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Introduction

Background

This project is a collaboration between NREL and T-Omega Wind Inc. through
the National Science Foundation Small Business Technology Transfer (STTR)
Program.

Role of NREL

e Develop an OpenFAST model to simulate the T-Omega Wind wave-following
floating offshore wind turbine platform concept.

* Tune a Reference OpenSource Controller (ROSCO) to support loads analysis.

e Conduct loads analysis based on a subset of International Electrotechnical
Commission design load cases (planned).

Outline

* The T-Omega Wind wave-following concept

* OpenFAST modeling strategies and challenges
e Revisions to the initial design

* Conclusions and future work

Image from T-Omega Wind Inc. [https://t-omegawind.com/]

NATIONAL RENEWABLE ENERGY LABORATORY NREL | 2



T-Omega Wind Platform Design

A Lightweight Wave-Following Concept



The T-Omega Wind Floating Offshore Wind Turbine Platform Concept

T-Omega Wind: A lightweight and wave-following design
Shallow-draft wave-following floats (Riyanto et al. 2022)

Turbine axle supported both upwind and downwind by four legs
instead of a single tower

A tendon transfers turbine thrust directly to the mooring
Single-line mooring with weathervaning

Initial design for a 10-megawatt (MW) turbine (total mass 1,095 tons
[t]; hub height 120 meters [m]; draft 5.3 m; float spacing 70 m)

Motivation

*  Expect cost savings from less material use, reduced infrastructure and
supply chain needs, and easy towing.

Trade-off

* Higher tower-top motion compared to wave-transparent designs

Pitch bearing

e s r

: Rotor hub

Axle tube
s . 7

Stator .
Generator{[(otor// Hobbemiiss Image from T-Omega Wind Inc. [https://t-omegawind.com/]

Tower-Top Axle-Hub Assembly
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OpenFAST Modeling

Challenges and Solutions



OpenFAST Modeling of the T-Omega Wind Concept - >

Rotor aeroelastics

Adopted the AeroDyn and ElastoDyn models of the International Energy
Agency (IEA) 10-MW reference wind turbine without precone as a placeholder.
A custom motion-tolerant wind turbine will be required for the actual design.

Controls

Tuned ROSCO to support future loads analysis
Independent pitch control (IPC) for improved weathervaning

Support structure dynamics

SubDyn module of OpenFAST
Presented in detail on the next slides

Hydrodynamic loads

Four separate linear potential-flow bodies in HydroDyn—one for each float
Presented in detail on the next slides

Mooring

MAP++ linear-spring mooring line with 100 kilonewton (kN)/m stiffness
Also explored dynamic lumped-mass modeling with MoorDyn but not used for
design
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Structural Modeling of the T-Omega Wind Concept

Modeling the flexible floating support structures:

Conventional approach: Tower, blades, and drivetrain in ElastoDyn; flexible substructure in SubDyn; tower base as the interface joint
Currently, ElastoDyn supports only a single vertical tower and cannot be used to model the T-Omega Wind design
Alternative approach: Entire support structure, including tower legs, in SubDyn (interface joint moved to tower top)

Drawback: Structures lack geometric nonlinearities; no aerodynamic loads on the tower and no tower influence on rotor

Interface between
ElastoDyn and SubDyn
J moved to tower top
Rotor modeled /
Tower and rotor- in ElastoDyn |
~ nacelle assembly in (with a short =l n
/ ElastoDyn dummy tower) /1 f( -.
ElastoDyn and SubDyn :
coupled at the tower base / \ ;
(interface joint) \ All modeled in
'_ — SubDyn, including
/ L " the tower legs
| Substructure | :
N " modeled in SubDyn p “! - : Hl _
_/f’“[‘ | ‘i"r- l"‘ir-

Conventional OpenFAST Use Approach for T-Omega Wind
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SubDyn Model of the T-Omega Wind Concept

SubDyn Model of the T-Omega Wind Platform

Cantilever joints
Universal joints

Pin joints

Ball joints
Concentrated masses
Beam elements

— Cable elements

* The four floats are considered rigid. 150

e rp & m .

* The mass and moment of inertia of the floats
are included using concentrated masses
attached to the leg-base joints.

100

= / ~_Rotor hub
* The rest of the structure is flexible. o 2~ _Axle tube
50 \ ,“\
* The tension brace is modeled using a cable \ \
element (linear spring). Tension
h b deled : ' prace
e Other members are modeled using ¢
g = Leg
Timoshenko beam elements with shear » I—/ \\/
effects. v & l _Float
‘ W~ '
* Pinjoints (#) allow the mooring fairlead Braces=—— u/ P Mooring
. i 40 & T~ fairlead
standoff to pitch freely about the y-axis. Fairlead
e Other joint types are also used at the tower 00 5, O " standoff
top to approximate the axle-hub assembly. !
SubDyn Linear-Frame Model T-Omega Wind Floating

Offshore Wind Turbine Concept
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Modeling of Hydrodynamic Loads on the Floats

Four potential-flow bodies
with separate load mapping to
the SubDyn structural model.

Current approach

The load on each float is evaluated separately using linear potential-
flow theory and a linear hydrostatic stiffness matrix.

The phase of the wave excitation is corrected based on the
instantaneous position to better evaluate the wave-following
behavior with platform drift (hew HydroDyn capability).

Hydrodynamic coupling among the floats can be included but is
currently neglected.

Strip-theory drag force with wave stretching and displaced structure
(new HydroDyn capability) is included to provide damping (not yet
tuned to experiment).

