flows at the time of the second peakid on middle

row of the load cell box.
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Figure 8.7.38 Green water flows at the time of the second pealld on the load

cell box.
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Figure 8.7.39 Green water flows at the time of the second peakld on the load

cell box.
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Figure 8.7.40 Green water flows at the time of the peak loadgshendeck load
cell.
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8.8 Summary

In this Chapter, the numerical results based on GiRiulation were validated by
experimental data obtained from the model testsheEi with or without
breakwater on forecastle deck, there was good agneebetween the two streams
of data. The simulation produced well green watghrdviour on deck for all test
conditions considered and for all the variations boéakwaters. Breakwaters
proved to be an effective way of dealing with greeaster on deck. They were
shown to help reduce green water loading on vérscafaces by substantial
amounts. A sensible selection of permeability fue breakwater could bring in
optimal balance of loads faced by the breakwated protected structures.
Following successful validation of numerical resulthis Chapter carried out
numerical parametric studies on effects of greetewheight and breakwater
design features. It was found out that green wiaggght and ship velocity could
increase green water loading significantly. In tewh breakwater design, both the
dimensions and permeability of the breakwater t@tsiclerable influence on the
characteristics of green water on deck. Green wadeling was basically reduced
when the protective area on the breakwater wasedarghis included either
increased breakwater height (with breakwater bleafiked) or reduced

breakwater permeability.
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Chapter 9:
Review and Applications of Simulation
Model

9.1 Introduction

The simulation model tested in this project hasnbeesimplified version of what
could actually have happened in reality. Even tiotige validation has been
encouraging, there are limitations. This Chapténstly, aims to review the
methodology of the modelling framework for simutatigreen water on the deck
of a containership at high speed. Ranges of applitaof this model are then
specified. Secondly, this Chapter looks at prattagplications of the model.
Several examples of these applications are predetde demonstrate the

applicability the hydraulic model.
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9.2 Review of simulation model

From preceding Chapters, the analysis model foergre/ater event can be
summarised as in Figure 9.2.1. The review processcarried out at every step of

the analysis model.

Hull shape Weight distribution Head wave data Ship speed

Swell-up Analysis | o
------------- »  Motions€--------1

A2 v
Relative motions and G, :
Green water Analysis |«-4 lestdat@a

; , (if available) |

v

Water height and
Water velocity

Freeboard and
flare angle

Deck arrangement
and structures |

CFD modelling
and analysis

Loading ! ' Green water
v y behaviour on deck

Optimisation of Deck
arrangement and structures

;
1
i
1
v

Design guidance
to naval architects

Figure 9.2.1 Outline of the semi-empirical design evaluatiortimel.
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9.2.1 Review of ship motion prediction theory

Note that the validation in Chapter 8 was based @emi-empirical process in
which the measured freeboard exceedance was udediltbthe simulation for
CFD analysis (see also Chapters 6 and 7). If nerxental data are available,
the freeboard exceedance is to be calculated fnemetiative motions between the
forecastle deck and free water surface as in Ch&pter instance. Care should
then be taken in using these numerical resultsstlfzirmost of ship motion
theories available are based on the assumptiosimall wave amplitude and other
linear assumptions. Despite efforts to bridge tlap dpetween numerical and
experimental results, the motions of ship in lakgaves involve many non-
linearities and these were not included fully ine tmumerical solutions.
Unfortunately, green water normally takes placdaige and steep waves. The
ship motions in such scenarios are excessive agidyhnon-linear as in Chapter
5. This is further complicated by the shipment @aftev on board and keel/flare
slamming. The comparison between experiment andilatran in such rough
conditions can foresee discrepancies that can balyectified by enhancement

factors which may be unique to a particular ship.

Type of ship hull is another factor that shouldcbasidered when adopting some
numerical analysis for ship motions. Containergmigi normally comes with a
bulbous bow and this causes difficulty in most lé ship motion theories. For
example, the ship motion results used for comparis@Chapter 5 were calculated
based on strip theories. The added mass and daropeétficients were estimated
based on generic equations developed from test wkitay frigate ship hulls.
Despite the fact that hydrodynamic coefficients Idobe calculated for
instantaneous wetted surface area, the differemeebull shape resulted in
considerable discrepancies in the ship motion testihis subsequently affected
the calculations of relative motions, freeboard edance, and finally, the

prediction of deck wetting and CFD analysis as aleh
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Therefore, if theoretical estimation is to be usedyethod that is as close to fully
non-linear as possible has to be chosen and ciomdeictors may be necessary to

ensure the discrepancies can be sensibly reduced.

9.2.2 Review of swell-up analysis theories

Similar to ship motions, swell-ups of water aroutm® bow are fundamental
components to freeboard exceedance and occurrehggeen water. As in
Chapter 3, two types of swell-up (namely, statid atynamic) were treated
independently and then superimposed to obtain tha swell-up. Coupling

effects were ignored for simplification when th&adeed, exist.

The bow waves were calculated using the theoryqeeg by Shearer (1950). In
this theory, the ship was assumed slender andatloalation used the sectional
areas of the strips at the constant draught. Whenship travels in waves, it
pitches. The sectional areas of the strips thezefbange and this means the bow
waves will change as a result. However, this was fotly included in the

suggested deck wetness evaluation model.

The dynamic swell-up were estimated using the thdoyr Tasai (1961). The
generated radiating waves were calculated basesnatl harmonic heaving of a
cylinder. The ship motions associated with greetewaere normally large and
non-linearities are inevitable. Together with th&cdepancies incurred through the
transformation techniques, the swell-up calculatan be a significant source of

error and its use must be taken with care.
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9.2.3 Review of relative motions and green water oarrence

The relative motions between a point on deck amdftee water surface were
calculated based on the calculated motions andhatd swell-ups around the
bow. Discrepancies in those two processes will ectifely add up to the

discrepancies in the relative motions.

The methods in Chapter 3 for detecting the occoeeaf green water and
classifying the event as it happens were based®esitmplified laws of physics,
observations in tank tests and in reality. Erromsravtherefore inevitable and

improvement on the existing method is always eraged.

9.2.4 Review of model tests and the use of test dah CFD modelling

The test data used in this project were from theearments with the containership
model. The analysis methodology developed hereinmigst suitable for

containerships. The application to other typestop $wull should be dealt with

care and verification is highly recommended.

The tests were conducted in regular head wavesamdythe model was restrained
against all motions other than heave and pitch.foh&ard velocity of the model
meant that tests in random waves would not havéeeett valid test time (as
suggested by ITTC) for a reliable analysis. Evatuabf green water in random
and oblique waves would require a review of thehoet In oblique waves, green
water may take place at the stern and the sidékeoship, especially when the
ship rolls.

Validation was carried out at model scale. Intemdren of loading and form of
deck wetting at full scale is to be taken with caBeale effects existed since
velocity terms were derived by Froude scale whilgt viscosityv was more or

less similar. Reynold number Rn, defined by:
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= Inertialforce _ U.L
Viscousforce v

(9.2.1)

was not similar between model and full scales. Tharacteristics of the flow

were therefore different to some extent. In ordeumnderstand the scale effects,
experiments with larger ship model are needed. fEs¢ results can then be
compared with current test results for evaluatibeaale effects. However, this is

outside the scope of this research.

9.2.5 Review of the setup for CFD modelling

In Chapter 7, the setup of the CFD model was basedata obtained from the
experiments (see also Chapter 6). Shortfalls ptesethe existing ship motion
theories together with sensitivity of green water iow shape meant that

experimental inputs are still essential in CFD nilirulg setup and analysis.

