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Preface

In this report the results from project IEA Annex 30 Offshore Code Collaboration Continued
(OC4) phase II are reported with main attention to the Danish results obtained within the
EUDP funded project IEA Annex 30: Offshore Code Collaboration Continued (OC4) 64010-
0071. The results from the international comparison is summarized here with respect to the
phase 1 addressing a jacket substructure and phase II addressing af semisub version.

Further on, supplementary investigation by DTU Wind Energy is carried out to explain some of
the notices differences with respect to both jacket and semisub results. This mainly concerns
the influence of super element reduction for the jacket and a more comprehensive comparison
of three hydrodynamic approaches using the aeroelastic code HAWC2 for the semisub. Here an
engineering approach mainly based on Morisons approach is used for a HAWC2-standalone
version, as well as two approaches where HAWC2 is coupled together with a potential flow
solution WAMSIM and WAMIT respectively. The theory of these three approaches is also
presented. With these approaches it is possible to explain in detail some of the differences
seen in the international comparison.

With this project, the application range for the aeroelastic code HAWC2 was significantly
extended as also obtained increased international recognition.

Roskilde, April 2014

Torben J. Larsen
Senior scientist, project leader.

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+I1I. Final report of the contributions from EUDP 64010-0071



IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+I1I. Final report of the contributions from EUDP 64010-0071



Content

51010 11 1= T 8
LISt Of PAIICIDANTS ......eteeeeeieeiit ettt ettt b e ettt ettt e e ekt n e r et e e e 11
Physical meetings iN the PrOJECT ..........eiiii e e e 12
LiSt Of PUDICALIONS ... e e e e e e e e e e e e e e eeeeeaeeaeaeeeeeeeeeeeeennes 13
I [0 10T = U o = o 1= TSRS 13
CONFEreNCE CONTIIDULIONS .....ouiiieiiiiiiet ettt et et e e n e abeeare s 13
LT g 1= L =] o To ] 4 £ SRR 14
[ T2 TS OO P TP UPPPPPRR 15
=3 g oo [P RTUPUPRRURRTRRUI 15
Turbine and Jacket efiNItION ...........ooiiiii et et b et naes 17
PRESE |2 LOAUCASES. ....ccuvieueteitieiieieii ettt ettt b ettt a e sb et e e bt s bt e bt e b e e bt e nbe e eh b e nhe e e ae e ea b e enbeeaneesbeenneanne e 20
Phase |: Sensors and COOrdiNate SYSEMS ......cciuiiiiiieeiiieeieeesie e e seeeseee et e s sreeeesteeeseeeesreeessneeesrseeenseeenneeens 23
PRASE |2 RESUILS ...ttt ettt b et e bt e ke e ehb e s as e bt e st e e ar e e nbeeanreneneaan e e 24
Phase I: Study of super element reduction IMPACT...........cooiiiiiiiiiiiie e 30
[ T2 TS | OO PR UPPPPPRRT 40
IMEENOAS ... ettt oo ettt e e e e e e e e e et e e e e e e e e e e e e e e e e 40
HAWEC2-SEANUAIONE ...ttt ettt ettt bttt et e e bt e et e e bt e s beeeh b e s aneeaeeeaeeabeenbeeaabesbneanne e 41
HAWECZ2-WAMSIM ...ttt ettt ekttt e ookt e e e e bttt e e e ek bae e e e e s aabe et e e e ambe et e e e ennasee e eanbbeeaeeaneneeaenas 44
HAWECZ2-WAMIT ettt ekttt e ettt e oottt e e o ea bttt e a4 aa b tb e e e e e ean bt e e e e aaabe e e e e e nneeeeeanbbeeeeeanseneeaeaas 47
LOBACASES ...ttt bbb e E e Rt bRt et e e b e b e e te e n e r e 51
Phase II: Sensors and COOrdiNAte SYSIEMS ......cc.oiiiiiiiriiieee ettt et 53
PRESE 11 RESUILS ... bttt e e bt n et se e e e be e s be e s e seneer e 56
ACKNOWIEUGEIMENES......ce ittt e e e e e sttt e e e e e s e e bbb e e e e e e e e s e annnnnees 76
RETEIEICES ...ttt e e e e e e ettt e e e e e e e e e bbb ee e e e e e 77
Appendix A: Larsen, T.J. (2011) ....uuuueeiiieeeiioiiiiiiiee e e e e e s et ee e e e e e s eaae s e e e s s s bbb eraaaaeaaaann 79
Appendix B: Vorpahl, F €t. Al (2014)......oeiiiiieiie et 80
Appendix C: Vorpahl €t.al. (2013) ......ouiiiiiiiieeiiiiee et 81
Appendix D Vorpahl and POPKO (2013)....cceeiiiiiiiiiiiiiiiiieiiiiiiiii e a s e e e e e e e e aaaeaaaaeaeaaaaaaaaaaees 82
Appendix E Larsen, T.J. €t.al. (2011)...ccceeeeiii e e e e e e e aaaaas 83
Appendix F POPKO, W. €.l (2014) ....cciiiiiiiiiiiiiieet ettt e e e e e e e e e e e 84

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+I1I. Final report of the contributions from EUDP 64010-0071



Appendix G Popko, W. et.al. (2012)........uuiiiiiiiiieiiiieeeee et 85

Appendix H POPKO, W. €1.81 (2012) ....cciiiiiiiiiiiiieee ettt e e 86
Appendix | Robertson, A. €t.al (2013) ...ccouiiiiiiiiiiiiiiiiiiiiiiiiii e a e e e e e e e e e e e aaaaaaaas 87
Appendix J Robertsen, A. €L.al (2013) ...cccoiiiiiiiiiiiie et a e e 88
Appendix K: Robertsen, A. 1.2l (2014)........ooiiiiiiiiiiiii et 89
Appendix L: Larsen, T.J. €t.al. (2014) ..ot 920
Appendix M Robertsen, A. et.al. (2013) ...ccoeiiieie e 91

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+I1I. Final report of the contributions from EUDP 64010-0071



Summary

In this report the results from the project IEA Annex 30 Offshore Code Collaboration Continued
(OC4) phase II are reported.

The purpose of the project was to develop and verify existing aero elastic simulation tools for
offshore wind turbines mounted at two different sub structures for water depths above 20m.
The project was an international corporation consisting of developers and users of the
simulation tools for offshore wind turbines within the framework of the international IEA Annex
30, titled “Offshore Comparison of Dynamic Computer Codes and Models”. This annex was an
extension of the previous Annex 23, which had the purpose of development and verification of
computer codes for selected sub structures covering a water depth up to 30m as well as a
floating concept suited for water depths above 150m. The unique thing about these annex was
the constellation of international experts from the wind turbine environment and conventional
oil and gas industry. This led to a distribution of knowledge for all parties causing an increased
fidelity in the simulation tools crucial for cost effective offshore wind turbines. With this
project, the application range for the aeroelastic code HAWC2 was significantly extended as
also obtained increased international recognition.

The project was split in two main tracks. The first contained simulations of a 5SMW wind turbine
mounted on a jacket at 50m water depth. Benchmark cases were established where the
complexity was gradually increased. The first cases covered stand still frequency analysis and
steady state load distribution. Wave loads were later introduced and the complexity gradually
increased until the final cases with fully turbulent atmospheric inflow, irregular wave loads and
a fully flexible construction. The approach of gradually increasing the complexity made it
possible to locate the reasons for discrepancies yet still also to include design driving load
cases.

The second track contained simulations of a floating turbine mounted on a semi sub. The large
dimensions on this semi sub were expected to require consideration of significant
radiation/diffraction forces. To solve this, more advanced hydrodynamic tools than the
traditional approach using Morison’s formula, were used. At DTU Wind Energy, an approach a
coupled method between the aeroelastic code HAWC2 and the potential flow solver WAMSIM
by DHI/MIT as well as a HAWC2 stand-alone approach using Morison formula and contributions
from distributed buoyancy was used. In the final part of the project a third approach was also
enabled consisting of a direct coupling between HAWC2 and WAMIT by MIT. As for the jacket
simulation cases the complexity was gradually increased from frequency analysis during
standstill until full dynamic simulations in time domain. A special case consisting of a loss of
mooring line was also included as this special case seemed to be included in the new upcoming
IEC standard for floating wind turbines.

One of the main results of the project is the establishment of a database, including the
definition of turbine and sub structure as well as the simulation results from the multiple
partners. This database enables present and new code developers to compare and verify their
results, which is a necessary step on the way to reliable and cost effective wind turbines

Phase | results

In general there is a very fine agreement between the participants regarding the
eigenfrequencies of the full system. Especially the first eigenmodes, which are most important
for the load response of the substructure is in fine agreement. The higher order modes are
agreement within +-10% and it seem as the modal based codes in general predict slightly
higher eigenfrequencies than codes solving the full set of degrees of freedom.
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With respect to the static load distribution within the jacket there seem to be surprisingly large
differences. The differences seen in the jacket corner legs can to some extent be explained by
minor differences in modeling of marine growth and for one sensor also different modeling of
the grouting connection at sea bed. Earlier in the project even larger differences was seen,
which was mainly explained by difference in the way buoyancy was modeled. After some
discussions it was clear that the approach of using integration of external water pressure was
most accurate with respect to the distributed internal forces in the jacket. This is also the
approach that from the start was used in the HAWC2 code. With respect to the internal brace
loads in the jacket even larger differences was seen with respect to the static loads. Mean load
levels was seen to deviate up to a factor 3. This could to some extend be explained by
different modeling of structural beams, where it has previously been found that for static
undetermined structures as tripods or even jackets it makes a difference whether Timoshenko
or Euler beams are used for the modeling. In a separate study by DTU Wind Energy it was
found that the reason for discrepancies could also directly caused by limitation in modal based
or super element based approaches. This however depends directly on the way the methods
has been implemented, but it seem to be necessary to include a correction term, where the
missing high order terms neglected in the modal approach is included as a static load
contribution.

The dynamic loading was in rather fine agreement where the fatigue load levels was in
agreement within 20%, which is considered acceptable at the present state where only very
limited experience with these constructions are present.

A separate study by DTU Wind Energy concluded that the jacket foundation approach may be
rather sensitive with respect to loading of steep non-linear waves. This study was based on the
exact same wind turbine and jacket used in the OC4 project to which a fine agreement
between all codes was seen for linear waves. The study only consisted of numerical simulation,
so no final conclusion was drawn, but at least it can be concluded that steep non-linear
irregular waves must be included in the design considerations for wind turbines mounted on
jacket (or similar) structures.

Phase Il results

In general a very fine agreement is seen for all the results with respect to eigen frequencies
and free decay transients, which indicates that added mass effects can be well handled by
Morsions approach together with additional added mass effects from the heave plates
according to (Newman, 1986) and proper consideration of buoyancy.

A fine agreement is also seen when simple wave load cases are applied to the rigid system.
The main difference in response is the second order drift forces that are not present using the
potential flow methods. A drift force is seen for the HAWC2-standalone due to the wheeler
stretched wave profile. This causes a different response in especially the anchor line, where
the tension in the upstream line is higher for the HAWC2-standalone than for the coupled
versions.

