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 Abstract 

 This  study  aims  to  investigate  the  influence  of  the  clump  weight  on  a  2  MW 
 floating  offshore  wind  turbine  (FOWT)  mooring  system,  focusing  on  extreme  sea 
 conditions  and  shallow  water  effects.  This  study  primarily  focuses  on  the  extreme 
 values  of  the  6  degrees  of  freedom  (6  DoF)  and  the  maximum  line  tension  of  the 
 mooring  lines  to  assess  the  impact  of  clump  weights  on  the  mooring  system.  Three 
 parameters  related  to  the  clump  weight  were  studied,  including  the  starting  position  of 
 clump  weights,  spacing  between  clump  weights,  and  the  number  of  clump  weights.  The 
 objective  was  to  evaluate  the  performance  differences  resulting  from  these  parameters 
 on  the  effectiveness  of  the  clump  weights.  The  findings  indicate  that  selecting  a  starting 
 position  for  the  clump  weights  located  after  the  touchdown  point  has  relatively  better 
 performance.  When  the  spacing  between  clump  weights  is  too  small,  in  this  case,  2 
 meters  and  3  meters,  localized  extreme  line  tension  may  occur.  Due  to  the  fact  that 
 clump  weights  will  all  be  lifted  from  the  seabed  under  extreme  environmental 
 conditions,  the  more  clump  weights  there  are,  the  greater  the  maximum  tension  along 
 mooring  lines.  The  possible  reason  for  this  outcome  may  primarily  lie  in  the  total 
 weight  of  the  clump  weights.  In  the  case  of  shallow  water,  the  inclusion  of  clump 
 weights  in  the  system  does  not  consistently  improve  the  overall  performance  compared 
 to  the  system  without  clump  weights  in  shallow  water  regions  with  extreme  sea  state. 
 This  study  suggests  the  need  for  further  research  to  explore  the  feasibility  and  potential 
 advantages  of  using  clump  weights  to  optimize  mooring  systems  in  shallow  water 
 environments. 

 Keywords:  Floating  Offshore  Wind  Turbines,  FOWTs,  Mooring  System,  Clump  Weight, 
 Extreme Sea Conditions, Shallow Water 
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 摘要 

 本研究旨在探究加重塊在極端海況和淺水環境中對  2  兆瓦浮動式離岸風力 

 發電機繫泊系統的影響。研究主要關注浮台六個自由度的極限值以及錨鏈的最大 

 張  力  以  探  討  加  重  塊  對  於  繫  泊  系  統  的  影  響,  包  含  了  加  重  塊  相  關  的  三  個  參  數。  分  別  爲 

 加重塊的起始位置、加重塊的間距以及加重塊的數量。分析的目的是評估這些參 

 數的改變如何影響繫泊系統的性能。研究結果顯示，將加重塊起始位置設定於著 

 陸點之後的地方具有相對較好的性能。當加重塊之間的間距過小，以本研究爲例 

 爲2米和3米時，錨鏈會出現局部極端的張力。由於加重塊在極端環境條件下會被 

 全部被拉起，離開海床，因此加重塊越多，錨鏈的最大張力越大，而造成此結果 

 的原因可能主要來自加重塊總重量的差異。通過針對參數的探討，發現加入加重 

 塊後的系統在淺水海域極限條件的情況下并沒有優化繫泊系統的性能。因此本研 

 究建議進行進一步的研究，以探索在淺水環境中使用加重塊來優化繫泊系統的可 

 行性和潛在優勢。 

 關鍵詞：浮動式離岸風力發電機、繫泊系統、加重塊、極端海況、淺水海域 
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 Nomenclature 

 Latin Symbol 

 Acceleration  [  ]  𝑚  /  𝑠  2    

 Body acceleration rel;ative to earth  [  ]  𝑚  /  𝑠  2    

 Fluid acceleration relative to earth  [  ]  𝑚  /  𝑠  2    

 Internal stress area  [  ]  𝑚  2 

 Relative fluid acceleration  [  ]  𝑚  /  𝑠  2    

 External stress area  [  ]  𝑚  2 

 Drag area  [  ]  𝑚  2 

 AM  Added mass contribution to clump inertia  [  ]  𝑡𝑒 

 Damping coefficient in seconds  [-] 

 Critical Damping  [-] 

 Added mass coefficient  [-] 

 Drag coefficient  [-] 

 Centroid  [  ]  𝑚 

 Inertia coefficient  [-] 

 Draught  [  ]  𝑚 

 Axial stiffness  [  ]  𝑘𝑁  /  𝑚    

 Drag load  [  ]  𝑘𝑁  /  𝑚    

 Cyclic frequency  [  ]  1/  𝑠    

 Additional mass load  [  ]  𝑘𝑁  /  𝑚    

 Peak frequency  [  ]  1/  𝑠    

 Fluid force per unit length  [  ]  𝑘𝑁  /  𝑚    

 Acceleration due to gravity  [  ]  𝑚  /  𝑠  2    
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 Green’s theorem  [-] 

 h  Water depth  [  ]  𝑚 

 Beseel function  [-] 

 Wave number  [-] 

 Stiffness  [  ]  𝑘𝑁 

 Instantaneous length  [  ]  𝑚 

 Unstretched length  [  ]  𝑚 

 Length between perpendicular  [  ]  𝑚 

 Integral scale parameter  [-] 

 System mass  [  ]  𝑡𝑒 

 Added mass  [  ]  𝑡𝑒 

 Yaw moment  [  ]  𝑘𝑁  /  𝑚  2 

 Position  [-] 

 Internal pressure  [  ]  𝑃𝑎    

 External pressure  [  ]  𝑃𝑎    

 Pressure at  panel  [-] 

 Force function  [-] 

 Force function  [-] 

 s  z  Axial direction  [-] 

 Current speed  [  ]  𝑚  /  𝑠    

 Current speed at the surface water  [  ]  𝑚  /  𝑠    

 Current speed at the seabed  [  ]  𝑚  /  𝑠    

 Simulation time  [  ]  𝑠    

 Effective tension  [  ]  𝑘𝑁    

 Wall tension  [  ]  𝑘𝑁    

 U  Velocity of moving body  [  ]  𝑚  /  𝑠    
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 System velocity  [  ]  𝑚  /  𝑠    

 Relative fluid velocity  [  ]  𝑚  /  𝑠    

 Wind speed  [  ]  𝑚  /  𝑠    

 Data height  [  ]  𝑚 

 Greek Symbol 

 α  Complex displacement RAOs for rotation  [  ]  𝑟𝑎𝑑  /  𝑚 

 Wave heading  [°] 

 Total mean axial strain  [-] 

 ξ  Complex displacement RAOs for translation  [°] 

 γ  Peak enhancement factor  [  ]  𝑚  /  𝑚 

 Density  [  ]  𝑡𝑒  /  𝑚  3 

 Gradient of velocity potential  [  ]  𝑚  /  𝑠  2 

 Velocity potential  [  ]  𝑚  2  /  𝑠 

 First-order complex potential  [  ]  𝑚  2  /  𝑠 

 Potential of the incident wave  [  ]  𝑚  2  /  𝑠 

 Radiation potential  [  ]  𝑚  2  /  𝑠 

 Scattered potential  [  ]  𝑚  2  /  𝑠 

 Second-order complex potential  [  ]  𝑚  2  /  𝑠 

 Second-order potential in the absence of the body  [  ]  𝑚  2  /  𝑠 

 Second-order radiation potential  [  ]  𝑚  2  /  𝑠 

 Remainder of  [  ]  𝑚  2  /  𝑠 

 Angular frequency of wave  [  ]  𝑟𝑎𝑑  /  𝑠 

 Frequencies of incident waves  [  ]  1/  𝑠 
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 Frequencies of incident waves  [  ]  1/  𝑠 

 Yawing rate  [  ]  𝑟𝑎𝑑  /  𝑠 

 Ω  Angular velocity  [  ]  𝑟𝑎𝑑  /  𝑠 

 Poisson ratio  [-] 

 Segment twist angle  [  ]  𝑟𝑎𝑑 

 Mass of fluid displaced  [  ]  𝑡𝑒 
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 Chapter 1 

 Introduction 

 1.1  Background 

 Many  countries  have  made  commitments  to  reach  net-zero  emissions  by  2050  or 

 earlier,  recognizing  the  importance  of  transitioning  to  a  low-carbon  economy  to  mitigate 

 the  impacts  of  climate  change.  The  Paris  Agreement  [1],  signed  in  2015,  serves  as  a  key 

 global  framework  for  addressing  climate  change,  with  the  long-term  goal  of  limiting 

 global  warming  to  well  below  2°C  above  pre-industrial  levels  and  striving  to  keep  it 

 below  1.5°C.  As  energy-related  carbon  dioxide  emissions  represent  two-thirds  of 

 all  greenhouse  gasses  [2],  energy  transition  from  fossil  fuel  to  renewable  energy  is 

 imminent. 

 Taiwan,  a  small  island  with  its  abundant  coastal  resources  and  favorable  wind 

 conditions  [3][4],  has  emerged  as  a  frontrunner  in  offshore  wind  development  in  the 

 Asia-Pacific  region.  In  2017,  the  Taiwanese  government  had  set  an  ambitious  target  of 

 generating  20  %  of  electricity  from  renewable  sources  by  2025  including  5.7  GW  of 

 offshore  wind  power  [5].  Several  strategies  have  been  implemented  to  promote  offshore 

 wind  power,  including  carrying  out  the  world's  highest  feed-in  tariff  (FIT)  [6]  for 

 renewable  energy  to  attract  foreign  investment  and  a  Four-year  Wind  Power  Promotion 

 Plan  [7][8].  Additionally,  a  Local  Content  Requirement  (LCR)  policy  has  been 

 implemented  by  the  government  to  promote  the  development  of  a  local  supply  chain  for 

 offshore wind power projects [9][10]. 

 In  2012,  Taiwanese  government  announced  “Offshore  Wind  Power  System 

 Demonstration  Incentive  Regulations”,  which  under  the  first  of  the  3  phases  strategies 

 1 
doi:10.6342/NTU202303528



 [10]  for  offshore  wind,  to  award  grants  to  four  to  six  demonstration  offshore  wind 

 turbines  scheduled  for  completion  in  2015  [8]  to  increase  confidence  of  developers  and 

 encourage  development  of  offshore  wind.  The  second  phase  of  the  strategies  for 

 offshore  wind  is  Zone  Application  for  Planning.  Bureau  of  Energy,  Ministry  of 

 Economic  Affairs,  R.O.C.  announced  36  Zones  of  Potential  along  Taiwan's  coastline 

 near  Changhua  and  Miaoli  that  have  been  identified  as  suitable  for  offshore  wind  farm 

 development  and  aimed  to  attract  more  investment  and  promote  the  growth  of  the 

 offshore wind industry in Taiwan [5]. 

 Figure 1.  The three phases of Taiwan’s offshore wind  energy policy [10] 

 Building  upon  the  success  of  Phase  1,  which  is  the  completion  of  the  first 

 offshore  wind  farm  in  Taiwan,  Taiwanese  government  announced  Phase  3  Offshore 

 Wind  Zonal  Development  in  August  2021.  Total  15  GW  of  capacity  is  planned  to  be 

 released  during  2026  to  2035  [12].  As  Figure  2.  [13],  wind  power  capacity  is  expected 

 to  be  much  higher  in  deeper  regions,  thus,  developers  targeted  deeper  water  regions. 

 From  the  publicly  available  data  from  developers  [14][15][16],  water  depth  of  selected 

 projects had come up to 96 m. 
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 Figure 2.  Taiwan offshore wind potential [10] 

 Up  till  Phase  2  ,  as  water  depth  mostly  not  more  than  50  m,  only  fixed  bottom 

 type  foundation  such  as  monopile  and  jacket  type  is  used.  Previous  research  showed 

 that  the  cost  of  fixed  bottom  type  foundation  will  become  relatively  high  to  achieve  the 

 required  stability  [17][18].  Thus,  discussion  about  floating  offshore  wind  turbines 

 (FOWT) trending straight up. 
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 1.2  Literature Review 

 The  concept  of  large  scale  floating  offshore  wind  turbines  might  be  tracked  back 

 till  the  early  1970s,  Professor  William  E.  Heronemus  surmised  they  would  be  large 

 windmill-like  structures  that  made  power  on  land  or  on  platforms  floating  in  the  ocean 

 in  the  future  [19].  But  only  until  the  1990s,  after  wind  power  started  commercialization, 

 the  topic  was  taken  back  to  research.  In  1993,  K.Tong  and  C.  Cannell  had  studied  the 

 feasibility  of  using  floating  platforms  for  wind  turbines  [20],  while  N.  Barltrop  had 

 listed  the  pros  and  cons  of  floating  offshore  wind  farms  and  proposed  a  V  shape  floating 

 wind  farm  shown  in  Figure  3.  [21].  Meanwhile,  A  model  test  for  a  moored  platform  for 

 wind  turbines  designed  for  water  depth  20  m  to  100  m  is  derived  almost  at  the  same 

 time [22]. 

