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Introduction & Background 
Support Structure Types 
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Introduction & Background 
Offshore Modules – HydroDyn, SubDyn, & MAP 

• HydroDyn – Offshore 
hydrodynamics for 
fixed-bottom & floating 

• SubDyn – Fixed-bottom 
substructure structural 
dynamics 

• MAP – Mooring statics 
& dynamics 

• Note: While all have  
been coupled to FAST, 
the HydroDyn-SubDyn 
coupling is still under 
development 
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• Hydrodynamics model for offshore fixed-bottom & floating: 
– Used to be an undocumented part of FAST 
– Now split out as a callable module in the FAST framework with 

separate input files & source code 
– Original coupled to MSC.ADAMS & SIMPACK 

• Latest version: 
– v2.00.01a-gjh (October 2013) 
– Newer in progress 

• User’s Guide – ReadMe (2013) 
• Theory Manual: 

– 1st-order PF: Jonkman Ph.D. 
Dissertation (2007) & Wind Energy (2009) 

– Strip theory: Song et al, OTC (2012) 
– State-space: Duarte et al, OMAE (2013) 
– 2nd-order PF: Duarte et al, AIAA (2014) 
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HydroDyn 
What Is It? 



Continuous States: 
• State-space-based 

  radiation “memory” 
 
Discrete States: 
• Convolution-based 

  radiation “memory” 
 
Parameters: 
• Geometry 
• Hydrodynamic coefficients 
• Undisturbed incident waves 

Outputs: 
• Hydro. loads 

HydroDyn 
Inputs, Outputs, States, & Parameters 

Inputs: 
• Substructure disp. 
• Substructure vel. 
• Substructure accel. 

HydroDyn 
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HydroDyn 
Submodel Options 

• Waves 
• Current 
• Hydrodynamic loading: 

– Potential flow (WAMIT): 
• For “large” platforms 
• Radiation, diffraction, & 

buoyancy loads 
– Strip theory (Morison): 

• For “slender” members 
• Inertia, viscous, & 

buoyancy loads 
– Combination of these two 

Morison 

WAMIT 

HydroDyn 

Wave 

Current 

Conv_Rdtn 

SS_Rdtn 

HydroDyn Submodules 

Relative Importance of Hydrodynamic Loads 

Faltinsen (1999) 
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HydroDyn 
Waves & Currents 

• Wave kinematics: 
– Linear (Airy) regular (periodic) 
– Linear (Airy) irregular (stochastic): 

• Pierson-Moskowitz, JONSWAP, white-noise, 
or user-defined spectrum 

• Optional randomly distributed amplitudes 
– Arbitrary choice of wave direction 
– With optional stretching (not yet in FAST v8): 

• Vertical, extrapolation, or Wheeler 
– Or externally generated (not yet in FAST v8) 

• Steady sea currents: 
– IEC-style sub-surface, near-surface, 

& depth-independent 
– Or user-defined 

• Limitations: 
– No directional spreading 
– No higher order effects 
– No time-varying current Orbital Wave Motion 

Wave Propagation  

Wave Spectrum with Randomly 
Distributed Amplitudes 
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HydroDyn 
Potential Flow 

• For “large” platforms of arbitrary geometry 
• Frequency-domain hydro. coefficients imported 

from WAMIT (or equivalent) panel code: 
– Internal frequency-to-time domain conversion 

• Load components: 
– Radiation, including added mass & damping: 

• “Memory effect” accounted for by: 
– Direct time-domain convolution 
– Linear state-space (SS) form (FAST v8 only): 

» SS matrices derived from SS_Fitting pre- 
processor using 4 system-ID approaches 

– Diffraction/scattering 
– Hydrostatic restoring 
– Applied as 6-component (lumped) load 

• Limitations: 
– Rigid platform 
– Small platform motion 
– No 2nd-order effects (mean-drift, slow-drift, 

sum-frequency) 
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Reformulation of Radiation 
Convolution to Linear SS Form 

Support Platform DOFs 



Wind Turbine Modeling Workshop                                                                        10                                                              National Renewable Energy Laboratory 

HydroDyn 
Strip Theory 

• For “slender” & flexible multi-member structures 
• Features: 

– Multiple members & intersecting members at joints 
• Accurate calculation of overlap of intersecting members 

– Inclined & tapered members 
– User-specified  added mass & drag coefficients 
– Flooded & ballasted members 
– Marine growth 