Green water mass modelled in CFD had a simpliffepe and the water velocity
was assumed one-dimensional along the x-axis digg@ning. In fact, the water
entered the deck in a direction nominal to the dmbdee. Hence, improvements in
this area are recommended. The motions of ship bedg not simulated due to
requirements for computational capability. This leml a certain degree of

discrepancy between experiments and simulations @kapter 8.
In this research, only part of the ship body wasletled in CFD and so were the

waves and surrounding water. If the whole ship bods modelled, sensible

adjustment must be made to ensure the problem nemaill defined.
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9.2.6 Review of the limitations in CFD analysis

CFD has proven to be a powerful tool for solvingaaiety of industrial problems.
However, it still has its own limitations and, thtare, does not give a final
solution to complex problems, such as green watpart from the fact that the
governing equations have already been simplifibe, accuracy of the output
results from CFD analysis depends largely on thepsef the model. If well

posed, the produced solutions will be more reliarid reflect better what could
happen in reality. The use of CFD, therefore, meggurigorous and systematic
approach for which benchmark tests are essent@idafion with reliable test

data is essential for the development of this satih model.

9.3 Engineering applications of the simulation mode

This Section will look at the possible applicatiarfsthe modelling framework in

the field of engineering.

9.3.1 Investigation into the performance of variouvreakwater designs

against green water on deck

Besides rectangular shape with and without peiforat breakwater also comes
in many other forms. The conventional V-shape heesnba common practice for
many years. This design consists of two slendgeglahich are joined together at
one end to form a V-shape as its name suggestskeUmhe rectangular
breakwater, the V-shape does not block the incomwader at a right angle.
Instead, it spearheads the water flow, dividesti sub-flows and channels these
sub-flows to the ship sides. As a result, the bres&r does not encounter the
impact head on. The impact load will be less thazat faced by a rectangular
design of similar dimensions. Geometrically, theshape breakwater requires
more space than other designs because of its dEphV-shape breakwater is as
in Figures 9.3.1 and 9.3.8.
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Vane-type breakwater is another option that wasgded aimed at reducing the

accumulation of water in front of the breakwatenisTbreakwater was fabricated
from multiple rectangular plates that were arranged after the other athwart
ship. These plates are angled to the directiom@®fircoming water so that water
can be diverted to the sides. This arrangement sntdiee breakwater resemble a
series of vanes assembled together. There arebgapsen the vanes which act as
passages for incident water to go through. Liketkghape breakwater, the vanes
do not encounter the incoming water at right anglé® angled vanes divide the
water flow into multiple sub-flows and channel thémthe sides of the ship. Due
to the gaps between the vanes, the water doeslaatpas much as it would in

other breakwater designs. The loading on the bratkwas a result, will reduce.

Also, without the accumulated water in front of theeakwater which acts as a

buffer, less water can be expected to overcombéréekwater.

So far, there have been very limited publications the performances of
breakwater of different designs. No concrete metlagy of systematically

optimising the breakwater design for a ship is know

The success of the simulation model in predictimg behaviour of green water
flow on deck with and without rectangular breakwstemplies that the model
works well with other kind of breakwaters, i.e. Wagpe and vane-type. Therefore,
instead of conducting expensive series of experispe¢he established simulation
model can be applied to investigate and comparepénr®rmances of different
breakwaters and optimise the design for a specsfol To illustrate this concept,
CFD analyses have been carried out on green wateteok with V-shape and
vane-type breakwaters. The results are then compavigh results from
rectangular breakwaters and for the case with neakwater. Simulation
conditions corresponded to experimental data whgnraodel was running at Fn

= 0.25, in waves equivalent to full scale heigh8of and period of 12s.
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9.3.1.1 Non-inclined V-shape breakwater

In the design of the V-shape breakwater, the pledeseither be set vertically or at
an angle (normally forward) to the vertical axifieTjoining edge of the V will

vary accordingly. In this Section, a vertical omriaclined V-shape breakwater
was modelled for CFD analysis. For comparison psepoit has the same height
and projected area (along x-axis) as the non-paE#Edrrectangular breakwater
HO051DO000 (see Table 8.7.4). The positioning of\thehape breakwater was also
at a similar location on deck (Figure 9.3.1): teetangular breakwater coincides
with the median of the V-shape breakwater. The ronfangle or V angle was set

at 120 degrees.

VERTICAL Non-inclined V-shape
LOADCELL PLATE Breakwater

Non-inclined V-shope
Breakwater

Figure 9.3.1 Setup of the non-inclined V-shape breakwater am fitrecastle
deck.

Comparison of the loads is as in Figures 9.3.2307%nd Figures 9.3.8 to 9.3.12
show the views of green water flow correspondinghi key points of the load
curves. Figures 9.3.13 to 9.3.16 compare the vdigls of green water in front

of the V-shaped breakwater with rectangular breaéwaAs expected, on
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reaching the rectangular breakwater, the watet tramsferred most of its kinetic
energy onto the breakwater and became virtuallgnstat (velocity was close to
zero as in Figure 9.3.13). The stagnant water maaoile-up of water in front of

the breakwater. The V-shape breakwater, on ther dthed, used the sloping of
the wing plates to channel the water to the sidethe ship and this was well
illustrated by the velocity vectors in Figure 9R.Kinetic energy of the water
front was also transferred onto the breakwater esitite velocity near the
breakwater reduced in magnitude (from 1.25m/s ter@pmately 0.8m/s).

However, the amount of kinetic energy transferredsimbe less than the
rectangular breakwater because the peak impactdoatie V-shape breakwater
was less as in Figure 9.3.6. Figures 9.3.14 and ®.8how that there was high
interaction between water and breakwaters at theedae. The front water was
repulsed off the breakwater and interacted withfetlew-up water. This resulted

in the follow-up water being pushed upwards at myreater velocity.

In general, Figures 9.3.5 to 9.3.7 show that bgies of breakwater helped
reduce green water loading on the load-cell boxswutially (approximately
around 65 percent). Rectangular breakwater sustdiigher green water loading

due to more water accumulating in front of it.

IN)
=]

Non-inclined V-shape ‘

°  Non-perforated rectangular
No breakwater

154

104

Load on bottom row of the load-cell box (N

0 0.1 0.2 0.3 0.4 0.5 0.6

time (s)

Figure 9.3.2 Comparison of loads on the bottom row of the loatl-box.
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Figure 9.3.3 Comparison of loads on the middle row of the Igatl-box.
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Figure 9.3.4 Comparison of loads on the top row of the load-oex.
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— Non-inclined V-shape
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Figure 9.3.5 Comparison of total loads the load-cell box.
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Figure 9.3.6 Comparison of loads on the breakwater in x-digecti
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Figure 9.3.7 Comparison of peak loads on the load-cell boxtaedreakwater.
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t=0.335s

Rectangula
< hreakwate

. V-shapi
K breakwate

Figure 9.3.8 Sectional views of green water flows at the timg®ak loads on

the bottom row of the load-cell box.

t=0.24s t=0.335s

., V-shape
K’ breakwater

Rectangula
< breakwate

Figure 9.3.9 Sectional views of green water flows at the tiniehe peak loads

on the middle row of the load-cell box.

t=0.22s t=0.2175

V-shap

, ; RectangUt8
@breakwater

<’ breakwate

Figure 9.3.10 Sectional views of green water flows at the tinhehe peak loads

on the top row of the load-cell box.
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t=0.2175s

V-shape

Rectangulad
Z@ breakwater

< breakwate

Figure 9.3.11 Sectional views of green water flows at the tiniehe peak loads

on the load-cell box.

t=0.15: t=0.15s

V-shap

Z Rectangulc
@breakwater

Z@breakwate

Figure 9.3.12 Sectional views of green water flows at the tiniehe peak loads

on the breakwater.
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Figure 9.3.13Horizontal view of water velocity vector field irfront of
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9.3.1.2 Inclined V-shape breakwater

In this example, the V-shape breakwater in Sec®i@l.1 was inclined forward
by 30 degrees to the vertical axis. The setup isf hheakwater on the forecastle

deck is as in Figure 9.3.17.

