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Abstract

In this study, wavenduced loads acting on an intact and damaged naval
combatant vessel are investigated experimentally and neateri
Experimenal tests are carried out with a douwlettom naval combatant
vessel DTMB 5415, which has been widely useloeinchmark studies for
experimental investigation and the validation of numerical simulations.
Free decay tests in roll with andtimout moorings are implemented in
calm water, while the model is moored at the bow and stern during the
tests in regular waes. In order to investigate the performance of the intact
and damaged ship in beawavesthe damaged opening is located at
starboad midship so that floodwatenay ingress and egress from the

openingfrom whichtwo compartments can be flooded.

It is shown that beam waves flooding in and out from the damaged
opening and the interaction between ship behaviour and water surface
effect n the damaged compartments have a significant impact on ship
motions andwaveinduced loads acting on the shipAnd it can be
observed that highly nonlinear waireluced loads can bedocal onthe

intact and damaged ship hull in regular beam waves.

Two casesunder theregular beanwave condition are investigatedoy
CFD-based RANS method@he method is proposed to calate wave
induced loads acting on the intact and damaged ship nkaatelalidation
of the numerical methodpmparisornbetween numerical g#sation and
experimental measuremesttows that solution by RANS method have a

generally good qualitative agreemavith physical tests.
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1. Introduction

1.1 Background

With the increasing demand for trade, transportation and national defence, maritime
safety has been investigated di@cades. Along witbonsiderations of minimising cost

of operation and maintenance far as possible, stability and survivability for a ship
continue to be priorities for research investigations, while maritime incidents continue
to provide researcheasid naval architectsane and more incentives to improve safety

and stability.

Local camage can create a risk of a failure to structural integrity of ship hull and may
be further followed by water flooding into the compartments through the damaged
opening,so that ship may chage its righting situation and react corresponding to a
range offlooding scenarios and sea states. Although damage flooding for a ship is a
complicated mechanism, the ultimate target is to keep the damaged ship safe, thus, the
mainterance of structural stngth (avoiding global structure failure) is of significance.

In the meantime, understanding of the behaviour of floodwater, even if flooding is

massive and progressive, is the first priority to be considered.

As matter of fact, theesponse of the damagethip to damage flooding is not
independent from the loss of wttural strength and the behaviour of floodwater. In
other words, there is a strong coupling impact on the stability of the damaged ship.
Structural damage especiallyaatd below the waterlsaamust result in a water flooding
from the damaged opening, whidrives the ship motion to react to the situation and
varies ship inherent characteristics such as longitudinal distribution of draught and
buoyancy along the ship. Fher loads due to thigrocess may be increased, and in
turn lead to deteriorate strucal strength to trigger further flooding. However,
although the watertight integrity of the vessel has been compromised, it is a possibility
to reach an ultimately stablstate if the ship Isabeen correctly designed to survive

flooding and analysis of éhimpact of water loading has been predicted accurately.

At the beginning of the occurrence of damage on the ship hull, high hydrostatic
pressure across the area of dgenapening drives ragisea water ingress into

compartments and tanks. Since buoyaatyhe flooded compartment is lost, the



damaged ship may sink with increasing floodwater. Meanwhile, due to the possibility
that floodwater suddenly and violently impattts flooded compartnrme, the damaged

ship may instantaneously take up a heel andter #he initial response the floodwater
continuously ingresses and egresses from the damaged opening depending on the ship
motions and wave conditions. During this stagkich is called thentermediate stage,

the ship motions and wave conditions mayhbbave an impact on floodwater
dynamics. If the frequency of the encountered wave is close to the natural frequency
of response of the ship, even a small magnitude afatixm may result ira violent
amplitude ofresponsg which in turn may lead to cormp@ent drastic interaction
between ship motions and floodwater. Although a substantial body of research has
been carried out on the behaviour and performance of the ddreheconsidering

the floodwater dynamics, the fundamental mechanisms are still owipletely
understood due to the highly coupled and complicated dynamics and interactions

between floodwater and the damaged ship.

In this chapter, a series of maritimecaent involving bothcommercial and naval
vessels are reviewed. Several physical bgginamic test tanks/basins that have been
used to carry out model tests of damaged ships will be described, by a brief description
of the development of numerical wavelka. Finally, the lassection in this chapter

sets out the aims and objectives of phesent work and outline of the dissertation.

1.2 Motivation

For millennia, ship building and maritime transportation have developed for decades
as technologies have devedap Although the lossf Titanic shocks and leaves a
lesson to the world even now, drig researchers to investigate the damaged stability

of ships, accidents still occur on the ocean.

Ships sailing on the ocean may suffer several types of damage,ssshipi-ship
collisions, raking or grounding, and overload or cargo shift that ssjtrin structure
fracture. This section gives a brief description about damage cases for commercial

ships and naval vessels due to the collisions, groundings and teminipauma.

Ship colision and grounding accidents can cause serious damage toigheuh

Consequently, a large amount of sea water can flood into the compartments from the



damaged opening and the damaged ship can lose her buoyancy and stabibtjygradu

Tablel.1 gives instances of maritime fatalities dyyithe past decades.

Tablel.1 Maritime accidents

Type of damage Cases(Year)
Collision Lamma 1V(2012)
Grounding Costa Congardia(2012)

Fire & Explosion Al Salam Boccaccio 98(200¢
Fracture & Overloag Le Jooh(2002)
Severe Weathe Eastern Star(2015), MS Estonia(19¢

RMS Titanic (1912)
As one of the most famous disasters, the Titanic accident undoubtedly prompted the
earlydevelopment of safer ship design and building technology. The collision between
the dip and the iceberg on a morning of April 1912 made it clear to naval architects
that safety should be an increased priority for a vessel and that understanding on the

stability of a ship is of huge importance.

Costa Concordia (2012)
Just 100 years aftene Titanic sank, a cruise ship, the Costa Concordia, collided with
an underwaterack off Italian coast causing massive water flooding into the ship and
ultimately capsiing the vessel. The incident indicates that, even with advanced
technology and expernee gained since the Titanic, accidents can still challenge

maritime safety.
M.V. Derbyshire (1980)

M.V. Derbyshire sunk in the Pacific Ocean as she set course to Japaénada
encountering Typhoon Orchid at September 1980. According to the investigati
report, she was one of the largest UK vessels sunk without giving any distress signal
(Heffernanand Tawn, 2003). The ship sank after large loads were exerted aiche h
cover by strong wave impact during the typhoon and, which combined with a basic
structural weakness caused structural failure and flooding into the hold. Consequently,
flooding ledto further damage and a series of flooding and structural failureimgnak

sinking unavoidable (Faulkner, 1998; Heffernan and Tawn, 2003). During a lengthy



period of investigation and research, it was found that the design standard for bulk
carriers at thatmoment was not sufficient and should be improved about 35%
(Heffernanand Tawn, 2001Research Excellence Framework, 2014). This tragedy
prompted a change the SOLAS treaty applicable to ships from all the countries in
United Nations (Maritime Safety @umittee, 2004) to prevent similar tragic accidents

happening again

Combatant vessels are usually treated differently from commercial ships. Combatant
shipsare needed to be operated as long as possible and must keep a high degree of
manoeuvrability and vigilance especially under hostile circumstances. Combatant
ships expernce some risks different to that experienced by commercial ships such as
combatant sumas, from the threats of weapons and attacks that ship may encounter,
such as launched weapon (missile and torpedo), underwater explosion, aerial attack
andterrorist dtack (Brown, 2004 and Hawass, 20IEblel.2 present@caddents that
occurred on the combatant vessel.

Tablel.2. Naval combatant ship accidents
Naval ship Causes

USS Cole (DDGG7) | Terrorist Attack

USS Stark (FF&31) Missile

USS Liberty (AGTR5) Torpedo

USS Higlee (DD806)| Aerial Attack

USS Tripoli (LPH10) Mine
USS Fizgerald (DD&2) Collision
USS John S McCain (DD®6) Collision

HMS Nottingham Grounding

USS Cole(DDG-67)
USS Cole is a commissioned Arleigh Burke Class destroyer serviced in U.S. Navy.
On 12h October 2000, USS Cole was damaged in Aden harbour at Yemen by
explosion from a small boat carrying explosives. A large hole at the waterline of the
ship was aused byhe explosion from the boat through which a large amount of water
flooded, and the g presented an obvious heel to the damaged $tapurel.1 and



Figure 1.2 indicatethe damage caused by explosiarihee waterlineand Figure 1.3

shows water flooding from éhdamage opening (Brown, 2004).

Figurel.2. Damagedole atwaterline(Brown, 2004)



- i

Figurel.3. ter inflov'\./ifrom damaged openiw, 004)

USS Stark (FF&31)
During the Irarlrag War, an armed conflict between Irarddmg since September
1980, internationashipping lanes and oil marine transportativere threatened by
attacks from both Iran and Iraq. To protect the shipping lanes and maritime
transportation, naval ships including USS Stark were positioned in P&si& On
the evening of May 17, 1987, tnExocet AM39 antiship cruise missiles laghed
from an Iraqi F1 Mirage fighter hit the USS Stark followed by detonation and flame
so that USS Stark suffered severe damage (Miller and Shattuck, Eif4re 1.4

presents an obviougelangle after the attack by missiles



Figurel.4. Heel after damag@Miller and Shattuck, 2004)

. HMS Nottingham

In July 2002, HMS Nottingham, a Ty destoyer built in 1978 belonging to British
Royal Navy, grounded on Wolf Rock near Lordwe Island at north east of Sydney
while heading to New Zealand from Australia. A large raking damage at most of the
bow led b substantial flooding in the shipigure1.5 andFigure1.6 show the severe
raking damage to the forward part of the hkigurel.7 presents a flooding scenario

in forward machinery room (Bole, 2007).



Figurel.5. TeardamaggBole, 2007)

Figurel.6. Severe damadg®ole, 2007)



Figurel.7. Flooding into engine rooifBole, 2007)

USS Fitzgerald (DD&2) and USS John S McCain (DEES)
USS Fitzgerald (DD&?2)and USS John S McCain (DD&5) are both Arleigh Burke
Class destroyers in U.S. Navy. Fitzgerald suffered a collision at June 2017 with a
container ship at Sagami Wan, veéhlohn S McCain collided with an oil and chemical
tanker in the straits of Singapoe August 2017. According to the report by
Department of the Navy of USA (2017), collisions occurred at the forward of the
middle part of USS Fitzgerald on the starbcgdd and a hole below the waterline that
allowed water to flood into the compartmewiss caused by the hit from bulbous bow.
Due to the damage flooding, USS Fitzgerald presenteedegiee heel angle to
starboard, while draught had also increaséglre1.8 shows the collision damage to
the starboard of Fitzgerhl The collision for USS John S McCain occurred at the port
aft portion; the impact of the collision produta large hole at the waterline causing
serious flooding dueotthe bulbous bow, so that it is reported that McCain presented
a 4degree heeling tthe portside within 15 minutes after damage. FFigure1.8, it
can be clearly seen that a large hole above and below waterline locatedaatdiuke
of John S McCain due to collision.
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I':i_gurel.& A Iargé damagedpeningAcau.sing floodriﬁ@)epartment&of-the Navy of
USA, 2017)

1.3 Damaged ship stability

It is critical to the design of safe and efigetships that they can withstand sudden
and progressive external and internal loadsng on it after suffering atructural
damage. Damage stability is therefore a critical attribute of ship design. Damage may

occur due to several reasons, including:

Cdllisions:

Collision is a common phenomenon associated with maritime accidents ogcurrin
on busy sea routes.

Groundirg:

Grounding typically occurs due to crew error in estimating clearance between
lower part of the ship hull and the sea bed or rocks

Strucural damage:

Structural damage may involve many aspects, which may be caused lsstbé lo
structural integrity dudo damage or corrosion or local excess stress due to
inappropriate loading

Environmental condition:

10



Rogue waves, storms, heavy weatherprgj wind, etc. are all demanding

conditions for leading to extreme loads on a shipgaing in a seaway

If a shp is damaged seriously due to one or more of the above causes, the ship hull is
usually breached, and t hrayrwdl beoaffexted. This e s hi
in turn will lead initially to water flooding into damagedternal compartments,
especilly when the breach is located below the waterline. Further progressive flooding
may then occur, which can ultimately lead to the tota &®d capsize of the ship. This

process becomes more complicated if we take the dynlashiaviour of the ship into
consideration.

The effect of water flooding on the damaged ship can be considered as:

. Hydrostaticchange
When water floods into the compartniethe damaged ship loses buoyancy which
causes an increase of the draft, until a equilibrium is reached. Thaédrease in draft

also drives the reduction of freeboard

Stability
Due to flooding the centre of buoyancy (KB) typically rises, and the gadhahip
may have a different waterplane area (Aw), and consequently a new BM. Hence t
metacentric height of thén changes. At the same time, dynamics of floodwater can
also be considered as a load that drives ship behaviour, especially duringtramgie

progressive flooding stages

Attitude
If the compartment that water floods insonot symmetric about the mteeline of the
ship, the ship will heel, and the trim of the ship may be changed. This is especially
problematic when combined with the uetion of freeboard as mentioned above, since
a low freeboard combined with a heel Engray trigger large amount efater to

submerge the deck, with a resulting loss of stability

The modelling for the damaged ship stability in this study can be decethposl
categorized into several aspects based on the key elements of the problem the
environmental conditions, thehgp motions and the water dynamics in the flooded

compartment. These three spitmblems form the subject of the current study for the

11



damagsd ship in regular beam seas. Given the methods of modelling these individual
problemscharacterize the different gétions, the study of the intact and damaged ship

in regular beam waves can be considered numerically and experimentally as related to

Wavegeneration in a water tank.

Ship motions in the calm water and regular beam waves.