 Figure 3.  Multiple unit offshore wind farm [20] 

 Unlike  fixed-bottom  offshore  wind  turbines,  floating  wind  turbines  are  mounted 

 on  floating  platforms  or  foundations.  Generally,  floating  platforms  could  be  classified 

 into  four  types  which  are  semi-submersible,  spar,  tension  leg  platform  and  barge  type 

 floating  platform  as  shown  in  Figure  4.  [23].  The  categorization  of  these  platforms  are 
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 dependent  on  the  method  of  achieving  static  stability  such  as  shown  in  Figure  5. 

 [24][25].  Each  of  these  stability  approaches  can  be  conceptualized  as  an  idealized  vessel 

 with specific characteristics while the designer seeks the satisfactory balance. 

 Figure 4.  Types of floating platform [20] 

 Figure 5.  Floating platform stability triangle [25] 

 Based  on  these  concepts,  plenty  of  research  has  been  done.  W.  Musial  et  al.  [26] 

 offers  a  comprehensive  technical  overview  of  various  floating  platforms  designed  for 

 wind  turbines.  S.  Bashetty  et  al.[27]  compared  the  dynamic  motion  of  TLP  type,  spar 

 type,  and  semi  submersible  type  FOWT.  I.J.  Hsu  et  al.  [28]  optimized  a 
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 semi-submersible  FOWT  system  based  on  Taiwan  environment  conditions,  G.  Ferri  et 

 al. [29] enhanced a 10 MW FOWT system. 

 Beside  a  floating  platform,  a  tailored  mooring  system  is  essential  for  a  FOWT  to 

 protect  the  dynamic  cable  and  address  risks  such  as  earthquakes  or  typhoons.  Different 

 types  of  mooring  systems  are  employed  based  on  specific  requirements  and 

 environmental  conditions.  There  are  three  commonly  used  mooring  system  types  for 

 FOWTs which are catenary, semi-taut, and taut mooring systems [30]. 

 Catenary  mooring  involves  the  attachment  of  multiple  mooring  lines  to  anchor 

 points  on  the  seabed,  forming  a  natural  curved  catenary  shape  based  on  the  combination 

 of  their  weight  and  the  platform's  tension.  This  configuration  is  predominantly 

 employed  in  shallower  waters  and  under  moderate  environmental  conditions.  In  a 

 semi-taut  mooring  system,  the  mooring  lines  exhibit  a  slight  sag  while  retaining  a 

 certain  level  of  tension,  striking  a  delicate  equilibrium  between  the  flexibility  of  a 

 catenary  system  and  the  heightened  stability  provided  by  taut  mooring.  Taut  mooring 

 systems,  on  the  other  hand,  maintain  constant  tension  in  the  mooring  lines,  minimizing 

 platform  movement  and  ensuring  enhanced  stability.  Such  a  system  effectively  restricts 

 the  platform's  motion  to  a  confined  area,  facilitating  superior  control  and 

 maneuverability [31]. 

 As  expense  is  a  critical  factor  of  developing  FOWT,  an  effective  mooring  system 

 is  desired.  A.  Neisi  [32]  proposes  a  new  multi-segment  arrangement.  M.J.  Harrold  [33] 

 studied  the  effect  of  a  hydraulic  mooring  component  with  non-linear  stiffness  in  the 

 FOWT  mooring  system.  G.  Barbanti  [34]  states  that  attachment  of  clump  weight  on 

 mooring lines may improve FOWT response and lower fatigue damage. 
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 1.3  Motivation 

 Under  encouragement  of  localization,  National  Taiwan  University  (NTU)  jointly 

 with  Ship  and  Ocean  Industries  R&D  Center  (SOIC)  and  China  Shipbuilding 

 Corporation  Taiwan  (CSBC)  designed  a  floating  platform  named  “TaidaFloat”  [28]  and 

 plan  to  manufacture  a  2  MW  prototype  FOWT  in  Taiwan  Strait.  Taiwan  Strait,  with  an 

 average  water  depth  of  60m  faces  three  to  four  typhoons  annually  [35]  making  harsh 

 environmental  conditions  for  FOWT  to  develop.  Considering  that  a  2  MW  may  be 

 important  as  the  first  step  to  develop  FOWT  in  Taiwan,  a  2MW  semi-submersible 

 platform is considered in this study. 

 Taiwan  Strait  is  not  more  than  100  m  deep.  According  to  considerations  in  the 

 offshore  oil  and  gas  industry,  water  can  be  deemed  shallow  when  its  depth  is  below  200 

 meters  [36].  The  main  effect  of  shallow  water  to  the  mooring  system  is  limitation  of  the 

 catenary  shape  of  mooring  system  and  surface  waves  affect  the  water  flow  on  the 

 seabed. 

 In  shallow  water,  the  mooring  lines  have  less  freedom  to  form  a  natural  catenary 

 profile  due  to  the  limited  water  depth.  This  can  result  in  increased  line  stiffness  and 

 reduced  dynamic  response,  making  the  mooring  system  more  susceptible  to  sudden 

 loads and movements. 

 Water  waves  are  surface  waves,  known  as  'Rayleigh  waves',  a  mixture  of 

 longitudinal  and  transverse  waves.  In  the  case  of  shallow  water  waves,  water  molecules 

 follow  oval  orbits,  and  as  one  moves  further  from  the  surface,  the  diameter  of  the  orbit 

 decreases. This motion remains significant up to a distance of about one wavelength. 

 A  3x3  mooring  system  with  10  clump  weights  attached  in  each  mooring  line  is 

 designed  for  a  15  MW  FOWT  in  Taiwan  Strait  [37].  The  cost  of  mooring  lines  and  its 

 installation  fees  might  become  extremely  high  due  to  the  massive  mooring  system.  N. 
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 Bruschi  [38]  studied  a  few  parameters  of  clump  weight  based  on  Hywind  OC3  spar  type 

 FOWT in 320 m water depth which show positive influence in surge motion. 

 Addition  of  clump  weight  could  provide  stability  to  the  floating  platform  by 

 counteracting  buoyancy  and  helps  maintain  the  desired  position  and  orientation  of  the 

 structure  against  environmental  forces.  Clump  weight  also  aids  in  controlling  the 

 tension  of  the  mooring  lines,  ensuring  optimal  stiffness  and  response  of  the  system. 

 Furthermore,  it  contributes  to  the  dynamic  response  by  damping  the  motion  induced  by 

 waves, improving overall stability and reducing fatigue loads [31]. 

 N.  Bruschi  [38]  indicates  that  selecting  a  lighter  weight  and  placing  it  as  closer 

 to  the  platform  would  optimize  the  platform's  response  while  minimizing  the  rise  in 

 fairlead  tension  while  C.A.  Chen  [37]  states  that  clump  weight  should  position  after  the 

 touchdown  point.  Therefore,  clump  weight  starting  position  is  chosen  to  be  one  of  the 

 variables. 

 The  number  of  clump  weights  may  influence  the  total  cost  to  develop  FOWT. 

 Greater  number  of  clump  weights  might  result  in  higher  costs  related  to  manufacturing, 

 installation  and  inspection.  Moreover,  transportation  and  handling  expenses  may 

 escalate  as  well,  especially  facing  shortage  of  available  working  vessels.  In  this  case, 

 optimizing  the  mooring  system  with  lesser  clump  weight  is  worth  studying.  Thus  clump 

 weights spacing and number of clump weights is considered as our parameters. 
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 1.4  Structure of Report 

 ●  Chapter  1  provided  an  overview  of  the  study,  including  its  background,  literature 

 review, and motivation. 

 ●  Chapter  2  outlined  the  rules  and  regulations,  design  load  case,  design  basis,  and 

 the simulation software utilized. 

 ●  Chapter 3 detailed the numerical methods employed throughout the research. 

 ●  Chapter 4 introduced the fundamental model setup adopted for the study. 

 ●  Chapter 5 analyzed the control case. 

 ●  Chapter  6  described  the  case  settings  for  parametric  studies  of  clump  weight, 

 presented the simulation results, and conducted discussions. 

 ●  Chapter 7 served as the conclusion for this thesis. 
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 Chapter 2 

 Design Criteria 

 2.1 Rules and Regulations 

 Compliance  with  rules  and  regulations  for  FOWT  is  crucial  for  ensuring  the 

 secure,  dependable,  and  eco-conscious  advancement,  construction,  and  operation  of  a 

 project.  Rules  and  regulations  additionally  have  a  part  in  acquiring  insurance  coverage 

 and  financing  for  FOWT  projects,  as  numerous  insurance  companies  and  financing 

 institutions  necessitate  adherence  as  a  prerequisite.  The  ensuing  thesis  takes  into 

 account the following set of rules and regulations: 

 ●  ABS,  Guidance  Notes  on  Global  Performance  Analysis  for  Floating  Offshore 

 Wind Turbines 2020 [39] 

 ●  ABS,  Guide  for  Building  and  Classing  Floating  Offshore  Wind  Turbines  2020 

 [40] 

 ●  IEC  61400-3-2:  2019,  Wind  energy  generation  systems  –  Part  3-2:  Design 

 requirements for floating offshore wind turbines [41] 
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 2.2 Design Load Case 

 According  to  ABS,  Guide  for  Building  and  Classing  Floating  Offshore  Wind 

 Turbines  2020,  the  design  load  conditions  (DLC)  and  serviceability  load  conditions 

 (SLC)  are  utilized  to  represent  the  design  requirements  for  FOWT.  The  guide  lists  a 

 total  of  10  turbine  conditions  and  35  design  load  cases.  To  maintain  the  integrity  of  the 

 mooring  system  for  FOWT,  it  is  essential  to  meet  all  the  specified  DLCs  as  a  minimum 

 requirement.  Moreover,  it  is  crucial  to  take  into  account  additional  load  cases,  which 

 include  evaluating  the  influence  of  unbalanced  rotor  aerodynamic  loads  caused  by 

 neighboring turbines' shade or wake effects on the global yawing moment. 

 Among  the  minimum  required  DLCs,  DLC  1.6  and  DLC  6.1  are  deemed  critical 

 cases  for  analyzing  mooring  strength,  drawing  from  the  expertise  of  the  oil  and  gas 

 industry.  DLC  1.6  encompasses  the  ultimate  loading  requirements  resulting  from  normal 

 turbulence  model  (NTM)  and  severe  sea  state  (SSS)  conditions,  while  DLC  6.1 

 incorporates  the  combination  of  extreme  wind  and  wave  conditions  that  combined 

 recurrence  period  of  50  years.  Since  this  thesis  concentrates  on  examining  the  impact  of 

 clump  weight  on  the  entire  system,  DLC  6.1  is  chosen  as  the  focal  DLC  for  this 

 research. 

 The  ABS  guidelines  recommend  that  DLC  6.1  ought  to  be  simulated  using  either 

 a  three-hour  simulation  time  with  a  fully  coupled  system  in  the  time  domain  or 

 frequency-domain  analysis  with  dynamic  effects.  Additionally,  it  is  advised  to  generate 

 a  minimum  of  six  random  seeds  for  a  one-hour  simulation  time  for  each  turbulent  wind 

 and sea state that is taken into account during the simulations. 
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 2.3 Design Basis 

 As  the  target  location  for  this  system  is  near  Hsinchu  offshore  area,  with  an 

 average  water  depth  ranging  from  60  m  to  75  m,  this  study  opts  for  a  depth  of  70  m 

 since  the  mooring  system  is  more  crucial  in  shallower  waters.  In  the  case  of  FOWT,  a 

 dynamic  cable  is  employed  instead  of  static  cable.  Consequently,  when  designing  the 

 mooring  systems,  one  must  take  into  account  the  challenges  associated  with  the 

 curvature  and  compression  issues  of  the  dynamic  cable.  The  displacement  of  the  FOWT 

 is  constrained  to  ensure  the  practicality  of  the  dynamic  cable.  In  accordance  with  the 

 manufacturer's  guidelines  [42],  the  maximum  feasible  diameter  of  the  mooring  chain  to 

 mass produce may be 178mm. 

 Design basis of the mooring system is shown: 

 ●  Water depth is assumed to be 70m 

 ●  The  allowable  platform  offset  is  assumed  to  be  30%  water  depth  in  order  to 

 protect the dynamic cable. 