If comparing the loads in Figures 8.3.18 to 8.3t@3hose in Figures 8.3.2 to
8.3.7, it could be seen that the inclined V-shapmakwater also helped reduce
green water on the load-cell box, similar to nodliimed V-shape breakwater. The
behaviour of green water on deck might differ dligtbetween the two cases
when there was more water overriding the breakwattre latter. This resulted in
more distinct double-peak characteristics in tredlourves on the load-cell box
(Figure 9.3.21 verse Figure 9.3.5). The reasonnuklkhis behaviour could be
explained by comparing the water vector fieldsront of the breakwaters (Figure
9.3.29 to Figure 9.3.15). Even though water wasatird to the sides of the ships
in both cases, there was more water piled up intfod the inclined V-shape
breakwater. The water velocity in front of this &kevater was reduced down to
around 0.5m/s as opposed to 0.8m/s for the nomaxtlbreakwater. The layer of
low-velocity water could also be seen thicker igufes 9.3.29 and 9.3.30. As a
result, more of the follow-up water could overcothe breakwater at early stages
and impacted the load-cell box. This created a rdatnct first peak impact load

on the load curve.

Being less effective in directing the water awasoameant that the inclined V-
shape breakwater absorbed more loading from thdentwater flow. This was
evident by comparing Figure 9.3.22 to Figure 9.&6act, the peak impact load
on the inclined V-shape breakwater was even highan that on rectangular

breakwater.

Figures 9.3.24 to 9.3.26 show the water behavibthreatimes the impact loads on

bottom row, middle row and top row reached maximespectively. Figures
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9.3.27 and 9.3.28 show the water behaviour atithe when the impact loads on
the load-cell box as a whole and on the breakwagee maximum.

Overall, the inclination of the V-shape breakwatkd not bring in any real

benefits in terms of loading.

Inclined V-shape
Breakwater

VERTICAL
LOADCELL PLATE

I

VERTICAL
LOADCELL PLATE

Inclined V-shape
Breakwater

Figure 9.3.17 Setup of inclined V-shape breakwater on the fatealeck.

N
o

— Inclined V-shape ‘
©  Non-perforated rectangular

154 —— No breakwater ‘

10 A

Load on bottom row of the load-cell box (N

] 0.1 0.2 0.3 0.4 0.5 0.6

time (s)

Figure 9.3.18 Comparison of loads on the bottom row of the loatl-box.

364



Chapter 9: Review and Applications of Simulation Model

Load on middle row of the load-cell box (N
- N
o o

o

=
o
L

o
L

N4

07~

— Inclined V-shape
o Non-perforated rectangular
—— No breakwater

0.2

0.3 0.4 0.5

time (s)

0.6

Figure 9.3.19 Comparison of loads on the middle row of the Igatl-box.

20

Load on top row of the load-cell box (N

15 -

10

—Inclined V-shape
o Non-perforated rectangular
—— No breakwater

0.1

0.2

0.3 0.4 0.5

time (s)

0.6

Figure 9.3.20 Comparison of loads on the top row of the load-oex.
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Figure 9.3.21 Comparison of total loads on the load-cell box.
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Figure 9.3.22 Comparison of loads on the breakwater.
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Figure 9.3.23 Comparison of peak loads on the load-cell boxtaedreakwater.

t=0.31s

t=0.335s

, Inclined

Rectangule
% V-shani

<" hreakwate

Figure 9.3.24 Sectional views of green water flows on deck at tilme of peak
loads on the bottom row of the load-cell box.
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t=0.29s
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; Rectangula
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< breakwate

Figure 9.3.25 Sectional views of green water flows on deck at tilme of peak

loads on the middle row of the load-cell box.

t=0.29s t=0.2175

Inclined

zk; Voshon z Rectang
= (

' breakwate

Figure 9.3.26 Sectional views of green water flows on deck at tilme of peak

loads on the top row of the load-cell box.
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Figure 9.3.27 Sectional views of green water flows on deck at tilme of peak

loads on the load-cell box.
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Figure 9.3.28 Sectional views of green water flows on deck at tilme of peak

loads on the breakwater.
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Figure 9.3.29Horizontal view of water velocity vector field ifront of the

i e
L

breakwater at the time of maximum load on the edi V-shape breakwater (t =
0.15s).
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Figure 9.3.30Vertical view of water velocity vector field in dnt of the
breakwater at the time of maximum load on the nedi V-shape breakwater (t =
0.15s).

9.3.1.3 Vane-type breakwater

Figure 9.3.31 shows the design of the vane-typakwater and its location on the
deck. For comparison purposes, the median of treslwater was coincident
with the rectangular breakwater. The width of indidal vane was selected such
that its projected length on y-axis was equal 1 tha width of a load cell on the
load-cell box. The angle the vanes were aligned 8glegrees to the y-axis
making the confront angle equal to 120 degreesdsasnV angle of the V-shape
breakwater). At model scale, the width of each vams 29.33mm. This was
equivalent to approximately 2m at full scale. Tleéght of the breakwater was the
same as the height of the rectangular breakwat&d B0O00, which was 51mm at
model scale or 3.6m at full scale. Figures 9.3.88 9.3.43 show that the water
was channelled through the passages between tles \aamd to the sides of the
ships. The bottlenecks of these passages meante#itdt passage was acting
similar to a nozzle through which the water wasetarated. When coming out of

these passages, the water velocity was highertasdesulted in higher loads at
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first impact with the load-cell box (Figure 9.3.88 opposed to Figures 9.3.2 and
9.3.18). However, in front of the first half of dagane (closer to the centreline),
the water slowed down due to the drag resistarara the vane. The build up of
water, therefore, took place leading to overridifigvater as in Figures 9.3.38 to
9.42. However, water pile-up was less than otheegasince the load on the
breakwater caused by the overriding water was maualer (Figure 9.3.36 as
opposed to Figures 9.3.6 and 9.3.22).

VERTICAL

LOADCELL PLATE \

I’

VERTICAL

LOADCELL PLATE \

Vane-type
Breokwater

Figure 9.3.31 Setup of inclined vane-type breakwater on thedaste deck.

By creating a passage for water to go throughyéiree-type breakwater lessened
the amount of water pile-up and the load it hadustain. However, in doing so,
water flows coming out of the passages reachetbtitecell box and this resulted
in higher loading on the protected structures. fhgacts by multiple sub-flows
coming off the passages also led to more dynanteieur of the loads on the
load cells (Figures 9.3.32 and 9.3.35).
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Figure 9.3.32 Comparison of loads on the bottom row of the loatl-box.
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Figure 9.3.33 Comparison of loads on the middle row of the lcad-box.
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Figure 9.3.34 Comparison of loads on the top row of the load-oex.
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Figure 9.3.35 Comparison of loads on the load-cell box.
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Figure 9.3.36 Comparison of loads on the breakwater.
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Figure 9.3.37 Comparison of peak loads on the load-cell boxtaedreakwater.
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Figure 9.3.38 Sectional views of green water flows on deck attime of peak

loads on the bottom row of the load-cell box.
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Figure 9.3.39 Sectional views of green water flows on deck attime of peak

loads on the middle row of the load-cell box.
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Figure 9.3.40 Sectional views of green water flows on deck attime of peak

loads on the top row of the load-cell box.
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Figure 9.3.41 Sectional views of green water flows on deck at tilme of peak

loads on the load-cell box.
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Figure 9.3.42 Sectional views of green water flows on deck at tilme of peak

loads on the breakwater.
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Figure 9.3.43Horizontal view of water velocity vector field ifront of the

breakwater at the time of maximum load on the vigpe-breakwater (t = 0.15s).
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9.3.2 Investigation into the performance of novel @ design against green
water: Whale-back forecastle deck

Following the widespread application of cargo-pectitey breakwaters on ships in
the 1980’s, the early 1990's saw new designs ofagoer ships produced with

shelter whaleback cover of the forecastle. To dudter over the forecastle head,
thereby protecting both the forward deck machireergt shedding water when the
ship is in a short swell and heavy sea conditiamgsdincrease confidence when
achieving the tight time schedules of the feeddp.shhe mariner is, however,

likely to have some misgivings relating to the fmstle whaleback shelters.
Questions may arise regarding entrapment of credeuthe shelter in heavy sea
conditions. The aft sloping shape of such shelteasyy accelerate water flow

against container stows extending above the aftge @f the shelter and cause

damage.