Water dynamics in the flooded ogpartment, i.e. the sloshing phenomenon under
the wave excitation.

Thereare twocommonmethods teestimatedamaged ship stability:

Lostbuoyancy method:

As mentioned above, the fl| oodwaettreer | nc
loss ofbuoyancy. The ship buoyancy is redistributed as draft increases but most

of the ship particulars (displacement, GM, KG, mass moment of inertia, etc.)
reman the same as in the intact case

Addedweight method:

The method takes the floodwates an additioal weight at a particular location

in the ship, and thus, shipds particul e
of floodwater in the compartmeriowever, since the water flooding varies from

moment to moment, this method is itevatand can bertie consuming compared

with the other one

1.4 Physical nodeltest in water tank

Physical model tests in water tank and basin can play a significant riledstigation

into ship hydrodynamics. It is an important method to test the hydrodgna
performance of ships and offshore structures and provide information for the
validation d theory and numerical prediction. This section briefly gives an

introductionabout model tanks and marine experiments.

The size of ships and offshore structunesvadays varies from a few tonnes (tug or
yacht) to hundreds of thousands of tonnes (ULCQY,the process to bring ships and
offshore structures from the initial desjghrough construction to come into service

is a complicated process that needs sulisiaand longterm investment of time,

12



money and effort, physical experiments in model lsane often used to avoid and/or

fix undesirable errors.

Due to the demandf @hysical model tests, many kinds of model basin and towing
tanks are established angpmaritime states worldwide. Several wiatiown towing
tanks and basins are listed in eble 1.3 shownas below.

Table1.3. Widely known water basin
Tank / Basin Location Dimension

MARIN Netherlandg 252nmx 10.5nmx 5.5m

QinetiQ | United Kingdom| 270nx 12.2mx 5.4m

KRISO South Kores 221nmx 16mx 7m

SINTEF Norway | 260nmx 10.5mx 5.6m
CSSRC China 474mx 7.5mx 7m
VTT Finland| 130nmx11mx5.5m

Model tests in physical model basin allow the dimensions gf ahd offshore
structure to be scaled based on a similarity law, while physical characteristics can be
maintained. This allows visualisation to make model behaviour cteter the desired
wave conditions. Meanwhile, measured data from model tests allasbe

validation for design, optimisation and numerical simulation.

Objectives of model tests can be listed as below:
Seakeeping and manoeuvring performance
Propulsionand resistance characteristics

Model tess for stability of a shiparecarried out tadetermm ne s hi p model 6s
and wave loads acting on the ship model. It inclundesstigation ofoss of static and
dynamic stability, as well as dynamic rollingarametric excitation, resonance
excitation and so on. Generally, it is expedtedthe danaged ship modelill survive

under the critical damage scenario and wave condition. Wave conditions such as
regular and irregular waves, and even extreme wavegearerated to establish

t hresholds for the shiposcapsimng.i ons and | o

13



1.5 Numerical investigation

Although the physical model test plays a unique role in naval architecture, a large
investment in facilities and models may be reegi Accuracy and error due to the
limitation of equipment and measurement are alstofa hat need to be considered.
A numerical wave tank, however, may be a good alternative method with increasing
feasibility and reliability. Use of a numerical wavekao obtain required data for the
whole flow field around structures in flow domairopidesa good way to complement

a physical experiment.

Water waves, as a gravity wave along the surface of liquid, can be taken as an interface
between two kinds of fid (or phase) with different densities, namely the liquid phase
and the gaseous phasincemany important hydrodynamic investigations require
excitation of the shifppy waves researchers have developed numerical wave tank for
the study of ship hydrodynaaperformance with a range of wave generation methods
such as wawenaker modelling m#&od, nomentum source method and veloditiet

wave making method.

To model the complicated free surface problem of the interaction of waves in a
numerical wave tank ih a damaged ship, correct modelling of viscous effects is
essential. With the dramatdevdopment of computing technology, Computational
Fluid Dynamics (CFD) becomes an attractive method to study complessftuicture
interaction (FSI). Better insighnto the mechanism of complicated fluid flow with
prediction of hydrodynamic performee andanalysis of fluid field can be helpful for

ship design and optimisation.

1.6 Researchaim and objectives

The aim of the project is to gain insight into the +ioear behaviour of damaged ships
in terms of motions and hull girder loads via physegderiments and to explore the
capability of predicting these ndimear responses by using RANS CFD method. The
main focus of this work is the estimation of the perforosaaf the ship in the intact
and damaged condition, and in particular, the influesfckhe damage on the ship
motions and hulbirder loads.
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The CFD method is adopted in order to allow detailed modelling of regions of flow
for which viscous forces exest substantial influence on the ship motions and hull
girder loads, such as the flowsthe region of the sonar dome, and the flows in and
out of the damage compartment. The impact of these flows on the motions and loads
could not be predicted accuratetya traditional seakeeping analysis using potential

flow codes.

The CFD results carlso yield insight into local flows in these areas, betshope of
the present study in terms of both simulation and physical measurement is focussed on
the global respases

The objectives of the project are:

x To identify key mechanisms associated with Behaviour of a damagediigh
and model these mechanisms using RANS CFD method.

x To validate these models against published data

x To carry out a physical model test campagd an intact and damaged Naval
Combatant vessel in regular beam seas measurindimear behaviour in
motionsand hull girder loads

x To solve the intact and damaged behaviour of the ship using RANS CFD and
compare with model test data in order to explbee capability of CFD as a
seakeeping tool for assessment of stability and survitsabfldamaged ships.

1.7 Outline of the thesis

This thesis is separated into six chapters. A brief introduction including cases of
accidents and the use of physical and edcal tests has been given in Chapter 1. A
critical review about the study of stabjliand survivability of ships and investigati

on performance and wave induced loads of intact and damaged ships with physical
experimental method and numerical calaolatmethod are presented in Chapter 2.
Chapter 3 mainly concentrates on the procedtihysical model tests carried out in

the pesent studyThe complicated damaged flooding problem can be decomposed
into several individual 2limensional case studieshieh is investigatedising CFD

based unsteady RANS solver, Star CChhi demonstrateth Chapter 4 Adopted

scheme with CFD methasd described with general remarks for using unsteady RANS
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solver with Star CCM+Regular wave generation in numerical tankfer sloshing in

a tank, free roll motion decay and wave excitation of a float baglynaestigated in
two dimensionsintegrdedinvestigation on performance of intact and damaged ship
in calm water and regular beam waws described in Chapt&r Methodology is
conducted and proposed to assess wiadheced loads acting on the intactdan
damaged ship, feasibility is verified witobmparison between results obtained by
numerical method and experimenthe conclusions of the whole workand
suggestions ahcomments about the further study on estimation of virrcheced

loads by numerical ahexperimental method will be givém Chapte 6.
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2. Literature Review

In this chapter, a critical review of the related studies about damagestabiifty is

presented

2.1 Inspiration for passenger ship safety investigation

In the past decades, RRo ard cruise vessel accidents sheal that stability of
passenger ships was an important area for investigation for naval architects and
researchers. Accidents to ships sushttee European Gateway, the Herald of Free
Enterprise, MV Estom and Express Samintustrate that potential danger still exists

for capsize and loss of lives onboard. Driven by maritime accidents, investigations to

develop knowledge on ship survivahiland stability have accelerated since the 1980s.

The accidento the European Gatewaccurred in 1982 when it suffered a collision
with a ferry named Speedlink Vanguard. The official report based on the accident
investigation was published by NMI (198@Yational Maritime Institute of United
Kingdom, now named Brgh Maritime Technology Another technical report
investigating the accident was published by Arndt (1983) on behalf of a German

consultant company employed by the operator of European Gateway

The idea of the transient asymmetric flooding phenomenorchwdiays a significant

role at the initial flooding stage, was firstly developed by Spouge (1985) through
investigation into the sinking of European Gateway. The height of water was
integratedo calculate the volume of floodwater in the flooded compartnzam the

free surfae inside the compartment was treated as an equilibrium surface. A quasi
static method was applied, and hence the ship was regarded as a static equilibrium

system at eactime step in calculation.

A study on European Gateway accideraisvalso attempted byaBtos et al. (2002)
applying numerical modelling simulation and experiment to transient asymmetric
flooding. Three obstacles were regarded as generators to divide gemneoat into
subcompartments in order to approach reality ire thumerical simulatian
Experiments showed that due to the obstacle inside the flooded compartment,

floodwater could accumulate and result in a transient heel angle. By mathematical
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modelling,a nonlinear coupled equation set was employed to calculatextdegree

of freedom motions while hydrodynamic force components were treated by a
potentiatflow method. Although the viscosity and water flow effect were taken into
account, the water sade of floodwater inside the flooded compartment was forced
to be horizontal. With thencreasing damaged opening and further flooding, it was
highlighted that accidents could potentially occur for aRRoship under these

circumstances.

The ReRo passergy ferry Herald of Free Enterprise at Zeebrugge capsized on 6
March 1987, with the Iasof 188 lives. Official investigation into the accident was
reported by Department of Transport (1987). Vandevelde (2006) studied the accident,
viewed from aspect of thearitime rescue. It is found that due to the complexity of
ship structure rescue ding and medical aid were extremely difficult. Parker (1987)
reviewed the capsizing of the ship considering factors that had influenced the sinking
including ship structureship operations and manoeuvrability.

Dand (1989) reviewed tr@nking of the passeegferry Herald of Free Enterprise in
order to investigate the influence of hydrodynamic aspects on the capsize. The
asymmetric flooding aspect was taken into considamnadis the centre of gravity of
floodwater was varied in the flded compartment. Thelobding process was
simulated by a program NMIFLOOD, which was developed by NMI. The same
program was also employed to study the European Gateway accident. A similar
moddling method was employed by Sen and Konstantinidis (1987)v&siigate the

survivablity of a Ro-Ro ferry under the damaged situation.

The accident to M.V. Estonia took place on 1994 on the Baltic Ocean because of severe
weather and loss of structurgegrity. The damaged bow visor was lost resulting in a
large anount of sea water flabng into the vehicle deck through the opening. This
accident was regarded as a typical case inspiring enormous effort into research on
damaged stability and flooding @lassenger/R&®o vesselsFigure 2.1 shows the
Estonia with low visor opened. The accident was reconstructed by experts for
investigation on the cause leading to the capsizing and loss of the ship by Kehren (2009)
and Valanto (2009
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Figure2.1. MV Estonia with bowisor opening (Jaeger, 2008)

A research report was published by SSPA Consortium (2008) (S&®ASwedish
State Shipbuilding Experimental Tank) to investigate shiking of MV Estonia
experimentally. To take the progressive flooding inside the damalgied irgo
consideration, a model of the decks was made to fill with floodwater. In order to
eliminate the effect of trapped air, ventilation pipes were installedagnsn Figure

2.2. A 40-scaled physical model was employed teestigate the sinking of Estonia

with different Froude numbershown inFigure2.3.

Figure2.2. Flooded compartment drg_gressive flooding (SSPA Consortium,
2008)
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Figure2.3. Physical ReRo ship model for reconstruction of Estonia (note the visor

attached at bow)SSPA Consortium, 2008)

A further numerical study was carried out by Jasionowski and Vassalos (2011) on the

mechaism of the capsize oEstonia. Floodwater dynamics inside the ship and

floodwatership interactions were taken into consideration. The sinking of the

passenger ferry Expss Samina after damage was investigated mainly by

Papanikolaou et al. (2004) wittliene domain simulatioduring the progressive stage

of flooding.

2.2 Flooding procedure investigation

After a ship is damaged, it may suffer three main flooding stages,ynamesient

stage progressivestage and final stage (Rupon@007).Figure 2.4 shows the heel

angle of flooded ship during the three main stages of flooding procedure.

Transient stage

Intermediate stage

Final stage

Heel angle

Time

Figure2.4. Main flooding process (Rupone2Q07)
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In the transient stage, due to sudden dansagh as collision, grounding and explosion,
ships lose their watertight integrity, and subsequent floodwater ingresses from the
damaged opening. It is a complex floagliprocess that contains a wide raraje

factors to affect further behaviour of floodiea If a large amount of water floods into

a compartment after damage creation, a large heel angle may appear suddenly due to
the added heeling moment and probable impa&d acting on the damaged ship
(Vermeer et al., 1994). In turn, the transient hegle can have an influence on further
flooding. KhaddajMallat et al. (2011) stated that if the frequency of sloshing of
floodwater in the flooded compartment was almmsisistent with the frequency of

the shipds roll mo t i o n ter bahavioar cayld begprogquded, t u d e
but on the other hand, it actually had a damping effect to decrease roll motions at other
frequencies. In addition, during the transifiobding stage, other phenomena can
occur due to the rapid heeling such as cargo, stoftapse of internal structure and
crossflooding, which can have an impact on further flooding. So that in this stage,
dynamic behaviour cannot be ignored as the teabh$ieel angle may directly cause

the ship to be nerecoverable. Vassalos et al. (20 found that stability could be lost,

and ship might sink during the transient stage of flooding for a damaged large

passenger ship.

A quaststatic method was used byédeveldt and Journé (1991) to irsteyate the

roll motion of a damaged ship afterdslen flooding. Heave and pitch motions were

treated quasstatically, but the dynamic effect on roll motion was taken into
consideration. The study revealed that dynaenficf ect on damaged shi

caused by transient water flooding should be iclamed.

Spanos and Papanikolaou (2001a) numerically and experimentally investigated
damaged ship motions as floodwater suddenly flowed into one compartment. The
study cosidered the effect of a double battpand two model arrangements, one with

single botom and the other with double bottom, were employed both in numerical and
experimental method. It was found that the transient flooding stage could be dominant

to the whae flooding process as it determinech e damaged shipds fi
state incluthg capsizing. The conclusion according to Spanos and Papanikolaou was
made to emphasize the importance of investigation on initial flooding since it had a

significant inmpact on estimation of damaged shighbviour in waves. A similar

21



conclusion was madeybVassalos el al. (2004) based on the experimental and
numerical investigation on a large passenger vessel. In their study, the mechanism of
transient flooding in a largeassenger ship with a virtual inlayout of compartments

was simulated.