The pitch motion is slightly higher for the HAWC2-standalone version than for the version with
WAMIT or WAMSIM when the structure is subjected to linear incoming waves. The
consequence of this is a noticeable increase in especially tower bottom loads. When flexibility
in the structure is also introduced, where full flexibility in the substructure is only possible with
the HAWC2-standalone version, the tower loads increase even further. These results are in line
with results seen from the international comparison. It is generally recognized that WAMIT and
WAMSIM are significantly more advanced hydrodynamic codes than an engineering approach
using Morisons equation on distributed beam elements. However these models are eg rather
simple with respect to viscous drag force modeling and so far not capable of handling flexible
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structures. From the study in can therefore not be concluded, which approach for this
particular system is the best, but only that large differences in tower loads are seen.

Furthermore a comprehensive comparison of three hydrodynamic approaches using the
aeroelastic code HAWC?2 is presented. Here an engineering approach mainly based on Morisons
approach is used for a HAWC2-standalone version, as well as two approaches where HAWC2 is
coupled together with a potential flow solution WAMSIM and WAMIT respectively. The theories
of these three approaches are also presented. With these approaches it is possible to explain in
detail some of the differences seen in the international comparison.

General code improvements

During the project the aeroelastic code HAWC2 was extended with respect to simulations on
jackets, which includes both expansions of structural and hydrodynamic aspects. The solver
was improved significantly with respect to correct handling of hydrodynamic added mass and a
pre-processor specifically aimed for handling the complex design of a jacket was developed.
The wave kinematics module was improved so wave kinematics can be pre-calculated in a
reduced number of points causing a remarkable speed up. In the final part of the project it was
also made possible to condensate the complex jacket structure to a super element. This
reduced the degrees of freedom from 700+ to about 20, which makes it possible to simulate
fully coupled turbine-jacket simulations at real time, which is about same speed for onshore
turbines. The advantage of having the option of whether the structure should be condensed or
not has the advantage that the required mode shapes for the condensation can be found using
a few initial simulations for a specific problem.

The models used for modeling of dynamic mooring lines were improved with respect to
robustness and influence of wave loading. The code HAWC2 was coupled together with the
hydrodynamic codes WAMSIM and WAMIT respectively. The project was used to verify these
couplings for numerical errors and thereby ensured a useful tool within very short development
time. The eigenvalue solver in HAWC2 has been improved so that mooring line contributions as
well as contributions from external systems are included from a linearized steady state
condition. This also included contributions from WAMIT and/or WAMSIM. Furthermore, it is now
possible to reduce the floating substructure to a linearized super element, as for the jacket.
This is especially useful related to stability analysis and tuning of control parameters in
frequency domain combination with the code HAWCStab2, or simply to carry out time
simulations very fast.
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Physical meetings in the project

An important part of the project is the sharing of knowledge between the participants, which to
a large degree has been done through physical meeting during the project. These meeting has
been placed in conjunction with important conferences that people planned on attending. The
list of meeting have been shown below

Kick-off meeting, Warsaw, poland, April 26, 2010

Meeting 1 (Kick-off 2), Bremerhaven, Germany, June 8, 2010
Meeting 2, Hamburg, Germany, October 29, 2010

Meeting 3, Maui, Hawaii, USA, June 24, 2011

Meeting 4, Amsterdam, The Netherlands, December 2, 2011
Meeting 5, Rhodes, Greece, June 22, 2012

Meeting 6, Vienna, Austria, Feb 8, 2013

Meeting 7, Nantes, France, June 14, 2013

Meeting 8, Frankfurt, Germany, November 19, 2013

Further on 16 web based meeting has been carried out.
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Phase I:

Phase I addresses benchmark comparison of the 5SMW NREL Wind turbine mounted on a jacket
foundation.

Methods

A total of 15 different codes participated in the benchmark as listed in Table 1. Some of the
codes are standalone codes, where others are coupled approaches between a turbine load code
and another specific foundation module eg. FLEX-ASAS and FLEX5-Poseidon. In general the
aerodynamic modules are all based on the Blade Element Momentum (BEM) approach, but as
always the Devil is in the detail and the implementation of the BEM approaches are not
completely identical. However, for these aerodynamically rather simple cases it was previously
found in the OC3 project (Vorpahl et.al., 2013) that a sufficient match was present with
respect to comparisons of foundation loads.

With respect to the structural formulation there are in general two different approaches, full
Finite Beam Element (FEM) and a modal based approach. Some codes used combinations of
the two. When going one level deeper into the differences, some codes used a multibody
formulation, and some codes a Craig-Bampton, Guyuan or third approach for generating the
mode shapes. It is not possible to provide a full overview of all the codes, but for the HAWC2
code, please see (Kim et.al 2013) and for the other codes please see Table 1.

The hydrodynamic forces for the jacket simulation are primarily based on Morisons approach
(Morison et. al 1950) with extensions for added mass and buoyancy. Especially there are
different approaches with respect to how buoyancy is implemented. In HAWC2, the buoyancy
approach is based on pressure integration as explained in the methods section in the phase II
chapter which is the correct approach when distributed forces within the structure is targeted.
Many other codes used as default some kind of inverse gravity, reduced density or principles
from Archimedes, but these methods only ensure the total buoyancy to be correct, not
necessarily the distributed forces. Another point for different approaches is how to handle
flooded members. In the beginning of the project all codes (except HAWC2) used an increased
mass of the steel component for the flooded corner piles. This ensures a correct total mass
(steel+water), but the distribution of internal axial forces is not necessarily correct. The
explanation is that water inside the legs are not rigidly attached to the steel wall, but will
cause pressure in the bottom plate only and therefore only to a very limited level cause axial
compression in the legs (assuming the legs are not divided into compartments). After this was
presented by DTU, all the other code developers changed their practise. This is described in
more details in (Popko et.al 2014).

The wave kinematics is for linear regular and irregular waves based on the Airy Method (Airy,
1841) where the surface elevation issues are accounted for using Wheeler stretching (Wheeler,
1970). The steep waves are accounted for using stream function wave theory (Chaplin, 1980)
and (Fenton, 1988). Related to both the IEA OC4 project, but also a Danish PSO project a
study of the wave loading on the jacket using fully non-linear and irregular waves was carried
out using HAWC2 and presented in (Larsen, 2011) as well as (Bredmose et.al. 2013). These
results are however not included in the general benchmark cases, but shows that the jacket
construction could be highly sensitive to steep waves causing a high amount of transient
vibrations.
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Code Aerodynamics (aero) Hydredynamics (hydre)  Control {servo) Structural (elastic)
3DFIoat BEM or GIW Airy®T or UD Stream + un FEM
ME
ADAMS + AgroDyn - BEM or GDW + DS Airy®T or UD or Stream + DLL or UD MBS
ME
ADCoS-Offshore BEM + DS Airy®T or UD or Stream + DLL or UD FEM
ME
ASHES BEM + DS a!.ir;\.'s":r +ME Iniemal control FEM
system
Bladed V3.BX BEM or GDW + DS Airy®T or UD or Stream + DLL or UD FEMP + Modal/MBS
ME
Bladed V4 Multibody BEM or GDW + DS Airy®T or UD or Stream + DLL or UD MBS

ME

FAST-ANSYS

BEM or GDW + DS
{(AeroDyn)

Airy®T or UD + ME

DLL or UD or SM

Support structure: FEM,
Turhine: FEMP +
Modal/MBS

FEDEM WindPower

BEM or GIDW + DS

Airy, AiryS!T_ Stream +

DLL or Uy or

MBS/FEM Modal

(AeroDyn) ME Inzmal control (CMS)
system

Flzx-ASAS BEM or DS Airy“ or UD + ME DLL Muodal, FEM

Flzx5-Poseidon BEM or GDW + DS Airys'I or UD or Stream + DLL or UD FEM + Modal
ME, Interface to
WaveLoads

GAST BEM or 3ADFW + DS Airys'I + PFor Steam +  DLL or UD MBS/FEM
ME

HAWC2 BEM or GDW + DS Airy“ or Stream or UD + DLL or UDor SM - MBS/FEM
ME

OneWind BEM or GDW + DS f!.ir'ys‘tr or UD + ME DLL or UDy MBS/FEM

Phatas-WMCfem

BEM or GDW + DS

Airy®T or Stream + ME

DLL or Internal
modeling

Rotor-FI, Tower: FEM
+ Craig Bampton

USFOS-vpOne

BEM + DS

AiryST or Stokes® 51
order or Stream + ME

DLL or UL

FEM

IDFW — Frez Wake Vonzx particle method

Airy — Airy theory

AiryST _ Ajry theory with stretching method
BEM - Blade Element Momentum Theory
CMS5 - Component Mode Synthesis

DLL — External dynamic link library

D8 — Dynamic Stall Implementation

FEM — Finitz-glement mathod

FEMP — Finite-glement method for mode

pre-processing only

PF — Linear potential flow with radiation and

diffraction

GDW — Generalized Dynamic Wake Theory, there are differant
formulations of these models that account for dynamic wake, but these
differences are not discriminated hare.
MBS — Multibody-dynamics formulation
ME — Morison’s Formula

Modal - Modal reduced system
Rotor-FI — Monlinear partial differential equations of the rotating and
elastically deforming rotor (slender beams) solved by finite difference
method and cubic spline for deformation figld.
SM — interface to Simulink with Matlab
Stream — Dean’s siream function

UD - User-defined subroutine

Table 1: List of simulation codes included in the phase 1 benchmark.
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Turbine and jacket definition

In the OC4 project, the "NREL 5-MW Offshore Baseline Turbine” defined by Jonkman et al.
(2009) is supported by the UpWind reference jacket model developed by Vemula et al. (2010)
and further adopted by Vorpahl et al. (2011) for the needs of this benchmark exercise, see
Figure 1. The definition of the jacket support structure, used within the OC4 project, consists
of a jacket substructure, a transition piece and a tower. Four legs of the jacket are supported
by piles, which are modeled as being clamped at the seabed, see Figure 2. The legs are
inclined from the vertical position and stiffened by four levels of X-braces. Additionally,
mudbraces are placed just above the mudline to minimize the bending moment at the
foundation piles. The jacket and the tower are connected through a rigid concrete transition
piece. The elevation of the entire support structure is 88.15 m, whereas the hub height is
90.55 m. The OWT is analysed for a site of 50m water depth.

The definition of the OWT should be as simple as possible to minimize the effort and modeling
errors in its implementation in various codes. On the other hand, its complexity should allow it
to mimic the structural behaviour of a real OWT and to depict differences in results between
the simulation codes. For simplification reasons, it is decided not to include appurtenances on
the jacket structure such as boat landings, J-tubes, anodes, cables, ladders etc. Also, joint
cans are not taken into account in the setup of the model. At joints, the connecting nodes of
elements are defined at the intersection points of the members’ centerlines. This leads to
overlap of elements in the analysed jacket. Due to the overlapping members, the mass of the
jacket is overestimated by about 9.7 %, though there is only a marginal influence coming from
overlapping parts on eigenfrequencies and simulated loading as demonstrated in Kaufer et al.
(2010). The additional masses such as: hydrodynamic added mass, water in flooded legs and
marine growth, have a strong influence on the dynamic response of the structure, and
therefore, are included in the model description. Marine growth mass and hydrodynamic added
mass are also slightly overestimated considering the presence of overlapping members, but
that was assumed acceptable in the light of this project aiming primarily on the benchmark
using identical modeling data.