Answers to such uncertainties associated with @Indesign like the whale-back
can be obtained by carrying the parametric studissg the established
simulation model. Comparison of the results witheottypes of structure can also
be done so that a comprehensive picture of thedemsign may be understood and

its practicality evaluated.

Figure 9.3.44 shows a simple design of a whale-lamcastle deck which was
made up of three flat platings. For comparison pses, the height and the width
of the central shelter plating (corresponding iangle BCS) were set equal to the
height and width of the rectangular breakwater HI®IO. The distance between
the edge of the shelter and the load-cell box wae aqual to the distance
between the rectangular breakwater to the loadbcedl The comparison of green
water loads is as in Figures 9.3.45 to 9.3.50. [bBlael curves in Figure 9.3.48
show that the water reached the load-cell box eaatier than in the case of no
breakwater or equivalent structure. This strongldicated that there was an

acceleration of green water flow up the slopinghef whale-back. Figure 9.3.56
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shows that there was very little disturbance to waer flow running up the

whale-back deck. The velocity magnitude actualgréased as in Figure 9.3.57.

The resistance to the incident water was much smé#fan in other cases of
breakwater due to the light sloping of the whalekb@Figure 9.3.49). The impact
load on the load-cell box was, therefore, much digtt was indeed not much
smaller than in the case of no breakwater (Figuse48). The slope of the shelter
as in Figure 9.3.44 meant that green water flow eieected straight to the middle
row of the load-cell box (Figures 9.3.52 and 9.3.9Berefore, the impact load on
this row was considerably increased compared terothses (Figure 9.3.46 as
opposed to Figures 9.3.19 and 9.3.33). The sulstaawnfall of this water after

the impact also caused considerable damage toother llevel structures as in
Figure 9.3.45 (compared with Figures 9.3.18 and32)31t could also lead to the

entrapment of crew inside the shelter.

Overall, with the green water conditions consideiredhis example, the whale-

back deck has shown little advantage over otheiceBmf breakwaters.

376



Chapter 9: Review and Applications of Simulation Model

Whale-back

VERTICAL Forecastle Deck

LOADCELL PLATE N\

VERTICAL

LOADCELL PLATE \

A Whale-back

Forecastle Deck

Figure 9.3.44 Setup of whale-back forecastle deck.
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Figure 9.3.45 Comparison of loads on the bottom row of the loatl-box.
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Figure 9.3.46 Comparison of loads on the middle row of the Igatl-box.

20

Load on top row of the load-cell box (N

154

10 A

—— Whale-back deck ‘
o Non-perforated rectangular
—— No breakwater ‘

0.1

0.2

____

0.3 0.4 0.5
time (s)

0.6

Figure 9.3.47 Comparison of loads on the top row of the load-oex.
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Figure 9.3.48 Comparison of total loads on the load-cell box.
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Figure 9.3.50 Comparison of peak longitudinal loads on the loali-box and the

whale back deck.
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Figure 9.3.51 Sectional views of green water flows on deck attime of peak

loads on the bottom row of the load-cell box.
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Figure 9.3.52 Sectional views of green water flows on deck at tilme of peak

loads on the middle row of the load-cell box.
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Figure 9.3.53 Sectional views of green water flows on deck at tilme of peak

loads on the top row of the load-cell box.
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Figure 9.3.54 Sectional views of green water flows on deck at tilme of peak

loads on the load-cell box.
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Figure 9.3.55 Sectional views of green water flows on deck at tilme of peak

loads on the breakwater in x-axis.
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Figure 9.3.56 Water velocity vector field around the whalebactetastle deck at
t=0.15s.
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Figure 9.3.57 Vertical view of water velocity vector field alonghaleback

forecastle deck att = 0.15s.
9.3.3 Applications in coastal engineering: Coast@reakwaters

By the time breakwaters were adopted onto shipthénlater half of the 70
century, they had already been employed in coasigiheering since as far as the
ancient ages of Egypt and Mycenae (Tanimoto andaGd#91). From building
bays for ships to shelter and seawalls to protgdtie land using rocks and other
rubbles, construction of coastal breakwaters haxved substantially through
time. Nowadays, they have been taken to anotheel lith cutting-edge
technologies to effectively hold off the challengasming from the open seas.
Following the 2004 tsunami disaster resulted frdva earthquake off the west
coast of Sumatra, Indonesia in which surge of hleajhas much as 30m was
recorded sweeping shoreward, designs of coastakwwaers are beginning to be
revised so that they can cope with extreme conditif similar scale. Along side
with experimental work, simulation of such evengs gather valuable data that
undoubtedly help coastal engineers to make effidesign of breakwaters. From

this point of view, the established simulation moden be adopted to obtain a
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preliminary picture of how the water front may bedand the possible damages
it may cause. For illustration, a simple 2D modehaosea wall was constructed
and simulated using CFD. The general setup is &sgure 9.3.58 with the initial
height of the tsunami assumed to be 20m at 100ny drman the seawall. The
seawall itself was 16m above the calm sea leveliahdd square perforations of
2m height and 2m depth. In open sea, the tsunamirasel at a speed of around
500km/h. However, when getting close to shoreraaks and slows down. The
initial speed of the surge simulated was, in thxianeple, assumed to be 180km/h
for demonstration purposes. Figure 9.3.59 shows \lseialisation of the
development of water flow as the water surge apgpred the seawall and the
impact took place. Due to the velocity differendeng the height of the water

surge, the water surge broke on its way to the akbaw

Figure 9.3.60 shows the vector field in front oé theawall at the time the water
started to overcome the seawall. It can be cleselgn that on impacting the
seawall, the water repulsed anti-clockwise towdinésseabed and formed a large
vortex (see also Figure 9.3.61). Follow-up wates ween diverted by this vortex
and started to overcome the seawall. Due to itk k&ocity, and sharp take-off
angle at the beginning, the water formed a stroatewjet which could reach a
substantial height above the sea wall as seenguré€i9.3.59. After the impact,
water that overcame the seawall landed back obdbk slope of the seawall and
the water flow continued to travel at very highoaty. Figure 9.3.62 shows the
vector field around this area and it can be seanwiater flowed down the back of
the seawall at a velocity of approximately 40m/slédkm/h. Further simulation
could be implemented to see the destructive cheniatits of the water flow that
overcame the seawall and continued to travel dedpnd. Due to the scope of
this research, the simulation herein was only femdnstration purpose to
illustrate the possible application of the simuatimodel in the area of coastal

engineering.
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Figure 9.3.58 Setup of seawall for CFD analysis.

Figure 9.3.59 Visualisation of interaction between water surgd a seawall.
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Figure 9.3.60 Vector field in front of the seawall at t = 2.5s.

7.62e+01 <
7.31e+01
7.08e+01
6.85e+01_
6.63e+01
6.40e+01
6.17e+01
5.94e+01
5.71e+01

Figure 9.3.61 Vector field in front of the seawall at t = 6.0s.

385



Chapter 9: Review and Applications of Simulation Model

7.62e+01
7.31e+01
| 7.08e+01

6.85e+01 j i S N
6.63e+01 as e
6.40e+01 . ¢ e T
6.17e+01
5.94e+01
5.71e+01

2.06e+01

Figure 9.3.62 Vector field at the back of the seawall at t =6.0

9.3.4 Application in practical design of containetashing

A good estimation of green water loading on deageauch as containers can be
essential to design of securing arrangement angh@eunt, e.g. lashing. Lloyd’s
Register (2005) specifies in Part 3, Chapter 1R18ds for Ships) that the design
breaking loads of lashings depend on types of t@shind are approximately 35
tonnes on average. At scale model of this reseahs,load is equivalent to
approximately 2N on a single load cell (assumingtandard container having
cross section of 8%ft x 8Y%ft for estimating preesat full scale; this pressure is
then scaled down to get the pressure on load célsinbining this value with
results in Section 8.4 will help designers to wokt the amount of container

securing equipment required.