 ●  The mooring chain diameter should not be larger than 178mm (7 inches) 
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 2.4 Simulation Software 

 OrcaFlex,  a  commercial  software  package  used  for  dynamic  analysis  of  offshore 

 systems,  is  mainly  used  in  this  thesis.  OrcaFlex  is  a  widely  used  software  tool  for 

 simulating  the  dynamic  behavior  of  floating  structures,  mooring  systems,  and  other 

 offshore  systems  under  various  environmental  conditions.OrcaFlex  uses  a  time-domain 

 numerical  simulation  approach  to  model  the  dynamic  behavior  of  offshore  systems, 

 taking  into  account  the  effects  of  waves,  wind,  currents,  and  other  environmental  loads 

 on  the  system.  It  allows  for  the  simulation  of  the  dynamic  response  of  FOWTs, 

 including  the  motion,  loads,  and  tensions  in  the  mooring  lines,  as  well  as  the  structural 

 behavior of the floating structure and other components of the wind turbine. 

 Besides  OrcaFlex,  OrcaWave  is  also  used  for  the  preliminary  setup  of  the  body 

 type  in  OrcaFlex.  OrcaWave  is  a  diffraction  analysis  program  that  utilizes  potential  flow 

 theory  to  compute  the  loading  and  response  of  submerged  bodies  caused  by  surface 

 water waves. 
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 Chapter 3 

 Numerical Method 

 3.1 Diffraction Analysis 

 Full  Quadratic  Transfer  Function  (QTF)  calculation  is  chosen  in  this  study.  Both 

 potential  formulation  and  source  formulation  is  included.  The  Full  QTF  incorporates 

 both  the  linear  components  and  the  quadratic  components  [43].  The  fluid  considered  is 

 assumed  to  be  incompressible,  inviscid  and  irrotational.  The  fluid  velocity  is  expressed 

 as 

 (1) 

 where  is  the  gradient  of  the  velocity  potential  ,  is  the  velocity  potential. 

 Integrating  the  expression  derived  from  substituting  the  fluid  velocity  into  the 

 Navier-Stokes  equation  results  in  the  formulation  of  the  Bernoulli  equation,  which 

 relates the pressure distribution in the fluid. 

 (2) 

 Since wave steepness is typically small, perturbation expansion is employed. 

 (3) 

 By  solving  the  first-order  problem  ,  the  response  amplitude  operators  (RAOs), 

 added  mass,  and  damping  could  be  determined.  This  provides  insights  into  the  behavior 

 of  the  system  under  the  influence  of  surface  water  waves.  In  full  QTFs,  the  second  order 

 problem  is also solved to determine wave drift load  and sum frequency load. 
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 3.1.1 First Order Problem 

 Substituted  into  the  governing  equations,  only  the  first-order  terms  are 

 retained,  it  leads  to  a  linear  boundary  value  problem  for  the  first-order  complex 

 potential  , while  could be express as 

 (4) 

 where  is  the  potential  of  the  incident  wave,  is  the  scattered  potential,  due  to  the 

 presence  of  a  fixed  obstructing  entity,  is  the  radiation  potential,  caused  by 

 first-order motion of the body in the fluid. 

 For the boundary condition in Orcawave, the velocity potential satisfies 

 (5) 

 on  the  seabed  or  as  in  infinite  depth  water.  When  the  wet  surface  of  a  rigid 

 body  moving  with  velocity  and  angular  velocity  Ω  at  its  instantaneous  position,  fluid 

 velocity could be state as 

 (6) 

 where  n  is  unit  normal.  Meanwhile,  the  standard  kinematic  boundary  condition  of  fluid 

 dynamics is manifested on the free surface satisfy 

 (7) 

 (8) 

 where  the  instantaneous  free  surface  is  determined  by  the  Bernoulli 

 equation. 
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 In  first-order  complex  potential  ,  every  component  fulfills  a  boundary  value 

 problem  by the following general formula 

 (9) 

 where  the  forcing  functions  and  vary  for  each  component  in  (4)  and  variable 

 to  simplify  the  subsequent  equations.  By  (9),  in  finite  water  depth  , 

 could be express as 

 (10) 

 (11) 

 (12) 

 where  is  height  with  dimensions  of  length,  frequency  ,  wavenumber  and  wave 

 heading  . 

 Boundary  value  problem  in  potential  formulation  is  solved  by  the  established 

 boundary integral method with Green’s theorem in global coordinate 

 (13) 

 where Green’s theorem could express as 

 (14) 
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 is  the  Bessel  function  of  the  first  kind  and  the  two  vector  arguments  have  coordinates 

 ,  ,  ,  is  the  angular  frequency  of  the  wave  and  is 

 the acceleration due to gravity. 

 By  making  the  assumption  that  remains  constant  within  each  mesh  panel  of 

 ,  (13)  could  be  modified  into  a  matrix  equation  that  determines  the  potential  value  on 

 each panel as 

 (15) 

 where  is the  panel,  is its centroid,  and  are influence matrices. 

 For  source  formulation,  an  indirect  expression  of  the  potentials  and  in 

 terms of a source function  is another consequence  of Green's theorem. 

 (16) 

 A  similar  approach  can  be  employed  to  discretize  and  numerically  solve  for  in  an 

 analogous fashion to (12). 
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 3.1.2 Second Order Problem 

 Continue to second order, the forcing function now included nonlinear effects as 

 (17) 

 when without loss of generality, 

 (18) 

 where  and  are the frequencies of incident waves  and  are the frequencies 
 at which second-order effects are excited. The linearity of the problem permits a 
 breakdown of  into distinct components as 

 (19) 

 Here,  is  the  second-order  potential  in  the  absence  of  the  body.  is  the  potential  due 

 to  the  second-order  body  motion.  is  the  remainder  of  .  The  potentials  and 

 are  required  to  evaluate  the  full  QTFs  on  a  body,  but  the  second-order  radiation 

 potential  is not required. 

 The  incident  and  scattered  potentials  described  in  (19)  both  adhere  (9).  Thus, 

 satisfy following equation, 

 (20) 
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 However,  the  forcing  functions  and  now  encompass  a  range  of  second-order 

 effects.  The  incident  wave  potential,  ,  represents  the  solution  (20),  and 

 surface forcing is present. Thus, 

 (21) 

 where  and  represent  the  incident  wave  potentials  of  first-order  at  frequencies  ωi 

 and ωj respectively, the right-hand sides of equation (21) are computed at Z = 0. 

 On the other hand, the  scattered  potential,  , corresponds  to the solution of 

 (20) with the inclusion of body forcing as defined could be express as 

 (22) 
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 where 

 (23) 

 ;  represents  the  position  in  body  coordinates  .  and  denote  the  combined 

 first-order  potentials  at  frequencies  and  ,  respectively.  and  represent  the 

 complex  displacement  RAOs  for  translation  and  rotation.  The  function  can  be 

 defined as  . 
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 3.2 Dynamic Analysis 

 3.2.1 General 

 Equation of motion [43] for time domain could be express as 

 (24) 

 where  ,  ,  ,  are  position,  velocity,  acceleration,  simulation  time  respectively.  The 

 system  geometry  is  recalculated  at  each  time  step,  ensuring  that  the  simulation 

 accurately  considers  all  geometric  nonlinearities.  This  includes  accounting  for  the 

 spatial variation of both wave loads and contact loads. 

 In  this  study,  explicit  schemes,  a  semi-implicit  Euler  method  with  a  fixed  time 

 step,  is  chosen.  This  calculation  included  forces  and  moments  such  as  weight,  buoyancy, 

 hydrodynamic  and  aerodynamic  drag,  hydrodynamic  added  mass  effects,  tension  and 

 shear,  bending  and  torque,  seabed  reaction  and  friction,  contact  forces  with  other  objects 

 and  forces  applied  by  links  and  winches.  Then  the  equation  of  motion,  based  on 

 Newton's law, is derived separately for each free body and line node, represented as 

 (25) 

 Hydrodynamic load is based on Morison equation [44] 

 (26) 

 where  is  the  fluid  force  per  unit  length  on  the  body,  is  the  inertia  coefficient  for 

 the  body,  is  the  mass  of  fluid  displaced  by  the  body,  is  the  fluid  acceleration 

 relative  to  earth,  is  the  density  of  fluid,  is  the  drag  coefficient  for  the  body,  is 

 the  drag  area,  is  the  fluid  velocity  relative  to  earth.  When  the  body  is  moving,  the 
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 inertia  term  and  the  drag  term  changes  to  body-relative  velocity,  leading  to  an 

 expanded version of Morison's equation (27) that is used in Orcaflex.. 

 (27) 

 In  addition,  is  the  added  mass  coefficient  for  the  body,  is  the  body  acceleration 

 relative to earth,  is the fluid velocity relative  to the body. 

 3.2.2 Line 

 OrcaFlex  utilizes  a  finite  element  model  for  a  line  where  the  line  is  divided  into 

 segments  represented  by  straight  massless  model  segments  with  nodes  at  each  end 

 shown in Figure 6. 

 Figure 6.  Finite element model of line in Orcaflex  [44] 

 These  segments  focus  on  modeling  the  axial  and  torsional  properties  of  the  line, 

 while  other  properties  such  as  mass,  weight,  and  buoyancy  are  lumped  to  the  nodes.  The 

 nodes,  sequentially  numbered  from  end  A  to  end  B,  effectively  represent  the  two 
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 half-segments  on  either  side,  except  for  the  end  nodes  which  represent  a  single 

 half-segment.  The  line  model  incorporates  rotational  spring-dampers  for  bending 

 properties  at  each  segment's  ends,  allowing  for  different  bend  stiffness  values  in 

 orthogonal planes. 

 OrcaFlex  calculates  the  tensions  in  segments  by  considering  the  distance  and  its 

 rate  of  change  between  the  nodes  at  the  segment  ends,  as  well  as  the  axial  direction 

 represented  by  s  z  .  The  tension  in  the  axial  spring-damper  at  the  segment  center  is 

 determined  as  a  vector  aligned  with  direction  s  z  ,  with  its  magnitude  defined  by  the 

 effective tension  while 

 (28) 

 where  represent  internal  and  external  pressure,  represent  internal  and 

 external  stress  areas,  represent  the  wall  tension.  in  the  context  of  linear  axial 

 stiffness consists of the following contributing factors 

 (29) 

 Here,  is  axial  stiffness,  is  total  mean  axial  strain,  is  instantaneous  length  of 

 segment,  is  unstretched  length  of  segment,  is  Poisson  ratio,  is  tension/  torque 

 coupling,  is  segment  twist  angle,  is  damping  coefficient  in  seconds,  is  the  rate 

 of increase of length. 

 Drag  forces  acting  on  a  line  are  computed  using  the  cross-flow  principle,  where 

 the  fluid  velocity  relative  to  the  line  is  split  into  its  normal  and  parallel  components 

 and  .  As  be  fluid  density,  be  proportion  wet,  in  local 

 coordinates, drag force could be state as 
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 (30) 

 Meanwhile,  the  additional  mass  load  on  each  line  segment  can  be  described 

 using  the  inertia  term  of  Morison's  equation.  Denoting  the  acceleration  of  the  line 

 segment relative to the earth, it can be express as 

 (31) 

 where  is  the  added  mass  load  on  the  line  segment,  the  mass  of  fluid  displaced 

 instantaneously  by  the  segment,  is  the  constant  added  mass  coefficient,  is  the 

 fluid  acceleration  relative  to  earth,  ,  is  the  fluid  acceleration  relative  to 

 the line segment. 

 3.2.3 Clump Weights 

 A  clump  weight  refers  to  a  concentrated  attachment  that  is  connected  to  a 

 specific  node  on  a  line,  adding  to  its  mass,  buoyancy,  and  hydrodynamic  force.  It  is 

 heavy,  constrained  to  move  with  the  node  and  experiencing  forces  in  a  manner  similar 

 to  a  3D  buoy.  Clump  weights  have  only  three  translational  degrees  of  freedom  and  their 

 position  is  determined  by  the  connecting  node.  They  are  assigned  a  height  and  offset, 

 influencing  their  Z  position  for  buoyancy  and  hydrodynamic  force  calculations.  When 

 the  clump  intersects  the  water  surface,  buoyancy  and  hydrodynamic  forces  are  applied 

 proportionally to the length of the clump submerged. 

 Drag  forces  of  a  clump  weight  are  calculated  as  (32),  while  the  calculation  of 

 the  added  mass  contribution  to  clump  inertia,  AM,  in  each  direction  of  the  clump  axis 

 involves determining the value of (33). 