Transientasymmetric flooding, firstly proposed by Spouge (1985) as mentioned above,
can suddenly result in an extremely large amplitude of roll motion because of the
obstacles inthe flooded compartment. An experimal study by Santos et al. (2002)
showed that aaimaged ship could capsize due to the transient asymmetric flooding.
A similar conclusion was made according to the studies by Vredeveldt and Journé,
(1991) and Macfarlamet al. (2010).

Since water suddeylingresses via damaged opening, floodwater camtirace
flooding into the adjacent compartments via internalwarertight openings such as
windows, doors, pipes and vents. This stage of flooding is named the progpdssse,
and it is of significancéor damaged ship survivability as progressive diog may
result into capsizing (IMO, 2003). Sometimes, &athed intermediate flooding stage
is alternatively used to describe the transient stage and the progrésge/easd it is
meaningful to invesate flooding mechanism on intermediate or pregike stage

for damaged ship.

During the intermediate stage, floodwater may uninterruptedly ingress and egress
through the damaged opening. At this stage, floodwatectaffdip motions so that
theinteraction results in a highly nonlinear behaviour efship (De Kat et al., 2000;
Santos and Guedes Soares, 80@nd Vassalos, 2000). Taking the effect of
progressive flooding into account, leads to much more complicahdviur of
damaged ships gsie progressive flooding and floodwater dynamics are highuipled

and can have a significant impact on each other (Khaddhat et al., 2009; Palazzi

and De Kat, 2004; SSPA Consortium, 2008). In addition, according to &oeirraé
(1997), the impact fothe infow momentum and the flow propagation inside the
flooded compartment should also be considevldn investigating the intermediate

flooding for a damaged ship.

Kim et al. (2017) developed a tirtwmain method to simuiaintermediate flooding

and capsizing of a damaged ship. A bbarge hullform was utzed to validate
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feasibility of the method considering the intermediate flooding stage and the final
equilibrium situation. According to the study the intermediate stegéred extensive
investigdion to assess the motions of flooded ship and was nfakenging and

fickle than other stages. Damage creation is not taken into consideration, and the sea
state was assumed to be calm during simulation. Another aspecttadgie the
simulation whichmight affect flooding and behaviour of the damaged body thie
hydrodynamic effect of floodwater inside the flooded compartment. Since sfassi
method was applied to floodwater, fluid flow was treated based on poteeiay th

and dynamics of free gace was ignored.

An experimental investigation on a paager ship model was carried out by Ikeda and
Ma (2000) addressing the large amplitude of rotation angle occurring after sudden
flooding. A double bottom was created,danbstructions were placedside the
flooded tanks. It was noted that the amounti@bdwater flooding into the damaged
compartment from the beginning until the damaged opening was completely
submerged may play a significant role to determine the ariglecknation of the
damagedship. They also concluded that during the intermediaiedfhg stage, the
damaged shipds roll motion could be decic
inside the flooded compartment and the size and location of thegddrnogening. It

was found thathe floodwater flow forced a heeling to the undamageé, &nd roll
motion, on the other hand, could slow down the flow of water into the flooded
compartment by lifting the damaged opening above the water surface whexteitl rot

to the undamaged sidein8lar phenomena were observed by De KatlVan't Veer
(2001), Ikeda and Kamo (2001), and Ikeda et al. (2003).

2.3 Experimental investigation

Model tests have been carried out by many researchers and institutes on the damaged
stability of vessels. Reliable hysical tests are indispensable for validation of
numeri@al methods. There have been several representative attempts to investigate
damaged ship behaviour with physical ship model tests, taking the interaction between
damagedsip motions and floodwater dgmics, internal tank arrangement and so on

into consideation (Cotton and Spyrou, 2001; Palazzi and De Kat, 2004; Chan et al,
2002).

23



A simplified 4metre box shape barge (firstly developed by Ruponen, 2006) was
employed by Maderbacka et al. (2015a and1&b) for investigation of the transient
motion of a damagd vessel during flooding. Two flooded compartments were
installed in the midship of the ship model and tested separately with divided (Room
21 on the right) and undividglRoom 11 on the left) spageas shown ifrigure 2.5.

A square damaged opening was placed at each flooded compartment, which controlled
the different flooding case, to investigate the effect of divided and undivided
compartmerd during floodirg, shown inFigure 2.6. During the physicatests,
different amount of water within the different flooded compartment were investigated,
in free roll decay tests. perimental results showed that the internal layaf the
flooded compartment had a significant influence on the damping of rotatnmtiain,

and consequently the period of motion. TI
et al. (2011). However as meortied above, the tests were carried out in caftteimso

that the effect of wave excitation was not considered. Another point higidiftam

the tests was the role played by floodwater as arigioh body inside the flooded
compartment witithe differentcentre of mass and with inertia varying with ¢éim
Therefore, floodwater had to be treated as another degree of freedom motion when

investigating damaged flooding for a ship.
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Figure2.5. Experiment setupRuponen, 2006)
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Figure2.6. Flooding control mechanism (Manderbacka et al., BP15

A similar model test was performed by Ruporetnal. (2007) for validation of a
numerical method. In their test, water flooded into the model via one damaged opening
andthe sea state was kept calm during the intermediate flooding stage. A bottom
damage senario was tested with a box barge mlody Santos et al. (2009). The
damaged opening was located at the bottom of the physical model. Besides, double

bottom and trappedir compression were considered.

It was presented by studies that the differenceoding and ship behaviour between
undividedcompartment and divided compartments was obviously large, and flooded
compartments had a significant effect on floodwatersimp motions (Acanfora and
Cirillo, 2017; Gao et al., 2011; Manderbacka and Rupo2eh¢ and Strasser et al.,
2009).

Lee et al. 2016) employed an experimental study on damaged ship motions with a
scaled passenger ship model. A square damaged openipgsitaened at the midship

of starboard side, and two tanks could be flooded duemagka, as showhRigure2.7.

The experiment aimed to provide a benchmark database study for validation of further
numerical methods, and many asisecould be used for reference and simulated from
the experimentahvestigation. Itshould be noted that the bow and stern of the ship
model were moored, therefore, the ship model was not free to drift; however, the
mooring force acting on the ship moaels measured. Another highlighted point was
the damage creation.ssshown irFigure 2.8, an opening gate was controlled by an air
cylinder so that measurement could be carried out immediately after the gate was

opened to simulata rapid damage on the ship hull. Therefore, in this case, the whole

25



flooding processould be studied. However, regular beam waves generated by the
wave maker encountered the ship on the undamaged side, which indicated that the
beam waves did not directfiood into damaged compartment through the damaged
opening, so that transient heef@ndid not appear.

2016)

Figure 2.8. Rapid damage opening indicatifLee et al., 2016)

The same ship model was also tested by Lee et al. (2012a) and Cho et al. (2010). It
was found in free roll decay tests that for the damagedtisifppodwater dynamics

acted as a damper to i ncr ealseondutedbyer i od
Kat et al. (2000), Papanikolaou (2001) and Papanikolaou and Spanos (2004).
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A series of tank model tests of a damagedR®oship model were caed out by
Spanos et al. (20@2 During the tests, different damaged locations (intadamaged
vehicle compartment) and various sea conditions (regular or irregular beam seas) were
chosen depended on the damaged cases. It was found that the amwoatdr of

accumulated in the damaged compartment had little impact on the heave motion.

The bénaviour of a large passenger ship was investigated experimentally by Ikeda et
al. (2003). The roll motion due to the transient flooding in the intermediate stages was
monitored and various flooding cases due to the different flooded compartments were
takeninto consideration. It was found that not only the amplitude of transient roll
motion, but also the time to arrive at final equilibrium state could be stronglyeaffec

by the internal arrangement.

For passenger RRo ships, violent motions of the floodtea can appear especially
during flooding on the vehicle deck as there are typically no substantial barriers at
vehicle deck level, e.g. watertight bulkhead or dididempartments to prevent the
flows of floodwater and decrease the effect of free surfHoese phenomena can be
observed by experimental investigation on passenger ship models that employed by
Chang and Blume (1998), Dand (1994), Ishida and Murashi@& ), Mdolyneux et al.

(1997) and Stubbs et al. (1996).

To study the dynamic effect of theddwater on deck, a model experiment was carried
out on a scaled passenger-Ro ship model by Fujiwara and Haraguchi (2002). As
shown inFigure2.9, the ship model was softly constrained. Vertical and longitudinal
translationamovements were restricted by lines and springs, but the ship model could
freely roll and drift due tohte wave excitation. A damage opening was located at the
starboard midships, and two decks were installed to model the vehicle decks typically
found in modern ReRo vessels. In two free decay tests with and without floodwater
on deck, to give a better igsit at the effect of floodwater, the amount of floodwater
on deck vas varied. Experimental results indicated that floodwater on deck could have
a nonline a r effect on the damaged shipbs ro
investigate behaviour of damabeship in beam waves, the dynamic effect of
floodwater must be takeinto consideration as it significantly influenced damaged

ship motion.
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Figure2.9. Sketch of experimental settings by Fujiwara and Harhig{2002)

More physical model tests to investigate the dynamiecefof water on deck on
damaged ship behaviour can be seeRdpanikolaou et al2000 and2004, Santos
andGuedes Soarg2008b).

On the other hand, flooding into compartments has also attracted attention, and
research on the different conditions laiading into different compartments has been
carried out with both experiments and rerroal methodslt is worth mentioning an
experinental investigation on flooding mechanism by Khaedajlat et al. (2012).

A complex but more realistic damaged scenavas reconstructed complicated
flooded compartments including generators and engsteswvn inFigure 2.10. A
damaged opening mechanism was also contained. Intermediate flooding with the
effect of double bottom, the internal ayt of compartments, obstructions in flooded
space and trapped air corapsion were t&n into consideration. The experimental
results revealed a high coupling effect between floodwater dynamics, trapped air and
damaged ship behaviour, which dominated fle®ding physics of a damaged

passenger ship.
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Figure2.10. (a) Flooded compartment with opening system; (b) Internal view at
flooded compartment (Khadd®allat et al., 2012)

An engine room was physid¢glimodelled, and progressive flooding was investigated
by Veer and De Kat (2000). Bléis replaced enginesidgearboxes as obstructions in
the flooding tests shown Figure2.11. Result indicated that large obstructions played
animportant role to the transient flooding. Moreover, obstructions could significantly
affect floodwater dynamics in flooded compartment, i needed to be carefully
modelled. A similar conclusion was reached by Armenio et al. (1996a and 1996b)

based oexperimental investigation of a baffled and unbaffled tank.

Figre2.11. Large flow obtructions in flooded compartment (Veer and De Kat,
2000)
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Warships, different from commercial ships, may have a higksipility of
experiencing another type of damage, i.e. trauma from launched weambnass
torpedoes and missiles; therefore, investigation of the stability and survivability of
damaged combatant ships is of current relevance. The transient effeotiofdter on

a frigate model was investigated by Macfarlane et al. (2010). Aslbdlefrigate

model was used with a latex membrane material on the damaged opening to allow
simulation of transient damage. Domeh et al. (2015) carried out experiments with a
Leander class frigate model in a towing tank to study the damaged ship motions in
waves consdering different compartment permeability. Equipped with full
appendages, a-fdetrelong Leander class frigate model with relatively complex
layout of the internatompartments was presented in experiments under the different
loading conditions andes stées (De Kat and Peters, 2002 and Palazzi and De Ka
2004). Other towing tank tests were undertaken with Leander class frigate models to
investigate the performanad damaged combatant ship considering the effects of
regular and irregular waves, flifentdamage positions and forward speeds (Bennett
et al, 2013 and 2014, Bennett and Phillips, 2017).

2.4 Sloshing and its coupling effect combined with
behaviour of watea tank

After a damage event which results in floodwater entering into internal congras,
the dynamic behaviour and loads that the damaged ship experiences are not only due
to the external hydrodynamics and the solid inertia, but also the dynamiesveditir
sloshing in the flooded tanks. In this section liquid sloshing and its cgueffect

with ship motions are addressed.