9.3.5 Summary of applicability of the model in engieering field

Sections 9.3.1 to 9.3.4 have shown that the agpligaof the established model
can be wide and practical. It can be adopted fineeiparametric investigation of

various types of breakwater used on ship or héaristudies in coastal

engineering on seawalls and offshore breakwateren Ehough more extensive
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validation in these investigations is highly suggdsthe success of the outcome
will undoubtedly help reduce expensive experimecist.

9.4 Summary

This Chapter has reviewed the steps in the analgsidel for evaluating green
water and its loading effects. Green water is agierproblem and the prediction
of its characteristics must be carried out systerally and with great care. Semi-
empirical approach is at the moment recommendeddoce the sources of errors

that could misguide the estimation of green water.

The simulation model established from this reseanels a wide range of
engineering applications. It can be used to eveludite performance of
breakwaters and thereby optimise their desigmsalf also be helpful in heuristic
studies of novel designs of breakwater or similauctures. Outside naval
architecture field, the simulation model can alsul fitself useful in preliminary

studies of seawall and coastal breakwaters.
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Chapter 10:
Conclusions and Recommendations for
Future Work

The thesis has shown a pragmatic application obmlimear strip method in
combination with a RANSE (Reynold-Averaged Navi¢ok®s Equations) solver
and semi-empirical approach to analyse and dissessral topics related to green
water and loading on high-speed container shipsatipg at sea. As a conclusion,
this Chapter summarises the process in which #ssarch was carried out and
highlights some of the most important findings. &amendations to future work

are also given.

10.1 Conclusions to present work

This research began by reviewing researches closkelted to ship motions, green
water and its loading effects on ships and offshsiractures. Having gathered
relevant information which helped to establish ttxendation for this research, a
methodology was developed. A semi-empirical apgroaas considered as an
appropriate approach given the complexity and remuss in the nature of green
water. On this basis, experiment work followed HyDCanalysis was seen as the

key to solving the problem of green water.

Before executing this plan, a general backgrourad bxd to the occurrence of
green water and its loading on ship was describgdhapter 3. Strip theory was
chosen as a simple demonstrative method to helerstahd the fundamentals
behind green water problem. The physics of greetemwatarted with basic

motions when the ship travelled in waves. Relathaions between the deck and

water surface were due to motions and incident sial/be motions of the ship in
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water also created disturbances on water surfade¢hase disturbances, known as
swell-ups, contributed further to the relative roo8 between the deck and the
local water surface. These relative motions cowddiritensified by large wave
amplitude and unfriendly wavelengths. As they bezdanger, the water surface
exceeded the deck level and water was seen toippeshonto the deck. When
this happened, the water that entered the deckefesed to as green water. On
landing on the deck, green water imposed loads ewk ghlating under gravity
effects and the acceleration of the deck itselénrall quantities, green water took
the form of spray and caused disturbance to theningron forecastle deck. In
large quantities, green water could form a rigoriboss of water that rushed down
the deck, crashed into structures and objectshifyapened to be in its path. The
damages resulting from this were substantial, dioly possible rupture of plating

or even loss of lives.

With the objective set on predicting green watdradséour on deck and its loading

effects, experiments were conducted in order taiok# physical understanding of
green water as well as gathering data for validagiarposes at a later stage. A
containership model (S175) with two interchange#lole shapes was selected for
testing. A system of ten wave probes was used tutorahe relative motions and

green water heights at critical locations. A matfxine load cells was also built

and installed on deck to record the magnitude ekgrwater loads on vertical

structures of different heights and locations. Beck loading, a deck load cell

was used and it was mounted under the forecastle @y connecting to a deck

plating, it could record the load imposed by greeter when water landed on

deck.

Investigation into the effectiveness of cargo-pcutey breakwater was also
carried out experimentally. To accomplish this taegular breakwaters with and
without perforations were installed in front of tipeotected structures and the
changes in loading were monitored. The test was tagried out for a variety of

wave heights, wave periods and ship velocities. diiput results were analysed
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with the aim to understand the physics of greenewvand to obtain a suitable
hydraulic model associated with green water. As dar the behaviour was
concerned, green water entered the deck at thettienship bow pitched deepest
into the water. Due to the bow flare and forwartbeity of the ship, green water

could come onto the deck in two ways.

In the first approach, when the ship pitched ihi® Wwater, the water started to run
up the sides of the bow and got shed due to the flaoe. However, because of
the forward velocity, the ship could catch up wpidut of this shed water and the
water ended up landing on the forecastle deck. Ifafitive velocity between the
deck and the water surface meant that the shed waidd fly off the deck edge
to relatively higher levels. However, this formgeen water was normally small

in quantity and did not pose a serious threatecsthucture.

In the second approach, green water could takeepl®en the forecastle deck
pitched below the surrounding water. If the shipevstationary, the water would
enter the deck in a similar fashion to a dam-bgaklem (Buchner, 2002). If the
ship had a high forward velocity, the water wouldeg as a plunging breaker at
the beginning and behaved like a dam-break floerlah (Faltinsen et al., 2002).
On entering the deck, the water velocity directveams normal to the deck edge.
Since the deck was relatively parabolic in shap&tewhad a transverse velocity
and tended to translate towards the centrelinbefhip. As a result, there was a
concentration of water along the centreline ofdbek which carried more energy
than any other areas of the flow. The impact oticarstructures at the centreline
was therefore more severe. The peak impact loddplawe shortly after the front
water reached the structures. Without the protgdineakwater, vertical structures
at lower levels sustained most of the impact loadn impulsive manner. Despite
the possible high water run-up following the impdke loads on higher structures
were mostly due to quasi-static water pressure.y There gradual and of a

smaller magnitude.
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The deck pressure or vertical green water loadiag a/combination of the water
head on deck, the pressure induced by the acdele@dtthe deck and the change
in water height on deck. The last component coldy p significant part in the

overall deck pressure and should not be discounted.

With the breakwater fitted on forecastle deck, greeter was blocked at early
stages. However, there was an accumulation of greater in front of the

breakwater due to blockage. If green water wasreetiee follow-up water could
be directed upwards by the water pile-up and sules@ty overrode the

breakwater. The water that overrode the breakwatds off at the top edge of the
breakwater like a water jet and headed to higheatlons of vertical structures.
However, this impact was much less severe thamntpact when no breakwater

was fitted. Nevertheless, it exposed the higheicsaires to greater loads.

Breakwaters did help reduce green water load snotislig (between

approximately 50 percent to 95 percent in the casesidered in this research).
Depending on the height and permeability, greerewbehaviour was changed
considerably, as also loading. Larger breakwatea aneant that more protection
was provided to the structures. Perforations onbtteakwater helped lessen the
impact load sustained by the breakwater but inecdise loads on the protected
structures. A sensible choice of perforation sizgp@rmeability ratio could give

optimal control of loading. Analysis of results rinathis research showed that 20

to 30 percent permeability appeared to give mogaaihges in terms of loading.

Green water could be influenced by subtle changéise above-water bow shape.
Experimental results showed that by introductiorkmfickles in the bow, benefit
in ship motions was gained and possibility of greeamer was reduced. The
extension of overhang, on the other hand, coulensity green water and bow

flare slamming.
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Following the work by Buchner (2002) on green waterFPSQO'’s, and based on
the observed behaviour of green water flow on deaokli test data, it was
concluded that a hydraulic model similar to damakrevith an initial velocity
equal to ship velocity could well represent greeatewn flow on deck. CFD tool
was selected for modellingzluent 5 processor supported by mesh generator

Gambit was adopted for simulation.

