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DNV Energy transition Norway 2022 – Commissioned by Norsk Industri

2x"Trollwind" / year! 
Positioning system for FWT has to be "optimal" (criteria yet to be defined) and standardized



Shared mooring (shared anchors and lines)
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Why are such "lattices" interesting?

Layout Square (level 3) Hexagonal (level 3) Individually moored

Number of anchors/floater 0.92 0.90 3

Number of lines/floater 2.77 2.10 3
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Challenges related to lattices

‒ Plenty! Resilience to line breakage,  installation, 
maintenance, wind loading/coherence, design optimization, 
standards (load cases?, consequence classes?),… 

‒ Focus today: dynamic response to wave loads
▪ #eigenmodes increases with the size of the lattice

o Associated eigenfrequencies are spread in the LF range →

▪ Resonances might occur so: 

o Nonlinear (LF) wave loads need to be predicted correctly 

o LF damping also must be quantified. 

"Connolly lattice"
Mass and added mass: INO Windmoor 12MW
Length/stiffness of anchored lines: 726 m 120 kN/m
Length/stiffness of shared lines: 1260 m 60 kN/m
Static loading along the horizontal axis (nonlinear static analysis)



 Eigenvectors

 Eigenvalues

Modal analysis

Dynamic equilibrium of the lattice

Free vibrations and eigenmodes



Eigenmodes (linear static analysis)
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NB: degenerate modes (same eigenfrequency for different modeshapes)



Eigenmodes (nonlinear static analysis)
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NB: note that modes are nondegenerate (symmetry has been broken due to mean load)

Loading: 
1.5 MN
45 deg



 Eigenvectors

 Eigenvalues

Modal analysis

Dynamic equilibrium of the lattice

Modal version of the dyn. equilibrium

Free vibrations and eigenmodes

where



Assumption: Rayleigh damping

• Let us assume that

• NB: absolutely no indication that this assumption is fulfilled

• Uncoupled system of linear oscillators: 
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Modal load

Modal response

Excitation frequency



Difference-frequency QTF
INO WINDMOOR 12MW floater
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Mean frequency∶
𝜔1+𝜔2

2

Difference frequency∶ 𝜔1 − 𝜔2
(which is also the loading frequency)
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Significant energy in the 
wave spectrum

Sensitivity of the individual 
FWT to frequency pairs

What drives the modal response of a lattice



What drives the modal response of a lattice
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Difference-frequency 
matching an eigenfrequency 
of the lattice (N=3)

Significant energy in the 
wave spectrum

Sensitivity of the individual 
FWT to frequency pairs



What drives the modal response of a lattice
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Difference-frequency 
matching an eigenfrequency 
of the lattice (N=4)

Significant energy in the 
wave spectrum

Sensitivity of the individual 
FWT to frequency pairs



Modal second-order wave load
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2nd order load at a frequency Δ𝜔 on one floater located at 𝑥

Use dispersion relation for deep water

Nodal loads (example, for a 3 cells x 2 dofs system) 

Modal load for mode Φ Modal response for mode Φ



Modal excitation of a given mode →

Modal excitation →
"Modulation" of the 
background excitation 
(QTF)
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Modal response →

Amplification at the 
corresponding 
eigenfrequency



Modal excitation Modal response

2x2 lattice
(8 modes)

3x3 lattice
(18 modes)

Example of modal excitation and response
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JONSWAP, Hs=7m, Tp=10s, wave propagation direction: 30deg



Conclusion

• Nonlinear wave loads will excite lattices of FWT near resonance

• Modelling approach:
‒ Non-linear static analysis
‒ Modal analysis
‒ Classical second-order hydrodynamics
‒ Extend the concept of QTF to modal QTFs for the lattice

• Important
‒ Phase of the excitation is important (between dofs also)
‒ Resonance frequencies cover a large frequency range, including relatively "high" frequencies (>10mHz)
‒ So steer away from Newman approximation!!

• Further work (regarding wave loads)
‒ Next: Line damping model
‒ Ultimate goal: compute QoI's (e.g. line tension) and obtain their statistical properties from modal response

• For lattices: work needed on many more fronts (design optimization, standards/RP, among other)
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Idea: collective pitch control to reduce modal loading
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