UNIVERSITY of
TASMANIA

University of Tasmania Open Access Repository

Cover sheet

Title
Predictions of hydrodynamics of a conceptual FLNG-LNG offloading system

Author
Yuting Jin

Bibliographic citation
Jin, Yuting (2018). Predictions of hydrodynamics of a conceptual FLNG-LNG offloading system. University Of
Tasmania. Thesis. https://doi.org/10.25959/23238539.v1

Is published in:

Copyright information

This version of work is made accessible in the repository with the permission of the copyright holder/s under
the following,

Licence.

Rights statement: Copyright 2018 the Authors Chapter 4 appears to be the equivalent of a pre-print version of
an article published as: Jin, Y., Chai, S., Duffy, J., Chin, C., Bose, N., Templeton, C., 2016. RANS prediction
of FLNG-LNG hydrodynamic interactions in steady current, Applied ocean research, 60, 141-154 Chapter 6
appears to be the equivalent of a pre-print version of an article published as: Jin, Y., Chai, S., Duffy, J., Chin,
C., Bose, N., 2017. URANS predictions on the hydrodynamic interaction of a conceptual FLNG-LNG
offloading system in regular waves, Ocean engineering 153, 362-386

If you believe that this work infringes copyright, please email details to: oa.repository@utas.edu.au

Downloaded from University of Tasmania Open Access Repaository

Please do not remove this coversheet as it contains citation and copyright information.

University of Tasmania Open Access Repository

Library and Cultural Collections

University of Tasmania

Private Bag 3

Hobart, TAS 7005 Australia

E oa.repository@utas.edu.au CRICOS Provider Code 00586B | ABN 30 764 374 782 utas.edu.au


http://doi.org/
http://rightsstatements.org/vocab/InC/1.0/
mailto:oa.repository@utas.edu.au
https://figshare.utas.edu.au
https://utas.edu.au

THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Predictions of Hydrodynamics of a
Conceptual FLNG-LNG Offloading
System

National Centre of Maritime Engineering and Hydrodynamics
AUSTRALIAN MARITIME COLLEGE, UNIVERSITY OF TASMANIA
Launceston, Australia
2018



Declarations

This thesis contains no material which has been accepted for a degree or diploma by the
University or any other institution. except by way of background infornation and duly
acknowledged in the thesis, and to the best of my knowledge and belief. no material previously
published or written by another person, except where due acknowledgement is made in the

text of the thesis. nor does the thesis contain any material that infringes copyrights.

This thesis may be made available for lean and limited copyving in accordance with the
Coprvright Act 1968

Signed:

Yuting Jin EEkE )

Date  01/04/2018

ii



Declaration for thesis containing published

work

This thesis contains published work and/or work prepared for publication. sonie of which have
boen co-authored. These publications have been nwodified to fit into the structure of the thesis,
The bibliographical details of the work are outlined below and the full publications of the peer-

reviewed journal papers can be scen in the Appendix:

Paper 1
Jin. Y.. Chai. 5.. Duffy. J.. Chin. C.. Bose. N.. & Templeton. C. {2016). RANS prediction of

FLNG-LXNG hvdrodynamic interactions in steady current. Applied Ocean Rescarch. 60, 141-
154. (Chapter 4}

Paper 11

Jin. Y.. Chai. 5.. Duffy, J.. Chin. C.. & Bose. N, {2016). Experimental Study of Wave Induced
Loads and Motions on FLNG in Head and Oblique Sca Waves, Paper presented at the ASME

2016 35th International Conference on Ocean. Offshore and Arctic Engineering. {Chapter 5)

Paper 111
Jin. Y.. Chai. 5., Duffy. J.. Chin. C.. Bose. N.. & Sun. L. (2016}, URANS Prediction of Ship

Hydrodsnamics in Head Sea Waves at Zero Forward Speed with Model Testing Validation.
Paper presented at the ASME 2016 35th International Conference on Ocean. Offshore and

Arctic Engineering, (Chapter 5)

Paper [V
Jin. Y.. Chai. 5., Duffy. J.. Chin. C.. & Bose. N (2017). URAXNS predictions of wave induced

loads and motions on ships in regular head and oblique waves at zero forward speed. Journal
of Fluids and Structures 74. 178-204. (Chapter 5)

Paper V
Jin. Y.. Chai, S., Duffy. J.. Chin, C.. & Bose. N {2017). URANS predictions on the

livdrodynamic interaction of a conceptual FLNG-LNG offloading svstem in regular waves.
Occan Engincering 153. 362-386. (Chapter 6}

i1



Paper VI

Jin. Y.. Chai. S.. Duffy. J.. Chin. C.. & Bose. N {2017). Hydrodynamics of a conceptual FLNG
svstem in side-by-side offloading operation. Ships and Offshore Structures (Chapter 7) -

Under Review

Paper VII

Jin, Y.. Chai. 5., Duffs. J.. Chin. C.. & Bose, N. {2013). Scale Effects on Hydrodynamic
Alanoecuvring Force Prediction. Paper presented at the Twentyv-fifth International Offshore and

Polar Enginecring Conference. (Appendix}

Paper VIII

Jin. Y.. Duffv, J.. Chai. S.. Chin. C.. & Bose. N. (2016}. URAXNS study of scale cffeets on
livdrodynamic manocuvring coefficients of KVLCC2, Ocean Engineering, 118, 93-106,
{Appendix)

iv






Papcer 4: URANS predictions of wave inducced loads and motions on ships in regular head
and oblique waves at zero forward specd

Located in chapter 5

The estimated pereentage contribution of the candidate is 80%. The co-authors contributed to

the concept and design of the research project.

Paper 5: URANS predictions on the hydrodynamic interaction of a conceptual FLNG-
LNG offloading systcm in regular wavces

Located in chapter 6

The estimated percentage contribution of the candidate is 80% . The co-authors contributed to

the concept and design of the research project,

Paper 6: Hydrodynamics of a conceptual FLNG system in side-by-side offloading
opcration

Located in chapter 7

The estimated percentage contribution of the candidate is 80% . The co-authors contributed to

the concept and design of the rescarch project.,

Paper 7: Scale Effects on Hydrodynamic Manocuvring Force Prediction

Located in Appendix

The estimated percentage contribution of the candidate is 80% . The co-authors contributed to
the coneept and design of the research project. and provided financial support for attending

the conference.

Paper 8: URANS study of scale effects on hydrodynamic manocuvring cocfficients of
KVLCC2
Located in Appendix

The estimated pereentage contribution of the candidate is 80%. The co-authors contributed to

the concept and design of the research project.

vi



We the undersigned agree with the above stated proportion of work undertaken for cacli of the

above published (or submitted) peer-reviewed manuscripts contributing to this thesis,

Signed:
A Prof. Shuliong Chai IProf. Natalia Nikolova
Primary Supervisor Principal
College of Engineering and Science  Australian Maritime College
University of Tasmania University of Tasinania
Date; 04/04/18

vii



Acknowledgement

I never expected the time to slip away so fast when I started mmy PhD rescarch at the National
Centre for Maritime Engineering and Hydrodynamics in 2014, The entire trip of the study and
research has been full of challenges, difficulties and hope all along the way, After a three and
half-year time. now it comes to an end. This thesis would not have been possible without the

support and help from several individuals and institutions.

First and forcmost. I would like to express my sincere gratitude to my primary supervisor.
Associate Professor Shulwng Chai. for her professional knowledge and valuable instructions
benefiting my study much. for her constant inspiration and cncouragement while I was
struggling with the research. It has been greatly enjovable to work together with her during
the past vears. I would also like to extend myv thankfulness to Dr. Jonathan Duffy for lis
excellent and distinetive data analyvsing and research ideas. At last, I want to thank my other
co-supervisors Dr. Christopher Chin and Professor Neil Bose for their constant support for my

PLD work.

During the course of this work I conducted model scale experiments using the model test basin
facility at the Australian Maritime College, Many thanks to towing tank staff who provided
valuable assistance during the conduct of the experiments. Thanks particularly to Tim
Lilienthal and Adam Rolls. In addition. many thanks to the Flanders Hydraulics Rescarch

(Belgium) and SIMNMAN for their valuable experimental data for validating my work.

Last but not least., niyv great appreciation goes to niy dear parents for their unconditional love
and warmest confidence in my all through these years: to my girlfriend Xi Liu for her love all
along through the past three and half vears, T am grateful to all the other family mewmbers for

their warnir-hearted concern, This thesis is dedicated to my beloved whole family,

viii



Abstract

The offloading operation between a floating liquefied natural gas {(FLNG) facility and an LNG
carrier arc often of limited duration depending on the sea environment. In extreme scas or
even in moderate sea states. strong hvdrodynamic interactions between the FLNG and LNG
mav oceur with resonant motions of the fluid in the gap between the two ships. leading to
exeessive ship motions and limiting the operability of on-board facilities. Taking an alternative
approach of a conventional potential flow {PF) method. this study focuses on the application
of solving viscous Revnolds-Averaged Navier-Stokes (RANS) equations for investigating the
lvdrodynamic interactions of a conceptual side-byside FLNG-LNG offloading systein. To

tackle this complex engineering problem, the rescarch has been built up svstematically:,

Initially. predictions of the interaction forces and moments in steady current are carried out
with a guasi-static approaclh., The feasibility of RANS computation is demonstrated through
validations against existing benchmark experiiental results, The effects of varving longitudinal
and lateral offsets on the hyvdrodsnamic interactions are analvsed. When comparing model and
full scale computations. scale effects are evident in the surge force but found to be less

influential in the predictions of sway foree. roll moment and vaw moment for the cases tested.

For analvsing the hvdrodynaniic behaviour of the FLNG-LNG system in waves, a two-plase
volume of fluid {VOF) method is adopted together with the fifth-order Stokes wave theory in
the unsteady RANS (URAXNS} computation. This investigation is firstly performmed for
predicting wave induced loads and motions on single FLNG and single LNG in regular waves
for assessing the credibility of the munerical approach. The computed wave loads correlated

well with experimental measurcients performned at the AMC model test basin,

Applving an analogous approach. URANS computations of FLNG-LNG interactions are
carried out for different wave frequencies and lateral separations with the vessels constrained
in 6 degrees of freedom (DOF) being fixed. Phvsical model tests on the FLNG-LXNG
interactions in regular waves are performed for validation, URANS computations show better
accuracy over the PF calculations, especially at relatively high wave frequencey conditions
where the gap wave resonance oceurs. It is scen that the gap wave resonance appears when the
incident wave frequencey approaches the natural frequeney of the gap fluid. resulting in
significant variation of wave loads in the directions of swayv, heave, pitch and vaw. Meanwhile,
the lateral separation is found to have an inverse relationship with the natural frequency of the
gap fluid. Reduction in the lateral separation shifts the oceurrence of gap wave resonance to a
higher wave frequencey and brings more significant exaggerations on the gap waves and wave
loads. When comparing model and full scale wave loads and gap wave responses, the two serics

of data correlate well implying insignificant influence of scale effects.
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To investigate the global performance of the side-by-side FLNG-LNG system in a real world
scenario. a case study based on time domain analvsis is carried out when the system is coupled
with mooring lines, fenders and hawsers in an irregular sca enviromment. The systew is moored
by an inner turret mooring svstem allowing weathervaning under external disturbances, A
thorough overview of the relative motions between the two ships is presented as well as the
mooring line and fender loads, The effects of varving hawser pretension and stiffness on the

liyvdrodvnamic performance of the system and the loads of the connection svstemn are presented.

