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TetraSpar proof of concept tests 2017
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Extreme responses and subharmonic forcing
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Extreme responses and subharmonic forcing
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Which wave episodes drive the
extreme response events?

« Experimental analysis with
harmonic separation

« Second-order response model with
modal calibration

 Accelerated QTF method
« NewResponse

« First-order reliability method
(FORM)

FloatStep - Science and innovation for floating wind technology
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Methodology — Harmonic separation

Walker, Taylor & Taylor (2004)
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Methodology — Harmonic decomposition

Walker, Taylor & Taylor (2004)
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Methodology — Harmonic decomposition

Walker, Taylor & Taylor (2004)
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Methodology — Harmonic decomposition

e Non-linear Stokes perturbation expansion (Fitzgerald et al., 2014):
F = fiiacos ¢ + fo,oa% cos 2¢ + fz3a3 cos 3¢ + fra* cos 4¢
+f50a% + f31a3 cos P + frpa* cos2¢ + 0(a®)

e Contributions to the odd and even harmonics:

Odd harmonic: @ = fi1acos ¢ + fzza3 cos3¢ + f31a3 cosp + 0(a®)

Fo+Fig0

2 = fo2a? cos2¢ + fyaa* cos 4 + froa? + fua* cos2¢ + 0(a®)

Even harmonic:

e Can be extended even further if 90 degree and 270 degree phase shifted data is
available - four-phase separation

e Can be adapted to responses as well (Orszaghova et al., 2020)

FloatStep - Science and innovation for floating wind technology
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- Extreme events extraction

Method 1 Method 1
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Environmental Conditions
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e We focus on Waves—only Full scale Model scale

EC  Type Uhw H.Hy T,7, Upw H,Hy T.7, | Turbine operation
e Sea state above rated conditions [m/s] [m]  [s]  [m/s] [m] s

03 below rated | 8.5 3.3 6.5 1.10  0.055 0.839 | yes

05 rated 11.4 416 7.3 1.47  0.069 0.942 | yes

06 above rated | 18.0  6.18 8.9 232 0.103 1.149 | yes

064 aboverated | 18.0  6.18 18.0 232  0.175 2.324 | yes

11 ULS 18.0 10.5 142 232 0.175 1.833 | 1dling

12 ULS 18.0 10.5 142 232  0.175 1.833 | yes

FloatStep - Science and innovation for floating wind technology




Odd: Surge [m]

Even: Surge [m]
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Can we predict these wave eplsoc(e”"SO‘Wi’fh”ré Smart o

e
response model?

e Second-order forward model = proUILEE SURaTe
‘ s g'(a) =0
e Run FORM to estimate the most \ o
likely extreme wave shapes “
(Ghadirian et al., 2017) Failure domain
e Compare to tests
g ) Design point
//,——""-—H_\\ a}\\ g(a’):()
f, P ﬁ\‘\ \ Security domain
\\\ \‘H_.._.’/ jl"fA"(af):
B -_ | _--7 Lineay approximation
- to-failure surface
Source: Her_nandez, Santiago & Diaz, Jaco_bo_& Ci_d M_ontoya, M!guel & BaId_on_1ir,_Aitor &
F|OatStep = SC|ence and innovation for f|OatIng W|nd technology Romera, Luis. (2012). Uncertainty and reliability in aircraft design and optimization. WIT

Transactions on the Built Environment. 125. 219-230. 10.2495/0P120191.



Model setup

e Response modelling

- HAWC2 (Morison based)
— QULAF

— Linear model (RAO)

— WAMIT a, b

— Slender-body model (TBI)

e Second-order forcing
— Newman’s approximation from

e Linear hydrodynamics [>

WAMIT
— Full response QTF from WAMIT

— Accelerated second-order
slender-body model (TBI)

FloatStep - Science and innovation for floating wind technology
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The accelerated approach

F(Z) z Z QT i ﬁ] ﬁl ei(wj+wl)t_|_ CC

e The traditional quadratic frequency interactions are J__Nz__

costly in terms of CPU time
F_(Z) — Z Z QTP}I ﬁ] ﬁl ei(wj—wl)t_|_ cC

e Thus an accelerated approach is introduced j=—N1=—N
(Bredmose and Pegalajar-Jurado, 2020a,b)

e Eigenvalues/eigenvectors of the combined QTF matrix

e ~1000 times faster than the traditional method for a 3
hour time series

QTF~| | QTF" SR . (|
B ) i W) o- % _,ZN |

FloatStep - Science and innovation for floating wind technology
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Damping calibration of the forward model

e A constant linear global damping matrix B is built in
the modal space

e The modal damping coefficients bn for each mode
are calibrated

e The six modal damping ratios ¢{n are calibrated until
the deviation of the standard deviation of the
response is less than 5%

FloatStep - Science and innovation for floating wind technology

B = (qjgum)_l[bn]qjﬁdm-
by = 20n/Mpky.
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Statistics of the forward model:
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1st-order verification of FORM setup: NewRespons&:

e Based on the NewWave theory (Tromans et al., 1991):
The expected shape of an extreme event

e Is easily applied to linear force and response

ax —iw;jt
(SChIQfer et al 2017) "INewResponse = O'_)% Re{SnF(a)j)Awe d }
J
. . — Xx * —ilw;t
e Compared to filtered exp. data - ‘linear’ response XNewResponse = G—)%z Re{S; ()™ (w))Awe™ i}
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1st-order verification of FORM model: NewResponse
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1st-order verification of FORM model: NewResponse
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2nd: Surge [m]
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2"d-order FORM model - our present results
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2"d-order FORM model - our present results

FloatStep — Science and innovation for floating wind technology
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2"d-order FORM model - our present results
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Surf. elev. [m]
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2"d-order FORM model - our present results
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2nd: Surge [m]
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2"d-order FORM model - our present results
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Which wave episodes drive =

o
the extreme response events?