Liquid sloshing in the water tank may be regarded as a type of wave motion. The
dynamics of the water sloshing is a complicatadd sometimes unpredictable
phenomenon itself. Therefore, it is desirable to invagtidle sloshing by physical
experiment. To test water sloshing effect on partially whited tanks, experiments
were developed by Mikelis (1984), Akyildiz and UnaD(® and 2006) and Nasar et

al. (2010). Ji et al. (2012) investigatéue two-dimensioml fluid behaviour in a
rectangular tank, shown iRigure 2.12, with the aid of the time history of wave
elevation and surface profile capturedddyigh speed camera. Experiments considered
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a nonlinear system that frequency of thek is different from the resonant frequency
of water inside. An eastp-visualize wéer container was driven by a crank system,
which was rotational and powered by atoro Therefore, the tank could move
harmonically to produce lateral water sloshing sroent. PIV (Particle Image

Velocimetry) technique was also applied to obtain the fleld in the tank.

ol

Figure2.12. Model tests setup by Ji et al. (2012)

A scaled LNGFPSO model was equipped with two ety waterfilled tanks as
shown inFigure2.13 in a series of model tests by Nam and Kim (2007). The three
dimensional coupling effect betweemater sloshing and model behaviour was
investigated and it was observed that liquakhking effect on pitch ahheave motions
was not extreme in head seas. It was also found that the impact pressure due to the
coupling effect between liquid sloshing amgpsmotions was dependent on the natural
frequencies of sloshing and wave excitati@ompared with Nam andimé results,
Zhuang et al. (2016) further investigated modelled the fully coupling dynamics
numerically via a CFD method considering five diffardifing levels (including
empty tank), and observed that amplitudes of heave aod pibtions were both
increased due to the water sloshing in the tank.
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Figure2.13. LNG-FPSO model (Nam and Kim, 2007)

The interaction between liquid sloshing and ship behaviour has been studied by many
researchers. An experimehtavestigation of coupling effects was carried out by
Rognebakke and Faltinsen (2003) and Nasar et al. (2008). The interaction between
liquid ard ship motions was investigated by Mikelis and Journee (1984)
experimentally and numieally. Zhao et al. (2018 coupled nonlinear sloshing
dynamics with linear ship motions based on experiments with a FLNG tank model and
a boundary element method. A diani result was obtained by Francescutto and
Contento (1994), Lee and Kim (2010) andadlet al. (2014b). Theyomted out that
sloshing effect on the ship motions, especially on roll motion, could act as a damper
and can be designed to achieve an-aiting damping effect on ship motions. The
coupling effect between liquid motion and shighaviour was studied ing potential

theory considering linear sloshing and nonlinear ship motions (Wang and Arai, 2011),
nonlinear water dynamics in the tank with Bmehip behaviours (Kim et al., 2007 and
Malenica, 2003) and fully nonlinear couplisgstem (Chen and Chiang000 and

Mitra et al., 2012). Tang (199teveloped a method to estimatdithensional forced

roll motion in beam seas based on the potentiadrthé-our different types of two
dimensional hullform were used to investigate theatfdf nonlinear variatimof wave
dampingand restoring momeniNonlinearity within wave excitation, added mass,
damping and restoring moment was investigated and itpoided out that if large
amplitude of ship motions was taken into account nonlisysstem should be deployed.

It was also reported by Lee et al. (2007a) and Bass et al. (1985) that the effect of the
turbulence and viscosity of the water in the tank masnfluential on impact pressure.
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A number of researchers have investigated the éimgfesloshing on the floating body
motion by numerical and experimental methods. Numerical methods, such as potential
theory (Kim et al., 2003; Lee and Choi, 1999; Zhang Sun, 2014), CFD method
(Eswaran et al., 2009; Godderidge et al., 2006, 20092@d@b; Lee et al., 2007a;

Liu and Lin, 2008; Loots et al., 2004; Rhee, 2005), FVP (Finite Volume Particle)
method (Guo et al., 2012), MPS (Moving Particle Sémplicit) method (Zhang et al.,
2014) and SPH (Smoothed Particle Hydrodynamics) method (Cotagtad., 2004;
Delorme et al., 2009; Iglesias et al., 2004 and 2006; Landrini et al., 2003; Shao et al.,
2012a and 2012b) have been adopted in the study of the dfigaia-sloshing taking
account of different fill levels simultaneously companied hwitalidation of

experimental results.

A numerical study by Li et al. (2014) addressed the variation of the suatace under

low fill levels (28% and 41%). To validatee numerical results, a series of model
tests were applied with a rectangular tafdcpd on a platform driven by a gearbox
and a motor. Wave elevation and pressure on the sidewall were monitored and
recorded. They found that the loads due to the imgrassure at lower fill levels could

be larger than those at higher fill levels; thesult was more pronounced under

resonant excitation.

Lee et al. (2007b) investigated the coupling effect with CFD method. Numerical results
revealed that due to the cding effect between water and ship motions, the resonant
frequency of roll motion washifted and a second resonance appeared around the

natural frequency of sloshing.

Fluid sloshing behaviour in a rectangular tank was investigated by Rafiee et al. (2010)
both numerically with SPH method and experimentally with a physical rectangular
watertank. Impact pressure was evaluated according to-DeS®PH technique and

good agreement was obtained with experiment results. However, it was seen from the
two dimensimal and three dimensional stes that threedimensional simulation

could further impove the accuracy compared to two dimensional approach, since the
2D approach was found to overestimate the pressures. The authors also highlighted a
shortcoming of the gpoach, related to the neglect of trapped air effects in their

numerical method.
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An improved SPH method was raised by Chen et al. (2013) to investigate the pressure
on the sidewall, and the predictions were compared with experiments. Severe water
impact béaviour was observed in both experiments and numerical simulations and it
was conclude that severe liquid sloshing could have a significant influence on the

stability of the ship with partially filled tanks due to the great loads.

Similar risk to the stalhty of ships with liquid tanks was also addressed by Lee et al.
(2007a). In their stdy, the CFD method was adopted and water surface in the liquid
tank was handled by Volurm&-Fluid method. They mentioned that compressibility
of the air phase should beken into consideration.

The use of baffles, to impose restriction on the watermicgin the tank, has attracted
much attention by researchers (Akyildiz, 2012; Biswal et al., 2006; Xue et al., 2012
and Younes et al., 2007). Akyildiz and Unal (200&@jdg¢d sloshing loads acting on

the liquid tank with and without baffles both numerigand experimentally. They
concluded that the baffles could significantly damp liquid dynamics and loads via a
range of liquid phenomena including hydraulic jumps, wareaking, turbulence and
vorticity. Similar effects of baffleon water sloshing wasentioned by Armenio and

La Rocca (1996), Liu and Lin (2009) and Panigrahy et al. (2009). Jung et al. (2012)
investigated the effect of the baffle height on the sloshiwngCBD method and
compared their results with physical model tests by Kang and Le&)(20bey
obtained the similar conclusion that baffle could mitigate water dynamics in the tank
through energy dissipation. They also highlighted that when the heighfflaf Wwas

more than the initial height of innerater elevation filling in the tankhé baffle could

block water behaviour separately into each subdivision, and in doing so, water surface

exhibited a more linear behaviour.

2.5 Numerical study on behaviour ofa damaged ship and
floodwater

Although physical experiment can provide valuable é@tanvestigation of damaged

ship behaviour, both the expense and the measurement uncertainties due to accuracy
of equipment may limit investigations. Vassalos and T(t894) developed a semi
empirical approach to study the behaviour of a damaged passé&mRo ship

accounting floodwater dynamic in tHloded compartment. HoweveGao et al.,
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(2011) suggest that an empirical method is not sufficient to describe aesompl
coupling consequence amomgddwater dynamics, water flow and ship motions since

the behaviour of floodwater inside compar
with the exciting motiono, and hydrodyna
effect) obténed from empirical method cdre useless. Hence, a number of numerical
methods haveden proposed to study damaged ship behaviour considering flooding
physics.

Numerical studies based on a potential flow method were applied to the investigation

on the sability of a damaged ship by eeet al. (2003), Letizia (1996), Palazzi and De

Kat (2004), Santos and Guedes Soares (2009) and Spanos and Papanikolaou (2001b).
The potential flow method is taken to calculate hydrodynamic components due to wave
excitation,and effects of viscosity areplaced by an empirical method. Water flow
dynamics artdbased wupon Bernoulli s equation Db
compartment is assumed to be horizontal and behaviour of floodwater is even
neglected. Therefore, based these assumptions and cdimlis, potential theory is

difficult to use to accuralg estimate damaged ship behaviour, especially when

sloshing effect is dominant and must be taken into consideration.

The intact and damaged ship's behaviour was inaetigoy Hearn et al. (2008) by
numerical models in relation tbe sinking of M.V. Débyshire. Although the research
applied potential theory, which took water as an incompressible and inviscid flow, it
took air effect and internal free surface in consatlen, could assess the influence due

to the interaction betves internal free surfacand ship motions. An oblique wave was
chosen and the ship model was stationary without any forward motion. However, only
ship's behaviour was presented considering éiepiich and roll motions without
estimation of wave loading &eg on the intact andamaged ship. Another research
based on the bulk carrier vessels (such as Derbyshire) aimed to develop a new way to
estimate the crogsroduct of the inertia of the intaand damaged ship asDEF
motions are taken into consideratioy Saydan (2006). bhis study, the crosgroduct
between different degree of freedom motions was conducted in detail with potential

fluid theory applied, and internal fluid dynamic influeneas also neglected
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Time domain simulation, as a numetiaaethod, has been widelgpplied to
investigation of damaged ship motions with floodwater behaviour in the flooded
compartment by Chan et al. (2002), Dand (1989), De Kat and Paulling (1989),
Fujiwara and Haraguchi (2002), Santos et al. (2002), Sen anstd€dimidis (1987)

and Vasalos and Turan (1994). A range of approaches have been used to consider
water behaviour inside the flooded compartment. Spanos and Papanikolaou (2001a)
and Papanikolaoe t al . (2000) treated fl obldwat er
Santos and Guedes 3ea (2008b) regarded floodwater as an additional load acting
on the damaged ship and did not take ingress and egress of water flow impact into
account. Ruponen (2007) ddoped a pressu@rrection method in time domain
simulation to deal with floodwatedynamics. Although the air compression was taken
into consideration the inertia of floodwater was neglected. Palazzi and De Kat (2004)
studied flooding mechanisms withmé domain simulation considering trapped air
effect. They teated water and air insidéhe compartment with different spring
systems to investigate air compression inside the tank. It was found that air flow had
little impact on damaged ship behaviour,t llbat air compression significantly
influenced damage floaaly. It was also noted th#o precisely estimate the behaviour

of a damaged ship, the prediction of floodwater dynamics inside the compartment was
a determinant factor since floodwater behavismas influenced by a binding effect

that composed of the vation of pressure and velity, ship motions and trapped air.
Crossflooding arrangements were also taken into consideration in the time domain
simulation, which had been also studied by Petaak €003), Vredeveldt and Journé&
(1991) and Xia et al1099).

With rapid increasig development of computing equipment, the capability of
Computational Fluid Dynamics (CFD) method has been improving rapidly. In order
to estimate more realistic behawroof floating body and water dynamics, Reynolds
Averaged Nauaier-Stokes (i.e. RANS) egptions with the Volume of Fluid (VOF)
method, which was developed by Hirt and Nichols (1981), are widely used to study
damaged ship stability as they have the abilityattkle complicated flow problem
such as viscous flows, vet sloshing with highly enlinear surface, and wave
conditions coupled with complex ship motions. in regular or even irregular waves (Gao
and Vassalos, 2@ Lee et al., 2012a; Saddbsseini etl., 2016 and Woodburn, 2000)
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Nabavi et al. (2006) applied @FD method to investigatthe fluid dynamics of
floodwater through different sizes of damaged openings. Similar research was also
carried out by Wood et al. (2010). Gao et al. @04dpplied theVOF method to
simulate the flooding of a damaged ship coredinvith a dynamic mesh, wdn was

used to capture transient ship motions. Spanos et al.l{pb@2stigated the effect of
floodwater inside a compartment on the behaviour of a damaged ship.h8jhce
computational cost is a challenge for the CFD metKad, et al., 2017), develau a
combination between CFD and other numerical method to estimate damaged ship
behaviour in waves. Strasser et al. (2009) coupled CFD method with potential theory
as CBP method had a good ability to deal with dynamic effectarfdwater inside the
compatment, while the potential method could be able to predict ship motions. Gao
et al. (2013) developed a seakeeping solver that coupled potential flow method and
CFD methad for its feasibility on estimation of behaviour of a danthgj@p in regular

beam waes.

Another method adopted by researchers for studies on numerical simulation of the
behaviour of a damaged ship under flooding condition is Smoothed Particle
Hydrodynames (SPH) method, which was first developed by Monaghan §1994
Unlike CFD method thaklies on grid quality, SPH is a meshless method with a good
ability to simulate complicated floodwater dynamics through damaged opening and
inside the flooded compartmiefGonzdez et al., 2003; Skaar et al., 2006 and Zhang
et al 2013). However, SPH maitl is generally used only to simulate the internal
flows but not reflect the coupling between ship motions and floodwater, whereas this
coupling effect is necessary fonviestigation on assessment to damaged ship in waves.
Since G&-D and SPH methods bothgrere large amount of computational contribution,
MPS (Moving Particle Simulation) method can alternatively reduce time cost, but the
method cannot solve mufphase prolem (Hashimoto et al. 2017).

2.6 Study on loads acting on intatand damaged ship

After ship suffering damage, wave loads acting on the damaged ship is another factor
that attracts attention, and the motion of the damaged ship will not be the only aspect
thatnaval architects need to consider but also the force antemtacaused by waves

and foodwater also should be addressed. Considering structural strength of damaged
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ship, investigation on global loads of the intact and damaged tankers and bulk carriers
wasassessed by researchers with numerical and experimentaidaébDalzell, 1964;
Ewardet al., 1954; Kukkanen 2010, Lutzi, 1957 and Salvesen et al., 1970). A detailed
ship model test was proposed by Chan et al. (2003) with intact and damaged scenarios
at dfferent wave headings. Global wave loads assessment wasatexh by a
nonlinear timedomain method. Wand Hermundsta(2002) and Santos and Guedes
Soares (2008a) also applied a nonlinear 4tomain simulation on a container ship
model to study the eft of wave on the motions and loads that distributed aloag t
ship. Detailed studiesn structural strength analysis with evaluation of the vertical and
horizontal bending moments on intact and damaged ships under the different damage
scenarios were focad on by Khan and Das (2008) and Rodrigues and Guedes Soares
(2017). Two comprehensivavestigation on prediction of loads acting on ships are
referred to Hirdaris et al. (2014) and Temarel et al. (2016).

For large ships, particularly for slender hullrfeg of naval combatant ship, wave
induced loads, composed siiear forces and bendingoments acting on the hull
girder play a significant role. Brown et al. (1991) and Brown and Clarke (1993)
suggested that for the purpose of design of naval ships, isgantial to predict the
maximum wavenduced loads actingxdhe ship and monitor thariation of the loads

in time that ship experienced. Investigation on wave loading acting on warships were
carried out by Clarke (B%) with many factors such as nordiar ship motion, bow

slamming taken intoonsideration.