As above, the presented work provides insights into the hydrodynamics of the FLNG-LNG
interactions in steady current and regular waves, especiallv for quantifving the hvdrodynamic
loads and gap wave responses in head sea conditions. The results will assist safe manoeuvring
and mooring of the LNG alongside the FLNG in respect of achieving minimal hydrodynamic
loads and relative motions between the vessels. The information gathered can also be
incorporated into the mathematical model of ship-handling simulators for crew training

purposes in the near future,
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Chapter 1 - Introduction

1.1 Background

The demand for natural gas. the cleanest burning fossil fuel. is expected to increase sharply in
the future. making the exploitation of offshore gas ficlds more attractive, FLNG. an innovative
type of floating LNG production and storage platform which consists of a FPSO-type hull
cquipped with LNG storage tanks and liquefaction plants, has been proposed and developed in
the past decade (Zhao et al.. 2011). Previous research investigating this tvpe of production
system and  its associated technology has supported FLNG as a promising solution of
exploiting stranded gas fields (Zhao et al.. 2014). In Australia. Shell's Prelude FLNG Project
(Figure 1.1). which is likely to be the world’s first FLNG facility, has been scheduled to
operate in 2017, As the development of the FLNG technology has already moved forward from
the design phase, optimmisation of the operational performance of such LXG production
facilities has drawn much attention. One of the most concerned difficulties for the FLNG
technology is the hvdrodsmamic interaction induced large relative motions between the FLNG
and the LNG carrier in a side-by-side configuration. shich is considered as a potential threat
to the flexible c¢rvogenic LNG offloading hose (Kim et al., 2012). In extreme secas or even in
moderate sea states. strong hvdrodynamic interactions between the FLNG and LNG may
oceur with resonant motions of the fluid in the gap between the two ships. This could
consequently result in excessive ship motions liniting the duration of the LNG offloading
operations. Therefore. aceurate predictions of the hydrodynamics around the FLNG-LXNG

system are essential for improving the operability of on-board facilitics.

The complexity of the FLNG-LNG hydrodyvnamic interactions poscs a great challenge to the
most  advanced  computational methods to  estimate their performance in  different
environmental conditions. In this thesis, the feasibility of applying modern Computational
Fluid Dynamics (CFD) methods to investigate the hydrodynamic interactions between the
FLNG and LXNG vessels has been studied. The nmnerical simulations were performed using
different convironmiental conditions to predict the current and wave induced loads on the
FLNG-LXNG svstem. The accuracy of the two nunerical approaches. the inviscid potential flow
(PF) method and the viscous Revnolds-Averaged Navier Stokes (RAXS) method has been

assessed by comparing to experimental results.






wider range of paramcters including Froude nummber. drift angle and relative positions. By
performing regression analvsis. a series of empirical formulae were derived for predicting peak
values of the longitudinal and lateral forces and vaw moments. A further step forward from
measuring interaction forces and moments. Kim et al. (2012) conducted miodel tests to
investigate relative motions of the FLNG and LNG carrier in a side-by-side mooring
configuration in waves. The study was conducted for a variety of environmental conditions
including  different current. wind and wave conditions. It was concluded that for safe
operations of the crvogenic offloading arm. the relative motions between the two vessels must
be reduced. Taking a similar experimental approach. Zhao ot al. {2013} and Zhao ot al. {201.1)
studied the hydrodynamics of a single point turret-moored FLNG system in tandean and side-
by-side offloading conditions respectively. The two papers presented model tests investigating
the iufluence of different positional configurations on the hydrodymamic performance of the
offloading system. The results demonstrated that the mechanical properties of the connection
between the FLNG and LNG play an important role on minimising the relative motions of the

two vossels.
1.2.2 Inviscid potential flow based method

Experimental model tests conducted to date seldom nmecasure the flow field and can be
expensive and time-consuming although they provide direct and reliable predictions of the
livdrodvnamic forces and moments. This becanme the greatest motivation of developing
nunierical methods for further cvaluation of the shipship interaction problem. The
fundamental potential flow theory of ship-ship interaction was initiated by Tuck and Newman
(1974) and Abkowitz et al. (1976). However. the applicability of these two potential flow
methods was Hmited to cases with a flat free surface and their accuracy remains questionable
when compared with experimental data, Kodan {1984} applied strip theory to describe the
livdrodvnamic interaction between two parallel slender structures in oblique waves, The paper
provided calculations of the sectional interaction effects on the added mass. damping
cocfticient and wave exeiting foree by analvsing the incoming radiation waves gencrated from
oscillation of corresponding  sections. and then integrated them to recover the overall
interaction effeets, This method was extended to the application of ship interaction problems
in irregular waves. Kodan's theors was implemented by Fang and Kim (1986) by incorporating
speed  effect in their numerical method of analysing wave-induced motions on  two
livdrodyvnamically interacting slender bodies, In this work. the sectional procedure. including
the hydrodynamic interaction and an integral cquation. is utilized. The nmmnerical results of
the coupled motions of two ships were compared with the behavieur of a monohull to
emphasizse the significance of interaction effects. The study also revealed the validity of strip

theory in predicting the interaction effects of closely spaced ships advancing in oblique waves.



In the above publications. the low frequeney wave loads in particular. the wave drift forces and
sloshing cffeets in confined water region between the two ships. were not properly addressed.
Alany rescarchers have been trying to develop methodologies to calculate second-order forees in
the ship-ship interaction condition within the frame of potential flow theory. So far, it is well
known that three different methods are available for computing the sccond-order steady wave
forces: the near-field nrethod based on the direction pressure integration, the far-field method

based on the momentum-conservation principle and the hvbrid middle-field method.

Fang and Chen {2002) proposed a farficld approach for the investigation of ship-ship
interactions in regular waves adopting a three-dimensional source distribution method. The
nunierical solutions were compared with a two-dimensional approach based on the near field
approach and experimental data. It was found that the three-dimensional method provided
better predictions of interaction effects in the gap wave resonance region, The same
methodology was emiploved in the rescarch by Chen and Fang (2001) with more detailed
cxplanation of the mathematical derivation. Kashiwagi (2004) applied the near-field method as
well as a new far-field methed for evaluating the wave drift forces and moments on two ships
coperating side-by-side. In addition. the paper emploved a higher-order boundary element
method for evaluating the first-order velocity potentials on the whole wetted surface of the
ships. Good numerical accuracy between the newly developed far-ficld method and the near-
ficld method was obtained. Adopting a similar numerical approach. Hong ot al. (2003)
analvsed the motions and drift force of side-by-side moored vessels (LNG FPSO. LNGC and
shuttle tankers) in regular and irregular waves. Their mumerical approach was able to provide
both frequency domain and time domain simulations. Chen (2005) developed the middle-field
approach which can also be applied in the ship-<hip interaction problems for predicting the
liydrodynamic wave loads. The proposed method gave a more simplified formulation than the
near-field method but with better numerical convergence than the far-field approach. The
paper further emphasised the trapped water resonance phenomena and states that the
resonance of the wave field in the confined zone between two floating bodies is due to the
hvdrodvnamic interaction. wave kinematics annulled or amplified by complex scattering
between bodies, The unrcalistic free surface resonance motion magnifies the wave loads on the

bodies and therefore can induce significant discrepancies in the nunerical solution.

In order to maintain the realistic level of the wave motion in the confined zone. attempts have
been made by previous rescarchers within the frame of potential flow theory, Buchiner et al.
(2001} first proposed an artificial rigid damping lid method to suppress the unrealistic wave
kincmatics in the confined water zone, However. the rigid ld erased all the wavy clevation
beneath it and induced perturbation around its edges. To recover the realistic wave motions,
Newman (2004) recommended a flexible lid based on a set of basis funetions of Chebyvehev

polynomials. By introducing a damping coefficient. the deformation of the free surface of the



confined water zone can be adjusted. Chen {20058) directly applied the equation of the fairlv
perfeet fluid theory involving energy dissipation and taking into account the damping foree in
the boundary condition on the free surface. This mcethodology was named the epsilon”
damping lid method and was integrated in the middlefield approach in the case study of a
Wigley hull placed side-by-side with a barge to prediet the wave drift force, The nunerical
solutions agree well with the experimental findings from Kashiwagl (2004}, In spite of the
successtul application. the method remains to be an approximation to the dissipation
mechanisim which is the exact value of the damping parameter. It was suggested that this
dissipation mechanism can be determined by tuning the algorithm and comparing to

(‘xperimcntal 1LEASUTCICNL S,

1.2.3 Viscous RANS based method

The potential flow methods discussed above all have common limitations as they barely solve
for the viscous effeets associated flow separation and nonlinear free-surface boundarics. which
arc regarded as the main sources of the discrepancies between the potential theory and
experiments (Zhao et al.. 2017). As computational power lias grown rapidly in the past decade.
RAXNS basced CFD analysis has drawn much attention. The method accounts for viscous effects
and is expected to perform more accurate predictions on the interaction forces and momoents as
well as the amplitudes of the gap waves without calibration of viscous demping using

experimental data,

The RANS computation micthod has been extensively applied for studving single ship
hydrodimamies. Orihara and AMivata (2003) conducted studies on the pitch and heave motions
and added resistance for a 5175 container ship by solving time dependent unsteady RANS
(URANS) equations. The work demonstrated the capabilities of using the CFD RANS method
to simulate ship motion responses in regular oblique waves. Similarly, Irvine Jr et al. (2008)
investigated the piteh and heave motionus of a surface combatant model in regular head sea
waves using URANS technique, From the obtained results. an cinpirical formula was derived
to predict the Froude number for maximum motion response as functions of ship geometryv
coefficients, Sadat-Hosseind et al. (2013) applied the method to predict the motion responses
and added resistance of a KVLCC2 container ship in head sea waves for two conditions: fixed
in surge and free to surge. By conducting local flow analvses. it was found that the added
resistance was highly dependent on the pressure variation on the upper bow of the ship and
correlated with bow relative motion. Simonsen et al. (2013) studied heave and piteh motions of
a model scale KCS container ship in regular head waves by necans of EFD and RAXNS
computations. Model tests with uncertainty assessment were designed and conducted to

validate numnerical predictions on ship motion responses and added resistance. Extending the



work further. Simonsen et al. (2013) carried out URANS simulations on estimating added

resistance of the KCS container ship in oblique waves,

In recent vears. extensive studies have been carried out using RANS based method (steady and
unsteady) on predicting ship-ship interaction forees and moments considering variables such as
Froude nwmber. drift angle and relative positions (Sadat-Hosseini et al.. 2011a. Zou and
Larsson. 2013, Jin et al.. 2016a). This also includes computations performed by Mousaviraad
et al. (2016a) and Mousaviraad ot al. (2016b) on predicting ship-ship interactions during
replenishment operations. Although the results exhibit good agreement with experimental data.
the application of the CFD RAXNS based miethod has only been proven for limited interaction
problems, The feasibilitv and accuracy of CFD modelling of ship-to-ship interactions in waves

are needed to be further studied.