A visualization of the combined structure through the HAWC modeling is shown in Figure 3.
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Figure 1: lllustration of the modeled turbine and jacket foundation.
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Figure 2: Illustration of details relted to the trasition piece and the pile connections using a
grouted connection
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Figure 3: Visualization of the HAWC2 model with the blades in a deflected state. Left: With
surface, right: Element and node resolution.
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Phase I: Loadcases

A set of load cases was defined starting with very simple standstill conditions without wind or
wave loading just to ensure a similar static load level and to compare natural frequencies and
component mass during standstill. The next set of cases consisted of again simple load
situation, now with a rigid construction subjected to simple wave or wind loading to ensure
that the hydro and aerodynamic input was of same magnitude before proceeding to the more
complex cases with a fully flexible structure subjected to fully turbulent wind loading during
operation and a fully irregular sea state. The load cases can be found in Table 2 to Table 6.

Load Enabled Wind Wave Analysis Type Initial
Case DOF Conditions  Conditions Conditions
1.0a  Support No air No water Eigenanalysis, no gravity or damping,
structure natural frequencies and mode shapes
1.0b Al No air No water Eigenanalysis, no gravity or damping, Q =0rpm
natural frequencies and mode shapes & = 0 deg
©® =0deg
brake applied
1.0c  Support No air No water Eigenanalysis, gravity and structural
structure damping included, damped
frequencies and mode shapes
1.0d Al No air No water Eigenanalysis, gravity and structural Q =0rpm
damping included, damped & = 0deg
frequencies and mode shapes ©®=0deg

brake applied

Table 2: Overview of loadcases with a standstill situation with a flexible construction.
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Load Enabled Wind Wave Analysis Initial
Case DOF Conditions Conditions Type Conditions

2.1 None No air Still water Static simulation
including gravity
and buoyancy to

MSL
22 None, Rotor  Steady, uniform, MNo water Periodic Q=9rpm
speed and no shear, time-series & =0deg
blade pitch Vihub = 8m/s solution ©=0deg
via controller
2.3a None No air Regular Airy: Periodic Wave simulation
H=6m,T=10s time-series starts from crest
solution atx=0,y=0
(global system)
23b None No air Regular stream Periodic Wave simulation
function (Dean, 9th):  time-series starts from crest
H=8m,T =10s solution atx=0,y=0
(global system)
2.4a MNone, Rotor  NTM (Kaimal): MNo water PDF, DEL, Q=121rpm
speed and Viub =V =11.4m/s power spectra & =0deg
blade pitch o, = 1.68m/s
via controller o, =1.34m/s
o= 0.84m/s
Li,=34020m
Lyy=113.40m
Li:=27.72m
Le=34020m
Wind shear: « =0.14
2.4b  MNone, Rotor  NTM (Kaimal): MNo water PDF, DEL, Q=121rpm
speed and Vius = 18mi/s power spectra & =0deg
blade pitch o, =2.45m/s
via controller o, =1.96m/s
o, =1.23m/s
Ly, =340.20m
Li,=113.40m
Lp.=2772m
Ly =340.20m
Wind shear: a =0.14
25 MNone Mo air Irregular Airy: PDF, DEL,
H;=6m,T, =105, power spectra

Pierson-Moskowitz
wave spectrum

Table 3: Overview of loadcases with a rigid construction subjejted to wind and wave loading.

Load Enabled Wind Wave Analysis Initial
Case DOF Conditions Conditions Type Conditions
32 All, Rotor speed Steady, uniform, Mo water Periodic Q=9rpm
and blade pitch via no shear: W, = 8m/ss time-series & = 0deg
controller solution ©=0deg
3.4a Al Rotor speed NTM (Kaimal): Mo water PDF, DEL, Q=12.1rpm
and blade pitch via Vo =Vr=11.4m/s power spectra & = 0deg
controller o, = 1.68m/s
o, = 1.34m/fs
. =0.84m/s

Ly =34020m

Ly, =11340m
Li,=2772m
Lc=34020m

Wind shear: @« =0.14

Table 4: Overview of loadcases with a fully flexible construction subjected to wind, but not
wave loading.
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Load Enabled Wind Wave Analysis Initial Conditions
Case DOF Conditions Conditions Type
43b  Support structure  No air Regular stream function  Periodic Wave simulation starts
(Dean, 9th): H =8m, time-series from crest atx =10,
T =10s solution v =0 (global system)
45 Support structure  No air Irregular Airy: PDF, DEL,

H; =6m, T, =105,
Pierson-Moskowitz wave
spectrum

power spectra

Table 5: Overview of loadcases with a rigid turbine, a flexible jacket subjected to wave loading

only.
Load Enabled Wind Wave Analysis Initial
Case DOF Conditions Conditions Type Conditions
56 All, Rotor speed  Steady, uniform, Regular stream Periadic Q=9rpm
and blade pitch  no shear: function (Dean, 9th). time-series ¢ =0deg
via controller Vhup = 8 m/s H=8m,T=10s solution © =0deg
wave simulation
starts from crest
atx=0,y=0
(global system)
57 All, Rotor speed  NTM (Kaimal): Irregular Airy: PDF, DEL, Q=121rpm
and blade pitch  Vyyp = 18m/s Hs;=6m,T; =105, powerspectra < =0deg
via controller o, =2.45m/s Pierson-Moskowitz
g, =1.96m/s wave spectrum
o, =1.23m/s

L, =34020m
Liy,=113.40m
Li;=27.72m
L:=34020m

Wind shear: & =0.14

Table 6: Overview of loadcases with a fully flexible construction subjected to both wind and

wave loading.
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Phase I: Sensors and coordinate systems

The coordinate systems used in the output channels are defined according to the IEC and GL
recommendation. For the substructure this means that the x axis is the default wind direction

and z is positive upwards, see Figure 4 and Figure 5.

Figure 4: Coordinate system of the tower and substructure
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Figure 5: Position of output sensors for the substructure
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Phase I: Results

The results presented in this chapter is mainly based on the papers (Popko et.al. 2012) and
(Popko et.al. 2014)

The first comparisons addressed natural frequencies and stand still cross sectional load levels.
The natural frequencies are shown in Figure 6, where a fine agreement is seen in most cases.
The variation in frequency is very low for the first few modes, which are also the most
important ones with respect to tower and substructure loads. For the higher modes there in
general also an agreement within +/-10%, however it is also clear that it sometimes can be
difficult to identify the different mode shapes, which most likely is the reason for the
discrepancies of the 1% edgewise collective mode. In the HAWC2 results this mode does not
even exist, since collective edge is the same mode as the one denoted 1% drivetrain torsion.
(Popko, 2014) concludes that for the higher order modes as the 2" flap or edgewise mode
there seem to be a systematic difference between full FE based codes and modal based codes,
where the modal based codes result in slightly higher frequencies. This, however, most likely
depends on the detailed implementation and coupling of the mode shapes as illustrated in the
DTU Wind Energy study written in the chapter “Phase I: Study of super element reduction
impact” below.
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Figure 6: Comparison of natural frequencies.
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A general discrepancy in all loadcases is the mean load level inside the jacket. Some of this in
explained by difference approached for calculating buoyancy. An example of this can be seen
in Figure 7 where the axial load level in a pile is not the same for all participants. It should be
noted that during the first rounds of comparison the discrepancy was even larger than shown
in Figure 7, but after a constructive discussion the method of using integrated pressure was
generally adopted by all and the remaining difference is mainly caused by differences related
to pressure forces on the grout connection, small discrepancy in marine growth mass and
buoyancy. The method of using a reduced submerged steel mass is not sufficiently accurate for
a jacket construction. Further on it can be seen that the time varying vertical forces are not
completely identical either, which is explained with small differences in the contribution from
the varying dynamic pressure due to the wave motion. The horizontal force variation is
however in much better agreement as see in Figure 8.
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-15400 Fraunhofer IWES/ADC0S-Offshore =
-15600 |- FEDEM/WindPower ==
15800 | —- GLGH/Bladed V4.0 ———
— -16000 £ POSTECH/Bladed V3.85 ===s=smms
2 -16200 | SWE/Flex5-Poseidon =
sl e ] CeSOS-NTNU/USFOS-vpOne =
% _ice00 o IFE/3DFloat m——
R e G NTUA/GAST memmemm
_17000 P ; i L F ; LUH/Flex5-Poseidon
‘ T R e N A ABS/FAST-ANSYS = = = =
e il N Rise DTU/HAWC2
) REpower/Flex-ASAS ===s=s==-
0 7 o 1 =2 & = Fraunhofer IWES/OneWind = = ==
Time [s] NTNU/ASHES

(c) Vertical force at mudline for Airy wave with
Wheeler stretching case, LC 2.3a.

Figure 7: Comparison of axial compression in pile 1.
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Figure 8: Comparison of fore-after shear force at mudline, loadcase 2.3a.

A comparison of the load level at both tower top and mudline is shown in Figure 9. The
structure is subjected to operational aerodynamic forces at 18m/s in case 2.4b. The fatigue
load variation is, if the two outliers GAST and ADCoS is neglected, within 20% which is
considered a quite fine agreement.
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Figure 9: Comparison of tower and mudline horizontal forces with aerodynamic forces only at
18m/s. Case 2.4b
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An example of blade tip deflections is shown in Figure 10 for the few codes capable of handling
blade torsion. All codes agree on the phase dependence; however the magnitude differs with a
magnitude of 3. This illustrates the complexity for calculating this property even in a simple
case at 8m/s without turbulence, which in some cases is quite important since it couples
directly to the aerodynamic forces through the angle of attack. The complexity of blade torsion
is also seen in Figure 11, where discrepancies in the blade torsion can be seen for the
turbulence case 3.4a.
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Figure 10: Comparison of blade twist angles and rotor speed for loadcase 3.2
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Figure 11: PDF of blade root forces and pitching moment in loadcase 3.4a.
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When observing response for the case with a fully flexible sub structure subjected to wave
loading, the dynamic behaviour is similarly captured by all codes. This is illustrated in Figure
12 where a special sensor measuring the horizontal out-of-plane motion of an X-joint is
compared. This is also seen in Figure 13 and Figure 14 including contributions of irregular
waves and combined wind and waves respectively. The most uncertain load is actually the
mean load level in the structure, especially seen in the axial force of a brace member, see
Figure 13.Some codes have a load level 3 time higher than others! This indicated a
fundamental problem with the codes regarding correct handling of a static undetermined
structure. It was previously found in the OC3 (Vorpahl et.al 2013)) project that whether beam
member for a tripod was modeled as Timoshenko of Bernoulli beam could cause a factor two
difference for the distribution of axial loading.
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Figure 12: Out-of-plane deflection at center of X-joint at level 2 on side 2, loadcase 4.3b
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Figure 13: Axial force in center of brace 59, LC 4.5.
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Figure 14: Damage equivalent loads at jacket leg, LC 5.7.
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Phase I: Study of super element reduction impact

As part of this OC4 project and a parallel research project funded by PSO, a new structural
option in HAWC2 was enabled. This approach concerned a reduction of the equations of
motions (EOM’s) into a reduced number of equations based on a super element reduction
technique.

The full description of this approach has been reported in (Bredmose et.al., 2013), but as a
small summary the full EOM can (in a simplified form) be rewritten from

Mx + Cx + Kx = F(t) (1)

Where x is the state vector in physical coordinates and M, C and K is the mass, damping and
stiffness matrix respectively.