 24 
doi:10.6342/NTU202303528



 (32) 

 (33) 

 3.2.4 Hydrodynamic Resistance 

 To  model  a  more  comprehensive  and  accurate  assessment  of  the  FOWT  platform 

 behavior, critical damping, yaw rate damping is considered additionally in this study. 

 3.2.4.1 Damping 

 Critical  damping  helps  ensure  the  stability  and  response  of  the  system  by 

 providing  the  necessary  energy  dissipation  to  prevent  excessive  oscillations.  Critical 

 damping in this study is calculated with a simplified equation 

 (34) 

 where  is critical damping,  is system mass,  is  added mass,  is stiffness. 

 3.2.4.2 Yaw Rate Drag 

 Yaw  rate  damping  addresses  the  yaw  motion  of  the  floating  offshore  structure, 

 helping  to  stabilize  its  orientation  and  minimize  yaw-induced  loads.  Orcaflex  employs 

 formulas 
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 (35) 

 where  is  the  yawing  rate  about  the  center,  is  yaw  drag  factors, 

 to  model  and  simulate  them  Yaw  rate  drag  in  this  study  is  based  on  an  estimation 

 method  from  [46].The  sway  drag  load  for  each  narrow  vertical  strip  of  the  drag  area  is 

 calculated  in  this  approach  by  considering  its  area,  the  vessel's  yaw  rate,  and  an 

 assumed  drag  coefficient.  By  integrating  the  contributions  from  all  strips,  the  total  sway 

 force and yaw moment can be determined as 

 (36) 

 where  is  draught,  is  length  between  perpendiculars,  is  the  drag  coefficient. 

 Therefore,  employing  the  strip  theory  concept  for  a  slender  ship  with  the  hydrodynamic 

 drag  load  originating  at  the  center,  allows  us  to  make  estimations  of  the  drag  factors  for 

 yaw rate by 

 (37) 
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 3.3 Environment 

 In  this  thesis,  the  research  site  chosen  near  the  Hsinchu  area  relies  on 

 observation  data  obtained  from  the  CWB  Hsinchu  Buoy.  The  Hsinchu  Buoy  is  located 

 approximately  3.5  km  offshore  from  the  Hsinchu  Xiangshan  Haishan  Fishery  Harbor, 

 with  a  water  depth  of  approximately  24.5  m  [47].  The  collected  observation  data 

 includes  various  parameters  such  as  wind  speed,  wave  characteristics,  currents, 

 atmospheric  pressure,  sea  temperature,  and  air  temperature.  These  parameters  are 

 recorded at hourly intervals. 

 Specifically,  wind  speed  data  has  been  continuously  recorded  since  April  1998, 

 with  measurements  taken  at  two  different  heights:  2  m  and  3  m.  However,  the  majority 

 of  the  data  points  are  available  at  the  2  m  height.  Wave  data  has  also  been  collected 

 since  1998,  but  it  was  only  starting  from  July  2001  that  wave  direction  data  became 

 available. 

 3.3.1 Wind 

 The  wind  speed  data  used  in  the  study  is  based  on  measurements  at  two  different 

 heights,  2  m  and  3  m  above  sea  surface,  with  preference  given  to  the  data  measured  at  2 

 m  height.  The  wind  speed  data  is  then  converted  to  hub  height  of  a  floating  wind  turbine 

 (80 m) using the conversion formula recommended by IEC [41]. 

 𝑉 ( 𝑧 ) =  𝑉 ( 𝑧 
 𝑟 
) • (  𝑧 

 𝑧 
 𝑟 

)
α

 (28) 

 27 
doi:10.6342/NTU202303528



 which  is  wind  speed  at  elevation  z,  is  data  height,  2  m  in  this  case,  ⍺  is  wind  𝑉 ( 𝑧 )  𝑧 
 𝑟 

 shear coefficient referring to wind shear as suggested by IEC, 0.11 in this case. 

 Subsequently,  a  wind  speed  threshold  of  35  m/s  is  selected  [48],  and  wind 

 speeds  at  the  hub  height  that  exceed  this  threshold  are  sorted  in  ascending  order 

 according to the recommendation by Gumbel. 

 𝐹 
 𝑗 
( 𝑥 

 𝑗 
)   =     𝑗 

 𝑛 + 1 
 (29) 

 The  cumulative  probability  for  each  is  evaluated  using  the  method  suggested  by  𝐹 
 𝑗 

 𝑥 
 𝑗 

 Abild  et  al.  [49]  by  sorting  the  data  in  ascending  order,  and  then  the  Gumbel  plot  is  used 

 to display the return period of extreme wind speeds. 

 In  order  to  make  the  simulation  more  realistic.  Full  field  Wind  allows  for 

 spatiotemporal  variation  of  wind  velocity,  which  could  provide  a  realistic  representation 

 of  the  complex  and  dynamic  behavior  of  wind  in  offshore  environments.  The  IEC 

 Kaimal  model  that  was  used  in  this  study,  as  described  in  IEC  61400-1  [50],  is  based  on 

 the  assumption  of  neutral  atmospheric  stability.  It  provides  spectra  for  the  three  wind 

 components, denoted as  , and they are  defined as follows:  𝐾  （  𝑢 ,     𝑣 ,     𝑤  ） 

 (24) 

 where  is the cyclic frequency and  is an integral  scale parameter, 

 (24) 

 turbulence  scale,  .  The  IEC  Kaimal  model  assumes  that 

 the  velocity  spectra,  along  with  their  standard  deviations,  remain  unchanged  throughout 

 the grid. 
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 3.3.2 Wave 

 Random  waves,  that  may  closely  mimic  natural  phenomena  that  exhibit 

 randomness,  are  considered  in  this  study.  Previous  research  [51]  recommended  using 

 JONSWAP  wave  spectrum  to  modify  Taiwan  Strait’s  wave.  The  JONSWAP  wave 

 spectrum  is  a  parametric  model  that  defines  the  form  of  the  wave  spectrum  curve.  It  is 

 distinguished  by  a  peak  enhancement  factor  known  as  "γ,"  which  signifies  the 

 amplification  of  wave  energy  within  the  peak  frequency  range.  Spectrum  for  frequency 

 is given by the formula 

 (24) 

 where 

 (24) 

 (24) 

 ,  is peak frequency,  acceleration due to gravity  are data items. 

 3.3.3 Current 

 Power  law  method  is  used  to  simulate  current  profile.  The  current  direction 

 remains  constant  and  does  not  change  with  depth.  However,  the  current  speed  (S)  varies 

 with the position (X, Y, Z) according to the given formula 

 (24) 
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 where  and  are  the  current  speeds  at  the  surface  and  seabed  respectively,  is  the 

 power  law  exponent,  is  the  Z  coordinate  of  the  still  water  level,  is  the  Z 

 coordinate of the seabed directly below  . 
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 Chapter 4 

 Model Setup 

 4.1 General Settings 

 In  order  to  conduct  a  thorough  examination  of  the  entire  FOWT  system,  time 

 domain  coupled  simulation  with  a  duration  of  1  hour  and  a  time  step  of  0.05  seconds  is 

 generated.  Since  the  model  exhibits  symmetry  on  the  x-z  plane,  environmental  load 

 directions  ranging  from  0°  to  180°  are  considered,  with  intervals  of  5°.  The  direction  of 

 wind,  wave  and  current  remain  the  same.  Each  model  is  simulated  using  6  different 

 initial  conditions.  Consequently,  a  total  of  222  simulations  are  conducted  for  each  case. 

 All  the  results  presented  in  this  study  represent  the  average  values  obtained  from  the  6 

 different  seeds.  Figure  7  shows  the  global  coordinate  and  origin  in  the  simulation  with 

 the origins located on the water plane of the platform. 

 Figure 7.  Global coordination and origin 
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 4.2 Wind Turbine 

 The  wind  turbine  selected  for  this  investigation  is  a  scaled-down  version  of  the 

 NREL  5  MW  Wind  Turbine,  based  on  the  principles  outlined  of  [52].  The  specifications 

 of  the  scaled  down  wind  turbine  are  shown  in  Table  1.  while  the  dimension  is  displayed 

 in  Figure  8.  The  aerodynamic  properties  of  each  blade  of  modeled  wind  turbine  in  this 

 study  is  according  to  aerodynamic  data  provided  NREL  5  MW  [52].  The  center  of  mass 

 and  principal  inertia  according  to  the  setting  of  origin  at  the  center  of  the  circle  of  the 

 tower base is given in Table 2. 

 Geometry  profile  data  of  modeled  wind  turbine  blades  is  shown  in  Table  3. 

 Eight  distinct  airfoil  types  had  been  integrated  by  research  of  NREL  offshore  5-MW 

 baseline  wind  turbines.  The  two  innermost  airfoil  types  correspond  to  cylinders  without 

 lift,  having  drag  coefficients  of  0.50  (Cylinder1)  and  0.35  (Cylinder2).  The 

 corresponding airfoils aerodynamic data is shown in Figure 9. 

 Figure 8.  Dimension of modeled FOWT 
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 Table 1.  Specification of modeled wind turbine 

 Rotor orientation, 
 Configuration 

 Upwind, 
 3 Blades 

 Rotor Diameter  m 

 Hub height  80 m 

 Tower height  63.5 m 

 Tower Diameter (Top, Bottom)  2.5 m, 4.3 m 

 Tower Thickness (Top, Bottom)  18 mm, 32 mm 

 Blade mass  6.9 t 

 Tower mass  143.8 t 

 RNA mass  116.4 t 

 Pre-cone angle  2.5° 

 Table 2.  Centre of mass and principal inertias of  modeled 2 MW wind turbine 

 System  Turbine 

 Mass  298.7 t 

 Centre of mass (x, y, z) 
 CM (m) 

 6.36E-03, 22E-09, 46.24 

 Principal 
 inertia 
 about 

 centre of 
 mass 

 (  )  𝑘𝑔 •  𝑚  2 

 𝐼 
 𝑥𝑥 

 1.67E+05 

 𝐼 
 𝑦𝑦 

 1.70E+05 

 𝐼 
 𝑧𝑧 

 7.61E+03 

 𝐼 
 𝑥𝑦 

 4.02E-01 

 𝐼 
 𝑦𝑧 

 -9.07E-02 

 𝐼 
 𝑧𝑥 

 -2.70E+01 
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 (a)  Airfoil lift coefficient 

 (b)  Airfoil drag coefficient 

 (c) Airfoil moment coefficient 

 Figure 9.  Aerodynamic data 
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 Table 3.  Blade geometry profile 

 Blade 
 Fraction 

 Wing 
 type 

 Chord 
 (m) 

 Aerodynamic twist 
 (deg) 

 Radius of 
 gyration z (m) 

 0.044  Cylinder1  2.227  13.308  1.021 
 0.089  Cylinder1  2.412  13.308  0.983 
 0.133  Cylinder2  2.608  13.308  0.925 
 0.200  DU40  2.850  13.302  0.856 
 0.333  DU35  2.851  10.736  0.787 
 0.400  DU30  2.659  9.009  0.703 
 0.533  DU25  2.427  7.169  0.603 
 0.667  DU21  2.115  4.771  0.503 
 0.733  NACA64  1.884  3.144  0.483 
 0.800  NACA64  1.730  2.319  0.444 
 0.867  NACA64  1.576  1.526  0.407 
 0.911  NACA64  1.444  0.863  0.385 
 0.956  NACA64  1.294  0.370  0.328 
 1.000  NACA64  0.888  0.106  0.224 
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 4.3 Semi-submersible Platform 

 A  2  MW  platform  is  used  in  this  study.  The  platform  consists  of  a  ring  pontoon 

 that  connects  the  columns  and  provides  adjustable  buoyancy.  Three  columns  are  placed 

 on  top  of  the  ring  pontoon  to  ensure  stability,  interconnected  through  bracing.  The  main 

 column  supports  the  wind  turbine,  while  the  side  columns  help  maintain  structural 

 balance. All three columns are non-equilateral hexagonal. 

 The  specifications  of  the  2  MW  platform  are  detailed  in  Table  4,  and  the  three 

 view  drawings  are  shown  in  Figure  10.  Table  5  and  Table  6  present  the  center  of  mass, 

 principal inertias, and natural frequency of the 2 MW platform. 

 The  local  coordinate  system  of  the  platform  is  displayed  in  Figure  11,  and  the 

 displacement  response  amplitude  operator  (RAO)  of  6  degrees  of  freedom  (6  DoF)  after 

 adding  3%  critical  damping  in  heave,  roll,  and  pitch  is  shown  in  Figure  12.  The 

 inclusion of 3% critical damping is based on expert suggestions. 