As a weltknown benchmark hufiorm, US Navy Destroyer model DTMB 5415 has
been widely tested in model basins. Lee et al. (2012b) carried out-srakal
experimental tests at Newcastle University.ttWidetailed arrangement of each
compartmat global wave loads acting on the intact dachaged 1/108cale ship hull

are investigated under the different wave conditions and damaged scenarios, as well
as wavenduced loads. Although extensive experimendgbrds were provided, the

ship model wagoo small for range of some measurement ckiso that some

variation of physical parameters and nonlinear behaviour were not observed.

Begovic et al. (2017) carried out an experimental study on a 1/51 scaled BANB
at Kelvin Hydrodynamics LaboratoryJniversity of Strathclyde, Glasgow, UK.
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Motions and wave loading acting on the intact and damaged ship model without
forward speed were investigated in head and beam seas. However, in the physical tests,
only the vrtual mass moment of inertia of the smdel was obtained by free roll
decay testri calm water, which leads to challenges for simulation in which the solid
mass moment is required. The experimental results did not address in detail the

nonlinear effecon the wavenduced loads on the damagsdp.

2.7 Chapter remarks

This chapter mainlyddresses research and methodology into the influence of flooding
on stability and behaviour of damaged ships. From this review, factors that can be

dominant or have an ipact on the stability of a damaged shigynbe categorized as:

U Geometric feature
1 Ship hull
o Inner structure: multiple decks, bulkheads, -sompartments, double
bottom, etc.
o Internal layout: obstruction, cross flow arrangement, air pipes/ventilation,
etc.
1 Dimensions, locations, shapes, @ticdamaged opening
U Hydrostatic characteristics
1 Metacentric height, initial intact condition and initial heel angle, etc.
U Fluid dynamic characteristics
1 Damage related
o Flow rate (time vajing), time of damage creation aer accumulation, etc.
1 Hydrodynamic
o Floodwater behaviour inside compartment, trartsilooding effect,
sloshing effect, crosftooding effect, etc.
o Coupling effect or interaction between floodwater and ship motions
1 Air dynamic
o Air flow behaviour, trappedir compression, air pocket
U Environment factor
1 Wave conditions, or calm water, withr evithout advanced speed, wave

heading, etc.
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Since damaged flooding a damaged ship is sutimtegrated problem containing
many aspects, in this work, experimental antherical investigation are applied to
study on the behaviour and wave loads actin@gmonntact and damaged naval ship

model with severabf thefactors highlighted above taken into consideration.
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3. Experimental Investigation

3.1 Brief introduction

Since thedamaged ship loses her segmental watertight and structural integrity, there
is necedsy to accurately predict ship motions and the loads acting on the damaged
hull girder. In the present study an experimensaleasment is carried out on a naval
ship hul to show the effects of damage and water dynamics on ship performance. Ship
motions ad waveinduced loads acting on a combatant ship model are assessed by
physical tests at Kelvin Hydrodynamic Laboratory. Rissabtained from the present
experimental imestigation are compared with previous physical model tests by
Begovic et al. (2017)A scaled naval ship modeIDTMB 54157 is utilized, which is

a bare hull without any appendages such as fin stabilizers, kelgs and propellers.

A damaged opening i®cated at midships to starboard; two compartments can be
flooded into once the covem the damage opening is removed. Free rolling decay
tests for the intact and damaged condition with and without moorindgraonsare
implemented in calm water, whitee model is restrained by soft moorings at the bow
and stern during the tests in réyuwaves.The test case is therefore an idealised
representation of the behaviour of a damaged ship which has been disabled after an

incident such as a collision.

In order to investigate the performance of the ship in the intact and damaged conditions
in beam seas with zerorfgard speed the model is positioned perpendicular to the
direction of wave propagation with the damaged opening facing the incoming waves
so that fbodwater can ingress and egress from the damage op&niegiminate the
influence onadvancd speed of theship, ship model is sefnoored at bow and stern.

To set an actual situation on the damaged ship after sudden damaged flooding, the
damaged openinig set to face to the incoming wavde model motions are measured

in a range of wae heights and frequeies in regular beam waves to investigate the
influence of waves and damage on the ship. Results will be used to validate results
from the CFDbasedRANS solver.
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3.2 Facilities

The experiment was carried out at the Kelvin Hydrodynamibotatory of the
University of Strathclyde. A tank with Zfetre length, 4@netre width and 2.15
metre depth is used in the model teSigure 3.1 gives a view of the tank. It is equipped
with a multiflap forcefeedback absorbgwave maker so that reflected and radiated
waves from structures during the tests can be absorbed to malsteady consistent
waves can be generated. To eliminatedfofwave reflection from the end of the
tank a highquality sloping beach is instad at the far end of the tank. The wave maker

and waveabsorbing beach are shownFigure3.2 andFigure3.3.

Figure3.2. Wave maker o
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. .

Figure3.3. Wawe absorbng beach

3.3 Ship model
A model of the naval ship DTMB415 of overall length.8m is used during the tests.

It is an operto-public early concept of the DD&1 known as the Arleigh Burke class
destroyer. This was commissioned by the U.S. Navy fdI-form optimization
(Senari2016). Since conceived as a preliminary design in 19808B-5415 is now
widely used for investigation in hydrodynamic and resistance experiments (Larsson,
2013) as a benchmark ship model. Particulars of the ship modeinutes present

test are givemiTable3.1. Figure3.4 shows the lines plan hullform of DTMB415.

Table3.1. Particulars of the ship model

Particulars Full Scale Model Scale| Particulars Full Scale Model Scale
Scale factor 1 51 Cwm 0.818 0.818
Loa 153m 3m Cr 0.61 0.61

Lwe 142m 2.784m Cwp 0.76 0.76

Boa 20.5m 0.402m KM 9.486m 0.186m

BwL 19.1m 0.374m KG 7.548m 0.148m

D 19.2m 0.376m GM 1.938m 0.038m

T 6.16m 0.12m LCG 70.125m 1.375m

n 8423.3n3 0.0635n% Kxx - -

& 8423.3ton 63.5kg Kyy 0.25L 0.25L

Cs 0.498 0.498 K22 0.25L 0.25L
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Figure3.4. Hullform of DTMB-5415

It should be noted that the model used in the tests is a diootdtam bae hull without

any appendages. The whole ship model includes a sonar dome and a transom stern,
and it is divded into several compartments by 7 watertight bulkheads shokrgure

3.5. The damaged opening is located at the mjp&hstarboard, facing the incoming
direction of waves; two compartments can be flooded into when the cover on the

damage opening is removétgure3.6 shows the layout of the flooded compartrise

Figure3.5. Physical naval combatant ship model
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Figure3.6. Internal view at flooded compartments

The ship model is moored at the bow and the stern by soft elastigmor water
so that the ship is not free to drift. Therefore, the model ship encounters beam waves
with zero speed. It should be noted that the flooded compartments are ventilated by
two pipes so that air compression effect can be eliminated when \eat#s fnto the

damaged compartments from the opening showrigare3.7.
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Figure3.7. Stationary model in calm water with moorings

Table3.2 gives the pdiculars of damaged ship model after the cover on the damage
opening is removed and the ship reaches the equilibrium condition in calm water. The
main particulars of damaged ship model remain the same as those of the intact model,
but draft ad buoyancy wtribution are changed, since draft is increased and buoyancy

in the flooded compartments disappears due to the water flooding. Dimensions of

flooded compartments can be shown with a CAD modElgnre3.8.

Table3.2. Particulars of the damaged ship

Particulars | Dimensions
L fiooded 0.4685m
Tdamaged 0.145m
BwL 0.382m
468.5mm e
- < 3Mmm

™
1‘21rr!r,11

Figure3.8. Dimensions of the flooded compartments
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3.4 Experimental setup

3.4.1 Waves

During the tests, a regular beam wave is generatedewave maker based on pre

set values of wave height and wave frequency. Wave Isegghtvaried from 10mm

to 25mm, and frequency is changed in the range from 0.446Hz to 1.19Hz, as shown in
Table3.3.

Table3.3. Wave settings

f(Hz) Tw(s) H(m) f(Hz) Tw(s) H(m)
1.19 0.84 0.02 0.664 1.505 0.02| Deep
1.02 0.98 0.02 0.649 154 0.02,|water
0.893 1.12 0.02 0.639 1.565 0.015,
0.8 1.249 0.02 0.02,
0.794 1.26 0.02 0.025,
0.752 1.33 0.02 0.030
0.733 1.365 0.02| Deep| 0.635 1.575 0.02
Finite
0.717 1.394 0.01,|water| 0.621 1.61 0.02
water
0.015, 0.595 1.68 0.02
depth
0.02, 0549 182 0.02
0.025 051 196 0.02
0.714 1.4 0.02 0.476 2.1 0.02
0.697 1.435 0.02 0.446 2.24 0.02

0.68 147 0.02

3.4.2 Instrumentation

A wave probe is positioned in front of the ship model to measure the elevation of the
generated waves over time. AccordingDai (2016), the uncertainty of these wave
probes that yields a 95% confidence level is about 0.6mm. THeGkxmotions of

the shp model in calm water and beam waves during tests are measured by

QUALISYS motion capture system.
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As shown a&igure3.9, five reflective markers installed on theghiodel are detected

by the QUALISYS cameras and used to calculate th®8¥ motions of ship model

in a global coordinate system. These five markers are installed on one side of the cut
section (which can be seen at the midshipigure3.9) so that any bending or twisting

of the ship due to the load cell can be neglected. Typically93heuncertainty of
QUALISYS measurements is less than 1mm.

Waveinduced lads, vhich can be taken as loads acting on the hull girder, are
measured by a type 206/5C figemponent force gauge manufactured by DHI (Danish
Hydraulic Institute). As shown ifigure 3.10, the force gauge includes two vertical
end pieces joined by four aluminium beams. It is installed at a cross section at which
the whole ship hull is cut into two portions. All available data including wave heights,
six DOF motions and e waveinduced loads acting on the ship model varying ove
time is acquired through a CED 1401 A/D converted usingfiikedata acquisition

software

During each test, acquisition of all data, including waves, ship motions and wave
induced loads,runsnt i | t he shipbs behaviaodimorer eac h ¢
than ten stable oscillations have been completed. Between tests, two sets of side
markers installed at each side of the tank are lifted to the surface to accelerate damping
effect on wavesind calm the water quickly after each test so that tketest should

not be affected.
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Figure3.9. Infra-red markers and force gauge installed on the ship
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Figure3.10. Type 206/5C 8Zomponent force gauge by DHI

3.5 Test procedure

3.5.1 Force transducer (load cell) calibration and uncertainty analysis.

3.5.1.1 Calibration

A five-component force transducer (also called load cell) is used in this study based
on the process of transforming signals between voltage (V) and load (féycor

moment (Nm)). Calibration to validate the relation of the transformation for the
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transducer is carried out with five sets of loads: forces along X and Y axes and
moments arond the X, Y, Z axegtigure3.11to Figure3.14 illustrate calibration for

the force transducer. As shownkigure3.11, loads are applied vertically at positions

1, 2 and 3, respectively. Then forces acting in that direction and the asbociate

momerts due to these forces acting on the transducer can be measured.

Similarly, forces acting in an orthogonal direction and related bending moments are
measured by rotating transducer with 90 degrees, as seeRifjora3.12. Therefore,
forces and bending moments about two dx¥sand Y may be obtained. To measure
torsional moment (Mz) via force transducer (as marked in

Figure3.13), forces are imposed at both sides siimdtausly as shown iRigure3.14.

As demonstrated ifrigure 3.15 and Figure 3.16, increasing force presents a linear
increase in vibage so that the slope of the line can be taken as the transformation factor
between voltage and load (force or moment), which is directly used in the tests of the

ship model.

Figure3.11. Sketch of trangucer calibration setup with dimensions (unit: mm)
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Figure3.13. Torsional momentNiz) marked on transducer

Figure3.14. Sketch of tramduceb s cal i br ati on
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Figure3.15. Calibration for forces acting on the load cell
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3.5.1.2 Uncertainty analysis

The calibration uncertainty at the 95% confidence level, related to the slope and
intercept of the regression line, is takertrase times the vaé of the Standard Error

of Estimate (SEE), as recommended by ITTC procedure (2014a). The SEE can be

expressed by

YOO VY& < Equ 3.1
where S§is the sum of the square of residuals, which means the sum of the

difference between measured data and the fitted curve. ThketaB8®%e expressed

by

YUY YQi "QQ6 dha Equ 32
Here, residual can be defined as
YQI "QQ o0 A G Equ 3.3
where

y is the measured value Volts

X is the independent variable, which represents force or moment in this

section.
ais the intercept of fitted curve
b is the slope of fitted curve

Table 3.4 shows the uncertainties of faemmponent force gauge at tl85%

confidence level as below.

Table3.4. Uncertainty analysis of the fivedmponent loads
Loads SEE Uncertainty

Fx (N) 0.001 0.004
Fy (N) 0.002 0.005
Mx (Nm) 0.006 0.017
My (Nm) 0.002 0.005
Mz (Nm) 0.009 0.027
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3.5.2 Cross coupling

During calibration therosscoupling between different forces and moments has to be
investigated. The coupling mechanism is observed when loading the transducer purely
in X-direction results in nozero force and moment measurensantother directions

(Fy and My). These nofzero measurements can be regarded as spurious readings,
which ideally should be zero. Similarly, Bg and My are applied to the load cefy

andMy generate nowero readings by load cell.