Harmonic separation:
- Even and odd harmonic responses for surge, heave and pitch separated
- Show clear group structure at wave and natural freq, respectively

Second-order response model:
- Response level matched well in linear and full frequency range
— Calculation of QTF forcing speeded up to O(N logN) process

NewResponse:
- NewResponse matches linear experimental results well

FORM for prediction of design waves
- Linear signal shapes are slightly over-predicted
- Second-order signal shapes are generally asymmetric
— Push-up by multiple groups seen in numerical surge
- Short-episode artefacts may be eliminated by direct averaging.

Method can be extended to e.g. tower top acceleration and mooring loads

FloatStep - Science and innovation for floating wind technology



/nnovation Fund Denmark

DTU

-

Acknowledgements

e This work was carried out as part of the FloatStep project.
The research leading to these results has received funding
from Innovation Fund Denmark (IFD) under grant no. 8055-
00075B.

FloatStep - Science and innovation for floating wind technology



/nnovation Fund Denmark

References (1/2)

1)

2)

3)

4)

5)

Borg, M., Bredmose, H., Stiesdal, H., Jensen, B., Mikkelsen, R., Mirzaei, M., Pegalajar-Jurado, A., Madsen, F.,
Nielsen, T., and Lomholt, A. Physical model testing of the TetraSpar floater in two configurations. In 15th Deep
Sea Offshore Wind R&D Conference (EERA DeepWind), Trondheim, Norway, January 2018.

Bredmose, H. and Pegalajar-Jurado, A. (2020) ‘An O(N log N) method for for second-order wave loads on a
vertical pile’. Presented at 35th International Workshop on Water Waves and Floating Bodies, (Seoul) Online,
August 2020

Fitzgerald, C., Taylor, P., Eatock Taylor, R., Grice, ]., and Zang, J. Phase manipulation and the harmonic
components of ringing forces on a surface-piercing column. Proceedings of the Royal Society A-Mathematical
Physical and Engineering Sciences, 470, 2014. doi: 10.1098/rspa.2013.0847.

Ghadirian, A., Bredmose, H., & Schiger, S. (2017). Prediction of the shape of inline wave force and free surface
elevation using First Order Reliability Method (FORM). Energy Procedia, 137, 162-176.
https://doi.org/10.1016/j.eqypro.2017.10.343

Grice JR, Taylor PH, Eatock Taylor R. 2015 Second-order statistics and ‘designer’ waves for violent free-surface
motion around multi-column structures. Phil. Trans. R. Soc. A 373: 20140113.

FloatStep - Science and innovation for floating wind technology

i


https://doi.org/10.1016/j.egypro.2017.10.343

/nnovation Fund Denmark

i

References (2/2)

5) J. Orszaghova, P.H. Taylor, H. Wolgamot, F.]J. Madsen, A. Pegalajar-Jurado, H. Bredmose (2020) ‘Second and third order
sub-harmonic wave responses of a floating wind turbine’ Presented at 35th International Workshop on Water Waves and
Floating Bodies, (Seoul) Online, August 2020

6) Pegalajar-Jurado, A, & Bredmose, H. "Accelerated Hydrodynamic Analysis for Spar Buoys With Second-Order Wave
Excitation." Proceedings of the ASME 2020 39th International Conference on Ocean, Offshore and Arctic Engineering.
ASME.

7) Schlger S, Bredmose H, Ghadirian A (2017). ‘Analysis of experimental data: The average shape of extreme wave forces on
monopile foundations compared to the New Force model’, Energy Procedia 137 pp 223-237.

8) Tromans, P.S., Anatruk, A.R., Hagemeijer, P.. New Model for the Kinematics of Large Ocean Waves Application as a Design
Wave. Proceedings of the First International Offshore and Polar Engineering Conference 1991;8(August):64-71.

9) Walker, D.A.G, Taylor, P.H and Taylor R.E (2004) ‘The shape of large surface waves on the open sea and the Draupner
New Year wave’. Appl. Ocean Res. 26, pp 73-83

FloatStep - Science and innovation for floating wind technology






	Slide Number 1
	Slide Number 2
	TetraSpar proof of concept tests 2017
	Extreme responses and subharmonic forcing
	Extreme responses and subharmonic forcing
	Slide Number 6
	Methodology – Harmonic separation
	Methodology – Harmonic decomposition
	Methodology – Harmonic decomposition
	Methodology – Harmonic decomposition
	Methodology – Extreme events extraction
	Environmental Conditions
	Results - method 1 �Extreme events are conditioned on total response
	Can we predict these wave episodes with a response model? 
	Model setup
	The accelerated approach
	 �Damping calibration of the forward model
	Slide Number 18
	1st-order verification of FORM setup: NewResponse
	1st-order verification of FORM model: NewResponse
	1st-order verification of FORM model: NewResponse
	2nd-order FORM model – our present results
	2nd-order FORM model – our present results
	2nd-order FORM model – our present results
	2nd-order FORM model – our present results
	2nd-order FORM model – our present results
	Slide Number 27
	 Acknowledgements
	References (1/2) 
	References (2/2) 
	Slide Number 31