 Table  7  and  Table  8  provide  the  current  load  and  wind  load  coefficients 

 considered  in  this  study.  The  current  load  and  wind  load  coefficients  are  determined  by 

 calculating  the  platform's  resistance  due  to  current  and  wind  from  each  direction, 

 respectively.  These  resistances  are  implemented  into  the  drag  equation,  following  the 

 description  provided  in  the  Orcaflex  documentation,  to  obtain  the  corresponding 

 coefficients. 
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 Table 4.  Specification of modeled 2 MW platform 

 Length  40.8 m 

 Breath  47.1 m 

 Height  29.0 m 

 Draught  15.0 m 

 Pontoon width  9.0 m 

 Displacement  3895 t 

 Hull weight  1000 t ±

 Table 5.  Centre of mass and principal inertias of  2 MW platform 

 System  Floater + Ballast + Turbine 

 Mass  3895 t 

 Centre of mass (x, y, z) 
 CM (m) 

 2.33, 0, -3.26 

 Principal 
 inertia 
 about 

 centre of 
 mass 

 (  )  𝑘𝑔 •  𝑚  2 

 𝐼 
 𝑥𝑥 

 2.94E+06 

 𝐼 
 𝑦𝑦 

 3.11E+06 

 𝐼 
 𝑧𝑧 

 1.29E+06 

 𝐼 
 𝑥𝑦 

 -2.34E-08 

 𝐼 
 𝑦𝑧 

 -4.64E-07 

 𝐼 
 𝑧𝑥 

 -5.60E+05 
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 Figure 10.  Three view drawing of 2 MW platform 
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 Figure 11.  Local coordinate system of 2 MW platform 

 Table 6.  Natural frequency of 2 MW platform 

 Degree of Freedom  Natural Frequncy (s) 

 Heave  17.8 / 30.5 

 Roll  42.5 

 Pitch  17.6 / 30.3 
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 (a) Surge RAO of 2 MW platform 

 (b) Sway RAO of 2 MW platform 

 (c)  Heave RAO of 2 MW platform 
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 (d) Roll RAO of 2 MW platform 

 (e) Pitch  RAO of 2 MW platform 

 (f) Yaw RAO of 2 MW platform 

 Figure 12.  Displacement  RAO of 2 MW after adding 3%  critical damping 
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 Table 7.  Wind load coefficient 

 Direction  Surge  Sway  Heave  Roll  Pitch  Yaw 

 0°  1.477  -0.005  -0.001  0.001  0.014  0.002 

 30°  1.487  0.294  0.007  0.013  0.086  -0.010 

 60°  0.547  1.518  -0.002  0.008  -0.019  0.034 

 90°  -0.494  1.164  0.009  0.275  -0.019  0.009 

 120°  -0.720  1.838  0.005  0.008  0.005  0.038 

 150°  -1.166  0.799  0.012  0.145  0.070  0.052 

 180°  -1.153  -0.003  0.018  -0.001  -0.032  0.000 

 Table 8.  Current load coefficient 

 Direction  Surge  Sway  Heave  Roll  Pitch  Yaw 

 0°  1.280  -0.002  -0.001  -0.001  -0.013  -0.003 

 30°  1.315  0.168  0.000  -0.008  0.127  -0.048 

 60°  0.362  1.235  0.000  0.008  0.032  0.163 

 90°  -0.573  1.001  0.008  0.028  0.039  0.158 

 120°  -0.608  1.649  0.001  0.019  -0.046  0.095 

 150°  -0.883  0.649  -0.001  0.015  0.071  0.158 

 180°  -0.896  -0.055  -0.006  -0.003  -0.175  0.011 
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 4.4 Mooring System 

 The  primary  focus  of  this  study  is  to  examine  the  impact  of  clump  weight 

 parameters  on  the  entire  mooring  system  of  a  2  MW  FOWT.  Consequently,  a  relatively 

 conservative  mooring  system  is  designed  as  the  control  case.  The  mooring  system  is 

 designed  with  the  design  basis  stated  in  Chapter  2.  An  all-chain  catenary  type  3x2 

 mooring  arrangement  is  employed  in  this  study.  Geometry  and  properties  of  the 

 modeling  chain  are  shown  in  Figure  13  and  Table  9,  while  the  specification  of  the 

 mooring  system  is  shown  in  Table  10.  Table  11.  displays  the  coordinates  of  the  fairlead 

 and  anchor  locations.  Additionally,  Figure  15  provides  a  plan  view  of  the  mooring 

 system, while the touchdown point is depicted in Figure 14. 

 The  control  case  exhibits  a  maximum  line  tension  of  14084  kN  under  extreme 

 environmental  load,  with  a  safety  factor  of  1.71  in  the  intact  condition  which  satisfies 

 the  industry  guidelines  [40].  The  maximum  offset  of  the  control  case  is  13.94  m,  which 

 meets  the  requirement  of  30%  of  the  water  depth  which  is  21  m.  Figure  16  shows  the 

 restoring force of the  mooring system of the control case mooring system. 

 Figure 13.  Geometry of modeling chain 
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 Table 9.  Properties of modeling chain 

 Chain type  Studless Chain 

 Chain grade  R4S 

 Outer diameter  0.165 m 

 Mass/ length  0.545 t/m 

 Axial stiffness  2.325E+06 kN/m 

 Normal drag coefficient  2.4 

 Axial drag coefficient  1.15 

 Normal added mass coefficient  1.0 

 Axial added mass coefficient  0.5 

 Maximum breaking load  22976 kn 

 Table 10  . Specification of designed mooring system 

 Mooring system type  All chain (studless) 

 Mooring pattern  Catenary 

 Anchor radius  900 m 

 Mooring line length  835.5 m 

 Pretension  1831 kN (7.97%) 

 Departure angle  30.9° 
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 Table 11.  Coordinates of fairlead and anchor (in meter) 

 Fairlead coordinate  Anchor coordinate 

 Line 1  (27.0, 1.5, -12.3)  (886.58, 78.44, -73.13) 

 Line 2  (27.0, -1.5, -12.3)  (886.58, -78.44, -73.13) 

 Line 3  (-12.51, -23.67, -12.3)  (-380.36, -815.68, -73.13) 

 Line 4  (-14.24, -22.67, -12.3)  (-516.22, -737.24, -73.13) 

 Line 5  (-14.24, 22.67, -12.3)  (-380.36, 815.68, -73.13) 

 Line 6  (-12.51, 23.67, -12.3)  (-516.22, 737.24, -73.13) 

 Figure 14  . Touchdown point for designed mooring system 
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 Figure 15.  Plan view of model 
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 Figure 16.  Restoring force for designed mooring system  under control case 
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 4.5 Clump Weight 

 The  clump  weight  utilized  in  this  study  is  based  on  the  reference  [53]  and 

 depicted  in  Figure  17  with  dimension  state  in  Table  12.  According  to  [34],  the  weight  of 

 the  clump  is  not  a  crucial  factor.  By  considering  the  feasibility  of  its  installation,  a 

 clump  weight  of  3  tons  with  a  height  of  0.3  m  has  been  selected.  The  properties  of  the 

 modeled clump weight are presented in Table 13. 

 Figure 17.  Dimension of reference clump weight 

 Table 12.  Dimension of reference clump weight 

 Dimension (m) 

 A  1.6 

 B  1.16 

 C  0.29 

 D  0.19 

 E  0.17 

 F  0.064 

 G  0.21 
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 Table 13.  Properties of clump weight modeled 

 Mass  3 te 

 Volume  0.6 m 

 Height  0.3 m 

 Drag area  0.6 m  3 

 Drag coefficient  1.1 

 Added mass coefficient  1 
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 4.6 Environment 

 According  to  the  design  basis  in  Section  2.2,  the  environmental  condition  of 

 regression  50  years  is  considered  as  the  extreme  sea  state.  The  orientation  of 

 environmental  loads  is  determined  by  the  angle  𝜽  in  Figure  18,  which  measured 

 counterclockwise  from  the  positive  x-axis.  According  to  [51],  JONSWAP  wave 

 spectrum  with  𝞬  =  2.08  is  appropriate  to  characterize  waves  in  the  Taiwan  Strait  which 

 is  shallow  water.  The  Metocean  conditions  simulated  in  all  instances  within  this  thesis 

 are outlined in Table 14. Figure 19 show the JONSWAP spectrum with 𝞬 = 2.08. 

 Figure 18.  Environmental Load Direction 
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 Table 14.  Metocean condition simulated 

 Wind 

 Wind spectrum  Full field wind 

 Turbulence model  IEC-Kaimal 

 Wind profile type  Power law 

 Power law exponent  0.11 

 Timestep  0.5 s 

 Wave 

 Wave spectrum  JONSWAP 

 Peak enhancement factor, 𝞬  2.08 

 Significant wave height, H  s  12.72 m 

 Wave period, T  p  11.8 s 

 Current 

 Current spectrum  Power law 

 Current speed at seabed  0 

 Current speed at water surface  1.59 

 Power law exponent  7 

 Figure 19.  JONSWAP spectrum with 𝞬 = 2.08 
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 Chapter 5 

 Control case 

 5.1 Case Settings 

 The  model  test  was  conducted  following  the  settings  in  Chapter  4,  without 

 considering  clump  weights.  It  involved  a  2  MW  platform  and  a  wind  turbine  using  a 

 3x2  all  chain  catenary  mooring  system.  The  environmental  direction  was  simulated  at 

 angles  ranging  from  0°  to  180°,  with  6  simulations  at  each  angle,  increasing  by  5° 

 increments.  The  study's  reported  outcomes  represent  the  average  results  obtained  from 

 the 6 simulations. 

 In  DLC  6.1,  the  system  encounters  extreme  sea  state  with  a  wind  speed  of  57 

 m/s  at  the  hub  height.  Based  on  the  wind  turbine  reference,  the  turbine  is  designed  to  be 

 non-operational  when  the  wind  speed  exceeds  25  m/s.  As  a  result,  the  blades  of  the 

 wind  turbine  in  this  study  are  fixed.  Furthermore,  in  various  simulations,  the  wind 

 turbine  blades  are  all  pitched  at  a  constant  angle  of  90°,  and  they  consistently  face  the 

 direction of environmental loads. 
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 5.2 6 Degree Motion (6 DoF) 

 Table  20.  and  Table  21.  display  the  maximum  and  minimum  values  of  surge, 

 sway,  and  heave  for  each  environmental  load  direction  from  0°  to  180°.  It  is  evident  that 

 the  highest  maximum  surge  is  observed  at  0°  and  lowest  at  90°,  which  align  with  the 

 positive  x-axis  and  are  perpendicular  to  it,  respectively.  This  observation  is  logical  since 

 0° is along the positive x-axis and has bigger resistance. 

 Regarding  sway,  the  maximum  value  occurs  at  120°,  which  lies  between  two 

 clusters  of  mooring  lines.  Conversely,  the  minimum  value  is  recorded  at  65°, 

 corresponding  to  the  alignment  with  Line  6.  Meanwhile,  the  primary  influence  on  heave 

 motion  is  the  weight  of  the  suspended  mooring  lines  that  form  catenary  curves,  resulting 

 in minimal variations in the direction of environmental load carriage. 

 Table  22.  to  Table  23.  show  the  maximum  and  minimum  value  of  roll,  pitch  and 

 yaw  for  each  environmental  load  direction  from  0°  to  180°.  The  peak  roll  angle  was 

 observed  at  120°,  while  the  peak  pitch  angle  occurred  at  180°.  This  is  due  to  the 

 environmental  load  direction  at  120°,  where  wind,  waves,  and  current  directly  impact 

 one  of  the  side  columns  and  the  main  column  with  the  installed  wind  turbine,  creating 

 an  imbalance  along  the  x-axis  and  resulting  in  the  highest  roll  angle.  On  the  other  hand, 

 at  180°,  the  wave  first  hits  the  main  column  with  the  wind  turbine  and  then  the  two  side 

 columns, leading to the highest pitch angle. 

 In  terms  of  yaw  movement,  minimal  yaw  is  observed  at  0°  and  180°  due  to  the 

 system's  complete  symmetry  at  the  x-z  plane  in  these  orientations.  Additionally,  a  local 

 minimum  in  yaw  motion  is  evident  at  115°,  potentially  influenced  by  the  relative 

 equilibrium  between  the  force  exerted  on  the  main  column  and  the  forces  acting  on  the 

 two side columns. 
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 5.3 Line Tension 

 Table  24.  shows  the  maximum  line  tension  along  mooring  lines  from  0°  to  180°. 