Chapter 6 provided a mathematic background on wKiED was built on. In
order to justify the option of using CFD to analyg®en water problem, two
benchmark simulations were carried out and theltesuvere validated using
published experimental data. The first benchmarkdehovas the dam-break
problem and test data from Zhou et al (1999) wesedufor verification. The
correlation was fair, given the fact that Zhou &t(E999) were using static
pressure in their comparison rather than total qunes The second benchmark
model was the water-entry of a wedge section amidication was accomplished
using test data by Tveitnes (2002). The agreemetwden the experiment and
simulation was good. Since both benchmark modele walevant and similar in
nature to green water problem, the success in U3kig to model suggested that

CFD could be used for modelling of green water.

Based on freeboard exceedance recorded in the testencountered frequency
and wave height, a hydraulic model was set up hagetith the above water body
of the ship bow and deck arrangement. Firstly stagthout breakwater in which
green water took place were simulated. The outpstilts were then compared
with experimental results. It was found that in meo&ses investigated, there was
good agreement (within 20 percent) between thedets of data. All aspects of
loading including peak load, rise time and genéethaviour of the load curve
were relatively well predicted. This meant that waulation could reflect well

the behaviour of green water on deck.
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Building on this achievement, simulations with tkwaters fitted on forecastle
deck were undertaken. A series of nine generickwaters were modelled for
verification with experimental results. The breaksva were rectangular in shape
and were perforated by systematically varying teefqration diameters. The
permeability of the breakwater varied accordin@ue to limits in computational
resources, only a representative green water gonditas chosen for the nine
simulations with breakwaters. The results were cmeg with experimental data
and the outcome was encouraging. For both longialdoads and vertical loads,
there was a good agreement between experimentiawuhon. Even though a
flawed setup of the load cell to measure loadshenbreakwater meant that the
comparison of this load was not possible, the testdbm other comparisons were
promising. For a range of breakwaters with variegght and permeability, there

was consistent agreement between simulation ahddés

The overall outcome of the validation process sgjlypnconfirmed that the

hydraulic model worked well in reproducing greentavabehaviour on deck, both
gualitatively and quantitatively. The achievemeintssimulating green water on
deck with rectangular breakwaters meant that simalehievements could be
expected for other types of breakwaters and obattferecastle deck. In order to
illustrate this, CFD analyses using a variety ahomonly used breakwaters were
carried out and comparisons between the perfornsapicthese breakwaters were

demonstrated in Chapter 9.

In summary, green water is a complex problem agi$iom many factors, both
ship-born and environmentally. It is also sensitteesubtle changes in these
parameters. Therefore, a semi-empirical approadhuestigate green water and
its loading is suggested. A model of dam-break dos with forward ship
velocity and waves condition can be used to gasight into the behaviour of
green water and its loading effects on deck. Framgplication point of view, the

model can help carry out parametric investigatind optimisation of breakwater
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designs. This application can also be extende\veral other engineering areas

such as coastal engineering.

10.2 Recommendations for future work

Despite positive achievements in the present rekeam green water modelling,
there are still elements which can considerablyrowe the outcome of this

research and they are as follows:

* Experiments:

0 More comprehensive test series with better vaétynodification
to the above water bow shape will help justify thenefits or

disadvantages associated with a particular bowafeat

0 More comprehensive test series with other typedrebkwaters
will make the validation of the proposed model mooenplete and
provide more confidence in the application of theesent

modelling methodology.

0 Better setup of load cells to ensure that all loads reliably
recorded. A more complete validation will undoultyeslupply a

better picture of the problem.

o Tests in irregular waves and oblique waves wilirdefly add new
dimensions to the understanding of green watercéahe when
rolling motions are incorporated. Side/stern greter can also be

another area of research.
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* Ship motions theories:

0o

It is unquestionable that better ship motion preaiicwill make the
evaluation of green water less dependent on erapidapproach.
Since ship motions are the building blocks in thggics of green
water, improvement in ship motions theories will, no doubt,

provide a platform for the prediction of green waieoblem.

* CFD modelling:

(0]

For better results, motions of the ship should riduded in the
CFD simulation. This inclusion will reduce discrep&s caused
by slow drainage of green water in the present litimn. In

reality, due to the pitching motions, green watar deck could
drain away faster. The success of including shipionse in CFD

analysis also means that the deck pressure comportrced by
deck acceleration can be accounted for. The gapveeet

simulation and experiment will, therefore, be bedg

Simulation of a complete ship with surrounding wawvell be an
ultimate achievement in modelling green water asskasing full
interaction between ship and waves. The effectbdy shapes

will also be evaluated in such simulations.

Finally, the hydraulic model proposed herein isyoalsimplified

model in which many parameters are compromised. érem
sophisticated (addressing the limitations of thisent model) and
more effective model is always encouraged so theerg water

problem can be dealt comprehensively.
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Appendix A: Governing Equations of CFD Simulation

Appendix A:

Governing Equations of CFD Simulation

Numerical modelling in CFD divides the fluid domairio multiple finite control
volumes (Finite Volume Method) so that instead afking at the whole flow
field at once, the fundamental physical principlese applied to just the
infinitesimally small fluid element itself. By thiway, the approximated solutions
to these small fluid elements can be found in @eeananner and the discrepancy
is also reduced. In order to set up the equatidéfisid motion, the following laws

of physics are chosen:

« Mass is conserved.
« Momentum is conserved.

* Energy is conserved.

Mathematical equations which embody such physidaktiples are then extracted
and by applying boundary conditions, the solutitmshe fluid characteristics in
the finite control volume in consideration can barfd. Integration process was
finally performed to find the solutions to the flogharacteristics of the whole

fluid flow. The details are explained in the follmg sub-sections.

A.1 Spatial discretisation

The domain is divided into a number of infiniteslipasmall control volumes.
These control volumes do not overlap one anothértla@y are normally denoted
as cells. The whole domain that has been divided icells is termed
computational grid. In 3D simulation, the cells asemmonly tetrahedral or

hexahedral. By considering each cell and particctaditions in the problem, the
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Appendix A: Governing Equations of CFD Simulation

governing equations can be derived and solved Her \telocity and pressure
fields, which define the behaviour of the flow.

A.2 Continuity equation

To obtain the governing equations, consider, fitat, flow model shown in Figure
A.2.1: an infinitesimally small element fixed inae, with the fluid moving
through it. Taking into account the inflow and dond of this fluid element
(Figure A.2.2) and following the law of conservedss, the net mass flow out of
the element must equal the time rate of decreaseask inside the element. If

denoting the decrease of mass by a negative quahtfin be obtained that:

dpu) , a(pv) | a(pw) __0p
{ PV oy = dxdydz= - (dxdyd2) (A.2.1)

in which u, v and w are velocity components in y-, and z-directions,
respectively. Dividing both sides by the volumetloé fluid element and putting

all the terms to the right hand side gives:

d(pu) N d(p.v) N d(pw) L9 _ g (A.2.2)
ox oy 0z ot

Equation (A.2.2) is a partial differential equatimnm of the continuity equation.

\‘%\/

e WV =

]

N

Figure A.2.1 Infinitesimally small fluid element fixed in spaceith the fluid
moving through it (Anderson, 1995).
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{p.w + a(pW)dz}dx.dy
0z

|
(p.u)dydz |
= i - = [p.u + M dx}dydz
A - o0X
~
(p,W)M
(p.v).dxdz

Figure A.2.2 Mass fluxes through the various surfaces of theneht (Anderson,
1995).

In the simulation of green water flow, the fluid wegater and incompressible.

