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Chapter 1

1.0. Introduction

1.1. Background

Study on floating structure system is an importasearch topic in offshore industry. The
floating structures are often used to explore ht@sources in deep water area because fixed
structures such as jacket structure is not appgkcabdeep water. The floating structures are
allowed to move freely within the design limit whdre motion of structures is induced by
external force such as wave force, drift force, dvinrce and current force. Besides, the
motion characteristics of the floating structures also easily influenced by the hulls design
and the arrangement of structures on sea surfdd¢ese motion characteristics would be
affected when the floating structures interact weiélch other on sea surface.

Interaction between floating structures becomesrgortant research topic especially
on the study of the Floating Liquefied Natural Gasrage (FLNG) offloading system design.
This is because the gap between the FLNG with tasiki@ is one of the important criteria to
determine workability of the offloading system ahe success of fluid transfer. To transfer
liquefied natural gas (LNG), the distance betwdendtorage tank and shuttle tanker should
be as close as possible in order to reduce the @nauLNG boil off when the LNG is
transferring from FLNG to the tanker ship. In neicdevelopment, it is suggested that the
shuttle tanker has to be arranged side by sidetivlstorage tank so that the pipe length can
be minimised. Due to the close distance betweaatiflg structures, accurate prediction on
the Response Amplitude Operator (RAO) of each stracin a multiple floating structures
system are important to ascertain the safety ofsthectures’ arrangement. In general, this
study will concentrate on the dynamic motion intéin between floating structures which is
used to extract natural gas in deep water area.

As mentioned above, the environmental conditioonis of the obstructions in limiting
the arrangement of floating structures in the affshsystem. Due to effect of wave, current
and wind, motions of the floating structures aréialilt to predict. In this research, only the
influence of first order wave forces to the motwmfrfloating structure was studied because it
Is a significant factor in inducing the motion d¢bdting structures. According to Ali et al.
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(2010), the external force acting on the singlatfltg structure is only caused by incident
wave in single floating structure system. HoweWee, study of the wave load on the multiple
floating structures becomes more complicated addtad wave force acted to the floating
structures is the summation of the force from iantdwave, the scattering wave from nearby
structures and radiating wave due to the motiomfroearby structures. This situation
increases the complexity of the system and catla fmomprehensive study.

In previous research on hydrodynamic interactidre studies on the interaction
between floating structures focused on the wavk firice and motion response due to the
interaction effect. From the research conductedlbgt al. (2010), the outcome showed that
the interaction between multiple floating structuiuses the motion response to become
higher due to the extra radiating wave force tramefl from one floating structure to the
nearby floating structures. The observation waduated and proved by many researchers
through their experimental studies or numerical utation. However, there are still
weaknesses from the numerical method used in #naqus research. For example, some of
the mathematical models to simulate the effectyoirddynamic interaction are not applicable
for the study of the structures arrange with a \&mall gap distance. This is because some of
the proposed mathematical models applied Bessetitumto simulate the wave propagation.
Hence, if the condition could not satisfy the cglical coordinate function of Bessel
function, the result gained may be incorrect. Tgmnsblem was raised by Kashiwagi (2008);
Kashiwagi and Shi (2010) in their research on cammpgahe wave interaction theory to their
Higher-Order Boundary Element Method (HOBEM). Therizontal wave force they
calculated using the theory shows consistent siityilavith the result obtained from
HOBEM. However, the different results were obtdifiem both of the theories for vertical
wave force. To solve this problem, they applieel ¢éxact algebra method to their HOBEM
method to allow their methodology works for muléidody interaction in very close gap.

Besides, most of the previous proposed methods wekeloped based on the
potential theory. The diffraction potential theceyecutes the wave load on the floating
structure by estimating the wave diffraction effetrt the potential theory, it is assumed that
the viscous effect can be ignored in the calcutatid’his assumption causes the potential
theory to estimate a lower damping coefficient ioe motion of floating structures. The
damping coefficient of the floating structure isden-predicted, causing the RAO of floating
structures prediction to become higher than theahotalue in damping dominant region.

This weakness of the potential theory was repobted.oken (1981) and Lu et al. (2011).
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Regarding this problem, over-prediction of RAO by tpotential theory is negligible if the
natural frequencies of the motions are not in Hreye of the wave frequency which exists in
the structure operating environment. Howeverh#é natural frequency of the motion is
within the range of the favour wave frequency, tlemturate estimation on the floating
structure’s RAO in the damping dominant region egjuired to ensure the safety of the
floating structure.

Furthermore, the RAO of floating structures outditkee damping dominant region can
be predicted accurately as the diffraction potérntiaory is able to estimate the added mass
and wave force of the floating structures correctirom the motion equation, the motion of
the floating structures in different wavelength elegs on different factors as shown in Figure
1.1. Figure 1.1 shows the example of the heave R&@ency curve in different length of
wavelength for the cylinder structure. When thevelangth is much shorter than the
structure length, the motion of floating structisenore dominated by the mass term of the
structure. On the other hand, in very long wawgtlemegion, the motion of floating structure
is more dominated by the restoring force of flogtatructure. Typically, the motion response
amplitude operator, RAO is equal to one in theardf the wavelength is much longer than
the structure length. In the region where the wia®guency is near to the natural frequency
of the motion of floating structure, the RAO of tth@ating structure is more dominated by the
damping term. In this region, high resonance éffeculd be existed. The RAO in the

damping dominant region becomes the peak respartee RAO tendency curve.
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Figure 1.1: The dominant factor in influence the heave RACQcyinder structure (Journee
and Massie, 2001).

In this book, the new generation of round shape GLiMas selected for the study.
The advantage of round shape FLNG over the trawditighip-shape FLNG was studied by
Lamport and Josefsson (2008). Their research desliuhe comparison of motion response,
mooring system design, constructability and faltiice operability, safety and costing
between both the structures. The study conducyedamport and Josefsson (2008) and
Arslan et al. (2011) obtained that this new dessgnFLNG has a better hydrodynamic
behaviour as compared to ship shape structure.id&gsoil and gas companies prefer the
FLNG design because it has larger storage volunik larger area for topside facilities.
Lamport and Josefsson (2008) also found that thed®hape FLNG performed better than
ship shape FLNG in these two important factors. réddeer, the simple hull shape for the
round shape FLNG also helps to reduce the congirucbst as simple hull structures are

easier to construct.
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Due to the innovative design of a new generatioRldIG technology, there is more
freedom to arrange other floating structures arothedFLNG. For example, the structure
arrangements in the previous design are typicddgegul in a side by side arrangement or in a
tandem arrangement due to the shape of the FLNISo, fhe direction of tanker and FLNG
arrangement are respected to the wave propagaitiectidn and cannot be changed during
the offloading process. According to Lamport ama$elsson (2008), the round FLNG
increases the flexibility of structure arrangemeiitie relative direction of shuttle tanker to
the wave propagation direction is adjustable durihg offloading process for a safer
arrangement. To allow for horizontal rotationse tifloading system can be designed by
utilizing an offloading reel station with the maagi hawser and hose attached on a pinned
connection on a 90° trackline system at the pernjpb&the round shape FLNG. Therefore,
the angle of arrangement for the Round Shape FLhfshuttle tanker can be varied up to
180 degrees as shown in Figure 1.2. Hence, Inothog, the study on the RAO of the round
shape FLNG only focuses on cases where the steuigwlone and the interaction of FLNG
with shuttle tanker due to the effect of gap distabetween floating structures.

Rotation of LNG Carrier — Changing Conditions

Figure 1.2: Allowance for the change of arrangement of LNGriearduring offloading

process (Sevan Marine, 2014).
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1.2. Challenge on Hydrodynamic of Floating Structures

Offshore industry often requests for an accurate efficient numerical model to predict the
behaviour of the floating structure. The numericaddel should be able to estimate the
dynamic motion of floating structure accuratelyheitthe motion is dependent by the mass
term, restoring force term or damping term. Theoam of over-predict or under-predict in
the prediction of motion of floating structure thetnumerical model should be minimized to
avoid large difference in the motion of the flogtistructure observed during operating stage
when compared to the numerical method result.

However, the current numerical model which has bdereloped based on the
diffraction potential theory to estimate the dangpooefficient of the floating structure also
has its weakness. The theory ignores the viscffesten estimating the hydrodynamic
behaviour of floating structure, causing the unetrmation of damping coefficient predicted
by the theory. This weakness causes the currenencal model to over-predict the motion
of the floating structure significantly when the tioa is dominant by the damping term. The
over-estimation on the dynamic motion of floatingusture in damping dominant region by
diffraction potential theory causes the numericadel to be less accurate, and causes the
hydrodynamic behaviour of floating structure difficto predict by the numerical model in
damping dominant region.

The inaccuracy of the current numerical model caubBmgher design cost and
consumes longer time during floating structure glegirocess. To predict the hydrodynamic
behaviour of the floating structure in damping doamt region, model experiment test can be
a good solution. However, the model experimerititea costly and time consuming method
to test the behaviour of floating structure. There, the cost and time consumed to design
the floating structure will increase because laageount of experiment test is required in
estimating the motion of floating structure in dangpdominant region. This is due to the
weakness of the current numerical model in praajcthe motion of floating structure in the
damping dominant region.

According to Kvittem et al. (2012), the diffractigpotential theory can predict the
hydrodynamic behaviour of large floating structaczurately. This is because the effect of
wave diffraction is significant when the incidenawe interacts with large floating structure.
When the motion of floating structure is dominaptthe mass term or dominant by restoring

force term, the motion of the floating structuréiraated by the diffraction potential theory is
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close to the experiment result. However, the wisceffect is ignored by the diffraction

potential theory, causing the motion predicted lgy theory at damping dominant region to
become over-estimated significantly. Based onatreglable literatures, the weakness of the
diffraction potential theory as mentioned was aisported by Loken (1981) and Lu et al.
(2011). Loken (1981) found that the diffractiontgmtial theory would over predict the

motion response of floating structure in dampingd@nt region due to under prediction of
radiation damping by the theory. Besides, Lu ei(2011) reported similar finding in their

research when comparing the potential theory amsdous theory. They found that the
viscous theory mostly under-predicts the wave farcéhe calculation while the potential

theory over predicts the motion when the viscoteceis ignored in the approach of potential
theory.

Since the diffraction potential theory is accurate most regions, except in the
damping dominant region, this research proposedet@lop the numerical model based on
the theory. To improve the numerical model devéddaped on diffraction potential theory, the
numerical model applies drag equation to prediet Mfscous effect acting on the floating
structure because the viscous effect is ignorethbydiffraction potential theory. The drag
equation is modified In this book. So, The additibviscous damping and linearize drag
force calculated by using the modified drag equettan be combined with the radiation
damping and radiating wave force estimated by ugliffyaction potential theory. The
damping coefficients and the wave force estimatgdbbth mathematical models are
combined in the motion equation to calculate th@agyic motion of floating structure.
Therefore, the motion of the floating structure wiieis alone and when it is interacting with
other structure was calculated by the new numenoadlel In this book to have a more
accurate result regardless of the motion is dontibgnmass term, restoring force term or
damping term.

From the improvement made to the numerical modi#shore industry stands to
benefit substantially from the new proposed nunaémeodel which combines the diffraction
potential theory with the drag equation to estintheemotion of floating structure. Through
the improved the numerical model, the hydrodynapeikaviour of the floating structure can
be predicted by numerical method with higher aoccyira As the motion of the floating
structure in damping dominant region is importamtdesigning the floating structure, the
proposed numerical model is able to estimate thdomaf floating structure with better

accuracy. The amount of over-predict in the motbrloating structure can be reduced by
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the new proposed method. This proposed numeriodehprovides a better motion analysis
method to the offshore industry and helps to redbeecost and time consumed in designing
a floating structure. This target can be achigvededucing the amount of experiment test
required to test the hydrodynamic behaviour offibating structure.

Improving the accuracy of the numerical model teedict the hydrodynamic
behaviour of floating structure is crucial to ingse the reliability of the numerical solution to
analyse the motion floating structure. The curmaminerical model is developed based on
diffraction potential theory, which is accuratepredicting the motion of floating structure in
most regions except the damping dominant regiam.this book, the alternative numerical
model proposed includes the viscous effect which igaored by diffraction potential theory
in estimating the hydrodynamic behaviour of theafiog structure. Through this
improvement, the proposed numerical model is ableegdtimate the motion of floating
structure in all the regions of motion regardlesshe motion is dominant by mass term,
restoring force term or damping term. This is lseathe under-estimation of the damping
coefficient by the diffraction potential theoryimproved by introducing the drag equation to

predict the viscous damping which is ignored bydHiaction potential theory.
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Chapter 2

2.0. Loading on Floating Structures

2.1. Introduction

Floating offshore structures are used on open eadseas, lakes, rivers, and oceans for a
variety of activities, such as drilling and explioa of oil and gas and warfare. The floating
offshore structures are constructed using the iplex of naval architecture that require same
structural components and their classificationaisdal on their function. The floating offshore
structures have huge structures with a number aofipoments as an example shown in
Figure.2.1. It consists of various parts that angl bogether to make this huge structure resist
a huge amount of forces that act upon it, durigdjfe: at the sea.

DERRICK

PROCESS "~~~
MODULE

Figure.2.1: Components of an Offshore Rig [Drilling Info].
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2.2. Floating Structures

2.2.1 Floating Production System

Floating Production System (FPS) is equipped withdpction equipment. It is anchored in
place with wire rope and chain, or can be dynarigabsitioned using rotating thrusters.
Production from subsea wells is transported todimdace deck through production risers
designed to accommodate platform motion.

Figure.2.2: Example of Floating Production Syste8B[S].

2.2.2 Floating Production, Storage and Offloading

Floating Production, Storage and Offloading Sys{éfaSO) consists of a large tanker type
vessel moored to the seafloor. An FPSO is desigogatocess and stow production from

nearby subsea wells and to periodically offloadgtueed oil to a smaller shuttle tanker. The
shuttle tanker then transports the oil to an oresltiacility for further processing. An FPSO

may be suited for marginally economic fields lodate remote deep-water areas where a
pipeline infrastructure does not exist. Currentthere are no FPSO’s approved for use in the
Gulf of Mexico. However, there are over 70 of theystems being used elsewhere in the

world.
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Figure.2.3: Example of Floating Production, Storage and Offlng [Offshore Technology].

2.2.3. SPAR

A spar is a type of floating oil platform typicallysed in very deep waters, and is hamed for
logs used as buoys in shipping that are mooredaicepvertically. Spar production platforms
have been developed as an alternative to convehtpatforms. The deep draft design of
spars makes them less affected by wind, wave amrdrds and allows for both dry tree and
subsea production. Spars are most prevalent idghéulf of Mexico; however, there are

also spars located offshore Malaysia and Norway.
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Figure.2.4: Truss SPAR DTU in Kikeh, Malaysia [Koto, 2017].

A spar platform consists of a large-diameter, gngdrtical cylinder supporting a deck.
The cylinder is weighted at the bottom by a chaniiied with a material that is denser than
water to lower the center of gravity of the platioand provide stability. Additionally, the
spar hull is encircled by helical strakes to mitégéne effects of vortex-induced motion. Spars
are permanently anchored to the seabed by wayspread mooring system composed of
either a chain-wire-chain or chain-polyester-cl@nfiguration.

There are three primary types of spars; the clagse, truss spar and cell spar. The
classic spar consists of the cylindrical hull nosddve, with heavy ballast tanks located at the
bottom of the cylinder.
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Figure.2.5: Three types of SPAR [Koto, 2017].

A truss spar has a shorter cylindrical "hard tatiidn a classic spar and has a truss
structure connected to the bottom of the hard tahks truss structure consists of four large
orthogonal "leg" members with X-braces between eatlthe legs and heave plates at
intermediate depths to provide damping. At the dottof the truss structure, there is a
relatively small keel, or soft tank, that houses ttreavy ballasting material. Soft tanks are
typically rectangular in shape but have also beamd to accommodate specific construction
concerns. The majority of spars are of this type.

A third type of spar, the cell spar, has a largetre¢ cylinder surrounded by smaller
cylinders of alternating lengths. At the bottontloé longer cylinders is the soft tank housing
the heavy ballasting material, similar to a trusarsThe cell spar design was only ever used
for one platform, the Red Hawk spar, which was deogssioned in 2014 under the Bureau
of Safety and Environmental Enforcement's "RigRaefs" program. At the time of its

decommissioning it was the deepest floating platfto ever be decommissioned.

2.2.4. Semi-Submersible and Tension Leg Platform

They are floating installations which rest on faursix pillar-like legs called columns with an
equal weight distribution on each. These columndegs are in turn attached to large
basements called pontoons floating on the watdéaselr These pontoons may be ballasted or

de-ballasted accordingly on and off operationse@these pontoons delve deeper under the
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water surface and maintain the buoyancy and posigidhe floating system. There is always
a greater draft. Thereafter the operational de&lepd well aloof from the wave disturbance or
the rough seas. However due to Small Water-plaresa Ane structure is sensitive to load
variations and must be trimmed accordingly. Theythwy virtue of their equivalent weight
distribution and a high draft, it has a greatebiitg than normal ships. The number of legs,
pontoon design, the situation of the risers anlll @juipment are decided at pre-design stage.
They are generally instrumental in Ultra-deep watethere the fixed structures pose a
problem. Their position is maintained generallyebgatenary mooring system or sometimes
in modern structures by Dynamic: Positioning Systéhese structures are gigantic and may

be towed from one location to another by the vidtia kind of ships called Heavy Lift ships.

| N\ 1 § o
" ‘ 02 = _—.;/ Z ‘ e

Figure.2.6: Typical of Tension Leg Platform for Malikai ProjeMalaysia.

2.3. Loading on Floating Structures

Loads acting on ships and offshore structuresrara fravity, environment and seismic. The
gravity loads are arising from dead weight of suue and facilities either permanent or

temporary. Seismic loads are arising from gravigds which are a derived type. The
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environmental loads play a major role governing diesign of offshore structures. Before

starting the design of any structure, predictioemfironmental loads accurately is important.

Types of Loads

Wave
Environment
Current

Ice

Figure.2.7: Loading on floating offshore structures.
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Chapter 3

3.0. Hydrodynamie of Floating

Structures

3.1. Previous Research

This chapter discusses the previous researchesuctead to study the phenomena of

interaction between floating structures. Selecteevipus methods applied to study the

interaction phenomena were reviewed in this chapkeom the available literature, most of

the method proposed to analyse hydrodynamic itieradetween multiple structures are

based on the diffraction potential theory. The pres methods such as the exact interaction
theory proposed by Kagemoto and Yue (1987), highreler boundary element method

(HOBEM) proposed by Kashiwagi (2000) and exact lalgee method proposed by Siddorn

and Taylor (2008) were developed based on theadiifsn potential theory.

In the previous literature, the existing methampriedict the hydrodynamic interaction
between floating structures show the capabilitgath method to predict the motion response
of the floating structures due to interaction phaeoa. The weaknesses of the existing
method to predict the motion response of multiptacsures system have been mentioned in
the literature published by some scholars. The maakness of the methods developed
based on the potential theory is over predictirggriotion response of the floating structures
in resonance region. This weakness of the metihaeded on potential theory has been
reported by Lokeri1981). Besideghe similar problem of the potential theory in 8tady of
hydrodynamic interaction also has been reportedubgt al. (2011).

In addition, this chapter also reviews the designcept of non-ship shape Floating
Liquefied Natural Gas Storage (FLNG). The desigmaf-ship shape FLNG is currently in
the process of development to fulfil the requiremeh offshore industry. One of the
successful new types of FLNG is the cylinder shélpating structure which has been
proposed by Sevan Marine ptd. (Lamport et al., 2008rrently, a few units of the cylinder

shape floating structure designed by Sevan Mariree @erating in open sea. The
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performance of the cylinder type floating structaoenpared to traditional ship shape floating
structure has been reviewed in the literature ftbis chapter before selecting the model as
the FLNG model for this research.

The third part of this chapter presents the factbat would influence the motion data
collected in the experiment test. The effect of élxperiment setup on the floating structure
motion data which can be collected in this studys waviewed in the literature before
conducting the experiment. The aim of this rese@do study the wave frequency motions
of the selected model. From the literature revibwbe wave frequency motion for large
structure is not much influenced by the mooringeysdue to the size of the structure. The
recommendations from the literatures are considdredhis book when the collected

experiment data is processed.

3.2. Hydrodynamic Interaction on Multiple Floating Structures

According to Mclver (2002), he suggested that tbecept of the hydrodynamic interaction
which has been introduced by Kagemoto and Yue &ed tevised by Murai et al. and
Kashiwagi, is the suitable numerical method usestiioy wave interaction with large arrays
of floating bodies containing thousands of indiatelements. Achievement of that
numerical method leads to further development gr@apmation and asymptotic methods for
the study of system consisting large arrays ofrations structures. Besides, Zhao et al.
(2011) commented that hydrodynamic interaction ytisdalso important in the design of
FLNG in their research study. This is because tinéysof the multi-structures hydrodynamics
interaction is an essential guiding to design a 6pbsitioning system. Better understanding
of hydrodynamics among the floating structures wdutlp to improve the risk assessment

and prevent collisions between vessels.

3.2.1. Basic Concept on Hydrodynamic Interaction Simulation

The study of interaction between multiple floatisiguctures system has been started long

time ago and a lot of concepts to predict the hggnamic interaction phenomena have been
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introduced. In 1974, a practical theory to analyggrodynamic forces on multiple cylinders
in waves has been introduced by Ohkusu (1974). cbhmeept proposed was considered as
the hydrodynamic interaction effect in multiple iogers system. In the study, he
investigated the hydrodynamic forces acting on ¢lnders in two dimensional study.
Besides, Ohkusu (1974) also found that the magaitoidthe interaction effect between
vertical cylinders is roughly inversely proportiéti@ the square root of the spacing between
the cylinders. In general, his research shows thatwave exciting force leads to the
structures motion in waves which are able to infeeethe hydrodynamic interaction effect
between the cylinders in the system.

Besides that, an exact interaction theory baselinear potential theory to study the
hydrodynamic interaction among multiple 3-D flogtirbodies has been introduced by
Kagemoto and Yue (1987). This concept became #sential concept for further
development in the method for hydrodynamic intecgicstudy by many researchers. In the
research conducted by Kagemoto and Yue (1987), ph@posed interaction concept has been
applied in the study of interaction between twosttally connected cylinders. Aluminium
strip was used to connect both the cylinders in eh@xXperiment. Their simulation result
shows that the concept is able to predict the gtioteraction effect which can influence the
pitch and heave motion of cylinders. Besides, tf@ynd that the interaction effect also

induce surge motion for the structures at beantsedition.

3.2.2. Phenomena on Multiple Structure Interaction

A research on hydrodynamic interaction between wewical cylinders in waves by using
linearized potential theory has been conducted liiguZet al. (1996). The method proposed
by them calculates the velocity potential by ustaigaf’'s addition theorem. Graf's addition
theorem is also known as a Neumann's addition ¢éneom the research, Zhou et al. (1996)
found that the magnitude of wave exciting forcesngcon cylinders depend on the incident
wave angle and the separation distance betweeaoytimelers. In addition, they also found
that the increase in size of the front cylindetandem arrangement causes the motion on the
back cylinder to reduce due to larger wake of thatfcylinder. Besides, their research was
also found that the added mass for articulatedndgli becomes minimum value if the
incident wave is propagated in beam sea directidihthe beam sea condition, the radiation

damping for the cylinder becomes maximum valudiagtihcident wave angle.
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The interaction phenomenon was also observed byp&Sanj et al. (2001) in their
study related to diffraction and radiation problemmultiple floating structures in directional
wave. Finite element method of two dimensional ei®dvas applied in that research to
evaluate hydrodynamic coefficients and forces imbique wave field. In the research, they
found that the interference resonant frequencies maintained the same regardless any
incident wave angle.

Besides, the study related to hydrodynamic intewachas been carried out by
Chakrabarti (2000). He conducted a research testigate hydrodynamic forces acting on
multi-module structures. In addition, motion respe due to the interaction of moored
structures also has been investigated by him. wWhee forces on the structures were
estimated by using an analytical approach. Chaktiaf2000) found that the wave force is
mostly depending on the progressive wave coeffisieBesides, the interaction effect is able
to give significant influence to close spaced medaihd this effect is increased when the
spacing is decreased. His comparison has shownbtth the interaction technique and
complete diffraction technique used in his reseamehgood. Based on experimental result,
the interaction technique is more efficient anddato analyse the multiple structures cases.

The effect of waves heading on hydrodynamic int&wachas been investigated by
Kim et al. (2002). The motion program used in ghedy was developed based on three
dimensional linearized potential theory and threeethsional source distribution technique.
Their proposed method was applied to study intemadbetween barge and ship model. In
their case study, the size of barge model seleistéarger than ship model. On the other
hand, Inoue and Ali (2003) also applied the similechnique to investigate the motion
behaviour and second order wave drift force on iplelfloating structures system. The same
study was also repeated by Ali et al. (2010) adairstudy the hydrodynamic interaction
between two rectangular boxes with different siz8heir numerical result shows that the
hydrodynamic loads and structures’ response is gdthmapidly along the wave frequency
due to hydrodynamic interaction phenomena. Orteebbservations obtained in the study is
the motion response of the ship in side by sidangement is smaller when the model is
arranged on the lee side compare to the motiorornsgpof the ship model when it is arranged
on the weather side due to the sheltering eff@sides, they also observed that the peak
frequency of ship motion response is shifted taghdr frequency zone if the gap is reduced

and this behaviour is caused by the standing wateden the two floating structures.
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A numerical method has been employed by Zhu €2@06) to study the effect of gap
in multiple box shape structures system. In thatlys the potential of incident wave and
scattering wave were ignored and the motion ofsthectures was assumed only affected by
radiated wave. The numerical method was useditalete the interaction effect between the
multiple structures. The gap distance selectathenresearch ranged from 1% of breadth to
50% of breadth. The simulation result obtainedwsdt the hydrodynamic interaction
between floating structures can influence the susgay and heave motion. However, only
sway motion showed a strong interaction effect erain resonance wave number. Besides,
their study obtained showed that the increase piwgdth causes the resonance amplitude for
adding mass and damping coefficients to decreagaifisantly. Also, the effect of
hydrodynamic interaction due to the numbers oftif@astructures to the motion response of
the structures has been also studied by TajaliSimafieefar (2011). Their research results
showed that the increase in the amount of ponteanscause the peak frequency and peak
amplitude of all direction of motion to increase.

In order to improve the safety of FLNG, the hydrodmic interaction between FLNG
vessel and LNG carrier which arranged in side bg sirrangement has been studied by Zhao
et al. (2012). A numerical modelling based on pu& theory was developed by them to
study the case. In their study, they separatesixallypes of motions into two groups. There
is low frequency motion which involve surge, swaydayaw while the second group of
motion was named as wave frequency motion whicludecheave, roll and pitch motion. In
their simulation, they observed that the hydrodyicanteractions give more influence to the
low frequency motion. In addition, they found tllais phenomenon can affect the load on

the structures connection systems.

3.2.3. Application of Higher Order Boundary Element Method (HOBEM) in
Hydrodynamic Interaction Study

Hierarchical interaction theory in the frameworkliokar potential theory was introduced by
Kashiwagi (2000). His theory was applied in theearch on hydrodynamic interaction
between a large numbers of columns supporting dlexstructure. To further the study,

Kashiwagi et al., (2005) conducted a research\testigate the wave drift force and moment
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on two side by side arranged ships by using Higheler Boundary Element method
(HOBEM). The HOBEM method proposed by them wasideddd by comparing the
generated result from their method with the reswdn previous available methods and
experiment. Their research showed that the hydrawhyc interaction forces are more
dominant in the motion equation in the shorter ievgth region due to resonant phenomena.
Finally, they concluded that the intensity of tikeraction force depends on the ratio of the
wavelength to the separation distance between tjarent cylinders. They also highlighted
that the second order steady force on each steugudarge in both sway and heave motion if
the hydrodynamic interaction effect is taken inbmsideration.

In addition, the similar HOBEM method also has beeveloped by Hong et al.
(2005). In that study, the HOBEM is combined watlyeneralized model approach and later
used to study the structure motion response anddtiie force of side-by side moored
structures. From the study, the hydrodynamic aggon between multiple structures systems
can generate the sheltering effects and resonahtepped water between two floating
structures. At the same time, the radiation probéxists in the multiple structure system due
to the nearer structures act as a wave maker terggenextra wave to influence another
structure. Besides that, the research also fomatdthe wave drift force is not significantly
affected by roll resonance motion in side-by-sid®nred structures arrangement.

3.2.4. Comparison of Available Numerical model for Hydrodynamic

Interaction Study

The applicability of wave interaction theory todyumnultiple floating bodies arranged in very
small gap distance has been investigated by Kagh{#808) and Kashiwagi and Shi (2010).
The motion of four identical boxes-shaped strucunas been simulated by using their
developed numerical method. The studies obtainatthe wave interaction theory is able to
predict the motion accurately if the separatiorwleein the structures is satisfied with the
addition theorem of Bessel functions. They alsghlghted that the horizontal wave force
calculated by the theory at a very small separatiigtance is good, agreed with the result
obtained from HOBEM. However, both theories shalifferent results when use to predict
the vertical wave force.
Comparison between the capability of potential tiieand viscous fluid theory to

predict the fluid characteristic in the narrow gdpstween the floating bodies has been
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conducted by Lu et al. (2011). Their simulatiosules show that the viscous fluid theory is
able to show the fluid characteristic but the presti result is slightly smaller than the
experimental result. However, the potential themryver predicting the fluid resonance
amplitude. The over prediction of wave force bytgmbial theory can be reduced by
modifying the theory with included artificial danmg term, p equal to 0.4 to 0.5. This
modification would enable the potential theory talcalate the fluid resonance more
accurately. The research also obtained almosiasiriinding as previous research and new
finding of this study is the two peak wave forcésittcan be observed in two different
frequencies if three floating bodies are in theeys

Furthermore, the liquid resonant motion confinetiMeen two floating structures has
been simulated by Wang et al. (2011) using fullplmear theory. The simulation result
shows that resonant phenomena causes significeoiant motion effect to angular cylinder.
They also found that the linear theory may ovemeste the resonant effect if it is applied for
flare or curvature body. Similar theory also applby Yan (2011). He used the nonlinear
theory to study the hydrodynamic interaction betwieo floating structures in the small gap
arrangement. His research observed a strongridgichance phenomenon in the gap between
structures and strong effect of hydrodynamic irdeoa between structures. The strong
hydrodynamic interaction effect is able to chanige motion response of structures if two

structures are placed in small distance.

3.2.5. Alternative Solution in Hydrodynamic Interaction Study

Some researchers also introduced an approximatethaa applicable for the hydrodynamic
interaction study. An iterative procedure to stutifjraction of wave by a vertical cylinder
with circular cross section has been proposed bdynaZ (2004). The proposed iterative
method was developed to solve the body boundargiton for each cylinder in the system
with considering the scattering wave field duertother nearby cylinders. In the research, he
also highlighted that the number of iterations takg his method should be increased to
obtain a better accuracy of prediction if the dis@between cylinders is decreased. Besides,
the iterative method is more efficient and fastesimulate the interaction cases if the number
of structures is large.

A design oriented semi-analytical method to sohe riadiation problem and evaluate

the hydrodynamic and interaction coefficients hasrbproposed by Mavrakos (2004). In
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addition, analytical approach for a solution of toalynamic diffraction by arrays of elliptical
cylinders has been also introduced by Chatjigeorgitad Mavrakos (2010). The semi-
analytical solution was developed using Mathieu cfiom. To further the study,
Chatjigeorgiou (2011) developed his previous amalgolution to enable it to analyse the
hydrodynamic interaction effect between elliptieadd circular cylinders structures. In the
research, he found that the variation of hydrodyinalmading on the interaction cases is
relative to the wave heading angle. Besides, tiberaction effect also depends on total
number of structures and the structures’ arrangéemehe system.

In addition, Siddorn and Taylor (2008) have beeedtto solve the radiation and
diffraction problem for an array of truncated cdars in the frequency domain by using exact
algebraic method. In their method, the accuracthefcalculation depends on the number of
evanescent modes and the evanescent modes cacréxsad to improve the accuracy. The
research also found that closer space betweendeyfncan lead to larger free surface
elevation and wave forces. They also highlightedt tthe observed phenomena mostly
depend on the frequency of the incident wave asdlitection. Besides that, they also

commented that the radiation impedance matrix eaimftuenced by wave number.

3.2.6. Relative Motion and Intact Force between floating structures

Research on relative motion and wave elevation éatviwo floating structures also has been
simulated by Fang and Chen (2001) using the lipe&ntial theory. The method they used
is able to simulate three dimensional hydrodynaimieraction effects. From the research,
they found that three dimensional method is ableridict the structures motion more
accurately compared to two dimensional method ksxatanding wave is considered not
fully trap in three dimensional method. Besideslaive motion between two moored
floating structures in side by side arrangement alss investigated by Koo and Kim (2005).
In that research, the combined matrix method fairbglynamic interaction problem has been
proposed by them. The method proposed by thensaae for all hydrodynamic coefficients
of all hulls simultaneously. Besides, the reseaatdo found that the wave elevation is
smaller on the lee side of the models comparedaavieather side due to the sheltering effect.
On the other hand, Feng (2009) tried to investigiageeffect of structural interaction
from another point of view. His research focusedtioe force act on two cables-connect
floating structure. The numerical simulation mettor contact phase was developed by him
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using random contact kinematics and dynamic metli&dcomparing the numerical result to
experimental result, it is shown that the impactdoobtained by the numerical method is

always larger than experimental result.

3.2.7. Application of Numerical Software in Hydrodynamic Interaction Study

Due to the complexity of actual structures’ hulinfip the hydrodynamic response of an
offshore spar structure which is linked to semirsabsible under regular waves has been
investigate by Nallayarasu and Prasad (2012) uskpmerimental and numerical method
(ANSYS-AQWA). In their simulation, they includedhd viscous damping coefficient to
predict the motion response using the AQWA softwafiéhe viscous damping coefficient
they applied was estimated from the model decagrx@nt. From both the experimental
and numerical result, it is obtained that the respoof the spar is reduced after linking to
semi-submersible due to the interaction of radmiave generated by both the structures.
However, the research also found that the motisparse for unmoored semi-submersible is
increased after linked to spar.

The ANSYS-AQWA commercial software has been usedrdayd (2014) to simulate
the phenomena of hydrodynamic interaction betwdeatifig structures. He used the
ANSYS-AQWA to simulate the motion of large floatistructure when the selected floating
structure is alone, when the selected floatingcttine is interacting with another one floating
structure and when the selected structure is ictiegawith another two floating structures.
Besides, the research has been considered th¢ efidifferent gap distance between floating
structures and effect of incident wave propagatimaction to the motion of selected floating
structure. His research showed that the ANSYS-AQ¥BAmercial software able to predict
the hydrodynamic behaviour of floating structurghwacceptable result in the conditions
when the floating structure is alone and when tbatihg structure is interacting with other
floating structure.

Besides that, Yus-Farid (2015) also has been caedwcresearch to study the effect
of main deck diameter to the motion response ofnlels designed X-round shape floating
structure. In the design study, he used ANSYS-AQH¢#Athe research tool to simulate the
hydrodynamic behaviour of the X-round shape flaatistructure. Compared to the
hydrodynamic behaviour of round shape floatingdtme, he found that the X-round shape

floating structure have lower motion amplitude ieakie direction and pitch direction. But,
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the surge RAO of round shape floating structure Ardund shape floating structure are
same. From his simulation research, it was obtikihat the X-round shape floating structure
have lower motion amplitude compare to round slilmating structure because the radiation

damping and added mass of the X-round shape fipatmicture is larger.

3.2.8. Summary of Multiple Floating Structures’ Hydrodynamic Interaction

From the available literatures, the existing methtmdpredict the interaction between floating
structures were mostly developed based on diffyagbiotential theory. The accuracy of the
methods which developed from the diffraction patntheory was reviewed from the
literatures. As commented by Loken (1981), it redicted that the diffraction potential
theory would over predict the motion response oftihg structure in resonance wave
frequency region due to under prediction of radrmtdamping by the diffraction potential
theory. However, the diffraction potential the@an predict the motion response of floating

structure accurately other than the resonancemegio

3.3. Time Domain and Frequency Domain Analysis of Hydrodynamic

Interaction

The hydrodynamic resonance phenomena of three dioraal multiple floating structures
has been studied by Zhu et al. (2008) using a toreain method. The research found that
the peak force response on floating structuressainance frequency is the same between the
result obtained from frequency domain technique @mé domain technique. This finding
showed that the time domain linear potential thexany be an alternative solution to solve the
problem related to motion response due to hydrosymanteraction between the floating

structures in small gap.

3.4. Factors Influence the Motion Response and Numerical wave

The influence of water depth to the wave kinematieave force and sea keeping has been
investigated by Clauss et al. (2009) using panelecVAMIT. In their research, the

hydrodynamic coefficient of the structure such amgding, added mass and exciting force
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were also calculated by panel code WAMIT in thesaarch. Besides using the diffraction
potential theory, CFD software is an alternativel tosed to study the effect of wave to
structure motion. Capability of CFD to simulate thave has been investigated by Finnegan
and Goggins (2012) by studying several types ofenoal techniques to model the numerical
wave tanks (NWT’s). The ANSYS CFX software whigipkes the finite volume technique
was used in his research to generate the numevebad tanks. The research obtained that
ANSYS CFX software is able to achieve the targetitoulate the linear regular wave in the
numerical wave tank.

Besides that, Sun and Kang (2012) also has beeredtthe method to simulate the
wave and flow based on the Navier-Stokes equatmhGomputational Lagrangian-Eulerian
Advection Remap-Volume of Fluid (CLEAR-VOF). The Wer-Stokes equation was
discretized using three-step finite element methdde purpose of the research is to establish
the wave and fluid flow in two dimensional numeliozethods. The research obtained that
CLEAR-VOF method is also suitable to simulate trevevin both structured and unstructured
meshes since the finite element method is appli€derefore, the simulation of wave for

complex boundaries is possible to achieve by fhr@iposed method.

3.5. Non-Ship-Shape Large Floating Structure Developments and Studies

A study to compare the advantages and disadvawfagrind-fit shape floating structure to
traditional ship shape floating structure has bammucted by Lamport and Josefsson (2008).
After that, Arslan, Pettersen, and Andersson (2Qil49 performed a study on fluid flow
around the round shape floating structure in silsible offloading condition. Both of the
studies obtained that hydrodynamic behaviour fandbshape floating structure is better than
traditional ship shape floating structure. Besitlest, Lamport and Josefsson (2008) found
that the round-shape floating structure have bettidvading benefits where it can provide
significant shielding from waves, winds and currefhey commented that the horizontal
rotation between structures can be achieved byumiroffloading reel station. By using this
suggested offloading system, the offloading operaginvelope can be as large as 270 degree.
In addition, a non-ship-shaped circular FPSO conedpich has a capability for
round-the-year drilling and production operatiorthivi an Arctic Frontier Region has been

proposed by Srinivasan et al. (2008). Another tgbenon-ship shape FPSO was also
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designed by Wang, Zhang, and Liu (2012) and thesighed floating structure has been
named as inverted fillet quadrangular frustum pydasmaped structure (IQFP). Their study
obtained that the IQFP has larger stability margm better hydrodynamic performance
compare to the ship-shaped floating structure.

3.6. Effect Mooring on Large Floating Structure Wave Frequency Motion

Typically, floating structures is fixed at the piamh using mooring system. Due to the extra
weight contribute from the mooring system to theafing structures; the effect from the
mooring cables may affect the motion characterigtithe floating structures. Recently, a
study on the effect of mooring lines arrangementh® motion of spar platform has been
conducted by Montasir et al. (2015). They studieel effect of the symmetric mooring
configuration and asymmetric mooring configuratiorthe response of the selected truss spar
model. Based on their study, the mooring systesigded with different configurations do
not cause any significant effect on horizontal tyyseve frequency motion and the effect of
mooring to heave wave frequency motion is absoludeks not exist. However, the mooring
system would give a significant effect on the alitoffset of the truss spar model and
influence the slow vary motion which is inducedduift force.

The floating structures on open sea experiencetyywes of motions there are wave
frequency motion and low frequency motion. Accogdio Dercksen and Wichers (1992),
the low frequency motion is induced by wind, cutrand wave drift force but the wave
frequency motion is induced by first order wavectr In these two types of motions, only
the low frequency motion corresponds to the moosggtem’s natural frequency. They
commented that the low frequency motion is a tyjpeesonance motion and is able to induce
very large displacements and mooring force. Beasié@zgerald and Bergdahl (2007) also
commented that the influence of mooring system awenMrequency motion response of large
floating structure such as FPSO or FLNG is oftemgligdble in the general offshore
engineering practice. The similar opinion also nwer@d by Cozijn and Bunnik (2004) in
their study on the effect of coupled mooring effiectleep water calm buoy. They stated that
the mooring coupling only affect the low frequenmogtion of large size floating structures
but the wave frequency motion of the large strieguwould not be affected by the mooring
coupling effect generally. In addition, anothensar study has been conducted by Heurtier

(2001) to study the effect of mooring coupled te tlynamic response of large floating
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structure. In his research, the effect of mootiaghe response of floating structures was
studied using time domain simulation method and girmulations were made for the
conditions where the mooring system is coupledtaedmooring system is uncoupled to the
motion of large floating structure. From the siatidn results, he observed that the response
amplitude operator of the selected large floatimgcsure executed by coupled simulation and
uncoupled simulation is almost similar. The mogranly have relatively small effect on the
large floating structure surge dynamic motion andoes not have mooring effect on heave
dynamic motion observed from his simulation.