 The  data  demonstrates  that  at  0°  and  180°,  Line  1  and  Line  2,  Line  3  and  Line  6,  and 

 Line  4  and  Line  5  exhibit  almost  the  same  maximum  line  tension,  respectively.  This 

 symmetry  arises  from  the  system's  alignment  with  the  x-axis.  Considering  only  the 

 mooring  system,  a  similar  situation  would  be  expected  at  120°  since  it  lies  between  two 

 clusters  of  mooring  lines.  Nevertheless,  the  presence  of  the  wind  turbine  installed  on  the 

 main  column  disrupts  the  system's  symmetry  at  120°,  resulting  in  distinct  conditions  in 

 that particular region. 

 The  findings  indicate  that  when  the  wind,  wave,  and  current  directions  align  at 

 the  midpoint  of  the  mooring  lines  within  a  cluster,  the  maximum  line  tension  is 

 relatively  high.  Specifically,  this  occurs  at  angles  of  60°  and  180°.  However,  due  to  the 

 system's  symmetry  at  180°,  the  maximum  line  tension  is  slightly  lower  compared  to  the 

 tension  at  60°.  Consequently,  among  all  directions,  the  control  case  exhibits  the  highest 

 maximum line tension at 60°. 
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 Figure 20.  Maximum surge, sway, and heave motion  of the control case in the direction from 0° to 180° 
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 Figure 21.  Minimum surge, sway, and heave motion  of the control case in the direction from 0° to 180° 
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 Figure 22.  Maximum roll, pitch, and yaw motion of  the control case in the direction from 0° to 180° 
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 Figure 23.  Minimum roll, pitch, and yaw motion of  the control case in the direction from 0° to 180° 
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 Figure 24.  Maximum line tension along mooring lines  of the control case in the direction from 0° to 180° 
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 5.4 Touchdown Point 

 Inspecting  the  touchdown  point  becomes  essential  in  shallow  water  regions 

 where  the  mooring  lines  may  be  unable  to  form  the  typical  catenary  profile  or  form  a 

 small  angle  between  mooring  line  and  sea  surface  due  to  restricted  water  depth.  By 

 verifying  the  touch  down  point,  engineers  can  ensure  proper  anchoring  and  mitigate 

 potential  risks  arising  from  the  altered  behavior  of  the  mooring  system  in  shallow  water 

 conditions. 

 The  platform's  maximum  surge  and  sway  do  not  exceed  14  m.  Observations 

 reveal  that  the  platform  moves  along  both  the  positive  and  negative  x-  and  y-axes,  with 

 a  range  of  14  m  from  the  origin.  Inspection  of  the  touchdown  point  for  the  mooring 

 system during these movements is presented in Table 15. and Table 16.. 

 The  tables  indicate  significant  variations  in  the  touchdown  point.  Notably,  Line 

 1  becomes  most  critical  when  the  platform  moves  in  the  negative  direction  along  the 

 x-axis.  When  the  platform  moves  2  m  in  the  negative  x-axis  direction,  the  touchdown 

 point  varies  by  40.2  m  along  the  arc  length.  This  variation  suggests  that  the  mooring 

 system's  catenary  shape  is  relatively  oblique,  resulting  in  a  small  angle  between  the 

 mooring  line  and  the  sea  surface.  Although  the  mooring  system  theoretically  provides  a 

 good  restoring  force,  the  mooring  lines  are  susceptible  to  being  pulled  away  from  the 

 seabed in this configuration. 
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 Table 15.  Touchdown point of each line vary along x-directional offset 

 Offset 
 (m) 

 Touchdown point (m) 

 Line 1  Line 2  Line 3  Line 4  Line 5  Line 6 

 -14  672.7  672.7  160.6  140.6  140.6  160.6 

 -12  602.4  602.4  160.6  150.6  150.6  160.6 

 -10  522.1  522.1  170.7  160.6  160.6  170.7 

 -8  441.8  441.8  180.8  170.7  170.7  180.8 

 -6  371.5  371.5  190.8  180.8  180.8  190.8 

 -4  311.2  311.2  200.8  190.8  190.8  200.8 

 -2  261.0  261.0  210.8  210.8  210.8  210.8 

 0  220.8  220.8  230.9  230.9  230.9  230.9 

 2  190.8  190.8  240.1  251.0  251.0  240.1 

 4  170.7  170.7  261.0  271.1  271.1  261.0 

 6  150.6  150.6  281.1  301.2  301.2  281.1 

 8  140.6  140.6  301.2  341.4  341.4  301.2 

 10  120.5  120.5  331.3  381.5  381.5  331.3 

 12  110.4  110.4  361.4  421.7  421.7  361.4 

 14  110.4  110.4  381.5  461.8  461.8  381.5 
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 Table 16.  Touchdown point of each line vary along  y-directional offset 

 Offset 
 (m) 

 Touchdown point (m) 

 Line 1  Line 2  Line 3  Line 4  Line 5  Line 6 

 -14  250.0  210.8  110.4  120.5  592.3  642.5 

 -12  250.0  210.8  120.5  130.5  532.1  572.3 

 -10  241.0  210.8  130.5  140.6  461.8  502.0 

 -8  241.0  210.8  14.0.6  150.6  401.6  431.7 

 -6  230.9  210.8  160.6  160.6  351.4  361.4 

 -4  230.9  220.9  180.7  180.7  301.2  311.2 

 -2  230.9  220.9  200.8  200.8  261.0  261.0 

 0  220.8  220.8  230.9  230.9  230.9  230.9 

 2  220.9  230.9  261.0  261.0  200.8  200.8 

 4  200.9  231.0  311.2  301.2  180.7  180.7 

 6  210.8  230.9  361.4  351.4  160.6  160.6 

 8  210.8  241.0  431.7  401.6  150.6  140.6 

 10  210.8  241.0  502.0  461.8  140.6  130.5 

 12  210.8  241.0  572.3  532.1  130.5  120.5 

 14  210.8  241.0  642.5  592.0  120.4  110.4 
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 Chapter 6 

 Parametric Study 

 6.1 Clump Weight Starting Point 

 6.1.1 Case Settings 

 As  the  touchdown  point  for  a  no-clump  FOWT  system  is  around  220  m  as 

 shown  in  Figure  25.,  several  cases  before  and  after  220  m  are  investigated.  Total  9  cases 

 including  a  control  case  without  any  clump  is  stimulated.  The  cases  S180,  S190,  S200, 

 S210,  S220,  S230,  S240,  and  S250  represent  consecutive  positions  of  the  clump  weight 

 along  the  mooring  line,  starting  from  180  meters  and  increasing  by  10  meters  in  each 

 subsequent  case.  Details  of  these  cases  are  described  in  Table  17.  where  the  side  view  of 

 the  starting  points  is  shown  in  Figure  25.  Average  pretension  of  mooring  lines  in  each 

 case  is  shown  in  Table  18.  It  was  observed  that  the  variation  in  pretension  could  be 

 attributed  solely  to  the  weight  of  the  clump  weights  position  before  the  touchdown 

 point, thereby resulting in no substantial distinctions between the cases. 

 Figure 20.  Side view of the starting point for S180,  S190, S200, S210, S220, S230, 

 S240 and S250 in Line 2 
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 Table 17.  Cases for study clump weight starting position 

 Case  No 
 Clump  S180  S190  S200  S210  S220  S230  S240  S250 

 Starting Point (m) 
 (relative to End 

 connect to 
 platform’s fairlead) 

 —— 

 180 m  190 m  200 m  210 m  220m  230m  240m  250m 

 Clump 
 Weight 

 Number  13 

 Weight  3 tons 

 Spacing  4 m 

 Volume  0.5 m^3 

 Table 18.  Average pretension of mooring lines in control  case, S180, S190, S200, S210, 

 S220, S230, S240, S250 and its difference with control case 

 Case  Pretension (kN)  Difference (%) 

 No clump  1831.77  0.00 

 S180  1896.29  3.52 

 S190  1864.28  1.77 

 S200  1848.25  0.90 

 S210  1843.07  0.62 

 S220  1841.87  0.55 

 S230  1841.30  0.52 

 S240  1841.05  0.51 

 S250  1840.87  0.50 
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 6.1.2 Result and Discussion 

 Table  19.  and  Table  27.  display  the  minimum  and  maximum  values  of  the  six 

 degrees  of  freedom  (DoF)  and  their  variances  compared  to  the  control  case.  The 

 maximum  surge  value  is  13.38  m,  exhibiting  a  3.94%  increase,  observed  in  case  S180  at 

 0°.  The  highest  sway  value  is  13.85  m,  with  a  6.51%  difference,  occurring  in  case  S200 

 at  120°.  The  maximum  roll  value  is  11.14°,  demonstrating  a  26.01%  difference, 

 observed  in  case  S190  at  120°.  The  maximum  pitch  value  is  5.61°,  with  a  32.05% 

 difference,  observed  in  case  S190  at  120°.  The  maximum  yaw  value  is  15.39°, 

 indicating  a  6.58%  difference,  observed  in  case  S180  at  65°.  The  results  indicate  that 

 after  incorporating  13  clump  weights,  all  six  degrees  of  freedom  experience  an  increase, 

 particularly in roll and pitch. 

 Table  25  and  Figure  26  provide  information  on  the  maximum  tension 

 experienced  by  the  mooring  lines  in  different  scenarios.  Upon  adding  the  clump  weight, 

 Line  6  becomes  the  most  tensioned  line,  exhibiting  a  38.9%  increase  compared  to  the 

 tension  observed  in  the  control  case.  Among  the  9  cases,  S190  represents  the  most 

 challenging  scenario,  with  Line  3,  Line  4,  Line  5  and  Line  6  experiencing  a  rise  of 

 20.1%,  22.3%,  26.2%,  and  40.4%  compared  with  line  tension  in  the  control  case 

 respectively.  The  reduction  in  the  average  difference  of  maximum  line  tension, 

 compared  to  the  control  case,  is  observed  as  the  starting  position  of  the  clump  weight 

 moves along the mooring line towards the anchor point. 

 Figure  23  shows  the  restoring  force  of  direction  0°,  90°  and  180°  of  cases. 

 Compared  to  the  restoring  force  of  the  control  model,  S180  and  S250,  restoring  force 

 would  be  slightly  higher  with  the  appearance  of  clump  weights.  Thus,  the  control  case 

 has  the  lowest  restoring  force  while  S180  has  better  restoring  force  when  offset  is  lower 

 and  S250  has  greater  restoring  force  at  bigger  offset.  A  better  restoring  force  in  a 

 65 
doi:10.6342/NTU202303528



 mooring  system  typically  results  in  lesser  motion  or  reduced  movement  of  the  system 

 but  the  result  is  exactly  opposite  thus  the  mooring  system  now  may  not  be  well 

 designed.  To  investigate  and  understand  this  discrepancy,  a  parametric  analysis  is  being 

 conducted to identify the underlying factors causing the unexpected results. 

 Out  of  cases  S180  to  S250,  S250  exhibits  the  most  favorable  scenario,  but  it  is 

 still  inferior  to  the  control  case.  Compared  to  cases  where  the  starting  positions  are  after 

 the  touchdown  point,  S180,  S190,  and  S200  exhibit  relatively  poor  performance. 

 Therefore,  in  shallow  water  conditions  with  extreme  sea  states,  it  may  be  more 

 advantageous  to  choose  a  starting  position  for  the  clump  weight  that  is  located  after  the 

 touchdown  point.  Taking  into  account  the  motion  and  line  tension  of  the  FOWT  system, 

 S250 is selected for further investigation into the characteristics of the clump weight. 