(1) Can be rewritten to generalized coordinates based on the change in state variables using a
transformation matrix T.

x =Ty (2)

Where the states y are in generalized coordinates and contains a potentially much reduced
number of states than contained in x.

The reduced set of EOM can be written

TTMTy + TT'CTy + TTKTy = TTF(t) (3)

Which can be written in short as

My + Cy + Ky = F(t) (4)

An essential part of the benefit of the rewriting into generalized coordinates with respect to
simulation time and accuracy depends especially of the transformation matrix T. This may,
depending of the actual physical problem, be generated based on a static Guyan reduction

(Guyan, 1964), dynamic modes shapes or a combination thereof.

Within the OC4 project a small study was carried out to investigate how the condensation of
the jacket problem should be handled within HAWC2.
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Static mode shapes

First the transformation matrix was generated based on a static reduction technique as
described in (Guyan, 1964). The principle is that unit loads are applied at the interface node
(coupling between the sub structure and the tower) and the corresponding deflection shapes is
contained as columns in the transformation matrix T. This is illustrated in Figure 15.

As a first evaluation whether the Guyan reduction is a good approach to the definition of the
transformation matrix T, and finally whether it leads to correct results, the natural frequencies
of the combined full turbine and superelement approach was compared to the full DOF
approach, shown in Table 7. Here it can be seen that the natural frequencies are well
preserved for the combined approach, with small deviance for mode 9 and 10, which are the
second flapwise bending modes.

The next comparison was a comparison of time series for selected location at the turbine and
within the substructure. The turbine sensors are presented in Figure 16, where a perfect match
is seen. However when comparing the internal load in the jacket a deviation to the full solution
is seen, see Figure 17. This shows that the Guyan reduction approach is fine with respect to
the overall performance, however it is not well suited for analysis of the internal load levels.

2 modes from 1 mode from 2 modesfrom
Shear forces vertical force Bendina moments )

1 mode from torsion

Figure 15: Principles for a static Guyan reduction of the jacket. Unit forces are applied at the
interface node to which the corresponsing deflection shapes is derived and used for the
transormation matrix.
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Frequency Damping Log decr
Mode Nr Full Combined Ratio Full Combined Ratio
1 0.00 0.00 1.00 0.00 0.00 1.00
2 0.32 0.32 1.00 2.63 2.63 1.00
3 0.32 0.32 1.00 2.69 2.69 1.00
4 0.62 0.62 1.00 2.82 2.82 1.00
5 0.66 0.66 1.00 3.18 3.19 1.00
6 0.69 0.69 1.00 3.30 3.30 1.00
7 1.07 1.07 1.00 3.17 3.25 0.98
8 1.08 1.08 1.00 3.41 3.62 0.94
9 1.20 1.17 1.03 9.68 9.37 1.03
10 1.21 1.18 1.03 9.78 9.27 1.06
11 1.64 1.64 1.00 7.36 7.42 0.99
12 1.72 1.72 1.00 13.91 13.91 1.00
13 1.88 1.88 1.00 9.16 9.15 1.00
14 1.97 1.97 1.00 9.24 9.24 1.00
15 2.82 2.74 1.03 15.77 16.54 0.95
16 2.99 2.99 1.00 20.61 20.61 1.00
17 3.63 3.58 1.01 24.06 24.50 0.98
18 3.93 3.79 1.04 17.72 18.49 0.96
19 3.99 3.99 1.00 14.61 14.12 1.03

Table 7: Table of full combined turbine and jacket eigenfrequencies between a full set of DOF
and a version where the full turbine model is connected to the static condensated super
element. A fine but not perfect match is seen for most frequencies.
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Figure 16: A comparison of a selected number of turbine sensors. Full solution is compared to
the combined full turbine and static Guyan condensated super element. A perfect match is

seen.
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Figure 17: A comparison of a selected number of internal jacket sensors. Full solution is
compared to the combined full turbine and static Guyan condensated super element. A
deviation in results is seen, especially for the very low frequent (static) contributions.
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Dynamic mode shapes

If the super element of the jacket is generated on basis of dynamic mode shapes instead, the
immediate question is: Which modes? As a first attempt we tried with the lowest 30
eigenmodes of the jacket only fixed at mudlevel and free at the tower interface point.
Examples of such mode shapes can be seen in Figure 18. By comparing the natural frequencies
of the full turbine with jacket, see Table 8, it is very clear that the dynamics of the full system
is not identical to the target from the full DOF approach and therefore not useful at all.

."'\\\I-
S e
—

Figure 18: Example of dynamic modes of the jacket without constraint at the interface node.

Frequency Damping Log decr
Mode Nr Full Combined Ratio Full Mode Nr Full
1 0.00 0.00 1.00 0.00 1 0.00
2 0.00 0.00 1.00 0.00 2 0.00
3 0.32 0.35 0.90 2.63 3 0.32
4 0.32 0.36 0.90 2.69 4 0.32
5 0.62 0.63 0.99 2.82 5 0.62
6 0.66 0.66 1.00 3.18 6 0.66
7 0.69 0.69 1.00 3.30 7 0.69
8 1.07 1.07 1.00 3.17 8 1.07
9 1.08 1.08 1.00 3.41 9 1.08
10 1.20 1.14 1.05 9.68 10 1.20
11 1.21 1.19 1.02 9.78 11 1.21
12 1.64 1.66 0.99 7.36 12 1.64
13 1.72 1.72 1.00 13.91 13 1.72
14 1.88 1.88 1.00 9.16 14 1.88
15 1.97 1.97 1.00 9.24 15 1.97
16 2.82 2.76 1.02 15.77 16 2.82
17 2.99 2.99 1.00 20.61 17 2.99
18 3.63 3.58 1.01 24.06 18 3.63
19 3.93 3.69 1.06 17.72 19 3.93

Table 8: A comparison of natural frequencies for the full solution and a combined approach
with full turbine and super element. the super element has in this case be generated based on
dynamic mode shapes of the jacket only.
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Combined static and dynamic modes
If we combine the static and dynamic mode shapes from the previous two test cases the
performance is only worse, see Table 9. This approach is not suitable either.

Frequency Damping Log decr
Mode Nr Full Combined Ratio Full Mode Nr Full
1 0.00 0.00 1.00 0.00 0.00 1.00
2 0.00 0.00 1.00 0.00 0.00 1.00
3 0.32 0.30 1.07 2.63 2.47 1.07
4 0.32 0.31 1.03 2.69 2.60 1.03
5 0.62 0.59 1.05 2.82 2.91 0.97
6 0.66 0.66 1.00 3.18 3.19 1.00
7 0.69 0.69 1.00 3.30 3.28 1.00
8 1.07 1.06 1.01 3.17 3.42 0.93
9 1.08 1.07 1.01 3.41 3.95 0.86
10 1.20 1.14 1.05 9.68 8.60 1.13
11 1.21 1.17 1.03 9.78 9.32 1.05
12 1.64 1.43 1.14 7.36 8.04 0.91
13 1.72 1.72 1.00 13.91 13.91 1.00
14 1.88 1.88 1.00 9.16 9.16 1.00
15 1.97 1.97 1.00 9.24 9.24 1.00
16 2.82 2.33 1.21 15.77 13.48 1.17
17 2.99 2.99 1.00 20.61 20.61 1.00
18 3.63 3.50 1.04 24.06 28.73 0.84
19 3.93 3.56 1.10 17.72 24.72 0.72

Table 9: A comparion of natural frequencies for the full solution and a combined approach with
full turbine and super element. the super element has in this case be generated based on a
combination of static and dynamic mode shapes of the jacket only. The dynamic modes are
generated without constraint at the tower interface node.
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Static and dynamic modes using the Craig-Bampton approach

A classic method for the generation of super elements is the Craig-Bampton approach (Craig
and Bampton, 1968). With this approach the transformation matrix is generated based on a
static and dynamic approach. In contrast to the previous attempt the dynamic modes are
generated with fixed constraints at the interface node. The static modes are still derived using
fixed constraints at mudlevel and no constraints at the interface node where the unit load are
applied. The lowest 25 dynamic modes have been included together with the 6 static modes.

When observing a comparison of natural frequencies for the full turbine-jacket system a very
good agreement is seen in Table 10. For the lowest 17 modest there is a perfect match which
is indeed impressive.

However when observing the final load within a brace member, see Figure 19, there is still a
mismatch in the load level between the full DOF approach and the super element approach.
This finding could be the explanation for the difficulties of finding the same load level within
the static undetermined jacket structure seen in the OC4 results.

Frequency Damping Log decr
Mode Nr Full Combined Ratio Full Mode Nr Full
1 0.00 0.00 1.00 0.00 0.00 1.00
2 0.00 0.00 1.00 0.00 0.00 1.00
3 0.32 0.32 1.00 2.63 2.63 1.00
4 0.32 0.32 1.00 2.69 2.69 1.00
5 0.62 0.62 1.00 2.82 2.82 1.00
6 0.66 0.66 1.00 3.19 3.19 1.00
7 0.69 0.69 1.00 3.30 3.30 1.00
8 1.07 1.07 1.00 3.26 3.25 1.00
9 1.08 1.08 1.00 3.66 3.63 1.01
10 1.16 1.17 1.00 9.32 9.36 1.00
11 1.17 1.18 1.00 9.18 9.25 0.99
12 1.63 1.63 1.00 7.45 7.45 1.00
13 1.72 1.72 1.00 13.91 13.91 1.00
14 1.88 1.88 1.00 9.16 9.16 1.00
15 1.97 1.97 1.00 9.24 9.24 1.00
16 2.68 2.68 1.00 17.25 17.22 1.00
17 2.99 2.99 1.00 20.61 20.61 1.00
18 3.33 3.56 0.93 26.02 24.87 1.05
19 3.45 3.58 0.96 28.28 17.56 1.61

Table 10: A comparion of natural frequencies for the full solution and a combined approach
with full turbine and super element. the super element has in this case be generated based on
a combination of static and dynamic mode shapes of the jacket using the Craig-Bampton
approach. The dynamic modes are generated with fixed constraints at the tower interface
node.
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Figure 19: A comparison of the load in a brace member. Full DOF solution is compared to the
combined full turbine and Craig-Bampton condensated super element. A deviation in results is
still seen, especially for the very low frequent (static) contributions.

The missing part.

From the OC4 comparison it is very clear that large differences in load level are seen in the
mean loads within the static undetermined jacket structure. Some part can perhaps be caused
by different approaches for buoyancy and other external loads, however it could also be that
the approach using condensated super elements, modal based formulation or Guyan reduced
descriptions is problematic with respect to static undertermined problems.

At least for the super element generated using HAWC2, there are some problematic issues.
However, this problem is actually not new at all. In 1979 similar issues was addressed with
respect to an oil rig model and a solution was presented by Hansteen and Bell (Hansteen and
Bell, 1979).

The basic idea is that the high frequent modes, that are neglected in the analysis is included in

the solution as a static loading. More precisely this is formulated by inserting a new state
variable in the basic equations

Mx + Cx + Kx = F(t) (5)

X = Tpyn + Txyx (6)

Where the index h indicates the modeshapes from 1 to n (highest selected mode) and the
index x is for the remaining mode shapes.