Fy, MxandM; are potted againsEx shown inFigure3.17to Figure 3.19. It can be seen
t hat a HRyequalsto abaus6BP% due to loadedry, but Mx andM; do not

reveal an apparent variation dud=0 A similar mupling effect caused Iy, is shown

in Appendix 1.
0 20 a0 XN g0 80 100
0 T T T T
%@\ A Position 1
B, O Position 2
1y . o Position 3
B, .. .
™ Position 1 (Linear)
2 ®,. Position 2 (Linear)
“\,@ --------- Position 3 (Linear)
r-\'3 B \.\“\
=3 N
4t B,
’.'..@‘“.h
'5 B ""'t.,.b
y =-0.0677x +0.0011 B,
6 | y =-0.0679x + 0.0006 "8,
y =-0.0682x + 0.004 g
-7

Figure3.17. Fy triggered by Fx
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Figure 3.19. Mz triggered by Fx

Logically analysing, taking Fx, Fy, Mx and Miyto account, all four loads can have a

cross coupling effect on each other. In other words, there is a matrix relationship
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between dads measured by the load cell and true (applied) values. This can be

expressed by

n’,‘o Il ‘p ' ' n nz‘o Il
| |O Y] l p T l IO Y]
w7 i Tt P i 1w n
WO mioi p U

Where,
Fim is measured force by load calHx, y)
Mim is measured moment by loaelldi = X, y)
Fit is the true value of force £ X, y)
Mit is the true value of momerit x, y)

R=rij(i,j=1, 2, 3, 4) is the matrix that describes the relation between
measured and true values due to cross coupling. It was found that it egoréssed
as

p TIPCOMBITIIIY T
v TMIeXX P ) T TT T ¢

TImpUL T p T8 T X
] TBIMOoOYX TIMMNTW P

Then inverse matrix of R is

PBIMMNMYmMIpgo TP TT
Mt ypdrnmy 1w TBITITT
mMinpu T p BT T TT X
TIMMNCTBITMOXTBITTNW P

And hence the true values of forces armhmnts can be obtained from the measured

values as:
nao Il o Il
o " o !
11 'Y e 1 11
1 Yy J!
v n L) ¥
w U wo U
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3.5.3 Mass moment of inertia measurement

Traditional swingtype devices are normally used for measuring pitch emtnof

inertia of model ships; in this application the width of the device needs to be greater
than the beam of the ship. In theegent application, measurement of roll moment of
inertia requires the width of the device to be greater than the overdh lgittpe ship

model (3 metres), which presents a challenge. An attempt was made to use a compound
pendulum method in the presetiidy.As shown inFigure3.20, a wooden support is

used to lift the ship model in and out of theibao avoid the risk that the load cell is
broken due to overload he compound pendulum method was applied to measure the
mass moment of inertia about the longitudinal axis of ship madgel. However,
measuremenvas madgust after the whole systerm@luding ship model and wooden
support)was pulled out othe tankwhenwith the wooden suppohad absorbed some

water Therefore, the total mass of the whole system is wrongly taken into
consideration (considering the water absorbetthbwood),and herefailed to obtain

the accurate mass moment of iFaortherrhorea of
even without thisssuethe method did not prove be ablego determinavith sufficient
accuracythe relatively small moment of inertia of the ship abiéaiown CG in the
presence of the relatively large moment of inertia due to the rotation of the ship mass
about the pndulum support

Figure3.20. Wooden suppomsedto hold the sh

f B
! TN B

ip model
When a spefic ship rolls in calm water, one factor that has an influence on the (natural)

period of roll motion (as obtained by decay tests) is the mass moment of inertia about

l ongi tudi nal axi s. Hence, an al tmassnati ve
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momentof inertia is to use a method based on CFD to fit the data from a free decay

test, which will be explained iAppendix 2.

3.6 Decay tests in calm water

3.6.1 Freeroll decay tests for the intact and damaged ship model

During the roll deay tests in calm water, both the intact case and the damaged case
(obtained by removing the cover on damage opening) are tested. The rotational motion
of the ship model is monitoreghd recorded. It should be noted that decay tests for
both intact and danged cases are both carried out ten times each to minimise the
uncertainty in the natural periods obtained for the intact and damaged ship model much

as possible.

As mentioned abovéiee rolling decay tests are undertaken with and without mooring
restrains in still water. The roll motions of the intact and the damaged ship models are
presented inFigure 3.21. It is clearly observed that the equilibrium of damaged
scenario is at approximately 2 degrees of heel. The reason faathise explained

that when water floods into the compartments,dbeble bottom is not fully filled

with floodwater, instead, only half (starboard side) of bottom space can be flooded due

to the damage. Finally, when ship reaches its upright state sttoeble damaged side.

10 - .
—— Intact with restraint
8 —— Damaged with restraint
—— Intact without restraint
L)
o
24
)
s 2 H
Q
20 r
<
52 |
x
4 F
. U
_8 1 1 1 1 1
0 5 10 15 20 25 30

Time (s)
Figure3.21. Decrement curves of free decay tests
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To determine the natural frequency of roll motion of ship model, free decay tests on
roll motion are carried out by imposing a radagl angle on the ship hull. A Fast
Fourier Transform (FFT) algahm is used to determine the natural frequency of the
shipds roll ririgure3.82nTheanatura frequernciesifonthree cases are
given byTable3.5. It can be noted that natural frequency under the damaged condition
is lower than that in the intact condition and that the water surface effect in the
damaged compartmennder the damaged condition increases the damping to ship
mations, as highlighted also by De Kat (2002), Lee et al. (2012b), Manderabacka et al.
(2015b) and Papanikolaou and Spanos (2004).

Table3.5. Summary of analysed natural frequencies and periods

Natural Frequency (Hz) | Natural Period (s)
Intact (restrained) 0.7194 1.39
Intact (not restrained 0.7173 1.394
Damaged (restraine( 0.6391 1.565
160 , .
o—Damaged roll decay test with restrgin
140 —e—Intact roll decay test without restraint
—e—Intact roll decay test with restraint
»
> 120
2
o 100
)
[
£ 80 r
(¢}
o
Y60
(<)
2
5§ 40t ®

Frequency (Hz)
Figure3.22. Natural frequency analysed by FFT
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3.7 Tests in regular beamseas

The ship motions and loads acting on the ship model are measured for all the intact

and damaged cases in regular beam waves. A wave of height 20mm is cretiited for

full range of frequencies; a further set of waves of 10mm to 25mm wave heights are

also tested around the natural frequency as showalhe3.3 at Sectior8.4.1

The intact ship is tested first followed by the damaged c&sgsre 3.23 presents a

sample ofmeasured data acquisition that is represented b@piedata acquisition

software for the wave elevation and ship motions (rotational angle and heave motion)

respondig to the encountered wawéalid data can be taken during a period of steady

periodic fluctuation and should be averaged over several cycles to minimize the

probability d superfluous errors or peaks. It should be mentioned that the wave probe

is positioned between the wave maker and the model, around 10m from the wave

maker and 20m fromhte mo d e | so that w

ave

el evati ol

movement. The time reqeid for the wave to propagate from the probe to the ship is

calculated for each case, and the section of the time history over which the ship motion

and load data is anabs is offset by this period as shownFRigure3.23, in order to

ensure that the mea®d responses correspond to the measured waves
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3.7.1 Ship motions

In regular beam waves, the model is restrained at each case by soft elastic moorings.
Although six DOF ship motions are captured by QUALYSIS system, roll and heave
motion are the focus in this section under the intact and dansagedrios. The
amgitudes of roll and heave oscillation are dimensionalized by kAwave number

times wave amplitudeand A (wave amplitude). To uniform the nahmensional
demonstration shown in the plots between frequency and amplitude of motion,
frequency isalsonondimensionalized by multiplying by (L/g)*0.%vhere L means

the length of the ship modéligure3.24 captures the motions of the intact ship during
one period excitethy a regular beam wave. A particular viewfrae surface in the
vicinity of the damaged opening is showrFigure3.25 during a period of one cycle

for the damagedhip. It is interesting to see that due to the complicated geometry of
the flooded compartments as well ésoflwater effect, the free surface presents a
perturbed dynamic effect in the flooded compartments. To give a demonstration about
how damage can &tt the ship motiongsigure 3.26 and Figure 3.27 illustrate the
nontdimensional Response Amplitude Operators (RAOs) of the intact and damaged
ship motions in regular beam waves relative to -donensional frequencies

respectively.

It can be clearly observed that roll motion resonance for the intacbsbipsat a
higher frequency than that for the damaged ship. Thedimansional natural
frequency of the damaged ship (about 2.2), is obviously lower than that of the intact
ship (2.5 approximately). The amplitude of the intact ship roll motion is lthaertle
damaged ship when natimensional frequency is less than 2.3. In contrast, when the
nontdimensional frequency is greater than 2.3, the intact ship has large motions while
the damaged ship roll motion is reducing rapidly. As-donensional excit&n
frequency is higher than 3.5, the roll amplitudes are small in both situations. The
floodwater not only increases reactive time in roll but also imposes extra damping on
the peak of ship roll motions. At the resonance frequency the peak amplitude of
damaged kip (8.3) is clearly much lower than that of the intact ship (13) due to the
free surface effect of floodwater in the flooded compartments.

61



As seen fronkigure3.27, the resonance frequencies of heave motion for the intact and
damaged cases do not reveal clear differences. Furthermore, there is no obvious
difference in magnitude of heave RAOs between intact and damaged cases as well.

t=0 t=1/4T t=2/4T

Figure3.24. Intact ship motion in beam waves
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Figure3.25. Free surface near the damaged opening under damaged condition
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Figure3.26. Non-dimensioned roll motioagainst nordimensional excitation
frequency
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3.7.2 Wave-induced loads

Waveinduced loads acting on the intact and damasipgol model are of significance

for stability and survivability of a vessel. Specifically, during the physical model tests,
five components of loads including two shear fortesertical shear force and
horizontal shear force, and three momehtsertical kending moment, horizontal
bending moment and torsional momeate measured under both intact and damaged
scenarios. Definitions of the fiveomponent wawnduced loads acting on the ship
are shown irFigure3.28. These loads arobtained by a fireomponent force gauge
(also called load cell) manufactured by the Danish Hydraulic Institute (DHI). A sample
of measurd waveinduced loads on a damaged hull is giveirigsire3.29. It can be
seen clearly thadue to the floodwater an obvious nonlinearity shown on the loads
acting on the damaged ship (Mx at row 3).

Through motion analysis shown in Secti@i7.1, resonant frequencies can be
recognized by peak values. They are lalbellea s -oii fdier £t a+fwd dBs éc on

frequency shown in the plots below companied with correspondaginduced
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loads, such as SF (shear force), BM (bending moment) and TM (torsional moment),
and directions like V (vertical) and H(horizontal). Amplitgdsf wave induced loads,
including forces and moments, at the resonant frequencies are presentstiregain

dimensional resonant frequencies.

“H—“‘)C

Vertical Shear Force Vertical Bending Moment
I —
Horizontal Shear Force Horizontal Bending Moment

Figure3.28. Definition of waveinduced loads on the ship hull
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Figure3.29. 5-component wawinduced loads actingn the damaged ship

3.7.2.1  Shear Forces

Figure 3.30 to Figure 3.31 illustrate nondimensional vertical anddnizontal shear
forces acting on the intact and damaged ship hull in beam waves includingrist
second order study. The shear force, actinghat trosssection where the force gauge
islocated,isnoml i mensi onal i zed by } gdadtheincadnte r e
wave, B is the breadth of ship model, and L is the ship length. Frequency-is non
dimensionalized by (L/§P. It can be clearly seethat as the resonance frequency
decreases due to floodwater the magnitude of vertical shear force raises by
approximately 26%, while that of horizontal shear force grows up to 22% compared
to the intact scenario.

At the resonance frequency of roll matjadhe vertical shear force of the intact ship
presents a relatively high seceadier response, which takes magnitudes up to 30%

of the firstorder, while the secororder response of vertical shear force for the
damaged ship and the horizontal shearddoc both intact and damaged ship are small.

It can be observed that there is a clear increase of vertical shear force acting on the
damaged ship and it seems that there may be another peak in response with non
dimensional frequency over 5 due to floodevradynamics.
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3.7.2.2 Moments

The bending and torsional moments acting on the intact and damaged ship hull are
shown inFigure3.32 to Figure3.34. It can be highlighted thahe free water surface
inside the flooded compartment plays a significant role to reduce bending moments
and tasional moment acting on the damaged ship, and it can be seen that a substantial
decrease shown in vertical bending moment and horizontalrgenment by 16%

and 86% respectively, and in torsional moment by 36% at the damaged resonance

frequency.

Verticd bending moment acting on the intact ship presents a strong nonlinearity with

the seconébrder response almost the same as thedid#r ampitude. In contrast the
damaged shipds vertical bending mo me nt
nonlinearity. t is interesting to find that the firsirder vertical bending moment acting

on the intact and damaged ship seems to reveal another pedkapdhte resonance
frequency. As nowimensional frequency reaches about 3.5, the intact vertical
bending momenappears to reach a peak amplitude. The vertical bending moment
acting on the damaged ship also increases in this region as sheigore3.32. This

Is similar to thevertical shear force acting on the intact and damaged ships, which also
reveals another peak as rdimensional frequency is greater than 5.

As shown inFigure3.33, the horizordl bending moment acting on the damaged ship
presents a substantial drop compared to the intact case. The free surface of floodwater
in the damaged compartment also has an impact on the nonlinearity of horizontal
bending moment. At resonandeequency of e damaged ship a seceoudler
response can be seen in the horizontal bending moment (20%-trrdies} while the
horizontal bending moment at resonance frequency of the intact ship seems to be linear.
When the nordimensional frequency greater than Shorizontal bending moment on

the damaged ship tends to show another peak response with relatively higher

nonlinearity.