In order to study the effect of mooring systenthi® motion of large floating structure
in detail, Soares et al. (2005) has been conduottd experimental study and numerical
study to estimate the motion of moored large flug@structure in waves. In their experiment
setup, the large floating structure was fixed inktaising six lines single point mooring
system scaled to model size. In their numericadutation, the motion of large floating
structure was calculated by both the strip thearg panel method. The panel method
program used for the calculation was WAMIT code. their panel method, they made the
calculation for the cases including the mooringé&and without including the mooring force.
In the comparison, the results from the panel neetiowed a very good prediction of the
motion response of the floating structure in atkdiions of motion when compared to their
experimental result. Besides, they also companedpainel method results which executed
the motion response of large floating structurduiding mooring force and without including
the mooring force in the calculation. In companisthe panel method results showed that the
effect of mooring system to the wave frequency llzgory motion of the floating structure
was very small hence they concluded that the mgofomce have a negligible effect in
calculating the wave frequency motions. Also, thi®mws that the panel method without
including the mooring force in the estimation ot tlarge size floating structure motion
response amplitude is still able to provide good accurate prediction.

From the literature reviewed, it is obtained tthe mooring system would affect the
low frequency motion of the large floating strueiwhere the motion is induced by wind,
current and wave drift force. However, the mooraygtem only has negligible effect to the
wave frequency motion of the large floating struetwhere the motion is induced by first
order wave force. This opinion is also similartwitong et al. (2004). They commented that

the mooring effect to the wave frequency motionlafje size floating structure can be
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negligible when the wave amplitude is small becatle inertial properties of the large
floating structure have a higher order of magnitadmpare to the mooring lines and riser.
Therefore, the effect of the mooring system to lirge floating structure wave frequency

motion become relatively small and could be ignatigdctly in moderate sea state.

3.7. Effect of Regular and Irregular Wave on Motion of Floating
structure

The dynamic motion of floating structure can benested by using regular and irregular
wave simulation. The motion of floating structumeregular wave condition and irregular
wave condition has been studied by Yu (1995). Heluoted experiment test to simulate the
motion of floating dock in regular wave and irreggulvave condition so his research able to
compare the different of response amplitude opeff@&O) of the moored floating dock
simulated by both regular and irregular wave cooditFrom his experiment test, he obtained
that the RAO of the floating dock simulated by reguand irregular wave condition are
agreed between each other. Besides, he also fitxabhdhe RAO of floating dock remains
constant regardless of wave height selected inrempat test. His research concluded that
the regular wave simulation is preferred if the maxn value of the motion is targeted in the
research while irregular wave simulation is befibersimulate the significant value of motion
in wave.

In addition, Shen et al. (2004) has been conduateelsearch on ship motion using
their proposed unsteady incompressible Reynoldsagee Navier-Stokes method (URANS).
In their study, they simulated the ship motion egular wave condition and irregular wave
condition numerically in order to calculate the RA®D ship. The numerical result also
compared to experiment result in purpose to vahBir method. In their comparison, the
simulation result calculated by regular wave caoditand irregular wave condition are
closely agree between each other. They commen&dhé existed small difference between
the results is negligible. Besides that, both tineuktion results generated by regular wave
and irregular wave test shows good agree with éxgats result.

On the other hand, a study to test the accuradyREA's strip theory based, linear
frequency domain code (SHIPMO) has been conduciedlé&non and Vienneau (1992).
They compared the RAO of their model ship calcadaty SHIPMO with the RAO of the

ship obtained from regular wave experiment andgul@ wave experiment. From their
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research, they found that the RAO calculated byP8HD is agreed with the RAO results
from both the regular wave experiment and irregulave experiment. However, the
comparison shows that the RAO from SHIPMO is closemrelation with the RAO from
regular wave experiment. Besides, Menon and Viean€992) also commented that
experiment tests in irregular oblique waves mayratirn data suitable for correlation of the
predicted RAO of ship in some cases. This is b&zan irregular wave test may include
insufficient number of encounters, unavailability phase data and degree of short
crestedness in the case of data collect underalatoinditions.

From the literature reviewed, it is found that R&O of the floating structure can be
estimated using the regular wave test or irreguare test. This is because both the regular
wave test and irregular wave test are able to prede RAO of floating structure with the
similar tendency. However, as mentioned by Yu B)98qgular wave test is more suitable to
find the maximum value of RAO of floating structulee to the wave force. On the other
hand, the irregular wave test will show more exagdrodynamic behavior of the floating

structure when the structure operate in the desgpgmating condition.

3.8. Summary

This chapter presents the literature review abeevipus work done by other researchers.
The phenomena of the hydrodynamic interaction betwihe multiple floating structures
system were reviewed. Besides that, this chajgerraviews the limitation of simulation and
capability of computer hardware to simulate the rbggnamic fluid structure interaction
cases. From this chapter, the factors that wonldldience the wave frequency motion of
floating structure are also presented. From tlegditires reviewed, the methodology of this

research is designed and presented in Chapter.Three
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Chapter 4

41.0. Basic Hydrodynamic Theories of
Floating Structures

Motions and hydrodynamic coefficient of floatingusitures can be estimated using several
theories. In this book, the diffraction potentinkory was selected as the basic theory in
predicting the motions of floating structures. tims chapter, the mathematical models
discussed are diffraction potential theory and riethod to solve the theory in numerical

method. Besides, the drag equation is also predentthis chapter to describe the basic idea
of this method in estimating the hydrodynamic foaceon floating structures.

4.1. Diffraction Potential Theory

The floating structures float on the sea surfaderised to oscillate according to the frequency
of wave. Typically, the fluid is assumed to beampressible, irrational, in-viscid and
negligible surface tension. If the motion is ieagty state condition and the floating structure
motion amplitude is relatively small, then the lBineéerm of free surface condition, kinematic
boundary condition and the Bernoulli equation can ignored. In this condition, the
hydrodynamic force or moment induce on the wettedase of floating structures can be
obtained by integrating the hydrodynamic pressotm@ on the surface of floating structure
which is obtained from the linear Bernoulli equatimy using known velocity potentials in the
desired direction.

In this book, the three dimension potential thesas applied to predict the motion of
floating structures. The theory was applied tateably shape of floating structures and it
was developed based on right-handed, earth-bouadlicated system origin at the mean
water level and the Z-direction is positive downgvarIn this study, the water depth is

assumed infinite depth condition.
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4.1.1. 3-Dimension Diffraction Theory

In Figure 4.1, it shows the flow area, namely thedted surface area of floating structuge,
the free surface are&:, the boundary located in the infinity distanég, and the seabed
surface S, will influence the hydrodynamic force. The mattaical model presented in this
part are assumed that the wave attach angle is atepmsitive X-axis and rotate toward
positive Y-axis as shown in the Figure.4.1.

ED

Figure 4.1: Definition of direction, coordinates and variableddiffraction potential theory
(Kashiwagi et al., 2003).

The regular wave acts upon the floating structame loe described from the velocity
potential. Based on the linear potential theohge flow potential around the floating
structures can be summed up by superposition thetwre it involves superposition of
undisturbed incident wavep;, the wave diffracted from incident wave due thesiexf
floating structuregs and the radiating wave potentigl; generated by the six degree motion
of floating structure. The velocity potential etjaa is normally written in respective to the

flow direction and the time is as shown below (Kasigi, 2008).
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(7,21 = Re[p(x,y,2)e™] = Ty + ¢y (4.1)

Where g is gravity acceleratiog, is the incident wave amplitude; is the circular

frequency.

The first part of equation (4.1) is sum of the dets-wave potentiakh() and the
scattering wave potentialp{) which is referred as the total diffraction potaht{¢,) as

expressed as in equation (4.2).

¢D = {¢I(xl Y Z) + ¢S(xf Y Z)} (42)

Potential for diffraction wave

Second part of the equation (4.1) represents thatnag potential ).

6

br= ) WKy(x,9,2) (43)

j=1

Potential for Radiation wave

WhereX; refer to motions amplitude which can be determibgdolving the motion

equation.

¢;is the radiation wave potential due to motions.thie radiating componerijtyrefers
to thej-th mode of motion, wherg=1 is surgej=2 is sway,j=3 is heavej=4 is roll,j=5 is
pitch, j=6 is yaw.

The equations above show the total wave poteniialgshe system which are
contributed by the potential of incident wayg, scattering waveps and radiating wave)p.
The phase and amplitude for both the incident waw scattering wave are assumed to be
the same. Radiating wave potenti@j, is produced by the motion of the each single fitmat
structure, whereas the total potential of radiaivaye generated by each single structure is
the summation of the radiating wave generated blg daection of the structures’ motion.
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The diffraction wave potentialp) and radiating wave potentiab{) must fulfil the

conditions below (Kashiwagi, 2008).

i. Laplace equation

Vipp =0 and V2o =0 for0<z<h (4.4)

ii.  Free surface boundary condition

d¢p _ dpr _ _
W+k¢D—O and W-}_kch_O atz =0 (45)

iii.  Sea bed boundary condition

d0¢p d0pr _
_aZ =0 and E—O atz = oo (46)

iv.  Radiating Condition
The condition stated that the diffraction potentaald the radiating potential
would disappear when the distance from the floash@ctures is of great

distance.
¢dp~ ie‘”“’r and ¢R~ie‘”‘°r should be 0 if r o (4.7)
Vr Vr .

v. Kinematic sea-surface condition
The condition is applied to submerge surface afdheofloating structure in

its mean position.

on !

0
i_?=0 and
n

- (4.8)
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Where;n; is the normal vector of the hull in directiprand it is positive into
the fluid.

The velocity potential for the incident wav@;] is a type of surface wave, hence it is

expressed in Euler form as shown as follow.

b, = e —Kz+iK(x cos B+ sin ) (4.9

Whereg is the coming angle of incident wave relativehte x-axis (Figure 6.1).

Besides, the radiated waugg( is the wave potential related to the structuretion.

The velocity potential for the radiated wave iswhdelow.

6

Pr = Z wX;pi(x,y,z) (4.10)

j=1

The wave potentiald(;) due to the continuous surface of fluid can belarpd by the

following equation (Chakrabarti, 2000).

¢;(P) = ff {d)’(Q)G(P;Q) 0,0 2L Q)}ds«z) (411)

From equation (4.11), the wave potential functiorpaint P on the wetted floating
structure surface due to the motion of the floastrgcture jE1 to 6) and diffraction potential,
(=D) are represented by continuing distribution of easources over the mean wetted
structure surfaceg;(P) is the potential function on the wetted floatinigusture surface in a
coordinate (X, y, z). In the diffraction case whdrD), the potential is the diffraction
potential. However, in the radiating case whgrel (to 6), the potential is caused by the
motion of the floating structure in tH8 direction. All potentials must fulfil all the badary

conditions.
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In equation (4.11)¢$;(Q) represents the source strength on the surfacdaraizd at

a coordinatéa, b, ¢). The source strength is from the motion of teatihg structure in thi
direction. G(P; Q) in the equation (4.11) is the Green function @f plulsating source;(Q)

in the coordinatea, b, ¢) and on the potential located at (X, y, z). Thee®rfunction also
fulfils the Laplace equation, free surface boundamydition, sea bed boundary condition and
radiation condition. The surfas€Q) in the equation (4.11) consists of wetted surfaea of
floating structure, free surface area, the boundacgted in the infinity distance and the

seabed surface.

Since the study focuses on the flow around thetifigastructure, the surface
integration should focus on the wetted surface afeffoating structureSy. In the case of
structure floating on free surface, the surfacegrdtion can be written as follow (Kashiwagi
et al., 2003).

1 09,(Q) 9 A

s = [[{ s (@5 6P S @) (412)
SH

In radiating case, the kinematic sea-surface t¢mmdas shown in equation (4.8) is

applied in equation (4.12). The surface integratejuation in equation (4.12) can be

rewritten as follow.

1 _ __ 0 _ _ - _
S0, (P) = - ij #/(Q) - GP; QS + Sff RGP QAS@  (413)

Where in equation (4.13)51 to 6.

In diffraction case, the diffraction wave potentiafers to the total of incident wave
potential and scattering wave potential as shownequation (4.2),¢p = ¢; + ¢s.
According to radiating boundary condition, the ssang wave disappeared when the distance
from the floating structure is far enough. Therefosurface integration in the boundary
surface located at the infinity distance from tleating structure only need to consider the

incident wave potential. Besides, the kinemat@-saface condition as shown in equation
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(4.8) for diffraction case state that differentatiof the diffraction potential to surface normal
direction at wetted surface of floating structusezero,d¢, /07 = 0. Thus, equation (4.11)
for diffraction case can be written as follow.

1 _
Ed)D(P)

_ 0 - -
__ Sff #9(Q) 3= 0P DS

9¢;(Q) __ 0 - _
+Sff{ o7 —CPI(Q)W}G(P, Q)ds(Q) (4.14)

Q

Integration of variablep;(Q) and G(P; Q) in the second term on the right side of
equation (4.14) to the boundary surface locatethatinfinity distance from the floating
structure using Green Equation can obtain the tumtied incident wave potential function on

the wetted floating structurep; (P). Therefore, equation (4.14) is rewritten as follo
1 _ __ 0 - _ _
280(P) = = [ 6 (@5 6 D@ + (P (4.15)
SH Q
By rearranging equation (4.13) and equation (4\®h all the collected unknown
variables to the left and the known variables ® tight, the equation can be written as in

equation (4.16).

1 _ __ 0 5. 9VdS(D
~6,(P) + Sff #/(Q) g G(P: S (@)

_ ffnj(@)a(ﬁ; 0)ds@)  if j=1to6
SH
= ¢;(P) if j=D (4.16)

From equation (4.11) to equation (4.16),
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_ 1 1 1

G(P;Q) = e [— (; + E) + Gy (X, Y)] (4.17)
And

:2} - J(x—a)z 4 (y—Db)? + (zF 0)? (4.18)
X=KJ(x—d)2+(y—B)2, Y =K(z+7) (4.19)

In equation (4.18) and equation (4.18),(X,Y) represents the Green surface wave
function. The coordinatB(x, y, z) is the point of potential function whi@a, b, ¢) is the

point of the source.

4.1.2. Constant Panel Method on Solving 3-Dimension Diffraction potential
Theory

The equation (4.16) is required to solve by nunagrsolution especially the equation is
applied to predict the hydrodynamic pressure onptermfloating structure. Typically, the
potential function in equation (4.16) is solvedngsiconstant panel method. Using this
method, immerge area of the floating structureutsdsvzided into a number of paneld, The
normal vectoryn; and the incident wave potentig;(P) on each panel can be calculated by
direct mathematical equation. Hence, all the véembn the right side of equation (4.16) are

known.

The numerical equation of equation (4.16) afteragign (4.17) is inserted is shown as

follow.
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N
1 _ 1 _ d (1 1 d -
5¢,-(Pm>+E;¢,-<Qn> [{—ﬁé(ﬁ—)+a—GW<Pm,Qn)}ASn]

7 ng
1w ol 1 o
= 3m 2 @7 +5) + 6w 00 fas,)
= ¢;(Bn) ; m=1toN (4.20)

To simplify equation (4.20), the whole equation tenmultiplied bydm and rewritten

in the following form.

- 9
27T¢j (Pm) + Z ¢j (Qn) l_Dmn + {_ GW(Pm' én)} ASnl

ong
N
= Z n; (Qn) [—Smn + {GW(Pm: Qn)}ASn]
n=1
= 47T¢)1(pm) ; m=1toN (4.21)

Where the unknowm,,,, andsS,,,, are the normal dipoles over a quadrilateral panel

and source over a quadrilateral panel.

D, = f f %@(; + %) ds(Q) (4.22)
S, = anf (% + %) ds(0) (4.23)

The solution of distribution of normal dipole®),,, and source,S,,, over a
quadrilateral panel can be solved using the Newmathod (Newman, 1986). In this case,
only the wetted surface area of floating structwuaie to be considered in obtaining the normal
dipole and source.
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The general solution for green surface wag@g,(P,,Q,) in equation (4.20) and

equation (4.21) is shown as follow.
Gyw(P,Q) = —2KG(X,Y) (4.24)

d _ n.(@—x)+n,(b—vy)aG oG
T_GW(P;Q):—ZKZ x ) ( y)—

a‘l’lQ R aX + n, W (425)
G(X,Y) =Ry(X,Y) —ime™YJo(X) (4.26)
aG _

X" R(X,Y) + ime Y], (X) (4.27)
96 _ ! GX,Y) (4.28)
Y  JX2+vy? ’ '

From equation (4.24) to equation (4.28), variabfe¥ are the same as equation
(4.19). The coordinat&(x, y, z) is the point of potential function whi@(a,b,¢) is the
point of the source.

Wheren, is the normal vector of the panel in x-directia), is the normal vector of
the panel in y-directiom, is the normal vector of the panel in z-directippjs the first kind
of Bessel function in order @y is the first kind of Bessel function in orderH, is the real

part of the wave ternR; is the derivative oR, with respect to X.

In diffraction cases, the right side of integratiequation (4.20)¢,(B,,) can be
estimated using wave equation (4.9). The wavenpialein X direction and Y direction is
related to the combination of trigopnometry funciocexpend from wave equation (4.9). By

applying Euler’s theorem, equation (4.9) can beriteam as follow.
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¢ = e
{cos[k(x - cosB + y - sinf)]
+ isin[k(x - cosB + y - sinf)]} (4.29)

Equation (4.29) can be expended using trigonontbagry to obtain the final solution

as follow.

¢ =e
- {coskx cos B coskysinp — sinkx cos Bsinkysinf + i
- [sin kx cos B cos ky sin 8

+ cos kx cos 8 sin ky sin 8]} (4.30)

From equation (4.30), it is obtained that the ircidwave potential can be divided
into four terms and each term represents the intideave potential in each respected
direction. The four terms of wave potential divddeom equation (4.30) are X direction, Y
direction, Z direction and N direction which repres the yaw direction. To select the
incident wave term for X, Y, Z, N direction, thelltawing trigonometry theory are applied
(Kashiwagi et al., 2003).

i.  Flow velocity in X direction:
The maximum velocity obtained when wave an@les zero degree and the

zero velocity at wave anglg,is 90 degree.

ii.  Flow velocity in Y direction:
The maximum velocity obtained when wave anglés 90 degree and the zero

velocity at wave angles is zero degree.

iii.  Flow velocity in Z direction:
The wave velocity should not equal to zero at anyavanglef.
iv.  Flow velocity in N direction:
The wave velocity become zero when wave anglequal to zero degree and

90 degree.
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Hence, the wave potential in the direction X, Y,NZcan be obtained from equation

(4.30) based on the stated assumptions above. Where

cpj’(:e_KZ- sin kx cos B cos ky sin f8
¢f=e~Kz. cos kx cos § sinky sin 8
4.31
quZ:e_KZ- cos kx cos f coskysin (4.31)

¢§V=—e—KZ- sin kx cos B sin ky sin 8

By considering the floating structure is symmetny Y —axis, the radiating wave
generated by each type of motion is related tontbrenal vector on the wetted surface and
incident wave potential can be separated into foain types as presented in equation (4.31),

then wave exciting force or moment induce the nmstiof floating body can be grouped as

follow.

i.  Flow velocity in X direction:
Surge motionjEél) and pitch motionj£5)
ii.  Flow velocity in Y direction:
Sway motion j=2) and Roll motionjE4)
ii.  Flow velocity in Z direction:
Heave motionjE3)
iv.  Flow velocity in N direction:

Yaw motion {=6)

Finally, assumption is made that immerge area efflitating structure is subdivided
into a number of paneldy. Therefore, equation (4.21) can be transforméd M set of
simultaneous linear equation with N unknown comp$exirce strength as shown in the
following matrix.

Aip o A i1 Bj1
A Y R P (4.32)
Ayi - Ann bin Bin
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Where,j=1 to 6 in radiation case afwD in diffraction case.

App =21 (4.33)

d _ _
An,m = I_Dmn + {W—b Gy (P, Qn)} ASnl (4.34)

N
Bjm = z 1 (Qn)[—Smn + {Gw(Pn, Qn)}AS,]  inradiating case  (4.35)
n=1

B m = 4mp;(By) in diffraction case (4.36)

The matrix equation (4.32) represents the totalikhimer of unknowns and N number
of simultaneous linear equations. Therefore, tlarisn equation (4.32) can be solved using
direct solution method. Once the matrix equatidrBZ) is solved, the diffraction wave
potential and radiating wave potential on each plmoated on the wetted surface of floating
structures are obtained. In this book, the dissgution method applied in solving the

complex matrix equation (4.32) is Gauss’s elimimtnethod using pivoting technique.

4.1.3. Solution of Source and Normal Dipoles over a Quadrilateral Panel

Equation (4.21) has shown the numerical solutiorsdlve the boundary condition
integration equation. In the equation, the westieddace of floating structure is divided into N
number of panels. In order to solve equation (4.##le sourceSsand normal dipoleDd
over a quadrilateral panel have to be computedratwly on each panel. The equations to
calculate the normal dipole and source are showeyiration (4.22) and (4.23) respectively.
In this book, assumption is made that the wettethse is covered by N number of rectangle
panels. The solution to solve equation (4.22) esudkation (4.23) was explained by Newman
(Newman, 1986).
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By considering the field point coordinat,as (x, y, z), the flat quadrilateral panel is
in the planez=0 with vertices at the point = ¢,,and y = n,, andn=1 to 4 as it is a rectangle
panel. The potential at coordinatedue to the distribution of normal dipolé3 and source

distribution,Sswith the constant strength ofr4ver the panel is written as follow.

va= [5G < on= - [N, (437

Ss = f f [(%)L:O dE dn = f D dz = — f ", dpd - zbd (4.38)

Equation (4.37) is the surface integrals over thain of the panel. The value D
in equation (4.37) is equal to the panel’s soliglarviewed from the field poimt. The solid
angle also has similar algebraic convention siga. a¥he solid angle can be defined from

elementary plane geometry and it is related topeddent properties of each vertex.

The solid angle covered by a surface is definethassurface area of a unit sphere
covered by the surface’s projection onto the sphatkethe equation can be written as follow.

wsz %ASszs %@(;)ds (4.39)

Wherefi is the unit vector from the origi®, dS is the differential area of the surface
and r is the distance from the origin to the swefatS The solid angle is measured in
steradians. If the surface is covered by the whpleere then the number of steradianstis 4
By comparing equation (4.39) to equation (4.22¢ #olution for equation (4.22) can be

obtained if the solid angle between field pointyith vertex can be executed.
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According to Newman (1986), equation (4.37) andagiqu (4.38) can be transformed
to direct numerical solution. The numerical sauatifor both the equations provided by
Newman (1986) is shown in equation (4.40) and (4.41

First, the execution should be conducted in locardinate system and the panel
surface is assumed zt0. In Figure 4.2, local coordinate of each velex = ¢,y =n,
andn=1 to 4. The length of each side of the squarelpars,, andn=1 to 4. Therefore, the
normal dipole and source at coordindé, y, z) due to vertex af(¢,, 7,,0) can be
calculated by equation (4.40) and (4.41).

(§2,12)
(53' 773)

(&1, M)

X (&4 Ma)

A

Figure4.2: Local coordinate of each vertex in plan view

Dd

B Z { 0l = £2)% + 221 — 88, (x — £)( — 1)
= tan

R,z6&,
n=1
— tan~? 5T’n[(x B fn+1)2 + Zz] B 5€n(x B €n+1)(y — 77n+1)} (4.40)
Rn+1Z5§n+1
4
R,+R +s
S5 = Z . ing. — . 0.11 n n+1 n
S n=1[(x ETL) sin n (y nn) cos Tl] Og Rn + Rn+1 _ Sn
— 2D (4.41)
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Where,

880 =$n+1—$n (4.42)
ONn = Mn+1 — M (4.43)
Ry =/(x = &)2 + (y — 1) + 22 (4.44)
Rpp1 = V(= &ne)? + (Y = 1y 1)? + 22 (4.45)
0, = tan™! % (4.46)

4.1.4. Solution for Real Part of Wave Term of Three Dimension Green
Function

The solution for green surface wawg, (P,,, @,,) is shown from equation (4.24) to equation
(4.28). In these equationg andjJ; are the Bessel function of First Kind in orderral
respectively. While, th&, andR; are the real part of the wave term and derivaiivi,. To
obtain the value ofy, J1, Ry andR; which are required in calculating the green s@faave
Gw (P, 0,) in equation (4.24), this book used the subrougirevided by Prof Takagi Ken
from Tokyo University (Kashiwagi et al., 2003). dBubroutine solves the variables in non-
dimensional form. To apply the subroutine in exery it is assumed that variabR, in
equation (4.24) is the coordinate of field pointianis labelled as coordinate, (x,y, z).
Variable Q,, in equation (4.24) is the coordinate of sourcenpevhere the coordinate is
labelled as),,(a, b,c). In equation (4.24), the variabikeis the non-dimensional distance in
horizontal plane and variabM is the non-dimensional distance in vertical plame the
solutions ofX andY are as follow.

Published by Ocean & Aerospace Research Institudenesia | 4.0. Basic Hydrodynamic Theori
of Floating Structures



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

X=L-KJ(x—a)2+(y—E)2 (4.47)

Y=L -K(z+¢) (4.48)

Where L is the overall length of the floating stiue, K is the wave numbell =

2r/A, andl is wavelength.

The real part of wave termk,, in equation (4.26) and the derivativeRyf with respect
to X in equation (4.27) can be calculated based ohdaheontal and vertical distance between
source point and field point. In the subroutinevided by Prof. Takagi Ken, the conditions
applied to execut®, andR; can be separated into six conditions as showmb@ashiwagi
et al., 2003).

I. If horizontal place distance is equal to zeta0
il. If vertical plane distance is equal to zeYep

iii. If the horizontal place distance is smalk> 1.7X andX < 7.5

iv. If horizontal plane distance and vertical plandatise is largey X2 + Y2 > 14
V. If horizontal plane distance and vertical plandatise is smally > 0.25
Vi. If the vertical place distance is small.

The equations applied to executg and R,in the six mentioned conditions are as

follow:

I.  If horizontal place distance is equal to zero, XK@shiwagi et al., 2003).

0 e—KY ooe—t
R, (0,Y) = dk=e Y| —dt—ime"
0 t
0 -y

K—-1
= e~ Y{E, (=Y — i0) — in)
= e YRe[E,(-Y)] (4.49)
R,(0,Y) = 0 (4.50)
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Where,

1w n!
eVE (Y) = ?Z (_ny)n (4.51)
n=0

II.  If vertical plane distance is equal to zero, Y=@&¢Kiwagi et al., 2003).

Ro(X,0) = = (Ho(X) + Yo(X)} (4:52)
Ry(X,0) = 2 {H,(0) + ¥4 ()} — 1 (4.53)
Where,

( 1)n 2n+1
Ho(X) = Z[(2n+1)”]

if X <25 (4.54)
(_1)71 2n+2

2
H,(X) = L (2n+ DI (2n + 3)!

Ho(X) = Yo (x) t- [(2n — D]?

)
|
oon=0 }
Hy(X) = Y, (x) +% 1+ Z a4t D1

x 2n+2

ifX > 25 (4.55)

Y, andY is second kind of Bessel function in order O ardkol respectively.

lll. If the horizontal place distance is smafl,> 1.7X and X < 7.5 (Newman,
1984).
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n

Ro(X,Y) = z( |)2) [E(Y) + e~ Ey(=1)] (4.56)
%)

R.(X,Y) = sz [E,(Y) + e YE,(=Y)] (4.57)

Where,

Fy(Y) = 0 ]

1oL

1 y ' y2 } (4-.58)
m—2) (2n—1)!

E,(Y) = Fy_, (:Zn_l) 4 1;271 ' 2 J

Solution ofE; (Y) is similar to equation (4.51)

V. If horizontal plane distance and vertical plangatise is largeyX? + Y2 > 14
(Noblesse, 1982)

=1 Y
Ry(X,Y) = — Z —1 P <r_1> — e Yo (X) (4.59)
n=0 1
R,(X,Y) = XZ —_ Qn< ) + e Y{(X) (4.60)
n=0 1
Where,

= X2 + 1?2 (4.61)
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PO<£)=1 )
Y Y
P, (5) - (E> > (4.62)
P() = @n=D(2) P () - - 0%Puca (5)
(D)1 \

! (4.63)

I
w
/N

| <
N——

;)

0 (5) = @+ D(2)-0ns (5) - 02 = D02 ),

e

Y, andY, is second kind of Bessel function in order O ardknl respectively

V. If horizontal plane distance and vertical planetatise is smally > 0.2%
(Newman, 1984).

Ry(X,Y)

Y +
— _e Y EYO(X) +Jo(X) 10g< Xrl) +gHO(X)%

+§{(2 Gy V1)

n=1

(4.64)

+ mU2n+1(Xr Y)}
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Rl(Xl Y)
- s Y + 11 Y
=~ |=5¥1 (0 110 log (<) ~Jo (57)
T Y? Vis 7
3 g+ {13 )y
+ Z {(2 )'VZn(X Y)
n=1
+ mVZrHl(X; Y)} (4.65)
Where,
Y )
UZ (X, Y) = 57‘1
-1 2n-1
UZn(X; Y) = - n Xz UZn—Z(X' Y) + 2n Tl
Y2 g (4.66)
U3(Xr Y) = ?T‘l
2n
— — 2
Uzns1(X,Y) = T 1X Upn-1(X,Y) + 1
V,(X,Y) = XY )
24, 1) = 2
-1 an—l X
Voan(X,Y) = — (X2 Voo (X, V) + 2X Uy o (X, 1)) + — =
Vs(X,Y) = Xy?
34, 1) = 3
yan X
Vans1 (X, Y) = —5—— D (X2 Vona (X, V) + 2X Upn_g (X, 1)) + TRy
(4.67)

Where J, and J; are the first kind of Bessel function in order fdaorder 1
respectively,Y, and Y, are the second kind of Bessel function in ordean@ order 1

respectively, solution faH,(X) andH, (X) are similar to equation (4.54) and equation (4.55)
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VI.  If the vertical place distance is small (Newmarg4)9

Ry(X,Y) = —e~Y [z 2—71,1 (;) + %{HO (X) + Yo ()} (4.68)
R,(X,Y) = —e~¥ i %1;1 (é) _ g{Hl(X) LY, (0} 1] (469)
n=1
Where,
14 (Y +1 \
Io(—>—log< i (g)) i )
Q- e
" (é) _ () +1- (é): =D h- ()}S)J
R |
Ay
L
Y /(%)2 1 L (4.71)

~—~
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~——

P e-0ln () + ) h- 7))

N
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[ >
N————
I
Ve
~I >
N——
+
[N

WhereY, and Y, are the second kind of Bessel function in ordesmn@ order 1

respectively.
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To obtain the real part of the wave term and déowaof the wave term, Bessel
Function is applied in the calculation. The Bedsaltion is typically used to describe the
particle motions. The Bessel function is alwaypliggl as the solution to solve second order

differential equation as in the form below (Niedaje2008).
x2y" +xy'+ (x2 —v?)y =0 (4.72)
Equation (4.72) can be rearranged into the follgviorm.
x(xy) + (x?—v¥)y =0 (4.73)

Hence, the Bessel function is the solution for éiqna(4.73) and it is written in the

power series as follow (Niedziela, 2008).

0 -1 n 2n+v
y=J,(x) = Z;n,é}—:n), (;) (4.74)

Equation (4.74) is the Bessel function of the fiisid. The variabler is the order of
the Bessel function.

The Bessel function of the second kind also knowrNaumann function and it is
singular at the origin. The second kind of Bedgriction was developed as a linear

combination of the Bessel function of the firsterds shown below (Niedziela, 2008).

Jo(x) cosvm — J_,,(x)

¥, (x) = sin v

(4.75)

4.1.5 Execution of Hydrodynamic Force and Hydrodynamic Coefficient

I. Hydrodynamic Force
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Summation of the diffraction wave potenti@l, and the radiating wave potenti@l,

give the total wave potential. The linear wave tlgecan be used to compute the dynamic
pressure (Journee and Massie, 2001).

b
Pd = —pa (476)

Therefore the wave excitation forces and moment@lafix directions of motion can
be obtained by the equation below (Journee and is|&&301).

F; = —jf Pyn;dSg
SB
= —pw?{,e "t Sg (¢1 + PsIn;dSp (4.77)

Where, j=1, 2, ... 6 represent the six directiohsotion for the structure§gis the
wetted surface area of the structuypejs the fluid densityt is time, {, is incident wave
amplituden; is the normal vector on the structure surfacefns the force or moment acted

in the direction of motiof. The motion of the structure can be estimatekafexternal force

or moment acted to the structure due to the wangefic known.

. Added Mass, Damping coefficient and Restoring force
To predict the added mass and damping coefficiabtshe equation above, the
equation (4.78) and equation (4.79) can be usedhidagi et al., 2003).

Added Mass, 4;; = —p ff Re [qu(x, y,z)|n;dS (4.78)
SH

Damping, B;; = pw jf Im [d)]-(x, v, Z)]nidS (4.79)
SH
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Wherep is the density of fluidg; (x, y, z) is radiation wave potential due to motion in

direction j, n; is unit normal vector of structurg,= 1,2,3,...,6 represent 6 direction of

structure motions, andis the direction of normal vector.

From the equation above, the added mass for theemiot each direction is the real
part of radiating wave potential while the dampiogefficient is the imaginary part of

radiating wave potential.

4.1.6 General Floating Body Motion Formulation

The motions of floating bodies can be categoriged linear motion or rotational
motion and oscillation motion or non-oscillation thoo. For rotational motion it involves the
motion of roll, pitch and yaw while linear motionviolves the motion of surge, sway and

heave. Besides, in this book all six types of oroare considered as oscillation motion.

After all coefficients of these six types of motsoorare determined, the motion
amplitude due to the wave loading can be calculat€de motions amplitude is calculated
based on coupling motion equation. The equatialdped by Kashiwagi et al. (2003)

were used in this book to calculate the motionaasp of floating structure.

4.1.6.1. Surge - Pitch Coupling Motion

Equation of coupling motion between surge and pmation are given by Kashiwagi
et al. (2003) by referring to the force, added naas$ damping to the centre of gravity of the

structure as shown follow.

[—WZ(pV + All) + iWBll]Xl + [_W2A15 + iWBlS]XS = F1 (4‘80)
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[-w2(pV + Asy) + iwBs,1X; + [-w?(pVkZ, + Ass) + iwBss + pgVGM, | Xs
= Fs (4.81)

Where;w is the circular frequencyy is the fluid densityV is displacement of the
structure,k,,, is radius of gyration in y directiorGM, is distance of centre of gravity to
centre of moment in longitudinal directiok, is surge motion amplitud&(s is pitch motion
amplitude,F,is surge force andls is pitcth moment4;; is added mass afdirection by due to
motion ini direction wherd, j =1, 5 andB;; is damping of j direction due to motion in i

direction wherae, j =1, 5.

In equation (4.80) and equation (4.81), the vaesbieeded to solve are the surge
motion amplitudeX; and pitch motion amplitudeX). The equation (4.80) and (4.81) can

be solved by the following way in order to obtdue surge and pitch motion amplitude.

The following assumptions are made,

a=-w?(pV+A;;) +iwBy,

b = —w?A;5 + iwBys

c = —w?(pV + Agy) + iwBs,

d = —w?(pVkZ, + Ass) + iwBss + pgVGM,

Hence, equations (4.80) and (4.81) can be simgldg&below,

Re-structure equations 4.@2and4.82(ii)

F; — bXs
X, = — (4.82 (iii))

F5 - CXl

Xs === (4.82 (iv))
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By replacing equation.82(iv) into equatiort.82(iii), it is obtained that,

_ Fl b (FS - CXl)

'“a a\ d

s (4.82 (v))

By solving equatiod.82 (v), the surge motion amplitude is obtained as follow.

dF, — bFs

Surge motion amplitude, X; = "

(4.83)

By replacing equatio4.81) into equatiort.82(iv), the pitch motion amplitude is
obtained as follow.

Fs E(dFl - bF5> (4.84)

Pitch motion amplitude, X5 = a4 d\ad = cb

4.1.6.2. Sway - Roll Coupling Motion

Same as surge — pitch motion equation, the swajl eaupling motion equation were
also provided by Kashiwagi et al. (2003) as memtibim the book. The equation for sway —

roll coupling motion by refer the force, added masdg damping to the centre of gravity of
the structure is shown as follow.

[_Wz(pv + Azz) + iWBzz]Xz + [_W2A24 + iWB24]X4 = FZ (4.85)

[—W?2A,, + iwBy, X, + [-W2(pVkZ, + Ays) + iwBy, + pgVGMglX,
= F, (4.86)

Wherew is the circular frequency is the fluid densityyV is displacement floating

structure,k,, is radius of gyration in x directiorGMy is distance of centre of gravity to
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centre of transverse direction mome#t, is sway motion amplitudeX, is roll motion
amplitude,F, is sway forcef, is roll momentA;; is added mass ¢fdirection due to motion
ini direction and, j =2, 4,B;; is damping of direction due to motion in i direction wheg
=2, 4.

So, assumptions are made that,

a=-w?(pV + 4,,) + iwB,,

b = —w?4,, + iwB,,

c = —w?(pV + Agy) + iwBs,

d = —w?(pVkZ, + Ass) + iwBss + pgVGM,

After that, the motion amplitude for the sway anll motion can be calculated by the

following equations.

S ti litude, X, = 22— 0Fa 4.87
way motion amplitude, X, = d—ch (4.87)
Roll moti litude, X, = -2 C(dF‘*_bFl) 4.88

oll motion amplitude, s=7 "3\ Ta = (4.88)

4.1.6.3. Heave Motion

The uncoupling heave motion equation given by Kaali et al. (2003) in the book is
presented at equation (4.89). The equation of moteers to the force, added mass and

damping to the structure’s centre of gravity.

Aw X3 AW

_(1 + A33) + iB33 + ﬁ T == ﬁ 3 (4.89)
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Where A5 is added mass of heave motidhy; is damping of heave motioi; is
heave forceX; is heave motion amplitudd,, is water plane are&, is wave numbery is

displacement of floating structure ands wave amplitude.

4.1.6.4. Yaw Motion

Besides, the uncoupling yaw motion equation whi@s wgiven by Kashiwagi et al.
(2003) in the same book is presented at equati®d)4 The equation of yaw motion refers to
the force, added mass and damping to the strustaegitre of gravity.

K,,\* XL A
[_ {(%) + A66} + lB66 T = K_MV/FG (4.90)

WhereAgq is added mass of yaw motioBg, is damping of yaw motiorf, is yaw
moment, X, is yaw motion amplitudek,, is radius of gyration for Z directiork is wave
number,L is length of floating bodyy is displacement of floating structure, ands wave

amplitude.

4.2. Drag Force on an Oscillating Structure in Wave

The adapted quadratic drag force equation can leel o3 estimate the drag force by

considering the effect of fluid in non-steady maticondition. When the fluid particle past

through a structure in a non-steady condition,nim¢ion of fluid particle around the structure

will produce a force component. In this sub-chgpget assume that the structure is a uniform
slender cylinder with diameter equal@p and then the force per unit length calculate tagd

equation can be obtained from the equation belowrtiee and Massie, 2001).

1
dFp(t) = 5 pCpD - u®fu(®)l (4.91)
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Where dF,(t) is the total drag force per unit length,is fluid density,D is the

diameter of pileC, is drag coefficient and(t) is fluid particle velocity.

In equation (4.91), the drag coefficient in equati@.91) can be predicted by
experimental method. The drag coefficient is ideld the frictional drag due to the dynamic
effect of fluid and the disturbance fluid aroundusture surface. If the fluid motion around
the structure is due to oscillatory wave, thenftbe field with respect to time in submerged
structure is in a non-uniform condition. To obt#ie total drag force acted on the structure at
any instant of time by drag equation, the flow edlpalong the length of the structure must
be calculated first and then the total drag foraa be calculated by integrating equation
(4.91) over the total submerged structure lengtherefore, equation (4.91) can be rewritten

as follow to get the total drag force acted ongtnaecture. (Journee and Massie, 2001).

Lo
Fy(t) = f [EpCDD-u(x,t)lu(x,t)I dx (4.92)
x=0

WhereF,(t) is the total drag force at any instant of times fluid density,D is the
diameter of pileC, is drag coefficientu(x,t) is fluid particle velocity at locatiom and at

instant of timef.