The solution of finding vy, is still based on the problem
Ty MT, Vi, + Ty CTy v, + To KTy, = THE(t

h M IhYn h Y 1hYn h KThyn = THF(1) 7)
Where the remainder y, is subsequently found based on the residual force F,.
FX =F — KTth (8)

Where the final state vector x is found

x = K7 1F, + Thyi (9)
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This approach was verified in the Hansteen and Bell paper with respect to wave load on an oil
rig, shown in Figure 20. This still needs to be fully verified for the jacket substructure within
HAWC2 and will be done in the near future.
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Figure 20: Verification of modified super element approach for an oil rig (top) subjected to
wave loading. A lower left is seen a fine agreement for a node state both with and without
modifications, whereas at lower right the bending moment is seen only to fit for the low
frequencies with a full or modified modal approach. From Hansteen and Bell, 1979.

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+I1. Final report of the contributions from EUDP 64010-0071

38



The impact of steep non-linear waves on the jacket substructure

In (Larsen et.al., 2011) and (Bredmose et.al, 2013) a wind turbine mounted on a jacket was
investigated with respect to the influence of nonlinear wave load contributions. The study was
carried out for a stand still situation where the turbine is stopped and the blades are pitched
90deg. The investigated standstill situation is with waves in a direction directly towards the
wind turbine direction. Since the blades are pitched, the aerodynamic contribution was
considered very low and aerodynamic loads on the tower were also neglected. This load
condition is considered highly relevant for offshore turbines and is known to be problematic for
monopile configurations since the total level of structural, aerodynamic and hydrodynamic
damping generally is very low at stand still.

The load increase from the nonlinear waves is pronounced and seen to increase the load level
for all the simulated wave cases. For small significant wave heights the increase in load level is
likely to be caused by “springing” where “ringing” is seen for the large significant wave
heights. It is however difficult to really identify whether it is “springing” or "ringing” that
causes the high response for the nonlinear waves, which is illustrated in Figure 21, however it
is clear that the structural response occurs when the wave is very steep. The increased load
effect was seen for all sensors on the structure but is especially pronounced for the tower
bottom bending load and the leg load in the upper part of the substructure. For the cases with
small significant wave heights, the increased high frequency content in the nonlinear waves
seem to cause a general small increase in loads, which fits very well with the springing
affected loads. The mechanism is however different for the large significant waves where
ringing occur. Here the single large waves in the irregular wave train is of a magnitude large
enough to excite the structure and cause large transients after the wave passing. The
excitation is mainly on the first structural frequency at 0.32Hz and due to the low amount of
damping, the vibration levels become large. Since the turbine is at standstill and the blades
are pitched 90deg, the aerodynamic damping on the structure is minimal, and there is only
contribution from damping originating from the structure, hydrodynamics and soil. In order to
see the influence of damping levels, results was obtained for damping levels between 2 and
10% expressed a a log. decrement, which represent the expected range of efficient damping
for a turbine mounted on a monopile. For all cases a significant increase in loads are seen for
the nonlinear wave loads. The load increase could be to an increased level of a factor of 2-3
compared to the approach using linear wave theory. This really indicates the importance of
these nonlinear wave situations for sites where steep nonlinear waves occurs, as eg. in the
inner Danish waters.
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Figure 21: High transient load is seen in the jacket when steep non-linear irregular waves are
applied, from (Bredmose et.al., 2013).
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Phase I1:

In phase II, the 5MW turbine is simulated in combination with a floating semi submersible
structure.

Methods

In this chapter the three different approaches for modeling the floating wind turbine are
presented. Special attention is on the hydrodynamic aspects as the wind turbine modeling is
identical for all three approaches. A description and general validation of HAWC2 can be found
in (Kim et.al, 2013) and (Larsen et.al., 2013).

The anchor line model is identical for all three approaches. It consists of a fully dynamic
nonlinear chain-element model, originally described in (Kallesge and Hansen, 2011). The
model contains a structural description of a chain module with elements only capable of
transferring axial forces and includes effects of large rotations as well as hydrodynamic added
mass and drag. A set of vertical nonlinear springs is used from mudline and downward to
ensure correct handling of bottom contact. Above mudline the spring’s stiffness is zero
corresponding to floating conditions. The mooring line will for low motions of the cables
correspond to a static non-linear mooring line solution, but in the simulation also dynamic
effects of the line movement in the water is included. The inertial of the line itself is included
as well as viscous drag. It is assumed that the added hydrodynamic mass effects are
neglectable.

As part of this EUDP project, the mooring line module was extended for inclusion of wave
forces from the incoming wave field using Morison’s formula. Furthermore a general python
script was created which enables an easy creating of the otherwise rather complex input data
for the mooring line module.
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N 0 if z < zp
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Figure 22. illustration of the non-linear mooring line model (left) and the handling of the sea
bottom contact problem (right). From (Kallesge and Hansen, 2011)
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HAWC2-Standalone

In the basic version of the program HAWC2, hydrodynamic forces can be included quite
similarly to how other distributed external force from aerodynamics and gravity are included.
As default the wave kinematics are calculated from a separate module a bit similar to how
turbulent wind is generated for the wind loading. The wave velocities and accelerations are
converted to external forces on the structure using Morison’s formula and there are also
contribution for added mass and drag effects of heave plates, buoyancy forces and influence of
flooded water.

In the calculation of hydrodynamic forces, it is assumed that the structure is assembled from
slender members with a local diameter much less than the length of the incoming wave. A set
of calculation points is distributed along the structure. In these calculation points, the
hydrodynamic forces are calculated with an engineering approach with contribution from
different load generating effects.

First of all the Morison formula (10) is used for calculating the wave forces dF.

dF :pAU +pCaARUreI +%pDCdUrel|Urel| (10)

The Froud-Krylov contribution is included in the term pAU, the added mass effects in the term
pC,ARU, ., and the viscous drag from the term %pDCdUrellUrell. p is the density of water, A is the

cross sectional area, U is the water acceleration, C, is the added mass coefficient related to the
shape dependent cross sectional area Ag. U, is the relative acceleration between wave and
structure, D is the diameter of the cross section and U, is the relative velocity between wave
and structure.

The added mass and drag from the heave plate is included as a separate concentrated end
effect with an added mass based on a sphere (Newmann,1986), see Figure 23. From this
figure it can be seen that the added mass coefficient for a circular disc is 0.65.

The heave plate also contributes with viscous drag forces (2), especially important for the
heave motion. The drag coefficient used in the HAWC2 simulations is 2.4.

1
Fd=§pACdUrel|Urel| (11)
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Added-mass coefficients for a spheroid, of length 2a and maximum diameter
2h. The added mass my, corresponds (o longitudinal acceleration, myy to
lateral acceleration in the equatorial plane, and m.; denotes the added mo-
ment of inertia, for rotation about an axis in the equatorial plane. In the
upper figure, the coefficients are nondimensionalized with respect to the mass
and moment of inertia of the displaced volume of the fuid, and in the lower
figure with respect to the same quantitics for a sphere of radius b,

Figure 23. Added mass effects of a sphere, from (Newman, 1986). If ‘a’ equals zero then the
expression can be used for a thin circular disc. Heave notation is mj;,

Buoyancy is found based on an approach equivalent to integration of external pressure forces.
This is done in order to ensure a correct force distribution so that internal cross sectional
forces in the structure can be found. The local buoyancy forcing per length of the structure is
found as written in (13) and (14) for cross sectional forces and moments respectfully. An
essential part is the orientation of the beam expressed as the orientation matrix A (z along the
beam, x and y perpendicular and orthogonal to z). The offdiagonal terms As;; and A;> only
contains values when the beam is not vertical. Conicity is expressed as the change in Area S
per length z % Gravity acceleration is denoted g.

In the end of the beams, or where changes in area occur, concentrated forces are inserted
according to (3).

Fb,end (3) = pgS(Z - ZO) + Spdyn + %pcd,axialSUrellurell (12)
S

Ay (13)
£, =—gp A8

—a—s(z—z ')+iS
& o) o Pam.

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+II. Final report of the contributions from EUDP 64010-0071

42



My =—-gp- Aﬁ,l pe 7 s (14)

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+II. Final report of the contributions from EUDP 64010-0071

43



HAWC2-WAMSIM

The vessel response model WAMSIM developed by DHI, Denmark is capable of simulating
wave-induced motion of a moored or freely floating structure in the time domain. The wave
exiting force is calculated assuming a superposition of long-crested (uniform along one
horizontal dimension) waves. The results of each WAMSIM simulation are presented as time-
series of motions for surge, sway, heave, roll, pitch and yaw and as forces in the mooring lines
and vessel diffraction forces. The radiation/diffraction code WAMSIM for calculating floating
body dynamics is based on the frequency-domain program WAMIT for the calculation of the
hydrodynamic quantities (Bingham, 2000), (Christensen, 2008), (Hansen, 2009). The
structure in WAMSIM is assumed to behave as a rigid body.

Wiz xc 26,42m, Min, x. -40 8Tm,
Meax y- 0.00m. bin. y- -37.00m.

10 Ho. of Faneis w”,,

m)

Z-axis (

(7

)

-20.

.._‘_

i mmnnnn
@
,I_‘...!ﬁﬁ-} _

-30 - e
50 e

yiii:
L

.“"”
FERET
i
I'Illi“%
W

i

4

x-axis (m) y-axis (m)

Figure 24. The WAMSIM model of the semi sub platform. Symmetry about the y = O plane is
exploited

The following short general description of WAMSIM is taken from (Hansen et.al., 2009). The
hydrodynamic interaction between the fluid and floating bodies is assumed to be well described
by linear potential theory (i.e. an inviscid and irrotational flow, with the free surface and body
boundary conditions satisfied to first order). That is to say, despite any nonlinear effects, which
may have been important in producing the conditions at the bodies; all nonlinear terms are
ignored in the free surface boundary conditions in the local vicinity of the bodies, as well as in
the expressions for fluid pressure and force on the bodies. This is a good approximation as
long as the parameter kH/tanh(kh) << 1 Assuming the body motions remain small, the
equations of motion for the body dynamics for the N degrees of freedom can be written in the
following convolution form:

TN [ (M + 23055 (0) + 5 Kot = D3 (DT + Cexie (O] = Fip(®) + Fyi(®), = 1,2..,N (15)

All non-linear external forces, such as those due to viscous/frictional damping, are included via
the term Fjn(t). The rest of this equation describes the inertia, hydrostatic restoring forces,
and hydrodynamic forces on the bodies to first order in the body motion and the wave
steepness. The bodies' linear inertia and hydrostatic restoring matrices are Mjx and Cj,
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respectively. The forces due to radiated waves generated by the bodies' motions are expressed
as a convolution of the radiation impulse response functions, K, with the body velocity (plus
the impulsive contributions, a;, which come from the t=0 limit of the radiation problem, and
are proportional to acceleration). A cross sectional view of the semisub can be seen in Figure
24. The transfer functions (RAO) can be seen in Figure 25 and Figure 26.

Buoyancy is handled by integration on the submerged volume, where it is assumed that the
initial position corresponds to a steady state equilibrium. The mass of the system is set to
match this submerged volume mass in line with the assumption of steady state equilibrium. A
simple and practical approach in many cases, but for the coupled approach to HAWC2 this
caused some practical issues since the mass of the submerged volume is not necessarily the
same when the turbine and anchor loads are assembled through the HAWC2 coupling. This had
some importance for loadcase 1.2 where the steady state solution was to be found and
fictitious forces had to be applied to ensure a correct heave position.