Because the water density is constant, equatidhZAcan be re-written as:

u v ow_ (A.2.3)
ox oy o0z

A.3 Momentum equations

Momentum equations are based on Newton’s secondilawF = ma. Even
though momentum equations can be derived from arianl model of flow
(conservation form), i.e. by looking at an infirsii@ally small fluid element fixed
in space, it is thought to be easier to derive tlhising a Lagrangian model (non-

conservation form), i.e. a moving fluid element rabd
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Considering only the x-component of Newton’s seclavdF, = may. All forces

acting on this fluid element are as in Figure A.FEksentially, there are two

sources of forces:

Body forces: act directly on the volumetric mass of the fleilement such as

gravitational forces. In mathematic form, it canvinéten as:
Body force (in x-direction) =pf , (dx dy dz) (A.3.1)
where § is the body force per unit mass in x-direction.

Surface forces: act directly on the surface of the fluid elemehte to
pressure distribution imposed by the outside flaidrounding the fluid
element and the shear and normal stress distrilmiaoting on the surface,
also imposed by the outside fluid by means ofifsitt In mathematic form,

it can be written as:

ot
Net surface force (in x-direction) = 9P | Ot , Tyx | Oax dxdydz
ox  0x ay 0z

(A.3.2)

WhereTij denotes a stress in the j-direction exerted ola@epperpendicular

to the i-axis.
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\

Velocity
Components

u

y A  Tadxdy
ot
[Tyx +6_§//Xdyj dxdz
| o
|
i — »(TXX + a(;xx dxj dzdy
Tdydz o || }4% X
T ‘(p+@dxjdzdy
pdydz ———» JUEEE - X -—
- X
0T,y
7 4(1'2)(+ 37 dzjdxdy
| Tyxdxdz

Figure A.3.1 Forces in x-direction acting on infinitesimally alhfluid element
(Anderson, 1995).

The total force acting on the fluid element wilkthbecome:

Fx = Body force (in x-direction) +Net surface force (in x-direction)
0p , Oy . Oyx _ 014,
=|-—+ + + dxdydz+ pf, (dxdydz A.3.3
[ x| ox dy P yaz+p x( y ) ( )
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Replace mass of fluid element np{dx dydz) and acceleration in x-direction:

_ Du

el A.3.4
M (A.3.4)
equation (A.3.3) becomes:
0
p2Y = P Ohex , Tyx | Olax | op (A.3.5)
Dt ox  0Xx ay 0z

which is the x-component of the momentum equation d& viscous flow.

Similarly, the y- and z-components can be obtaased

pm _ 9, OTyy . 0Ty N 0T,y .
Dt dy 0Ox oy 0z

pfy (A.3.6)

0
p% __0p, 0y, Iy 01y +pf, (A.3.7)
Dt 0z 0x oy 0z

Equations (A.3.5) to (A.3.7) are the Navier-Stokgsiations in non-conservation
form. In order to transform them to conservationnfp first consider equation
(A.3.5). In terms of the definition of the subsiahterivative the left hand side

can be rewritten as:

Du ou
—=p—+pV.OU A.3.8
Por P TP (A.3.8)
inwhich  p= olpu) _ ,9p (A.3.9)
ot ot ot
and pV.0Ou = O.(puVv) - ud(pV) (A.3.10)
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Substituting (A.3.9) and (A.3.10) into (A.3.8) gsie

p% - a(ath) - u{% " D.(pV)} +0(puv) (A3.11)

The term in square bracket when expanded is agtdiadl right hand side of
equation (A.2.2). Therefore, equation (A.3.11) lmees:

oDU d(pu)
Dt ot

+0.(puv) (A.3.12)
Substituting (A.3.12) into (A.3.5) gives:

ot
9(pu) +0.(puv) = 9P, T, T, My pfx (A-3.13)
ot ox o0x oy 0z

Similarly, in y- and z-directions the following eafions are obtained:

ot ot ot
olpv) , (ow)= -2 S Ty | Tay o (A3.14)
ot dy  OX dy 0z
ot
oow) , 0fpwv) = -9P + Oz, Tyz | Oz, o (A.3.15)
ot 0z ox 9y 0z

Equations (A.3.13) to (A.3.15) are the Navier-S®laguations in conservation
form. In this research, the water is assumed imyjsor in other words, the
dissipative transport phenomena of viscosity, ma#géusion and thermal

conductivity are neglected. By removing terms eato friction in equations
(A.3.13) to (A.3.15) the momentum equations arep$ifird to:
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o(pu) - _op

ot O(puv) = 5 TPl (A.3.16)
a(aptv) +0(ow) = _Z_Sﬂ)fy (A.3.17)
o(pw) __%

If the only body force is gravitational force, teére f = 0, f{, = 0 and { = -
gravity.

A.4 Energy equations

The energy equations are derived based on the fagortservation of energy.
Again, to simplify the process of deriving energguations, model of an
infinitesimally small fluid element moving with thigow is used. The equations
will then be transformed into the conservation fotmereafter. Physically, the

energy equations are based on the following priacip

Rate of change Net flux of Rate of work done on
of energy inside | = | heatinto +| element due to body (A.4.2)
fluid element element force and surface forceg

Since the water is assumed to be inviscid, thedestated to thermal conduction

are removed:

Rate of change Rate of work done on
of energy inside | = element due to body (A.4.2)
fluid element force and surface forces
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With the terms involved with friction being negledt the energy flux diagram
associated with an infinitesimally small fluid elemt moving with flow is as in

Figure A.4.1. The net rate of work done by pressutbe x-direction is:

{up—(up+wdxﬂ dydz= —dedydz (A.4.3)
0x 0Xx

On the other hand, the rate of work done by theylfodces acting on the fluid
element moving along x-direction at a velocity u(j.u.dx.dy.dz). The net rates
of work done by pressure and by body force in thang z-directions are obtained

similarly, giving the total net rate of work dong pressure:

Rate of work done 5 5 5
on element due to | — of V - (UIO)_ (VIO)_ (WIO) dx dydz (A.4.4)
body force and ox oy 0z

surface forces

Considering now the rate of change of energy indlde fluid element, it

comprises of two contributions:

* Internal energy due to random molecular mot@fper unit mass).

» Kinetic energy due to translational motion of thed element.

In mathematic form, the rate of change of energidmthe fluid element is:

Rate of chang 2
of energy inside | _ D, V| 4vd A4S
fluid element ot & | Y (A49)
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Velocity
Components

y A
|
|
| {up+ (Up)dx}dydz
| ox

updydz | -
T B .-
//// X
Z

Figure A.4.1 Energy fluxes associates with an infinitesimattyadl fluid element

moving in the flow.

From (A.4.3) to (A.4.5), it can be obtained that:

2
pR[e+V7] dx dydz = [pf V- ag”p) _olvp) _ a((‘)"’p)}dx dydz

Dt X oy z
or
2
pR(e+V—} =pf.V- {a(“p) LOlve) a(""p)} (A.4.6)
Dt 2 0x oy 0z
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Re-written in the form of conservation, the eneeguation for invicid flow is:

ﬂ[p[e+v—zﬂ " D.[p[e+v—22JV} = pf v -["g“p) L o), "(Wp)} (A.4.7)

ot 2 X oy 0z

A.5 Equations in use for solving green water probia

Solutions to green water flow are achieved throsglutions to velocity and
pressure fields. For incompressible, inviscid flothe following system of

equations has been derived:

%0u), 1 puv) = - s,
ot
d(pv) __0p
ot 0(pw) = By +pfy (A.5.1)

oy o),

Note that the first four equations in equation eys(A.5.1) are self-contained, i.e.
they are four equations for four dependent varghle v, w and p. With the
assumptions of incompressible and inviscid flowe thnergy equation is not
required any more and hence is decoupled from traysis. Therefore, the

resulting system of equations for incompressibke iamiscid flow is:
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> (A.5.2)
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Appendix B:
Evaluation of Spray Wetting

Considering a plane AA fixed relative to the eamth shown in Figure B.1, the
ship passes through the plane with a constant farwalocity U. Figure B.2
shows the view in the reference plane AA as a fragbexceedance is occurring

and Figure B.3 shows the velocity diagram in thezemtal plane.