To continue, if the structure is free to move asdillate due to the fluid flow, the
calculation must then considers the factors wheeeekerted force by the structure due to the
water particle motion around its wetted surface #mel force to induce the structure to
oscillate. To solve the drag equation for the aaisere structure is free to move in wave, the
drag force acted on the structure is consideredesaby the flow disturbance and the wake

near the structure.

4.2.1. Drag Force Act on an Oscillating Structure in Wave
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The drag force is complicated to evaluate in theecahere the flow is oscillating and the
structure is free to move. This is because thg tyece acted on the structure is due to the
disturbance of structure to fluid particle motiordahe wake near to the structure. Therefore,
both the fluid particle motion and structure motiotust be taken into consideration in
evaluating the drag force as shown in equatior3}4J»urnee and Massie, 2001).

. 1 . .
BX(t) = 5pCpD (11, (8) = X () Jup () = X(®)] (4.93)

Whereb is the damping coefficient (N.s/m), (t) is the time-dependent fluid particle

velocity (m/s) andX (t) is the time-dependent structure velocity (m/s).

There are two available methods to solve equdd®B). First, the relative velocity
approach method can be used to solve the dragiequdn this approach, it is assumed that

the wake near to the structure is dependent ondladive velocity of fluid particle to the
structure velocity(up(t) - X (t)). The drag force acted on the structure is inréhation of

square to the relative velocity between fluid mdetivelocities with respect to the structure
velocity. In this approach, the unknown structuetocity is not able to be separated from the
undisturbed fluid particle velocities when execgtithe drag force acted on the structure.
Therefore, this approach does not allow the tim@eddent drag force to execute separately
without considering the response of the structurBo solve the drag equation by this
approach, simultaneous solution of the differentradtion equation with iterative loop is
required to perform in each time step until appmade result of structure velocity is obtained

in each time step (Journee and Massie, 2001).

Secondly, the drag equation also can be evaluptedbsolute velocity approach. This
approach applies the superposition principle toesthhe drag equation. The structure motion
and the fluid particle motion are treated as tlikependent phenomena in this approach. The
right side of equation (4.93) can be expanded awshin equation (4.94). In this approach, it
iIs assumed that the drag force is the summatidheofvaves force on a stationary structure

which is in the relationship top(t)|up(t)| and the force exerted on the structure motion in
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still water with the relationship 2. In addition, this approach also assumes that the
structure velocity is relatively smaller as compiate the fluid particle velocity and this also
means that the drag force is mostly contributedl’rwup(t)|up(t)| term. Assumption is

made that the relative small magnitude ¥fin the drag equation can be linearized and
moved to the left side of the motion equation. Alnen, the linearized drag force is assumed
as a linear damping and the effect causes theaseref the structure’s damping. In this

approach, the differential motion equation involwbeé nonlinear drag force calculation is

linearized and the wave exciting force acted onsthecture is assumed to have no influence
from the structure motion. Therefore, the exeecutd the structure motion and wave drag
force by this method is simpler and more straigitéod as compared to relative velocity

approach (Journee and Massie, 2001).

. 1 . s
BX(t) = EpCDD{up(zr)|up(zr)| = 2u, (DX + X)X (©)|} (4.94)

4.3. Wave Energy in Regular Wave Condition

The wave energy is formed from the kinetic enerdyct is related to the motion of wave
particle motion and the potential energy which nsrelationship with elevation of wave
amplitude. The total wave energy on the oceanasaris obtained by summing up the

potential energy and kinetic energy.

Assumption is made that wave potential in equa(®®) can be rewritten in two
dimension form and the distance coordinate and tiepeendent term are considered. The real
part of two dimension wave potential in generakdasshown in equation (4.95) (Journee and
Massie, 2001).

_ Gag coshk(h+ 2)
T w coshkh

b, - sin(kx — wt) (4.95)
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Where ¢, is incident wave potentiat, is wave amplitudeh is water deepg is
gravity accelerationw is wave velocity in2r/(Wave Period,T), k is wave number,
2r/(wavelength, 1), x is the horizontal distance from origin,s the vertical distance from

origin, andt is time.

The wave kinetic energy can be obtained by integgahe wave particle velocity in
horizontal plane and vertical plane in the promordl of square over a wavelength and the
length from seabed to sea surface. The equatiokingftic energy is shown as follow

(Journee and Massie, 2001):

1 A rh
KE=—pf f(u2+v'vz)-dz-dx

1 A rh 1 A (0
=—pf f (u? +v'v2)-dz-dx+—pj j (1? + w?)-dz-dx (4.96)
2" Jo Jo 2" Jo Jg

Whereh is water deepp is fluid density,A is wavelength{ is wave elevationy is

horizontal wave particle velocityy is vertical wave patrticle velocity.

In the equation (4.96), the second term is in ayxprate to

A 0 A( 0
1 1
—pf f(u2+v'v2)-dz-dx5—pf f-dz (W2 + w?) - dx
2" J, ¢ 2" J, ¢

A
= —%p(-]; (w? +w?) - dx (4.97)

The equation (4.97) is a nonlinear equation, hedrize the kinetic wave energy
equation, assumption is made that the second gadqoation (4.96) can be ignored.
Therefore, the evaluation of kinetic energy onlguiees the region from seabed to sea surface
in vertical direction. The wave particle velocityhorizontal direction and vertical direction
can be obtained by differentiate the wave potemetipiation (4.95) in the respective direction

as shown below.
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d¢; kg coshk(h+ z)

YT T W T coshkh cos(lex —wt)
B coshk(h+ z) & 0 498
= (W " cos(kx —w (4.98)
. agb, kg sinhk(h+z) I .
WSz T ey cosh kh sin(kx =wt)
B sinhk(h+z) k 0 4.99
= —(,w pE—— sin(kx —w (4.99)
Where kg = —%-
€9 = tanh kh

By ignoring the second part of equation (4.96) mserting equation (4.98) and (4.99)
into equation (4.96), the following equation (4.1@0obtained.

g || [ (e > coster—wo)

sinhk(h+ z
NEPELLGL

2
snhkh sin(kx — Wt)) l ~dz - dx (4.100)

Equation (4.100) is integrated and simplified g trigonometry relationship and
dispersion relationship to estimate wave kinetiergg per unit wave crest length. The
equation obtained can be written as follow:

1
KE = pgli - A (4.101)

On the other hand, the wave potential energy $e abntributed by the change of
wave elevation{. By considering the wave amplitude, the equatibwave potential energy

can be written as follow:

1 A
PE = Ef pg(?-dx (4.102)
0
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Where( is wave elevation] = {, cos(kx — wt), g is gravity acceleratiorny is wave
velocity in 2 /(Wave Period, T), k is wave number2rn/(wave length, 1), x is horizontal

distance from origin, antlis time.

The wave elevation at any distance from the oragid at any time can be calculated
using equatiof = {, cos(kx —wt). By inserting the wave elevation equation intaagpn
(4.102), equation (4.103) is obtained. After thlhg wave potential energy can be evaluated
by integrating equation (4.103) over a wavelength.

1 A
PE = Epg(ﬁ j cos?(kx —wt) - dx (4.103)

0

By solving equation (4.103), the wave potentiadrgy per unit length of wave crest

can be calculated using the equation (4.104).

1
PE = Zpg{é - A (4.104)

Trigonometry relationship applied to simplify e¢joa (4.100) and equation (4.103) is
listed in equation (4.105).

h 1 1
f sinh? k(h + z) -dz = —sinh2kh + = h (4.105a)
0 4k 2
h 1 1
f cosh?k(h + z)-dz = —sinh2kh — = h (4.105b)
0 4k 2
A 1
j sin?(kx — wt) - dx = 5/1 (4.105¢)
0
A 1
f cos?(kx —wt) - dx = EA (4.105d)
0
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As mentioned in the beginning of this sub-chayitggl wave energy,, on the ocean
surface is obtained from the sum of the potentigrgy and kinetic energy. Then, equation
(4.101) and equation (4.104) are combined to estirttee total wave energy per length of

crest which is as shown in equation (4.106).

1 1
Ew = KE +PE = 2pg0i - A+7pg%a "2

1
=5P9% "4 (4.106)

4.4. Dynamic of Rigid Structure and Its Energy Relations

The motion of floating structure is often descrilisda single linear mass-spring system. To
explain the energy and motion relationship, assiompis made that the structure would
experience uncouple harmonic oscillation motiorventical direction. In equation (4.107),
the motion equation describes the vertical motibstaucture with decaying motion in still

water condition without any external force (Jouraed Massie, 2001).
(m+A)7+Bz+Cz=0 (4.107)

Wherem is the mass of structurd,is added mass® is damping( is restoring force,

Z, z andz is the structure vertical acceleration, verticalogity and vertical distance from

origin.

In the equation (4.107), the structure distanoenforigin can be written in following
equation.

Z =z, Sinwt (4.108)

Where,z, is the amplitude of structure vertical motionjs the motion frequency,is

time.
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By differentiate equation (4.108) with respect itmd, motion velocity and motion
acceleration, the motion velocity and motion aceien equations obtained are as shown in
equation (4.109) and equation (4.110).

. dz

Z=—=Ww"Z,coswt (4.109)
dt

,_dz .

i=—= —w? -z, sinwt (4.110)

The motion equation which represents the struatooéion in vertical direction and
still water condition is shown in equation (4.107)From the three terms in the motion
equation, it is shown that the work can be donemiaiss, damping and restoring force
components. To obtain the work done by each coenuoim the oscillation motion, each
component involved in the motion equation can Hegrated over a period of motioi,
(Journee and Massie, 2001).

The work done by mass term in motion equation i ofitime is shown in equation
(4.111).

—z,%(m + A)w?
T

1 T T
?f {(m+ A)-Z}-{z-dt} = f sinwt - coswt - dt
0 0

=0 (4.111)

The work done by the damping term in motion equmatn unit of time is shown in
equation (4.112).

1 (T z,2Bw? (T
—f {B'Z}'{Z'dt}Za—f cos?wt - dt
T Jo T 0

1 2,2
=§BW Zg (4.112)
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The work done by the restoring force term in moteguation in unit of time is as

shown in equation (4.113).

Zg2Cw

T
j sinwt -coswt -dt
0

HT{C-Z}-{z’-dt}=

=0 (4.113)

From the equation (4.111) to equation (4.113) ghown that the mass term and the
restoring force term in the motion equation dodissipate energy in motion. The energy can
only be dissipated from the motion to water and eavessgenerated through damping effect.
Therefore, the energy dissipaig, from the structure motion can be calculated bggrdting
the damping force of structurés z times the distance the structure traveldt and then

divided by motion period' (Journee and Massie, 2001).

1
Eq =B w2z’ (4.114)

In equation (4.114), the dissipate energy evalueted unit of work done per unit of
time. The dissipate energy calculated by equafil4) is also equal to the energy
dissipated to generate radiating wave by the matiofloating structure. This approach to

estimate dissipates energy from motion is suitédrlall six directions of oscillation motion.

4.5. Quadratic Splines for Curve Fitting

The quadratic splines technique is used to defise@nd order quadratic curve for each
interval between two data points. This techniquaul link the two data point using

polynomial equation as shown in equation (4.11%)a{2a and Canale, 2010).

fu(x) = apx? + byx + ¢, (4.115)
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Where a,, b,,, c,, is the constant of the polynomial equation defilgdquadratic

splines techniques is the number of interval between two data points.

From Figure 4.3, if the total interval availabke N, then the total number of data
required is N + 1, therefore, the subscnpt 1, 2, 3, ..., N+1. Besides, equation (4.115) also
shows that three unknowns are required to defiegjtfadratic equation which represents the
curve of the interval. So, a total 8f X N equations must be identified to solve all the

unknowns.

f(x) a;x? + byx + ¢4
f(x) ) f(x,)

a,x% + byx + ¢,

asx® + byx + ¢4

Interval 1 Interval 2 Interval 3
Xl X2 X3 X4
n=1 n=2 n=3 n=4

Figure 4.3: The notation used to define the quadratic spluree

To obtain a total of3 X N equations from the available N + 1 data pointsir fo

conditions is stated in quadratic spline techniques

I. At the data poinh = 2, 3, 4, ..., N, the function of the adjacent palgnials must
be equal. This means that at these data pointstah df two equations can be
obtained at each data point.

An1X + bp_1Xn + Cpg = f(x) (4.116)

X2 + bpxy, + ¢y = f(x) (4.117)
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The first function must pass through the pc('m;,f(xl)) while the last function

must pass through the poity 1, f(xn+1))-
ale + b1x1 + Cl = f(xl) (4.118)

anXf+1 T DN +on = floangr) (4.119)

At the data poinh = 2, 3, 4, ..., N, the first derivatives between fhaction

f'(xn—1) and functionf’(x,,) must be equal.

fa—1(x) = fu(xn)

Where,
fri—l(xi) = Zan—lxn + bn—lxn (4-120)
fa(xy) = 2a,x, + byx, (4.121)

Let the second derivative of the first functiorfiedt data point equal to zero.

2a, =0 (4.122)

By solving the available equations simultaneousiyy unknowna,, b,, ¢, in each

functionf,, (x) are evaluated.

of Floating Structures
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4.6. Huygens Principle for Wave Propagation

According to Renato et al. (2015) and Kagawa (199®) Huygens Principle state that all the
points at the wave front can be considered as ecposition of the secondary source given
rise to spherical wavelet; the new wave front isstdered as an envelope for all the wavelet

from the secondary source as shown in Figure 44~ggure 4.5.

Wave Propagation Direction

Initial Source

Wave Front

Figure 4.4: Prediction of spherical Wave propagation by Huygensciple.

. Secondary Source

3 >(' -
_____ > ¢ ><» >(n o
Initial Source * ’ ><s . A
> > Wave Propagation Direction
"""""""""" > e >(‘ >(n Am—————
* ><s »
[ » ><s
2, G,
Wavelet 2 <‘/

....... . Wave Front
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Figure 4.5: Prediction of Plane Wave propagation by Huygensdile.

Based on the prediction by Huygens Principle,dpleerical wave fronts will remain
as spherical wave fronts even when it propagates/ d&em its initial source point as shown
in Figure 4.4. Similar to the propagation of thene wave fronts as shown in Figure 4.5, the
plane wave fronts still remains as plane wave &aoviten it propagates from its initial source.
Therefore, it is observed that the direction of e/@gvopagation is always in normal direction

to the wave fronts.

4.6.1. Application of Huygens Principle in Generating Oblique Wave

This part of the study assumes that wave is gesekday the paddles type wave generator.
The oblique wave generates and then propagatée iditection of certain angle according to
the normal direction of the wave generator. Thuedition can be achieved by determining
the delay time between the wave paddles. The anhwfutkelay time required between the

neighbouring waves paddled can be calculated usiegequations follow (Frigaard et al.,

1993).

2w sind
A

Where,a is the delay time required between the neighbguniaves paddled,, is the

a=l, (4.123)

length of wave paddl&) is the angle of wave propagation direction witbpect to the normal

direction of the wave generatdrjs wavelength.
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) Wave Crest

Figure 4.6: Predicting of direction of wave propagation bygens Principle.

In Figure 4.6, the wave crest of the obligue wgemerated by wave generator is
predicted by Huygens principle. The generated wanmpagated in the angle &f with
respect to the normal direction of wave generassuming that the wave generator is built
by N number of wave paddles. The wavelet withrtBusR®,, is generated by wave paddles

n and the radiu®,, can be calculated by the equation below.

.a-(n—l)

R, =21
n 21

(4.124)

Also, the energy fluxE: in the generated oblique wave over the total deegjth can

be calculated by the following equation (Frigaardle 1993).
Ef ~ $*W lpest cOS ¥ (4.125)

Where( is the wave amplitudey is the wave speed;,..s; is the length of wave crest,
J is the angle of wave propagation direction withpext to the normal direction of the wave
generator.

The energy fluxEs in equation (4.125) also can be evaluated by esitig) the amount

of energy from the wave generator absorbed by fluigenerate the oblique wave.
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4.7. Bisection Method to Solve the Root of Equation

To apply the bisection method, the interval frarno x, which must consist the value ffx;)
and f (x,) in opposite sign. Bisection method is categoriagedncensement search method.
This method divides the interval into half if theterval consists of the root. This method
assumes that the root is located at the middlet jpbithe subinterval which made the function
to change the sign. The method evaluates the iumetalue at the middle point if the
function changed sign over the interval. This pescis repeated until relative error has
achieved the required percentage. The procedunedhe root by using bisection method is

explained as follow (Chapra and Canale, 2010).

I. Select the lower; and upperc, and then check the selected interval either the

function would change sign.

fla) - flxy) <0 (4.126)

il. Estimate the roof, by obtained the middle point of the interval

X+ xy
X, = >

(4.127)

iii. Search the subinterval which causes the functiamgé sign by following rules.

a. If f(x)-f(x,) <0 then this means the root is lies in the lower riree
Therefore, set the valug = x;.
b. If f(x;)-f(x,) > 0 then this means the root is lies in the upperriale
Therefore, set the valug = x,,.
c. If f(x;) - f(x,) = 0 then this means the root is obtained and equal,tthe

process to find the root has ended.

Iv. Evaluate an approximate percentage relative eggrif the relative error falls

below the minimum error required, then terminate ghocess and assume the root
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is equal tox,.. Else, repeat step ii to step iv. The approxinmeieentage relative

error,e, can be calculated using the equation below.

new old
Xy - Ar

new

x 100% (4.128)

4.8. Fourier Series Linearization

Fourier series linearization is used in the redeé&odinearize the second order drag equation
to calculate the linearized drag force. Based lom method, the expansion of a time
dependent periodic functioR(t) in terms of an infinite sum of sines and cosinaa be
described by Fourier series. The Fourier seriesige a method to simplify an arbitrary
periodic function into a few simple terms so theufier series is able to solve each term
individually and recombine to obtain the solutianthe original equation. Typically, the
Fourier series is represented by the following équgJournee and Massie, 2001).

F(t) =ay+ z [a,, cos(nwt) + b,, sin(nwt)] (4.129)

n=1

WhereF (t) is the periodic function for a time series, is the coefficient and=0, 1,
2, 3, ...,b, is the coefficient and=1, 2, 3, ... nis the integert is time,w is the frequency in
radian,2m /T andT is the period of the function.

Besides, the coefficient, andb,, can be solved by the following equations.

1 T
a, = 7[ F(t)dt
0

. (4.130)
2
a, = ?j F(t) - cos(nwt) dt, whenn > 1
0
2 T
b, = Tf F(t) - sin(nwt) dt (4.131)
0
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The periodic function represented by the Fourieries can be linearized. In
engineering application, the quadratic functionhsas the drag equation which represented in

the periodic series function typically can be veritias in equation (4.132).
F(t) = Acos(nwt) - |cos(nwt)| (4.132)
Equation (4.132) can be linearized by the Fouregies Linearization method so the

linearized force can be used for further studysedgion the Fourier series, the coefficiept

andb,, for the equation (4.132) is listed as follow:

a0=0
_8
% 3w
B 8
37 15x
B 8
% = 1051

a,=0 ifn=246,8,..

b,=0 n=123,..

From the Fourier series linearization method, lihear equivalent value for the
equation (4.132) after linearized should be eqoal;t However, even though the second
coefficient a, is equal to zero, the coefficiemt; still represents the 20% of amplitude
compared to coefficient,. Therefore, it is unavoidable that the signaimssing when
linearization the quadratic function by Fourier isgrlinearization method (Journee and
Massie, 2001).
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4.9. Summary

This chapter discusses the basic theory used ielaj@ng the proposed method. The

diffraction potential theory is discussed in detaid the equations applied in developing the
proposed method is presented in this chapter. dBssthe drag equation, Huygens Principle
and motion dissipate energy concepts are also sieduin this chapter. The presented
concepts in this chapter were used to further imgrie proposed method to estimate the
RAO of floating structure more accurately and ttneate the interaction effect of between

floating structures. The application of the avaldaconcepts to further develop the proposed
method is discussed in Chapter 5.
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Chapter 5

3.0. Advanced Hydrodynamie
Interaction Theories of Floating

Structures

5.1. Diffraction Potential Theory with Drag Equation Correction Method

In theoretical point of view, the diffraction potel theory solves the hydrodynamic
coefficient and force acting on floating structurdrequency domain and this theory is a type
of linear theory. However, the drag equation i@ domain non-linear theory. The drag
equation estimates the wave force acting on ttaifig structure in two dimensional forms.

A research conducted by Harnois et al. (2015)inbththat the diffraction potential
theory is an efficient and established method tgeswave induced motion problem. The
method is quite accurate in obtaining the motiopl#ode of large floating structure because
the wave diffraction effect is quite strong for tlaege structure. However, the diffraction
potential theory is not considered as the viscdiectein the calculation and this causes the
method fail to perform well in predicting the sttuie RAO at damping dominant region.

On the other hand, the drag equation calculatelthg force by includes the viscous
effect due to the interaction between structuregesdesurfaces with fluid. Therefore, in this
research, the drag equation was selected to beigtbdnd was involved in the estimation of
the heave motion of floating structure togetherwdtffraction potential theory in order to
improve the accuracy of the heave RAO of floatitgicture predicted by the proposed
method. This is because the diffraction poterkiabry could not predict the viscous effect in

the calculation and lead to over prediction of lreBAO in damping dominant region.
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5.1.1. Combination of Diffraction Potential Theory with Drag Equation

The general drag equation is discussed in sub-ehd® and written in equation (4.91). The
drag force due to the wave effect on submerge medslculated using drag force equation
as shown in equation (5.1).

1 , . , .
Fp = EPAPTO]'CD|¢Z - Xz|(¢z - Xz) (5.1)

Wherep is fluid densityAp,,; is projected area in Z directiofi, is drag coefficient

in wave particular motion directior,, is velocity of particle motion in Z-direction in
complex form X, is structure velocity in Z-direction.

In order to simplify the calculation, the calcutatiis conducted based on the absolute
velocity approach as presented in Chapter 4.2.lhe floating structure dominant term is
ignored in the calculation because it is assumatl tite fluid particular velocity is much

higher compared to structure velocity. Expansibthe equation (5.1) is shown as follows.

1 1 1 .
Fp = EPAProjCD|¢Z|(¢Z) - EPAProjCD|¢Z|XZ - EF’APrOJ’CD|XZ|¢Z

1 e
+ EPAProjCDllexz (5.2)

By ignoring all the terms consisting sz| the equation (5.2) can be reduced to the

following format.

1 , . 1 .o
Fp = EPAProjCD|¢Z|(¢Z) - EPAProjCD|¢Z|Xz (5.3)

The above equation (5.3) is still highly nonlineeand this is impossible to combine
with the linear analysis based on diffraction ptisdntheory. To enable the drag force to
combine with the diffraction force calculated byfidiction potential theory, the nonlinear
drag term can be expanded in Fourier series. Byuke Fourier series linearization method

as presented in sub-chapter 4.8, equation (5Wjititen in the linear form as follow.
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1

8 , 1 8 .
FD = EPAProjCD % Vmax(¢Z) - EPAPrOjCD ngaxXz (5'4)

WhereV,, ., In equation (5.4) is the magnitude of complexdlparticle velocity in Z
direction. From the equation (5.4), it is summedlizhat the first term is linearize drag force

due to wave and the second term is the viscous idgnigrce due to the drag effect.

According to Sjobris (2012), the linearize teg%Vmax in the equation (5.4) is the

standard result which can be obtained if the wofkfl@ating structure performance at

resonance is assumed equal between nonlinearreeatiied damping term.

Next, the linearized drag equation as shown in egud5.4) and the diffraction term
which is calculated by diffraction potential theasy combined in motion equation. The

modified motion equation is shown in equation (5.5)

) 1 8 .
(m + X, + (bp + 5 PAprojCo 5 Vmax) X, + kX,

1 8 .
= Fp + EpAProjCD ngax(qbZ) (5.5)

Wherem is structure masg;, is restoring forced, by, F, is heave added mass, heave

diffraction damping coefficient and heave diffracti force calculated from diffraction

potential method respectively,%pAPTOjCD%Vmax is the viscous damping,

%pApijD %Vmax(d}z) is the drag force defined from the drag equation.

5.1.2. Solution of Water Particle Velocity to Predict Drag Force

To obtain the drag force contributed to heave nmptihe wave particle velocity in heave
direction must be obtained. This water particldiorocan be estimated from the linear wave
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potential equation. From the theory, the speedaiér particle motion in the Z-direction can
be calculated by using differential wave potentiation in Z-direction.

As mentioned, the drag force calculated by usimgdiag equation is in the function
of time; therefore, the time and space dependewnepatential in the complex form should
be used here. The wave potential in Euler forrfolews.

b(x,y,7) = %e—KzHKRHa (5.6)
Equation (5.6) is expanded and the following equmais obtained.

¢(x,y,z) = %e"{z * [cos(KR) + i sin(KR)] - [cos @ + i sin a] (5.7)
Rearrange the equation (5.7), the simplify equasm®hows in equation (5.8).
d(x,v,2) = %e‘“ - [cos(KR + a) + isin(KR + a)] (5.8)

Differentiate the equation (5.8) to the Z-directiaghe water particle velocity at Z-

direction is shown in equation (5.9).
¢,(x,y,2) = % (—K)e %% . [cos(KR + a) + isin(KR + a)] (5.9)

Since this numerical model is built for deep watemdition, hence based on
dispersion equation, the wave speedin equation (5.9) can be replaced Ky = w? and

rewritten as in equation (5.10).
¢,(x,y,2) = qwe %% - [cos(KR + a) + i sin(KR + a)] (5.10)
Whereas in the equations (5.6) to (5.10)s the wave amplitudeg is the gravity

accelerationw is the wave speed; is wave numberR is the horizontal distance referring to

zero coordinatey is the time dependent variable.
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The horizontal distancé® and the time dependent varialbde¢can be calculated by the

following equation (5.11) and equation (5.12).

R =Kxcosf + Kysinf (5.11)

a=wt+e (5.12)

Where in equation (5.11) and equation (5.]2)is wave heading angle, is the

leading phase of the wave particle velocity atZkdirection and is time.

To calculate the drag forces by using the drag tamuaequation (5.10) can be
modified by the following assumptions.

First, since the drag equation is a two dimensianathod, therefore the wetted

surface area in Z-direction is all projected to lo¢tom of structure.

Second, as mentioned in the previous part, thihodeapplies the absolute velocity
method and the heave motion of model is consideesg small and can be neglected.
Therefore, the change of displacement in Z-direcisoneglected.

From the first and second assumptions, the varmabieequation (5.10) is not affected
by time. The variable is a constant and equal to the draught of the tstreic By ignoring

the time series term, the equation (5.10) can Wwetten in equation (5.13).

¢7(x,y,2) = qwe X% - [Cos(KR) + i Sin(KR)] (5.13)

The above equation (5.13) is used in this resetochalculate the water particle
velocity which is required to estimate the dragcéby using the drag equation as shown in
equation (5.4).
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5.1.3. Execution of Projected Area

As shown in the drag equation, the drag force ¢aled by drag equation is proportional to
the projected area in the desire direction. Ia thsearch, the drag equation is only applied to
improve the heave motion prediction by diffractipotential theory. Therefore, the surface
area of the whole structure should be projecten XatY plane at the bottom of structure.

To obtain the projected area in X-Y plane, thegnation can be made by integrating
from the wetted surface of structure to the noraeadtor of structure. The projected area is

calculated by the equation (5.14).

APT‘Oj = ff n3dSB (514)
SB

In diffraction potential theory, the integrationuagion is solved by constant panel
method. The constant panel method divides theedeturface of floating structure into
number of panels and the total force acting onsthgcture can be obtained by summing up
the force acting on each panel in vector form. $imeilar approach also can be applied to
calculate the projected area and drag force usiagitag equation. Since the information of
each panel such as the unit normal vector of aatre point of panel and surface area of
panel are known and calculated in the part of alifion potential theory, then the same
information is used to estimate the drag force.

The equation (5.4) can be calculated using the Ipdaa generated in diffraction
potential theory where thép,,;($z) = XN-1 3,551 (¢z,) andn is the panel number. The
total force acting on the structure wetted surfeame be calculated by summing up the force

acting on each panel. The numerical solution épragion (5.4) is shown in equation (5.15).
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1 8 - .
Fp = EPCD g Vinax Z n3,nSs,n (¢Z,n)
n=1
1 N
Z'DCD 3T maxXzZ ‘I’l3 nS (5-15)

n=1

WhereV,,,, is the amplitude of complex fluid particle velgcin Z direction,ns ,, is
the area normal vector in Z direction for panelSy, is the area of panei, ¢5z,n is the Z
direction of wave velocity for panel and it is calculated using equation (5.10)is fluid
density,Cj, is drag coefficient in wave particular motion diien.

Besides, the wave velocity potential at each peare be calculated by equation (5.10)

if the centre point position of each panel and waitached angle are known.

5.1.4. Determination of Drag Coefficient

Typically the drag coefficient can be identifiedrin experimental results. In this study, the
drag coefficient is determined based on previoupiecal data. To enable the previous

empirical to be used in this study, the round shalpEG is assumed as a vertical cylinder.

Second, the laminar flow condition is applied ttcakate the drag damping and drag force so
that it is matched with the assumption appliediffrattion potential theory. In this research,

the drag coefficient applied is listed in Table.5The variable L and variable D which need
to select the suitable drag coefficient is showthenFigure 5.1.

Flow Direction

Figure 5.1: Dimension of Vertical Cylinder and flow direction
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Table5.1: Drag CoefficientC,, in the function of L/D (Cengel and Cimbala, 2010)

5 11
0.9
0.9
0.9
1.0

© A N L O

In the Table 5.1, the variabte is the draught of the floating structure and QOhe
diameter of the floating structure. The drag doedht listed in Table 5.1 is only suitable for
vertical cylinder type structure such spar and dosimape FLNG.

5.2. Progressive Radiating Wave Generated by Free Moving Floating
Structure

The radiating wave can be generated by the mofidloating structure. The radiating wave
iIs generated due to dissipation of energy from rtiwion of floating structure. In this
condition, the floating structure is treated asavevgenerator. Due to the complex shape of
the floating structure, the wave generated by thmatihg structure requires detail
consideration on the shape of the wetted surfécéhis sub-chapter, a mathematical model is

proposed to obtain the curve to represent thetiadiwave crest on sea surface.

5.2.1. Curve of Wave Crest for Progressive Radiating Wave

To predict the curve of the radiating wave creisg floating structure is divided into four
quarter in this method as shown in Figure 5.2. progpsed method to predict the curve of
radiating wave crest in this research is applic&meny monohull floating structure.

In Figure 5.2, the general floating structure igided into four segments by two
straight lines. One line connects the forward pagperpendicular to aft-ward point
perpendicular of the structure and another lineneots the port-side to starboard side. Four
planes are created in each quarter of segmenthanigngth of the planes,;, (n = 1 to 4)
can be calculated if the coordinatdsA{0), (OBD), (AA0), (0,BD) are known. Where,

Published by Ocean & Aerospace Research Institudenesia | 5.0. Advanced Hydrodynamic
Interaction Theories of Floating Structures



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

(FA,0) is the most forward coordinate of the structinoen origin coordinate,AA0) is the
most aft-ward coordinate of the structure from iorigoordinate. BD is half breadth of the
structure. Therefore, the length of the plarigs, (n = 1 to 4) can be calculated by equation
(5.16).

(FA.0)
Forward
( lp0,4 lpO,l
(0,-BD) (0,BD)

Water

Plane
lp0,2

lp0,3

(AA,0)

Figure5.2: The label of segment of floating structure in plagw

lpO,l = FAZ + BDZ
lpO,Z = V AAZ + lgl)2
lyos = v AAZ + (—BD)?
lpos = FA% + (—BD)?

(5.16)

Since the floating structure is always symmetrioetween port side and starboard
side, the length of plang, ; = l,o4andl,o, = l03. Besides, the tangent directidh, , of

each planel,, , (n =1 to 4) can be calculated by the equation (5.17)
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Ops1 = tan™?! ( 5 )
pt,1 = tan _FA
0 tan~! ( 5 )
pt2 = tan ~{—=—
’ —AA
. - (—BD) (5.17)

=tan " (——

6 tan~! <_BD)
=tan " (——

In equation (5.17), the angle of tangent directi@s),, calculated is zero at x=0 as
show in Figure 5.3. The angle of the normal dioeGto,, ,, to angle of tangent direction,
Op¢ n is always different by”/z. The normal direction should be pointing outwémaim the
center coordinate. Therefore, the normal directbeach planejp, , can be calculated by

the equation (5.18).

9Pn,1 = 9Pt,1 - (n/z)
Opnz = Ope2 + (n/z)
9Pn,3 = 9Pt,3 - (n/z)
Opna = Opea + (/ 2)

(5.18)

The distance of the segment plahg,, (n = 1 to 4) from origin following the normal
direction of the planedp,, ,, is calculated after the angle of normal planedatiosa is known.
The equation used to estimate the distance ofdgment plane from origin that follows the

normal direction of the plané,,,, (n=1 to 4) is shown in equation (5.19).

lyon,s = BD - sinOpy, 4
lyon,z = BD - sinOp,, ,
lyons = —BD - sinfp;, 5
lyon,a = —BD - sinOpy, 4

(5.19)
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Rotate
Direction

Figure 5.3: Tangent direction and normal direction of eachvs&g plane

The distance of the segment plane from origin ity the normal direction of the
plane can be calculated using the equation (5.48)itawas developed using the geometry
rule as shown in Figure 5.4.

From the Figure 5.4, the angle afb can be calculated by using the the equation
(5.20) and the equation (5.21).

a = T[/z - QPTl,l (520)

b=n-T/y—a=T/—(T/y = Opn1)
= Opns (5.21)
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Using the trigonometry theorem, the equation fetatice,,o,, ,, (N =1 to 4) as shown

in equation (5.19) is obtained.

N \
. B \
\ \
\ \
\ \
\\
\
A Y

l on,1

\\ 12

\

Figure 5.4. Calculation of distance between the segment plamesber one from origin

follows the normal direction

Typically, the wave-front of the radiating wavengeated would take the shape of the
structure generating the wave and the generatec wéways propagates outward in all
directions from the center position of the struetuiThis research assume that the radiating
wave generated by the motion of floating structwaeild propagate outward following the
normal direction of the structure’s wetted surfgeaerating the wave. At the same time, the
crest length of the radiating wave is expandedtualhg the tangent direction of the wave
crest. The generated radiating wave will disappesdter it propagates in a long distance
away from the structure. This is because the amofiwave energy in one wave crest is
always constant and every single unit of wave onestld share the same amount of energy.
When the radiating wave propagates outward fromcter of structure, the wave crest
expands. This means that, the available wave gniergach single unit of length of wave
crest is reduced since the amount of wave energjyeirtotal length of wave crest remain the
same. Therefore, when the radiating wave propadatefrom the structure, the crest length
becomes longer and causes the available radiatawg wnergy obtain by each unit area on
the sea surface to become very small and finallybmignored. This observation is similar

to the radiating wave boundary condition whichxplained at equation (4.7).
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As mentioned, the radiating wave length is assutoethke the shape of floating
structure, progressing outward in normal directbrstructure surface and the wave expands
in tangential direction of wave-front. If the fkray structure is an inverted pyramid shape,
then the generated radiating wave in heave motidrtize pattern of wave crest is assumed as

shown in Figure 5.5.

Wave crest
of radiation
wave
generate by
structure

Water plane
of inverter
pyramid
shape )y
structure

Figure5.5: The radiating wave generated by inverted pyramaps structure

However, the floating structures have more comgleape especially the ship shape
floating structure. Therefore, a mathematical nhéde@epresent the curve of the wave-front
for the radiating wave generated by floating sutestis required. In Chapter Four, the
progressive wave is represented by the wave patenthe wave force acting on the structure
surface can be calculated by integrating the wanterpial over the surface in the normal
direction of the surface as shown in equation (4.7herefore, it is obtained that the wave
force acting on the surface is in the function @irmal direction of structure surface.
According to the equation (4.77), the relationgbghween wave force acting on the structure

with the surface normal direction can be writtenrathe equation (5.22):
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F; « ff ndeB (5.22)
Sp

WhereF; is the wave force in each direction of motipr 1 to 6,n; is the surface

normal vector in each direction of motigrs 1 to 6,5 is the wetted structure surface.

Since the wave force acting on the structure lsted to the surface normal vector,
hence, it is logically accepted that the radiativaye generated by the motion of structure is
also in relationship with the surface normal vectblowever, the surface wave is progressing
outward in horizontal plane, so only surface norwedtor in X-direction and Y-direction is
considered here to predict the curve of the waestfifor radiating wave generated by

structure motion.

Besides, the constant panel method as explainhaptér Four is used to solve the
diffraction potential theory. The constant panetinod divides the wetted structure surface to
a number of panels. Each panel on the wetted cumgpresent a small portion of wetted
surface area. In the Figure 5.2, the floatingcstne is divided into four segments and a
segment plane can be created in each segment nectaihe most forward point or aft-ward
point with the half-breadth point of the structur€o obtain the distribution of area normal
vector on the segment plane, all panels repreggtttim structure wetted surface is projected
to the segment plane as shown in Figure 5.6.

The Figure 5.6 shows the projection of panel rggméng the wetted surface area of
structure to the segment plane. In the figlig, ; is the distance of the segment plane from
center point following the normal direction of tiptane and it is calculated by equation

(5.19).6p,, 1 is the normal direction of the segment plane.
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Coordinate
of the panel

Figure5.6: Parameter required to project the panels of stragurface to segment plane

The position of the panel projected to the segnpane,l,,,,, (m = 1 to Total

number of panelyl) can be evaluated by considering the locatiorhefganel and calculated
by using the equation (5.23) to equation (5.25).

1 Ym

Ompm = tan
pm
xm

(5.23)

Wherey,, is the y coordinate of the pama] x,,, is the x coordinate of the pamal
Inor = lpOn,l ' tan(n/z - HPn,l) (5.24)

lmp,m = lyor + lpOn,l ' tan(an,l - Hmp,m) (5.25)

Repeating from equation (5.23) to equation (5f@bgll panels, the projected position

of each panel to the segment plalyg,,,, (M= 1 to Total number of panel, M) is evaluated.

Published by Ocean & Aerospace Research Institfudenesia | 5.0. Advanced Hydrodynamic 106
Interaction Theories of Floating Structures



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

In the next step, the segment panel is divided amtnumber of strips as shown in
Figure 5.7. Each strip on the segment panel isnasd to have the same function as a paddle

of wave maker which is able to generate wave wherstrip oscillates.

(xst.n+llyst,n+1)

(xst,3ryst,3)

(xst,zr rst,Z)

(Xst,ll rst,l)

Ol'igiq: 0, 0)

Figure5.7: Divide the segment plane intonumber of strips

As shown in the Figure 5.7, tlﬁest,n,yst,n) is the coordinate of the strips on the
segment plane. If the total number of strips isaé¢o N, then the total number of coordinates
available is equal to (N+ 1).

The length of strigy; is depending on the length of the segment pladelanumber
of strip divided. In general, the number of stifyat should be divided is depending on the
complication of hull. More strips are required meake each segment plane for more
complicated hull. The length of the strip at tlegment can be calculated by the equation
(5.26).

I _ lpO,l
st,1 — T

(5.26)

Wherel,,, is the length of the segment plane omés the number of strips in the

segment.
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The coordinate(xst,l,yst,l) can be calculated by the following equation afte

length of strip is known. The variable requirecctdculate the coordinate is shown in Figure
5.8.

] .
iStrlp’.
i n I
( ) ! Water
]
xst,n+1’}st.n+1 i -
:
]
i
. Opt.1
] ! ,
] | ,
Vol v
: ! 6}7 ,/
K
] rd
E ,, (xst,Zl lst,lz ........
i
P ox
:: /’ Strlp 1
"7
+* =
Origint (0, 0)
Jli . (x , )
- st, 1 Jst,1

Figure 5.8: Define the coordinate of strip cut on segment plane

In the Figure 5.8§x anddy are the length of strip in x-direction and y-diten. The
angle of tangent direction of the segment plane 6gg is calculated in equation (5.18). To

obtainéx andéy, the equation (5.31) and equation (5.32) are agpli
Sx2 + 8y? = lg,” (5.27)

By dividing the whole equation (5.27) wiflx? we can obtain,

63’2 lst,lz
l+=3=%5 (5.28)

Where the slope of the plane is,

Published by Ocean & Aerospace Research Institfudenesia | 5.0. Advanced Hydrodynamic 108
Interaction Theories of Floating Structures



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

Sy
m=<-= tan Op ¢ (5.29)

And then, the equation (5.28) can be rewritterollowing form,

2
lst,l

1 2 =
+m %

(5.30)

By rearranging the equation (5.30) and inserting ¢lgquation (5.29) into equation
(5.30), the variableSx and 6y can be calculated in equation (5.31) and equatto82)

respectively.

2

lst,l
0= T anzon, (5:3D)
6y =6x-m = 6x-tanbp, 4 (5.32)

In segment one, the segment plane has the anglegofient plane larger théﬁy{z.