The damaged ship experiences a larger torsional moment than the intact ship when
nondimensional excitation frequency is less than &lle the reverse is true between
nondimensional frequency from 2.4 up to 3.1. As fulbmensional frequency
increases d&yond 3.1, there is almost no difference between intact and damaged
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torsional moment on the intact and damage ship. The sexded brsional moment

acting on the intact and damaged ship is small.
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Figure3.32. Nonrdimensional vertical bending moment with rdimensional
frequency
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3.7.3 Comparison between two experiments

As a comparign with the present tests, the previous measurements by Begovic et al.
(2017) are shownTable 3.6 gives the natural period and frequency of the intact and
damaged shipds roll motion compared to t|

Table3.6. Roll natural period and frequency of two physical model tests
Intact Damaged

Present work Begovic et al., 2017 Present work Begovic et al., 201

TN 1.394 s 1.370 s 1.565s 1.525s
TN 4.507 rad/s 4586 rad/9 4.015rad/s 4.120 rad/s

Figure3.35andFigure3.36 compare the intact and damaged ship roll motion between
the two model tests. Although the roll motions of the intact anthdad ship at lower

and higher frequencies between two tests reveal a general agreement, it is obvious that
a substantiatlifferencecan be observed around the resonance frequency of the intact

and damaged shipbés roll moti on.
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There are several factors which contribute to this difference.

Begouc et al. (2017) presents results obtained from the model test at Kelvin

Hydrodynamic Laboratory with the same ship madBITMB 5415 with scale factor
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51. The present experiment attempted to keep the main particulars of the ship model
the same as in theqvious experiment. However, it proved hard to repeat the ballast
condition of the ship model precisely and key factors of the predep model, in
particular Ixx and the distribution of mass within each of the cut sections are
approximations. A relateggroblem is found in relation to the radius of gyratiog(or

[xx the mass moment of i ner t irdhe mdius efhi p o s
gyration given by Begovic et al. (2017) is that obtained directly from free decay tests

in calm water (marké  &@waed ) . Thi s me an kxprovidaedtbytheh e v al
former experiment, includes hydrodynamic effects and should beotdirectly
compared with the value from the present tests, which are for the solid mass only. This

is especially relevant len considering numerical simulation with CFD method for
whichkxxis a crucial input parameter. Therefore, it is expected tha thardifference

bet ween the two mass moments of inertia
experiments. This contribess to the (relatively small) difference in natural frequency

seen from the free decay tests.

Another key factor that triggers thigffédrence between two experiments is the choice

of wave settings. Begovic et al. (2017) used waves of constant steepriess (de

the ratio of wave height and wave lengthes)/ The steepness is kept constant as 0.02
under the most wave conditigrend hence wave height grows with increasing wave
period. In the present test wave heighhainly kept constant at 0.02m e most of

wave frequenciesbut several different wave heights are also chosen for nonlinear
investigation This difference inapproach has particular significance for the roll
motion of this vessel, which is highly ndinear with wave height, presumatilye to

the nonlinearity of viscous roll damping for this rowtilged vessel. To investigate

the different wave heightsonthent act and damaged shipds r ¢
heights were generated at the resonance frequency of the intact anddlamsadei p 6 s
roll motion, which is 0.72 Hz an@.64 Hz respectively under the intact and damaged
condition for both worksThe vales chosen 10mm, 15mm, 20mm, 25mm and 30mm

in the present study. In the previous study the wave heights adopted are equal to 0.03m
0.04m and 0.062m at the intact resonance frequency and 0.074m at the damaged
resonance frequency respectiveéhigure3.37 andFigure3.38 show nordimensional

wave heights (nodimensionalised a$i/Loa) against nordimensional intact and
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damaged roll motion respectively obtained in both works. It is clear to see that results
obtained by both tests show a consistent decreasing trend as wave height increases.
Since data about he alkignotaeatablem bearh seatBsessgo v i c
and the roll motion is the point that we mainly concerned, heave motion is not to be

presented here.
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Figure3.39 andFigure3.40 compare the meased vertical shear force by the present

physical model test and Bego et al. (2017). It is once again clearly seen that

di fferences can be observed between bot
resonance frequencieBigure 3.41 to Figure 3.42 illustrate the variation of nen
dimensional vertical shear force acting on the intact and damaged ship with wave
height, at the resonance frequency of t hi
increasingncident wave height, the natimensional veical shear force acting on the

intact and damaged ship all decrease in a manner similar to that seen for the roll motion.

It can be inferred from this analysis that the difference in wave height betweamthe t
sets of tests, allied to the highly nthmear roll of the vessel, is the main reason for the
difference in results between the present and previous tests, especially at the resonant
frequency. Similar studies for horizontal shear force, vertical anddmal bending
moment and torsional momerneashown inFigure3.43to Figure3.58, respectively.

Again, it is interestingo see that when fuicale incident wave period is smaller than

7s (i.e. nordimensional frequency is greater than 3.5), vertical shear force, vertical
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bending moment and horizontal bending moment acting on the damaged ship show a
rise due to the damagdtbodwater dynamics. To characterize wanduce loads
acting on the damaged iphat the nordimensional frequencies greater than 3.5

(modelscale frequency equals to 1Hz), more investigation should be focused in the

further study.
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Asa final comment, it is unclear as to how (or whether) Begovic correctetoss
coupling in the load cell, which as shown previously, has a significant impact on some

of the measured loads.

3.8 Chapter remarks

An experimental investigation is carried out on the intact and damaged behaviour of a
1/51-scale model of a naval combatamtthis Chapter. The ship motions and wave
induced loads acting on the intact and damaged ship hull are measured in calm water
andbeam seas with zero forward speed. Regular beam waves are generated by wave
maker and ship hull is moored perpendiculadytie direction of wave coming.
Damaged opening faces to starboard, where ship encounters the generated beam waves
directly. Two conpartments can be flooded but the entire flooding is asymmetric due

to a halfunflooded doubléottom tank. To eliminate trgpd air compression, a
ventilation pipe is installed in each flooded compartment so that trapped air cannot
influence floodwater inde the compartments. Experimental data obtained in this
study including ship motions and waweluced loads of intact andachaged

combatant vessel in beam waves is provided to valid with numerical method.

The free decay motions in calm water and the omstexcited by regular beam waves
give the same conclusion that the water surface effect in the damaged compartments
has anadditional damping impact on ship behaviours, and the natural frequency of
damaged ship is obviously smaller than that of the istaéipt However, damaged ship

can reach the final stable state within a shorter time. In other words, damaged ship
stabilizesmore quickly than intact ship. Due to the free surface dynamics in the
damaged compartments as well as its interaction with shifgomse highlighted
nonlinearities can be obviously observed in roll motions and svalieced loads, but
linearity is shownn heave motions of the intact and damaged ship hull. According to
the results of wawenduced loads acting on the intact and damasial hull, there is

a remarkable reducing effect on wawduced bending moments on the ship model
due to existence of watesurface in damaged compartments, however, in contrast,

shear forces on damaged ship are higher than that on the intact ship.

The pesent experimental work is a further investigation from Begovic et al. (2017).

In this work, crosscoupling effect of thedrce transducer on measured loads is
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discussed as it maesult inoverestimabn of the measurements, which should be

corrected

The shipbdbs roll motion and measured | oad
compared. Although it can be seen that tects of RAOs for roll motion and wave
induced loads are reasonably similar, it seems thatimeansional ship responses and
measued waveinduced loads in this work are substantially larger near resonance. It
is shown however that the difference in rimensional response can be largely
explained by the different approach to setting wave height between the two works,
since nondimersional roll motion and subsequent rdimensional wawenduced

loads reduce substantially as wave height increases, durorlinearity of the roll
response. It is interesting to find that some wiankiced loads that acting on the
damaged ship cangsent a second peak response as wave frequency is greater than
1Hz, which should be carefully investigated in the furthedt

Prior to testing the ship hull in water, the solid mass moment of inertia in roll, which

is one of the most significant paratees of the ship model could not be measured
reliably. The ship length is too large to allow use of the current conventional
measurement method used to determine mass moment of inertia in pitch, while the
compound pendulum method is not effective due ®litlmitation and error of the
measurement devices. Therefore, an alternative way to reasonably obtain the mass
momentofinet i a of the ship model is to approa
varying the mass moment of inertia via an iterative nuraémethod. This provides

a feasible way to estimate the actual mass moment of inertia of the ship model rather
than using @otal mass moment of inertia (including hydrodynamic effects) by testing

in calm water as Begovic et al. (2017) presented.

Anotherf act or t hat may have an i mpact on the
neglected damage creation. In this experimentadstigation, the damage to the ship

is created by removing the cover at the damaged opening, and hence the floodwater
inside the ompartments has been calm before testing. Therefore, the transient damage
flooding effect on the ship hull is neglected, et can have a significant influence

on shipdbs behaviour, and even on further

motions and floodwater dynamics.
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4.2D simulation by CFD-based
approach

4.1 Computational fluid dynamic (CFD) approach

4.1.1 Basic theory of adopted CFBbased method

ith the rapid development of computatiortachnology the computational fluid
dynamic method becomes increasing attractive to be an economic and powerful
alternative to tank testing in naval architecture. With high performance computing
techniques, parallel processing may be applied for CFD mietfficienty and quickly.
Although potential theory has been used widely in ocean engineering, it is unlikely to
give reliable information about the fluid field in particular for the damage flooding due
to the nature of the floodwater and the neglectéecebf vicosity. Especially for
vortexshedding and other phenomena with strong nonlinearity of complex water
surface evolution such as slamming, wave breaking, water on deck and damage
flooding and sloshing in the compartment, potential theory lackydbihardle these
issues (Yeung et al, 2001). However, considering viscosity and nonlinear effect of
water surface, RANS solver is a better approach to deal with the complicated
hydrodynamic fluid problem. In the present study, with @f3ed RANS solvea
commecial CFD package called STABCM+ is used to investigate behaviour of the
intact and damaged ship in wave conditions. At the same time, structural loads acting
on the intact and damaged ship hull in beam waves are solved by applying RANS
solver. As the preent work is mainly concentrated on application of &fBed
RANS solver on hydrodynamics of ships in waves, methods and algorithms adopted
are introduced in this section. For further information, Versteeg and Malalasekera
(2007) provide a deti@éd speciftation about methodology with computation fluid

dynamics

STAR-CCM+ as a comprehensive CFD solver package provides an entire procedure
for solving multiple objects including pq@ocessing (CAD geometry, mesh
generation), solving with physicahodels, andpostprocessing (optimisation and
analysis) with plots. Through the contribution bigh-performancecomputing

technology, parallel calculation in STARCM+ can efficiently and quickly solve the
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complicated hydrodynamic problemisigure 4.1 illustrates a general workflow for
solving with STARCCM+.

Modelling Geometry n
v

Define Fluid Domain = Preprocessing

Meshing

Modelling Environment (Physic&onditions)

- Solving

Solvers Setup

Results Analysis

Optimisation and Plotting

Figure4.1. Workflow with STARCCM+

= Postprocessing

4.1.2 Governing equations
The characteristics of motion of a fluid candescribed by five guations, which are
the fundamental governing equations of fluid dynamics, also known as conservation

equations of mass, momentum (in three directions) and energy.

Mass conservation equation, as known as the continuity equstides thathe mass

of a fluid is conserved:

. Equ 4.1

wheremis the fluid density.

If applied for an incompressible flow, the density of each phase is kept domstanh
means density does nadry with time, so that mass conservation equation becomes:

—a

o1 ,
o 1OTOTO
T w! ! a
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AccordingtoNe wt onés second | aw, the rates of
is equal to the sum of forces on the fluid particle including pressure forces, viscous
forces and gravity force as well as body ferc&Considering applied to an
incompressible fluidh finite volume method, conservation equation of momentum, or

here we call it the NavieBtokes equations can be expressadlindirection as

"0 0 Equ 4.
T - T— "0 O T - ‘n o " Q qu 4.3
T 0 T w = T (D

where
p is the pressure
“is the dymmic viscosity of fluid
n2is the Laplace Operator
My indicates the gravity force on the fluid

4.1.3 ReynoldsAveraged Navier Stokes (RANS) equations
Reynoldsaveraged carept refers to a decomposition of an instantaneous vatiable
that can represent velocity, pressure or energy in N®takes equations into itisne

averaged valu@y and fluctuating valu€%o.), which can be expressed as

%0 %0 %o Equ 4.4

Therefore, RANS can be given as

Teo 10010
e Equ 4.5
16 1, 1o , 1766
” [} ” E 4.6
ToTe 00 o 0 o qu

where” 6 0 is defined as Reynolds stress tensor, which makes the governing
equations unclosed for turbulence so that additional equations are required to close the

RANS equations. Ithe present workk-J turbulence model including two transport
equaions is used.
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4.1.4 Shear StressTransport (SST)k-J turbulence model
The SSTk-J turbulence model with two transport equations for the kinetic engrgy
and the specific dissipation rate was developed (Menter, 1994) to be a genreral

purpose suitable model in OFcalculation

4.1.5 Boundary conditions

Correct Boundary conditions are critical for accurate solution with CFD method as
boundaries define fluid flux in and out of the computational domain as physical
conditions. It is essential to specify the correct boundanditions for the flow
characteristics. Here boundaries that applied in present work can be catalogized given

as follow

1 Velocity inlet:

For the velocity inlet boundary in the computational domain, flow velocity is specified,
and the pressure is extrapethfrom the neighbour cell with reconstructed gradients.

1 Pressure outlet:

In a pressure outlet boundary pressure is specified while velocity is extrapolated from

adjacent cells.

1 Symmetry boundary:

By definition, symmetry boundary condition refers toeipected flow pattern, which
containsmirror symmetry. It can be used to model zehear slip walls in viscous

flows.

1 Wall boundary:

Wall boundary with nosslip condition is commonly used to represent the surface of a

body or a physically confine.