• Hydrodynamic loads: 
– Distributed inertia, added mass, & viscous drag (Morison): 

• Relative form (including structural velocity) 
– Distributed static buoyancy & dynamic pressure 
– Concentrated loads at member ends & joints 
– Derived directly from wave & current kinematics 

• Applicable to: 
– Fixed-bottom tripod or jacket substructures 
– Slender members (e.g., braces/spokes) of floating platforms 

Jacket with 
Regular & 

Super Members 

Regular 
Member 

Super 
Member 



• All new features are being added to the new framework 
• Until all features of v7 are included in v8, both will be supported 

HydroDyn 
Features of FAST v8 Compared to v7 
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Hydrodynamics (HydroDyn)
FAST Features v7.02 v8.03
•  Linear regular or irregular waves  
•  White-noise waves 
•  Wave stretching 
•  Externally generated wave data 
•  Sea current  
•  Morison's equation for central member  
•  Morison's equation for multiple intersecting members 
•  Static buoyancy and dynamic pressure on members 
•  Support for inclined and tapered members 
•  Support for flooded and ballasted members 
•  Support for marine growth 
•  First-order potential flow (from WAMIT)  
•  Radiation "memory effect" captured through time-domain convolution  
•  Radiation "memory effect" captured through linear state-space form 



• Structural-dynamics model for 
multi-member fixed-bottom 
substructures: 
– Linear frame finite-element (FE) 

beam model with Craig-Bampton 
(CB) reduction 

– New to FAST v8 
• Latest version: 

– v0.04.00a-rrd (October 2013) 
– Newer in progress 

• User’s Guide: 
– ReadMe (2013) 

• Theory Manual: 
– Song et al, ISOPE (2013) 
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SubDyn 
What Is It? 



Continuous States: 
• Displacements 
• Velocities 

 
Parameters: 
• Geometry 
• Mass/inertia 
• Stiffness coefficients 
• Damping coefficients 

Outputs: 
• Displacements 
• Velocities 
• Accelerations 
• Reaction loads 

SubDyn 
Inputs, Outputs, States, & Parameters 

Inputs: 
• Hydrodynamic loads 
• TP* displacements 
• TP* velocities 
• TP* accelerations 

SubDyn 
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*TP = Transition piece 



Damiani et al, OMAE (2013) 
showed that support-
structure nonlinearities are 
mainly associated with 
mono-tower dynamics 
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• Linear frame finite-element beam model: 
– Euler-Bernoulli or Timoshenko beam elements 
– Constant or tapered cross-section (3rd-order 

interpolation functions) 

• Craig-Bampton dynamic linear system 
reduction: 
– DOFs from 103 to 101 

– Physical DOFs at boundaries + modal 
coordinates 

– Discard high-frequency content in the system 
dynamics 

• Degree of fixity – Clamped/Clamped 
• Time integrator: 

– RK4, AB4, ABM4, AM2 

SubDyn 
Theory Basis 

SubDyn Flow Chart 



• Separate boundary & internal DOFs 
• Retain just m internal generalized (modal) DOFs 
• Assume negligible cross damping 

R RgRR RL RR RL RR RL RR R

L LgLR LL LR LL LR LL LL L

F FM M C C K K UU U
F FM M C C K K UU U

+                 + + =             +                 

 

 

( ) ( )
( )2

0 0 0
0 2 0

T
R Rg R L LgBB Bm BB RR R

T
mB m m mm m m L Lg

F F F FM M K UU U
M I qq q F Fζ

 + + Φ +               + + =            Ω Ω    Φ +             

 

 

2

1

0 RR

R m mL

LL m LL m

R LL LR

I UU
qU

K M

K K

ω
−

    
=    Φ Φ     

Φ = Φ

Φ = −

2

0 0 0
0 2 0

TPTP TPBB Bm BI B TP

m mm mmB m m

UU UM M K F
qq qM I Fζ

                + + =           Ω Ω                

    

 

 

• Remove restrained node DOFs 
• Condense interface nodes: 

– 6 TP DOFs (input from ElastoDyn) 

L 
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SubDyn 
Craig-Bampton Fundamentals 

R 

Craig-Bampton Reduction 

Restrained (R) 
& Interior (L) DOFs 



• Mooring Analysis Program: 
– Currently, quasi-statics only 
– Solves nonlinear analytical catenary & 

force-balance equations for multi-segmented lines (MSQS) 
– New to FAST v8: 

• Replaces prior mooring model included within HydroDyn 

• Mixed-language: 
– Source code in C++ 
– Python-binding for standalone driver 
– Coupled to FAST (Fortran) 

• Latest version: 
– v0.87.06a-mdm (October 2013) 

• User’s Guide – Masciola (2013) 
• Theory Manual: 

– Masciola et al, ISOPE (2013) 
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MAP 
What Is It? 