Therefore, the calculatedy in segment 1 should be in negative sign. Afteat,thhe

coordinate of each strip can be calculated by égu#5.33) and (5.34).
Xstn = 0x - (n—1) (5.33)
Ystn = BD + 8y - (n—1) (5.34)

In the equation (5.34), the varial® is the length of half-breadth of the structure.

Since the plane is created to represent the sudhthe floating structure, therefore
each strip on the segment plane should have diffarermal vector in X-direction and Y-
direction according to the normal vector of the gdasn the structure surface project to the

plane. As reminded, the equation to predict tloation of the panel project to the segment
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plane surface is calculated by equation (5.25)sufsng the panel has area normal vector in
X, Y directionn,, , = ¥ni + ¥,j andmis the panel number, the area normal vector of the

strip can be calculated by summing up the normetloreof each panel projected to the strip.

Let the area normal vector of the stnifs (ns,, = Xs¢ I + Vsen j), then the variable

Xs¢n, aNdyg: , can be calculated by the equation (5.35) anddbateon (5.36).

M
Xstn = Z Xm Wheren = 1to Total strip, N (5.35)
m=1
M
Vstn = z Vi Wheren = 1to Total strip, N (5.36)
m=1

Whereas in the equation (5.35) and (5.36)s the number of panel projected to the
stripn andM is the total number of panels projected to théaserof stripn.

As shown in Figure 5.9 (a), the strip is not jethto each other on segment plane due
to the area normal vector of each strip is not saffe make the strip to be jointed to each
other; the strip position is required to be adjdsaecording to its area normal vector and the
area normal vector of another strip near to it.

In the Figure 5.9, it shows the concept to adjuststrip position according to the strip
area normal vector direction so that each strip lsarconnected to each other to form a
continuous line to represent the hull form. Inw& (5.9b), the original coordinate of strip
n,(xst,n, yst,n) is calculated by equation (5.33) and equation4(5.3The new coordinate of
strip n, (st,n, Y¢s,n) can be calculated by finding the intersection pdietween the strip
surface and the strip boundary. The equation loulzde the new coordinate of stipis
shown as follow.

Let the first coordinate ofxys ., yys.) to be the same as the original coordinate of

stripn (X, Ysen ), Where

Xps1 = Xst1 (5.37)
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Yys1 = Vst

(5.38)

( —>) is direction of area

(st.n: ygIJS.n)

> &
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. |
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Figure 5.9: Adjust strip position according to the strip aneamal vector direction

Then, the following coordinate of each strip cam dalculated by following the

equation:

Let the normal direction of strig my,,., be

(5.39)

It is known that multiplication of normal directislope of planemy,, with tangent

direction slope of planemrq,, is equal to -1myy  Mrgng =

—1. Hence, the tangent

direction of slope for strip can be calculated by the equation (5.40).

m _ —1 _ Xstn
Tangn — - =
mNor,n

YSt,n

(5.40)
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Since the original coordinate of stni‘;(xst,n, yst,n) is known, the boundary of each

strip can be calculated by the equation (5.41).

Mgt n = — (5.41)

As mentioned, the new coordinate of stri@st,n, ytps,n) is located at the intersection
point between the strip surface and the strip baondBy using then;g,, , andmg, ,,, two

equations of lines can be formed as follow.
Ysten = MstnXstBn (5.42)
Ystpn = Mrangn-1XstP,n + CstP,n (5'43)

Where lines represented by equation (5.42) andtiequb.43) intersect thep,z , =
Vstbn = Xpsn@NAXgep n = Xsepn = Yysa- The new coordinate of strip(xys ., Yysn) can
be obtained by equation (5.45) and equation (5.44%0, to ensure each strip is connected

between each othefy, can be calculated using the previous known neip sir— 1

coordinate(xys n—1, Vpsn-1)-
Cstpn = Yysn—-1 — Mrangn-1" Xypsn—1 (5.44)

CstPn
Xypsn = . ,n=2to N+1 (5.45)
wsn Mstn — Mrangn-1

Yysn = Mstn " Xy Jifn=2to N+1 (5.46)

Whereas in equation (5.45) and equation (5.46)yén@able N is total number of strip
divided.
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The generated radiating wave will take the shdgaeohull that generate it. Also, the
generated radiating wave propagates outward fatigwhe normal direction of wave front.
At the same time, the length of wave crest is iaseel following the tangent direction of
wave crest as shown in Figure 5.5. Thereforehef shape of wave crest for the generated
radiating wave is known, then the direction of thdiating wave progressing outward can be
easily predicted using the direction of the firgtwe crest generated by the motion of floating
structure.

To obtain the first wave crest of the wave gemeldiy the floating structure, this
research assumes the first wave crest would havéasishape of the hull because the wave is
generated by the motion of structures through tleegy dissipated from the wetted surface of
the structure. Since the strip coordinafegs .., vys.) represents the curve of the structure
hull in two-dimensional plan view can be calculatéte curve fitting technique is applied
here to represent the curve of the hull using ﬁmdjnates(xw,n,yws,n). The fitted curve is
assumed same as the curve of the first wave ckdlsé sadiating wave generated by structure
motion.

In this research, quadratic splines method is iegplto fit the
coordinateést,n, Y¢s,n)- The basic idea about quadratic Splines methogrésented in
Chapter 4.5. In this part, the solution to solke guadratic splines was modified so that a
more direct method to get the variables on theewan be obtained. The curve of the hull
formed to generate the wave is represented byiessarquadratic equations passing through
all the coordinatefxys », ¥ysn») as shown in Figure 5.10. The coordindiegs », vys) is
known and calculated by equation (5.53) and egndbo46). The variable,, b, ¢, can be

defined using the quadratic spline technique.
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anx® +byx + ¢,
(xlps,n+1,)’¢5,n+1)

azx?+ byx + ¢

(X¢5,3!yl/l5,3)
ax2 + byx + ¢,

/
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Figure 5.10: The quadratic equation to represent the curvaehtll surface

According to quadratic spline technique as preskemte Chapter 4.5, the second
derivative at the first point is assumed equal ¢z Also, the first curvef(x) = a;x? +
b,x + ¢, is linked to the coordinatfr, 1, yys1) and coordinatéx,s ., yys.). Therefore,

first curve as shown in Figure 5.10 can be obtaimgdhe equation (5.47) to the equation
(5.49).

a, =0 (5.47)
€1 = Yysa (5.48)
—-c
p, =242 (5.49)
Xys,2

After that, the equation gf(x) = a,x? + b,x + ¢,,, N> 1 can be evaluated by using
the conditions of quadratic spline presented by @hapter 4.5 where the
coordinates{xl,,s,n, yws,n)' n=2,3, 4, .... The first derivatives of the curietersect at the
coordinate must be equal. This means that,

2an_1Xysn + bp_1 = 2apXysn + by = Ky (5.50)
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WhereK,, is the first derivatives of the curves at coorwr(acws,n, yws,n)-

The variablest,,_; andb,,_; must be known before the following variabtesandb,,
can be evaluated. Therefore, the variatlecan be calculated using the valueagf ;and
b,_q.

Kn = Zan_lxlps’n + bn—l (551)

Besides, two more equations can be obtained byerting the

coordinateg xys n, Yypsn )aNd(Xys n1, Yypsn+1) into the equationf (x) = a,x? + byx + ¢y
Yysn = anxlpS,nZ + bnst,n + Cp (5.52)
Yysn+1 = anxl,bs,n+12 + bnxtps,n+1 + Cnt1 (5.53)

By solving the equation (5.51) to equation (5.%8¢ variables ofa,,, b,, ¢, forn> 1
can be evaluated by using the equation (5.54)a@tjuation (5.56)

_ Yysn+1 ~ Vysn + Ky, Xysn — Ky - Xysn+1

(5.54)

" Xypsn12 = 2" Xypsn * Xypsn+1 T Xpsn®
bn =Ky —2-ay" Xysn (5.55)
Cn = Yysn T A xt/)S,nz — Ky - Xysn (5.56)

The equations (5.51), (5.54), (5.55) and (5.56)rapeated until all value of variables
a,, by, c, for each curve is obtained.

As mentioned, the first wave crest would take gshape of the surface of the floating
structure. Therefore, the quadratic curve defiimeglquation (5.54) to equation (5.56) can be
represented by the curve of the first wave crestdiating wave generated by the structure

motion. To obtain the total length of wave cr&g;, the length of wave crest represented by
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each quadratic curvé&s, is summed up. The length of wave crest repredebyeeach

quadratic curve&Xsn can be evaluated by integrating the first dernaatof the quadratic

curve.
XPSn+1 dy 2
S.n = f 14 (—) dx (5.57)
’ . dx
PSn
Where,
dy
Ix 2apx + by, (5.58)

The final solution of equation (5.57) is shown pguation (5.59). The procedure to
solve the equation (5.57) is presented in AppeAdix

1 |Q2ay + b1+ (2a, + b,)?
2a, 2

ScS,n -

Xysn+1

N In|/T+ (2ay, + b)? + (2ay, + by)|

. (5.59)

xt/)S,n

And then, total length of wave creStgrcan be obtained by the equation (5.60)

N
Sest = ) Sesn (5.60)
n=1

Where N is the total number of quadratic curvediagpo represent the wave crest.
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5.2.2. Propagation of Radiating Wave Generated by Floating Structure

Motion

The radiating wave created by the structure motimuld progress outward following the
normal direction of the wave crest which is repnéseé by the quadratic curves. In the Figure
5.11, lets assume one point P is located at thedowde (xp, yp) Somewhere outside the
structure which generate the radiating wave. Tedigt the direction of the radiating wave
and the distance travelled by the radiating wavéorkeit arrived at P, the source
coordinatéxg, ys) which is located at the first wave front must bewn. The coordinate
S (xs,ys) is the source location which the radiating waveegated at the location would pass
throughP. The variableny,, is the normal direction of the wave crest represegioy the
parabolic curve anth;, is the direction oP from S,

anx% +byx + ¢,

P(xp, yp)

Origi

i@
=_
7~~~
S
=)
N

Figure5.11: The direction of wave propagation from the souomation.

As shown in the Figure 5.11, it is obtained that Wave angle of source to coordinate
P must be the same as the normal direction of #nevgenerated at the source so that the
generated wave can arrive at coordirteThis assumption is made based on the Huygens
principle. The Huygens Principle is presented naer 4.6. From the Figure 4.4 and Figure
4.5, it is observed that the progressive wave edriat any location should be in normal

direction to the wavelet which is generated by skeondary wave source. Based on this
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assumption, the location of source which gener#ites wave arrive at poinP can be

evaluated.

Assuming that,
Myor = Mpir (5.61)
Where,

-1 -1

Myor = fl(x) = zanxsz + bn (562)

Yp— Vs
i = 5.63
Mpir Xp — X ( )
Vs = f(xs) = anxsz + bpxs + ¢y (5.64)

Insert the equation (5.62) to equation (5.64) eqaation (5.61), then

1 _Yp— (anxsz + bpXs + Cn)
2a,xs2 + b, Xp — Xg

(5.65)

In equation (5.65), the variableg, b,, c,, xp, yp are known. The only unknown in
the equation (5.65) is variabtg. Rearrange the equation (5.65) by moving all drens to
the left hand side and leave the right hand sideeto to get equation (5.66).

(—2a,2)xs® + (—3apby)xs? + (2anyp — 2anc, — by’ + 1)xg
+ (bpyp — bpcy —xp) =0 (5.66)

In this research, bisection method is applied t@miobthe value ofs. The bisection
method to find the root of the equation is presgrteChapter 4.8. To applied the bisection
method, the upper boundary of the equation is euajs ., and the lower boundary of the
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equation is equal t®,s,. The variabler used in the equation (5.62) to equation (5.6@0es

number of parabolic equation.

Once the value afs is obtained, the value gk can be calculated by using equation
(5.70). After that, the direction of the radiatimgve arrives at the locatid?, 6,,;, and the
distance of locatio® from the sourcé, l,,, can be calculated by the equation (5.67) and the
equation (5.68).

-1
Orqa = tanm -7 (5.67)
lraa = (xP - xS) €0S Orqq + (yP - YS) Sin 6qq (5-68)

To predict the length of wave crest arriving & tbcationP, the curve of the wave-
front at locationP need to be defined. Before the curve of the waest can be defined, the
coordinates of the wave-front representing the €mnust be obtained first. The coordinate of

wave-front curve arrives at locatid? (xd,p,n, yd,p,n) can be evaluated if the coordinate of

source is known.

Let the coordinate of the wave crest at the sobEe€xys ., yysn) and this source

coordinates are evaluated by equation (5.45) an@teon (5.46). Then, the coordinate to
represent the curve of wave-front at locatibonan be calculated by the equation (5.69) to the

equation (5.71).

T .
Oysn = > ifn=1

1 (5.69)
ifn=2to N+1

— tan-1
Oysn = tan 20n_1Xysn? + by

Xypn = Xysn + Lyqq * cOS HlpS,n (5.70)

Yypn = Yysn t lrqa * sin 9¢5,n (5.71)
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Where in the equation (5.69) to equation (5.7is the number of coordinate,
N is the total available quadratic equation to repne¢ the curve of the wave-front at location
P.

After the coordinates representing the wave-frpass through the locatioR are
known, then the parabolic curve representing theeweont at the locatio® can be defined
by using equation (5.47) to equation (5.56). Ttilenlength of the wave crest represented by
each parabolic curve at locatiéh) S.p,, can be calculated with similar method applied to
calculate the length of the first wave crest geteerdy structure motion. The equation to
calculate the length of wave crest at locattois shown in equation (5.72).

1 |Q2ay + b1+ (2a, + by)?
2a, 2

S cPn —

XyPn+1

N In|/T+ (2@, + b)? + (2ay, + by)|

. (5.72)

xt/)P,n

Then, total length of wave cre§prcan be obtained by the equation (5.73).

N
Serr = ) See (5.73)
n=1

If another floating structure arranged nearbyivsded into total number of paneV),
the equation (5.66) to equation (5.73) should beeated forM times to obtain the
information about the distance of the radiating &zgavogressed from the structure generating
the wave to each panel of nearby structure, doeatf radiating wave progressed from the
structure generating the wave to each panel ofoyestructure and the length of wave crest
when the radiating wave progressed from the straagenerating the wave to each panel of

nearby structure.

5.2.3. Amplitude of Radiating Wave Generated by Floating Structure Motion
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In the next step, wave amplitude at locatiboan be evaluated if the length of wave
chest and the wave attack direction are known.Chapter 4.3, it is known that the wave
energy over a crest length is in the function of@vamplitude, wave length, fluid density and
gravity. Since the fluid density and the gravigceleration are always constant, the wave
energy equation as shown in equation (4.106) caewstten in the equation (5.74).

Ey = Cgy - (3 “AScpr (5-74)

By rewritting the equation (5.74), the wave ampulélat any location can be evaluated
by the following equation (5.75).

E
(o= | (5.75)
Cew * A Scpr

Whereas in equation (5.74) and equation (5.E5),is the total wave energy over a
wave crest(y,, is a constant and,, = 1/2 pg, ¢, Is wave amplitude at the location where

wave crest occurg, is the wavelengthypr is the length of the wave crest.

The equation (5.75) is valid if the wave energgried by each single portion of wave
crest is similar. This research assumes thatdtmting wave could be generated by each
direction of structure motion. Total radiating wea¢ the summation of the wave generated
by each direction of motion by superposition theoryo evaluate the radiating wave
generated by the structure in each direction ofianptthe motion direction and wave
propagation direction should be considered. Theeesix conditions applied here to evaluate

wave energy at each segment of wave crest length.

In surge motion and sway motion, the wave gendrdtdows the direction of
structure motion. According to equation (4.125g total radiating wave energy contributed
by the surge motion or sway motion is shared bylémgth of wave crest in the tangent

direction to the motion. Therefore, the wave atode at any location can be evaluated by
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reversing the equation (4.125). Besides, the emuaf4.125) assumes that the wave
amplitude generated is uniform along the wave crsile in this part, it is assumed that the
wave energy is uniform along the wave crest in ¢éanglirection to the structure motion.
Therefore, the wave amplitude generated by theesungtion and sway motion can be
calculated by the equation (5.76) and the equd&ofv).

_ EW,l--cosﬁ o1 £ 76
St = o 7 2(BD ¥ Lgd) iri= (5.76)

_ Ey ;- sind i =2 £ 77
Sai= oA (FA+Ad+ 2L,y 17 G.77)

In heave motion, the dissipated energy by heavieomas assumed to deliver to the
entire wave crest in average. Therefore, the veawglitude at any location can be evaluated

by dividing the total dissipated energy by heaveiomowith the length of wave crest.

{oi = 7 ifi=3 (5.78)
ot Cew * A+ Scpr

Whereas from equation (5.76) to equation (5.83)y is the length of wave crest
generated by the structure motion at locat#oBD is the half breadth length of the structure,
FA is the forward perpendicular point of structukél is aft-ward perpendicular point of
structure, L4 is the distance of locatioR from the source5 Ey,; is the wave energy

dissipated by linear motion irdirection,i =1 to 3.

The radiating wave amplitude generated by rotatiamotions are assumed to generate
from moments acting in two directions where thd robtion is due to the moments in Y
direction and Z direction, pitch motion is due tomrents in X direction and Z direction and
yaw motion is due to moments in X direction andikection. The moments induced by the
rotational motions in each direction can be cakedlaby the equation (5.79) to equation
(5.84).
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Moments induced by roll motion,

N
My, = z Mo 2 (5.79)
n=1
N
Mz, = Z N3n*Yn (5.80)
n=1

N
MX,S = Z nl‘n - ZTL (581)
n=1
N
Mys = z Mg - Xn (5.82)
n=1

Moments induced by yaw motion,

Mo =) n 3 (5:83)
n=1
N
MY,6 = Z nzln " xn (584‘)
n=1

Whereas from equation (5.79) to equation (5.84), n,, andnz, are the area
normal vector of paneal in X direction, Y direction and Z direction respigely, x,, is thex
coordinate of pane, y, is they coordinate of panei, z, is thez coordinate of panei, My ,

is the roll moment due to the Y direction motiavi;, is the roll moment due to the Z
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direction motion,My 5 is the pitch moment due to the X direction motidfy,s is the pitch
moment due to the Z direction motia¥y ¢ is the yaw moment due to the X direction motion,

My ¢ is the yaw moment due to the Y direction motion.

The ratio of roll moment due to the force in Y diien and Z direction can be
calculated by equation (5.85) and equation (5.86).

T Mys+ Mg,
Mz 4
Rt,, =——"— 5.86

WhereRty , is the ratio of roll moment in Y directioRt; 4 is the ratio of roll moment

in Z direction.

The ratio of pitch moment due to the force in Xeditron and Z direction can be
calculated by equation (5.87) and equation (5.88).

Rty = _ Mxs (5.87)
T Mys+ Mys
My s
Rt,e = ——— 5.88

WhereRty 5 is the ratio of pitch moment in X directioRt; s is the ratio of pitch

moment in Z direction.

The ratio of yaw moment due to the force in X di@t and Y direction can be
calculated by equation (5.89) and equation (5.90).
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Rty e = _ Mxe (5.89)
T Mye+ Myg
My ¢
Rtyo=—"1° 5.90

Where Rty ¢ is the ratio of yaw moment in X directioRty ¢ is the ratio of yaw

moment in Y direction.

The wave amplitude at any location due to the madiment in Y direction can be

evaluated by equation (5.91).

Ey 4-sind-Rty,
_ ’ : 5.91
Sav,a JCEW A (FA+AA+ 2l,44) ( )

The wave amplitude at any location due to the madiment in Z direction can be

evaluated by equation (5.92).

_ 1 SCST) ( Yp )
(aZA B \/CEW A \/ﬁ (SCPT BD + lrad (5.92)

Also, the wave amplitude at any location due togheh moment in X direction can

be evaluated by equation (5.93).

Ey 5-cosd-Rtys
= ' ' 5.93
Sax;s \/ Cew * A 2(BD + lyqq) (593)

The wave amplitude at any location due to the pitedment in Z direction can be

evaluated by equation (5.94).
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cST Xp :
_ \/CEW \/f5 CPT F A+ lrad) Yxp 20

Cazs = ST P (5.94)
. .
Ve G (i) e <0

cPT

Also, the wave amplitude at any location due toyd& moment in X direction can be
evaluated by equation (5.95).

cST Xp -
_ \/CEW \/f6 CPT FA + lrad) Yxp 20

{aX,6 x
cST :
\/CEW \/f6 CPT AA + lrad) if xp <0

(5.95)

The wave amplitude at any location due to the yawment in Y direction can be
evaluated by equation (5.96).

Savie = ch: jﬁ ( ;S;) (BD iplm) (5.96)

WhereS ¢ is the length of first wave crest generated bydinecture motionS,pr is
the length of wave crest generated by the struechwiton at locatiorP, y, is the y coordinate
at locationP, BD is the half breadth length of the structufé, is the forward perpendicular
point of structureAA is aft-ward perpendicular point of structutg,;the distance of location

P from the sourcs, f; is the average distribution force caused by thenerd which induces

the rotational motioni (= 3 to 7).

Average distribution forcef; that causes the moment in respective direction to
generate the wave can be evaluated by estimatenghthnge of wave energy over a single
unit crest length in the ratio of moment arm.
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Let the wave energy due to the roll moment in Zedtion, pitch moment in Z
direction, yaw moment in X direction and yaw momamtY direction be calculated by
equation (5.97) to equation (5.100).

0Ewza = fa % 04 (5.97)
0Ewzs = fs % 05 (5.98)
0Ewx,e = f6%96 (5.99)
0Ewye = f7%96 (5.100)

The total wave energy over a total length of wavesicdue to one unit radian of
rotational motion (assuntg = 1,j = 4to 6) can be calculated by summing up the wave

energy in a single unit of length of wave crest.

r

Ewza = Z 0Ewz40Scs = fﬁ;ﬁ 1-dScs (5.101)
r

Ewzs = z 0Ewz;5 " 0Scs = ffs R 1-dScs (5.102)
r

Ewxe = Z 0Ewx,e " 0Scs = ffe R 1-dScs (5.103)
r

Ewy,e = z 0Ewye " 0Scs = ff7 R 1-dScs (5.104)

In general form, letf; be constant, then the change of wave energy in eaithof
wave crest is due to the moment aimhen thef; can be calculated by equation (5.105) to

equation (5.108).
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EWZ,4
fo = 22t (5.105)
fﬁ - 1 " dSCS
EWZ,S
fo = B (5.106)
fﬁ - 1 " dSCS
EWX,6
fo = ——2Xe (5.107)
fﬁ - 1 " dSCS
EWY,6
fr = —— X6 (5.108)
fﬁ - 1 " dSCS

To solve the equation (5.105) to equation (5.138humerical method, the wave crest
length is divided into several unit of small striped then sum up the value of each small
strip of wave crest length multiplied with the diste of the strip from structure centre

position in respective direction of the moment.

_Ewa-Rtz,

fo = =2
"B [f 5]

(5.109)

Wherer orr; is the distance of the wave crest from the ceofestructure in Y

direction,R is the half breadth length of structure.

_ Ews-Rtzs

fs =22
" E[F s

(5.110)

Wherer orr; is the distance of the wave crest from the cenfestructure in X
direction, R is the forward perpendicular point of structure;ifs positive and it is aft-ward

perpendicular point if; is negative.
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_ Ewe-Rtye

= e (5.111)
% [ Ses)]

fe

Wherer orr; is the distance of the wave crest from the cenfestructure in Y

direction,R is the half breadth length of structure.

_ EweRtys

= W (5.112)
5[5 Sesi]

f7

Wherer orr; is the distance of the wave crest from the cenfestructure in Y
direction, R is the forward perpendicular point of structure;ifs positive and it is aft-ward

perpendicular point if; is negative.

Also, from equation (5.109) to equation (5.112);;, is the wave energy dissipated
by rotation motion in i direction, = 4 to 6,S.s or Scs; is the length of wave crest in each

strip.

Finally, the radiating wave amplitude due to tb&tional motion can be calculated by

summing up the wave amplitude due to the dissipatedgy in both directions.

Caa = Cava tSaza (5.113)
Ca5 = Sax,5s + Cazs (5.114)
{a,ﬁ = {aX,G + (aY,6 (5.115)

5.2.4 Potential of Radiating Wave Generated by the Motion of Nearby Structure
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Hydrodynamic interaction occurs when more than foating structure is placed
close to each other in one location. To studyefifiect of radiating wave generated by nearby
structure on the motion of the focus structure, geeerated radiating wave from nearby
structure is considered as an incoming wave pregrggo the focus structure. Let the focus
structure be structufe, the nearby structure generates the radiating wdneze it propagates
to structureP labelled as structur®, then the pattern of radiating wave generatedrogire
Q can be evaluated by using equation(5.16) to equd&d0) and then the direction, wave
propagation distance and the amplitude of the tiadjavave arriving at structuré can be
evaluated using equation (5.61) to equation (5.115)

In Chapter 4.1, the constant panel method is apptiesolve the diffraction potential
problem. The constant panel method divides thecttre into a number of panels and then
the diffracted wave potential on the structure aetsurface can be evaluated by diffraction
potential theory. In this chapter, it is mentionbdt the radiating wave propagated from
nearby structur&) to the focus structurP is treated as extra incident wave acting on the
structureP. To study the diffracted effect of the radiatingve generated by nearby structure
Q, the direction, wave propagation distance andathplitude of the radiating wave arriving
at each panel of focus structi?enust be evaluated before the diffraction potentiabry can
be applied.

In Chapter 4.1, the incident wave is initially tae centre position of the structure
hence the leading phasgegdo not need to be considered as shown in equatidin (However,
the initial radiating wave generated by nearbyditneQ is assumed at the centre position of
structure Q. Therefore, the leading phase whidwshthe time required for the radiating
wave generated by the struct@earriving on structur® must be included in evaluating the
effect of the generated radiating wave on the matiof structurd®. The arrival of potential

wave can be written in the equation (5.116).
¢R,(P,Q)(x: y, Z) — e—Kz+iK(x cos B+ysinB)+ia (5.116)

After expanding the equation above,
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¢R,(P,Q)(x' y, 7) = e~ Kz . giK(xcosB+ysinp) . ,ia (5.117)
By applying Euler’s law,

br,p,0) (%Y, 2)
= e X7 . [cos(Kx cos B + Ky sinB) + i sin(Kx cos B + Ky sin )]
‘[cosa + isina] (5.118)

Expanding the equation (5.118) using the trigortoynkaw, it is obtained that the
wave potential equatiomhg p,g)(x,y,z) is formed by four terms in its equation as shown in
equation (5.119). The equation of incoming radgtivave (5.119) is similar to the solution

of incident wave potential equation (4.30) whichn®t considered as the leading phase of

wave.

¢R,(P,Q)(xr y,7)
e
- [cos(Kx cos B) - cos(Kysin8) - cos a
— sin(Kx cos B) - sin(Kysin8) - cosa
+ sin(Kx cos 8) - cos(Ky sin ) - sina + cos(Kx cos f3)
-sin(Kysin ) - sina
+ i{cos(Kx cos B) - cos(KysinB) - sina
— sin(Kx cos ) - sin(Kysin ) - sina
+ sin(Kx cos 8) - cos(Ky sin 8) - cos @ + cos(Kx cos 8)
-sin(Ky sin ) - cos a}] (5.119)

By applying similar symmetric and anti-symmetricnddgions to obtain equation
(4.31), the incoming radiating wave contributing ttee force acting on X, Y, Z and N

direction can be predicted using the following dopra
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brp,0:5) (% Y, 2)

= Za,j

Z A N . N X X
' {¢R'(P’Q) + l ¢R:(P,Q) + ¢R,(P,Q) + l ¢R,(P‘Q) + ¢R,(P,Q) + l¢R,(P,Q)
+ drpo) T PR} (5.120)

Where,

(pg’(P,Q;j):e‘KZ sin(Kx cos f8)-cos(Ky sin f8)-sina + Y
i e"KZsin(Kx cos B)-cos(Ky sin B)-cos a
¢£,(P,Q;j)=e‘KZ cos(Kx cos B)-sin(Ky sin B)-sina +
i e~KZ cos(Kx cos 8)-sin(Ky sin B)-cos a
(pIZ?’(P‘Q;]-):e‘KZ cos(Kx fos ﬁ)-(cojs/(Ky[sgin B)-cosa + (>121)
i e=KZ cos(Kx cos B)-cos(Ky sin B)-sina
¢£,’,(P,Q;j)=—e‘KZ sin(Kx cos B)-sin(Ky sin 8)-cos a —

i e~KZgin(Kx cos )-sin(Ky sin B)-sina J

Where in equation (5.116) to equation (5.124),, ) is the wave potential due to
radiating wave generated by struct@ecting on the structure, (x, y, z) are the coordinates
of the panel on the wetted surface of strucRIr€ is wave numbergq is the leading phase of
wave potentialgg » o) at the wetted surface of structufe The a needs to consider the
distance required for the radiating wave generatedtructureQ and its propagation to the

wetted surface of structuke

To estimate the diffracted effect of radiating wayenerated by structu@ when it
arrives on structur®, the radiating wave potential on each panel casdbeed with similar
method as incident wave arrives at each panelrottstre surface. In equation (4.32), the
unknown source strength is arranged on the leftl Iszate of the equation, while the unknown
diffracted wave potential and radiating wave pagdmf structureP are arranged on the right-
hand side. To obtain the diffraction force of sttweQ’s radiating wave arriving at structure
P, the equation (4.32) can be modified so that it oatain the diffraction force due to
incident wave ¢, (x,y,z), radiating wave force of structufe and diffraction force due to

radiating wave of structur®, ¢ )(x,y,z) in single step once the unknown at left hand

side of equation (4.32) is solved.
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Aig o Ay $ja Bj1
oo s = (5.122)
Ayi - Anw bjn Bin
Wherej=1 to 6 in radiating case afeD in diffraction case, and,
Apn =21 (5.123)
0
Apm = |=Dimn +{=— Gy (m; n) { AS, (5.124)
' ong
N
Bjm = Z nj(N)[=Smn + {Gw (m; n)}AS, ] in radiating case (5.125)
n=1
B; m = 4m¢;(m) in diffraction case (5.126)
Bj m = 41pg (pg;j)(M)in interaction case (5.127)

Where subscriph is the coordinate of source panel which is locatedtructureP,

subscriptmis the coordinate of respected pamelhich is located at structure

The equation (5.122) to equation (5.126) is simili&gh equation (4.32) to equation
(4.36) where the explanation of the matrix and &qua5.122) to equation (5.126) can be
found at Chapter 4.1.2. In equation (5.127), thiessriptj is representing the direction of
motion of structureQ. Once the matrix equation (5.122) is solved, thdiating wave

potential from structur& acting on each panel of structPeis obtained ay, ., (m).

Then, the interaction wave force acting on stricRidue to the wave generated at structure
Q can be evaluated by equation (5.129).

P> p 0.y (M)
P, = —p%+” (5.128)
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Therefore the wave excitation forces and momentlligix directions of motion can

be obtained by the equation below (Journee and iB|&&301).

Fpioj) =~ ff Pyn;dSg
Sp

= —pw? j f (#3.p.0;) )1 4S5 (5.129)
SB

Where in equation (5.128) and equation (5.129);., jy is the wave force acting on
the structurd® in directioni due to the radiating wave generated by struc@uie the motion
directionj, gb;,(P,Q;]-) is the solved radiating wave potential generatethb motion of floating

structureQ in directionj anddiffracted when it arrives on structuten; is the normal vector
of the wetted surface area of structBreS; is the wetted surface area of structBrgy is the

wave speedy is fluid density

5.2.5. Interaction Wave Force due to Motion Dissipated Energy

The wave force acting on the structiredue to the motion of structui@ is evaluated in
equation (5.129). However, the energy dissipatgedthuctureQ to generate the radiating
wave propagating to structuRecan only be known after the equation (4.32) ivetl To
enable the radiating wave due to motion of stric@racting on structur® to be solved
together with the diffraction effect of incident veapotential, it is easier to assume the energy
dissipated by structui@ to generate radiating wave is one unit beforentbéon of structure

Q is known. In this way, the radiating wave forotireg on the structurB due to the motion

of structureQ based on every single unit of energy dissipatedthyctureQ can be evaluated
together with the effect of incident wave to theistureP using equation (5.122).
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After the equation (5.122) is solved for both stawe P and Q, then the radiating
wave force acting on structuRecan be evaluated directly. The dissipated endugyto the
motion of structure is evaluated using equation (4.114). By assurttiegtotal dissipated
energy from the motion of structu@eis used for generating the radiating wave, theldnoe
of the radiating wave can be evaluated using egug#d.106). After that, the relationship
between the wave amplitude and wave force can laingldl by using equation (4.77).
Hence, the relationship between structure dissipateergy due to damped motion, wave

amplitude and wave force can be summarized asafollo

1 2 2
Eq =By = 5Bw?z, (5.130)
{a X\ Ew (5.131)
Ftpio)) % {a (5.132)

By combining the equation (5.130) to equation 33)1 it can obtain that the
mathematical model gives the relationship betwesnighted energy due to the motion of
structureQ in directionj with the radiating wave force acting on structiréo induce the
motion in direction.

/1
Fipon = C 5 Bw?z,,;* - la (5.133)

Whereas from equation (5.130) to equation (5.1BQ3)is the dissipated wave energy
due to the motion of floating structu®, is the radiating wave energy along a wave cigst,
is the structure damping coefficient in directipnw is wave speedg,; is the motion
amplitude of floating structure in directignd, is the radiating wave amplitude generated by
the motion of floating structuré‘é;f};Q' B is the wave force acting on structi?eo induce the
motion in directioni due to the motion of structu® in directionj moving with motion

amplitudez, in stagen , C is a constant and it is equal to magnitudéigf,, ;, where it
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represents the amplitude of wave force acting nrcgtreP to induce the motion in direction
i due to the motion of structu@in directionj in every single unit of energy dissipated by the
structure Q through its motiow, is the leading phase between the radiating wakee fon

respective to the phase of incident wave potential.

Sn

It is known that the variab pi:0,j) = Famp(COsay + sinay) then the variabl€ and

a can be calculated using equation (5.134) and exquéi.135).
C = |Famp| (5.134)
a=a;—a, —az (5.135)

Whereq, is the phase between the radiating wave forca@ctn focus structure and
the radiating wave generated by the nearby strectliris equal to the phasequ;,’;;Q,j), a,1s

the phase between incident wave arriving on thectreP compareto the nearby structure

Q.

Lets assume the centre coordinate of structires (xp,yp,zp) and the centre
coordinate of structur® is (xq,y9,2q), then the phase, can be calculated by equation
(5.136).

a, = K(xQ - xp) cosf + K(yQ — yp) sinf8 (5.136)

In the equation (5.135), the variablg is the phase between the incident wave
arriving on the structur® and the radiating wave generated by struc@udf the motion of
structureQ is z, ; = z, j(cos 8 + sin8) , then the phase; should be double of the. This
is because the time required for the motion ofcstme to generate the radiating wave is the
same as the time required for the incident waveush the structur® to move. Therefore,

the phaser; can be calculated by equation (5.137).

a;=2-6 (5.137)
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Where the phase of the radiating wave that mustdmsidered is shown in Figure
5.12.

Figure5.12: Leading phase between radiating wave in respetdiuecident wave.

In two structures case, the interaction of botlucstiresP and Q can be shown in
Figure 5.13.

I — P — Q — P — Q — P
I — Q — P — Q — P — Q
Stage 0 Stage 1 Stage 2 Stage 3 Stage 4
(—) is wave propagation direction
| is incident wave
P andQ is lable of floating structures
Figure 5.13: Radiating wave interaction between strucfm@nd structur€

In the Figure 5.13, | is the wave force due toitteedent waveP is the radiating wave

due to motion of structurB andQ is the radiating wave due to motion of struct@e In
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stage 0, the motions of structuPeand structur&) are induced by incident wave. In stage 1,
the motion of structur® is induced by the radiating wave force due tortiwgion of floating

structureQ in stage 0 while the motion of structu@eis induced by the radiating wave force
due to the motion of floating structuRein stage 0. In this method, it is assumed that th
motion of structure in the following stage is dwethe radiating wave generated by the

motion of nearby floating structure in the previstsge.

As mentioned, the wave force inducing the motibfiaating structure in stage 0 only
needs to consider the effect of incident wave amslevaluated by using diffraction potential
theory as presented in Chapter 4.1. From stagsillstagen, the radiating wave force acting
on the structur@® due to the structur®, F/, is the summation of radiating wave due to the

force generated by each direction of motion ofciteQ.

6
Fh, = Z Foioi (5.138a)
j=1
6
Fin = z Fgir) (5:138b)
j=1

After the radiating wave force acting on the dimoeP or Q needed to induce the
motion in direction is known, then the motion of each floating struetun directioni can be
evaluated using the motion equation (4.82) to equnatd.90). After that, the wave force
acting on the floating structure due to the motwdmearby floating structure for stagel
can be evaluated using the equation (5.133). froisess is iterative until the wave force due
to the motion of floating structure in the previcgtage is small enough and assumed to be

ignored.

After that, the total wave force needed to indthee motion of floating structure can
be evaluated by summing up the wave force use@rnergte the motion of floating structure

in every stage by using equation (5.139).
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Flro: = Z Fl, (5.139q)
n=0

Foo= ) FS, (5.139b)
n=0

Where subscript is the direction of motion, superscriptor Q represents the wave
force acting on structur or structureQ, F{r,, is the total wave force due to incident wave
force and total every stage radiating wave foreagon the floating structur@ inducing the
motion in direction, Fl.?Tot is the total wave force due to incident wave faxod total every
stage radiating wave force acting on the floatitngcsureQ inducing the motion in direction
I Fi’;’n is the total wave force due to stageradiating wave force acting on the floating
structureP inducing the motion in direction Fi?n is the total wave force due to stage

radiating wave force acting on the floating struetQ inducing the motion in direction

subscriptn is the number of stage andO is the wave force due to incident wave.

Then apply the motion equation (4.82) to equatid®@) to obtain the motion of
floating structure in each direction due to theerattion effect. To include the interaction
effect, the wave force from the motion equatior823.to equation (4.90) is replaced with the

wave force due to the incident wave and interactvame as shown in equation (5.140).
AGX] + BOXT + KU XT = Fipg, (5.140a)

ALX? + BAX? + KEx? = F2,, (5.140b)
Where subscript andj are the directions of motion, supersciipor Q represents the
wave force acting on structuReor structureQ, F/r,. is the total wave force due to incident
wave force and total every stage radiating waveefaacting on the floating structufe
inducing the motion in direction Fl.?Tot is the total wave force due to incident wave faaned

total every stage radiating wave force acting anftbating structure&) inducing the motion
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in directioni, Afjis the added mass of the floating structarer directioni due to motion in

directionA?j

direction, B{}is the damping coefficient of the floating strueu? for directioni due to

is the added mass of the floating structQrdéor directioni due to motion irj

motion inj direction,Bgis the damping coefficient of the floating struet@ for directioni
due to motion irj direction, K/ is the restoring force of the floating structéréor directioni,
Klis the restoring force of the floating structu@efor directioni, X7, X? and X! are the
acceleration, velocity and displacement of the arof structuréP in directioni, X2, X° and

XL.Q are the acceleration, velocity and displacemetth@imotion of structur® in directioni.

5.3. Summary

In this chapter, the solution to improve the ditran potential theory by using the drag
equation is explained. The consideration takemambine both the theories to form the
proposed method is discussed in this chapter. rAfiat, this chapter also presents the
development of the proposed method to estimatentieeaction effect when two structures
are arranged near to each other. The concepts tasatbévelop the method and the
mathematical models developed from the conceptsalae explained in this chapter. The
calculation procedures by using the proposed meghpthined in this chapter is discussed in
the Chapter Six.
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Chapter 6

6.0. Numerical Solution of
Hydrodynamic of Floating

Structures

6.1. Prediction of the RAO of Single Structure

The diffraction potential theory is an effectivelwgmn to predict the RAO of floating
structure. The diffraction potential theory istable to predict the motion of large structure
because the significant wave diffraction effecp@strayed on large structure. The accuracy
of diffraction potential theory has been testedntgny previous researchers. However, it is
observed that the diffraction potential theory webwver predict the RAO in damping
dominant region. Therefore, this research triesntegrate the diffraction potential theory
with the drag equation to improve the diffractiootgntial theory in predicting the RAO of
floating structure especially in damping dominagion.

The flow chart of proposed method showing the @doce to estimate the RAO of
floating structure using diffraction potential tlmgas shown in Figure 6.1. The Figure 6.1
also shows the modification of the diffraction putal theory with the drag equation. In the
figure, the black colour shape is the originalrdi¢tion potential theory solution steps applied
to predict the motion of floating structure. O thther hand, the red colour shape shows the

modification on the solution of original diffractigpotential method with drag equation.

In Figure 6.1, the flow chart shows the procediarepredict the RAO of floating
structure. The execution starts with the inputhef wave data to the simulation program
developed by using the proposed method. After, thatoffset data and the hydrostatic data

of the floating structure are also required byghgposed simulation program. The proposed
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simulation program will loop for each wavelengtlpum by the user to predict the floating

structure’s RAO in the selected wavelength.