To date. the majority of RAXNS based analvsis on ship-ship interactions are carried out in
model scale in order to match up with experimental test conditions. However. model scale
flows can show significant differences against full scale conditions due to scale coffeets.
Hochkirell and Mallol (2013) highlights that the discrepancies between model seale and full
scale CFD simulations can be found in boundary layers. flow separations and wave breaking
boehind transom sterns. Thus. performing full scale analvses on the ship-ship interactions is of

crucial importance for obtaining more realistic foree and moment estimations,

1.3 Research Objectives

Based on the literature review above. the hydrodynamies around multiple floating bodies are
vet to be fully understood. A better understanding of the FLNG-LNG hydrodynamic
interactions is of great advantage for the oil and gas industry for improving the efficiency.
operability and survivability of such systems. In the light of this, the present study focuses on
estimating the hyvdrodynamic loads acting on the FLNG-LNG system. The objectives of this

rescarch are summarised as:

Develop a reliable numerical approach for siimulating the hydrodsymamics around the

FLNG-LXG systern in calm water steady current and in regular waves

® DPerform experimental validation for the numerical computations on the prediction of

wave loads and gap wave clevations

* Investigate the influences of longitudinal and lateral separations on the FLNXG-LNG

hiydrodynamic interactions in caln water steady current and in regular waves

®  Evaluate scale effects on the prediction of FLNG-LNG interaction forces and moments



1.4

Assess the global performance of an integrated FLNG-LXG svstem exposed to real

environinental conditions

Novel Aspects

Thix study provides contributions through the application of experimental and CFD methods

to investigate the hydrodyuamie perforimance of a conceptual FLNG-LXG offloading system.

The novel aspeets of this work include the following:

1.5

The application of viscous RANS/URANS method on investigating the hydrodynamics
around a conceptual FLNG-LNG systemn in calin water steady current and in regular
waves is presented: This work is considered novel since viscous effects can be significant
for ship-ship hydrodynamic interactions. Previous nunerical studies were mostly based

on PF theory with simple hull shapes.

Physical measurciments of wave loads on the FLNG-LNG system as well as gap wave
responses provide sources of validation for the present and future computations. To

date, there are limited experimental data available in the public demain.

The feasibilitv of TRANS computations on predicting the gap wave clevations hetween
the FLXG and LXG wvessels has been investigated. Existing method to address such
problens is by tuning a numerical damping lid in a potential flow solver. which

sometimes can be difficult and inconvenient,

The details of the hyvdrodynamic interactions between the FLNG-LXG system for
varving longitudinal and lateral offsets have been studied in calm water steady current
and in regular waves, Such investigations have only been performed for ship lightering
operations previously, In addition. it mav help ship operators to determine the most

favourable relative positions between the two vesscls.

The difference between model and full scale FLNG-LXG interactions in calin water
steady current and in regular waves are quantified using viscous RANS/URANS
computations. Existing experimental based methods can barely identify the influence of

scale offects,

Thesis Outline

The thesis comprises cight chapters and one appendix. based on the key contents of a series of

technical papers for publication. Chapters 4. 5. 6 and 7 arc based on peer-reviewed

publications and have been modified to fit within the thesis. The full publications are provided

in the Appendix.



Chapter 2 and 3 provides the theory background of the nunerical simulations and an overview
of the experimental study. Chapter 1. 3, 6 and 7 discuss the details of the nunierical sork and
corresponding conmputational results for predicting the hvdrodynamic performance of either

single FLNG/LXNG or a side-by-side FLNG-LNG system in calm waters and waves,

Chapter 2 deseribes the fundamentals of the computational approaches in this study. For the
PFEF method, the superposition of wave potentials for modelling ship-ship interactions is briefly
explained. For the URANS method. the governing equations of continuum mechanices are
summniarised. together with the technigues for simulating multiphase incompressible flow, A

short overview of the applied turbulence model is also presented.

Chapter 3 contains the physical model scale experimental work carried out in the AMC model
test basin for investigating the hydrodynamics of single FLNG/LNG and a side-by-side FLNG-

LXG gystam in waves.

Chapter 4 presents the hivdrodsnamic interaction forces and moment resulis of a side-by—side
FLNG-LNG system in calin water steady current with a quasi-static RANS approach. The
influences of varving relative longitudinal and lateral separations on the interaction forees and
moments are quantified. The work also presents full scale computations on the FLNG-LXG

liydrodynamie interactions for investigating the existence of scale effects.

Chapter 5 investigates the individual hydrodynamic performance of the FLNG and LNG voessel
in regular head and obligue sea waves with URANS conmiputations. The nummerical methods for
regular wave generation and the modelling of ship motions are discussed in detail. Scale offects
on the wave induced loads and motions are addressed by comparing model and full scale
computations. The URAXNS computational results are compared with PF and experimental
data. The study outlines the feasibility and accuracy of URANS coniputations for predicting

single ship motion responscs in waves.

Chapter 6 adopts a similar URANS approach studyving the hyvdrodynamic interactions between
the FLNG and LNG in regular waves. The computed wave loads as well as gap wave
clevations are compared with that from PEF simulations and physical model scale experiments.
Full scale computations are also performed for the investigation of possible scale cffects. This
chapter emphasises the advantages of URANS method over potential flow when predicting

ship-ship interactions in waves.

Chapter 7 presents time domain analysis on the hydrodynamic performance of a side-by—side
FLNG-LXG offloading syvstein coupled with mooring lines. fenders and hawser connections
based on PF method. The numerical simulation is carried out in full scale condition under a
combined environment of wind, current and waves, The relative motions between the FLNG

and LNG in the horizontal plane as well as the foree responses of the hawsers. fenders and
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moorings are estimated. Furtherinore, the effects of varving hawser pretension and stiffness on
the hydrodynamic performance of the vessels and the loads of the connection svstem are

investigated,

Chapter 8 summarises the thesis and offers some conclusions and suggestions for future

research.



Chapter 2 - Computational Methods

This chapter bricfly presents the numerical approaches applied in this thesis. The
livdrodynamics of the FLNG-LNG system has been analysed wsing inviscid PEF theory and
viscous URANS method. For the investigation of FLNG-LNG interactions in calm water
steady currents. the RANS computations are primarily applied due to pronounced viscous
effects. For the predictions of frequency domain wave loads on the FLNG-LXG svstem. both of
the two numerical approaches are employed and compared. For rapid coniputation. the motion
responses of the FLNG-LXG syvstem coupled with mooring lines, fenders and hawsers are

analvsed using the potential flow based time domain solver.

2.1 Inviscid Potential Flow Method

The PF solver AQWA is ciiploved to predict the wave-induced loads on the FLNG and LXG
hulls. The code utilises 3D Green's funetion to analvse interactions between surface waves and
offshore structures and has gained widespread recognition for its accuracy and efficiency. It is
also capable of solving hvdrodynamic interaction problems between multiple floating bodies in

real scaways,
2.1.1 Frequency domain analysis

First-order wave frequency loads

The frequency dependent hy-drodynamic cocfficients of the FLXG-LNG offloading svstem. such
as added mass, damping and the first-order wave frequeney loads are calculated based on the
source distribution method. The hyvdrodynamic interaction problem is considered as a
superposition of the radiation potentials fromi cach individual structure. By adding the incident.
diffracted and radiated waves together. the fluid flow field surrounding a floating multi-body
svsten Is given as:

M

ex)e™ =1 (@ +Pp)+ DD O ij} e (2.1)

m=1 j=1

Where X=(X,9,2) is an arbitrary point. © is the wave frequeney. @ is the space dependent

incident wave potential. @p is the diffraction wave potential. Xjn is the amplitude of motion
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of the j-th degree of freedom of the wr-th structure. @, is the radiation potential due to the
unit jth motion of the m-th structure. Here. both of the diffraction and radiation wave
potentials are solved by a boundary integration approach utilising the frequency domain
pulsating Green's function, Upon the fluid flow potential (p(;) the first order hy-drodvnamic

pressure distribution was caleulated based on the linearized Bernoulli's equation.

o
~J

p’=i0pe(x)ec™ (:

From the pressure distribution. the first order hydrodynamic force and moment compenents is

expressed in a generalised for,

F"e™ =-[ p¥n;dS=[-i0p [o(x)n; dS]ec™ (2.3)

S So

where S, is the mean wetted surface arca of the body. n. is the nnit normal vector on the j-th

]

motion. From Equation (2.3). the Froude-Krvlov force F and diffraction force Fy are derived.

Fy=-iop [ ¢, (x)n; dS (2.4)

S()

g
[T

FDj=—iwpI(pD(;)nde (2.
SO

The radiation force Fy due to radiation wave induced by the k-th unit amplitude body rigid

nmotion is,

Fye =4 0p [ 9 (On; dS (2.6)
SO

The radiation potential @g;, from Equation (2.1} can also be expressed in real and imaginary

parts to produce the added mass A imk and damping C imk Cocfficients,

_p A
Ajm,k - _J Im[ zz (PRJm XJm ]nJ ds (2 T]
OJSO m=1 j=1
M 6
Cinic = P I Re [, 9njn X, 11, dS (2.8)
S m=1 j=1
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Mean and slow wave drift forces

The sccond order wave drift force is solved by the near field approach based on the mean
wetted body surface integration methoed (Pinkster. 1979). Under the assumption of potential

flow. the fluid motions may be described by a velocity potential,
0 =col +&>o® +.. (2.9)

where ¢ represents the perturbation parameter close to zero. Asswuning that the body s
carrving out small amplitude motion about the mwean position, the first and scrond order

components of the pressure at a point on the hull may be expressed as,

p"=—pgX," —po" (2.10)
@ _ ® o |1 ml? <V )
pr=-pgX;"-po —5p|V<p | -p (X" -Vo®) (2.11)

where X and X, represent the linear miotion vector and the vertical co-ordinate of the point

- . 2 - -
respectively. Integrating p® over the wetted surface S, . the second order wave drift force is
derived as,

1 1 2 —
FY=—2 g Jen; dl+ a2 Fj‘”—ﬂ[(—g p[Vo[) - p X-Vo) = p(0*)In, dS  (2.12)
WL So

wlere C(l) is the first order relative wave height and o is the first order rotation motion.
The second order wave drift force in Equation (2.12) contains three components: 1) the line
integral around the static waterline of the vessel of the square of the relative wave height. 2) a
monieritum term from the first order wave force due to the different axes to which the second
order force is referenced. and 3) integration of all second order hydrodynamic pressures over
the mean submerged part of the hull froin Bernoulli equation. In irregular waves. the second
order wave drift force may also be expressed in the form of quadratic transfer function (QTF)

as.

F(Z)(t)zzz €. G, Py, cos{(o,-0,) t+(g,- Sb)}"‘ZZ G G Qp sin{(o,- ©,) t+(g,- &,)} (2.13)

a=1 b=l a=1 b=l

where Py and Q are the in-phase and out-phase component of the QTF. With the spectral
density SC(®) of the irregular waves being specified. the mean second order wave drift force is

determined when ©, =0, =0
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o F®
Fgfganzzj S (@) {C . (o, m)} do (2.14)

0 a b

while the spectral density of the low frequency wave drift force follows,

o F® 2 _
SF(ma-(ob)=8J. S.(®,) S, (w,) |:—((Da,(0b) do (2.15)
0 Ca C.!b
@
where (0,0) | is the mean wave drift force QTF in regular waves of fregqueney o and is
a Db
F@
cquivalent of .‘/Pab2+ Q. with ©, =a,: W(wa ,0,) | is the low frequeney wave drift force
a b

QTF and is cquivalent of \fP,*+Q,> with o, #o, .