Example Multi-Segmented Mooring 
System Analyzed by MAP 

Mooring dynamics currently 
available in FAST v7 
interface to OrcaFlex 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Constraint States: 
• Line tensions 
• Joint locations 

 
Parameters: 
• Line properties 
• Line connectivity 

Outputs: 
• Line tensions 
• Line disp. 

MAP 
Inputs, Outputs, States, & Parameters 

Inputs: 
• Platform disp. 

MAP 
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MAP 
Features 

• Accounts for: 
– Multi-segmented array of taut 

or catenary lines 
– Apparent weight of line in 

fluid 
– Elastic stretching 
– Seabed friction 
– Clump weights & buoyancy 

tanks 
– Nonlinear geometric restoring 

• Neglects: 
– Line bending stiffness 
– Mooring system inertia 
– Hydrodynamic loads & 

damping 

Mooring Behavior with Platform-Surge Variation 



MAP 
Solution Strategy (by Example) 
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MAP 
Solution Strategy 

• Simultaneously solve 
catenary & force-balance 
equations: 
– Unlike traditional nested loops 

• Jacobian computed 
analytically: 
– No finite-differencing 

• Numerical solution via 
Portable Extensible Toolkit 
for Scientific computation 
(PETSc) 

MAP Solution Strategy 
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Recent Work 
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ANSYS Has Been Used to Verify SubDyn 

• Converted HydroDyn to new FAST framework 
(for v8) with separate input file & source code 

• Added linear SS-based radiation formulation 
alternative to convolution within HydroDyn 

• Added multi-member strip theory to HydroDyn 
• Introduced SubDyn & MAP 
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Current & Planned Work 

• Complete HydroDyn-SubDyn coupling 
• Add ability to prescribe wave time history 
• Extend wave stretching approach to multi-

member structures 
• Further verify under IEA Wind Task 30 (OC4) 
• Write HydroDyn, SubDyn, & MAP user & 

theory manuals 
• Develop dynamic mooring capability in MAP 
• Support interface of FAST to: 

– The SACS fixed-bottom code checks (with Bentley) 
– The CHARM3D dynamic mooring code (with TAMU) 
– Nonlinear fluid-impulse theory module (with MIT) 
– Ice-loading modules (with UMich & DNV) 
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Current & Planned Work (cont) 

• Assess & add 2nd-order 
hydrodynamic effects: 
– Add 2nd-order irregular wave 

kinematics (with UT-Austin) 
– Assess magnitude of mean-

draft, slow-drift, & sum-
frequency hydrodynamic loads 
for floaters 

– Add mean-drift, slow-drift, & 
sum-frequency hydrodynamic 
loads for floaters (with IST-
Portugal) 

• Add wave directional 
spreading (with IST-Portugal): 
– Both 1st- & 2nd-order 

Sea-Surface Elevation (η) from the Summing 
of 1st- (η1) & 2nd- (η2) Order Waves 

Agarwal (2008) 

Multi-Directional Sea State 
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Current & Planned Work (cont) 

• Calibrate & validate floating 
functionality through: 
– DeepCwind – 1:50 scale of 5-

MW atop spar buoy, TLP, & 
semisubmersible 

– SWAY – 1:6.5 scale of 5-MW 
downwind turbine atop a TLS 

– WindFloat – Vestas V80 2-MW 
atop a PPI semisubmersible 

– Hywind – Siemens 2.3-MW 
atop Statoil spar buoy 

DeepCwind TLP 

Hywind WindFloat 

SWAY 
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Future Opportunities 

• Add nonlinear regular wave 
kinematics for fixed-bottom 

• Add breaking wave-impact loads 
for fixed-bottom 

• Floating platform hydro-elastics 
• Pressure mapping for floaters 
• Implement joint flexibility in 

SubDyn 
• Redevelop OrcaFlex interface 

for FAST v8 
Applicability of Different 

Wave Theories 



Questions? 

Jason Jonkman, Ph.D. 
+1 (303) 384 – 7026 
jason.jonkman@nrel.gov 

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC. 
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