The potential of wave over the structure wettadiase is solved using Green function
numerically as shown in equation (4.21). The equa4.21) consists of two terms that are
required to estimate which are the dipdlg,,, source,S,,, and the Green surface wave,
Gw (P, Q). In step number 4), the proposed simulation @nogwill start with predicting
the dipole and source of pamaldue to the panel using equation (4.40) and equation (4.41).
By using both the equations the source strengtivdsst panem with paneln on wetted
surface is calculated. If the wetted surface masented by N number of panel, then the

process is required to be repeated N times becauser = 1,2,3...Nandn =1,2,3 ... N.
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Figure6.1: The proposed method using diffraction potentiabtly with drag equation

In the next step, step number 5) is conductedddigt the real part of the wave term

using the green function. In this step, the t&y (B, Q;.) and% Gw (P, Q) is predicted
Q

using equation (4.24) and equation (4.25). Whereagon (4.24) is used to predict the real
part of the wave term using three dimension Gregction and the equation (4.25) is the
derivative to the wave term predicted by equata@4). Equations to predict the real part of
the wave term using three dimension Green funcémn shown from equation (4.47) to
equation (4.75).

After that, total number of N equations can beaot®d to represent the wave potential
on N number of panels constructed on the wettefAcaiof the structure using the equation
(4.21). In step number 6), the matrix equatior8Z}#.is constructed by collecting all the
variables to represent the potential on each pgavatrate by equation (4.21). After that, the
matrix equation (4.32) is solved by using Gausdisiiration method using pivoting
technique in step number 7).

After solving the matrix equation (4.32), the \alof radiation wave potential and the
diffraction wave potential on each panel is caltedadirectly from the right-hand side of the
matrix equation (4.32). In the next step, the dduess and damping coefficient is calculated
using equation (4.78) and equation (4.79). The ewéywce acting on the structure is

calculated using equation (4.77).

In step number 9), the drag equation is introduogatedict the drag force and viscous
damping acting on the floating structure. The rodtis presented in Chapter 5.1 and the
detail flow chart for the subroutine is shown imgliie 6.3. The damping based on the drag
equation is predicted using the first term of emum(5.15) and the drag force is predicted
using the second term of equation (5.15). The égation only applies in predicting the
heave motion since the heave motion of structuralsays over predicted by diffraction
potential theory in damping dominate region. Wlolder direction of motion is directly
predicted using the wave force, damping and addaskmalculated by diffraction potential

theory.
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In step number 10), the RAO of structure is caltad. The RAOs of surge, pitch,
sway, roll and yaw motion is predicted using equa{é4.83), equation (4.84), equation (4.87),
equation (4.88) and equation (4.90) respective\s mentioned, the drag equation is only
applied to improve the heave RAO predicted by ddfion potential theory. The combination
of the damping and wave force predicted by dificacpotential theory and drag equation is
shown in equation (5.5). Therefore, in equatioB9% theB,; is the total radiation damping
from diffraction theory and viscous damping fronaglequation. Also the teriy is the total
wave force predicted by diffraction potential the@nd drag equation. Finally, the heave
RAO is predicted by using equation (4.89).

6.2. Prediction of RAO due to Interaction Effect

In this study, the interaction between two floatstguctures is assumed to happen when one
structure generates the radiating wave and propagat nearby structure to increase the
wave force added on the nearby structure. Thexefbrthe wave force due to the wave
generated by the motion of nearby structure is knawen total wave force acting on the
floating structure can be estimated by summinghgowave force due to the incident wave
and interaction radiating wave propagated fromniarby structure to the influence structure
by using superposition technique. The programnflog chart to show the procedure
applied to predict the RAO of floating structureimteraction phenomena is shown in Figure
6.2.
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Figure 6.2: The proposed method to predict RAO of floatingisture on interaction case

In the Figure 6.2, the black colour shape is thgimal diffraction potential theory
calculation solutions applied to predict the motanfloating structure. It is similar to the
procedure applied to predict the RAO of floatingusture in single structure cases. On the
other hand, the red colour shape shows the motidic@an the original diffraction potential
solution so it is able to predict the RAO of floggistructure due to interaction with another
structure. In the Figure 5.2, the mathematical ehdebm task number 1) until task number
9) are similar to the mathematical model used t&diot the RAO of single structure by
diffraction potential theory, presented in Chajdr.

There are a few tasks added into the original dodenable the single structure
diffraction potential theory solution to estimateetinteraction effect between two floating
structures. The tasks added are from task 10) tasi 13). In task number 10), a subroutine
used to estimate the radiating wave generated dwnearby floating structure propagating to
the influence structure is included in the caldaolat The mathematical model used in task
number 10) is presented in Chapter 5.2, equatiol6)=until equation (5.115). From the
equations, the arrival of the radiation wave geteerdy nearby structure on each panel of
influence structure is estimated in propose to fdrenmatrix equation (5.122) using equation
(5.127). At this moment, the dissipated energynfrihie nearby structure will still remain
unknown. So the amplitude of wave generated byntimdion of nearby structure is in
function of unit of energy dissipated by the motamfnstructure in this stage. The flow chart
of proposed method to estimate the propagatedtiaizvave generated by nearby structure
Is shown in Figure 6.4. In the matrix equationlg2), the left hand side variables are
identified by using Green function which is simitarthe mathematical model used to predict
the left hand side variables of matrix equatior82). At the right hand side of the matrix
equation (5.122), they are calculated by using egu#5.125), equation (5.126) and equation
(5.127) where the equation of (5.125) to equatiwiq7) are targeted to find the radiating
wave potential of the influence structure, diffettwave potential of the influence structure

and the interaction wave potential of the influestrecture.

In task number 8), the wave force due to the radjatvave generated by nearby
structure is calculated by using equation (5.12@rdhe matrix equation (5.122) is solved.
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After that, the same process is required to ref@agnother structure as shown in task
number 11). In task number 12), all calculated evéarces, damping and added mass in
every selected wavelength are recorded and savedifile which will be used for future

task.

Task number 13) shown in Figure 6.2 is conductedr ahe damping of both
structures, added mass of both structures, wawe fet on both structures due to the incident
wave and interaction effect are calculated. Intdsk number 13), the motion of floating
structure due to the incident wave and wave gee@ray nearby structure are calculated by
using the motion equation as shown in equation3j4.8quation (4.84), equation (4.87),
equation (4.88), equation (4.89) and equation {4.9be dissipated energy due to the motion
of floating structure is calculated using equat{ériL30). And then, amount of wave force
acting on the influence structure due to the motibnearby structure can be calculated using
equation (5.133). By summing up the wave forcetdube incident wave and the wave force
due to the radiating wave generated by nearbytsteién superposition technique, the total
wave force due to the interaction is obtained. détil of the task number 13) is presented

in Figure 6.5.

6.3. Estimation of Viscous Damping and Drag Force

The viscous damping and the drag force acting erfldating structure are calculated using
the drag equation. The proposed method basedeodrég equation was developed in this
research so the execution can involve the visctiaste The flow chart of proposed method
for executing the viscous damping and drag foraha@vn in Figure 6.3.
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(A)
Drags force and
viscous damping

/ 1) Select drag coefficient /

2) Predict the speed of water particle on each paI'leI

3) Estimate Drag force by Drag Equation

4) Estimate viscous damping by Drag equation

Exit the Subroutine

Figure 6.3: Prediction of damping and drag force using dragaéqn

The procedure to estimate the viscous dampingleel force is shown in Figure 6.3.
In this research, improvement of heave RAO preditig diffraction potential theory is only
conducted on the round shape FLNG. In task nurbipethe drag coefficient for the round
shape FLNG is selected from Table 5.1. The rdtidiameter to draught for the round shape
FLNG is calculated using the structure data pravibethe simulation program.

In task number 2), the Z-direction of water paetispeed on each panel is calculated
using the equation (5.13). Since the area of pandlarea normal vector of the panel are
known, then the drag force acting on the strudsicalculated using the first term of equation
(5.15) directly. And then, in task number 4), h&cous damping predicted by using the drag

Published by Ocean & Aerospace Research Institudenesia | 6.0. Numerical Solution of 149
Hydrodynamic of Floating Structures



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

equation is calculated using the second term oatou (5.15). In the equation (5.15), the
total drag force and damping acting on the rourapshFLNG is calculated by summing up

the drag force and damping acting on each partbkawetted surface.

6.4. Prediction of the Propagation of Radiating Wave Generated by
Structure Motion

To predict the wave force due to the wave generhyethe motion of nearby structure, the
propagation direction of the radiation wave geregtdty motion is required to be predicted
first. The procedure to predict the radiation wayenerated by the nearby structure

propagating to the influence structure is showRigure 6.4.

In this study, interaction involves two floatingstures which are round shape FLNG
and tanker ship. In task number 1), the globakdination of both structures are selected to
be used in this calculation. In task number 2),fttst wave crest generated by the motion of
floating structure is predicted and representedjbgdratic equation (5.52). The variables
a,, by, ¢, which determine the curve of the quadratic equafto52) are calculated using the
equation (5.54) to equation (5.56).

After that, the information about the wave gereddby the nearby structure arriving
on each panel of the influence structure can stdoe predicted as shown in task number 3).
In this task, the dissipated energy due to the onotf nearby floating structure in each
direction is assumed as one unit. The wave angd@itf the wave generated by motion of
nearby structure in each direction of motion angvon the influence structure is calculated
using the equation (5.76) to equation (5.78) anghegn (5.113) to equation (5.115). The
direction of the radiating wave generated by motannearby structure arriving on the
influence structure is calculated using equatiof{pand the distance of the wave propagated

from the hull generates wave to the influence $tmécis calculated using the equation (5.68).
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Figure 6.4: The flow chart of proposed method to predict theppgation wave generated by

structure motion

In task number 4), the potential of the wave gateel by motion of nearby structure
arriving on the influence structure is calculatesing the equation (5.120) and equation
(5.121). Since floating structure is allowed towaan six directions, a total of six interaction
wave potentials are obtained in this task. Thie@,predicted interaction wave potentials are
inserted into the right hand side of matrix equat{6.122) so the interaction wave forces

acting on the influence structure are calculated.
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The task number 5) is proposed to output the piadesf radiating wave generated by
motion of nearby structure arriving on the influenstructure. This data is later used to

calculate the drag force and viscous damping ddieetanteraction wave.

6.5. Prediction of the Interaction Wave Force

After the added mass, damping coefficient and wawee due to the incident wave for both
structures are calculated, the wave force duedantieraction between two floating structures

can be predicted. The flow chart to predict tteriction wave force is shown in Figure 6.5.

Added mass, damping, wave force due to incidemewaave force due to the wave
generated by motion of nearby structure in the oih@nergy dissipated is solved by using the
proposed method developed based on diffractionntiateheory. The viscous damping and
drag force due to the incident wave are solvedguie drag equation. In task number 1) in
this subroutine, data required to form the motiqoagion is transferred from the solution of
diffraction potential theory to this subroutine.

In task number 3), the RAO due the incident wevealculated using the motion
equation. The RAO of surge, pitch, sway, roll,\veeand yaw are calculated using equation
(4.83), equation (4.84), equation (4.87), equa®B8), equation (4.89) and equation (4.90)
respectively. After the RAO of the floating struits are estimated, the energy dissipated by
the floating structures to generate the radiatimgenvis estimated using the equation (5.130).
In task number 5), the interaction wave force acbn the influence floating structure due to
the interaction wave generated by the nearby streicin each direction of motion is
calculated using equation (5.133). The total whwee to cause the motion of influence

structure in each direction is calculated usingagign (5.138).
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Figure 6.5: Programing flow chart to predict the propagatioaves generated by structure
motion

In task number 6), the radiating wave amplitudeegated by the motion of nearby
structure arriving on the influence structure isdicted by using the equation (5.131). The
equation (5.131) gives the relationship betweenatage amplitude and the dissipated energy
of the structure motion. The amplitude of the atidg wave generated by the motion of
nearby structure due to one unit of the energyighssd by the structure motion is calculated
in Chapter 6.4. The interaction wave amplitudevarg on the influence structure is calculate
by multiplying the amplitude of radiating wave dieeone unit of energy dissipated by the
structure (Explain in Chapter 6.4) with the squaret of the dissipated energy due to the

structure motion (Equation 5.130).

Task number 7) is conducted after the amplitudmtefaction wave arriving on each
panel is estimated. By knowing the amplitude efititeraction wave, speed of water particle
motion in Z-direction can be calculated using emume{5.10) and then the viscous damping
and the drag force acting on the structure is ptediusing the drag equation. The output

from task number 7) is the viscous damping and tege due to the interaction wave.

In task number 8), the damping and wave force @eecby the diffraction potential
theory and drag equation are summed up. Thersttheture motion due to the interaction
wave force is calculated using the motion equatiotdp to this step, the motion of the

floating structure predicted is due to the intamactvave force in first stage.

After that, task number 9) is conducted using ¢hjeation (5.130) to calculate the
dissipated energy due the structure motion indumgefirst stage of interaction wave. If the
dissipated energy due to the structure motion iaduxy this stage of interaction wave cannot
be negligible, then task number 5) to task numbear® repeated to predict the interaction
wave force in the next step. The wave force usdtie repeated calculation is the interaction
wave force of previous stage. The calculation @ssds repeated until the dissipated energy

in the stage of interaction is negligible.
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In task number 11), the wave force due to thedemi wave and the wave force due to
the interaction wave in each stage is summed uetheg by superposition principle. The
equation used to calculate the total wave forcgh@wvn in equation (5.139). In task number
12), the motion equation for each direction of motis used to calculate the RAO of the
floating structure due to the interaction with rmastructure. To calculate the RAO due to
interaction, the total wave force estimated in taskber 11) is used in the calculation of task
number 12). After that the same process is regdatehe other wavelength (task number 2)

until the RAO for all the selected wavelengths @leulated.

6.6. Numerical Setup for the proposed method

The proposed method was developed to predict thé® FA floating structure. The
procedures to execute the RAO of single floatimgcstire system are shown in Figure 6.1.
The original programming code for diffraction pdiehtheory is modified to predict the
RAO in interaction condition as shown in Figure.6I8 this research, the programming code
is written in programming language visual-basic @0IThe interface of the self-developed
programming code is shown in Appendix B. In thesaarch, two floating structures are
selected to be simulated by the proposed metholde sklected models are round shape
FLNG and the KVLCC2 model’s shuttle tanker. Thed®loparticular for both models are
listed in Table 3.1 and Table 3.2.

In this research, the numerical simulation datasiogle structure system and two
floating structures interaction system were gemerdty using the self-developed proposed
method based on the diffraction potential theoryl ahffraction potential theory with
improvement on heave motion prediction by drag 8gna The numerical method apply
constant panel method to compute the wave forcegacn the floating structure. The
constant panel method divides the structure wettethce into a number of panels so that
each panel is representing a small amount of ardhewetted surface of the structure. The
wave potential on each panel is solved using tleefunction which is presented in Chapter

Four. After that, the total wave force acting dre tfloating structure is calculated by
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summing up the wave force acting on each paneltearied on the wetted surface of floating

structure.

In this research, the self-developed programmadgdor proposed method used 3370
panels for round shape FLNG and 3672 panels for BR2 shuttle tanker to compute RAO
of floating structure either in single structuratgm or in interaction system. The numbers of
panels for both the structures were decided froengitd independent study. Based on the
grid independent study, it is found that the peakiom response value of the structures would
not have much change if the number of panels fdh Istructures used in the research is
increased. The self-developed programming codeirfoposed method only constructs the
panel on the wetted surface because only the wstiddce is affected by the wave effect.
The mesh of both floating structures used in thecation is shown in Figure 6.6 and Figure
6.7.

Figure 6.6: Mesh of round shape FLNG applied in the predictbbthe RAO by using self-

developed programming code
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Figure 6.7: Mesh of KVLCC2 tanker ship applied in the prediatiof the RAO by using self-

developed programming code

As presented in Chapter One, the research als@gedpo study the effect of existing
of nearby floating structure on the motion of rowsthpe FLNG. To simulate the RAO of
round shape FLNG in interaction cases, same anaunesh for the condition when FLNG
is alone and when FLNG is interacting with KVLCC2 used in the computation. The
arrangement of structures and the mesh in compthiedrRAO in interaction cases is shown

in Figure 6.8.
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Figure 6.8: Mesh of round shape FLNG and KVLCC2 tanker shipliad in the prediction of
the RAO by using self-developed programming code.

The diffraction potential theory calculates the RADfloating structure in regular
wave condition. The wave amplitude used in theufation is settled to 1 unit for any
condition. The execution is repeated to obtainRA® data of the structure in selected range
of wavelength. According to Det Norske Veritas l)Necommended practice published in
year 2011, the computations are normally perforfoedt least 30 frequencies for a motion
analysis conducted in the frequency domain. Bssitle guideline is also recommended to
increase the number of computation if the motiordsural frequency is lies within the wave
spectral frequency range. To detect the peak nsgpof the RAO, the wavelength spacing
used for computations was selected through itergirecess. Where the selected wavelength
spacing use for the computations should able tectiehagnitude of peak motion response
similar with the magnitude of peak motion respodstect by the computations using finer
wavelength spacing. In this research, total 188elengths were selected to be executed by
the proposed method so the RAO tendencies canolteghl The selected list of wavelengths
Is shown in Table 6.1.

Table 6.1: Selected wavelength used to simulate by selfidpeel programing code

List 1: Selected Wavelength)(
Scale | Seale | MPruc | S | Sele | MO [ Schie | sege | MPene

(m) (m) (m/m) (m) (m) (m/m) (m) (m) (m/m)
0.5 55 0.491 1.7 187 1.670 *3.060| 336.62 3.00¢

0.6 66 0.589 1.8 198 1.768 3.1 341 3.045

0.7 77 0.688 *1.889| 207.81 1.85¢ 3.2 352 3.143
*0.765 84.15 0.751 1.9 209 1.866 3.3 363 3.242
0.8 88 0.786 2 220 1.965 3.4 374 3.34(

0.9 99 0.884 2.1 231 2.063 35 385 3.438
*0.999 | 109.91 0.98] 2.2 242 2.161] *3.513| 386.42 3.451
1 110 0.982 *2.248 | 247.31 2.208 3.6 396 3.536

11 121 1.081 2.3 253 2.259 3.7 407 3.635

1.2 132 1.179 2.4 264 2.358 3.8 418 3.733
*1.264 | 139.12 1.247 25 275 2.456 3.9 429 3.831
1.3 143 1.277 2.6 286 2.554 *3.997| 439.67 3.92¢

14 154 1.375 2.7 297 2.652 4 440 3.929
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1.5 165 1.473 2.8 308 2.75( 4.1 451 4.028
*1.561 | 171.74 1.53! 2.9 319 2.849 4.2 462 4.126
1.6 176 1.572 3 330 2.947 4.3 473 4.224
List 2: Selected Wavelength)(
Scale | Seale | “P | Seale | Scale  [“Drine | Sgale | FUll Scale | MDruns
(m) (m) (m/m) (m) (m) (m/m) (m) (m) (m/m)
4.4 484 4322 *7.557 831.23 7.428 10.8 118§ 10.609
4.5 495 4.420 7.6 836 7.466 10.9 1199 10.707
*4.5122 | 496.34|  4.432 7.7 847 7.564 11 1210 10.806
4.6 506 4.519 7.8 858 7.66% 11.1 1221 10.904
4.7 517 4.617 7.9 869 7.760 11.2 1232 11.002
4.8 528 4.715 8 880 7.85 11.3 1243 11.1p0
4.9 539 4.813 8.1 891 7.95¢ 11.4 1254 11.198
5 550 4.912 8.2 902 8.05" 11.5 1265 11.297
*5.057 | 556.45| 4.968 8.3 913 8.158 11.6 1276 11.395
5.1 561 5.010 8.4 924 8.251 11.7 1287 11.493
5.2 572 5.108| *8.444 928.85 8.295 11.8 129§ 11.591
5.3 583 5.206 8.5 935 8.350 11.9 1309 11.690
5.4 594 5.305 8.6 946 8.448 12 1320 11.788
5.5 605 5.403 8.7 957 8.546 12.1 1331 11.886
5.6 616 5.501 8.8 968 8.644 12.2 1342 11.984
5.7 627 5.599 8.9 979 8.748 12.3 1353 12.083
5.8 638 5.697 9 990 8.84 12.4 1364 12.181
5.9 649 5.796 9.1 1001 8.93p 12.5 1375 12.279
6 660 5.894 9.2 1012 9.037 12.4 1386 12.377
6.1 671 5.992 9.3 1023 9.13p 12.7 1397 12.475
6.2 682 6.090 9.4 1034 9.23# 12.8 1408 12.574
*6.245 | 686.97 6.135 9.5 1045 9.33p 12.9 1419 12.672
6.3 693 6.189 9.6 1056 9.43D 13 1430 12.7)70
6.4 704 6.287 9.7 1067 9.528 13.2 1452 12.967
6.5 715 6.385| *0.758 1073.40 9.585 13.4 1474 13.163
6.6 726 6.483 9.8 1078 9.62f 13.6 1496 13.360
6.7 737 6.582 9.9 1089 9.72p 13.§ 1518 13.556
6.8 748 6.680 10 1100 0.828 14 1540 13.752
6.9 759 6.778] 10.1 1111 9.921L 14.2 1562 13.949
7 770 6.876| 10.2 1122 | 10.020 144 1584 14.145
7.1 781 6.974| 103 1133| 10.118 146 160¢ 14.342
7.2 792 7.073] 10.4 1144| 10216  14.8 1628 14.538
7.3 803 7.171) 105 1155| 10.314 15 1650 14.735
7.4 814 7.269] 106 1166| 10.413 152 1672 14.931
75 825 7.367) 107 1177 10511 154 1694 15.128
MDrengls ratio of wavelength to the diameter of roundpghBLNG
* is the selected wavelength for conduct the moégperiment test
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** wave amplitude used in the simulation is 1 meter

6.7. Numerical Setup for ANSYS AQWA

This study also generates the comparative datg esimmercial software ANSYS AQWA to
compare the RAO of round shape FLNG calculatediffgrdnt numerical software. In this
research, only the hydrodynamic diffraction numarimodel of ANSYS-AQWA is used to
calculate the RAO of round shape FLNG. In genetta¢, hydrodynamic diffraction of
ANSYS AQWA predicts the RAO of the floating struatubased on diffraction potential
theory. The basic mathematical model used by tINSYS AQWA is similar to the
mathematical model used to develop the proposedhiadet ANSYS AQWA also applies
panel method to compute the wave force acting erflttating structure and use the computed
wave force to predict the RAO of floating structure

To simulate the RAO of round shape FLNG when ihaland when it interacting with
KVLCC2 shuttle tanker, the particular of the rousistape FLNG and KVLCC2 model as
shows in the Table 3.1 and Table 3.2 were usedthignresearch, the round shape FLNG
model was designed using AutoCAD software thenirtiege file of the structure is exported
in .iges file type before it is imported to ANSYS)RVA. The mesh used in the computation
by ANSYS AQWA was generated by the ANSYS Design Bled The number of panels
used in the computation by ANSYS AQWA for round ghaFLNG is 3680 on whole
structure surface and 1948 panel on wetted surfabe. amount of panel used for KVLCC2
ship is 2461 on whole structure surface and 213tlgaon wetted surface. The number of
mesh used to simulate the hydrodynamic charadgteridt the structures using ANSYS
AQWA was check by grid independent study. Fromghaly, it is found that increase the
number of mesh compare to the number of mesh us#us research would not causes the
significant change to the peak motion responseevalufloating structure.  Besides that,
same simulation setting in the ANSYS AQWA for thendition when FLNG is alone and
when FLNG is interacting with KVLCC2 was used i tbomputation simulate the RAO of
round shape FLNG in interaction cases,. The saroplenesh constructed by ANSYS

software is shown in Appendix C.
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In addition, the range of wavelengths simulatéAby5YS AQWA is from 39 meter to
2498 meter in full scale where it is 0.36 meteR2071 meter after converted to model scale.
The total number of wavelengths selected from #mge is 40. The same condition is applied
to simulate for the condition when the round shigpRG is alone and the round shape FLNG
is interacting with the KVLCC2 tanker ship.

6.8. Summary

This chapter presents the programming flow chasirtaulate the RAO of floating structure.

The equations applied in each task of numericalprdation are stated in this chapter to
explain the execution step of the proposed methdter that, the input data required to insert
into the numerical software before the simulatian de performed is presented. The
developed proposed method presented in this chapterquired to be validated by using

experiment test. The setup of the experiment iegiresented in Chapter Seven. The
comparison of RAO predicted by the developed pregosethod and experiment test is

presented in Chapter Eight.
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Chapter 7

(.0. Experiment on Hydrodynamie
Interaction of FPSO-Shuttle
Tanker

This chapter is proposed to present the motiormx@nt conducted in this research,
generating a comparative result in order to vadidae proposed method. The experiments
were conducted for the cases where round shape RkNddne in the wave tank and round
shape FLNG is interacting with KVLCC2 tanker shin interaction study, the models of
both floating structures were arranged in two gsekkdistances. Photos for the experiment
test are presented in Appendix D. Besides, thegpit also present the procedures to analyse
the experimental result so that the RAO of floatstguctures can be obtained from the

experimental test.

7.1. Models Selection and Design

In this research, the full size models were scédethodels size with the scale ratio of 1 to
110. To conduct the cases study in this reseanahfloating structures were selected. One
of the objective in this research is to study tlgdrbdynamic behaviour of new generation
round shape FLNG. The round shape FLNG is selentdds research because the available
published literature about the hydrodynamic behavfor this FLNG is limited. The round
shape floating structure was introduced by SavenndaASA and the first unit of the round
shape floating structure designed by the compargptomence operations is name as Sevan
300 in year 2007. Currently, the Sevan 300 is atper by Petrobras S.A. on the Piranema
field where the water depth of the location is 11h@&ers (Saven Marine, 2016a). To design
the round shape FLNG in this research, the modticpkar was referred to the largest round
shape floating structure which success develope®dxan Marine ASA, which named as
Sevan 1000 (Saven Marine, 2016b). The Sevan 108@elrhas been modified in this
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research so the round shape FLNG in this reseaashahlarger displacement compare to
Saven 1000 in full scale. The model particulartfa round shape FLNG used in the research

is presented in Table.7.1.

Table.7.1: Model particular for round shape FLNG

Symbol M odel Full scale
Diameter (m) 1.018 111.98
Depth (m) 0.4401 48.41
Draught(m) 0.2901 31.91
Free board (m) 0.150 16.5
Displacement () 0.2361 314249
Water plane Area (f 0.814 9849
KG (m) 0.225 24.8
GM (m) 0.069 7.6
Kxx (M) 0.268 29.48
Kyy (M) 0.268 29.48
Kz (M) 0.360 39.60
CB 0.785

CwW 0.785

Besides, the shuttle tanker was selected in tlasareh to generate the interaction
effect to the round shape FLNG. The shuttle taskézcted in this research is KVLCC2 ship
model. The KVLCC2 ship model was selected in tieisearch because the model has the
displacement closer to the round shape FLNG. mfw@rmation of the KVLCC2 model used
in this research was referred to SIMMAN 2014 worgsland National Maritime Research
Institute, Japan (NMRI). The SIMMAN 2014 and NMRIere provided all the required
information about the KVLCC2 tanker ship such as thodel particular, offset data and
operation condition and the model IGES file whielquired to run the simulation in ANSYS
AQWA software (SIMMAN, 2014; NMRI, 2016). The mddearticular for the KVLCC2
model used in the research is presented in Table.7.
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Table.7.2: Model particular for KVLCC2

Symbol Model | Full scale
Length between perpendicular (m 2.9091 320
Water line length (m) 2.9591 325.5
Breadth (m) 0.5273 58
Depth (m) 0.2727 30
Draught (m) 0.1891 20.8
Displacement (r) 0.2349| 312677
Water Plane Area (h 1.3843| 16750
CB 0.8098

Cw 0.9

LCB (m), fwd+ 0.1012 11.136
LCG (m), fwd+ 0.1012 11.136
KG (m) 0.138 15.18
GM+t (m) 0.0272 2.992
GM_ (m) 3.34 367.4
Kxx (M) 0.0696 7.656
Kyy (M) 0.24 26.4
Kzz(m) 0.24 26.4

7.2. Considered Variables

There were few variables considered in this re$esocstudy the effect on the motions
response of round shape FLNG. In this study, #y@eddent variables are the six direction
motions response of round shape FLNG. The symbeltasrepresent the motions is as

follows:

Motion of round shape FLNG, X;

Wherei = 1, 2... 6 to represent surge, sway, heave, rdithpand yaw motion of

round shape FLNG

The factors influence the RAO of round shape FLM@lied in this research, which
included arrive of incident wave and the arrangdanwnfloating structures in interaction
cases. When the round shape FLNG is alone, the BfAfBe round shape FLNG is only

influenced by wave propagation direction and wawvgdle. In this research, only the effect of
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wavelength to the RAO of FLNG was studied. Theamfohe motion of FLNG in head sea
condition was simulated with different wavelengttthis research.

In the interaction cases, the effect of arrangertethe RAO of FLNG was studied in
this research. There are many factors of inteactivhich could influence the RAO of the
FLNG as highlighted in the literature review. st study, only the effect of separation
distance was considered here to test the accuffattye groposed method. The arrangement
of the structure tested to simulate is shown iufeédg.2.

Figure 7.1 shows the selected arrangement simulatadsing the proposed method.
In the interaction cases study, two factors wemsittered in this research. The considered
factors are the incident wavelength and the gafamte between round shape FLNG with
second structure. In each selected gap distanteeede FLNG with second structure, the
simulation was conducted with a number of selest@delengths in the desired range of
wavelength to predict the tendencies of the RAO.

Wavelength

Wave
Direction

Gap
Distance

Figure7.1: Arrangement of structures in interaction casesystud
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7.3. Data Collection

There are three main groups of FLNG RAO data ctatbto validate the proposed method in
this research and study effect of interaction ®RAO of round shape FLNG. First group of
data is the RAO of FLNG predicted by the proposethod. The proposed method was used
to predict the RAO of FLNG when it is alone and whe interacts with second floating
structure. The second group of data is the RAGLAIG estimated by using commercial
software, ANSYS AQWA. The ANSYS AQWA was used tmglate the RAO of FLNG in
the similar cases with the RAO predicted by theppsed method. The RAO data from the
ANSYS AQWA were used to conduct a comparative stuetyveen the RAOs of round shape
FLNG estimated by proposed method with commeraéimare. The third group of data
required in this research is the motion experintetté. The experiment was conducted in the
regular wave condition. The RAO of the floatingusture in each regular wave test was
estimated by proper process with the time domaitianalata.

To obtain the tendencies of the RAOs, the regulavensimulation was repeated to
different wavelengths within the selected rangevatelength required to study. After that,
the RAO of the FLNG in each wavelength was obtaifitech each simulation result. The
RAO tendencies were shown by plotting the RAO oNELin each wavelength against the
wavelength, which induces the motion. This process used to collect the RAO data
simulated by the proposed method, ANSYS-AQWA sofevand the regular wave motion
experiment. The simulation data collected frons tieisearch to validate the proposed method
and study the RAOs of Round Shape FLNG in the smlecases are shown as follow in
Table 7.3:

Table 7.3: Ranges of the independent variables

Variable Range

Gap Distance(m): Gap Distance 1 0.5 to Diameter of FLNG
Gap Distance 2 0.3 to Diameter of FLNG

FLNG and KVLCC2 arrangement angle Parallel Head se

Ratio of wavelength to FLNG length, 0.5upto 10

 The model used in the study was constructed is¢hée 1:110
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7.4. Experiment Setup for Wave Induce Motion Test

In the study, the experiment was conducted in wdyeamic tank owned by National
Research Institute of Fisheries Engineering (NRJB&pan. The length, width and depth of
the wave dynamic tank are 60m, 25m and 3.2m respéct In this dynamic tank, the
gravity wave is generated by 80-segment plunger tyave maker and each plunger is driven
by individual 1.8kw AC servo. The plungers areaaged along the width of the dynamic
wave tank at the end of the tank. The plungerg ltla® capability to generate regular wave in
the range of wave period from 0.3 seconds to 4cOrgis with the maximum wave height of
0.4 meter within the wave period mentioned. Theadlyic wave tank used for the experiment
task is completed with passive type wave absorfidére wave absorber was constructed by
three-slope solid structure coated with rougheriacs with the length of 12.4m each. The
slope of the solid structure at waterline is inetinat 7.0 degrees. The Figure 7.1 shows the
facility of the dynamic wave tank used to condueé tmotion experiments test in this

research.

Figure7.1: The wave dynamic tank used to conduct motion erpet in this research
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7.4.1. Round Shape FLNG Model Installation

In the study, the Round Shape FLNG model was dedigimd constructed. The model was
tested in wave dynamic experiment tank to obtaenwiave induce motion response of the
structure. The round shape FLNG model was constiiuzased on full scale model where its
diameter at designed draught is 112m. In the éxgert, the round shape FLNG model was
scaled down with the ratio of 1:110.

To increase the displacement of the constructeshdaghape FLNG model, steel
blocks were arranged inside the model carefullyhst the centre of gravity was adjusted to
the designed condition before the experiment. mhss of the steel blocks were measured by
using weighting scale shows in Figure 7.2 befoiie @rranged inside the FLNG model. The
required draught of the FLNG model during modet t#as marked on the surface of the
FLNG model as shown in Figure 7.3. To ensure thal fiweight of model was settled to
designed condition, the draught of the model wasckdd after the steel blocks arranged in

the model.

“r P X + ““f”
i L

Figure 7.2: Measure the mass of steel blocks before arrargestéel block into round Shape
FLNG model
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Figure 7.3: Marking of design draught of the round shape FLiNGlel.

After that, inclining test was conducted to chehk final centre of gravity of the
round shape FLNG. The steel blocks as shown irFtgere 7.4 was adjusted and then the
inclining test is repeated until the desired canditvas obtained. In the inclining test, bevel
box was used to measure the angle of inclinatiaim@found shape FLNG when the position
of steel block was shifted. From the incliningt{edle equation 7.1 is used to calculate the

distance between centre of moment to the centgeanity of the model.

wg dg

GMy = —2 5
T WS tan@m

(7.1)

Where, wy weight of steel block which shiftedls is the distance the steal block
shifted from original position in transvers directj Ws is the total weight of the model and

0. 1s the angle the model inclines after the stemthokhifted.
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Figure 7.4: Inclining test to identify the position of the ¢exn of gravity for round shape
FLNG.

Besides, decay test was also carried out to idetité particular for the round shape
FLNG model. In roll decay test, the rolling ang@s measured by using gyroscope. The
result of roll decay test is shows in Figure 7Natural period of the roll motion was also
obtained from the decay test. From the decay testyoll natural period obtained is 2.47
seconds in model scale. The radius of gyratiomdbrdirection also calculated based on the
decay test result to ensure the round shape FLN@&hias been modelling properly. Since
the round shape FLNG is four sided symmetry maitheln the radius of gyration for pitch
direction is assumed similar with the radius ofegigm for roll direction in this research. The
procedure to calculate the natural frequency addiseof gyration of the FLNG model from
decay test is presented in Appendix E. The pdaticaf the models is summarized and

presented in Table 3.1.
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Roll Decay Test
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Figure 7.5: Round shape FLNG’s Roll decay result

After that, the round shape FLNG model was broughhe middle of wave dynamic
tank and fixed in the middle of the tank by four dab scale mooring lines which were
connected between the fairleads located at therotf FLNG model with the anchors that
sank into the bottom of tank. Each anchor usethénexperiment weighed 20kg in the air.
The position of the anchors and the arrangemetiteomooring lines inside the tank were the
same for the case when the round shape FLNG wae alod when the round shape FLNG
was interacting with KVLCC2 tanker model. The miagrarrangement is showed in Figure
7.6 and the view of FLNG model inside wave dynarn@iok after it was installed with

mooring lines is shown in Figure 7.7.
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Figure 7.6: Arrangement of mooring lines and anchor in wavs&rba

Reflective
optical tracking
markers

Figure 7.7: Round shape FLNG model fixed with mooring lineswave basin in static
condition

The soft mooring lines were selected to fix thedeloat the dynamic wave tank to
avoid large movement of the round shape FLNG madel to the drift force from wave
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particle motion. The mooring line selected totfie structure was assumed to have negligible

effect on the wave frequency motion.

The mooring lines were designed by using the cayetteeory. The mooring line
profile used in this experiment is shown in Figdr8 and the segment particular is shown in
Table 7.1. The size of these mooring lines wasdetermined before the model experiment
and the suitability of the mooring lines were asaly using numerical software to simulate

the mooring performance in both static and dynasoitdition.

The restoring force which is able to be generdtgdhe mooring lines to avoid the
round shape FLNG model from experiencing large arhoti slow drift motion is shown in
Figure 7.9. Besides, the surge and sway natuegluéncy for round shape FLNG model
attached in this mooring are 32 seconds.

Segmey

Segment B

Segment A

Figure 7.8: Mooring line profile
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Table 7.1: Mooring line segment information

Particular

Nominal Diameter (mm)
Type

Segment Length (m)
Air Weight (kg/m)

Water weight in water (kg/

Model scale water density:

1000kg/m?®
Breaking Load (KN)
Modulus Elasticity (GPa)

Segment A

Model
3.0
Chain
4.0
0.16
0.1425

10.79
114.59

Segment B

Model
3.0
Wire Rope
9.4
0.0369

0.03119

5.40
61.00

Segment C

Model
3.0
Chain
14
0.16
0.1425

10.79
114.59

40

35
30

25

20
15

Horizontal Restoring Force, N

0 0.05

0.1
Movement, m

0.15

0.2

Figure 7.9: FLNG restoring force due to mooring effect

Interaction of FPSO-Shuttle Tanker
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7.4.2. Natural Period of the Round Shape FLNG

The natural period of the round shape FLNG is &blealculate using the equation 7.2 if the
restoring force and the mass term in each direafanotion are known. The restoring force
can be contributed from the mooring system andsthecture hydrostatic term. On the other
hand, the natural period of the floating structafeo can be obtained through the decay

experiment. Natural period of each direction oftioro of this round shape FLNG is shows in

Table 7.2.

M.
Tpi =21 2 M, (7.2)

G

Where, in equation (7.2), the= 1 to 6 which represent the motion of 6 DQRV; is

the mass term which also take consider the addes$ team and; is the restoring force in

the direction.

Table 7.2: The natural period of the round shape FLNG fohedicection of motion

Natural MDFLNG,
Period Period,T,, (Seconds) | Wavelengthj (meter)| (meter/meter)
Direction of

Motion Model Full Scale Model Full Scalg

Surge 32.0 335.62 1598.78 175864.0 1570.20
Sway 32.0 335.62 1598.78 175866]0 1570.20
Heave 1.49 15.63 3.47 381.3 3.404
Roll 2.47 25.91 9.53 1047.8 9.355
Pitch 2.47 25.91 9.53 1047.8 9.355
Yaw 7.46 78.24 86.89 9557.8 85.34

In Table 7.2, the natural period of surge, swaaue and yaw motion were calculated
using the equation 7.2, while the natural periododifand pitch motion were calculated from
the decay test. According to Boulluec (2014), tia¢ural period of surge, sway and yaw
motion are related to the mooring system usedcalculate the natural period of surge, sway
and yaw motion using the equation 7.2, the reggoiance due to the mooring system acting

on the round shape FLNG is required to estimase. fir
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On the other hand, the heave natural period ofdbhad shape FLNG is depended on
the hydrostatic term. In this study, the heavéoreasy force was directly calculated from the
hydrostatic term. Besides that, the roll and pibteitural period is also able to calculate
directly from the hydrostatic term of the round pbd&LNG. However, since the decay test
for these direction are available, then the natpeaiod of the pitch and roll motion show in
Table 7.2 were estimated from the decay test dasainformation, the sample calculations to

predict the natural period of surge, heave andpitotions are presented in Appendix E.

7.4.3. KVLCC2 Model Installation

To study the effect of second structure to the amotf round shape FLNG model, KVLCC2
model was selected to induce the interaction effleat influenced the RAO of the round
shape FLNG model. In this research, several postof the KVLCC2 model with respect to
the round shape FLNG model were selected in thererpnt test to obtain the influence of
interaction to the RAO of round shape FLNG modghe Figure 7.10 shows the position of
the KVLCC2 tanker model after the model was insthlin the tank. To reduce the time
required to shift the position of the KVLCC2 tankeodel in the wave tank, the KVLCC2
tanker model was attached to the carriage usingstftosprings. Both springs connected the
carriage with the KVLCC2 model in horizontal plateeavoid the influence of sprints onto
the vertical motion of the KVLCC2 model.
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Figure 7.10: The position of Round Shape FLNG and KVLCC2 tarikeinteraction motion

experiment.

The positions of the connected rods installechénKVLCC2 model are shown in the
Figure 7.11. The information of the springs isdisin Table 7.3.