Coupling of HAWC2 with WAMSIM

The coupling of the models has been performed by letting a special version of WAMSIM
interact with an interface for external models included in HAWC2, originally presented in
(Larsen, 2011). The frame for connecting the external DOF's in the WAMSIM frame has been
done using the multibody approach in similar way as the core of HAWC2 is build. First the
external mass and stiffness matrix is set up in its own coordinates system. Secondly a set of
six constraints are set to ensure fixed connection in translation and rotation at the coupling
point. These constraints are updated at every time step and iteration and the derivative of the
constraint with respect to the external system DOF are evaluated. The same solver (Newmark
beta) used in the core of the code is also applied to the external system and therefore solved
in an integrated way with the HAWC2 equations of motion. The special WAMSIM model has
been compiled as a dynamically linked library (dll) that is activated and controlled by HAWC2.
A number of modifications has been made to WAMSIM in order to return the right quantities to
HAWC2 at the right times. The coupled model involves the following steps:

1. Mass matrices and stiffness matrices of the floating foundation are calculated by WAMSIM
and delivered to HAWC2.

2. HAWC2 sets up mass and stiffness matrices for the entire system including wind turbines
and floating foundation.

3. HAWC2 sets up mass and stiffness matrices for the entire system including wind turbines
and floating foundation.

4. The simulation is initiated by HAWC2. A WAMSIM subroutine is called by HAWC2, with
HAWC?2's guess on the state of the system (ie. velocities and position in 6 DOF's) and the
constraint force at the model interface (ie. forces from wind turbines on foundation). The
subroutine uses parts of the WAMSIM routine for solving body equations of motion to
returns the state differentiated with respect to time (ie. accelerations and velocities). All
hydrodynamics incl. added mass and forcing from incident waves are included in this step.

5. The iterative solver of HAWC2 will repeat Step 3 with new guesses of the state vector until
the calculated residuals are acceptable. When the acceptance criteria are met it will
proceed to the next time step, and step 3 is repeated for this time step.

The convergence with this approach is in general very good and convergence is obtained within

1-2 iterations. The impact on simulation time with the coupled system to WAMSIM has not
been noticeable.
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Figure 25. WAMSIM transfer function for Odeg wave heading
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Figure 26. WAMSIM transfer function for 45deg wave heading
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HAWC2-WAMIT

A newly developed stand-alone HAWC2 interface to WAMIT, similar to HAWC2-WAMSIM
coupling, has also been used in the OC4 project. The interface reads WAMIT output files
directly and uses these as input to a HAWC2-WAMIT module via the HAWC2 external system
DLL interface (Called ESYSWamit on the following pages).

ESYSWamit can model rigid body floating structures limited to 6 degrees of freedom (DOF), 3
displacements and 3 rotations. The structural mass of the floating structure is included
ESYSWamit and allows arbitrary positioning of center of gravity and rotational inertia. The
necessary constraints are implemented in ESYSWamit which allows coupling the floating
structure to the wind turbine model to enable integrated simulation of the total floating wind
turbine system.

The wave input to ESYSWamit is taken directly from the wave definition built into HAWC2
which allows other wave-dependent HAWC2 modules (e.g. the mooring lines) to share the
same wave environment.

ESYSWamit implements the 6-DOF rigid body equations of motion for the floating structure
and applies the following external forces to the structure:

Gravity (in COG)

Buoyancy (in COB, provided by WAMIT output)

Linear and non-linear damping forces (user specified)

Linear stiffness (user specified)

Hydrostatic forces (provided from WAMIT output)

Radiation forces (provided from WAMIT output)

Diffraction forces (wave forces) (provided from WAMIT output)

The gravity and buoyancy forces and centers are independent which allows the floating
structure to be in static equilibrium when external components interact with the structure (e.g.
when a wind turbine is put on top of it). The user-specifies damping and stiffness forces are
implemented for flexibility reasons to allow the user to interact with the system in a simple
manner, e.g. to model simple mooring systems or to fit model behavior to measured response.
The hydrostatic forces are read from file and added to the linear stiffness matric for the
system.

The radiation and diffraction forces are really the main concern in the ESYSWamit
implementation. Both force components are implemented as convolution integrals based on
the frequency response functions (FRFs) provided by WAMIT.

The radiation forces are output from WAMIT as the FRFs of hydrodynamic forces driven by the
movement of the structure in all 6 DOFs. For each DOF, 6 FRFs are provided, one for each
force component. This gives, in principle, 36 FRFs for the radiation force component, but due
to symmetry conditions many of these are either equal or zero.

Similar to the radiation forces, the diffraction forces are also provided by WAMIT as FRFs,
however, driven by the wave elevation instead of the movement of the structure. Since there
is only one driving parameter (the wave elevation), the diffraction forces are described by 6
FRFs, however, 6 FRFs for each wave direction. Presently, ESYSWamit can only handle one
wave direction per simulation, but future plans include an interpolation scheme which can
handle changes in wave direction during the simulation.

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+I1. Final report of the contributions from EUDP 64010-0071

a7



An example of one of the radiation FRFs provided by WAMIT output is shown in Figure 27- the
upper plot shows the amplitude and the lower plot shows the phase of the surge radiation
force driven by the surge acceleration. The force is in phase with the acceleration at zero and
at infinite frequency, but in-between the force amplitude and phase is seen to be highly
frequency dependent. The blue line is the WAMIT output directly read from file — the red dots
wil be mentioned later.

Amplitude

4 \ i | I i i | i i i
0 0.5 1 1.5 2 25 3 35 4 45 5
omega [rad/s]

Phase [rad]

omega [rad/s]

Figure 27: Surge/surge radiation FRF.
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To go from the frequency domain forces defined by the FRFs to time domain is done by
convolution. In general, the convolution integral is defined as:

F©) = [, K(t—DX(1)dT (16)

where K(t) is the impulse response function (IRF) which is found by the inverse Fourier
transform of the corresponding FRF, and X(t) is the driving parameter, i.e movement of the
floating structure in case of radiation forces and wave elevation in case of diffraction forces.
ESYSWamit calculates the IRFs related to both radiation and diffraction forces in the same way
by an implementation of a method called Filon integration. An example of one of the radiation
IRFs is shown in Figure 28 and one of the diffraction IRFs is shown in Figure 29.

) i Impulse response function
T T T T

250 g j ‘ : |

2 I I I | | |

-20 -10 0 10 20 30 40 50
time [s]

Figure 28: Surge/surge radiation IRF
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Figure 29: Surge diffraction IRF.

One general difference between the radiation and the diffraction IRFs is that the radiation IRFs
must be equal to zero for t<0 while the diffraction IRFs extend towards negative time. From
the definition of the convolution integral in (6) it is seen that if the IRFs are non-zero for
negative time, the force at present will be dependent on future values of the driving
parameter. In case of the diffraction forces, the IRF shows that the force at present is
dependent of the wave elevation in the future which is only natural because the structure can
feel the waves approaching the structure. However, for the radiation forces which are
dependent on the movement of the structure, the force cannot be dependent on how the
structure will move before the movement has actually taken place. This is called causality and
the radiation FRFs must obey causality otherwise they are un-physical. In Figure 28 it is seen
that the radiation IRF does have non-zero values for time<0, however small. This small
contribution is caused by truncation of the frequency range when calculating the IRFs by
inverse Fourier transformation using the Filon integration scheme and in the validation
described next, the influence is shown to be negligible.

A validation of the implementation of the radiation and diffraction transformation into time
domain has been made in the following way: Several simulations of the ESYSWamit model
were made with HAWC2 where the structure was forced to move harmonically at varying
frequencies. After the first transient period of the simulation has passed, the force response
also become harmonic, and the amplitude and phase of the harmonic response is plotted on
top of the corresponding FRF provided by WAMIT input. The result of this validation procedure
has produced the red dots in Figure 27: Surge/surge radiation FRF. (the blue line is the
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corresponding FRF from WAMIT). The correspondence between the input FRF and simulated
FRF is good and shows that the radiation forces calculated by ESYSWamit can be trusted. The
same procedure with varying wave frequency and fixed structure has been followed and the
same correspondence between input FRF and simulated FRF was found for the diffraction
forces (not shown herein). To conclude, both radiation forces and diffraction forces produced
by ESYSWamit are indeed trustworthy.

Loadcases

The loadcases was set up where the complexity was gradually increased. The first cases
covered stand still frequency analysis and steady state load distribution. Wave loads were later
introduced and the complexity gradually increased until the final cases with fully turbulent
atmospheric inflow, irregular wave loads and a fully flexible construction. The approach of
gradually increasing the complexity made it possible to locate the reasons for discrepancies yet
still also to include design driving load cases. The list of load cases are shown in Table 11.
Case 1.x are standstill situation with no external forces from waves of wind. Steady state loads
and position if found together with eigenfrequencies and decay transients. Case 2.x are also
standstill situations with a rigid turbine and a substructure with flexible mooring lines. Wave
loads are applied. Case 3.x covers situation with a fully flexible construction submitted to both
wind and wave loads. Furthermore, a load case where the transfer function from wave motion
is found. This term is also denoted response amplitude operator (RAO).

Load Enabled Wind

Case Description DOFs Condition Wave Condition
1.1 Eigenanalysis All No air Still water
1.2 Static equilibrium All No air Still water
Platform
1.3a | Free decay, surge | and No air Still water
moorings
Platform
1.3b | Free decay, heave | and No air Still water
moorings
Platform
1.3c | Free decay, pitch and No air Still water
moorings
Platform
1.3d | Free decay, yaw and No air Still water
moorings
2.1 Regular waves Sz No air Regular Airy: H=6m, T =10s
structure
Support . Irregular Airy: H = 6 m, T, = 10 s,
2.2 | UEguEr aee | g Thy e | R ED y=2.87, JONSWAP spectrum
Support . Surface = 0.5 m/s, 1/7" power law
28 CUrEm @l structure N il decrease with depth
Regular Airy: H = 6 m, T = 10 s;
g | Sl anail SUPEOrt e o) Cugrjrent at ysurface = 0.5 m/s, 1/7
regular waves structure
power law
25 50-year extreme | Support No air Irregular Airy: H¢ = 15.0 m, T, = 19.2
’ wave structure s, Y=1.05, JONSWAP spectrum
26 RAO estimation, | Support No air Banded white noise, PSD =1 m?/Hz for
) no wind structure 0.05-0.25 Hz
3.1 Deterministic, All Steady, Regular Airy: H=6m, T=10s
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below rated uniform, no
shear: thb =
8 m/s
Turbulent
. (Mann Irregular Airy: Ho = 6 m, T, = 10 s,
3.2 f;fgg‘asuc' at| aj model): y=2.87,
Viwb = V. | JONSWAP spectrum
(11.4 m/s)
Turbulent
. (Mann Irregular Airy: Ho = 6 m, T, = 10 s,
3.3 f;?g:asuc' EeE |y model): y=2.87,
Viw = V, (18 | JONSWAP spectrum
m/s)
ﬁ:\?%drxf] no Regular Airy: H = 6 m, T = 10 s;
3.4 | Wind/wave/current | All Y " | Current at surface = 0.5 m/s, 1/7™
shear: Vi =
power law
8 m/s
Turbulent
_ (Mann Irregular Airy: Hs = 15.0 m, T, = 19.2
3.5 |20vear extreme |, model): s, y=1.05,
wind/wave
Vib = V. | JONSWAP spectrum
(47.5 m/s)
Steady,
3.6 Wind/wave Al uniform, no | Regular Airy: H = 6 m, T = 10 s,
’ misalignment shear: Vyn, = | direction = 30°
8 m/s
Steady,
3.7 RAO estimation, All uniform, no | Banded white noise, PSD =1 m?/Hz for
’ with wind shear: Vpw = | 0.05-0.25 Hz
8 m/s
Steady,
: : uniform, no o _
3.8 Mooring line loss All shear: Vi = Regular Airy: H=6m, T =10s
18 m/s
3.9a | Flooded column All No air Still water
Turbulent
(Mann .
. Irregular Airy: Hs = 6 m, T, = 10 s,
3.9b | Flooded column All model): v=2.87, JONSWAP spectrum
Vi = Vr (18
m/s)
Vi = hub-
height wind
DOF _ | speed H = wave height
RAO _ Response | Degree |V, = rated | Hs = significant wave height
: » P 9 wind speed T = wave period
Amplitude Operator of _ _ % I .
Freedom PSD = | T, = peak-spectral wave period
power- Yy = peak enhancement factor
spectral
density

Table 11: Overview of loadcases for the semi sub simulations.
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Phase Il: Sensors and coordinate systems

In this report, the coordinate system as used in the HAWC2 simulations has been used
directly. Please pay attention that these orientation may differ compared to sensor used in
joint papers within the international rojects members as it was there decided to use a more
common IEC set of coordinates.