Challenges

Nonlinear hydrostatics because of changing waterplane area with
draft — can switch to a new nonlinear and exact hydrostatic load
calculation based on pressure integration (new HydroDyn capability)

Hydrodynamic load with large waves and motion remains a
challenge — need to consider some form of water-entry/-exit load
model or computational fluid dynamics simulations (future work)
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Revisions to the Initial Design

Global Arrangement and Sizing



Response Amplitude Operators of Hub Motion of the Original Design

Computed response amplitude operators (RAOs) of
hub motion to evaluate the wave-following
performance.

Simplified setup
A series of regular-wave simulations without wind

Idling rotor with feathered blades
Fully rigid structure
* No mooring

Ideal wave-following behavior indicated by x and x

x: One pair of floats fall on a wave peak while the
other pair fall in a trough. Expect heave RAO = 0 and
pitch RAO = (2 m)/(float spacing) = 1.64 deg/m.

x: All floats simultaneously fall on wave peaks. Expect
heave RAO = 1 and pitch RAO = 0.

Large pitch amplification just above 0.1 hertz (Hz)
because of platform pitch resonance indicates
deviation from ideal wave-following behavior.

RAO of Hub Heave Motion [m/m]

RAO of Hub Pitch Motion [deg/m]
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Revisions to the Original Design

Design revisions

* Increased float spacing from 70 m to 100 m to reduce pitch motion.

* Converged lower legs at axle to reduce bending moment from horizontal acceleration.

e Shortened mooring standoff to reduce mooring stretch.

* Strengthened legs and a heavier generator increased the total mass from 1,095 t to 1,500 t.

Updated design

Table 1. System Dimensions

Dimension Old Value  New Value Unit . . .
Float center-to-center distance 70.0 100 m Orlgmal dESIgn
Hub height from still water level 120 119 m
Axle length between legs 12.3 12.3 m
Draft 5.30 5.97 m
Upwmd distance from rotor to 98.2 704 -
fairlead
Maximum float diameter 14.7 16.8 m
Float cone height 5.67 6.57 m
Table 2. Masses of Key Components
Component Old Mass New Mass Unit
Mass of floats 410 410 Metric ton
Mass of tower legs 155 368 Metric ton

Rotor mass (hub, blades, and

299 357 Metric ton
generator rotor)
Axle assembly mass (axle tube, 143 296 Metric ton
generator stator, generator add-ons) 7
Structural bracing, mooring standoffs 89 139 Metric ton
Total mass 1,095 1,500  Metric ton Revisions to the T-Omega Wind design
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Response Amplitude Operators of the Revised Design With 100-m Float Spacing

Computed RAOs of hub motion of the updated design.

Simplified setup

* White-noise-wave simulations without wind
* Idling rotor with feathered blades
 Compared effects of structural flexibility

* Constant tower-top force of 1,500 kN (near-rated
thrust of the IEA 10-MW reference wind turbine)

* Linear-spring mooring line with 100 kN/m stiffness

Ideal wave-following behavior indicated by x and x

x: One pair of floats fall on a wave peak while the other
pair fall in a trough. Expect heave RAO = 0 and pitch
RAO = (2 m)/(float spacing) = 1.15 deg/m.

x: All floats simultaneously fall on wave peaks. Expect
heave RAO =1 and pitch RAO = 0.

Some pitch amplification near 0.15 Hz, but maximum
pitch RAO is approximately halved compared to the
original design

Platform flexibility impacts hub motion RAOs,
especially at higher frequencies

NATIONAL RENEWABLE ENERGY LABORATORY
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Estimated Extreme Tower-Top Fore-Aft Acceleration in 40-Year Sea States

* Estimated the root mean square (RMS) tower-top acceleration using the 40-year North Atlantic environmental contour from
the American Bureau of Shipping (2021) and the Joint North Sea Wave Project (JONSWAP) spectrum.

* RMS acceleration computed from the RAO in the frequency domain (not nonlinear time-domain simulations at this stage).

* Extreme tower-top fore-aft acceleration (4 times RMS in 3-hr storm) of the updated design with full flexibility is 1.15g.
(Prior analysis with a rigid mooring line and ideal wave-following behavior by Papadopoulos et al. (2021) suggests < 0.5g.)

* Key question: Are the cost savings from the lightweight platform enough to offset the increased cost of a modified turbine

that can sustain this level of acceleration?

Peak Period [s]
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(American Bureau of Shipping 2021)
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Conclusions and Future Work




Conclusions and Future Work

Conclusions
* The team developed a coupled aero-hydro-servo-elastic model of the T-Omega Wind wave-following floating offshore wind
turbine concept.

* The team redesigned the platform with 100-m float spacing, which led to improved wave-following performance.
* Despite structural flexibility, the extreme tower-top fore-aft acceleration can be realistically limited to approximately 1g.

* There is a need to determine whether the potential savings from the lightweight platform outweigh the costs of
developing and building a rotor and drivetrain that can withstand ~ 1g acceleration.

Future Work | ;;rﬂ
* Improve hydrodynamic modeling fidelity with nonlinear hydrostatics \ !
and possibly water-entry/-exit load models.*

* Validate the OpenFAST model with future wave-basin experiments.
* Model the aeroelastics of the four tower legs.

* Model shadow effects on the rotor from the upwind tower legs and
flow disturbances from the downwind legs.

* Simulate large transient yaw motion of the platform to evaluate
weathervaning performance.

* Items in red require code development in OpenFAST.

1:16-Scale Demonstrator in New Bedford, MA
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