Carriage

Soft Spring
\

Connecting
rode

< 0866m IS T1.084m
) Centter of Gruisy,

Figure 7.11: The location of connection point and fix point ¢anj the soft spring

Table 7.3: Particular of Soft Spring used to attach the K\@ZModel

Particular Model Scale Full Scale
Fix Point Forward (m) 1.967 216.41
Fix Point Aft-ward (m) -2.005 -220.60
Connection Point Forward (m) 1.468 161.51
Connection Point Aft-ward (m) -1.505 -165.60
L ength Between Fix Point and 0.5 55
Connection Point (m)

Spring Stiffness (KN/m) 0.2066 2500
Pretension of spring (KN) 0.02066 27500
Spring Upstretched Length (m) 0.4 44

7.4.4. Measurement Instrument of Model Test

The same measurement devices were used to mehsungotion of models in single round

shape FLNG experiment test and the test of interadietween round shape FLNG with
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KVLCC2 model. The round shape FLNG model and KVIZ@odel experienced the
motion in six degrees of freedom (DoF) during tkpeximent. The linear DoF motions of
the round shape FLNG models on model size were umeddy theodolite camera system as
shown in Figure 7.12a. The theodolite camera lis #hcapture the position of the reflective
optical tracking markers which is shown in Figur&Zb automatically. The reflective optical
tracking marker was placed on top of round shapg@&Imodel. Since the theodolite camera
is only able to measure the distance between nfoalel the camera and the angle between
optical marker respective to the camera, then madkieal model is required to calculate the
position of model in wave basin tank based on thi dneasured from theodolite camera.
During the experiment, the position of the FLNG mlodvas calculated by the data
measurement software provided by the laboratorye ifiterface of the software to calculate
the position of model and the mathematical modglyapy the software to calculate the
model position is presented in Appendix F. Besides sample of the data measured by the

theodolite camera is also presented in Appendix F.

(b)

Figure 7.12: Theodolite camera system to capture linear mafdALNG model
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The Rotational DoF motions of the FLNG models weaeasured by gyroscope shown
in Figure 7.13. The gyroscope was installed atcératre of buoyancy of the FLNG during
the experiment test. The rotational motion of nin@del is able to measure by the gyroscope
directly. During the experiment, computer softwaras provided from the laboratory and
used to receive the signal from the gyroscope. iftegface of the software is presented in

Appendix F.

Figure 7.13: Gyroscope to capture model rotational motion dNELmodel

A servo-type wave height measurement device as rslowigure 7.14 was attached
to the carriage which was located at the positietwben models and wave generator to
record the wave height generated by the wave gmerathe single round shape FLNG

model test.
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Figure 7.14: Servo-type wave height measurement device usedetsure generated wave
height

All the measurement devices were linked to sepacataeputer to maximize the
consistency of the measuring speed. To synchrdahzealevice and ensure all devices start
and stop measure the data without delay, the gselemote controller as shown in Figure
7.15 was used to give instructions to start ang sib measurement devices. During the
experiment test, the theodolite camera and gyrasoogasured the motion data of the round
shape FLNG with the rate of 20 data per seconde Sdmvo-type wave height measurement

device measured the wave height with the rate 6fde@a per second.

Figure 7.15: Wireless remote controller used to synchronize gteet function and stop

function of all measurement devices in the expentime
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The location of the measurement devices duringedperiments is shown in Figure
7.16 to Figure 7.18. The reflective optical traxkimarkers and gyroscope were installed in
the round shape FLNG. The theodolite camera watallad beside the wave dynamic tank to
capture the motion of the round shape FLNG modélhe servo-type wave height
measurement device was attached to the carriagéhanabsition of the carriage was shifted
to the middle position between wave generator hadrtodel in single structure wave motion
experiment. In interaction motion experiments,thgiage was arranged in parallel direction

with the models.

Reflective optical
tracking markers\ ------------------------------------------ -

0.772 m

Vertical Center of Buoyancy

Figure 7.16: The position of the gyroscope and reflective @dticacking markers
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Wave Maker

Wave Measurement Device

Round Shape

; FLNG

Theodolite
camera

N
Figure 7.17: Location of model and measurement device in singi@icture motion
experiment

Wave Maker

Wave
Measurement Round Shape
Device FLNG

J \
Carriage

KVLCC2 Theodolite

camera

A

Published by Ocean & Aerospace Research Instiiudenesia | 7.0. Experiment on Hydrodynam ey
Interaction of FPSO-Shuttle Tanker



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

Figure 7.18: Location of model and measurement device in iotéya motion experiment

7.4.5. Experiment Test Condition

The experiment tests were conducted in regular veavelition. In these experiments, the
wavelengths were properly selected so that it daaim the tendency of all motion responses
in response to different wavelengths. The expartséor single structure motion test and
interaction motion test were conducted in headcssaition. In initial planning, the regular
wave motion experiments were conducted with a totdl2 wavelengths for each case. In
order to predict the motion behaviour of round €h&hNG with higher accuracy through
experiment method, two more run of regular waveeexpent was made to the single round
shape FLNG case and three more run of regular waperiment was made to the interaction
motion experiments with the gap distance of 0.5iemeThe list of selected wave condition
is presented in Table 7.4.

Table 7.4: Selected wavelength for motion experiments

No WavePeriod WaveHeight Wavelength (m) Wave MDgn
(s) (m) Slope G
Model Full Model Full Model Full
Scale Scale Scale Scale Scale Scale

1 0.7 7.34 0.04 4.4 0.765 84.155 1/19.1 0.751
2 0.8 8.39 0.04 4.4 0.999 109.916 1/25.0 0.981
3 0.9 9.44 0.04 4.4 1.265 139.113 1/31.6 1.243
4 1.0 10.49 0.04 4.4 1561 171.744 1/39.0 1.533
5 11 11.54 0.04 4.4 1.889 207.810 1/47.2 1.856
6 1.2 12.59 0.04 4.4 2.248 247.312 1/56.2 2.208
7 1.4 14.68 0.04 4.4 3.060 336.618 1/76.5 3.006
8 1.6 16.78 0.04 4.4 3.997 439.665 1/99.9 3.926
9 1.8 18.88 0.04 4.4 5.059 556.451 1/126.4 4.970
10 2.0 2098 0.04 4.4 6.245 686.976 1/156.1 6.135

EXE3

11 2.2 23.07 0.04 4.4 7.557 831.241 1/188.9 7.423
12 2.5 26.22 0.04 4.4 9.758 1073.401 1/243.9 9.585
13 1.5 15.73 0.04 4.4 3.512 386.424 1/87.8 3.449
14 1.7 17.83 0.04 4.4 4512 496.340 1/112.8 4.431

**

15 2.1 22.02 0.04 4.4 6.885 757.391 1/172.1 6.763

* %

16 2.3 24.12 0.04 4.4 8.259 908.526 1/206.5 8.113
Remark:
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* The wave condition only applied for case singdend shape FLNG and case FLNG
interaction motion experiments in the gap distaheéveen models equal to 0.51
meters.

** The wave condition only applied for case FLNi@eraction motion experiments in the
gap distance between models equal to 0.51 meters.

***  Run number 11 was not applied for case FLN{eraction motion experiments in the
gap distance between models equal to 0.51 meters.

. The models were arranged in head sea conditioth @xperiments.

. MDging s ratio of wavelength to the diameter of roundpghBLNG

7.5. Experimental Data Analysis

The data measured from the experiments was reqtorée processed carefully so that the
response amplitude operator, RAO of floating strtet can be obtained. It has two major
processes required to conduct to the data meadtwoedthe devices so that the RAO of
structures’ motion can be obtained. The first pescis transferring the linear motion data
from the measuring point which was located at #fledtive optical tracking markers to the
centre of gravity because the RAO of structurestiomois describing the motion of floating
structure at its centre of gravity.

Secondly, the time domain data measured from théee required to transfer into
frequency domain to obtain different motion ampl#uof the floating structure. This
procedure also recommended by ITTC (2002) in otdesbtain the average amplitude and
period of waves and responses. Besides, The mofidloating structure in wave induce
motion can be separated into two types which aeewhve frequency motion where this
motion is depended on the wave frequency and the dfift motion where the motion is
depended on the wave drift force and mooring systé&hme RAO floating structure’s motion
describe the response of floating structures duthéowave frequency motion. Therefore,
process the motion data in frequency domain byqréurier series transformation method
is able to provide the experiment result with highecuracy.
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7.5.1. Transferring the Linear Motion Data to the Centre of Gravity of the
Structure

The height of the reflective optical tracking maskés 0.547m above the vertical centre of
gravity of the round shape FLNG model. This meiuas the position of the FLNG in wave
tank measured by the theodolite camera is notédcat the centre of gravity of the model.
To obtain the exact position of the model referiaghe centre of gravity of the model, the
linear motion data must be transferred to the eeotrgravity of the model. To transfer the
data, respective roll, pitch and yaw motion of thedel occurred at the same time must be
considered in the calculation. The relationshipween the positions of the reflective optical
tracking markers and the position of centre of fyasf the model by considering the roll,

pitch and yaw motions are shown in Figure 7.19.

-Z
AN\

iG'.}A;G'Z:G

Figure 7.19: The relationship between the positions of reflextiptical tracking markers and

position of centre of gravity of model
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From the Figure 7.1%,,¥,,Z, represent the X, Y and Z position of the refleetiv
optical tracking markers whil&;, y;, Z; are the X, Y and Z position of the center of gravi
of model. The relationship between both the paosits in the function of length of ro&,; ,
roll angle @,), pitch angle §,), yaw angle ;) and model initial heading angle)(

Therefore, the position information at the centrgravity of the model can be calculated as

follow.
Xy =%, — Ox (7.3)
Vg = Vp — 6y (7.4)
Z, =%, — Roq + 62 (7.5)

Where,éx, §y andéz can be calculated by using the following equations

1/2

B l Rod” l (7.6)
zZ= — — :
Tan? (91) + Tan? (92) +1

81 = [Rog® — 622]'/* (7.7)
_(Tan 0,

a =Tan™ ! — (7.8)

Tan 6,
5x = 8r Cos(03 + a + ) (7.9)
8y = 6rSin(6; + a +7) (7.10)

After the position of model, referring to its centf gravity, is obtained for the entire
time series, the information can be used to calewdf 6 degree of motions of model. In this
experiment setup, the rotational motions of the BLiodels were measured by gyroscope
installed in the centre of gravity of the modelnbe, the measured roll, pitch and yaw motion

by the gyroscope were used directly as the modatiomal motions data. However, extra
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treatment is needed for the linear motions whicheweeasured by theodolite camera because
the time domain position data obtained from thedwdite camera is the model position in the
wave tank without considering its initial directio®y considering the model initial position
and initial heading direction, the position dataureed from theodolite camera can be used to
obtain the model surge, sway and heave motiorf-igare 7.20, the plan drawing shows the
difference of global coordinate where these dagana@asured by theodolite camera with the
local coordinate system which is required to cataithe linear motion of the FLNG due to
the wave.

Wave Maker Location

Figure 7.20: Plan view of coordinate system

In Figure 7.20, X and Y represent the global dicett used in the experiment setup
while x andy are the local directions where the zero positibtooal coordinate system is
located in the model centre of gravity before thevevarrives. The model initial heading
angle ¢) is measured from wave propagation direction avgltiye clockwise direction. Let
the zero global coordinates be located at the moatgte of gravity at calm sea condition, the

6 DoF motions of the model are calculated by folfayequations.
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L=(X?+Y?)/? (7.11)
Y
g = Tan‘ly (7.12)

And the six degree freedoms of motion for the roshdpe FLNG are calculated from
equation (7.13) to equation (7.18).

Surge, X; = L Cos(B —y + 180) (7.13)
Sway, X, = L Sin(f —y + 180) (7.14)
Heave, X3 = Z, (7.15)
Roll, X, = 6, (7.16)
Pitch, X5 = 6, (7.17)
Yaw, X, = 05 (7.18)

7.5.2. Fourier Series Transformation

The experiment data collected in time series pewithe information of wave frequency
motion for all 6 degree of motion and slow drift thea at horizontal plane motion. To split
the different motion data, the analysis were cotebiidn frequency domain where the
amplitude of the different types of motion are agted from the motion amplitude occurring

at the respective frequency.

According to sampling theorem, discretely frequefi€s) of signal data must be at
least twice the highest continuous motion sigrned@iency ). The continuous motion signal
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frequency should be discrete using the rate ok#mpling frequency, Es. Let the discrete
sample of the continuous motion signal have theniage ofx(k), k=1,2,3,...n and period
between the sample isFE than a function of a continuous signit) can be reconstructed

back from the discrete sample by the equation below

k=n

f) = Z x(k) sinc(t X fs — k) (7.19)
k=1

Where,

sinc(x) = M (7.20)

X
To convert the data in time domain to the frequethamain, Fast Fourier Transform

method is applied. The relationship between famcin the time domain, f(t) and frequency

domain F(f) can be related by the equation below.
F(f) = j f(t)e 2O qt (7.21)

Also, for the variablg, it represents the square root of (-1) in the r@étexponential
function.

e/ = cos(0) + j sin(0) (7.22)
Therefore, the discrete data can be written in dexnpumber form as follows:
Xi = X(Drear +J x(i)imaginary (7.23)

And,
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k=n _
X(Dreqr = kZOX(k) X COoS (27;;“) (7.24)
*(Dimaginere = ZX(k) xsin (220) (7.25)

And, i = 2° is the number of data require by Fast Fourier i@m method wherb

can be any integer number larger than or equal to 1

Finally, the magnitude, phase and frequency of slgmal can be calculated by

following equations.

. 2 . 2
2 X \/x(l)real + x(l)imaginert

X(i)magnitude =Xl = n (7.26)

. X (l) imaginertl
X(i = tan™! [— 7.27
( )phase x(l)real ( )
] ~ Fs
X(l)frequency =1X 7 (7.28)

7.5.3. Execution of Response Amplitude

To calculate the response amplitude operator, thelisude of the generated wave and the
amplitude of motion in each direction must be knowhhe experiments conducted in this
research recorded the wave data and motion daiasix directions. The amplitude of wave
and motions were obtained after the experimenttd gaocessed using the mathematical
models explained in Chapter 7.2.1 and Chapter.7.2.2

The wave amplitude and the wave frequency gergeryethe wave maker were

actually obtained from the frequency domain data.regular wave experiment, only one
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peak would be obtained if the collected wave dédaip frequency domain. By identifying
the peak value and corresponding frequency of dak palue from the wave data plotted in

frequency domain, the wave amplitude and the weagpiency were obtained.

The wave frequency motion of the floating struetwvas identified after the wave
frequency was known when the collected wave data pvacessed. The amplitude of the
structure wave frequency motion was identified frtme collected motion data plotted in
frequency domain. The amplitude of the wave fregyenotion was obtained by finding the
amplitude of motion occurred in the frequency samtb the wave frequency from the motion
data plotted in frequency domain.

After that, the response amplitude operator, RA@s walculated by dividing the
amplitude of motion with the amplitude of wave witie same frequency. The equation to
find the RAO for linear motion and rotational matias shown in equation (7.29) and

equation (7.30) respectively.

RAOy = @ 7.29
F — C(F) ( ' )

_ Xi(F)
RAO; = ! s (7.30)

Where X;(F) is the amplitude of the motion in directionoccur at the frequency

F,c(F)is the amplitude of the wave in frequerfepndK is the wave number.

7.5.4. Experiment Data Analysis Program

To fasten up the data analysis process and redantistake in data analysis process,
numerical programming code was developed in thsgarch to process the collected data.
The interface of the developed programming coddn@svn in Figure 7.21. The programming
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code applies the equation (7.3) until equationg§)ta transfer the time series motions data of
the floating structures model to the centre of gyawf the model. After that, the
programming code transforms the time series matain to the frequency domain form using
the equation (7.19) to equation (7.28). To caleuthe RAO of the floating structure, the
programming code applies the solution explainedhapter 7.2.3 and the equation (7.29) to

equation (7.30). The calculated results are theput to excel file for further study.

=6 X
Completed Progress File: 109/169 N

Figure 7.21: Interface of the self-developed experiment dategssing programming code

7.6. Sample of Wave Frequency Motion of Round Shape FLNG estimate
from Motion Experiment

The data from motion experiment were collectedrmetdomain series. In this research, the
round shape FLNG was fixed in the middle of wavwektasing model scale mooring lines.
Since the mooring lines were used to attach the@Iohbdel, the FLNG model experienced
the wave frequency motion and low frequency motduring the experimental test.
According to Dercksen and Wichers (1992), they cemied that the low frequency motion
is induced by wind, current and wave drift forcat the wave frequency motion is induced by
first order wave force. In this research, the mabjective is to study the motion of round
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shape FLNG induced by the first order wave for@derefore, the wave frequency motion

data are required as extras from the experiment tes

As example, the time series motion data for thmdoshape FLNG motion experiment
in the wavelength equals to 2.27 metres are shaviAigure 7.22 to Figure 7.24. The sample
experiment results shown in these figures are the dollected from the experiment
conducted in the condition FLNG alone in the waarkt Since the FLNG is in head sea
condition, then the motion of the FLNG induced myoin the direction of surge, pitch and

heave. Besides, the time series wave data, whdice the motion of FLNG is shown in the

Figure 7.25.
SurgeMotion
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Figure 7.22: Surge motion of FLNG measure from head sea singlectare motion

experiment test with wavelength 2.27 meters
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Heave Motion
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Figure 7.23: Heave motion of FLNG measure from head sea singigctsare motion

experiment test with wavelength 2.27 meters
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Figure 7.24: Pitch motion of FLNG measure from head sea singfecsire motion

experiment test with wavelength 2.27 meters
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Wave Data
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Figure 7.25: Wave data from head sea single structure motiorerexent test with

wavelength 2.27 meters

From Figure 7.22 to Figure 7.24, the low frequemagtion only exists in surge
direction in this selected experiment data. Tkidbeécause the low frequency motion only
happens in the horizontal plane. As shown in FEgUR2, it is observed that the round shape
FLNG model experiences the wave frequency motidrere the frequency of this motion in
this selected experiment data is 0.83 Hz. At thmes time, the round shape FLNG also
experiences a low frequency motion in the frequenfic§.0309 Hz. In the experiment test,

the low frequency surge motion was induced fromoa ary drift force due to the effect

from water particle motion.

To split the wave frequency motion and low frequemotion from the time domain
motion data, the time domain data were convertethéofrequency domain. In frequency
domain, the magnitude of the motion, which existedach motion frequency is shown in the
corresponding frequency. In this research, theriEowseries transformation method as
presented in Chapter 7.2.2 was applied to transtbenmotion data from time domain to
frequency domain. The frequency domain data fegesuheave and pitch RAO of round
shape FLNG in the selected sample are shown inr&ig26 to Figure 7.28. The wave data

are also transformed to frequency domain, whigh@wvn in Figure 7.29.
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Surge Motion
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Figure 7.26: Frequency domain surge RAO of round shape FLNGawelength 2.27 meters
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Figure7.27: Frequency domain heave RAO of round shape FLNGawelength 2.27 meters
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Pitch Motion
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Figure 7.28: Frequency domain pitch RAO of round shape FLNG avelength 2.27 meters
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Figure 7.29: Frequency domain wave data in wavelength 2.27 meter

From Figure 7.29, it is observed that the actwalegated wave has a frequency of
0.833 Hz, where the generated wave frequency sedo the desired wave frequency. In
Figure 7.26 to Figure 7.28, it is observed thatrtfagnitude of the surge and heave motion of
round shape FLNG in the frequency, which is theeas the wave frequency is ranged at
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0.0071 metres and 0.0059 metres respectively, whdepitch motion at the frequency is at
0.1023 degrees.

As mentioned in the previous part, the round sHape8G experiences two types of
motion in horizontal plane. The wave frequencyiomin surge direction has the oscillation
frequency, which is the same as the wave frequerfoscording to Dercksen and Wichers
(1992), the low frequency motion in surge directisrdepended on the natural frequency of
mooring system. Typically, the frequency of thevldrequency motion is much lower
compared to the frequency of wave frequency motiorthe experiment test, the round shape
FLNG experiences a low frequency motion with thegjtrency of 0.0309 Hz in model scale.

In this research, the wave frequency motion ohdshape FLNG is studied. The
proposed method calculated the wave frequency madio round shape FLNG without
considering the effect of mooring system. Thibesause the effect of mooring in the wave
frequency motion is negligible for large structusach as FLNG. The suggestion to ignore
the effect of mooring in estimating the wave fregeyemotion is also supported by Soares et
al. (2005), where he obtained the panel methodouwtithncluding the mooring force in
estimating the RAO amplitude of large size floatstgucture used in his studies, which was
able to provide a good accurate prediction compacedhe experiment results. In his
experimental test, he also included the mooringesysto simulate the mooring effect in
horizontal plane motion. Hence, the same methayoloas applied here to validate the

proposed method.

7.7. Summary

This chapter discusses the experiment setup teatalhe comparative data to validate the
proposed mathematical models. After that, thisptdraalso explains the method used to
process the experimental data until the respongditante operator of the floating structure in
each direction is able to estimate from the cafldoexperimental data. The experimental

Published by Ocean & Aerospace Research Instiiudenesia | 7.0. Experiment on Hydrodynam gEels]
Interaction of FPSO-Shuttle Tanker



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

results obtained were used to validate the proposethod and the results are shown in
Chapter Eight.
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Chapter 8

8.0. Simulation on Hydrodynamie
Interaction of FPSO-Shuttle
Tanker

This chapter discusses the estimated RAO of thad®shape FLNG structure. The
RAO of the round shape FLNG was predicted by tlmpased method discussed in Chapter
Six. Besides, experiment study was conducted &tuate the RAO of round shape FLNG.
From the motion experiment test, comparative datuo validate the proposed method was
obtained. In addition, numerical comparative studg conducted in this research. The RAO
of the round shape FLNG was also estimated used@\tSYS AQWA software. The RAOs
of round shape FLNG predicted by the mentioned oustare shown in this chapter.

Besides, this chapter consists of two main paiéch are RAO of round shape FLNG
when it is free from interact with other floatingustures and the RAO of the round shape
FLNG when it is interacting with another floatingusture. In the second part of this chapter,
the RAO of round shape FLNG when interacting with KVLCC2 tanker arranged in two
different gap distance is presented. The moti@spaonse of the round shape FLNG when
interacting with second structure was also estithatsing the proposed method in this
research, ANSYS AQWA and experiment method. THeience of the second floating
structure to the RAO of round shape FLNG due to difeerence gap distance is also

discussed in this chapter.

8.1. Response Amplitude Operator of Single Round Shape FLNG

The RAO of round shape FLNG was predicted by ugivegproposed method and compared
with the result predicted by ANSYS AQWA and motierperiment test. The proposed
method predicted the RAO of round shape FLNG basedthe diffraction potential theory. In

heave motion, the heave RAO was predicted by udesyar and Siow drag damping
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correction method where in this method the dampang exciting force calculated by
diffraction potential theory are improved by usithg drag equation in order to estimate the
viscous effect. The proposed method was abletimat® the damping, added mass and wave
force of the round shape FLNG and then, solve tbBam equation to obtain the RAO of the
round shape FLNG.

8.1.1. Added Mass and Damping Coefficient of the Round Shape FLNG

The added mass and damping coefficient of the rairape FLNG was predicted by the
proposed method in this research. Since the ralmaghe FLNG is the symmetry in X-
direction and Y-direction, then the discussionm$ydocused in surge, pitch, heave and yaw
condition. The added mass and damping in swagtihrein any wavelength is similar with
the added mass and damping in surge direction. adtkeed mass and damping in roll
direction are similar with the added mass and dagqm pitch direction in this four sides
symmetry structure.

Let the added mass predicted by proposed methaiinige, pitch, heave and yaw
directions are labelled a&;,, Ass, A33 and A¢, respectively. The predicted added mass in

each direction of motion response is shown fronufe@.1 to Figure 8.4.
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Figure 8.1: Surge added mass of round shape FLNG predictédeogroposed method
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Figure 8.2: Pitch added mass of round shape FLNG predictetidptoposed method
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Figure 8.3: Heave added mass of round shape FLNG predictédeyyroposed method
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Figure 8.4: Yaw added mass of round shape FLNG predicted dptbposed method
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In Figure 8.1 to Figure 8.4, the added mass in elr@ction of motion predicted by
the proposed method was plotted against the rdtivavelength to the structure length,
MDeng. The surge added mass and heave added mass rstioguie 8.1 and Figure 8.3
were non-dimensional with the mass of the strucitNFewhile the pitch added mass and yaw
added mass shown in Figure 8.2 and Figure 8.4 nemnedimensional with the mass of the

structure multiplied by structure lengy/L.

From the Figure 8.1, the estimated surge added mfas$ke round shape FLNG
increased from the ratio @D ne 0.5 to 4.0 gradually. If the ratidDg NG IS larger than
4.0, the surge added mass starts to decrease digwhcreasing the ratio 6fDg n. This
means that the surge added mass of round shape . N@all if the wavelength is short.
The added mass of pitch motion is shown in Figu& 8The estimated non-dimensional
added mass of pitch motion was around 0.03 in ¢hexted range of wavelength. The added
mass of pitch motion had not much of changes ifwa®elength increased up i@Dg ne,

which equals to 15 as shown in Figure 8.2.

The predicted heave added mass of the round siay@ Was varied from the range
of 0.8 to 1.2 in the selected range of wavelengdiiis means that the added mass of the
round shape FLNG in heave motion is almost equahéoweight of the structure. Higher
heave added mass would help to shift the resonfaegaency of heave motion to a longer
wavelength region. The yaw motion added mass girégithe proposed method is shown in
Figure 8.4. From Figure 8.4, it shows that the yasded mass is almost zero in any
condition. The added mass for yaw motion is reddyi low because the round shape FLNG
is a cylinder type structure and less fluid pagtislould accelerate with the yaw motion of the

structure.

In compared to other study, it is found that teedencies of surge added mass and
heave added mass calculated by the proposed meshadnilar with the result from
Perwitasari (2010). Where she has been conductesearch to study the mooring system of
round shapes FPSO. However, the peak added madbhefcsurge and heave direction
calculated by the proposed method is slightly high€he different magnitude of the added
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mass coefficient obtained from both study is beedhs size of round shape floating structure
used is different where the size of the FLNG irs tféisearch is slightly larger compare to the
size of floating structure used in previous studesides that, the tendency of pitch added
mass coefficient of round shape FLNG predicted gy proposed method is also almost
similar with the pitch added mass tendency predittg Jiang et al. (2012). In their study,
they used higher order boundary element method E®Bto calculate the hydrodynamic

coefficient of the cylinder type floating structure

On the yaw direction, the added mass for yaw matedoulated is always zero in any
wavelength because the shape of the hull of thetsire. As shown in the equation (4.78),
the equation to calculate the added mass is irfuhetion of surface normal vector. The
round shape FLNG is the cylinder type structuretr@oyaw normal vector is zero for this
type of structure. From this finding, it can beegted that the round shape FLNG have very
limited capability to accelerate the fluid particte yaw direction. Therefore, the predicted
yaw added mass of this FLNG by proposed methabhiays zero.

On the other hand, the damping coefficient prediddy the proposed method on
surge, pitch, heave and yaw directions are reptedelny symbolsB, 4, Bss, B33 and Bgg
respectively in this thesis. The damping coeffitseare estimated by the proposed method
developed based on diffraction potential theoryhe Ppredicted damping coefficient in each
direction of motion response is shown from Figufetd Figure 8.8.

In Figure 8.5 to Figure 8.8, the damping coeffitieh round shape FLNG in each
direction of motion predicted by the proposed medthwas plotted against the ratio of
wavelength to the structure lengthlDeng.  The surge damping coefficient and heave
damping coefficient shown in Figure 8.5 and FigduE7 were non-dimensional with the mass
of the structure and angular wave spg&tiv while the pitch added mass and yaw added
mass shown in Figure 8.6 and Figure 8.8 were noredsional with the mass of the structure,

angular wave speed and structure leng@wL.
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Figure 8.5: Surge damping coefficient of round shape FLNG joted by the proposed
method
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Figure 8.6: Pitch damping coefficient of round shape FLNG il by the proposed

method
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Figure 8.7 Heave damping coefficient of round shape FLNGdjted by the proposed
method
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Figure 8.8 Yaw damping coefficient of round shape FLNG pcebly the proposed method
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From Figure 8.5, the estimated surge damping coeffi of the round shape FLNG is
maximum at the ratio 0f/Dr.n equal to 2.2 and the maximum surge damping isléquza
After that, increased of the ratio ®Dg g caused the surge damping coefficient decreased.
This means that the surge motion would follow trevevwhen the wavelength is sufficiently
long. The damping coefficient of pitch motion iBos/n in Figure 8.6. The estimated
damping coefficient of pitch motion achieved maximwalue of 0.01 when the ratio of
MDeng is around 1. The pitch damping coefficient oktkiructure is almost zero when the
ratio /D ng IS larger than 5. From the estimated pitch dagpwefficient, the pitch motion
of this structure is larger in the long wavelengtgion compared to the short wavelength

region.

The predicted heave damping coefficient of the doshape FLNG was increasing
gradually when the ratio of/Dg ng increased. The heave damping coefficient is amos
constant after the ratitYDe NG IS larger than 6. The yaw damping coefficientdprged by
the proposed method is shown in Figure 8.8. Smwiléh the yaw added mass, the yaw
damping coefficient was almost zero in any wavelerngedicted by the proposed method.
The proposed method was developed based on potdre@y. Therefore, only radiation
damping coefficient was predicted by the proposethod for yaw motion. Since the round
shape FLNG is a cylinder type structure, then tnaability of the structure to dissipate the
energy in yaw motion is very limited due to the amioof water particle, which can be

accelerated by yaw motion of the structure is \sengall.

By comparing the tendencies of surge dampinghpitamping and heave damping
predicted by proposed method in this research thighprevious literature, it was found that
the tendencies of surge damping and heave dampirtgd FLNG predicted by this research
is almost similar with the results presented bywiasari (2010). In her study, she used
WADEM software to calculate the hydrodynamic caméint of the round shape floating
structure. Besides, the pitch damping tendendynastd in this research is also similar with

the pitch damping tendency predicted by Jiang.€@@atl2) by using HOBEM method.
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As predicted by the proposed method, both theesdagmping coefficient and pitch
damping coefficient is small in long wavelengthiogg These tendencies observed because
the floating structure typically would move follotve wave motion when the wavelength is
long. When the motion of the FLNG is move folloaetwave motion, then the amount of
motion energy able to dissipate to fluid and geteetize radiating wave become lesser. From
this point of view, the radiation damping coeffitigor both the surge and pitch direction
predicted by the proposed method is smaller in lwagelength region is quite agree with the

normal phenomena.

From the mathematical point of view, the dampingfticient for each direction is in
the function of area normal vector as shown in 8qud4.79). When the wavelength is long,
the potential of wave acting on the every unit etted are of FLNG is almost similar due to
lower wave diffraction effect. Therefore, the cdtat@n of damping force is happened for
surge and pitch direction. This is because tha acemal vectors of the wetted area for these
two directions in forward part of FLNG and aft-wagrdrt of FLNG are in opposite sign. This
cancellation of damping force are not happen tohtbave direction since the area normal
vector of this FLNG structure for vertical direatiare all in the similar direction and pointing
downward. In addition, the proposed method predidhe damping using potential theory
where the potential theory is the linear theory aegdlects the viscous effect. Since the
viscous effect is neglected, then the damping ptediby the proposed method is only the
radiating damping. Therefore, the damping for tlagv ymotion predicted by the proposed
method is always zero because of the area nornetbrvef this FLNG for yaw direction is
zero and the viscous effect was neglected froncéih®ulation of damping coefficient.

8.1.2. Wave force act on the Round Shape FLNG

In this research, the wave force act on the wedtethce of round shape FLNG was estimated
by the proposed method, which was developed basetiffoaction potential theory. In this

chapter, the wave force act on the structure irdts&@ condition is discussed. In head sea
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condition, the wave force act on the floating stnee is only able to induce surge, pitch and

heave motion. Hence, only the surge force, pitoment and heave force are discussed here.

The wave force act on surge, pitch and heavetthrebe labelled as symbolg;, E5
andE; in this thesis. The estimated wave force acttherround shape FLNG by diffraction

potential theory are shown in Figure 8.9 to FigguEL.

The wave forces act on the round shape FLNG in Iseadcondition were plotted
against the ratio of wavelength to structure lengtbg nc are shown in Figure 8.9 to Figure
8.11. The amplitude of wave force act on surgeation and heave direction as shown in
Figure 8.9 and Figure 8.11 were non-dimensionalh wite fluid density,p, gravity
acceleration, g, wave amplitudg,and the water plane areayAThe pitch moment shown in
the Figure 8.10 was non-dimensional with the fldehsity,p, gravity acceleration, g, wave

amplitude (., water plane area,yAand the length of the structure.
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Figure 8.9: Surge wave force act on round shape FLNG predlzyatie proposed method
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Figure 8.11: Heave wave force act on round shape FLNG predioyetie proposed method
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In Figure 8.9, the wave force act on the surgection achieved maximum amplitude
at the ratid/De.ne, Which is equal to 3. After that, the wave foex® on the surge direction
decreased gradually when the wavelength increa3ée. pitch moment of the round shape
FLNG induced by the wave in head sea conditiorhmm in Figure 8.10. The predicted
pitch moment achieved maximum at the rafidoq nc is equal to 1.5. The pitch moment was
almost zero when the ratidDg ng iS equal to 5.5. After that, the pitch momentradind

shape FLNG increased slowly with the increasedafelength.

The heave force, which induces the heave motidgh@éaound shape FLNG is shown
in Figure 8.11. The heave force shown in the Fadgufi1, which is predicted by the proposed
method was developed based on diffraction potetii@ebry. The heave force predicted
increased when the wavelength increased and trelodaetome constant at long wavelength.
Round shape FLNG would experience a larger heavee fcn long wavelength region
predicted by the proposed method.

From the literature, it is obtained that the tergiles of the surge and heave exciting
forces predicted by the proposed method are simiidr the results obtained by Perwitasari
(2010). The surge exciting force for this FLNGnsnd to reduce by increase of wavelength
is because the surge motion of FLNG is followed evenotion in long wavelength. When the
wavelength become longer, the time for FLNG to bet¢e and decelerate become longer.
Therefore the wave load on the FLNG to cause thetsire move follows the wave become

lesser.

On the other hand, the heave wave exciting forcegh@®vn increased and trend to
become constant at long wavelength. The heavdimxdorce predicted by the proposed
method was increased if the wavelength was incdeas&his is because increase the
wavelength is able to increase amount of wave wathe heave direction. As presented by
equation (4.77), the equation shows that the wacgirg force is in the function of floating
structure’s area normal vector and the wave pakniihe entire wetted surface of this FLNG
model has the area normal vector all pointing doantlv Therefore, the change of heave

exciting force direction is depending on the velpof wave motion. When the wavelength is
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increased, the amount of heave wave force actingame direction across the FLNG is
increasing. This causes the amount of heave egciMvave force increases when the
wavelength becomes longer. However, when the waggh is increased to very long
wavelength condition, the change of heave waveefalicection across the FLNG wetted
surface area is no happened. So, the heave waitthngXorce start to become constant by

increase of wavelength as presented in the Figlte 8

By compared to the result obtained by Jiang et(2012), it was found that the
tendency of pitch exciting force is slightly difeet between the prediction of proposed
method and Jiang et al. (2012). The different betwthe pitch exciting force tendency
between both the researches is the proposed md#tedt the cancellation of pitch moment
happened at the/Dg ne equal to 5.5. From the equation to calculatewhge exciting as
presented in equation (4.77), the wave excitingdacting on each wetted surface of FLNG
Is in function of the surface area normal vectbhe area normal vector in pitch direction is in
opposite sign for forward part of structure’s wetsurface and aft-ward part of structure’s
wetted surface. When the wavelengthi/&ir nc is equal to 5.5, it was found that the total
pitch moment acting on the forward part of FLNG aftdward part of FLNG was same.
Therefore, the cancellation of the pitch moment Wwappened and the total pitch moment
becomes zero at this wave condition. Besidesa# found that the pitch moment was trend
to become constant at long wavelength because ltN&SHs move follow the wave. The
constant pitch moment at long wavelength is predietble to encounter by the pitch restoring

force to avoid large pitch motion at long waveldngigion.

8.1.3. Influence of Drag Equation in the Heave Damping and Heave Force

The proposed method applied diffraction potentialory to predict the added mass, damping
and wave forces or wave moment act on the roungeskRaNG to induce the motions to the
round shape FLNG. The diffraction potential theonyy predicted the radiation damping of
the floating structure without considering the wigs effect. Neglect of viscous effect in the

calculation causes over-prediction on RAO by theppsed method in some conditions. In
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the selected round shape FLNG model, the proposttat over-predicted the heave RAO
of the Round shape FLNG in the damping dominanbregThe damping dominant region of
the round shape FLNG is located at the wavelengthral 381 metres or wave period of 15.6
seconds in full scale. From the study, it is passof ocean wave occurring at the wave
period around the 15.6 seconds so the accuracyh@rprediction of heave RAO at the
damping dominant region is important to ensurestifety of the selected round shape FLNG

operated at open sea.

To improve the heave motion predicted by the psepdomethod, the heave RAO
predict by the propose method is calculated udiegdiffraction potential theory with drag
equation. The diffraction potential theory is resgible to predict the heave added mass,
heave radiation damping and heave diffraction forc€he drag equation used in the
calculation is responsible to calculate the viscdamping and the drag force act on the
floating structure. The proposed method introdutesmprove the accuracy on predicts the

heave motion is explained in Chapter 5.1.

The heave damping predicted by the proposed methioidh developed using
diffraction potential theory with drag equationskown in Figure 8.12. The Figure 8.12
shown the non-dimensional heave damping calculbatediffraction potential theory, drag
equation and summation of both the heave dampingbdth the method. From the
comparison, it is obtained that the heave dampahcutated by both the methods have almost
similar tendency at the selected range of wavelengihe heave damping predicted by both

methods was increased gradually when wavelengthneesased.
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Figure 8.12: Comparison of heave damping coefficient of rouhdpe FLNG predict by

propose method

From Figure 8.12, the viscous damping calculatedhle drag equation was slightly
larger compared to the radiation damping estimbiediffraction potential theory at the ratio
MDreine, Which is below than 2. If the ratiddDg nG is larger than 2, the radiation damping is
larger compared to the viscous damping. Besides,téndency of the radiation heave

damping and viscous heave damping is almost staide the ratio/Dg N iS larger than 5.

According to Kvittem et al. (2012), the wave difftad effect is more dominant to the
large size structure compare to the viscous effecause the wave is mostly diffracted from
the structure when the undisturbed incident waveracting with the large size floating
structure. The estimated viscous damping coefftddy the drag equation is lower compared
to the radiation damping estimated by the diffi@attpotential theory as presented in the
Figure 8.12 is because of the wave diffraction affe more dominated in this round shape
FLNG. However, according to Loken (1981), he stateat the damping coefficient typically
under-estimate by the diffraction potential thesiyce the viscous effect is ignored. From
this Figure 8.12, it is showed that the ignoreccoiss damping by the diffraction potential

theory is almost one third of the total dampingfttoent for this selected FLNG structure.
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Hence, it is cannot avoided of over predict of dite motion response by the diffraction

potential theory especially in damping dominaniarg

To obtain the total damping for heave motion ofndghape FLNG, the magnitude of
damping coefficient predicted by drag equation difflaction potential theory were sum up
together in this research. As shown in Figure 8th2 total damping which sum-up the
damping predicted by the two mentioned methodsas®d the damping coefficient for the
heave motion of round shape FLNG. The tendencthefradiation damping and viscous
damping for this selected structure is almost simwithin the selected range of wavelength.
Besides, the tendency of total damping is simildh whe tendency of the damping coefficient
calculated by both the method but the magnitudéheftotal damping coefficient is larger

than the damping coefficient only predict by diéftian potential theory.

As mentioned, the heave motion of the FLNG domithdte damping term is located
at a wavelength around 385 metres, where the Xdlig nc equals to 3.44. By referring to
Figure 8.12, the damping coefficient obtained bgnsung up the damping calculated from
both the methods is around 0.376 as compared toathiation damping coefficient, which
was predicted by diffraction potential theory i23D. At this calculated magnitude, it is
summarised that the addition viscous damping bgigusirag equation able to increase the
damping coefficient and reduce the amount of ovedigtion of the heave RAO estimated at

the damping dominant region.

Besides, involving the drag equation in the calwoiteintroduces the drag force in the
motion equation. The total heave force calculdtgdhe proposed method is the summation
of diffraction force calculated by diffraction poteal theory and the drag force calculated by
drag equation. As shown in Figure 8.13, the hefavee calculated by the diffraction

potential theory increased gradually when the iy ng increased.
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Figure 8.13: Comparison of heave force of round shape FLNG ipted by the proposed

method

The drag force calculated by drag equation is shiowigure 8.13. The figure shows
that the tendencies of heave force predicted bly bwithods are different between each other.
The heave force calculated by the drag equatiaimsest zero at the ratidDg ng below one.