The HAWC2 coordinate system is defined with the global z coordinate pointing downwards, the
global y-direction in the direction of the default wind and wave direction and x horizontally to
the side. Further on, each body on the structure has its own coordinate that is defined by the
choise of the user. In this particular case, the structure is typically defined along the z-axis of
the body coordinate system. The coordinate systems are shown in Figure 31 and Figure 32.

Figure 30 Global coordinate system and numbering order for columns and mooring lines
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ttt=

Figure 31: Body coordinates of the full system. X, Y and Z
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Figure 32: Body coordinates of the semi sub. X, Y and Z. The bodies are in all
cases modeled along the direction of —Z (opposite direction of Z).
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Phase 11: Results

Phase II: Case 1.1: Steady state condition

The first and most basic case was the full system in a standstill situation, steady water and
without wind loading. The dynamics of the system was investigated through eigenvalue
analysis. In order to enable this, a new eigenvalue solution approach was implemented in
HAWC2 which made it possible to perform the eigenvalue analysis at a time where a steady
state equilibrium was obtained and also that it was possible to solve the full problem including
contribution from structural flexibility, fully dynamic anchorline flexibility, buoyancy and
gravity.

In general there is a fairly good agreement with respect to the natural frequencies and except
of a few outliers a match within 5% was obtained.
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Figure 33: Participants line notations used in Figure 34. DTU is the HAWC2-
standalone results.
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Figure 34: Full-system natural frequencies from LC 1.1. IEA international results.
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Case 1.3: Free decay test

Case 1.3 is a decay test with an initial displacement of the structure of 22m in the surge
direction. A very fine agreement is seen both for the international comparison as for the three
versions of HAWC2.
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Figure 35: Surge free decay (LC 1.3a), platform motion response. I1EA international results
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Figure 36: Case 1.3a. Surge and heave. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is
HAWC2-StdAlone
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Case 1.3b is a decay test with an initial displacement of the structure of 6m in the heave
direction. A very fine agreement for all methods is seen for the heave response, whereas in the
corresponding pitch rotation, differences are seen. Two distinct levels of amplitude is seen.
From the three version of HAWC2 it can be seen that the different response in pitch is a
consequence of whether Morison or a potential solution is used. A higher level of drag in the
Morison approach, not present in the potential flow solutions may very well be the reason for
the differences.
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Figure 37:Heave free decay (LC 1.3b), platform motions response. IEA international results.
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Figure 38: Case 1.3b. Heave and pitch. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is
HAWC2-StdAlone
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Case 1.3c is a pitch decay test with an intial rotation of 8deg. A difference in pitch frequency is
seen between the three HAWC2 versions. The HAWC2-WAMSIM approach results in a lower
frequency. The reason for this is most likely caused by the approach of handling mass and
buoyancy in WAMSIM as explained in the theory chapter HAWC2-WAMSIM. A too high mass is
probably the outcome of the assumption of substructure mass being identical to the mass of
the submerged volume of water by the substructure compensated by external fictive forces,
since the actual mass of the substructure is significantly lower. When the mass is too high, the
inertia is also too high and therefore the pitch frequency too low. This is however a small thing
to update in WAMSIM, but is important to be aware about.

— Aldeg] ||
— B [deg]|]
— C[deg]

o N B O @
T

50 400

Time [s]

Figure 39: Case 1.3c. Pitch rotation. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is
HAWC2-StdAlone

Case 1.3d is a yaw decay test with a initial yaw rotation of 8deg. Three approaches in HAWC2
lead to same frequency, but slightly different damping levels. The method using Morisons
approach also has the highest damping.
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Figure 40: Case 1.3d. Yaw rotation. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is
HAWC2-StdAlone
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Case 2.1: Linear waves on a rigid structure

In this case the structure is rigid, but the mooring lines flexible. Linear waves are applied with
a wave height of ém with a time period of 10s. In Figure 42 a drift force is seen for the
Morison based simulations causing a different surge position as well as different anchor line
tensions. This is explained by the wheeler stretching of the wave. A small phase difference is
also seen. It can also be seen that the pitch motion is higher for the Morison based approach.

Surge (M)
Heave (m)

Pitch (deg)

Fairlead 2 Tension (kN)

Time (sec) Time (sec)
Figure 41: Regular wave simulation (LC 2.1), H =6 m, T = 10 s. IEA international results.
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Figure 42: Case 2.1. Wave elevation, surge, pitch, tower Mx, axial force line 1 top. A is
HAWC2-WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Even though the wave
height is not outputted for HAWC2—-WAMSIM it is still present.
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Case 2.2: Regular waves on a flexible substructure

Rigid turbine at standstill. Flexible substructure and moorings submitted to irregular Airy wave
forces. Hs =6 m, Tp = 10 s, y=2.87, JONSWAP spectrum.

In this case a significantly different response is observed for the pitch and surge motion of the
structure when Morisons approach is used compared to the potential flow solutions. The
increased pitch motion has a direct consequence in term of increased tower bending moments
and increased anchor line tension. Since the surge motion is reduced it seem as the effective
forcing point on the substructure is located at a lower position for the potential flow methods
than for the Morsions approach. One explanation could be the slight wave non-linearity from
wheeler stretching only applied with the Morison approach. Since the consequence is large,
this is a point that need to be validated with experiments at later stage.

-500

-1000

-1500

Surge (m)
Pitch (deg)

Tower Moment (kN-m)
I‘IQ
o
(=]
o

i
o
=]
(5}

-2500

=]
=

L H i H i . : : -3000
Figure 43. Irregular wave simulation (LC 2.2), H; = 6 m and T, = 10 s, mean value of response.
IEA international results
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Figure 44. Irregular wave simulation (LC 2.2), Hs = 6 m and Tp = 10 s, variance of response.
IEA international results
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Figure 45: Case 2.2. Surge, pitch, Mx tower bottom, Line 2 axial force. A is HAWC2-WAMIT, B
is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left is a zoom of the time signal, right is the

distribution function.
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Case 2.5: Iregular waves on a flexible substructure

This loadcase is with a rigid turbine, but flexible mooring and substructure (Morison based
versions). Irregular waves from a 50 year sea state is included. : Hs = 15.0 m, Tp = 19.2 s,
y=1.05, JONSWAP spectrum.

The Morison based results gives a higher response in pitch motion causing higher tower
loads as also seen in load case 2.2.
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Figure 46: Case 2.5. Wave elevation, surge, pitch, tower bottom Mx. A is HAWC2-WAMIT, B
is HAWC2-WAMSIM and C is HAWC2-StdAlone
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Case 3.2: Iregular waves on a fully flexible structure at 11.4m/s

In this load case, the structure is fully flexible (potential flow methods with rigid substructure
though). The turbine is operating at 11.4m/s in turbulent inflow and the waves are irregular
with Hs = 6 m, Tp = 10 s, y=2.87, jonswap spectrum.

It can be seen that the fully flexible HAWC2-stdalone solution results in higher pitch motions of
the structure, which can be seen to cause larger variations in rotor speed, power production
and blade pitch angle. The tower loads agree very well in the top of the tower and side-side,
but the fore-aft tower bottom loads larger variations are seen in the HAWC2-stdalone edition
with the flexible semisub and Morison approach.

3
25 -
g
- — 2 =
E b4 =
= = 2
=g 5 15 g
@ £ =
e
1 g
=

0.5

0

Figure 47. Irregular wave simulation with wind (LC 3.2), Hs = 6 m, Tp = 10 s, V=11.4 m/s,
mean value of response. IEA international results
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Figure 48. Irregular wave simulation with wind (LC 3.2), Hs = 6 m, Tp = 10 s, V=11.4 m/s,
variance of response. IEA international results
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Figure 49: Case 3.2. Wind, Electrical power, rotor speed, blade pitch angle. A is HAWC2-
WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone.

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+II. Final report of the contributions from EUDP 64010-0071

67



5
4
3
2
1
2100 2150 2200 2250 2300 2350 2400
Time [s]
8000
6000
4000
2000
]
-2000
-4000 -
2100 2150 2200 2250 2300 2350 2400
Time [s]
5000
— A[kNm]
4500 — B([kNm]
4000 C [kNm]
3500 R
3000 L
2500 i i | i i i I
2100 2150 2200 2250 2300 2350 2400
Time [s]
200000 - - - -
— A[kNm]
150000 & [k [{
100000
50000
0
-50000 I I i i I I
2100 2150 2200 2250 2300 2350 2400
Time [s]
20000
15000
10000
5000
o
-5000
2100 2150 2200 2250 2300 2350 2400
Time [s]

Distribution (3)

Distribution (%)

Distribution (%)

z
€
=1
-1

0,08
0.07
0.06
0.05

0.03
0.02
0.01
0.00

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

T T T

~6000 -4000

0.12

0.10 |

0.08
0.06
0.04
0.02
0.00

~2000

0 2000 4000
[kNm]

6000  B00O

2000

0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

-50000

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

-10000 -5000

2500

3000

3500 4000 4500
[kNm]

5000 5500

]

50000

100000
[kNm]

150000 200000

o

5000 10000
[kNm]

15000 20000

Figure 50: Case 3.2. Pitch, Mx tower top, My tower top, Mx tower bottom. A is HAWC2-
WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left is a zoom of the time signal,

right is the distribution function.
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Case 3.3: Iregular waves on a fully flexible structure at 18m/s

In this load case, the structure is fully flexible (potential flow methods with rigid substructure
though). The turbine is operating at 18m/s in turbulent inflow and the waves are irregular with

Hs =6 m, Tp = 10 s, y=2.87, jonswap spectrum.