 Figure 25. Restoring force of control case, S180, S190, S200, S210, S220, S230, S240 

 and S250. 
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 Table 19.  Minimum and maximum value of surge for in control case, S180, S190, 

 S200, S210, S220, S230, S240 and S250 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  180  -9.28  0.00  0  12.87  0.00 

 S180  180  -9.74  5.00  0  13.38  3.94 

 S190  180  -9.75  5.16  0  13.36  3.80 

 S200  180  -9.73  4.95  0  13.32  3.51 

 S210  180  -9.71  4.74  0  13.25  2.95 

 S220  180  -9.67  4.26  0  13.18  2.43 

 S230  180  -9.64  3.89  0  13.10  1.81 

 S240  180  -9.58  3.33  0  13.02  1.18 

 S250  180  -9.54  2.83  0  12.95  0.62 

 Table 20.  Minimum and maximum value of sway in control  case, S180, S190, S200, 

 S210, S220, S230, S240 and S250 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  65  -10.65  0.00  120  12.99  0.00 

 S180  65  -11.06  3.86  120  13.80  6.22 

 S190  65  -11.08  4.04  120  13.83  6.51 

 S200  65  -11.10  4.20  120  13.85  6.60 

 S210  65  -11.11  4.24  120  13.81  6.35 

 S220  65  -11.09  4.05  120  13.76  5.96 

 S230  65  -11.07  3.91  120  13.68  5.32 

 S240  65  -11.03  3.57  120  13.58  4.53 

 S250  65  -11.02  3.43  120  13.49  3.85 
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 Table 21.  Minimum and maximum value of heave in control case, S180, S190, S200, 

 S210, S220, S230, S240 and S250 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  0  -9.96  0.00  0  2.51  0.00 

 S180  0  -10.66  7.03  0  2.23  -11.23

 S190  0  -10.59  6.35  0  2.28  -9.30

 S200  0  -10.51  5.53  0  2.32  -7.76

 S210  0  -10.45  4.95  0  2.36  -6.20

 S220  0  -10.37  4.18  0  2.39  -5.00

 S230  0  -10.31  3.50  0  2.41  -4.06

 S240  0  -10.25  2.88  0  2.44  -3.12

 S250  0  -10.19  2.35  0  2.46  -2.36

 Table 22.  Minimum and maximum value of roll in control  case, S180, S190, S200, 

 S210, S220, S230, S240 and S250 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 No Clump  120  -10.43  0  120  8.84  0.00 

 S180  120  -10.75  3.12  120  11.00  24.43 

 S190  120  -10.94  4.88  120  11.14  26.01 

 S200  120  -11.04  5.84  120  11.12  25.82 

 S210  120  -11.11  6.59  120  11.06  25.16 

 S220  120  -11.14  6.88  120  10.94  23.73 

 S230  120  -11.15  6.96  120  10.83  22.58 

 S240  120  -11.11  6.52  120  10.69  21.01 

 S250  120  -11.08  6.28  120  10.50  18.81 
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 Table 23.  Minimum and maximum value of pitch in control case, S180, S190, S200, 

 S210, S220, S230, S240 and S250 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 No Clump  180  -12.97  0.00  180  4.25  0.00 

 S180  180  -12.98  0.09  120  5.61  32.12 

 S190  180  -12.97  0.05  120  5.61  32.05 

 S200  180  -12.96  -0.03  120  5.47  28.82 

 S210  180  -12.97  0.02  120  5.40  27.25 

 S220  180  -12.96  -0.04  120  5.27  24.09 

 S230  180  -12.98  0.07  120  5.14  20.93 

 S240  180  -12.98  0.14  125  5.02  18.13 

 S250  180  -12.99  0.15  125  4.87  14.64 

 Table 24.  Minimum and maximum value of yaw in control  case, S180, S190, S200, 

 S210, S220, S230, S240 and S250 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 No Clump  65  -8.68  0.00  65  14.44  0.00 

 S180  65  -9.24  6.40  65  15.39  6.58 

 S190  150  -9.17  5.51  65  15.27  5.74 

 S200  150  -9.17  5.54  65  15.09  4.49 

 S210  150  -9.20  5.99  65  14.91  3.21 

 S220  150  -9.18  5.67  65  14.74  2.08 

 S230  150  -9.16  5.51  65  14.64  1.34 

 S240  150  -9.07  4.45  65  14.53  0.57 

 S250  150  -8.99  3.54  65  14.44  -0.01
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 Table 25.  Maximum line tension along mooring lines  in control case, S180, S190, S200, S210, S220, S230, S240 and S250 

 Line 1  Line 2  Line 3  Line 4  Line 5  Line 6 
 Average 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 No Clump  13589  0.00  13794  0.0  13716  0.0  14084  0.0  12616  0.0  12004  0.0  0.0 

 S180  15448  13.68  15673  13.6  15551  13.4  16178  14.9  15767  25.0  16678  38.9  19.9 

 S190  15508  14.12  15806  14.6  16479  20.1  17228  22.3  15922  26.2  16854  40.4  23.0 

 S200  15305  12.63  15586  13.0  15577  13.6  16139  14.6  15435  22.3  14848  23.7  16.6 

 S210  15221  12.01  15520  12.5  15524  13.2  16080  14.2  15255  20.9  14632  21.9  15.8 

 S220  15109  11.19  15371  11.4  15447  12.6  16028  13.8  15041  19.2  14476  20.6  14.8 

 S230  14954  10.04  15263  10.6  15407  12.3  15897  12.9  14806  17.4  14228  18.5  13.6 

 S240  14829  9.13  15148  9.8  15216  10.9  15789  12.1  14662  16.2  14065  17.2  12.6 

 S250  14643  7.76  14901  8.0  15048  9.7  15738  11.7  14568  15.5  13831  15.2  11.3 
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 Figure 26.  Maximum line tension along mooring lines in control case, S180, S190, S200, S210, S220, S230, S240 and S250 
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 6.2 Clump Weight Spacing 

 6.2.1 Case Settings 

 Based  on  case  S250  defined  in  Section  5.1,  the  intervals  between  clump  weights 

 vary  between  2  m  to  7  m.  The  detail  of  each  case  is  described  in  Table  26.  The  cases 

 labeled  as  I2,  I3,  I4,  I5,  I6,  and  I7  are  specifically  designed  to  examine  the  impact  of 

 clump  weight  spacing  on  the  mooring  system.  Each  case  represents  a  different  spacing 

 configuration  ranging  from  2  meters  to  7  meters.  The  objective  is  to  assess  the 

 effectiveness  of  varying  clump  weight  spacing  in  influencing  the  system's  behavior  and 

 motion  response.  Average  pretension  of  mooring  lines  in  each  case  is  shown  in  Table 

 27. 

 Table 26.  Cases for study clump weight spacing 

 Case  No Clump 
 (Control Case)  I2  I3  I4  I5  I6  I7 

 Starting Position 
 (relative to End connect 
 to TaidaFloat fairlead) 

 —— 

 250 m 

 Clump 
 Weight 

 Number  13 

 Weight  3 tons 

 Spacing  2 m  3 m  4 m  5 m  6 m  7 m 

 Volume  0.5 m^3 
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 Table 27.  Average pretension of mooring lines in control case, I2, I3, I4, I5, I6, I7 and 

 their difference with control case 

 Case  Pretension (kN)  Difference (%) 

 No clump  1831.77  0.00 

 I2  1841.44  0.53 

 I3  1841.07  0.51 

 I4  1840.87  0.50 

 I5  1840.72  0.49 

 I6  1840.68  0.49 

 I7  1840.47  0.48 
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 6.2.2 Result and Discussion 

 Table  28  and  Table  34  present  the  minimum  and  maximum  values  of  the  6  DoF 

 along  with  their  variances  compared  to  the  control  model.  In  I2  at  0°,  the  maximum 

 surge  value  reaches  13.00  m,  reflecting  a  1.00%  increase.  I2  at  120°  exhibits  the  highest 

 sway  value  of  13.62  m,  showing  a  difference  of  4.87%.  For  heave,  the  absolute  highest 

 value  is  10.27  m,  with  a  difference  of  3.12%,  also  occurring  in  I2  at  0°.  In  terms  of  roll, 

 the  maximum  value  is  10.74°,  indicating  a  significant  difference  of  21.57%  in  I2  at 

 120°.  Similarly,  for  pitch,  the  maximum  value  is  13.04°,  with  a  difference  of  0.57% 

 observed  in  case  I2  at  180°.  Lastly,  the  maximum  yaw  value  is  14.52°,  showing  a  slight 

 difference of 0.52% in case I2 at 65°. 

 Table  35  shows  that  mooring  lines  maximum  tension  in  case  I2  is  57.52% 

 averagely  higher  than  maximum  line  tension  of  control  case  while  most  maximum 

 tension  occurs  on  the  node  between  the  clump  weight  section.  Table  35  and  Figure  27 

 show  the  maximum  line  tension  occurring  at  fairlead.  The  maximum  line  tension  of  I2 

 is  higher  compared  to  the  control  case,  with  a  relative  increase  of  12.28%,  which  is  not 

 far  behind  10.31%  for  I3,  11.32%  for  I4,  10.42%  for  I5,  9.41%  for  I6,  8.87%  for  I7. 

 These  could  be  stated  as  the  maximum  line  tension  value  depicted  in  Figure  28.  is 

 localized and may not be representative of the entire mooring line. 

 The  maximum  line  tension  occurs  in  case  I2  may  be  caused  by  slack  snap 

 phenomenon  which  occurs  when  a  mooring  line,  which  was  previously  loose  or  slack, 

 rapidly  becomes  tensioned  or  snaps  into  a  tight  condition  due  to  external  forces  or 

 dynamic  effects.  Additional  exploration  could  be  done  to  determine  whether  the 

 significant  line  tension  arising  within  a  specific  time  step  has  the  potential  to  cause 

 structural  damage  to  the  chain.  An  ideal  spacing  of  clump  weights  should  be  designed  to 

 distribute the mooring loads evenly across the system. 
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 In  summary,  it  can  be  concluded  that  having  a  relatively  small  spacing  between 

 clump  weights  can  result  in  localized  high  line  tension.  Since  the  primary  effectiveness 

 of  the  clump  weight  is  desired  in  the  normal  sea  state,  a  spacing  of  7  meters  could  lead 

 to  the  clump  weight  at  the  back  losing  its  effectiveness.  Therefore,  a  spacing  of  6  meters 

 has been chosen for further study. 

 Table 28.  Minimum and maximum value of surge in control  case, I2, I3, I4, I5, I6, I7 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  80  -9.28  0.00  0  12.87  0.00 

 I2  80  -9.62  3.70  0  13.00  1.00 

 I3  80  -9.59  3.39  0  12.99  0.95 

 I4  80  -9.54  2.83  0  12.95  0.62 

 I5  80  -9.50  2.47  0  12.93  0.47 

 I6  80  -9.46  2.04  0  12.91  0.34 

 I7  80  -9.45  1.88  0  12.88  0.12 
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 Table 29.  Minimum and maximum value of sway in control  case, I2, I3, I4, I5, I6, I7 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  65  -10.65  0.00  120  12.99  0.00 

 I2  65  -11.03  3.49  120  13.62  4.87 

 I3  65  -11.04  3.60  120  13.54  4.25 

 I4  65  -11.02  3.43  120  13.49  3.85 

 I5  65  -10.99  3.16  120  13.42  3.35 

 I6  65  -10.96  2.88  120  13.39  3.07 

 I7  65  -10.94  2.67  120  13.35  2.76 

 Table 30.  Minimum and maximum value of heave in control  case, I2, I3, I4, I5, I6, I7 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  0  -9.96  0.00  0  2.51  0.00 

 I2  0  -10.27  3.12  0  2.45  -2.51

 I3  0  -10.23  2.71  0  2.45  -2.69

 I4  0  -10.19  2.35  0  2.46  -2.36

 I5  0  -10.17  2.09  0  2.46  -2.10

 I6  0  -10.15  1.88  0  2.47  -1.86

 I7  0  -10.13  1.70  0  2.47  -1.65
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 Table 31.  Minimum and maximum value of roll in control case, I2, I3, I4, I5, I6, I7 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
      (°) 

 Difference 
 (%) 

 No Clump  120  -10.43  0.00  120  8.84  0.00 

 I2  120  -11.28  8.20  120  10.74  21.57 

 I3  120  -11.18  7.22  120  10.58  19.72 

 I4  120  -11.08  6.29  120  10.50  18.81 

 I5  120  -11.03  5.83  120  10.44  18.11 

 I6  120  -11.00  5.53  120  10.29  16.39 

 I7  120  -10.95  4.98  120  10.16  14.94 

 Table 32.  Minimum and maximum value of pitch in control  case, I2, I3, I4, I5, I6, I7 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 No Clump  180  -12.97  0.00  180  4.25  0.00 

 I2  180  -13.04  0.57  120  5.21  22.75 

 I3  180  -13.01  0.36  120  5.03  18.31 

 I4  180  -12.99  0.15  125  4.87  14.64 

 I5  180  -12.99  0.18  125  4.79  12.73 

 I6  180  -12.98  0.12  125  4.73  11.41 

 I7  180  -12.97  0.03  125  4.59  8.13 
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 Table 33.  Minimum and maximum value of yaw in control case, I2, I3, I4, I5, I6, I7 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 No Clump  65  -8.69  0.00  65  14.44  0.00 

 I2  150  -9.15  5.35  65  14.52  0.52 

 I3  150  -9.10  4.69  65  14.49  0.30 

 I4  150  -9.00  3.54  65  14.44  -0.01

 I5  150  -8.97  3.27  65  14.42  -0.18

 I6  150  -8.87  2.03  65  14.40  -0.27

 I7  150  -8.83  1.64  65  14.40  -0.27

 78 
doi:10.6342/NTU202303528



 Table 34.  Maximum line tension along mooring lines  in control case, I2, I3, I4, I5, I6, I7 

 Line 1  Line 2  Line 3  Line 4  Line 5  Line 6 
 Average 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 No Clump  13589  0.00  13794  0.00  13716  0.00  14084  0.00  12616  0.00  12004  0.00  0.00 