1 NearWall treatment:
Velocity distribution near to the wall boundary is tangential. For instance, considering
a flow over a flat plate, the velocity development along the plate can be shown
Figure 4.2. Especially for turbulent boundain an incompressible flow, y+ value

(Figure 4.3) clearly effects turbulent flow, and determines theinigdn of layers
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(Pope, 2001). In STARKRCM+, the k5 turbulence model for RANS solver has good
ability to treat all y+ valu¢STAR-CCM+, 2017).

\Y
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Figure4.2. The flow of a fluid over a flat platé/(nusand Cimbala2006)
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Figure4.3. Turbulent boundary layer for a typical incompressible flow over a smooth
flat plate(Pletcher et al., 2012)

4.1.6 SIMPLE

To solve the discretized governing equation segregated wayhe SIMPLE (Semi
Implicit Method for Pressurkinked Equations) algorithm is applied in segregated
solver for pressurgelocity coupling, which is suitable for long tirs¢eps calculation
with steadystate solution. The calculation iteratics repeated within a single time
step until the difference bgeen the solution and actual solution is under the limitation
of tolerance.
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4.1.7 Volume of Fluid Method

Volume of Fluid (VOF) Method is used to captaine interface between two phases.

In the present study, interface between water and air can be capture@byréthod

with a concept of volume fractiogn A volume fraction of a phase in a cell indicates
the distribution of the specific phase in a control volume. For each single control
volume, thesum of volume fractions for air and water must be 1, which can be

expressed by

| | | N Equ 4.7

1 {water =1 (/ar = 1) means the volume is full of water (air) phase.
1 {water = 0 (/air = 0) means there is no water (air) phase incilé

1 O</wate<l means the cells include the interface between air and water.

VOF as a homogeneous mphase fluid method that used in CFD simulation for fluid
dynamics in the water tank is considered to be less suitable for the violent sloshing
problem than an inhongeneous model (Godderidge et al., 2009b). However, the
present work aims to investigateetlapplication of CFD method to estimation of
motions and wave induced loads acting on the intact and damaged ship, and hence the
VOF method is adopted; inhomogeneansltiphase model may be studied in the

future work

4.1.8 Y+

As one of the most prominent parasrs in CFD method y+ is a dimensionless wall
distance. It is often used to indicate mesh quality for a particular viscous flow along
body surface. It is significant in turbules modelling to determine the proper size of

the adjacent cells around the bayface.

4.2 Numerical wave tank

In naval architecture and ocean engineerangumerical wave tank is an alternative
significant tool to investigate on hydrodynamics of structures and interaction between
structures and waves. With the development hagh-performance computing
techniquethenumerical wave tank is increasingly attractive to be applied to simulate
physicalmodel in waves. In this chapternumerical wave tank is simulated without

any structure in water to investigate the scheme for waveaereand absorbing by
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CFD methodA two-dimensional calculation domain with XOZ plane is established,
where the wa® propagates along-irection and gravity is set to be in the direction
of the minus Zaxis (g = -9.81 m/$), while there is only oneell thickness along Y

axis to avoid needless calculation cost

4.2.1 Calculation domain dimensionsand boundaries

In this stuly, a deepwvater1-orderStokes wave is generated with period=0.84s and
height=0.02m as the matter of fact that it is actually genenatelyisical testéwvhich

I's coincided with the resonantSincecavateri t i on
deph for physical tank is constant (2m) during all the physical tests, water depth
remains 2m for all the CFD simulations. The length of doralming X-direction issix

times wave length | that containsUfor wave propagation and 2or wave absorbing
(danping). With boundaries the whole calculation domain can be sholkigure4.4

andFigure4.5.

Pressure Outlet

Pressure Outlet
_—»

Velocity Inlet

Symmetry

Figure4.4. Boundary conditions of the fluid domain
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Interface

OneCell Thickness

Figure4.5. Free surface (interface) between air and water

4.2.2 Physical modeling

Taking air and water as two phases treated by VOF method, St&rda®& T (since
standardk-J5 SST turbulent model is applied for the intact and damaged ship in beam
seas stated in Chapter iS) selected ashe turbulence model with segregated flow
solver and segregated VOF solvéa identify the interface between air andter,

VOF is set to be 0.5 to visualize the free surfade segregatediow solver controls

the solution update for the Segregated Fioedel according to the SIMPLE algorithm
Volume of Fluid (VOF) is a simple multiphase model. It is suited to sinmgjdtbws

of several immiscible fluids on numerical grids capable of resolving the interface
between the phases of the miduBecondordertemporal discretization accuracy is
chosen to update the solution at each time step for a high accuracy of aaiculati

4.2.3 Mesh sensitivity

Under the consideration of economic cost in calcula@mmunderstanding ahesh
sensitivity is essential, and thensmnary of mesh schemes can be giveiable4.1.
According to ITTC recommendatiofT{TC, 2014b), a constant refinement ratt, is
suggested as the ratio for mesh refirent so that refinement is applied based on the
number of cells in a wave height (S1 to S5). An aspect ratio means the ratio of length
and width of a cell that contains thearface. A sample of mesh scheme (S3) is shown

in Figure 4.6. Il n this section, the effect of
consideration. A wave probe is positionedaatr times wave lengthx€4.422m) and

wave elevationdobtained and compared with desired value (wave height = 0.02m).
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Table4.1. Wave properties with mesh dependence

Wave properties

Height (H) Length () Period (T) | Depth (d) H/
Value 0.02m 1.1057m 0.84s 2m 1/55
Scheme| Cells in height| Cells in length | Aspect ratio| Error Total No.
S1 H/5 1/69 4 -4.292% | 24544
s2 (j g j ¢ 4 -2.914% | 38611
S3 H/10 1 /138 4 -1.981% | 52306
S4 (jp tc jpolg 4 -1.734% | 87465
S5 H/20 1 /276 4 -1.413% | 123076
S6 H/10 1/69 8 -4.384% | 33280
S7 H/10 1 /276 2 -2.615% | 77346

Figure4.6. Generated mesh for fluid domain

Figure4.7 indicates the wave elevation inaXisat X=4.4m where the structure will

be positionedit 38" period (t=30s)Figure4.8 shows the wave elevation detected by

the wave probe at4wave length position (x=4.4m) over time. éesns that enerated

waves can have a good match to dlesired requirement. Apart frotwo cases that

69 cells in one wave length (S1 and S6) where errors are over 4%, deficiencies are no

more than 3%. As showin Figure4.9, erra decreases rapidly fro®1 to S3, while

from S3 to S5, the decrease is not so distinct with further refinement of the mesh but
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total number of cells in the whole calculation domain dramatically increases. For
aspect ratio refinement (S3, S6 and S7), coegpao S3, double aspexitio (S6)

deteriorates the elevation that obtained, however, reduced aspect ratio (S7) does not
reveal an obviously improvement.

0.012 S20S83°54

0.01
0.008
0.006
0.004
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0
-0.002
-0.004
-0.006
-0.008

-0.01
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Position in Xaxis (m)
Figure4.7. Wave elevation at t=30s
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Figure4.9. Mesh dependence verification
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4.2.4 Nonlinearity of generated wave
In this section, the nonlinearity of the gesied wave, i.e. first and second order wave
frequency and amplitude is investigated in order to recognize the nonlinear effect of

regular waves on a ship.

Figure4.10 shows a time history of generated wave by CFD method compaited w
experimental measurement by a wave probe. The wave frequency is chosen to coincide
with the resonant frequency of the intact ship roll motfoRast Fourier Transform is
applied to demonstrate the first and second order amplitudes and frequenbees of t
generated wave as illustratedFigure4.11. It can ke observed that the wave includes

the first order component at 0.73Hz, with amplitude of approximately 11mm and a
second order component at 1.47Hz, with amplitude of 0.Zhms, the amplitude of

the second order component of the wave is less than 2% @fghorder amplitude.
Although in most of the wave experiments the second order amplitude of wave is less
than 5% of the first order amplitude (Fonseca and Soares, 208dl),has an effect

on ship behaviour and the wave loads acting on the shipe $he second order

resonance can trigger serious stability problem (Fujino and Yoon, 1985).
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4.3 2-Dimensionalinvestigationon freeroll ing decay

In this section, tw free rolling decay simulations are carried out basedwo
experimental campaigns that provide valuable data for validation with CFD method.

4.3.1 Rectangular structure roll-decay study in 2dimensional

43.1.1 Geometry

An experimental study on viscous effect is mafrout on a rectangular structure by
Jung et al(2006). With 0.9metrelength, 0.3 metrebreadth and 0-Imetreheight the
rectangular structure is installed in a-018:trewide wave tank, which is just equal to
the length of the structure so that thikole system can be taken as-diensional
investigation. A pair of hinges goes through the centre of gravity of the strgcture
that the structure rotates around its CO@ure 4.12 shows a simple diagram of
experimental layot. With 2dimensional geometry in CFD solver, emait thickness
(29mm) mesh is established to simplify the gibgl test into 2D problem and main

particulars are shown ifable4.2.

35,000 it
y Ay
900 » X Horsehair
A
A 20,000 T 300 9,200 i
Az
/ e, s 1:5.5 slope beach
4 X
900

Figure4.12. A sketch of experimeng(ing etal., 2006

Table4.2. Main characteristics of structure

Particulars | Physical model| 2D geometry
Length 0.9m 0.009m
Width 0.3m 0.3m
Height 0.1m 0.1m

Draugtt 0.05m 0.05m
GM 0.125m 0.125m
Waterdepth 0.9m 0.9m
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Natural period (roll) 0.93s 0.93s
Mass moment of inertia (rol 0.236 kgm | 0.00236 kg

4.3.1.2 RANS solution

A 2-dimensional calculation domain is generated in CFD solver with STERI+.

Mesh distributionin fluid domain can be shown Figure4.13. Again, it can be seen

that 2-dimensional presentation is expressed by one single layer of mesh (0.009m
thickness). Results shownfilgure4.14 are compared ith experimental data as well

as tke numerical solutions from other works (Ghasemi el al., 281d2017 and
Nematbakhsh et al., 201&)seems that results in the present study give a fair (perhaps
even better) agreement compared to the other numerethlbas. The amplitude of
inclination angle in model test exhibits a higher damping effect on the structure during
decrement. One of the common possible reasons to explain thisstiveation is due

to the additional frictional loss from the physical degidChen et al.,, 2016 and
Ghasemi kal., 2014)

Figure4.13. Mesh distribution in fluid domain
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——EX (Jung et al., 2006)
o Nematbakhsh et al., 201.
A Ghasemi et al., 2014

Ghasemi et al., 2017

—Present Study
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Figure4.14. Roll decrement results comparison

4.3.2 Ship-like body rolling decay study in2-dimensions

4.3.2.1 Geometry

A typical Panamax ship is simplified dykal et al. (206) to investigate on a-2
dimensionalship i ke bodyo6s roll motion by model
of bearings across the centre of grawfythe structure, the lengtof the structure
(580mm) crosses the entire width of the tank (600mm) so that the whole system can
be taken as a twdimensioml rotation system with beam se&etup of structure in

the physical tank is showm Figure 4.15. A sketch of the whole system is
demonstrateth Figure4.16. It should be noted that, different to the structure used in
physical test of Sectiod.3.1 roundbilges with 25mmradius arepresentedht the
corners under the watéfhe summary of particulars of the structure and CFD model
can be given inTable 4.3. A sketch that describes the calculation domain with

boundary conditions is illustrated gure4.17.
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Figure4.15. Physical modelitkal et al, 2016)
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Figure4.16. A sketch of experimental setup

Table4.3. Summary of geometry used in physical test and CFD simulation

Particulars | Physical model| 2D geometry in CFD
Beam 0.3m 0.3m
Height 0.2m 0.2m
Length 0.58m 0.029m
Mass 20.88kg 1.044kg

Draft 0.12m 0.12m
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KG 0.08m 0.08m

I | 0.2244 kgrh 0.01122 kgrh

Water depth 0.6m 0.6m
GM 0.0425m 0.0425m

Pressure outle

0.2m

Pressure outle!
Pressure outle

0.6m

Wall
&

< 0.3m >

0.025

Figure4.17. Geometry and boundary conditions of calculation domain

4.3.2.2 Mesh and timestep sensitivity
According to the recommended peaitire for mesh refinement given by ITTC 120),
a refinement rati®c is applied and mesh scheme is givefable4.4. A refined time

step is applied by 2 from 0.0005s.

Table4.4. Mesh andime step dependence
Scheme Cell Size| Total No. | Time step

S1| 5mmx5mm 78506| 0.0005s
S2|  7mmx7mm 40924 0.0005s
S3| 10mnx 10mm 16540 0.0005s
S4| 10mnx 10mm 16540 0.001s
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S5 10mm’<10mm‘ 16540‘ 0.00025s

Curves of decrement angle for mesh sensitivishswn inFigure4.18 compared with
experimental data. Even though generally good agreement with experimental data
appears in S1, S2 and S3, it seems that the amplitude of oscillation in physical test
decay faster than numericallgtions. One of the possibilities can be considered that
additional damping effect due to the friction loss of physical devices is inevisaole,

to some extent, cannot be completely eliminated during the tests as matter of fact.
Unfortunately, none of wertainty is analysed from physical tests so that further
accuracy and reliability of the results are unknown. As showkigare4.19, phase
deviant of decrement curve in S3 is slightly larger than S2 and S1, while thereys nearl
no difference between S2 and S1. Fast Fourier Transformation is usedyseahel
natural period (or frequency), which is showirigure4.20andTable4.5 specifically.

Figure 4.21 illustrates timestep sensitivity. With 0.001s time step, amplitude of
rotation decrement decays more slowly, while with furtherebess of time step, there

iS no clear improvement.

22
o EX (Irkal et al., 2016)
18 —10mm
D —/mm
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Figure4.18. Decrement curves of mesh sensitivity compared between CFD method
and physical test
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