2.1.2 Time domain analysis

The coupling cffects of vessels and mooring systems have been modelled through numerical
time domain simulations. The mmotion equations in the time-domain coupled analysis for the

FLXG vessel and LXG carrier are fornulated as:

(M+a,) X +C Xt) + K X(t) + j'o' R(t- 1) X(1) dt =F*+F*™" + " (2.16)

where M is the structural mass matrix, a, is the fluidd added mass matrix at the infinite
frequency. Cis the damping matrix including the linear radiation damping effeets, K is the
total stiffness matrix. FY™ and F™™ arc the wind and current forces estimated from the
standardized OCIMFEF (1994) data, and R(v) is the retardation function computed by the

frequency depended added mass  a(ew) and damping C(o) .
1 @© . iof

R == [ [C)+iva@)]e” do (2.17)
2m I

The coupled analysis is carried out with a time step of 0.2 s based on the convergence test and
recommendations in the research performed by Zhao et al. (2014). The mooring lines are
modelled by non-lincar catenary equations. Simultancously. to maintain the side-by-side
offloading configuration. simple lincar force-clongation relationships are given to the hawsers

and fenders,

13



2.2 Viscous URANS Method

2.2.1 Governing equations

The governing equations for the two phase incompressible flow combining air and water are

given by the URANS equations coupled with the conservation of continuity (Rusche. 2003):

a%atu.FV-[puu]:—Vp*—g-XVp+V-[l,lVll+pT]+(5T Ky Vy (2‘18)
Vous0 (2.19)

Here. w=(uv,w) is the velocity field in Cartesian coordinates. p* represents the pressure
including hyvdrostatic. p=p(x) is the fluid density which varies with the content of air/water
in the computational cclls. x=(x,y, z) arc the Cartesian coordinates. g is the gravitational

acceleration. [ is the dynamic molecular viscosity and T is the Revnolds stress tensor:

TIE utC-E k1 (2.20)
p 3

where g, is the dynamic eddy viscosity, C=(1/2 (Vu+(Vu)T)) is the fluid strain rate tensor
and Kk is the turbulent kinectic energy per unit mass. Vo ois the gradient operator
(0/0x, d/0y, 0/0z). I is the identity matrix. The last term in Equation (2.18) represents
surface tension, where Op is the surface tension coefficient which is 0,074 kg/s” between air and
water at 20°C and X, is the surface curvature. The presence of surface tension will only have

minor effeets in large scale engineering applications (Jacobsen et al.. 2012).
2.2.2 Two-phase VOF method

The above equations are solved for air and water simultancously, where the fluids are tracked

using the volune of fraction Y. Y is O for air and 1 for water, and any intermediate value is a

mixture of the two fluids. The distribution of ¥ is modelled by an advection equation:

%+V-[uy]+v-[ury(1—y)]20 (2.21)

The last term on the left-hand side is a compression terni. which limits the smearing of the
interface. and W, is the relative velocity vector. Using YV, the spatial variation in fluid

properties, such as P and M. can be derived through weighting:
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%]
V]

P=Y Puair T (1H7) P (2.
“ = Y l"lwater + (1 +Y) uair ( -

[a] ]
]
[V

2.2.3 Turbulence modelling

The closure of the URAXNS equations is achieved using the Shear-Stress Transport (SS5T) k-
turbulence model on the basis of the description by Menter (1994) and Wilcox (200%), where
k is the turbulent kinetic energy and o is the characteristic frequency of the turbulence. The

transport equation for k and o for turbulent flows at high Revnolds is as follows:

% +div(p k u)= diVKH 4 h) grad(k)} +P —p pko (2.24)
Oy
M+diV(p o u) =div u+L grad(w) [+7, | 2pS;-S; _2 p o U, 8;
ot (O 3 aXJ -
’ (2.25)
B, p o> +2 p ﬁ@
O,y O OX, OX,
where,
2 . au .
P, 2(2 S-Sy 3 pk EJ Sij] (2.26)
2.24 Numerical uncertainty assessment

The numerical uncertainties in the present RANS/URANS computations are assessed following
the procedures provided in Wilson ¢t al. (2001) and Stern et al. (2001). It is assumed that the
nuuterical uneertainty Usx comprises of iterative couvergence uncertainty U grid uncertainty

Ue and time-step uncertainty Ur. giving the following expression:
2 12 2 2 -
U =U; +Ug + U (2.27)

Tezdogan et al. (2015) estimated the iterative convergence uncertainty for container ship
motion response simulations in Star-CCM+ URANS solver. Their analvsis indicates U of less
than 0.3% in simulation results, which is considered to be negligible, As similar computational
settings are applied, the grid and time-step uncertainties are of primary interest. The grid and
time-step convergenee study are both conducted with triple solutions systematically, The grid
wicertainty  analysis s performed with the smallest  thimestep,  whilst the time-step

independence study is carried out with the finest mesh. Variations of simulation results (S)
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between the fine (1), mediun (2) and coarse {3) grids with refinement ratio of 1; are

identified as:

The numerical convergence ratio can be calculated from Equation (2.30).
Ro=gg, /eg, (2.30)

Depending on the value of the convergence ratio. four conditions can be predicted.

(1) 0<R; <1, monotonic convergence

(ii) R, <0, |RG| <1 oscillatory convergence
(1ii} 1<R;. monotonic divergence

(iv) R, <0; |RG| >1 oscillatory divergence

It is noted that for divergence conditions (iii) and (iv). the numerical uncertainty cannot be
estimated, For the oscillatory convergence (ii). the nmunerical uncertainty can be estimated by
bounding the error based on oscillation with upper limit Sy and lower limit S; using Equation
(2.31),

1

Us= [5(Se-S.) (2.31)

For convergence condition (i). the generalized Richardson’s extrapolation can be emploved to

*
estimmate the numerical error SREGI and order of accuracy Pg as.

* 8G21 .
REg — o1 (2.32)
In(e, /e; )
= "u Tul (2.33)

P T )

There are two wavs to estimate the nmunerical uncertainty depending on whether the solutions

arc close to the asvmptotic range. This is determined by the correction factor Cg defined as.

r.Po-1
C,=—~% :
A | (2.34)
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where P 18 an estimate for the limiting order of accuracy. If C, approaches unity. the
. . - . *
solutions are close to the assmptotic range. In this case. the numerical error O, . benchmark

result S. and uncertainty U can be estimated from.

Sy =Cq ? 5;;% (2.33)
S. =S - 8, (2.36)
(2.4(1-C,)*+0.1) |5y, | l1-C,| <0.125 (2.37)
_ Ry
GC |1_ CGl 5;3 | |1- CG|20.125

when Cg, is sufficiently greater than 1. which means the solutions are far away from the

asvinptotic range. the numerical uncertainty U can be caleulated from Equation (2.38).

[1-C4|<0.125
Sre | [1-C4|>0.125

(9.6(1-CG)2+1.1)|8;EG1
= (2.38)
@[1-Co|+1)

Based on similar procedures as above. the time step uncertainty Up can be estimated. To
validate the URANS/RAXNS computations. it is necessarv to check if the absolute comparison
error E between numerical and experimental results is sinaller than the validation uncertainty
Uy caleulated as a combination of numerical uncertainty Ugy and experimental uncertainty

U,.

Uy = Uy + Uy (2.39)

17















Chapter 4 - FLNG-LNG Interaction in
Calm Water Steady Current

In this chapter. computations are presented for a scenario to represent a conceptual FLNG-
LNG offloading system anchored in open calim water and exposed to a steady current, To
simplify- the computations cach ship is fixed in all degrees of freedom. Initially. a preliminary
study is carried out for five benchmark test cases conducted by Lataire et al. (2009) at the
Flanders Hydraulics Rescarch (FHR). Comparisons are niade with model test measurements
and existing CFD predictions by Sadat-Hosseini ot al, (2011b) at the University of [OWA and
Zou and Larsson {2013) from Chalmers University of Technology for validation. Based on the
model. a series of systematic computations on the FLNG-LNG interactions are performed.
focusing on investigating the influence of the relative longitudinal and transverse positions of
the interacting hulls. Furthermore, full scale CFD sintulations are presented and compared
with model scale results. illustrating the existence of scale effects when predicting FLNG-LXG

interaction forees and moments in steady current,

4.1 Computational domain, boundary conditions

and grid

The computational domain is designed with respect to the dimensions of the towing tank at
FHR and Zou and Larsson {2013) numerical study on ship-ship interactions in shallow water,
It incorporates two ship hulls and is proven to be feasible in modelling the asymmetric flow
ficld induced by the hydrodynamic interactions. A schematic of the fluid domain is shown in

Figure 1.1.

A double body approximation method is adopted for investigating the ship-ship interactions
considering the Froude numbers of the studied cases are all relatively small. The top of the
domain is set as a syinnmietry plane representing a flat free surface at z = 0. Sinkage and trim
are neglected sinee the current speeds considered in this study are very low. Velocity inlet
condition is applied at the upstream of the fluid domain gencrating steady current. At the
downstrean. a pressure outlet boundary is imposed. The bottom and sides of the domain are
all selected as slip-wall boundaries. which gives zero veloeity gradient and zero normal velocity

('0111p011(‘11t5‘
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4.2.2 Benchmark computational results

Comparisons arc made between the computational results and that obtained from literature for
the benchmark hghtering cases. focusing on the predictions of hvdrodynamie forees and
moments including surge force X. sway force Y. roll moment K and vaw moment N. The
results are listed in Table 4.2 where Sa stands for the simulation results from current study, Se
and S; denote the computed values from Chalmers and IOWA and D represents the
experimental data from FHR. The sign conventions of Sc. 5 and D are corrected to be
consistent with the coordinate system of Sy for comparison. It is also worth mentioning that
there was no measurement of K for KVLCC2 fromm FHR and the IOWA results are available
only for Tests A, B and E,

In addition. quasistatic surface elevations are estimated from the hyvdrodimamic pressure on
the double model syimmetry plane for the present study. The obtained wave patterns are also
referred to  Bernoulli waves or symunetric disturbances in Zou and Larsson (2013) work.
Comparisons of experimental and computational predictions on wave clevations at the three
longitudinal c¢uts are made for Test B and D as illustrated in Figure 4.3, As can been seen in
Test B (Figure 1.3(a)). the adopted RANS approach predicts the wave elevations very well
when compared with measured data. In Test D (Figure 4.3(b)). the computed elevation
correlates very well with the experimental data for wave cut 1. For wave cut 2. the RANS
method under-estimates the wave pattern and for wave cut 3. an over-prediction on the
surface clevation is observed. It is also interesting to mention here that the quantitative
imeasurements of the computed wave pattern for test D is extremely close to that published in

Zou and Larsson (2013)'s paper using a similar CFD approach.