As for case 3.2 it can be seen that the fully flexible HAWC2-stdalone solution results in higher
pitch motions of the structure, which can be seen to cause larger variations in rotor speed,
power production and blade pitch angle. The tower loads agree very well in the top of the
tower and side-side, but the fore-aft tower bottom loads larger variations are seen in the

HAWC2-stdalone edition with the flexible semisub and Morison approach.
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Figure 51: Case 3.3. Wind, Electrical power, rotor speed, blade pitch angle. A is HAWC2-

WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone.
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Figure 52: Case 3.3. Pitch, Mx tower top, My tower top, Mx tower bottom. A is HAWC2-
WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left is a zoom of the time signal,
right is the distribution function.
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Case 3.5: Iregular waves on a fully flexible structure at 47.5m/s

In this load case, the structure is fully flexible (potential flow methods with rigid substructure
though). The turbine at stand still with the blades pitched 90deg. The wind speed is 47.5m/s in
turbulent inflow and the waves are irregular with Hs = 15 m, Tp = 19.2 s, y=1.05, jonswap
spectrum.

Again larger pitch motion is seen for the HAWC2-stdalone with Morison approach compared to
the rigid semisub with potential flow theory. This results in higher tower loads, whereas the
anchor line tension is more unaffected.

65 T T T T T T
60 |- — | AL L I L - — Am/s]
55 - f [ R T S - — A | | [ T — B[m/s]
50 | — Clm/s]
I ' ' ' v UM
45 Iy | ! ] 1 I
40 | | | | ‘ I §
3 b - — L _¥Yw_ _ _ _ _ N | e L .
30 | | | | | | 1
2100 2150 2200 2250 2300 2350 2400
Time [s]
1.0 T T T T I I
05 | | | — Alrpm]
| ‘ \ | ) f | — B [rpm] ]
0.0 — { Y o &} I 1
I i w*_ — C[rpm]
—05 N ' | ‘ I " I 1Y Wy ll u il 'l ; || M } 7N | T
-1.0 \ i i ‘ '
-5 b - - -+ ---J4J4- - - -+ - - —-—-—d4-d - - - [— — — — — 4 - — - — —|= =
—2.0 | I i i | | I
2100 2150 2200 2250 2300 2350 2400
Time [s]
15 T T T T 1
10
5
0
=5
-10 | | | | | 1
2100 2150 2200 2250 2300 2350 2400
Time [s]

Figure 53: Case 3.5. Wind speed, rotor speed, surge. A is HAWC2-WAMIT, B is HAWC2-
WAMSIM and C is HAWC2-StdAlone.
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Figure 54: Case 3.5. Pitch, Mx tower top Mx tower bottom, line 1, line 2, line 3. A is
HAWC2-WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left is a zoom of the time
signal, right is the distribution function.
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Case 3.9a: Flooded compartment, no waves

LC 3.9 examines the response of the semi during a damage scenario where water has flooded
a compartment within one of the offset columns. Water is added to both Base Column 1 and
Upper Column 1. For Base Column 1, the column is completely flooded, which results in the
addition of 3.82e5 kg of water. Upper Column 1 is flooded up to 9.33 m above the base of that

column, which means an addition of 1.704e5 kg of water.

It was not directly possibly to adjust the water ballast in the hydrodynamic codes WAMSIM
and WAMIT, and therefore these results does not result in a skew orientation of the semi
sub. The impact can be seen from the HAWC2-standalone results where the offset is
included. The semisub is seen to have a pitch angle of 7deg and a roll angle of 4deg due to
the water offset, which directly causes extra loads on
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Figure 55: Case 3.9a. Heave, pitch, roll,Mx tower bottom, My tower bottom. A is HAWC2-
WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone
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Case 3.9b: Flooded compartment, iregular waves

This loadcase is also with flooded compartments as for case 3.9a, but here the turbine is

operating at 18m/s with turbulent inflow and irregular waves Hs

jonswap spectrum.

6m, Tp =10 s, y=2.87,

It was not directly possibly to adjust the water ballast in the hydrodynamic codes WAMSIM and
WAMIT, and therefore these results does not result in a skew orientation of the semi sub which

explain the main result differences.
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Figure 56: Case 3.9b. Wind speed, Wave height, Electrical power, sway, surge, heave. A is
HAWC2-WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left the time signal, right

is the distribution function
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Figure 57: Case 3.9b. Pitch, roll, Mx tower bottom, My tower bottom, Fz line 1, Fz line 2, Fz
line 3. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left the time
signal, right is the distribution function
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Appendix B: Vorpahl, F et. Al. (2014)
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ABSTRACT

This work presents the resulis of o bonchmark study on sero-servo-brydmo-clastic codes for offshore wind turbine dymamic
simulation. The codes verified herein account for the coapled dynamic systems inchuding the wind inflow, serodynamics,
elasticity and controls of the trbine, aloag with the ncident waves, sea current, hydrodynamics and foundation dynamics
of the suppon stractune.

A large set of ime series simulation reselis such & iwrbine operational chaactenstics, extemal conditions, and loed and
displacement oatputs was companed and interpreted. Load cases were defined and run with increasing complexity b tmce
back differences in simalafion resulis o the anderying emor sources. This led o o desper anderstanding of the anderlying
physical sysiems. In four subsequent phases—dealing with a 5-MW mrbine on 2 monopile with a fixed fosndation, a
monexpile with a Hexible foundation. a mripod and a foating spar buoy—the latest sapport stucture developments in the
offshore wind esergy industry are coversd, and an sdapiation of the codes i those developments was initisted.

The comparisons, in geneml, agreed quite well. Differences exisied among the predictions were tmoed back o dif-
ferences in the model fidelity. nﬂ'nd].umr mplunenl.m-. I:ydmdjnl.m:hﬂdducmuummdllmnln] ifficuities
within the codes. The comparisons dted in @ more thomagh g of the modeling technigues and betier knioad-
edge of when various approximations are mot valid. More importantly, the lessons learmed from this exercise have been used
o further develop and Emprove the codes of the participants and increase the confidence in the codes’ accuracy and the
comeciness of the results, hence improving the stasdand of offshore wind torbine modeling and simulstion.

One purpose of this paper is to summarire the lessons leamed amd present resulis that code developers can compare .
The set of benchmark load cases defined and simulated during the course of this project—ithe e data for this paper—is
wvailahble in the offshore wisd turbine smulation community amd is alresdy being msed for lesting newly developed sofi-
ware tools. Despile that no measurements sre included, the lange namber of participants and the—in general—very fine
lkevel of agreement indicaie high trustworthy nesults within the physical assumptons of the codes and the simulation cases
chosen. Other cases, such as large prebend flexible blades, lange wind shear. lirge yaw emor or tmesient maseuvers, may
mot show the same level of agreement. These casex wene deliberately lefi oot because the focus is on the specific ofshore
application. Further on, this benchmark study includes participating codes and organizations by name (contrury o several
previous benchmark studies) that gives the reader o chance i find results from one particnlsr code of interest. Copyright
D X3 Jobn Wiley & Sons, Lid.
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Appendix E Larsen, T.J. et.al. (2011)

Comparisons of wave kinematics models for an offshore wind
turbine mounted on a jacket substructure

tTorben J. Larsen’, {Tasseong Kim
tRisa DTU, National Laboratory for Sustainable Enargy,
Technical University of Denmark

t5igne Schleer and $Henrlk Bredmose
1DTU, Mechanical Engineering,
Technical University of Denmark

EWEA Offshore 2011
Amsterdam, The Netherdands
295 November - 1= December 2011

Abstract

The purpass of this study is fo investigate the dynamic influence of wave loads for wind furbines plsced at
intermadizie water depths (40-80m) wsing 5 jachst subsiructure. We analze whether nonfinesr wave loading
may lead fo Tinging”, which iz 2 ransiant exdisfon of stwciural modes with much langer amplitudes then seen
for inear wave kinemafic models. Fulf interscion batween dvnamics of the wind furbine and the subsiructurs is
induded in the study performed for & standsiill situation using the fully failie seroalasic code HAWGZ Wave
Ipads ere modelsd wsing dassic mathods e ity and stream fundction theary, but s'so 3 new and mors advanced
fully nonfinear iregular modsl kas bean aopiisd  This nonfinear wave modsl sofves the 50 Laplace squation for
the walocily poteniial with nonfinesr houndsry conditions af fhe free surfacs and an impermeshiliy condifon on
the sea bed on a vaiable depth, represeniing state-of-the-art within nonlinear imotational wave modsing The
results show a Sgnificant increase in dynamic inad conribution by the nonlinear waves

1 Introduction

Within the offshore wind industry them is a general trend towarde constantly increasing turbine sizes and siting
conditions at water depth above 30m, which has a direct consequence for the design of the applied substructurs.
Until now, mainly gravity based concrete foundations and monopile have been utiized. However, for increasing
waler depth and turbine sizes other concepts seem competitve. Especially hydrodynamic trensparent designe
like the jacket construction afttain increased attention since they appe ar fo be cost effective for inemediate water
depths. For very deep water, floating designa seem to be the only feasible design.

In general the wave loads are more simple to simulate for deeper waters where small wares ame described very
well with the linear Airy method [1]. This simple wave model has the benefits of being easily extended to imegular
wave trains with and without wave spreading. An improvement of the kinematice near the free surface is obtained
by mapping the wave kinematics from the sea bed to the &till water kevel onfo the full water column stetching
from from the sea bed to the instant wave swrface height. This is refered o as the Whesler stretching [2]. Steep
waves (though not breaking) can be represented using stream function theory [3] and [4], which provides a fully
nonfinear solution for regular waves on constant depth. Thess methods are especially spphed for investigation of
extreme hoad in stormm situation. An offshore wind turbine howewver differs from most other offshore structures by

"a-mailzt j altci son. A=,
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Offshore Code Comparison Collaboration Continuation (O0C4), Phase [—Results of
Coupled Simulations of an Offshore Wind Turbine with Jacket Support Structure
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®Institute for Energy Technology, Kjeller, Norway; "Centre for Ships and Ocean Structures at the Norwegian
University of Science and Technology, Trondheim, Norway; *National Technical University of Athens, Zografou,
Greece; "American Bureau of Shipping, Houston, TX, USA; ""Pohang University of Science and Technology,
Pohang, Korea; ''Institute of Steel Construction at Leibniz Universitit Hannover, Hannover, Germany; *Endowed
Chair of Wind Energy at the Institute of Aircraft Design at Universitit Stuttgart, Stuttgant, Germany: "“Norwegian
University of Science and Technology, Trondheim, Norway, "“Knowledge Centre WMC, Wieringerwerf, The
Netherlands; "Energy Research Centre of the Netherlands, Petten, The Netherlands; '"China General Certification,
Beijing, China; "REpower Systems SE, Osnabriick. Germany

In this paper, the exemplary resubls of tie IEA Wisd Task 30 Offstore Code Comparison Collaberasion Conthouation (OC4)
Project — Phase [, focusod on the conpled simakation of an offshore wind torbine (OWT) with 8 jecket support strocture, wre
preseated. The focus of this tusk has been the verification of OWT modeling codes through code- le-code comparisons. The
discripanches between the results are shown and the sources of the differences are discussed. The Importance of the lecal
dynumics of the struclure is depicted in the resiilis. F i given b aspects such s Uhe Bijoyaney
calculation and methods of accounting for additienal masses (Le., hydrodynamic added mass), Finally, recommendations

concernbng the modeling of the facket nre given

INTRODUCTION

The analysis of offshore wind wrbines relies on zero-hydro-servo-
elastic simulstion codes. These coupled time-domain-based (wols
tike into account an interuction of varows envirenmental conditions
and the entire structural assembly of the rbine, including its
control system. Due to the complexity of the models, verification
and validation of the codes is required. