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INTRODUCTION

 Tida l tu rb ines m ust m a in ta in  pe rform ance  and  durab ility under d ive rse  and  dem anding load ing cond itions.

 The  com plex in te raction  be tween  tu rbu len t wa te r flow and  b lade  structu re  induces sign ifican t stre ss, de flection , and  
fa tigue , m aking accura te  p red iction  of device  re liab ility and  Leve lized Cost of Energy (LCOE) a  critica l cha llenge . 

 Trad itiona l one-way sim ula tions, which  separa te  flu id  and  structu ra l ana lysis, often  fa il to  cap tu re  the  fu ll p ictu re .

 This study u tilizes a  two-way coup led  Flu id -Structu re  In te raction  (FSI) m ode l, p rovid ing tim e-accura te  so lu tions for the  
load ing and  pe rform ance  of a  de form ing ro tor, which  is  crucia l for rea listic pe rform ance  p red iction .

 By focusing on  the  fu ll-sca le  RM1 tida l tu rb ine , we  exp lore  these  dynam ics to  enhance  the  design  and  e fficiency of fu tu re  
m arine  energy system s.
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Q-criterion iso-surface colored by helicity and pressure contour on the turbine surface (left) and magnitude of total deformation of the rotor (right)



OBJECTIVES AND TARGET GEOMETRY MODEL

 Deve lop  and  ve rify a  h igh-fide lity, two-way coupled  FSI m ode l for the  fu ll-scale  RM1 tida l tu rb ine . 

 Com pare  the  tu rb ine 's hydrodynam ic pe rform ance  (power, th rust) and  structu ra l re sponse  (de form ation , stre ss) using both  one -
way and  two-way FSI sim ulations to  quan tify the  im pact of flu id -structu re  coup ling. 

 Analyze  and  con trast the  pe rform ance  of so lid  vs. hollow core  b lade  geom etrie s to  in form  structu ra l design  and  op tim iza tion .

 Dem onstra te  the  necessity of two-way FSI for ach ieving accura te  structu ra l in tegrity assessm ents requ ired  for fu tu re  LCOE 
ana lysis. 

Re fe re n ce  Mod e l 1 (RM1)
o Rotor d iam e te r: 20m

o Rated  curren t speed : 2.0 m /s

o Blade  construction : The  FSI m ode l ana lyze  th ree  d istinct b lade  configura tions:

 Solid  core  m eta l b lade

 Hollow core  m eta l b lade

 Hollow core  com posite  b lade
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TWO-WAY COUPLED FSI MODEL

Tw o-w a y it e ra t ive ly im p licit  a p p roa ch  (s t ron g cou p lin g)
o Ite ra te  with in  each  tim e  step  to  ob ta in  an  im plicit solu tion

o Three  leve ls of ite ra tions:

𝑘𝑘: coupling ite ra tion  for the  coupling loop

Coupling loop

𝑖𝑖: coupling step  for the  transien t loop

CFD loop
Ansys Fluent

Mass
Mom entum

Turbulence

FEA loop
Ansys Mechanical

Structura lSystem
Coupling

𝑓𝑓𝑘𝑘

�𝑠𝑠𝑘𝑘𝑠𝑠𝑘𝑘

𝑠𝑠𝑘𝑘+1 = 𝑠𝑠𝑘𝑘 −
𝜕𝜕𝑅𝑅𝑘𝑘
𝜕𝜕𝜕𝜕

−1

𝑅𝑅𝑘𝑘

𝑠𝑠𝑘𝑘+1 = �𝑠𝑠𝑘𝑘 𝑅𝑅𝑘𝑘 = �𝑠𝑠𝑘𝑘 − 𝑠𝑠𝑘𝑘

In cre m e n t a l d isp la ce m e n tMe sh  d isp la ce m e n t

Force

Transient loop

𝑡𝑡𝑖𝑖 𝑡𝑡𝑖𝑖+1
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Ea ch  s t e p  m ove s  fo rw a rd  in  t im e Force / d isp la ce m e n t  a re  u p d a t e d  b e t w e e n  
t h e  FEA a n d  CFD so lve r s

In n e r  loop  u se d  t o  con ve rge  t h e  fie ld  w it h in  a  so



CFD MODELING

• Com puta tiona l dom ain  and  boundary conditions

 One  rotor on ly

 Cut off 1% of chord  length  for m esh  qua lity

 Blockage  e ffect is  ignored

 (0, 0, 0,) a t the  nose  of the  ro tor

 In le t: 2 m /s un iform  flow

 Outle t: ze ro  gauge  pressure

 Sym m etry: top  and  sides

 No-slip  wall: ro tor, nace lle , and  bottom
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CFD MODELING

• Com puta tiona l Mesh  (Medium  grid)

 Polyhedra l m esh  with  ove rse t m ulti-b locks (#  of ce lls)
⎼ Rotor: 5.88M

⎼ Nace lle : 1.02M

⎼ Bkg w/ re finem ent: 2.67M

⎼ Tota l: 9.57M

 Prism  laye rs on  the  ro tor and  nace lle  wall
⎼ Targe t 𝑦𝑦+ = 30 − 50 
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CFD MODELING

• Mathem atica l Mode l and  Num erica l Schem e

 Viscous m ode l: 
⎼ Realizab le  𝑘𝑘 − 𝜖𝜖 m ode l with  wall function

 Pressure -ve locity coupling: 
⎼ Pressure -based  coup led  solve r

 Spatia l d iscre tiza tion : 
⎼ Pressure : second  orde r

⎼ Mom entum : second  orde r upwind

⎼ Turbu lence  m ode l: second  orde r upwind

 Tem pora l d iscre tiza tion :
⎼ Transien t form ula tion : first orde r im plicit
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FEA MODELING

• FEA Se tup

 Geom etry and  m esh
⎼ Rotor on ly

⎼ Hexahedra l m esh  with  quadra tic e lem ent orde r

⎼ Meta l b lades a re  m ode led  as a  solid  and  hollow b lade  m ade  from  a lum inum  a lloy 6061 T6

⎼ Hub is m ode led  as a  solid  for hollow m e ta l and  com posite  b lade  rotors

 Boundary conditions
⎼ Assigned  angu la r ve locity corre spond ing to  the  tu rb ine  rota ting speed

⎼ Fixed  support a t the  rotor hub  cen te r

o Without m ode ling actua l ro ta tion  of ro tor in  FEA side , lower com puta tion  cost is  needed
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FEA MODELING

• Modeled  hollow m eta l and  com posite  b lades with  shear webs leve raging NuMAD
 The  b lade  is d ivided  in to  spanwise  74 sta tions.
 Each  sta tion  includes 5 d ivision  poin ts, de fin ing 8 sections for assign ing m ate ria l layups.
 Mate ria l stacking sequences and  geom etry de fin itions a re  re fe renced  from  Lawson  e t a l. (2012).
 Shear webs a re  positioned  a t 12.8% and  56.0% of the  loca l chord  length .
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3D m od e l of t h e  RM1 t u rb in e  b la d e  w it h  sh e a r  w e b s  ge n e ra t e d  u s in g Nu MAD (t op ), a n d  sk in  
m a t e r ia l se gm e n t a t ion  a t  s t a t ion  29 (b o t t om )

Re p re se n t a t ive  s t ru ct u r a l la yu p  o f com p os it e  
la m in a t e s  a t  a  t yp ica l b la d e  se ct ion  (a d a p t e d  from  
La w son  e t  a l., 2012)



FEA MODELING

• Converted  NuMAD blade  m ode l for im port in to  ANSYS Mechanica l
 Blade  she ll geom etry and  com posite  p ly in form ation  successfu lly im ported  in to  the  structu ra l FEA environm ent
 Rotor hub  and  b lade  root m ode led  as solid  parts
 Hub–blade  connection  m ode led  as bonded  (no separa tion  or slid ing)
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Im p or t e d  com p os it e  la yu p  con figu ra t ion  in  ANSYS Me ch a n ica l 
a n d  m a t e r ia l s t a ck  d e t a ils  a t  a  se ct ion FEA m e sh  o f fu ll-sca le  h o llow  RM1 ro t o r  b la d e  (le ft ) a n d  con t a ct  su r fa ce  b ou n d a ry con d it ion  (r igh t )



SIMULATION RESULTS – SOLID METAL BLADE

CFD vs  Tw o-w a y cou p le d  FSI
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TSR
CP CT CQ

CFD FSI Diff. CFD FSI Diff. CFD FSI Diff.

3.0 0.251 0.257 2.23 % 0.356 0.362 1.75 % 0.836 0.855 2.23 %

5.0 0.421 0.421 -0.01 % 0.607 0.609 0.33 % 0.843 0.843 -0.01 %

7.0 0.469 0.471 0.37 % 0.738 0.744 0.78 % 0.670 0.672 0.37 %

8.0 0.468 0.470 0.46 % 0.781 0.788 0.98 % 0.584 0.587 0.46 %

10.0 0.422 0.425 0.68 % 0.836 0.847 1.32 % 0.422 0.425 0.68 %

12.0 0.319 0.322 1.02 % 0.858 0.871 1.55 % 0.265 0.268 1.02 %

Pow e r , t h ru s t , a n d  t o rq u e  coe fficie n t  e s t im a t e d  from  CFD s t a n d  a lon e  a n d  t w o-w a y cou p le d  FSI s im u la t ion s

The  low rota tiona l speed  in troduces 
num erica l e rrors in  m ode ling the  
buffe r laye r of the  boundary layer over 
the  rotor due  to  the  use  of wa ll 
functions for com puta tiona l e fficiency.



SIMULATION RESULTS – SOLID METAL BLADE

St ru ct u ra l re sp on se  @ TSR = 7.0 (BOP)
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In s t a n t a n e ou s  e s t im a t e d  m a gn it u d e  o f b la d e  t ip  d e fo rm a t ion , m a xim u m  e q u iva le n t  s t r e ss , a n d  m a xim u m  e q u iva le n t  e la s t ic s t r a in  a n gle  a t  𝜽𝜽 = 𝟏𝟏𝟏𝟏𝟏𝟏°

@ BOP 
(TSR = 7.0)

Ma x. Ma gn it u d e  o f 
t o t a l d e fo rm a t ion  (m )

Ma x. Eq u iva le n t  St re ss  
(MPa )

Ma x. Eq u iva le n t  
Ela s t ic St ra in  (𝝁𝝁m / m )

One-way FSI 0.1016 45.72 674.79

Two-way FSI 0.1113 47.87 730.49

Diff. 5.91 % 4.50 % 7.64 %



SIMULATION RESULTS – SOLID METAL BLADE

Ma xim u m  s t ru ct u ra l re sp on se  a t  va r iou s  TSRs
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HOLLOW METAL BLADE MODEL

Fu ll Mod e l

• Hollow m eta l b lade  + Hub

• Direct connection  be tween  solid  hub  and  
she ll b lade  geom etrie s

• Predicts the  stre ss concentra tion  a t the  
b lade -hub  in te rface
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Sim p lifie d  Mod e l

• Hollow m eta l b lade  only

• Rem ote  d isp lacem ent a t b lade  root

• Cannot cap ture  the  loca l peak stre ss a t the  
connection



SIMULATION RESULTS –METAL BLADE 1-WAY FSI
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Fu ll Hollow  Bla d e  Mod e l Hollow  Bla d e  On ly

St ru ct u ra l re sp on se  @ TSR = 7.0 (BOP)

Fu ll So lid  Bla d e  Mod e l



CONCLUSIONS

• High-Fide lity FSI Mode l: 

 Successfu lly deve loped  and  ve rified  a  two-way coup led  FSI m ode l on  the  solid  m e ta l b lade , p roving its necessity 
for accura te  structu ra l assessm ent ove r one -way ana lysis. 

• Hollow Blade  Workflow: 

 Estab lished  a  workflow for m ode ling com plex hollow b lades by in tegra ting NuMAD with  ANSYS Mechan ica l.

• Iden tified  Key Challenge : 

 Analysis of the  hollow m e ta l b lade  revea led  a  critica l stre ss concen tra tion  a t the  solid-to-she ll transition  near the  
hub .

• Diagnosed  Com posite  Instab ility:

 The  la rge  stiffness d iffe rence  be tween  the  hub  and  the  h igh ly flexib le  com posite  b lade  was iden tified  as the  
source  of num erica l non-convergence .
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FUTURE WORK

• Resolve  Stre ss Concen tra tion : 
 Modify the  solid  root geom etry in  CAD to crea te  a  gradua l, tape red  stiffness transition , m im icking com posite  p ly 

d rop-offs.

• Extend  FSI Analysis: 
 Apply the  va lida ted  two-way FSI sim ula tion  to  the  op tim ized  hollow m e ta l and  com posite  b lade  m ode ls.

• Com pare  All Designs: 
 Conduct a  fina l pe rform ance  and  structu ra l re liab ility com parison  of the  solid , hollow m e ta l, and  com posite  

b lades.

• In form  LCOE: 
 Use  the  fina l, com prehensive  da tase t to  in form  fu tu re  design  op tim iza tion  and  Leve lized  Cost of Ene rgy (LCOE) 

ana lysis.
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