Bencehmark Test cases A and B have the same relative positional configuration but different
water depth conditions, The under-keel-clearance (UKC)Y of KVLCC2 for Test A is smaller
than that in Test B. while the opposite is true for the Aframax hull. According to a previous
study by Zou et al. (2011), surge force X is the greatest for small UKC. This tread is seen in
the three sets of computational results: the resistance X is reduced for KVLCC2 and increased
for the Aframax from Test A to Test B. However. the experimental data shows an unexpected
decrease in X for the Aframax and relatively large deviations from the numerical results. The
obtained sway forces on the KVLCC?2 and Aframax are in opposite directions for both Test A
and Test B, which indicates strong suctions between the two ships. This s also evident from
the pressure contours as shown in Figure 4.4{a} and (b) where a low pressure zone was
captured between the KVLCC2 and Aframax hull, The average difference of Y between Sa and
Sc is 14.0%. while the discrepancy hetween Si and D is estimated to be 23.0%. Similarly. in
Tests A and B. the computed vaw mowments N for the Afranax and KVLCC2 are showing

opposite direetions. For the Aframax. negative vaw mwoments are obtamed from model testing
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and CFD, mecaning aft-body of the wvessel is approaching the KVLCC2. For the KVLCC2,
positive vaw noments are captured for both testing conditions, indicating the stern of the ship
is approaching that of the Aframax. It is also seen that the computed yaw moment resubts
show better agreement with experimental values for Test B rather than Test A. For the roll
moment K. the measured values in both tests are negligible, However. it is interesting to see
that the three computational approaches give similar predictions with an average deviation of
129

In Test C. as given in the benchmark test deseription. the gap between the Aframax and
KVLCC?2 is the smallest, Apain, the present numerical predictions on the hyvdrodynamic forees
and moments show consisteney with Chalmers results, Se, but relatively large discrepancies are
observed compared with model testing data D, When conmparing against tests A and B, the
computational results indicate a decrease in the resistance for the two hulls. According to Zou
and Larsson (2013). this is due to the fact that the water escapes the narrow channel between
the two vessels and passes below or around the two ships. Also. the considerably small Av
results in high velocity  flow field between the Aframax and KVLCC2. conscquently
introducing pressure gradients between the port and starboard side of the vessels. thercfore
producing a strong suction force, This is proven by the pressure contour plot in Figure 4.4(¢)
as well as the swayv force in Table 4.2, The captured vaw moments for the Aframax and
KVLCC?2 acted in the same directions az they are predicted in Tests A and B and again this

mecans the aft-body of the two ships are turning into cach other.

As for Test D. the two ships are separated laterallv by a relatively larger distance: therefore
the hvdrodynamic interaction between the Aframax and KVLCC2 is not as pronounced as it is
for Test C. which results in less sway foree. roll moment and yaw moment. It can be seen from
Table 4.2 that the present coniputation shows better correlation with experimental data than
Chalmers for resistance X and vaw moment X. but under-predicts the sway foree acting on the
KVLCC2 hull. Another important feature for Test D to be addressed is that the Aframax has
a 2° drift angle with bow turning towards the KVLCC2. This is the primary reason for the
small vaw moment captured on the Aframax hull. The bow-in configuration induces reverse
pressure gradient on the starboard side of the Aframax which balances the yvaw moment that
tends to make the ship's aft-body turn towards the KVLCC2 (Figure 4.4(d)).

For Test E. current computational results agree well with the IOWA and Chalmers CFD data.
As the Aframax has been moved forward dramatically for this configuration. the captured
suction foree between the two ships is not as significant as it was for the previous test cases.
However. strong vaw moment that tends to turn the stern of the Aframax towards to the bow
of the KVLCC?2 is obscrved. This moment is generated by the low pressure zone between the
stern of the Aframax and the bow of the KVLCC?2 as shown in Figure 44{e). Once again.

small roll moment values are captured for both of the two vessels undoer this test condition.
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reaches a peak at Ax/L,(LNG)=0 and decreases after that when the two CoGs move away

from cach othor.

The measured non-dimensional roll moment K’ on the FLNG and LNG are not as significant
as the sway force Y in magnitude as shown in Figure 4.5(¢). Again. for most cases where
Ax/Lu(LNG) is from -0.73 to 0.75. the FLNG experiences positive roll moment and the LNG
encountered negative roll moment. indicating that the decks of the two vessels are rolling
towards cach other. Regarding the non-dimensional vaw moment N’ in Figure 4.3(d).
predictions on the two vessels present similar tendeney along Ax, When the LNG is at the
furthest distance from the FLNG, Ax/L(LNG)=-1.0. the N’ values are very small but found
to be positive on the LNG and negative on the FLXG. For the conditions where the CoG of
the LNG is located closer to the FLXG. Ax/Ly{LNG} from -0.75 to 0.0. the yaw moment is
shown to be positive on both hulls and are much larger in magnitude. This means the LNG is
bow-in towards the FLNG while the FLNG is bow-away from the LNG. Results are opposite
when the CoG of the LNG is located in front of that of the FLXG. the recorded vaw moment
is negative on both hulls. indicating that the FLNG is bow-in towards the LNG while the LNG
is bow-away from the FLNXG. At last, when the LNG is at the furthest distance forward of the

FLXNG. the yaw moment on both hulls reduces to a negligible level,

To better understand the hyvdrodynamics of the interactions between the FLNG and LNG,
cspecially for the sway force Y and yaw moment N. the axial velocity contours on the
liorizontal plane z=-0.05 m for different Ax are presented in Figure 4.7. The directions of Y
and N on cach hull are labelled as arrows. The development of the flow field and
livdrodvnamic interactions between the two ships has been dononstrated for varying Ax
positions. In gencral. it is observed that high velocity regions oxist around the fore- and aft-
shoulder of the two ship hulls due to the nature of their physical shape, When the CoG of the
LNG is at a closer position to that of the FLXG CoG. another high velocity region is created
in the arca between the two vessels. resulting from the blockage by the narrow gap between

the two hulls,

To further illustrate the FLNG-LXG interaction. pressure distributions on the port side of the
LNG and on the starboard side of the FLXG are given in Figure 4.8, It can be seen that low
pressure zones exist around the fore- and aft- shoulder on both hulls, which are induced by
liigh velocity flows in the vieinity of these arcas as mentioned previously. When the CoG of
the LNG has been moved towards that of the FLNG. another low pressure region is created on
both hulls and its size grows as the blockage effeet by the narrow gap between the two vessels
gets more pronounced. Note that, with the change of 2% from -1.0 to 1.0, tlis low pressure
zone moves backwards from bow to stern on the LXG. while forwards from stern to bow on

the FLXG.
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in Figures 4.7, 1.9, 4.11 and 4.13. It is seen that the model scale simulations have relatively
thicker boundary lavers and larger turbulent wake regions after the hull and this indicates
more significant viscous offeets over the full seale conditions due to the lower Reyvnolds number
at model scale, For the other non-dimensional parameters, Y', K’ and X7, scale effects seem
to be much less influential on the predictions since the model scale and full seale numerical
results correlate well. This is also refleeted from the similaritics of model and full scale pressure

distributions on the ship hulls as presented in Figures 1.8, 1.10. 4.12 and 1.13.

To further investigate the influence of scale effects. the average percentage variations of
predicted foree and moment results are compared with numerical uncertainties for the tested
cases as given in Table L7, It is found that the percentage variations of X’ between model
and full scale computations are mueh greater than the nunierical uncertainties. which is a ¢lear
evidence of scale effects, For the other parameters, the percentage variations are shown to bhe
cither close or less than the uncertainty values, which demonstrates scale effects are much less

influential for these parameters,

Table 4.7 Quantitative swuumnary of scale offects on FLNG-LXG interaction foree and moment

predictions
Average variation% (Swms-Ses)/Ses Numcrical uncertainty
For varying Ax For varying Ay Uc{MS+FS)
X! 72.2% T1.8% 6.28%
Y 7.69% T11% 3.08%
LNG
K' 13.1% 1.77% 13.8%
N' 10.9% 11.7% 8.86Y
X! 66.3% 62.8% 2.96%
Y! 14.3% 1.90% 2.39%
FLNG . .
K' 13.0% 24.8% 28.2%
N’ 15.4% 10.8% 22.8%
4.4 Concluding remarks

The hvdrodynamic interactions of the FLNG/LXG offloading system in calim water steady
current has been investigated and reported in this chapter using CFD. Initially, a study of five
benchmark test cases for the Aframax and KVLCC2 interaction is made, Forces and moments
are compared with experiimental data and computational results from literature. From the
benchimmark study, it is found that the predicted surface clevations correlate well with the
mode]l test measurements. indicating the pressure distributions at the free surface were well

captured. Besides that, there is a good correspondence between the three sets of computational
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results for the interaction forces and moments. implyving that the current computations arc
validated by other CFD  solutions. However. the discrepancy  between  experinental
mcasurements and results from the three sets of computations is relatively large in many cases.
The same finding is reported in Zou and Larsson {(2013)'s work. The reason for this can be the
existence of relatively large numierical and experimental uncertainties for the presented
bencelinark cases, Here, the authors are unable to perform a formal verification and validation

analvsis due to the lack of experimental uncertainties.

On the validated numerical setup. systematic computations on the hydrodynamic interactions
of the FLNG/LXNG offleading system have been carried out for different longitudinal and
lateral separations. The hydrodynamic forces and moments in variations are predicted. and to
lielp understand these changes. the axial velocity contours and pressure distributions around
the two hulls are presented. Furthermore. to quantify the scale effects existing in the current

study, full scale predietions on the FLNG/LXG interactions are conducted and discussed.

With varyving longitudinal separation. the surge foree on the LNG incrcases when it is moved
to the front of the FLNG: while for the FLXG, the tendeney of surge force experiences the
opposite trend. At large longitudinal separations, a repelling sway force exists and pushes the
LNG and FLNG away from cach other. As the separation reduces, the force direction is
reversed and creates strong attraction between the two hulls. At the far longitudinal
separations. a vaw moinent turns the LNG and the FLXG awayx from cach other. For the rest
of the tested conditions. it forces the hulls to turn in the same direction. When the LNG is
positioned behind the FLNG. the vaw moment turns the two ships to the port: while with the
LNG CoG ahead of the FLNG CoG. it turns the hulls to the starboard. With varving lateral
separation. the magnitude of forces and monients on the LNG and FLNG all reduces as the
lateral separation incrcases, The sway foree acting on the LNG and FLNG tends to pull them
towards each other for the tested cases, At the closest lateral separation. the vaw moment
turns the bow of the LNG and FLNXG to port side. As the separation increases. this yvaw

moment diminishes and approaches zero.

When comparing the model scale and full scale simulation results. the following conclusions

can be drawn;

o  Tendencics of non-dimensional model and full scale interaction force and moment

predictions for the LNG and FLNG hulls correlate well.

®* Alodel scale simulations demonstrate relatively thicker boundary lavers and larger
turbulent wake regions around the LNG and FLNG hulls, indicating a more significant

viscous effect over the full scale conditions. As a result. large discrepancies exist
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boetween the predictions of model scale and full scale surge force magnitude. which

illustrate that scale effects are evident.

Scale effects are much less influential in sway force. roll moment and yaw moment
predictions due to very good correspondence found between the patterns of model and

full scale pressure distributions on the port side of the LNG and starboard side of

FLXG lulls.
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Chapter 6 - FLNG-LNG Interaction in
Regular Waves

In this chapter. URANS computations are presented for imvestigating the hvdrodynamic
interactions between a conceptual FLNG and a LNG vessel in a side-by-side offloading
configuration. The study is carried out in regular head sea waves with both vessels” motion
being fixed in 6 DOF. Physical model scale experiments are performed for the validation of the
numerical approach. Based on the wvalidated numerical model. a series of svstematic
computations is reported for studving the wave loads and gap wave responses of the FLNG-
LNG svstemn for different wave frequencies and  lateral separations. Furthennore. the
computations arc alse performed in full scale to quantify possible scale effeets in the prediction

of wave loads and gap wave responses.

6.1 Computational domain, boundary conditions
and grid

The computational domain is designed following the International Towing Tank Conference
(ITTC) practical guidelines for ship CFD applications (ITTC, 2011} to avoid blockage effect
and wave reflections. A schematic drawing of the computed fluid domain is given in Figure 6.1.
A velocity inlet boundary condition is applied at the upstream end of the fluid domain where
incident regular waves are generated. At the downstream end of the fluid domain. a damping
pressure outlet boundary is imposed to prevent wave reflections. The top, bottom and side
walls of the domain are all selected as velocity inlets to avoid velocity gradient occurring from

the boundaries as in the use of a slip-wall condition.

The computational grid is generated according to the CD-Adapeo (2014) recommendations of
wave simulations. Slow cell growth rate is selected to create smooth moesh transition between
the refined hull surfaces and the outer boundarics. Hexahedral trimmer and surface remesher
are adopted to penerate global volume mesh as well as local refinements. To resolve the
turbulent boundary layer. all v+ wall treatment is utilised as well as the prisin laver mesl.
achieving v+ value of 30+ along the hull for all computations. At the free surface. anisotropic
trimmer refinenients in both X and Z directions are applied, which provides approximately 80

cells per wavelength and 20 cells per wave height for accurate wave capturing.

77












60

40

20

Fx (N)

210

140

70

40

30

Fx (N)

10

120

90

My (Nm)
3

30

10
Time (s)

10
Time (s)

4 6
Frequency (Hz)

a4 6
Frequency (Hz)

FLNG LNG

15 20
FLNG LNG

15 20
FLNG LNG

8 10
FLNG LNG

8 10

60

40

20

Fy (N)

-20

-40

-60

120

80

40

Mz (Nm)

40

30

FviN)

10

60

45

Mz (Nm)
8

15

FLNG
10 15
Time (s)
FLNG
10 15
Time (s)
FLNG
4 6 8
Frequency (Hz)
FLNG
4 6 8

Frequency (Hz)

LNG

20

LNG

20

LNG

10

LNG

10



40

30

n (Tm)

10

40

30

n (Tm)

10

Incident Probe

10 15
Time (s)

Incident Probe

10 15
Time (s)

Incident Probe

4 6 8
Frequency (Hz)

Incident Probe

4 6 8
Frequency (Hz)

WP1

20

WP 5

20

40
WP1

30

n (Tm)

10

10 0

40
WP 5

30

n (r:m)

10

10 0

Incident Probe wP2

10 15 20
Time (s)

Incident Probe WP 6

10 15 20
Time (s)

Incident Probe wpP2

4 6 8 10
Frequency (Hz)

Incident Probe WP 6

4 6 8 10
Frequency (Hz)



For the comparison with URAXNS computational results. the mecasured wave loads are

expressed as transfer functions. TE; and TE;:

F, .

TF, =— (6.1)
M, .

TF, =—2 (6.2)

where Fy and M, (j=x. v and z) arc the amplitudes for wave induced foree and moment on the

ship’s hull. It also must be noted that the wave induced loads are evaluated referring to the

ships™ local coordinate svstems.

6.4 CFD verification and validation

Before investigating the FLNG-LNG interaction svstematically. it is cssential to verify and
validate the present computational approach. The verification and validation study is carried
out for one of the wave conditions =081 Hz. According to Wevmmouth et al. (2005}, large
forces and miotions tend to result in high numerical crrors. This therefore can he regarded as
one of the ideal cases to investigate the greatest numerical errors that exist in our

computations due to large wave loads predicted.

The grid uncertainty analvsis is performed with the smallest time-step. whilst the time-step
independence study was carried out with the finest moesh, The details of the grid and time-step

adopted in the verification study are presented in Table 6.2,

Table 6.2 Computational grids and time-steps emploved in the verification study

Number of clements Time-step (At)
Fine (1) 11\ T /1024
Medium (2) 23 )M T /312
Coarsc (3) 9\ T /256

Based on similar procedures as described in Section 2.2.4, a sunmary of the grid-spacing and
time-step uncertainties for the tested computational case are listed in Table 6.3 and Table 6.4,
Overall. the present computation gives relatively small numerical uncertainties. demonstrating

its feasibility for undertaking further svstematic siinulations.
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It is seen from Figure 6.8 that the sway force. heave foree and vaw moment transfer functions
varyv significantly at relatively high wave frequeney conditions. This is considered as a
consequence of gap wave resonance. where the amplified gap waves induce asymetric
pressure distributions on the FLNG and LNG hulls, and therefore large disturbances on the
wave loads. Figure 6.10 presents the significant variation of gap waves under different swave
frequencies from URAXNS predictions and EFD measurcinents, At the wave frequeney of 0.63
Hz. the pap wave clevations recorded at WP 5 and 6 are suppressed to half that of the
incident waves., On the other hand. at the wave frequency of 1.15 Hz. resonance occurs and

excites the gap waves to three times of the incident wave height.

It iz observed that the gap wave response is generally sinusoidal. which enables a constant gap
wave height Hj to be estimated from the FET analysis, For the convenicnee of comparing
gap wave response at different locations and wave frequencies, the non-dimensional gap wave
height H' is introduced. representing the ratio between H, and the ncident wave height
H,. Figure 6.11 presents comparisons of URANS, EFD and PF predictions on the gap wave
responses at different wave frequencies for the lateral separation of AS=100 mun. It is found
that the pattern of gap waves exhibits great similarities when the incident wave frequency is
below 0.90 Hz. though there are discrepancies in the magnitude of Hg' between the numerical
and experimental results at certain regions. For positions within the range of -0.5 - 0.0 m. the
gap waves are suppressed to less than half of the incident wave amplitude at the low frequeney
conditions (0.63 - 0.89 Hz). The tendency of H' varies differently for high wave frequency
conditions (1.06 Hz and 1.15 Hz) close to the natural frequeney of the fluid (1.23 Hz) in the
gap. This natural frequencey. which is outlined in Figure 6.9, is estimated based on an cmpirical
formulae from Saitol ¢t al. {2008) and Moradi et al. (2015) as given in Equation {6.4). The
amplitude of the gap waves within the range of -1.0 - 1.0 1 are magnified to 2 - 4 times of the

incident wave amplitude due to resonance effect.

(6.4)

2
— Moradi et al. (2015)
AS=0.22B_LNG
AS=0.44B_LNG
1.5 AS=0.78B_LNG
fn=1.23 Hz .
A5=0.44B_LNG
~ n=1.04 Hz
T 1 5=0.78B_LNG
-~ fn=0.87 Hz
&
0.5
0 1 1
0.0 0.4 0.8 1.2 1.6 2.0

AS (x B_LNG)

Figure 6.9 Estimation of the natural frequencey for gap fluid
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Figurc 6.11 URAXS. EFD and PF predictions on the non-dimensional gap wave height for

the lateral separation of AS=100 num

It is seen from Figure 6.11 that the TRANS method provides more accurate predictions on
H;' especially for the relatively high wave frequencey conditions (0.99 Hz. 1.06 Hz and 1.15 Hz).
On the other hand. the PEF method tends to over-estimate the peak values of gap wave height
at these wave frequencies. As discussed in the literature review. this is primarily due to the
absence of viscous damping in the linear potential flow solver, This observation also explains
the better correlation of URANS predictions on the wave load transfer functions over PF
method wlhen comparing with EFD results for relatively high wave frequency conditions. For
better PE calculations, additional damping has to be added to the gap waves and it requires
tuning based on reliable EFD data, It is also found that the gap wave resonance is not the
only dominant factor that influences the wave loads on the FLXG and LXNG. For instance. at
the wave frequeney of 1.06 Hz where the gap waves are significantly exagperated. the sway
force is not comparable to that for the wave frequency £=0.99 Hz. To explain this. the
livdrodynamic pressure distribution on the FLXG and LNG hulls are presented in Figure 6,12,
This specific time step corresponds to the highest gap wave elevation at the location of x=0 .
where the peak repulsive sway foree appears. When comparing the two different wave
frequencies. one can observe greater hydrodynamic pressure on the lee wall of the ship hulls for
the case of £=0.99 Hz. This leads to a more significant portion ot repulsive swayv foree adding
on top of that caused hy gap wave resonanee and therefore results in a greater net sway force

whoen conipared to the wave frequency of f=1.06 Hz
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wave height H' for the FLNG-LNG lateral separations of AS=200 mm and AS=3530 mm
respectively. When comparing against Figure 6.11. the pattern of gap waves exhibits
siiilaritics for the three lateral separations at low wave frequencies of 0.63 Hz, 0.70 Hz and
0.75 Hz. As the wave frequeney increases. the gap waves for the condition with lateral
scparation of AS=350 mun firstly starts to be exaggerated at the wave frequency of 0.81 Hz.
Exaggeration of gap waves for condition with less lateral separations starts at higher wave
frequencies. 0.99 Hz for AS=200 mun and 1.06 Hz for AS=100 mm. This indicates the
occurrence of pap wave resonance shifts to higher frequencies when reducing the lateral
scparation between the FLNG and LNG. This is also evident from the inverse relationship
boetween the lateral separation and gap fluid natural frequeney in Equation {6.4). In addition.
the lateral separation also has an influence on the significance of gap wave resonance, Among
the three conditions tested AS=100 mm, 200 mm and 330 mm. it was found that a less lateral

scparation brings scverer wave response in the gap between the FLNG and LNG hulls.

In Figure 6.15. for the lateral separation of AS=200 mm. URANS computation still provides
better predictions on H' than P method when comparing against EFD measurements,
especially for the high wave frequeney conditions 0.99 - 1.15 Hz. When the lateral distance
increases to 350 mu. this advantage becomes less profound. Although URAXNS simmulation still
demonstrates slightly better accuracy, the diserepancies between PEF and EFD measurements
on H' has been reduced significantly for the lateral separation of AS=350 mum. This implics
that PF method is suitable to model the gap wave responses for relatively large lateral

separations with an acceptable level of accuracy,
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Figurce 6.16 Transfer functions of wave loads on the FLNG and LNG for different lateral

separations

With increasing lateral separation. the accuracy of PF predictions on the gap wave respolse
increases, This trend is also found on the frequency domain wave loads given in Figure 6.16.
The discrepancy between peak transfer functions from PE caleulation and EFD measurement
reduces as the lateral separation increases. For the condition of AS=330 mm, the URANS.
EFD and PF give very close predictions for the wave forces and moments including the peak
values, As above, in the absence of a tuned damping lid. PF method is still feasible to provide
predictions on the wave loads with satisfactory level of accuracy for lateral separations greater

than 200 mmn.

6.5.4 Full scale predictions on FLNG-LNG interaction

To investigate scale effects in the FLNG-LNG interactions in waves. full scale URANS
computations are carried out for the wave frequencies of 0.106 Hz and 0.115 Hz at the lateral
separation of AS=10 m. The two cases correspond to the niodel scale conditions of wave
frequencies of 1.06 Hz and 1.15 Hz at the lateral separation of A5=100 nun by Froude scaling.
The full scale fluid domain and computational grid are scaled isotropically. therefore shares the

same level of grid density when compared to model scale, Additional prism cells are added to
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the full seale ships for achieving similar v+ distributions along the hull and resolving the

boundary layer to the same extent as model seale conditions.