At the longer wavelength region, the wave dragdarcheave direction is almost unchanged
when the wavelength increased. The magnitude efh#tave force calculated by the drag
equation is much lower compare to the diffractioncé calculated by diffraction potential
theory. This is because the diffracted effect iscmhigher compare to drag effect for the
round shape FLNG structure. This opinion is alsuoilar with the finding obtained by
Kvittem et al. (2012) in their study. The highdffrdction force acting on the FLNG because
the large size round shape FLNG is able to diffraost of the incident wave. The large size
structure is considered as an obstacle for theggatppn of wave so the wave would be
diffracted around the structure especially the wength is shorter than the length of the
structure. When the wavelength is longer tharehgth of structure, the fluid particle is able
to drag around the floating structure. But, thee 2f the structure is still play a main role to
determine the phenomena of fluid particle passutinahe structure. Since the displacement

and the length of the round shape FLNG is verydatigen the amount of fluid particle drag
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over the wetted surface of the structures is stilich smaller compare to amount of fluid
particle diffracted from the FLNG.

To combine the heave force contributed by bothntle¢hods, the superposition theory
was applied. In this study, the heave force cated by the diffraction potential theory and
the drag force calculated the linearly drag termmfrthe drag equation were total up to
calculate the heave RAO. Both the heave forcesriboted by both the methods were total

up by vector summation theory.

By referring to Figure 8.13, it is obtained thag tendency of total heave force which
total up by involved the diffraction force and driggce is mostly follow the tendency of
heave force calculated by diffraction potentialditye This tendency is obtained because the
diffraction force of the round shape FLNG is muabhler compare to the drag force. The
existing of the drag force from the drag equatiothie calculation only give limited influence
to the total heave force estimate by proposed ndeth@ompared to the influence of drag
effect to the total heave damping, it is obtaineat involved the drag effect in calculate the
heave RAO would able to reduce the estimate hea@ Balculated by proposed method

especially in the damping dominant region.

8.1.4. Estimated Response Amplitude Operator of Round Shape FLNG

The results applied to study the round shape FLNRE® were collected from the numerical
simulation and experiment method. The numericallts were generated using ANSYS
AQWA software and proposed method based on DiffradPotential Theory and Diffraction
potential theory with drag equation. The experih@sults used to study the RAO of the
new FLNG were conducted in regular wave condition.

In the motion experiment, the wavelengths wergery selected so it can obtain the
tendencies of all direction of FLNG motion respanse the function of difference
wavelength. In this part, the response amplitudeoond shape FLNG model in head sea

condition is discussed. As shown in Figure 8.1&itgure 8.16, the tendency of surge, pitch
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and heave RAO obtained by both the numerical ap@rexental method is agreed between

each other.
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Figure 8.14: Surge RAO predicts by proposed method (diffractipotential theory),
experiment and ANSYS AQWA

The comparative study was conducted to compareR&® of round shape FLNG
predicted by the proposed method to ANSYS AQWA.e Tomparison between the surge
RAOs of the round shape FLNG predicted by both oagthis shown in Figure 8.14. As
shown in Figure 8.14, the surge RAO predicted lypgioposed method and ANSYS AQWA
is almost similar when the wavelengtfDg ne below 10. Both the proposed method and
ANSYS AQWA have predicted same tendency and alsiostar magnitudes of surge RAO
because both methods were developed using similacept that is diffraction potential
theory. However, when the wavelen@{bg g larger than 10, it was obtained that the surge
RAO of proposed method was trend to become stabledreased of wavelength while the
surge RAO predicted by Ansys AQWA was trend to éase by increased of wavelength.
This observation obtained because the proposedochethly consider the motion of FLNG
due to the first order wave force while ANSYS AQWeake consideration of wave frequency

motion and the slow varying motion. According terbich et al. (1999), the slow varying
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motion of the FLNG typically become more dominawimpared to the wave frequency
motion when the wavelength become very long. Duhé consideration taken by the Ansys
AQWA, the surge motion response predicted by ASQ8WA do not become constant with

the increase of wavelength.
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Figure 8.15. Pitch RAO predicts by proposed method (diffractipptential theory),
experiment and ANSYS AQWA

Comparison between the pitch RAOs predicted usmggsed method with ANSYS
AQWA commercial code is shown in Figure 8.15. Téedency of the pitch RAO predicted
by both methods was similar between each othercdByparing with the experimental result,
both the proposed method and ANSYS AQWA commeriale was able to generate the
same tendency of pitch RAO compared to experimeesallt. Besides, the proposed method
and the ANSYS AQWA were successes to predict tlak fBAO of the pitch motion. The
peak pitch RAO of this FLNG predicted by the progmbsnethod and ANSYS AQWA is
happened at its pitch natural frequency where tireesponding wavelength for the pitch
natural frequency is at/Drng equal to 9.53. From the Figure 8.15, the pitchtiomo
response predicted was very small at short wavtiergion and start to increase exponential
at AM/De ne equal to 4. This is because the pitch dampingfioteit is high at the short

wavelength region and almost zero at the long vesgth region. The large pitch damping
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for this FLNG at short wavelength condition is abdereduce the pitch RAO of this round
shape FLNG. This observation shows that the FLNGeisy stable at short wavelength

region.

The numerical method predicted that the surge mdagadency experience has a large
difference of RAO between the ratitDg e 8.5 to 10. However, due to lack of experimental
data in this region, the actual condition is difficco predict. From the Table 7.2, the natural
period for surge motion of this round shape FLNGappened at theDg nc equal to 1570
where it is far away from the wavelength the sumg#ion tendency fluctuates detected by
both the proposed method and ANSYS AQWA. In teisearch, the large fluctuates of the
surge motion tendency is caused by the couplingcefietween surge and pitch motion. This
is because the experiment and numerical resultsklewed that the designed FLNG model
experienced large pitch motion at long wavelengthan. The large pitch motion response at
the wavelengti/De ne around 9.5 is because the resonance effect. Ffnendecay test
result, it was obtained that the natural frequentythe pitch motion is happened at the
wavelengti/De nc equal to 9.53. As shown in Figure 8.6, the pdemping coefficient for
the round shape FLNG is very low and almost zerdhim wavelength where resonance
happened. The low pitch damping coefficient otlpitnotion when resonance happened
causes the predict pitch motion response becomdéisant high. In addition, by comparing
the pitch and surge response tendency calculatjoth® proposed method and ANSYS
AQWA, it is showed that the large change of suggelency between the rafiDg s 8.5 to
10 is due to the coupling motion with pitch respong he resonance of pitch motion, which
caused the pitch motion to increase significantgo anfluenced the surge RAO of this

designed model.

Comparing between the predicted heave tendenog psoposed method and ANSYS
AQWA, it was observed that the proposed method Idpeel was based on diffraction
potential theory without any extra viscous effestiich predicted similar tendency and
magnitude of heave RAO of round shape FLNG compaedANSYS AQWA. In
comparison to the experimental result, it was nofeat the proposed method without
involved viscous effect and ANSYS AQWA commerciable over predicted the heave RAO

of round shape FLNG in damping dominant region. rdauce the amount of over-prediction
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on heave RAO in damping dominant region, the pregasethod was developed to involve
the viscous effect in predicting the heave RAO.e proposed method developed, which was
based on diffraction potential theory and drag &éqoas shown in the blue colour line in
Figure 8.16. By this proposed method, the prediatagnitude of heave RAO of round shape
FLNG is much lower in the damping dominant regiohhe maximum heave RAO shifted

from 2.4 to 1.7 after the viscous effect was comrsd in the calculation.

Heave RAO

—Jaswar & Siow Drag Damping Correction Method
—Diffraction Potential
®m Experiment
Ansys AQWA

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
MDFLNG

Figure 8.16: Heave RAO predicts by the proposed method (difiivacpotential theory and
Jaswar & Siow drag damping correction method ) eeixpent and ANSYS AQWA

Moreover, the result from proposed method showedjoad agreement with
experiment result in predicting the heave respaesdency. Due to the involvement of the
extra viscous damping estimated by the drag equatigdhe calculation, the heave response
of the round shape FLNG model predicted by the @sed method at the damping dominant

region did not show a significance over predictesror. From Figure 8.16, the maximum
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heave response predicted by the proposed metHod4swhile the maximum heave response
predicted by experiment method is 1.68. Compatitregheave response tendency predicted
by both the methods, Figure 8.16 also showed thgeheesponse tendency estimated by the
proposed method (blue line), which was fixed qudl to the heave response data collected
from experiment (red dot). This showed that trepppsed method, which combined the drag
equation with diffraction potential theory can beaternative method, which was applied to

predict the heave response of this round shape FedB in damping dominant region and

obtain reasonably accurate results.

However, compared experiment result to numericalllteit was observed that the
peak heave RAO was shifted to longer wavelengtionegn experiment result. From the
Table 7.2, the corresponding wavelength for heaateral frequency is located atDginG
equal to 3.40. The peak heave RAO for this FLN&dmted by the proposed method was
happened at the wavelength closer to the heaveahdtaquency compared to experiment
result. One of the reasons causes the peak he&@epRedicted by experiment result to shift
to longer wavelength region is because of the mgdine. Although, Heurtier (2010) stated
that there are limited mooring effect on the heanation of large floating structure. But, the
existing of mooring system can causes the stiffa@ssmass of the floating system increase.
According to the Cheema et al. (2014), the smalinge on the stiffness and mass of the
floating system could cause the shift of the motiatural frequency. Hence, the peak heave

RAO predicted by experiment test is shifted sligimkto longer wavelength region.

Besides, reason for the numerical method usedisnrésearch could not detect the
shift of peak heave RAO compared to the experimesult is because of the under-estimated
of the heave added mass. Chung (1994) has be@uaed a study to compare the added
mass coefficient predict by the three-dimensiorraiition potential theory and the added
mass coefficient predict by the experiment testccakding to Chung (1994), his research
found that the added mass coefficient predict leydiffraction potential theory typically 10%
to 20% lower than the experiment value. From tlahematical point of view, the natural
period for heave motion is in direct function t@ tlmass term. Lower predicting of the heave
added mass coefficient by the diffraction potentiaory used in the research could be a
reason for the numerical method predict the peakvéeRAO happened at the shorter
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wavelength region compare to experiment value.rébees, the numerical method used in the
computation of this research predicted the heavearalaperiod is located at the shorter

wavelength region compared experiment method.

In general, it is observed that the proposed nmieth@ble to predict the six DoF wave
motion responses of the round shape FLNG in goodracy if it is compared to experiment
result. Since this designed FLNG model has founrsgtry sides (bow and stern symmetry,
port-side and starboard side symmetry), then theystonducted in the head sea condition is

enough to present the RAO characteristics of ttudeh

8.2. RAO of Round Shape FLNG When Interacting with another Structure

The RAO of round shape FLNG interacting with anotsigucture was predicted by using
proposed method and compared with the result gextliby ANSYS AQWA and motion
experiment test. In this research, the KVLCC2 nmedes chosen to interact with the round
shape FLNG model. In this case, the KVLCC2 waargged in the parallel arrangement with
the round shape FLNG. The measurements of gapndistbetween the both floating
structures selected to simulate and conduct expetinest are 0.5 to the breadth of FLNG
and 0.3 to the breadth of FLNG. The measuremdnigm distance between both structures
in full scales are 56.1 metres and 34.1 metregedisas the model scales are 0.51 metres and

0.31 metres.

8.2.1. Wave Exciting Force act on the Round Shape FLNG

In this research, the proposed method predictiRv® of round shape FLNG based on the
wave force acting on the round shape FLNG. Therattion wave force act on the round
shape FLNG was predicted based on the radiatinge wawnerated by the nearby structure.
The method used to predict the propagation of tadjavave and character of the radiating
wave generated by the nearby structure, which edriat the round shape FLNG was

developed based on the method presented in FigBrardl Figure 6.4. The sample of the
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radiating wave generated by the round shape FLNGesve motion and direction of the

wave propagate is shown in Figure 8.17.

(a) (b)
Figure 8.17: Predicted propagation of radiation wave generatedound shape FLNG. (a)
wavelength equal to length of FLNG, (b) wavelengjual to 5 times of length of FLNG

After the potential of the interaction wave gemedaby the motion of nearby structure
is estimated, the interaction wave force contridute induce the motion of round shape
FLNG is predicted using the method present by [EduP and Figure 6.5. The wave forces
or wave moments to induce the motion in each doeds shown from Figure 8.18 to Figure
8.23.
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Figure 8.18: Total surge direction wave force act on the rosingpe FLNG. (a) Interaction in
gap distance 0.3 to the breadth of FLNG (b) Intéwacin gap distance 0.5 to the breadth of
FLNG
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Figure 8.19: Total sway direction wave force act on the roumapge FLNG. (a) Interaction in
gap distance 0.3 to the breadth of FLNG; (b) Intéoa in gap distance 0.5 to the breadth of
FLNG
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Figure 8.20: Total heave direction wave force act on the roumape FLNG. (a) Interaction
in gap distance 0.3 to the breadth of FLNG; (bgfdacttion in gap distance 0.5 to the breadth
of FLNG
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Figure 8.21: Total roll direction wave moment act on the rosh@dpe FLNG. (a) Interaction

in gap distance 0.3 to the breadth of FLNG; (bgdaction in gap distance 0.5 to the breadth
of FLNG
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Figure 8.22: Total pitch direction wave moment act on the roghdpe FLNG. (a) Interaction

in gap distance 0.3 to the breadth of FLNG; (bgfdacttion in gap distance 0.5 to the breadth
of FLNG
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Figure 8.23: Total yaw direction wave moment act on the roumape FLNG. (a) Interaction
in gap distance 0.3 to the breadth of FLNG; (bgfdacttion in gap distance 0.5 to the breadth
of FLNG

The wave force act on the round shape FLNG todadhe motion in each direction
for the condition when it is interacting with KVLQCarranged with the gap distance 0.5 to
the breadth of FLNG and 0.3 to the breadth of FLiIGhown in Figure 8.18 to Figure 8.21.
The interaction tests were conducted in both flmpstructures arranged in parallel head sea
arrangement. The simulated wave force for sungaysheave, roll, and pitch, yaw direction
was plotted against the ratio of wavelength todizeneter of round shape FLN&Dg NG in
Figure 8.18 to Figure 8.21. The wave forces aatimgurge, sway and heave direction shown
in the figures were non-dimensioned with density floid, gravity acceleration, wave
amplitude, and water plane area of round shape FLN®wvever, the wave induced moment
in roll, pitch and yaw direction was non-dimensioneith density of fluid, gravity
acceleration, wave amplitude, water plane areawohd shape FLNG, and length of round
shape FLNG.

In the Figure 8.18, the wave force act on the eulgection achieved maximum
amplitude at the rati@/Dg e, Which is equal to 3 for both the interaction caséfter that,
the wave force act on the surge direction decregsstlally when the wavelength increased.
In comparison with the surge forces induced by waveboth the selected interaction
conditions, the surge force in both the interactases is almost similar within the selected
range of wavelength. The pitch moment of the rosimabe FLNG induced by wave for both
the selected interaction cases is shown in Figl#2. 8The predicted pitch moment achieved
maximum at the rati@/Dg ns, Which is equal to 1.5 and the pitch moment wasoat zero
when the ratio/Dg ng €qual to 5.5 at both the selected interactionscas® compared to the
wave moment induce the pitch moment in the botlesas was obtained that the influence of
structures gap distance to the pitch moment fordbied shape is limited.
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The wave forces acting on sway direction is shawfigure 8.19. From Figure 8.19,
it was observed that the strong interaction wavee® act on round shape FLNG in the
region, where the ratio fDg nc IS below 4.5. If the wavelength is longer thaa thtio of
MDgine, Which is equal to 4.5, the wave force act on sdiagction start to decrease to zero
by increasing the wavelength. The tendency of waxee act on sway direction for both the
selected interaction cases is similar within thegeaof the selected wavelength. However,
the interaction wave force was observed strongéneainteraction case, where the KVLCC2
arranged in the gap distance 0.5 to the breadtRL&IG. The similar observation was
obtained for the wave induces roll moment as shiowkigure 8.21. The roll moments due to
the effect of interaction in both selected cases stronger in short wavelength region
compared to the roll moment due to interactionaffa long wavelength region. The roll
moment was also mostly larger in the case, wheeeKWMLCC2 is arranged in the gap
distance 0.5 to the breadth of FLNG within the cteld range of wavelength for the

simulation.

The heave force induces the heave motion to thedashape FLNG in both the
interaction cases as shown in Figure 8.20. Theeh&ace is predicted to increase when the
wavelength increases in both the interaction casBeund shape FLNG is predicted to
experience a larger heave force in long wavelenggiion by the proposed method. On the
other hand, the heave force estimated for bothntieeaction cases is almost similar between
each other as shown in Figure 8.20. The influericghanges of the interaction gap distance
to the wave force act on heave direction is noi \distinct for the selected round shape
FLNG structure.

The wave moment act on the round shape FLNG indieaction for both the selected
interaction cases is shown in Figure 8.23. Frogufeé 8.23, the yaw moment due to the
interaction effect is negligible in any wavelengtfihis observation also explains the reason
of yaw motion of this round shape FLNG as showifigure 8.29, which is very small and

can be neglected in any wavelength.
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From the discussed wave force tendencies for emection of motion, it was
observed that the interaction between floatingcstines only influenced the wave force for
sway, heave and roll direction for this parallehtiesea arrangement. This is because the
interaction wave generate by the motion of floastrwicture in parallel head sea arrangement
only propagate in sway direction. Therefore, tideraction wave potential does not
contribute any wave force to the surge directiod piich direction. In these interacting
cases, the surge exciting force and pitch excitiognent shown in the Figure 8.19 and Figure
8.22 existed in the calculation is due to the effemm the incident wave. By compared the
magnitudes and tendencies of the surge force aod pioment in interacting cases (Figure
8.19 and Figure 8.22) to the surge force and pitoment when the FLNG is alone (Figure
8.9 and Figure 8.10), this obtained that the sfwgee and pitch moment are similar between
the condition where the FLNG is alone and whenRbNG is interacting with shuttle tanker.
This is because the wave propagation directiomesimportant parameter to determine the
direction of the wave force induces by the intémactvave. Since no any interaction wave is
propagated across the round shape FLNG in surgetidin, then surge force and pitch
moment remain unchanged when it is interacting WithLNG shuttle tanker in parallel head

sea condition.

From the Figure 8.23, the yaw moment shown itdmain zero and does not
influenced due to the interaction effect. The yawment does not increased in the
interaction cases are because of the shape obtinel shape FLNG. The cylindrical structure
is typically have very limited yaw motion becauke propagation of wave from any direction
does not induce the yaw moment. The reason foe¢he yaw moment in any wavelength
predicted by the proposed method in the interactases is because of the area normal vector
in yaw direction. From the equation (4.77), islgown that the wave exciting force is in the
function of wave potential, wetted surface area #redarea normal vector. Since the area
normal vector in yaw direction for this round shdfleNG is always zero, so the zero yaw
moment calculated by the proposed method is agrétbdthe expectation when refer to the

mathematical equation to calculate the yaw moment.

The interaction between round shape FLNG and tH& Ishuttle tanker in parallel
head sea condition causes the change of the wawengxforce in sway, heave and roll
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direction. Only the wave forces in these threedaions were influenced in interaction cases
because the interaction wave is propagated adnessound shape FLNG in sway direction.
As shown in the Figure 8.19 and Figure 8.21, bbéhsway force and roll moment were only
excited in the interaction cases. When the rolnaghe FLNG is alone in head sea condition,
the sway force and roll moment do not exist becawsécident wave propagated in sway
direction in head sea condition. The sway fonoeé ®ll moment in the selected interaction
cases all are contributed from the interaction wgemerated by the motion of nearby floating
structure. Compare to previous research, Zhu. é2@06) and Kagemoto and Yue (1987)
also obtained this similar finding. Both the pm@s researches also detected exist of the
sway force and roll moment when the floating stitetinteracting with nearby structure in

parallel head sea arrangement.

On the other hand, the calculated heave forcerbyggsed method also influenced by
interaction effect. The heave force in short wamgth region become fluctuates as shown in
Figure 8.20 in interaction cases. The heave moatibthe round shape FLNG is able to
influence by the interaction effect if another tiog structure arranged nearby it regardless of
any arrangement. This is because the propagatiaaee in any direction toward the FLNG
would cause the change of wave potential in heaeetibn. From the Figure 8.20, the heave
exciting force is the summation of the wave force do incident wave and the wave force

due to the interaction effect.

In addition, from the calculated sway force, hedwece and roll moment, the
tendencies of the exciting forces show that theatfdf interaction between floating structure
Is stronger in short wavelength region. This firgdis also similar with the research outcome
from Kashiwagi et al. (2005). The effect of intgtfan is stronger in short wavelength region
is because of the wave radiating and diffractingn@mena. The diffraction and radiation
effect of the floating structure is more dominantthe short wavelength region. Higher
amount of the wave can be diffracted and radiateh the nearby LNG shuttle tanker which
arranged near to the round shape LNG in shorteeleagth region. This cause the FLNG
receive higher amount of wave exciting force duthtinteraction effect in short wavelength
condition. According to Faltinsen (1990), the wal#raction and radiation is the dominant

parameter must be considered when analyse the motifloating structure in the ratio of
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wavelength to structure length below 5. In longr@langth region, the floating structure has
enough time to response to the incident wave aednibtion of the floating structure is
typically following the wave. Therefore, the amobohradiating wave able to generate by the
motion of floating structure become very limite@his causes the interaction effect in long
wavelength region is smaller compare to short wength region.

One of the main targets of this research is talystine wave frequency motion
response of the round shape FLNG. The motion @xpeat was conducted to obtain the six
DoF RAO of the round shape FLNG. Therefore, theppsed method is only validated by
comparing the RAO of the FLNG which estimated bgpmsed method to the RAO of the
similar model which estimated by experiment testthis research. However, the wave
exciting is also an important parameter must beystio predict the RAO of the FLNG.
According to Ohkusu (1998), validate the hydrodyiamnumerical method by using
experiment test can be achieved by compare the RA@oating structure estimated by
numerical method to result obtained from experimeethod. The experiment tests are
indeed practically useful to study the applicalfléhe proposed numerical method. However,
some should understand that the good agreemehn¢ girédicted structure RAO by numerical
method in compare to the RAO estimated by experinbest does not directly shows the
theoretical approach is correctly estimated theenmaxciting force. This is because the total
wave exciting force is an integrated effect of logdmamic pressure on the wetted surface of
the floating structure. Besides, the RAO from ¢éxperiment is the combination result of the
effect of all hydrodynamic parameter such as addass, damping, restoring force and wave
exciting force. The motion experiment was seleatethis research to validate the proposed
method because the objective of the research develop the numerical method which is
able to estimate the RAO of the FLNG. The wavatagforce shown in this sub-chapter is
proposed to present the idea on the effect of aotem to the tendency of wave exciting
force. The wave exciting force is a main parametensure the motion characteristic of the
FLNG is modelling correctly. If the wave excitifigrce is the main target of the research,
the analytical experiment such as measurement udl fbressure distribution and flow
visualization will be necessary to conducted toc&hée fluid particle motion and this would
be a another study could be extended from the ustady.
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8.2.2. Estimated RAO of Round Shape FLNG When Interacting with another
Structure

The RAO of round shape FLNG when interacting with@ shuttle tanker (KVLCC2) was
estimated using proposed method, experimentalaedt ANSYS AQWA. The proposed
method developed from diffraction potential thewiith drag equation was further developed
to enable it for estimation of the influence of @ed structure to the RAO of round shape
FLNG. The solution of proposed method applied itautate the RAO of Round Shape
FLNG in interacting with second structure was shamwhigure 6.2.

Due to the influence from interaction, the roundgsh FLNG experienced the motion
in all six directions of motion although in heads®ndition. The motion responses of round
shape FLNG when interacting with LNG shuttle tan&ez shown in Figure 8.24 to Figure
8.29. In Figure 8.24 to Figure 8.29, each shovwesRWWO of round shape FLNG in each
direction of motion when the KVLCC2 model is arradgn the distance of 0.5 to the breadth
of FLNG and 0.3 to the breadth of FLNG. The RACt# round shape FLNG predicted by
proposed method, experiment test and ANSYS AQWA platted in the same figure to
illustrate the difference of the RAO tendency oftal from each different method.

From the Figure 8.24 to Figure 8.29, the reseabthied that the interaction between
round shape FLNG with the LNG shuttle tanker inaflat head sea arrangement did not
causes the interaction effect to the round shape¢G-in the surge, pitch and yaw direction.
The interaction effect on the motion of FLNG instlarrangement is observed in the direction
of sway, heave and roll. This observation is @amivith the research which has been
conducted by Zhu et al. (2006) and Kagemoto and (1987). The reason to obtain this
result is because the generated wave due to ititaraeffect between FLNG with LNG
shuttle tanker is only propagated in the sway timac Therefore, the extra wave force due to
the interaction effect does not contribute to thegs, pitch and yaw exciting force. This
reason also explained in the sub-chapter 8.2.1 evtier sub-chapter present the calculated

wave exciting force for each direction of motiorbioth the interaction cases.
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Figure 8.24: Surge RAO of round shape FLNG in interaction cagaks Interaction in gap
distance 0.3 to the breadth of FLNG (b) Interactiorgap distance 0.5 to the breadth of
FLNG
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Figure 8.25: Sway RAO of round shape FLNG in interaction casés). Interaction in gap
distance 0.3 to the breadth of FLNG; (b) Interactio gap distance 0.5 to the breadth of
FLNG
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Figure 8.26: Heave RAO of round shape FLNG in interaction caéaks Interaction in gap
distance 0.3 to the breadth of FLNG; (b) Interactio gap distance 0.5 to the breadth of
FLNG
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Figure 8.27: Roll RAO of round shape FLNG in interaction cas@g. Interaction in gap
distance 0.3 to the breadth of FLNG; (b) Interactio gap distance 0.5 to the breadth of
FLNG
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Figure 8.28: Pitch RAO of round shape FLNG in interaction cage$ Interaction in gap
distance 0.3 to the breadth of FLNG; (b) Interactio gap distance 0.5 to the breadth of
FLNG
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(b)

Figure 8.29: Yaw RAO of round shape FLNG in interaction cag@3.Interaction in gap
distance 0.3 to the breadth of FLNG; (b) Interactio gap distance 0.5 to the breadth of
FLNG

The Figure 8.24 shows the surge RAO of round sHapEG in the condition
interacting with the KVLCC2 tanker ship at gap diste 0.5 to the breadth of FLNG and 0.3
to the breadth of FLNG. From this figure, it shotlie proposed method predicted almost
similar tendency of the surge RAO of round shapBlGlcompared to the experimental result
and ANSYS AQWA commercial code in the condition KRteracting with second floating
structure. Similar surge RAO obtained in the iatéion cases compare to no interaction
cases because the surge motion of FLNG is onlycediby the incident wave. Interaction
between floating structures in parallel head seangement do not increase the surge exciting
force which induce the surge motion of the FLNGeBurge RAO of the round shape FLNG
when KVLCC2 model was arranged in the gap dist@nsedo the breadth of FLNG and 0.3 to
the breadth of FLNG is increasing gradually if th@velength is increasing. Similar with the
Surge RAO of round shape FLNG when it is alone stirge RAO of the round shape FLNG
in interaction phenomena is predicted to experientzgge change of surge RAO between the
ratio A/Dg NG 8.5 to 10. The natural frequency for FLNG’s sungetion is at the wavelength
MDrinG equal to 1570. Therefore, fluctuation of the tamdes of surge RAO is not because
of the resonance effect. By comparing the surgepiich response tendency shown in Figure
8.24 and Figure 8.28, it can relate the large ckamigsurge tendency between the ratio

MDginG 8.5 to 10, which may be due to the coupling motbpitch response.

Figure 8.28 shows the tendency of pitch RAO of tbshape FLNG predicted by
proposed method, experimental test and ANSYS AQWA.comparison, the pitch RAO
prediction by proposed method shows an agreemehttiaé experiment result in the selected
range of wavelength. Similar as surge motion,giteh motion is induced by the incident
wave. Interaction between FLNG and shulttle tackegmnot affect the pitch motion due to the

arrangement of the floating structures. The tender the pitch RAO predicted by proposed
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method is quite similar with the ANSYS AQWA restiltr the wavelength in the ratio of
MDegnG, Which is below 3.8. If the ratio @¥Dr.ng IS larger than 3.8, the proposed method
predicts a higher pitch RAO compared to the pité&tORpredicted by ANSYS AQWA in both
the interaction cases. From the decay test,abiained that the pitch natural frequency is at
MDrinG equal to 9.35. From the Figure 8.28, the peak RAQItch motion is happened at it
natural period due to the resonance effect. ThehgRAO is large at the long wavelength
because the pitch damping coefficient of the rowhépe FLNG is small at the long

wavelength region.

The sway RAO of the round shape FLNG is shown gufé 8.25. The sway motion
of the FLNG is only existed in the interaction caskle to the interaction effect. The wave
exciting force contribute to the sway motion is @from the interaction wave. The sway
RAOs predicted by proposed method and experimenéthod are agreed with each other.
The tendency of the sway motion predicted by predosnethod is slightly different
compared to the tendency of sway motion prediciedlSYS AQWA in the ratid/Dg NG
from 0.5 to 3.5. However, if the wavelength at thgo A/Dg g iS larger than 3.5, the sway
motion predicted by ANSYS AQWA and proposed metl@dalmost similar. From the
Figure 8.25, the peak sway RAO for the FLNG is fbwat A/Dene around 2 for both the
interaction cases. The peak sway RAO happenetieanMavelength is because of strong
interaction effect. Due to the interaction effdbie peak sway exciting force is observed at
the similar wavelength as the wavelength for pealysRAO. In comparing with the
experiment result, both the proposed method and YN8 QWA under predict the sway
RAO of the round shape FLNG at the ratio’dDg ng, Which is equal to 9.5, where the sway
RAO predicted by the experiment test is increaswed,the proposed method and ANSYS
AQWA cannot predict the similar tendency. The osafor the proposed method and Ansys
AQWA do not predict the similar sway RAO compareet@eriment result at/Dg ne equal
to 9.5 because both the numerical method do nosiden the mooring effect in the
calculation. The higher sway RAO predicted byekperiment test is believed causes by the
coupling effect between sway direction to pitchediron. According to Journee and Massie
(2001), the symmetry floating structure such asrthend shape FLNG and the LNG shuttle
tanker have negligible coupling effect between stpich and sway-roll motion because the

two set of motion equations is distinguished fas thlymmetry structure. However, if the
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floating structure is connected by a mooring littesn it is possible for the coupling effect

exist between the surge-pitch and sway-roll motiarthe mooring cable.

The roll RAO of round shape FLNG is shown in Fig8t27. Similar with the sway
motion, the roll motion of the round shape FLN®iy existed in interaction cases. This is
because there are no incident wave can be genéhatedll moment in head sea arrangement.
In comparison with the experiment result, the pegabmethod is able to predict the roll RAO
of round shape FLNG at short wavelength region.elitne ratio of/Dg nG is below 3.5, the
proposed method predicted the roll motion or rosindpe FLNG quite accurate. However, if
theA/Dg NG IS larger than 3.5, the roll motion predicted bg proposed method is larger than
the roll RAO predict by experiment test. In rokhR, the ANSYS AQWA is shown, which is
better fixed with experimental result compared toppsed method. The higher roll motion
predicted by the proposed method compared to ANAR®/A is due to higher roll moment
predicted by proposed method in both the interacttases. The estimated roll natural
frequency from decay test is atDrng equal to 9.35. From Figure 8.27, the proposed
method predicted the roll RAO of round shape FLNGlarger at the long wavelength
condition because of the resonance effect andahguhg predicted by the proposed method
is small at long wavelength condition. Besidés, ¢xperiment result is also predicted much
higher roll RAO at\/Dg ng equal to 9.5 compared to the roll RAO estimatedheyproposed
method and ANSYS AQWA. The reason for this differe between numerical result and
experiment result is because of the mooring linedua the experiment. The mooring line
causes the coupling effect between surge-pitch anoéind the sway-roll motion but the
coupling effect via the mooring line is not consa&tein the numerical calculation due to the

limitation of the numerical method.

The heave RAO of round shape FLNG is shown in EgB26. In general, the
tendency of heave RAO predicted by proposed metmadANSYS AQWA is quite similar
within the selected range of wavelength. TherBgalso shows that both the numerical
methods and the experiment result show that thk peave RAO is happened at the heave
motion natural period. However, the magnitudeed\re RAO predicted by proposed method
is smaller compared to the heave RAO predicted NBAS AQWA at the ratio ok/Deine
from 2.5 to 4.5. The smaller heave RAO predictgdubing proposed method compared to
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ANSYS AQWA is due to the involvement of viscouseeff calculated by using the drag
equation. Compared with the experimental restlis iobserved that the heave motion
tendency predicted by the proposed method is foetter to experimental result compared to
the tendency of heave motion predicted by ANSYS AQW he proposed method is able to
reduce the predicted heave RAO because viscousidgmspconsidered in the calculation. In
damping dominant region, the RAO of the floatingusture is more dependent on the
damping coefficient in the motion equation. Betiezdiction of damping coefficient helps to

improve the prediction of RAO in the damping donmihgegion.

The yaw RAO of round shape FLNG predicted by thappsed method compared to
the experimental result and ANSYS AQWA is showrFigure 8.29. From Figure 8.29, it
shows that the yaw motion of the round shape FLMé&lipted by the proposed method is
very small and insignificant compared to the moiiomther directions. The yaw motion for
this round shape FLNG is very small because thempament is not induced by the incident
wave and interaction effect. The yaw moment idigdxe for this FLNG because the FLNG
is no able to capture the wave in yaw direction ttuthe shape of the FLNG. The tendency
of yaw RAO predicted by proposed method is similth the tendency of yaw RAO
predicted by the experimental method and ANSYS AQWIA both the interaction cases
selected to study in this research, it shows thateffect of the interaction between FLNG
with the KVLCC2 does not induce the yaw motionhe ELNG.

8.3. Comparison RAO of Single Round Shape FLNG without Interaction
and RAO of Round Shape FLNG Interacting with another Structure

The RAOs of round shape FLNG when it is alone aweracting with KVLCC2 model were
predicted using the proposed method, experimengghoad and ANSYS AQWA commercial
code in this research. To study the effect ofratgon between floating structures to the
RAO of round shape FLNG, the RAO results estimategroposed method and experimental
tests are further studied here. The estimated RE@sund shape FLNG when it is alone and
interacting with KVLCC2 with the gap distance 0d3the breadth of FLNG, as well as when
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it is interacting with KVLCC2 with the gap distan@é to the breadth of FLNG are shown in
Figure 8.30 to Figure 8.35.

From Figure 8.30 to Figure 8.35, the RAO tendensteown in the figures are plotted
against the ratio of wavelength to length of theiRbShape FLNGY/Dg ne. The figures are
proposed to show the comparison of the RAOs of FLiN@ifferent selected conditions. As
mentioned, the conditions selected to study the RAOround shape FLNG are when the
FLNG is alone and interacting with KVLCC2, where thecond structure is arranged in the
gap distance 0.5 to the breadth of FLNG and whenFIENG is interacting with KVLCC2,
where the second structure is arranged in gapndist@.3 to the breadth of FLNG. In all the

selected conditions, both the floating structumesaaranged in parallel arrangement and head

sea condition.
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Figure 830 Comparison of round shape FLNG surge RAO whenlone with when
interacting with another floating structure arrathge gap distance 0.5 to breadth of FLNG
and in gap distance 0.3 to breadth of FLNG
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Figure 8.31 Comparison of round shape FLNG sway RAO whenlaone with when

interacting with another floating structure arrashge gap distance 0.5 to breadth of FLNG
and in gap distance 0.3 to breadth of FLNG
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Figure 832 Comparison of round shape FLNG heave RAO whealahe with when

interacting with another floating structure arrashge gap distance 0.5 to breadth of FLNG

and in gap distance 0.3 to breadth of FLNG
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Figure 833 Comparison of round shape FLNG roll RAO when libna with when

interacting with another floating structure arrathge gap distance 0.5 to breadth of FLNG

and in gap distance 0.3 to breadth of FLNG
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Figure 8.34: Comparison of round shape FLNG pitch RAO when dnal with when
interacting with another floating structure arrathge gap distance 0.5 to breadth of FLNG
and in gap distance 0.3 to breadth of FLNG
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Figure 8.35: Comparison of round shape FLNG yaw RAO when it alamth when
interacting with another floating structure arrathge gap distance 0.5 to breadth of FLNG
and in gap distance 0.3 to breadth of FLNG

From Figure 8.30 to Figure 8.35, it is observed tha interaction between round
shape FLNG with KVLCC2 only gives very limited in#nce to the surge motion and pitch
motion of the FLNG. In this research, the inte@ctstudies are conducted to parallel head
sea condition. Therefore, the generated wave dubd motion of nearby structure only
propagates in sway direction. Since the interacivave only propagate in sway direction in
the parallel head sea arrangement, then the itiemawave generated by nearby structure
does not influence the wave force to the surgemtuth direction. The surge motion and
pitch motion for the round shape FLNG are inducgdhe incident wave. This finding is
proved by both the experiment result and numeresllt. The obtained results show that the
surge RAO and pitch RAO when the FLNG is alone when the FLNG is interacting with
nearby structure in parallel head sea arrangeraesnmilar.
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From the Figure 8.30 and Figure 8.34, it can beenlesl that the surge RAO
fluctuated at long wavelength due to the coupliffga¢ with the pitch motion. From the
decay test, the recorded pitch natural frequentycation at the wavelengitiDg nc equal to
9.53. According to Clauss et al. (1992), mosthef survival dominant wave period of a 100
year wave is happened in the range of 14 second§ teeconds. In full scale, the pitch
natural period is existed at 25.9 seconds. Thdigex pitch natural period for this round
shape FLNG is much exceeding the most of the salrd@minant wave period of a 100 year
wave observed by Clauss et al. (1992). The goodutlic stability of this FLNG is able to
achieve by large pitch damping coefficient at strowavelength region. From the Figure
8.34, the pitch RAO for this FLNG is almost zercshorter wavelength and the pitch motion
start to increase after wavelengifDr ng €qual to 4.0. The corresponding wave period for
the wavelength\/Dg ng equal to 4.0 is 17 seconds. From this findings ishows that the
pitch RAO is start to increase after the most @f skrvival dominant wave period of a 100
year wave observed by Clauss et al. (1992). Smntbe summarized that this round shape
FLNG is a very stable FLNG in it operating enviragmh Besides, this opinion also
supported by Lamport and Josefsson (2008) whegeftlumd that the advantage of this round
shape floating structure is it have better stabdibmpare to ship shape floating structure in

most of the survival dominant wave period of a $6ar wave.

On the other hand, the sway RAO and roll RAO & tbund shape FLNG are
showing strong interaction effect in the interacticases. Especially in sway direction, the
RAO of round shape FLNG achieved maximum respomsend 0.2 at the ratia/Dg n,
which is equal to 2 in both the selected interactiases. This observation is similar with the
finding reported by Zhu et al. (2006) and the figlifrom research of Kagemoto and Yue
(1987), where they also obtained that the intesactif floating structure in parallel head sea

condition would lead to strong interaction effatsivay motion.

In comparison, the sway RAO is negligible as predidoy the proposed method and
experimental result when the round shape FLNGadsal This is because the wave force due
to the incident wave contributes to inducing theagunotion in head sea condition, which

does not exist. However, due to the existenchefKVLCC2 arranged nearby the round
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shape FLNG structure, the motion of the KVLCC2 wjlinerate the wave by dissipating its
motion energy to the fluid. After that, the geriedawave by KVLCC2 motion is propagated
to influence round shape FLNG, as well as indubesstvay motion and roll motion of round
shape FLNG. This opinion to explain the existeateway and roll motion in round shape
FLNG in interaction cases is similar with the conminifom Hong, S.Y. et al. (2005) to their

finding in their research.

Besides, comparison of the sway RAO of round sidpeG when it is alone to the
interaction cases, it is observed that the intemacdf KVLCC2 to round shape FLNG is
stronger in short wavelength condition comparethtlong wavelength condition. This is
because the interaction wave force is strongehénshorter wavelength region. The peak
sway RAO in the interaction cases is not happendtie sway natural frequency. The peak
sway RAO interaction cases happenet/Bt nc around 2 is because the sway exciting force
due to the interaction wave maximum at this wavglen The sway RAO of the round shape
FLNG in both interaction cases reduced after th® raf A/Drne €quals to 4 and it was
almost of no sway motion of round shape FLNG whenratio ofA/Dg ng €quals to 10. The
finding is similar with the outcome obtained froret previous research conducted by
Kashiwagi et al. (2005). They studied the hydragic interaction between floating
structure using HOBEM method and their researchvsldahat the hydrodynamic interaction

forces are more dominant in the motion equatiainénshorter wavelength region.

In the roll RAO shown in Figure 8.33, the roll noot of round shape FLNG does not
exist when the FLNG is alone. In interaction caske roll motion is induced due to the
influence of interaction wave generated by the amotf nearby structure. The peak motion
response of roll motion of the FLNG is predictedbtmur at the rati@/Dg ne, Which is equal
to 9.2. The large roll RAO existed at the long @lamgth region in both interaction cases
because the roll damping is small at the long wength region. Hence, small interaction

wave force act on the FLNG is able to induce tingdaoll motion to the floating structure.

Comparing the sway RAO and the roll RAO predidgdthe proposed method and
experiment result, it is observed that both theysRAO and roll RAO is under estimation by
the proposed method at théDg ng around 9.5. The higher sway RAO and roll RAO
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predicted by the experiment result is due to thepling effect between sway-roll direction
with the surge-pitch direction. As mentioned ire threvious part of this chapter, this
phenomenon is well explained by Journee and M486i@1). The coupling effect between
surge-pitch and sway-roll direction is negligibte the symmetry floating structure such as
the round shape FLNG. However, if the mooring liseused in the experiment, so the
coupling effect between the surge-pitch directiod away-roll direction can be existed via
the mooring line. Since the proposed method caleuhe wave frequency motion without
consider the existing of the mooring line, so tbeping effect due to exist of the mooring
line is no able to estimate by the proposed methbaerefore, the sway RAO and roll RAO

estimate by proposed method at the wavelengih ne around 9.5 is under estimated.

The heave RAOs for the round shape FLNG are showigure 8.32. Comparing the
heave RAO estimated by the proposed method withetperimental test for the selected
cases, it is observed that the influence of intevacbetween round shape FLNG with
KVLCC2, which is stronger in the damping dominaegion of the heave motion for this
FLNG structure. Strong interaction effect is olbserin the damping dominant region of
heave motion because the heave motion is verytsen® the change of heave exciting force
when the damping is low. The heave motion is éasymplify by the wave exciting force
when the heave damping coefficient is low. Thefahe heave RAO for both the
interaction cases is much higher compared to tagehB®AO for the case, where round shape

FLNG is alone at the damping dominant region.

To estimate the heave RAO of the round shape FUN& damping coefficient for
heave motion is required to be predicted accuratdlfte potential theory typically under-
predicted the damping coefficient since the theawgored the viscous effect in the
calculation. Over-predicting of RAO of the floagistructures by diffraction potential theory
in resonance region by using the potential theatiioumt considering the viscous effect was
reported by Loker§1981) and_u et al. (2011). In this research, the heave RA€llicted by
the proposed method was developed from the diftragiotential theory and drag equation.
The proposed method involves the diffraction effant viscous effect in calculating the
heave RAO of round shape FLNG. The predicted maminheave RAO of round shape
FLNG by proposed method is close to the experinigetult, where the estimated heave
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RAO of round shape FLNG in both interaction casearound 2.1, but the maximum heave
RAO of the FLNG when it alone and estimated by psga method is around 1.75. The
increase of heave RAO of round shape FLNG is duthéoextra interaction wave force

transferred to the round shape FLNG through theraation wave generated by the motion of
LNG shuttle tanker.

Besides, it is observed that the peak RAO for tle@avke motion estimate by
experiment test was shifted to the shorted wavéteigthe interaction cases. The heave
natural frequency is located at thédg ng equals to 3.40. From the comparison, the peak
heave RAO for the interaction cases is happenexclo the heave natural period compare to
the peak heave RAO for the case when the FLNGoiseal There are two possible reason can
cause the peak heave RAO to shift to different \\emgth. First, in interaction cases, the
interaction effect is much stronger in shorter wength region and this finding is well study
by Kashiwagi et al. (2005). So the wave excifimge due to interaction effect in the shorter
wavelength is much stronger and the interactioectfivill reduce by increase of wavelength.
Due to the larger heave exciting force obtain iorsr wavelength, then the peak heave RAO

is possible to shift to the shorter wavelengtmieiaction cases.

On the other hand, the effect of the wave amplitude in motion experiment to
estimated RAO of the floating structure has beeulistl by Liu and Papanikolaou (2012).
From their research, they found that the differgatve amplitude used in the experiment test
can cause the peak heave RAO and peak pitch RASDitbslightly to other wave period.
The reason for this shifting may due to the chaofjghe added mass of the motion in
different wave amplitude. They commented that sidting of the peak heave RAO
happened at different wavelength due to the diffieveave amplitude is difficult to detect by
the numerical method they apply in the researclor this study, the wave amplitude is
typically higher in the interaction cases compar¢he case where the FLNG is alone due to
the interaction effect. This is because total wawgplitude in the interaction cases is the
summation of the wave amplitude due to the incidente and the interaction wave generate
by the motion of floating structure. Since th&atavave amplitude to induce the motion in
interaction cases and FLNG alone case is slightfgrénce, so the little shifting of the peak
heave RAO is observed from the experiment test.
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The yaw RAO is shown in Figure 8.35. The similandency of yaw RAO s
predicted by proposed method and experimental tikgt observed that the yaw motion of
the round shape FLNG does not exist in the casksrarmthe FLNG is alone and interacting
with another floating structure. This is becauke tound shape FLNG is a cylindrical
structure and the wave propagates from any directihich is not able to induce the yaw
moment to move the round shape FLNG in a yaw doectThis opinion is also explained by
the Figure 8.23, where the Figure 8.23 shows thatylaw moment is no existed in any

wavelength for both the interaction cases and FlaNfBe case.

In general, the existence of the KVLCC2 structaranged nearby the round shape
FLNG would induce the sway motion and roll motiortthie FLNG. However, the interaction
effect gives more significant influence to the swiagtion in shorter wavelength region. The
heave RAO of the round shape FLNG at damping domiim@gion is increased when it
interacts with KVLCC2 tanker. By shifting the KVIG2 tanker to the gap distance closer to
the FLNG, the RAO of the round shape FLNG in atldirections has not changed much. In
this study, the measurements of gap distance of fdting structures are 0.5 to the breadth
of FLNG and 0.3 to the breadth of FLNG. If the gdistance of round shape FLNG is
reduced 40% from the distance of 0.5 to the breaftlfFLNG to 0.3 to the breadth of FLNG,
both the experiment result and the result from psed method only show a little bit of
change on the RAO on both the interaction caséss mMeans that the interaction of the round
shape FLNG with the KVLCC2 tanker in parallel agament is not very strong. The effect
of interacting with KVLCC2 tanker only influencebet RAO of FLNG in sway and roll
motion, as well as the heave motion at damping dantiregion.

8.4. Summary

In this chapter, the discussions are focused ortahgoaring the round shape FLNG’s RAO
tendencies predicted by the proposed method with RO tendencies estimated by
experimental test and ANSYS AQWA. From the congaariin this chapter, it is obtained
that the proposed method able to estimate the RIAGund shape FLNG with good accuracy

Published by Ocean & Aerospace Research Institudenesia | 8.0. Simulation on Hydrodynami@s{s)
Interaction of FPSO-Shuttle Tanker



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

in both single FLNG case and selected interacteses. The estimated RAO results in this
chapter shown that involved the viscous effecthia talculation as suggested in proposed
method able to reduce the amount of over-predidimoround shape FLNG’s heave RAO.
The predicted heave RAO by involved viscous effeatloser to experiment result. Finally,
this chapter also discuss the effect of interactmthe RAO of round shape FLNG and the
experiment test to validate the proposed methadl.nelxt chapter, the conclusion of this

research is draw based on this result and disqubgihlighted in this chapter.
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Chapter 9

9.0. Gap Distance of Semi-
Submersible = TLP in Tandem

Arrangement

9.1. Introduction

The number of offshore exploration activity in deegter area is increasing now day due to
reduce of natural source in land or near shore #medeep water area, floating structures are
only alternative to apply for the oil and gas exatmn process. However, the motion of
floating structure is easily influence by wave ahis arise a safety issue especially in
multiple floating structure system. During LNG affiding process, the FPSO and ship is
required to arrange in small distance to ensureeffextiveness of the offloading process.
Hence, the study of the gap distance in multipatthg structures becomes important to
ascertain the safety of the structures arrangearahaivoid of accident to occur.

Response of structures to environment at open viatan important criterion required to
evaluate to ensure the system operates safely. cohgarison between single floating
structures with multiple structures made by Siowakt showed that the hydrodynamic
interaction effect may cause the floating structuiee experience larger motion amplitude in
all six types of motion [13]. This phenomenon canse accidents on floating structures such
as crash between structures. Therefore, multi tstreis operation should give more attention
during design and it requires more accurate arglykhydrodynamic interactions between
closely moored structures [6].

To avoid collision occur in multiple floating stituces system, the proper arrangement
of the floating structures is required. One of taetors must evaluate in structures
arrangement is the distance between floating strest The ocean wave is one of the energy
sources to generate the motion of floating strestuThe gap distance between floating
structures is changed depend on the motion of thmdking structures from time to time. This

causes the study of the influence of structuresianato reduce of the distance between
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structures respect to the original distance becsigsificant important to avoid accident
occur.

To understand changing distance between floatiugtsires due to the motion induced
by wave, Siow et al studied theoretical concepttlom effect of structure motions to the
reduce of gap distance between floating structace @nduced an experimental study [24,
25]. In this research, the analysis of influenéevave to the minimum distance between
structures is focused. The mentioned minimum gapadce in this paper mean minimum
distance between two floating structures achieuesitd surge motions induced by wave. To
study this, the semi-submersible and TLP models sslected and arranged in tandem
arrangement. The model experimental is conducteah fivavelength around 2 meters to 9
meters. The analysis is made to obtain the relsiiipn between minimum gap distance

between both the selected structures to the effestructures’ motion response and wave
condition.

9.2. Literature Review

Matos et.al commented that the vertical plane mstiaduced by heave, roll and pitch should
be kept adequately low to guarantee the safetheffloating structure, risers and umbilical
pipes and other important facilities use in oil guotion [22]. The operability and safety of
floating bodies operation are greatly determinedHsy relative motions between them. So,
the accurate motion prediction of two bodies ineldichll the hydrodynamic interaction is
greatly important [10].

Motions of floating structures can be analysed ppglyng strip theory and potential
theory. A number of notable studies were carrietl toustudy hydrodynamic interaction
phenomena such as Ohkusu[12] and Kodan[9].

Hess and Smith [5], Van Oortmerssen[17] and Lok&h[4tudied on non-lifting
potential flow calculation about arbitrary 3D olgec They utilized a source density
distribution along the structure surface and sol¥&d distribution necessary to lake the
normal component of the fluid velocity zero on theundary. Also, Wu etal.studied the
motion of a moored semi-submersible in regular wwawemerically and experimentally. In

their mathematical formulation, the moored semirsetsible was modeled as an externally
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constrained floating body in waves, and deriveditiesarized equation of motion [18].

Yilmaz and Incecik analysed the excessive motiomobred semi-submersible. They
developed two different time domain techniques wueooring stiffness, viscous drag forces
and damping; the mathematic models are strong memnlities in the system. In the first
technique, first-order wave forces acting on acstme which considered as a solitary
excitation force and evaluated by using the Morisqnation. In the second technique, mean
drift forces were used to calculate slow varyingvavdorces and simulate slow varying and
steady motions [19]. S6ylemez developed a technigyzredict damaged semi-submersible
motion under wind, current and wave. An approacleiggation of motion based on Newton’s
second law was used in the research to developnbnaar numerical technique for both
intact and damaged condition in time domain [14].

Besides, the hydrodynamic interaction effect waslistl by Kashiwagi. He introduced
a hierarchical interaction theory in the framewarklinear potential theory used to study
hydrodynamic interactions between a large numbiecslamns supporting flexible structure.
He also furthers the research to investigate wawWefdrce and moment on two side by side
arranged ships by using Higher-Order Boundary EfgnMethod (HOBEM). His research
obtained that the hydrodynamic interaction forcene predominant in the motion equation
in the shorter wavelength region due to resonaghpmena. Kashiwagi was also concluded
that the intensity of the interaction force is degent upon the ratio of the wavelength to the
separation distance between two adjacent cylindafter that, Kashiwagi was also
investigated the applicability of wave interactitimeory apply to simulate the small gap
length condition. The study obtained that the waweraction theory able to predict the
motion accurately if the separation between thectires is satisfied with the addition
theorem of Bessel functions [8].

Besides, Choi and Hong were also applied HOBEM malysis hydrodynamic
interactions of multi-body system [3]. Clauss etalalyzed the sea-keeping behavior of a
semi-submersible in rough waves in the North Sealoyerical and experimental method.
They used panel method TiMIT (Time-domain invedimss, developed at the Massachusetts
Institute of Technology) for wave-structure intdras in time domain. The theory behind
TIiMIT is strictly linear and thus applicable to neydte sea condition only [4].

On the other hand, Spyros was also purposed ardesgnted semi-analytical method

to solve the radiation problem and evaluate therdgyghamic and interaction coefficients
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[15]. An analytical solution to solve hydrodynanaidfraction problem of arrays of elliptical
cylinders were also introduced by loannis and Spyrd. In the research, he obtained that the
variation of hydrodynamic loading on the interanticases is in relative to the wave heading
angle. Besides, the effect of structures numbdestafto hydrodynamic interaction was also
covered by Tajali et al. [16]. Their research resutdicated that by increase the number of
pontoons can cause the peak frequency and peakitaahedior all motion increase.

A numerical method also employed by Zhu et.al tagtthe effect of gap in multiple
box shape structures system. In that study, thenpiat for incident wave and scattering wave
were ignored, the motion of the structures is agslonly affected by radiated wave [21].
The gap distance was ranged from 1% of breadtl®% 6f breadth. The simulation showed
that the hydrodynamic interaction between floastgictures can caused by the surge, sway
and heave motion; however, only sway motion shoafsang interaction at certain resonance
wave number. And then, Zhu et al. also conductedsaarch on hydrodynamic resonance
phenomena of three dimensional multiple floatingutres by applying linear potential
theory in time domain. The gap was limited to 1%npared to the breadth. The research
found that peak force response on floating bodiesonance frequency is same between
frequency domain technique and time domain teclnidinis proved that the time domain
technique can be an alternative to investigate ddydramic interaction phenomena between
floating bodies in small gap [21].

Zhao etal. was carried out a study of hydrodynaimtieraction between FLNG vessel
and LNG carrier which arranged in side by side rayeanent. They were observed that the
hydrodynamic interactions give more influence te turge, sway and yaw motions. In
addition, they also discovered that the interactietween structures able to affect the load on
the structures connection systems [20].

In addition, few experimental tests were carried touobtain the motion response of
structures. A model test related to interactiomeein semi-submersible and TLP was carried
out by Hassan Abyn et al [1]. In continue HassagrAkt.al also tried to simulate the motion
of semi-submersible by using HydroSTAR and theryaeathe effect of meshing number to
the accuracy of execution result and execution t[2le Besides that, K.U. Tiau was
simulating the motion of mobile floating harbor whihave similar hull form as semi-
submersible by using Morison Equation [23]. To shgate the interaction effect to

structures motions, C. L. Siow et.al were made mparison on the motion of semi-
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submersible when it alone to interaction conditigrusing experimental result [13].

To evaluate the effect of the motion to the chawgedistance between floating
structures, the conceptual study was carried ousibw et.al [24]. This study obtained that
the wavelength and the initial distance betweemtiihy structures are the main factors
influence the minimum distance possible to achidwe the floating structure. The
experimental study of minimum gap distance betwigmating structures also conducted by
Siow et al. to propose an empirical equation wiuagh use to define the minimum achievable
distance between floating structures when the masianduced by wave [25].

From the series of reviews, it obtain that a loefibrt was made by many researchers
to study the hydrodynamic interaction phenomena [iterature review also shown that the
previous research on this area are preferred tty s the effect of hydrodynamic interaction
to wave forces acting of structures, change of bgyginamic coefficient and structures motion
in response to wave. To improve the safety of thétiple floating structures system which
arranged in small gap distances, this researchojgoped to evaluate the change of the gap

distance due to the motion of floating structuréscl induced by wave.

9.3 Model Experimental

In this study, model experiment was conducted tmlystthe minimum gap length of the
floating structures arranged in small gap. The arpEnt was made at UTM’s towing tank.
The long, wide and deep for this towing tank ar@m24m and 2.5m. In addition, gravity
wave can be generated by this tank has the rangewé period from 0.5 to 2.5 sec with
maximum wave heights 0.44m. The experiments wenewcted for the conditions where the
semi-submersible arranged behind the TLP struciitre.distance between both structures in

model scale is 310 mm in this experiment tests.

9.3.1 Models particulars

In this experiment, the semi-submersible model v@sstructed based on GVA 4000 type

model. Both the semi-submersible and TLP model weated down with ratio 1:70.
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Upon the model completely constructed, incliningtteswing frame test, oscillating test,
decay test and bifilar test were carried out toniide the hydrostatic particular for both the

semi-submersible and TLP. Results collected frioeng tests were summarized as in table 1.

Table9.1: Principal particular of Models

Character TLP Semi Unit
Length 57.75 66.78 m
Width 57.75 58.45 m
Draft 21 16.73 m
Displacement 23941 14921 *m
Water Plan Area 715 529.6 ’m
Number of Columns 4 4
Pontoon length 31 66.78 m
Pontoon depth 7.28 6.3 m
Pontoon width 9.73 13.3 m
Pontoons centerline separation - 45.15 m
Columns longitudinal spacing (centre) - 45.58 m
Column diameter - 10.59 m
GM+ 1.77 2.87 m
GM_ 7.63 4.06 m
Kxx 26.11 31.64 m
Kyy 26.46 26.95 m
Kzz 30.8 35 m
CG; -6.37 -0.28 m

9.3.2. Motion tests

The floating structures were assumed to experisncalegrees of freedom. The six DOF
motions of the models were moored on springs andsared by optical tracking system
(Qualisys Camera).

Water-proof load cells are attached to the spriaigthe model fairlead locations to

measure applied tension force on the model frormtbering springs directly. The purpose of
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this setup is to avoid any losses in force. Lighghering gauge load cells used here are
sufficiently sensitive to provide a good signal sonall mooring line tensions. The measured
mooring line tensions are recorded by Dewetron Batuisition System (DAQ).

Due to the limitation of this tank, the tendonsers and moorings are not actually
presented in the model tests. Therefore, this meeleip was expected had less damping and
caused larger motion amplitude at model scale comip@a the prototype.

Soft lateral springs were attached to the TLP aaahiSubmersible to give horizontal
restoring force to prototype TLP tendons and Sarbirgersible moorings. One Side of the
soft lateral spring was clamped to the mooring pastached to the carriage and other side of
the ends was connected to load cells at modeltsideeasure the spring tension forces at the
model. Anchor locations for the springs were progeected to ensure mooring lines of the
model make 45 degree angle with respect to thee&airattachment points on the model. The
spring pretension and spring stiffness appliedhie test was same as horizontal stiffness
required for the system to match the natural perafdhe horizontal motion (surge, sway) for
the TLP and Semi-submersible. Due to limitatiorwater deep, almost horizontal springs set
considered for compensation of horizontal forcegyufe 1). Also, the TLP and Semi-
submersible are connected between each other bgdwaectors to control the gap between

the floating bodies (Figure 2).

v g Total Weight WMNE

Honzontal sprnng
(horizontal tendon
tension)

Buoyancy

Tank floor (limitod depth)

Figure 9.1: Model test set-up in available water depth

Hydrodynamic interaction between floating strucsuraodel test for TLP and Semi-
submersible was set up as shown in figure 2. Inatinengement, progressive wave firstly

attached TLP model before semi-submersible.
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3 Semi 85
—=— 831 TLP submersible

Figure 9.2: Layout TLP and semi-submersible model experimesgalup (Dimension is in
model scale).

16-Feb-12 9:23 d

Figure 9.3: TLP and Semi-Submersible set up into towing tank.

The models were attached to tow carriage by spramgsregular waves generated by
wave-maker at the end of towing tank (figure 3)tl#d start and end of these tests, the model
was carefully held to prevent large offsets dusudden wave exciting forces which could
damage the mooring springs. The measurement statéke when the wave height starts to
become constant. In this model test, wave periogle warefully chosen to cover the models’
natural period. The selected wave condition is showtable 2.

Table 2: Input wave parameter for model test.

Wave Parameter
No Variable
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T(s) A (M) H(1/20) (cm) H(1/40) (cm) | H(1/60) (cm)

1 1.25 2.44 12.2

2 1.46 3.33 8.3

3 1.65 4.25 10.6

4 1.85 5.34 13.3

5 1.97 6.03 15.1

6 2.15 7.14 17.8

7 2.50 9.39 15.6

9.4. Concept of Gap Distance Between Structures

The gap distance between floating structures isinasd effected by the relative motion
between two floating structures. In this study, gag@ distance between floating structures
which arrange in tandem arrangement is studiedy Gatge motion is influence the gap
distance between floating structures in this study.

The figure 4 showed that two floating structuresamged in a separate distante,
Hence, the same wave will arrive at the in fromticture to induce the motion before it is
proceeded to induce the motion at behind structdrksrefore, leading phase between two
structures is existed due to the time requiredhieywtave travel from one structure to another
structure.

From the theoretical point of view, the leading gdhaetween structures can be
calculated if the separate distance between stegtand the wavelengthi,is known. The

equation to calculate the leading phase betweantates as follow:

a=—-X2m 9.1)
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Separate Distanck,

_ Initial Gap
~ Distance Gp (B)

Figure 9.4: Progressive wave and Structure interaction.

The equation (1) shown that the leading phase legtvg&ructuresy is in the ratio of
structures separation distantéo the wave lengthi.

Due to the arrangement of structure, it is obtaitted wave arrived on structure (B)
always leading by a phase,respect to structure (A). Therefore, the motiontta structure
(B) will always have a leading phase @fcompare to structure (A). In this case, the surge

motion of the floating structures can be represkeatefollowing equation.

X,(t) = X, sin(—wt + B,) (9.2)

Xg(t) = Xg sin(a — wt + Bg) (9.33)

WhereX,(t) andXz(t) is the surge motion for structure (A) and struet(B), X, andXpis
the surge amplitude for structure (A) and struc{ie S, andgzis the leading phase between
wave to structure motion for structure (A) and stwe (B),a is the leading phase between
structuresy is the wave speed in rad/seconds argithe time in seconds.
Next, the change of gap distance between two figastructures can be calculated
based on the relative motion of the floating stuues. The gap distance between two floating
structures,G(t) in tandem arrangement can be calculated by comsidéne original gap

distanceGiyitiar» SUrge motion of both structures. The simplifigdaion as follows,

G(t) = Guitiar + [Xa(£) — X5(0)] (94)
G(t) = Ginitiar + [Xa sin(—wt + B,) — Xp sin(a — wt + B5)] (9.5)
Published by Ocean & Aerospace Research Institudenesia | 9.0. Gap Distance of Semi- 267

Submersible — TLP in Tandem Arrangement



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

From the equation (4), it is obtained that the vidlial surge motion of the floating
structures will contribute to the change of gapgatise between floating structures when the
wave progress pass through the floating structures.

Based on the equation (5), it is obtained thatgdye distance is changed according to
time. The minimum gap distance in the specific wagrdition will depend on the response
of the structures’ motion response, wavelengthaiginal gap distance. The function of the
minimum gap distance between two floating structyressible to achieve can be represented

in following function.

Gmin X f(Mstruc—l' Mstruc—z' A! Ginitial) (9-6)

WhereG,,;, is the nearest gap distance between two floatmgtsire achieved due to surge
motion, Mgty c—1 and Mg;,.—» 1S the surge motion of structures 1 and struct@esnd

Ginitiar 1S the initial structures distance before the wanreve.

9.5. Experimental Data Analysis

The experiment in this research is interested na tihe possible minimum gap distance
between two floating structures when the motioimdsiced by wave. The Qualisys Camera is
used in the experiment to record the time domasitipm coordinate of the floating structures
in wave tank. The changing of distance between fteating structure in time domain was
calculated by considering the changing of posiiiorthe tank for both the TLP and semi-
submersible respective to its original positione Hyuation to calculate the distance between
two floating structuresG(t) in the function of time, t, initial gap lengtlg;,;;;,; and the

amount of gap@ (t) decrease in time as follow:

G(t) = Ginitiar + G(t) (9.7)

where the amount of gap(t) decrease in time is calculated as follows:
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G(t) = Mgprye—1(t) — Mgprye—2 () (9.8)

where,Mg;,.—1(t) Is the position of in front structure which is Tladd Mg, ., (t) Is the
position of behind structure which is Semi-Subni#esin this experiment. Zero position is
located at the structures’ individual initial pasit before advance by incident wave.

To obtain the minimum gap distance possible toeahby the motion of both structures,
the time domain gap distance daidt) is converted to frequency domaih(F) to obtain the
amplitude of the minimum gap length [25]. The nelaship between the minimum gap
distance with the structures’ motion and wave comdliis defining using the experimental

data which converted to frequency domain.

9.6. Model Experiment Result

The regular wave experiment was conducted in headtgndition and the floating structures
arranged in tandem arrangement. From the datadedpthe gap distance between floating
structures was calculated by equation (8).Fromctinveceptual study, it is obtained that the
minimum achieved gap distance between floatingcsires is in the functiah,;, <
f(Mgtruc—1 Mstruc—2, A, Ginitiar) - Due to the experiment is only conducted in samiteal gap
distance, hence only the relationship between mimnachieved gap length with structures
motion and wavelength is focused and discussed here

The figure 5 and 6 showed the distribution of amafrgap length reduced verses the
structure motion and summation of structures mottwom both the figure, it is obtained that
the gap length between floating structures is redum the linear relationship to the
individual structure motion and the summation oficiures motion. From both the figures, it
is clearly obtained that the larger structures orotwill lead to closer distance between
floating structures. This observation shown thatliktter mooring systems which can reduce
the structure horizontal motions and help to redtlee possibility of clashing between
floating structures.

From the finding, it can be represented the refatip between amount of gap distance
decrease compare to initial gap distance is inlithear function to the structures motion

where
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GReduce X (Mstruc—l + Mstruc—z) (9-9)

Since the structures motion in wave condition temfrepresent by the response amplitude

operator, hence the above function can be writighe following format

Wy
GReduce x (RAOSurgestruc—l + RAOSurgestruc—z)T (9-10)

Also, the equation to link the amount of the gagtatice can be reduced due to the structures

motion can be written as an equation as follow

Wy
Greduce = C* (RAOSurgestruc—l + RAOSurgestruc—z)T (11)

From the equation (11), the amount of gap reduseassumed linearly to the structures
motion. The constant C in the equation (11) is eeslinvolved the other variables which
will affect the amount of gap length reduced duestimctures motion. In the study, this

constant C is defined from wavelength and strustareangement.
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Figure 5: Comparison between surge amplitudes &f ahd Semi-submersible to the amount

of gap length reduced respect to initial gap length
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To study the effect of wavelength to the amoungab distance can be reduced due to
the structures motion, the figure 7 is plotted agiawavelength in axis-x. The axis-y at figure
7 is equal to the amount of gap distance reduceitleti by the total summation surge

amplitude of both the semi-submersible and TLP.
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Figure9.7: The tendency of ratio of amounts of gap distaeceiced to wavelength.
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From the figure 7, it is observed that the expomaémurve is able to fix well with the

experiment data. In this study, the equation th kinth the axis-y and axis-x in figure 7 is

y = C et (9.12)

Where, v IS Ginitiat — Gmin)! Mstruc—1t Mgeruc—2), X is wavelengthd and C,and C, is the
constant and in this arrangement and selected modhel value is 1.195 and -0.093
respectively.

From the figure 7, it is showed that if the wavefgnbecome longer, the amount of gap
distance reduced due to the motions is lesser.mban that the in very long wave condition,
the reduction of gap distance between floatingcstines respectively to the initial gap
distance become very less and the effect of gapceztidue to the motion of structure can be
ignored.

To obtain the empirical equation which can be applpredict the minimum gap distance
between floating structures in wave induced coaodijtithe equation (12) can be used and

rearranged as follow:

y = C,e?* (9.13)

Ginitial - Gmin

= C,e%? (9.14)

Mstruc—l + Mstruc—z
Gmin: Ginitial - (Mstruc—l + Mstruc—z) * Clecz)l (9-15)

Also, from equation (11), we can rewrite the equatio include the structure response

amplitude operator as follow

Wy
Gmin: Ginitial - (RAOSurgesmw—l + RAOSurgestruc—Z T

* Cy et (9.16)
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9.7. Discussion and Analysis

From the Figure 8, the empirical equation showeld agreed with experiment’s result. The
comparison in Table 3 shown the percentage of réifiee between the result obtained by
empirical equation and experiment is relatively Bniahe trend of change for the minimum
gap to wavelength between both methods is simdash@wn in the figure 8. The minimum
observed gap length in this study is occurring awvelength around 7.07meters. This is
because both the floating structures experiencethtiyest surge motion in this wavelength.

In the comparison between experimental result dme émpirical equation, it is
observed that the introduced empirical equatiorugégn 16)can be fixed will with the
experimental result directly measured from expenim®&ased on the Table 3, the largest
different between these two results is around 4.1 shown that the introduced empirical
equation is fixed with the experimental resulttlois selected experiment model. However, to
ensure the accuracy of the calculated result froen@mpirical equation, the RAO of the
structures must be executed correctly. This is li@eghe empirical equation is very sensitive
with the RAO of both the structures.

The weakness in this empirical equation is theceffd the arrangement or initial
distance between floating structures is no take the consideration. This is because the
experiment is only conducted for same initial gégtashce. It is predicted that if the initial gap
distance is changed, the constaihtandC, in the equation (16) will change. Therefore, the

accuracy of this empirical equation for other msdslrequired to recheck.
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Figure 9.8: Predicted minimum gap distance between floatingicaires based on

experimental data and empirical calculation.

In this study, the relationship between the amayap distance reduced due to the
structures motion and the wavelength is studiedmFthe experimental result, it can be
observed the strong relationship is existed betwd#en reduced gap distance with the
structures motions and wavelength. To reduce tissipitity of crash between structures, the
structures horizontal plane motions should be ptgpeontrol and analysis. Because the
better control of structures motion is the initsaép to avoid large change on the distance

between floating structures.

Table 9.3: Comparison minimum gap distance predicted by aogdircalculation to

experimental data.

Wavelength, m Per centage different between empirical and experimental result, %

2.48 1.27
3.33 0.85
4.20 0.83
5.35 141
6.00 2.20
7.07 0.46
9.39 4.11
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Appendix A

SOLUTION ON CALCULATE LENGTH OF WAVE CREST

Assuming that the length of wave crest can beesspted by a quadratic equatioas

Scn- Then the length of the wave crest can be cakedlay integrate the equation (A-1).

Xn+1 dy 2
Son = ] 14 (—) dx (A-1)
X dx
Where,
dy
a=2an+bn (A-2)
Xpn+1
Sen = ] J1+ (2a, + by)2dx (A-3)
xlp’n
Let,
2a,x + b, = tanu (A—4)
_tanu by A_c
x= 2a, 2a, ( )
1
dx = —sec?u du (A—6)
2a,
u = tan"'(2a,x + b,) (A=7)

Insert equation (A-4) and equation (A-6) into etpa(A-3),

Xpn+1 1
Sen = j V1+tanZu —sec?u du (A-198)

xlp’n 2 an

Published by Ocean & Aerospace Research Instiiudenesia | Appendix A 289



Advanced Hydrodynamic Interaction Theories -Apgima on Floating Offshore Structures-

Xpn+1
Sen = o7 V1 +tan?u sec?u du (A-9)
n xw
Where the trigonometry identity said tHa# tan® u = sec? u, then
Xpn+1
Sen = Vsec?u sec’u du
’ Zan X
1 Xypn+1
=— secu du (A —10)
2a, X
Solving the equation (A-10) obtained that
X
s 1 Isecu “tanu N In|secu + tan u| Y+l A—11)
cn T —
2a, 2 2 Yo
Insert equation (A-7) into equation (A-11), then
¢ sec(tan"(2a,x + by,)) - tan(tan 1 (2a,x + by,))
°n T 2a, 2
N In|sec(tan™1(2a,x + b,)) + tan(tan™1(2a,x + b Tyt A
5 (
w,n
—12)
Based on the trigonometry rule,
tan(tan™*(2a,x + b)) = 2a,x + b, (A—13)
sec(tan™'(2a,x + b,)) = /1 + (2a, + by,)? (A—14)
Insert equation (A-13) and equation (A-14) intai@ipn (A-12), then
¢ - 1 |Qay + b1+ (2ay, + by)?
°n T 2a, 2
X.
In| T+ 2ay, + by)? + (2a, + b Yt
_I_ |\/ ( n Tl) ( n n)| (A _ 15)
2
xlp,n
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Where, from the equation (A-1) to equation (A-1%), is the length of the wave crest
represent by the quadratic equatior,, ,, is the X-coordinate of the wave cresf,and byis

the coefficient of the quadratic equation whichresent the wave crest.
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Appendix B

INTERFACE OF SELF-DEVELOPED SOFTWARE

The interface of the self-developed programmingecas shown in the following
figures.

8 Diffraction Main Form
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FigureB-1 The main frame of the self-developed software
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8 Model_Construction
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Figure B-3 The interface of the self-developed softwaregtesil for insert environment data
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i

Confirm Mathematic Model
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Figure B-4 The interface of the self-developed software gle=il for user to select the basic

theory used for calculation. The interface alsovadl the user to insert the extra damping

coefficient for the calculation
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=

Figure B-5 The interface of the self-developed software glesil present the meshes

constructed by the software
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Appendix C

MESH OF THE FLOATING STRUCTURE GENERATED BY ANSYSAQWA

The mesh of the Round Shape FLNG generated by ANSQWA used for
execution is showed in Figure C-1. The mesh of KMLCC2 tanker ship generated by
ANSYS AQWA used for execution is showed in Figur@.C

To predict the interaction between Round Shape GlwWith KVLCC2 tanker, both
the selected model were arranged close to each. offfee Figure C-3 shows the meshes for
both structures used in execute the motion respoieating structure when both structures
are interacting between each other.

Figure C-1 The meshes for the Round Shape FLNG construgté&dNSYS AQWA.
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Figure C-2 The meshes for the KVLCC2 Tanker Ship construbiedNSYS AQWA

Figure C-3 The meshes for the both the Round Shape FLNGKAAdACC2 Tanker Ship
constructed by ANSYS AQWA for predict the motioneraction effect
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Appendix D

PHOTO OF MODEL EXPERIMENT

The photos for the model experiment are presesdddllow:

Figure D-1 Model preparation
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Figure D-3 Model installation
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Figure D-4 Model installation
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Figure D-5 Motion data recording
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Appendix E

SAMPLES CALCULATION PROCEDURE TO PREDICT MOTION NATURAL
FREQUENCY

The motion natural frequency of the round shapBlGlis predicted by using simple
mathematical equation and decay experiment. Téamegles of calculation are presented in
this appendix. The three samples are the processltulate natural frequency for surge

motion, heave motion and pitch motion.

To calculate the surge natural frequency, the mgoforce is required to estimate
first. The restoring force for surge motion is tdyuted from the attached mooring line. So
the mooring force is the main parameter to detezntie natural frequency for surge motion.
Besides, the natural frequency of other horizopkahe motion such as sway motion and yaw
motion also calculate using the similar processaloulate the surge natural frequency in this

research.

The surge restoring force mooring force is ableafwulate after the amount mooring
force able to generate by the mooring cables amwvkn The amount of mooring force
generated by the designed round shape FLNG mosyistgm to avoid the FLNG experience
large surge motion is presented in the Figure EFbe calculation process to estimate the

surge natural frequency is presented as follow.
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FigureE-1 FLNG surge restoring force due to mooring effect
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The heave restoring force is contributed from hlgdrostatic term. In this research,
the heave natural frequency is calculated directisimg the equation 7.2. The parameters
involved in calculate the heave natural period sinewn in Table E-1 and the sample

calculated to obtain the heave natural frequencthisf round shape FLNG is presented as

follow.

Table E-1: Parameters used to calculate heave naturaldreyu

Diameter of FLNG 1.0182 m
Water plane area, Aw 0.81425] m°
Volume,V 0.2361 m’
Mass,A 236.1 kg
Added MassAs; 212.49 kg
Density,p 1000| kg/m®
Gravity Accelerationg 9.80665| m/s

Heave restoring force, C; = pgAw = 7985.06 N.m

A+A33=1489s

Heave natural period, T3 = 2@
3

1
Heave natural frequency = ™= 0.6716 Hz
3

The roll natural period is estimate from the deeageriment. The similar process is
used to obtain the pitch natural period. The r@éedrroll decay time series data is presented
in Figure E-2 and the parameters used to estirhateoll natural frequency and the radius of
gyration of this round shape FLNG is shown in Tdbl2. The calculation process to obtain

the roll natural frequency is as follow.

Table E-2 : Parameters used to calculate roll natural frequen

Diameter of FLNG 1.0182 m
GM+ 0.0691 m
Volume,V 0.2361 m’
Mass,A 236.1 kg
Added MassAss 7.53| kg.nf
Density,p 1000| kg/m’
Gravity Accelerationg 9.80665| m/s
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FigureE-2 Round shape FLNG's Roll decay result

(152-04)

Average natural period of roll, T, = =247s

1
Roll natural frequency = = 0.4049 Hz
4

Roll restoring force, C, = pgV GM; = 160.0 N.m

21
Roll natural frequency, W,, 4, = T = 2.547 rad/s
4

C
Moment of inertia, I, = W—24—A44 =17.13 kg.m?
n,4

I
Radius of Gyration, k,,, = /% = 0.269 m?
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Appendix F

MOTION MEASUREMENT SOFTWARE FOR MODEL EXPERIMENT

The 6 DoF motion of round shape FLNG are measbredheodolite camera and
gyroscope. The programming software is used teqa® the signal from the measurement
devices so the motion data of the FLNG is obtaifrech experiment. As mentioned in
chapter 7, the linear motion of the FLNG is meagurg theodolite camera, the theodolite
camera able to obtain the distance of optical nraffem the camera, vertical angle and
horizontal angle between the optical marker andctimeera. The software to measure the
linear motion of the FLNG using the data measureh@pdolite camera is provided by the
laboratory. The interface of the software is shawrihe Figure F-1 and the sample data
output by the measurement software are shown iar&i§-2 to Figure F-4. As provided by

the laboratory, the mathematical equations to ¢atleuhe position of the FLNG in wave

dynamic tank are presented from equation to equatio
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FigureF-1 Interface of the software to process the data fifteodolite camera

Position of FLNG-X direction
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Figure F-2 Position of round shape FLNG in X-direction measufrom theodolite camera

in head sea single structure motion experimentigbtwavelength 2.27 meters
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Figure F-3 Position of round shape FLNG in Y-direction meaasufrom theodolite camera

in head sea single structure motion experimentightwavelength 2.27 meters
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Position of FLNG-Z direction
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Figure F-4 Position of round shape FLNG in Z-direction meadufrom theodolite camera
in head sea single structure motion experimentightwavelength 2.27 meters

The position of optical marker can be known if gesition of the theodolite camera,
the distance between theodolite camera and optitalker, horizontal angle between
theodolite camera and optical marker and verticadlexa between theodolite camera and
optical marker is knows. Since the required infdaiorais able to provide by the theodolite
camera, therefore the position of the optical madan be calculated by the mathematical
model presented in this appendix.

Let the initial X, Y and Z position of the theodel camera from the zero offset
labeled asX;,Yrand Z;. The distance between theodolite camera and aptmarker is
labeled asl;( (t), the horizontal angle between theodolite cameré @ptical marker is
labeled a9, ro (t) and the vertical angle between theodolite camecaaptical marker is
labeled agly, 1o (). The relationship between the variables can begmted as in Figure F-
5.
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Optical
Marker

%o (£), Yo (1), 2, (1)

Oy 1o (t)
/ Theodolite
Camera

Xr, Yr, Zp

v Z
Figure F-5 Relationship between the position of the theddotiamera with the optical

marker

Let the position of the optical marker in X, Y and position labeled as
X, (t),¥,(t) and z,(t). Then, the mathematic equation to relate the tiposibetween

theodolite camera with the optical marker can mwshas follow.

x6(8) = Xp = Ly (£) sin (8,70 (8) ) sin (84170 (8)) (F-1)
Yo(t) = X7 + I (t) sin (9V,To (t)) cos (HH,TO (t)) (F—2)
2(t) = Xg = Lo (£) cos (Byr0 () (F=3)

On the other hand, the rotation motion of the tbshape FLNG is able to measure

directly by the gyroscope. The gyroscope is cotingdo the computer via Bluetooth system

to transfer the data so the measured data canvee $a the connected computer. The
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interface of the software to process the data fteengyroscope is shows in Figure F-6 and

the rotational motion data measured by the gyroseop shown in Figure F-7 to Figure F-9.

Figure F-6 Interface of the software to process the data fggroscope
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Figure F-7 Roll motion of round shape FLNG measured by gyopse in head sea single

structure motion experiment test with wavelengvaneters

Pitch Motion
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Figure F-8 Pitch motion of round shape FLNG measured by gpope in head sea single

structure motion experiment test with wavelengvaneters
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Figure F-9: Yaw motion of round shape FLNG measured by gyrosdaphead sea single

structure motion experiment test with wavelengv2aneters
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