 I2  20590  51.52  20368  47.66  21518  56.88  23626  67.75  20678  63.90  18895  57.41  57.52 

 I3  22858  68.21  21410  55.21  16845  22.81  16204  15.05  22093  75.12  16220  35.12  45.25 

 I4  14643  7.76  14901  8.03  15048  9.71  15738  11.74  14568  15.47  13831  15.22  11.32 

 I5  14563  7.17  14883  7.89  14937  8.90  15844  12.50  14203  12.58  13620  13.46  10.42 

 I6  14489  6.62  14637  6.11  14750  7.54  15435  9.59  14437  14.43  13462  12.15  9.41 

 I7  14362  5.69  14592  5.79  15062  9.81  15341  8.93  14016  11.10  13435  11.92  8.87 
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 Figure 27.  Maximum line tension along mooring lines  in control case, I2, I3, I4, I5, I6, I7 
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 Table 35.  Maximum line tension at fairlead in control  case, I2, I3, I4, I5, I6, I7 

 Line 1  Line 2  Line 3  Line 4  Line 5  Line 6 
 Average 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 No Clump  13589  0.00  13794  0.00  13716  0.00  14084  0.00  12616  0.00  12004  0.00  0.00 

 I2  13946  2.63  14104  2.25  13979  1.92  14490  2.88  13179  4.46  12556  4.60  3.12 

 I3  14092  3.70  14278  3.51  14282  4.13  14742  4.67  13482  6.86  12890  7.38  5.04 

 I4  14213  4.59  14436  4.65  14434  5.23  14993  6.45  13790  9.31  13143  9.49  6.62 

 I5  14306  5.28  14529  5.33  14607  6.50  15161  7.65  13887  10.07  13361  11.30  7.69 

 I6  14407  6.02  14644  6.16  14721  7.33  15282  8.51  14014  11.08  13381  11.47  8.43 

 I7  14489  6.62  14637  6.11  14750  7.54  15435  9.59  14437  14.43  13462  12.15  9.41 
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 Figure 28.  Maximum line tension at fairlead in control  case, I2, I3, I4, I5, I6, I7 
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 6.3 Number of Clump Weight 

 6.3.1 Case Settings 

 Based  on  open  data  for  developers,  it  is  evident  that  the  presence  installed 

 FOWT  of  13  clump  weights  may  be  excessive.  Therefore,  a  comprehensive 

 investigation  is  conducted  by  examining  different  numbers  of  clump  weights.  Each  case 

 involves  reducing  the  number  of  clump  weights  by  2  and  subsequently  performing 

 simulations.  A  detailed  breakdown  of  each  case's  specifications  can  be  found  in  Table 

 36.  The  cases  labeled  as  3C,  5C,  7C,  9C,  11C,  and  13C  have  been  specifically  designed

 to  explore  the  influence  of  the  number  of  clump  weights  on  the  mooring  system.  Each 

 case  represents  a  different  configuration,  ranging  from  3  clumps  to  13  clumps.  By 

 systematically  studying  these  different  parameter  settings,  valuable  insights  can  be 

 gained  regarding  the  optimal  number  of  clump  weights  required  to  achieve  the  desired 

 performance and stability in the mooring system. 

 Table 36.  Cases for study number of clump weight 

 Case  No 
 Clump  3 C  5 C  7 C  9 C  11 C  13 C 

 Starting Position 
 (relative to fairlead) 

 —— 

 250 m 

 Clump 
 Weight 

 Number  3  5  7  9  11  13 

 Weight  3 tons 

 Spacing  6 m 

 Volume  0.5 m^3 
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 6.3.2 Result and Discussion 

 Table  37.  to  Table  42.  display  the  minimum  and  maximum  values  for  the  6  DoF 

 along  with  their  variances  compared  to  the  control  model.  In  Case  7C  at  0°,  the 

 maximum  surge  value  reaches  12.944  m,  representing  a  0.59%  increase.  In  Case  13C  at 

 120°,  the  highest  sway  value  is  13.39  m,  indicating  a  difference  of  3.07%.  Concerning 

 heave,  the  absolute  highest  value  is  10.15  m,  with  a  difference  of  1.88%,  also  occurring 

 in  Case  13C  at  165°.  For  roll,  the  maximum  value  is  11.00°,  signifying  a  notable 

 difference  of  5.53%  in  Case  13C  at  120°.  Similarly,  in  terms  of  pitch,  the  maximum 

 value  is  12.98°,  exhibiting  a  substantial  difference  of  0.12%  observed  in  Case  13C  at 

 90°.  Lastly,  the  maximum  yaw  value  is  14.53°,  showing  a  slight  difference  of  0.57%  in 

 Case  3C  at  65°.  Out  of  the  6  DoF,  only  the  heave  motion  exhibits  a  noticeable 

 distinction,  and  the  primary  contributing  factor  may  be  the  difference  in  weight  between 

 the number of clump weights. 

 Table  43  and  Figure  29  display  the  maximum  line  tension  along  mooring  lines 

 observed  in  each  scenario,  along  with  the  corresponding  difference  from  the  control 

 case.  The  results  show  that  when  clump  weights  position  start  from  arc  length  259  m 

 with  6  m  of  spacing  there  is  no  significant  difference  between  cases.  FOWT  systems 

 consisting  of  13  clumps  experience  the  highest  line  tension,  whereas  the  line  tension 

 decreases as the number of clump weights are reduced. 

 One  possible  reason  for  this  may  be  that  the  touchdown  point  of  the  mooring 

 lines  is  behind  the  clump  weights,  causing  all  of  the  clump  weights  to  be  pulled  away 

 from  the  seabed.  The  growing  line  tension  is  solely  attributed  to  the  overall  increase  in 

 the  combined  weight  of  the  clump  weights.  Thus  the  control  case  remains  the  most 

 favorable  scenario.  The  inclusion  of  clump  weights  in  shallow  water  should  be 

 reconsidered. 
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 Table 37.  Minimum and maximum value of surge in control case, 3C, 5C, 7C, 9C, 11C, 

 13C 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  80  -9.275  0.00  0  12.869  0.00 

 3 C  80  -9.354  0.85  0  12.926  0.44 

 5 C  80  -9.399  1.33  0  12.943  0.57 

 7 C  80  -9.427  1.64  0  12.944  0.59 

 9 C  80  -9.444  1.82  0  12.935  0.52 

 11 C  80  -9.457  1.96  0  12.916  0.36 

 13 C  80  -9.464  2.04  0  12.912  0.34 

 Table 38.  Minimum and maximum value of sway in control  case, 3C, 5C, 7C, 9C, 11C, 

 13C 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  0  -10.65  0.00  120  12.99  0.00 

 3 C  0  -10.75  0.88  120  13.17  1.39 

 5 C  0  -10.81  1.46  120  13.25  1.98 

 7 C  0  -10.86  1.94  120  13.31  2.51 

 9 C  0  -10.90  2.34  120  13.35  2.81 

 11 C  0  -10.94  2.69  120  13.37  2.94 

 13 C  0  -10.96  2.88  120  13.39  3.07 
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 Table 39.  Minimum and maximum value of heave in control case, 3C, 5C, 7C, 9C, 11C, 

 13C 

 Min  Max 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 Direction 
 (°) 

 Distance 
 (m) 

 Difference 
 (%) 

 No Clump  85  -9.96  0.00  0  2.51  0.00 

 3 C  165  -10.04  0.80  0  2.49  -0.97

 5 C  165  -10.08  1.25  0  2.48  -1.34

 7 C  165  -10.11  1.50  10  2.54  0.97 

 9 C  165  -10.13  1.72  0  2.47  -1.69

 11 C  165  -10.14  1.81  0  2.47  -1.81

 13 C  165  -10.15  1.88  0  2.47  -1.86

 Table 40.  Minimum and maximum value of roll in control  case, 3C, 5C, 7C, 9C, 11C, 

 13C 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 No Clump  120  -10.43  0.00  180  8.84  0.00 

 3 C  120  -10.59  1.59  180  9.34  5.66 

 5 C  120  -10.71  2.70  180  9.59  8.46 

 7 C  120  -10.79  3.44  180  9.79  10.82 

 9 C  120  -10.88  4.38  180  10.08  14.08 

 11 C  120  -10.93  4.84  180  10.17  15.06 

 13 C  120  -11.00  5.53  180  10.29  16.39 
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 Table 41.  Minimum and maximum value of pitch in control case, 3C, 5C, 7C, 9C, 11C, 

 13C 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 No Clump  90  -12.97  0.00  180  4.25  0.00 

 3 C  90  -12.94  -0.21  180  4.23  -0.32

 5 C  90  -12.93  -0.24  125  4.33  1.90 

 7 C  90  -12.94  -0.22  125  4.46  4.94 

 9 C  90  -12.96  -0.06  125  4.57  7.63 

 11 C  90  -12.97  0.01  125  4.74  11.63 

 13 C  90  -12.98  0.12  125  4.73  11.41 

 Table 42.  Minimum and maximum value of yaw in control  case, 3C, 5C, 7C, 9C, 11C, 

 13C 

 Min  Max 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 Direction 
 (°) 

 Degree 
 (°) 

 Difference 
 (%) 

 No Clump  0  -8.69  0.00  65  14.44  0.00 

 3 C  0  -8.69  -0.02  65  14.53  0.57 

 5 C  0  -8.71  0.30  65  14.49  0.31 

 7 C  0  -8.77  0.96  65  14.46  0.10 

 9 C  0  -8.83  1.59  65  14.43  -0.07

 11 C  0  -8.86  1.93  65  14.40  -0.27

 13 C  0  -8.87  2.03  65  14.40  -0.27
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 Table 43.  Maximum value of line tension along mooring  lines in control case, 3C, 5C, 7C, 9C, 11C, 13C 

 Line 1  Line 2  Line 3  Line 4  Line 5  Line 6 
 Average 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 Max 
 Tension 

 (kN) 

 Difference 
 (%) 

 No Clump  13589  0.00  13794  0.00  13716  0.00  14084  0.00  12616  0.00  12004  0.00  0.00 

 3 C  13946  2.63  14104  2.25  13979  1.92  14490  2.88  13179  4.46  12556  4.60  3.12 

 5 C  14092  3.70  14278  3.51  14282  4.13  14742  4.67  13482  6.86  12890  7.38  5.04 

 7 C  14213  4.59  14436  4.65  14434  5.23  14993  6.45  13790  9.31  13143  9.49  6.62 

 9 C  14306  5.28  14529  5.33  14607  6.50  15161  7.65  13887  10.07  13361  11.30  7.69 

 11 C  14407  6.02  14644  6.16  14721  7.33  15282  8.51  14014  11.08  13381  11.47  8.43 

 13 C  14489  6.62  14637  6.11  14750  7.54  15435  9.59  14437  14.43  13462  12.15  9.41 
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 Figure 29.  Maximum line tension along mooring lines  in control case, 3C, 5C, 7C, 9C, 11C, 13C 
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 Chapter 7 

 Conclusion 

 In  this  study,  three  parameters  related  to  the  clump  weight  in  a  mooring  system 

 were  examined:  the  initial  position  of  the  clump  weight,  the  spacing  between  clump 

 weights,  and  the  number  of  clump  weights.  The  investigation  focused  on  extreme  sea 

 conditions  in  shallow  water  with  a  2  MW  floating  offshore  wind  turbine  (FOWT) 

 system. Based on the findings, the following conclusions could be inferred. 

 1.  Selecting  a  starting  position  for  the  clump  weight,  which  is  located  after  the 

 touchdown point, results in lower line tension and lesser 6 DoF motion. 

 2.  The  analysis  outputs  from  Orcaflex  suggest  that  a  relatively  small  spacing 

 between  clump  weights,  in  this  study,  2  m  and  3  m  spacing,  can  result  in 

 localized  high  line  tension,  which,  on  average,  is  1.5  times  higher  than  the 

 maximum line tension in the control case. 

 3.  The  number  of  clump  weights  in  the  range  of  3  to  13  does  not  significantly 

 affect  line  tension  or  the  6  DoF  motion  of  the  platform.  Therefore,  there  is  no 

 benefit to using more clump weights. 

 4.  There  is  a  need  to  rethink  the  inclusion  of  clump  weights  if  the  allowable 

 platform  offset  is  generously  large  (such  as  30%  water  depth  assumed  for  this 

 research  work),  due  to  none  case  with  addition  of  clump  weight  having  better 

 tension compared with control case. 

 This  study  suggests  that  further  investigation  is  needed  to  explore  the  feasibility 

 of using clump weights to optimize a FOWT mooring system in shallow water. 
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