In this section. comparisons are made on the wave loads, gap wave elevations and diffracted
wave patterns between the model and full seale computations. Figure 6.17 presents the time
serics of the model and full scale wave loads acting on the two ships for the wave frequeney of
1.06 Hz (MS)/ 0.106 Hz (FS). It is observed that the two series of data correlates well. which

reflects insignificant influence of scale effects in the prediction of wave loads for the case

studied.
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e The PF method is still valid and reconnnended for predicting the wave loads when the
incident wave frequeney is relatively low and away from the natural frequency of the
gap fluid considering its rapid computational time. The accuracy of the PEF method

inmproves as the lateral separation increases,

e Gap wave resonance is observed when the incident wave frequeney approaches the
natural frequeney of the fluid in the gap between the FLXG and LNG vessels. This
also leads to significant variation of wave leads in the directions of surge. sway. heave,

pitch and vaw.

e Changing the lateral separation can strongly affeet the shipship hydrodsnamic
interactions. Reduction in the lateral separation between the FLNG and LNG brings
greater exaggeration of gap wave responses and shifts the occurrence of gap wave

resonance to a higher frequency region.

e The wvariation of lateral separation poses similar cffects on the wave loads in the
directions of sway. heave, pitch and vaw. When reducing the lateral separation
between the FLNG and LNG. occurrence of peak wave load transfer functions of

greater significance shifts to a higher frequency region.

e  The model and full scale URANS computations correlate well in aspects of wave loads.
gap wave responscs and wave diffractions around the FLNG-LNG system. which

implies the minor influence of scale offects for the tested wave cases.

In sununary. this chapter tests the feasibility of viscous URANS method for investigating ship-
ship interactions in regular waves. Comparisons are made with EFD and inviseid PF
calculations for the demonstration of numerical accuracy. Although the TRAXNS methed can
be much more computational expensive shown in Table 6.9. it provides more accurate

predictions on wave frequency loads at gap wave resonated conditions.

Table 6.9 Computational cost of URANS and PF computations

Method Processor Number of CPPUs Run time
. . Approx. v2 hrs (per wave
URAXS Intel Xeon PPhi KNL 130
frequency
Pr Intel Xeon E5-2620 +3 6 Approx. 1 lirs

Suggestions are also provided for the applicability of PF method when there are no
experimmental data available to tune a damping lid. However. the topic of ship-ship interactions

requires further investigations since the current study has limitations subject to negligence of
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the ship motion related wave radiation and the mechanical coupling with stationkeeping

svston.
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Chapter 7 - Global Performance of an
Integrated FLNG-LNG Offloading
System

In this chapter. numerical analysis on the global performance of a FLNG-LXG offloading
system is carried out using conunercial potential flow solver AQWA. validations are presented
for the computed second order wave drift forees. The results are compared against
cexperimental data and those gathered from Pinkster (1979 and Molin et al. (2009). After
demonstrating the credibility of the numnerical model. time donwain analysis coupled with
liawscrs. fenders and moorings is performed for a given environmental condition. Furthermore.
the effects of varving hawser pretension and stiffness on the hydrodynamic performance of the
FLNG-LXG system and the loads of the connection systemn are investigated. This chapter aims
to provide an overview on the global hvdrodviamic performance of an integrated FLNG-LXNG
offloading system. Though AQWA predictions on the first order wave loads can be inaccurate
at certainty wave frequency conditions as shown in Chapter 6. its adverse influence on the
global motion performance predictions are neglected here. A future studyv of using URANS
computed wave frequeney loads as an input into the PF time-domain analysis 1s proposed in
Chapter 8.2.

7.1 Description of the FLNG-LNG system

7.1.1 Turret mooring system

The FLNG-LXG system is modelled to be located in a water depth of 300 m and moored by a
turret niooring syvstom consisting of 12 mooring lines. The centre of the turret is located at
J0m aft from the bow and it allows the FLNG hull to weathervane freely under different
cenvironmnental load conditions, The mooring lines had three segients arranged as chain-wire-
chain and are spread with a horizontal span of 500 . The pre-tension acting on top of each

mooring line was 1061.7 kN details of the mooring configuration are listed in Table 7.1.
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Figure 7.2 Wave force transfer functions on the FLNG and LNG hulls during offloading
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Surge (m)

well with the findings preseuted in Zhao et al. (2014). except the period of those low frequency
imotions. The primary reason of this is due to the difference in the length of mooring chains
utilised in the designs. which resulted in different pretensions at the turret mooring top end
connections. One can also observe that the heave. roll and pitch motions of the FLNG and
LNG are frequeney dominated and the LNG vessel experience severer heave, roll and piteh
motion responses than the FLNG hull. This is partially due to the fact the displacement of the
LNG wvessel is much less than that of the FLNG hull.

The statics of the 6 DoF otion responses of the FLNG and LNXG under the given
enviromnental condition are presented in Table 7.7, It is observed that the peak to peak (P-P)
surge motion of the FLXG is 6,50 m, which is significantly smaller than that of the LNG vesscl
(10.77 m1). The P-P sway motions of the FLNG and LNG are observed to be 8.02 moand 11.79
m respectively. The yaw motions of the FLNG and LNG show similar long periodical
behaviour as that of the surge and sway motions. and the P-P responses are 3.32 deg and 1.35
deg respectively, The P-P amplitudes of other motions including heave. roll and pitch are

relatively small compared to that of the surge. sway and vaw motions.

The long periodical surge and sway motions of the FLNG offloading system are further studied
in this section as they are the dominant motions. First, the trajectories of the FLNG and LNG
in the horizontal plane are preseuted individually in Figure 7.6. To investigate the operability
of LNG offloading. the relative surge and swav motions between the CoGs of the FLNG and
LNG vessel are shown in Figure 7.7, It is found both of the relative surge and sway motions
exhibit long periodical nature. Figure 7.8 gives the trace plot of these two relative motions in
the horizontal plane. It is scen that the relative motion between the two CoGs varies between -
3.25 - 183 m in the x direction and -4.17 - 1.98 m in the v direction. This gives a good

indication of the operational Hit for the crvogenic hose during offloading in respect of

displacement.
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Table 7.7 Quantitative summeary of FLNG and LXG motion responses

Max Min P Mean STD
FLNG -20.59 -27.09 6.30 -23.73 1.62
Surge (m) i
LNG -20.30 -31.07 10,77 -24.73 2.34
FLNG 3.30 -1.72 8.02 -0.67 2.21
Sway (m) .
LNG 3.14 -%.35 11.79 -2.76 2.4
FLNG 0.14 -0.15 0.29 0.00 0.05
Heave (m) _
LNG 0.38 -0.38 0.77 0.00 0.10
FLNG 0.14 -0.00 0.23 0.02 0.03
Roll (deg) ) _ _ _
LNG ().54 -0.18 1.02 0.05 0.15
. FLNG 0.09 -0.00 0.17 -0.01 0.03
Pitch {dcg) . -
LG 0.43 -0.34 0.77 0.01 0.11
FLNG 1.15 -1.87 3.32 -0.17 0.94
Yaw {dcg) i , ~
LG 1.96 -2.39 14.35 0.22 1.03
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Figure 7.7 Time series of relative motions between the CoGs of the FLNG and LNG
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7.3.2 Hawser, fender and mooring loads

Apart from motion responses of the FLNG offloading system., mechaunical loads acting on the
hawsers. fenders and mooring lines have also been analysed for the presented base case. Figure
7.9 shows the time listory prediction of the force acting on a pre-tensioned hawser., It is
observed that the variation of the predicted hawser load 1s closcly related to the sway motion
between the two vessels. As a result of excessive relative sway motion. collisions between the
FLNG and LNG happen frequently through the fenders. Figure 7.10 depicts these collision
forces in the forin of impulsive loads on the time domain. from which it can also be found that
the fenders in the bow of the vessels experienced more collisions than those located in the stern

TCgion,

The mooring loads acting on the top counection of the inner turret mooring svstem are
presented in Figure 7.11. It is observed that the mooring lines were pre-tensioned by their sclf-
weight and domninated by low frequeney foree component. One can also find that periods of the
low frequency foree on mooring lines 1 and 5 correspond well with the surge and sway motion
(Figure 7.5) of the FLNG hull respectively. This is primarily due to the positional
configuration of the investigated mooring system as given in Figure 7.1, AMooring line 1 was
positioned at an angle of 2.5° off the global x-axis. therefore a large portion of the dynamic
mooring load was induced by the environmental loads in the surge direction. Similarly.,
mooring line 5 was orientated to an angle close to the global y-axis, hence it was loaded mainly
by the sway force resulting from the hydrodynamie interaction. Table 7.8 sunnnarises the
Lawser. fender and mooring loads which are compared against their individual SWLs
(OrcaFlex. 2006).

Table 7.8 Quantitative sununary of hawser, fender and mooring loads

Max (kN) Min (kN) Mecan (kN) STD (kN) SWL (kN)
Hawser 5 406,958 121.36 273.04 43.54 707.0
Fender 1 2036.8%8 ~ ~ ~ 3000
Fender 4 1541.75 ~ ~ ~ 3000
Mooring 1 1351.71 1245.90 1296.79 20.20 8234
Mooring 5 1024.65 0951.18 088.51 13.02 8234
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7.3.3 Effects of hawser pretension and stiffness

In this section, the influences of varving hawser pretension and stiffness are discussed through
a series of parametric studies presented in Table 7.9, For each of these cases, the trajectory
and relative motions of the FLNG and LNG as well as the hawser. fender and mooring line

loads have been analyvsed.

Time history plots of the FLNG and LNG horizontal plane motion for different hawser
pretension conditions are shown in Figure 7.12. One can observe that the LXG trajectory is
more sensitive to the pretension forees compared to that of the FLNG. Again. this is partially

due to the lower displacement of the LNG vessel.

A comparison of relative surge and sway motions between the FLNG and LXG vessels under
different pretension conditions are shown in Figure 7.13. It can be scen that the relative
motions decrease as the pretensions of the hawser increases. A quantitative summary of the
relative motions is given in Table 7,10, the P-I* relative surge motions are 6.65 m, 4.75 m and

—

3.85 m in Case 1. Case 2 and Case 3 respectively. The P-P relative swav motions are 7.57 m.
3.9 m and 4.37 m for the three studied cases. The standard deviations of the relative motions
also decrease as pretension increases. which indicates that an increment of pretension would

cffeetively inhibit the large fluctuations of the relative motions,

The trajectorics of relative motions of the FLNG and LXG in the horizontal plane for varving
pretensions are shown in Figure 7.14. Again, it demonstrates that the relative motions can be

significantly reduced by pretensioning the hawser connections.

Table 7.9 Computational matrix of the parametric study

Hawscr Pretension (kIN) Hawscr Stiffness (kN/m)
Case 1 0 83.57
Casc 2 200 83.07
Casc 3 100 83.57
Casc 4 200 100.0
Case 5 200 75.0
Casc 6 200 50.0
Base casc 300 83.57
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Table 7.10 Quantitative summary of the relative motions at different pretention conditions

Relative Sway (m)

Max Min r-r Mecan S5TD
Relative surge (m)
Case 1 1.57 -5.0%8 G.62 -1.91 1.40
Casc 2 1.46 -3.28 1.75 -0.98 1.07
Case 3 1.54 -2.31 3.85 -0.53 0.87
Relative sway (m)
Case 1 5.16 241 7.57 (.69 1.25
Casc 2 2.22 -3.77 5.99 -1.64 1.03
Case 3 -0.19 -1.56 137 -3.34 0.71
6 6

Relative Sway (m)

-10 2
Relative Surge (m)

(a) (b)

2
Relative Surge (m)
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Figure 7.15 Thne series of forees on hawser 3 and fender 4 at different hawser pretension

conditions (a) case 1. {b) case 2 and (¢) case 3

Table 7.11 Quantitative comparison of hawser and fender loads at different hawser pretension

conditions
Max Min Mecan STD
Hawser force (kN)
Casc 1 129.27 0.00 187.50 85,02
Casc 2 104.83 57.24 248,41 5047
Casc 3 199.94 280.11 373.12 31,12
Fender force (kN)
Casc 1 B12.78 ~ ~ ~
Case 2 1725.84 ~ ~ ~
Casc 3 2270.91 ~ ~ ~

126



1400

1350

1300

Force (kN)

1250

1200

1400

1350

1300

Force (kN)

1250

1200

1400

1350

1300

Force (kN)

1250

1200

Mooring 1

1000 2000 3000 4000 5000
Time (s)

1000 2000 3000 4000 5000
Time (s)

1000 2000 3000 4000 5000
Time (s)

1100

1050

1000

Force (kN)

©o
[
o

900

1100

1050

1000

Force (kN)

o
v
o

900

(b}

1100

1050

1000

Force (kN)

o
a
o

900

(¢)

Figurc 7.16 Time series of mooring forees at different

(b} case 2 and (¢} case 3
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hawser pretension conditions (a) case 1.