A

Figure B.1  Ship passing reference plane AA (Lloyd, 1994).
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i, tand

Figure B.2  Vector diagram in reference frame AA (Lloyd, 1994)

u, tan@
M :

uO
0 f.tand / U
i, tandtand ¢ R
Utan®
A
U
A
\

Figure B.3  Top view of horizontal velocity diagram (Lloyd, 94).
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An observer on the ship sees the velocity of theewadjacent to the hull aligned
to the hull surface and the horizontal componerg tlu the relative vertical

velocity is:

i, tand (B.1)

where & is the flare angle at the deck edge. If thereasfarward velocity or
waves, the spray sheet would be shed in a directiomal to the deck edge and

the forward velocity component of such is:

i, tandtan® (B.2)

There is also a transverse compongtdan® due to the forward velocity of the
expanding hull as it passes through the plane.lligintoere is a longitudinal
component velocity gdue to the orbital velocity of the incident wave the
surface. The expanding hull generates a lateralpooent velocity gtarB.

Therefore, the total resultant velocity in the korital plane is given by:

Ug =4[(U +u,) tan + i, tand]? + (u, - , tandtane)? (B.3)

The water surface has an upward vertical veloeity, relative to the earth. It is

assumed that each water particle follows a simpléshic trajectory and that the
vertical motion of the ship between the times @eboard exceedance and the
potential wetting is negligible (i.e. the time dight of the particle is small). It is
also assumed that the freeboard at the exceedaatensis the same as the
freeboard at the impact station. The range (defiagdhe horizontal distance
travelled when the particle has returned to itgiodl altitude on leaving the edge
of the deck) is given by:
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R= _2UgCe (B.4)
g
. L 2,
and the time of flight is: Tp=—"7" (B.5)
g
The bearing of the trajectory relative to the afishe ship is given by:
+ +
tane = (U+ugy)tanB+i, tand (B.6)

u, —f, tandtan®

And the particle will return to the deck level afpaint ¥ metres abaft and,y

metres outboard of the launch point. The impactaioates are given by:

XI = Xtakeof‘f +Rcose (B-7)
— Btakeof‘f +Rsi
Y R sing (B.8)

Meanwhile, the ship has moved forward a distance $éTthat thex coordinate of

the impact point relative to the ship is extended t

X} = Xiakeoft + Rcose + UTF (B,9)

. . B .
A wetting occurs if vy, <% where RBya is the local beam as the deck

expands due to forward velocity at impact station x
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Appendix C:
Investigation of the Sensitivity of CFD

Simulation Results to Grid Size

C.1 Introduction

This Section aims to investigate the sensitivityCdfD simulation results to grid
file. Three grids of systematically varied sizesraveefined and simulated. The
results were later compared. The outcome was uséukabasis to justify the grid

size selected for simulation of green water moutethis thesis.

C.2 Sectioning of grid

The control volume was divided into three zonesm@shing as in Figure C.2.1.
Zone B represented green water and it was filletth wiater prior to simulation.
Zone A was where interaction between water andire was most active. Zone

C made up the rest of the control volume.

Figure C.2.1 Sectioning of control volume for meshing.
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Since most interaction between water and decktsitrei¢ook place in zone A, the
meshing of this zone is critical to output resulihe investigation of the
sensitivity of simulation results to grid size, tii@re, only focused on varying the
grid size of zone A. The mesh of zone B was kephanged but the mesh of zone
C changed slightly with the grid size of zone A dese these two zones were

attached together.

C.3 Grid variation

At model scale, volume of zone A was 2.80& mnt. Three grid sizes were
selected. The refinement factor was set to 2.0ifigrid size is denoted by, the

refinement factoy is:

— Keoarse_ 5
Kfine

y (C.3.1)

For this investigation study, a sample test run waslelled. It corresponded to
the case when the ship was without a breakwatertenalled at a velocity

equivalent to Fn = 0.25. The corresponding fullscsave height was 8.0m and
wave period 12s. Table C.3.1 summarises the nuaibelements corresponding
to three grid sizes and Figures C.3.1 to C.3.3 stimwisualisation of the grids

investigated.

Table C.3.1 Number of elements corresponding to grid sizes abne A.

Grid size K Number of elements in Total number of
(mm) zone A elements in all zones
2.5 179,340 813,149
5.0 21,930 460,588
10.0 2.655 391,022
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Figure C.3.3 Mesh file of ship body corresponding to grid sitel0.0mm.

C.4 Numerical results

Numerical results were compared in three aspects:
* Green water loads on vertical surfaces or longitaldileck loads.
* Green water loads on deck plating or vertical deeks.
» Behaviour of green water flows on deck.

The outcomes are presented in following sub-segtion

C.4.1 Green water loads on vertical surfaces

Figures C.4.1 to C.4.6 compare green water loadseotical load cells of the
load-cell box. In Figure C.4.1, peak impact loadresponding to grid size of
5.0mm was approximately 20 percent higher thanethims other grid sizes.
However, no significant difference was noticed iy ather Figures. The global
characteristics of the load curves were relativaysistent. Refinement of the

grid did appear to refine the results of loads eriwal surfaces.
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12

—Grid size = 2.5mm
10 —— Grid size = 5.0mm | |
o Grid size =10.0mm

Load on load cell 8 (N)
(e}

0 0.1 0.2 0.3 0.4 0.5 0.6
time (s)

Figure C.4.1 Green water loads on load cell 8.

—— Grid size = 2.5mm
5 —— Grid size = 5.0mm ||
o Grid size = 10.0mm

Load on load cell 9 (N)

0 0.1 0.2 0.3 0.4 05 0.6
time (s)

Figure C.4.2 Green water loads on load cell 9.
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Figure C.4.3 Green water loads on load cell 5.
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Figure C.4.4 Green water loads on load cell 6.
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18
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Figure C.4.5 Green water loads on load cell 2.
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Figure C.4.6 Green water loads on load cell 3.
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C.4.2 Green water loads on deck plating

Similar to green water loads on vertical surfadead on deck plating shows
relatively consistent behaviour (Figure C.4.7). iRenent of the grid also
appeared to refine the numerical results. Excepthe first impulse in the load
curve (which indicates a local effect rather thagladal characteristic of the green
water load), the difference in results between gra#¢ of 2.5mm and 5.0mm was
small. This implies that further refinement of tipgéd would not have resulted in

significant improvement of the output results.

12
——Grid size = 2.5mm
10 e N —— Grid size = 5.0mm ||
= o Grid size =10.0mm
2 i
£ 8
kS 9
o
s 6 ﬁ
©
5
hel 4 o
I
(@]
-
2 _
O T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6
time (s)

Figure C.4.7 Green water loads on deck plating.
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C.4.3 Green water behaviour on deck

Figures C.4.8 and C.4.9 show sample visualisatfogreen water flow on deck
for various grid sizes. It can be seen that finad gize could reflect better
changes in hydro-gradients of the flow. Hence, dbgut results became more
precise. At grid size of 10mm, subtle details a&f flow such as air bubbles or
cavities could not be reproduced. As the grid sizs reduced to 5.0mm, more
details in the flow were present. At grid size ob@m, even small air cavities

could be reproduced.

C.5 Conclusions

Evaluation of numerical results in Sections C.41Ct4.3 consolidates the fact
that finer grid will refine the simulation outputgults. Some local effects might
be present at intermediate grid size but furthBneenent of the grid can stablise
the results. For the simulation in this thesisdgize of 2.5mm appears to be
adequate for achieving reliable results, both m#=of loading and green water

behaviour.
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Figure C.4.8 Visualisation of green water flow on deck at tlmet of peak

impact loads on bottom-row load cells (t = 0.16s).
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Figure C.4.9 Visualisation of green water flow on deck at t.2@ showing run-

up of water on vertical surface.
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