To investigate the influence of hawser stiffness. a comparison of relative surge and sway

motions between the FLNG and LNG vessels are shown in Figure 7.17. It can be observed that

the relative surge motion between the two vessels is less sensitive to the variation of hawser

stiffuess compared to the relative sway motion, Figure 7.18 presents the trajectories of the

relative motions between the FLNG and LNG in the horizontal plane for the investigated three

cases. One can observe that the variations are comparably less than that caused by altering
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Table 7.13 Quantitative comparison of hawser and fender loads at different hawser stiffness

conditions
Max Min Mecan STD
Hawscr force (kN)
Casc 4 336.39 126.34 231.83 31.63
Casc 5 378.80 71,42 215.81 16,15
Casc 6 175.11 38,57 253.30 66.08
Fender force (kN)
Casc 4 1671.22 ~ ~ ~
Case 5 1835.00 ~ ~ ~
Casc 6 227817 ~ ~ ~

7.4 Concluding Remarks

A side-by-side FLNG-LNG offloading system coupled with inner turret mooring arrangeiment
llas been analysed numerically, Predictions of the hvdrodynamic performance of the svstem
wider given environmental conditions are reported. First. the wave frequeney forees and gap
wave clevations are compared against experimental neasurement for demonstrating the
credibility of the performed simulation. The experimental and numerical results are found to

correlate reasonably well despite some discrepancies in the high frequency region.

Based on the same nummerical setup, the motion responses of the FLNG-LNG offloading system
as well as hawser. fender and mooring forces have been investigated. A parametric study s
also carried out for identifving the influences of varving hawser pretension and stiffness. From

thie obtained results, several interesting observations can be made:

®  The surge. swayv and vaw motions of the FLNG and LNG vessels exhibit long periodie

nature while the hiecave, roll and pitch are dominated by wave frequeney components.

e The LNG encounters much ereater motion responses than the FLXNG vessel due to its

relatively smaller mass displacement.

® The mooring forces are dominated by the low frequency components and their periods

are closcly related to the orientation of the mooring line.

®  The fender loads are found to be impulsive. Furthermore. it is observed that the fender
in the bow of the vessels experiences more collisions than those in the stern for the

studied base case.
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e The hawser pretension and stiffness are found to be influential to the performance of
the FLNG-LNG svstamn including the trajectories of the vessels, the relative motions

between the vessels and the hawser and fender loads.

e A decrease of hawser pretension and stiffness results in an inerease in the relative
horizontal plane motions between the two vessels as well as their fluctuations. but lead

to a reduction in the mnnber of collisions.

The presented study provides a basic understanding of the hydrodsnantic characteristies of an
FLNG-LXNG offloading svstem in waves. This information will be useful in the design and
development of such ship configuration. The numerical and experimental results are expected

to be emiploved in the ship handling simulators to improve the reality of simulations,
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Chapter 8 - Closure

8.1 Summary and Conclusions

This dissertation focuses on investigating the hydrodynamics around the side-by-side FLNG-
LNG offloading svstem. Wave induced loads and motions on the structures and gap wave
clevations have been studied through experimental and numerical approaches, The feasibility
of viscous RANS/URANS methods on investigating the hydrodynamics of single FLNG/LNG
and FLNG-LNG interactions has been assessed. The study also attenipts to quantify the scale
offects that exist in the predictions of wave loads and interaction forces and the issucs
associated with extrapolating model scale data to represent the full scale case, In this chapter.
the major findings are presented and recommendations for future arcas of rescarch are

identified and discussed.

The investigation beging with a preliminary study of the scale effects on the prediction of
manoecuvring cocfficients for a FLNG/LNG type of hull presented in the Appendix. The work
demonstrates the capability of viscous RANS/URANS CFD solver on performing full scale
simulations on ship hydrodynamics. Followed by that., numierical studies on estimating the
FLNG-LXG interaction forces and moments in calm water steady current are carried out using
a viscous steady state RANS approach. A detailed validation study of the nunerical niethod
with existing benchmark cases is presented. The numerical method is then applied for the
systematice simulations to prediet model scale and full scale hydrodynamic interactions. For
wodelling the FLNG-LNG interactions in waves, a two-phase flow volume of fluid method is
adopted with the URANS computations for simulating the complex hyvdrodynamics involved.
The application of such a numerical approach is proven to be accurate and reliable for
estimating the single FLNG/LNG hydrodynamics in regular waves, The computed wave loads
and motions on individual ship hull correlate well with experimental and potential flow
predictions. Based on this. the TRANS computations are extended to model the FLNG-LXG
interactions in regular waves. Experimental studies are also performed for the validation of the
numerical predictions for wave loads and gap wave responses. Once again. the scale effects on
the interaction forees and moments have been investigated here. To investigate the global
performance of the side-by-side FLNG-LNG systemm in a real world scenario. a case study
based on time domain analysis is carried out with the system coupled with mooring lines.

fenders and bawsers in an irregular sea environment. Predictions of the global performance
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including the motion responses. fender and mooring loads of the svstem wunder realistic

environmental conditions are reported.

8.2

8.2.1

Key Findings

FLNG-LNG interaction in calm water steady

current

The kev findings of the investigations into FLNG-LNG hyvdrodyvnamic interactions in calm

water steady current are:

8.2.2

Alajor

The quasi-static viscous RANS method is successfully applied to predict the FLNG-
LNG interactions in calim water steady current. The variation of interaction forces and

moments for different positional offsets hias been identified.

The magnitude of non-dinensional model and full scale interaction force and moment

predictions for the LNG and FLNG hulls correlate well.

Model scale siimulations demonstrate relatively thicker boundary layers and larger
turbulent wake regions around the LNG and FLNG hulls. indicating a more significant
viscous effeet over the full scale conditions. As a result, large discrepancies exist
between the predictions of model scale and full scale surge force magnitude, which

illustrate that scale effects are evident,

Scale cffects are much less influential in sway force, roll moment and vaw moment
predictions due to very good correspondence found between the patterns of model and
full scale pressure distributions on the port side of the LNG and starboard side of

FLXG lulls.

Single FLNG/LNG hydrodynamics in regular waves

observations from the investigation into single FLNG or LNG  hyvdrodyvnamic

performance in regular waves are:

The URANS computations arc feasible of making predictions of wave loads and

motions on the FLNG/LNG individually in regular waves.

For both liead and oblique sca conditions. good corrclations are observed between

URANS. potential flow and experimental results.
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o Scale effects are not evident in the predictions of wave loads and motions for single
ship. The difference between model and full scale simulation results varies from 0.10%
to 3.70% which are less than the estimated nwmerical uncertainties from the validation

study,

8.2.3 FLNG-LNG interaction in regular waves

The following conclusions are drawn from the study of FLNG-LNG liydrodynamic interactions

in regular waves:

e The URANS conmputations arc feasible of making predictions of gap wave responses

and wave loads for ship-ship interactions in waves.

e Viscous URANS computations provide more accurate predictions on the gap wave
respouses over PF omethod at relatively high wave frequency conditions when the
lateral separation between two ships is relatively small {(AS=100 mm and 200 mm).
With greater lateral separation (AS=300 mm), the PF caleulations are proven to have

similar level of accuracy.

e DPF method is still valid and recommended for predicting the wave loads when the
incident wave frequeney is relatively low and away from the natural frequency of the
gap fluid considering its rapid computational time. The aceuracy of PEF niethod

improves as the lateral separation increases.

e  (Gap wave resonance is observed when the incident wave frequency approaches the
natural frequency of the fluid in the gap between the FLNG and LNG vessels. This
also leads to significant variation of wave loads in the directions of surge. sway. heave,

pitch and vaw.

e Changing the lateral separation can strongly affect the ship-ship hydrodsnamic
interactions. Reduction in the lateral separation between the FLNG and LNG brings
greater exaggeration of gap wave responses and shifts the occurrence of gap wave

resonance to a higher frequency region.

® The variation of lateral separation poses similar cffeets on the wave loads in the
directions of sway. heave, pitch and vaw. When redueing the lateral separation
between the FLNG and LNG, occurrence of peak wave load transfer functions of

greater significance shifts to a ligher frequency region,

® The model and full scale TRANS computations correlate well in aspects of wave loads.
gap wave responses and wave diffractions around the FLNG-LNG systemn. which

implies the ingignificant influence of scale effects for the tested wave cases.
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8.2.4 Time domain analysis of an integrated FLNG-LNG

system

The global performance of the integrated conceptual FLNG-LNG offloading svstem is

sumnmarised as followings:

e The surge. sway and vaw motions of the FLNG and LNG vessels exhibit long periodic
nature while the heave. roll and pitch are dominated by wave frequency components,
The LNXG encountered mueh greater motion responses than the FLNG vessel due to its

relatively smaller mass displacenient.

e The mooring forces are dominated by the low frequency components and their periods

are closcly related to the orientation of the mooring line.

e  The fender loads are found to be impulsive. Furthermore, it is observed that the fender
at the bow of the vessels experiences more collisions than those near the stern for the

studied base case,

e The hawser pretension and stiffness are found to be influcntial to the performance of
the FLNG-LNG system including the trajectories of the vessels, the relative motions

between the vessels and the hawser and fender loads.

e 3 decrease of hawser pretension and stiffness results in an increase in the relative
horizontal plane motions between the two vessels as well as their fluctuations., but lead

to a reduction in the number of collisions.

8.2 Suggestions for Future Work

Rescarch into the FLNG-LNG hydrodynamic interactions using viscons RANS/URANS CFD
approach can be implemented in several wavs, The following recommendations for future work

arc proposed for developing a more sophisticated numerical model.

*  Wave generation capabilitics of URANS mmethod are required to be investigated. The
sensitivity studies for a wide range of sca-states. the coffects of the irregularity.
directionality and nonlincarity of occan waves on the FLNG-LNG hydrodsnamic

interaction can be investigated.

® The influence of geometrical parameters such as bodyv draft. breadth and bilge radius

on the interaction forees and gap waves can be studied in the future.
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Real station-keeping mechanism including mooring lines. fender and hawsers can be
incorporated in the viscous URAXS computations for analysing the global performance
of the FLNG-LNG svstem. Extensive studies should be carried out on the cost

cffeetivencss and feasibility of such simulations.

URAXNS predictions on the wave frequeney loads can be adopted in the time domain
PE analvsis for more accurate modelling of gap wave resonance and its effect on the

global motion performance of an integrated FLNG-LNG offloading system
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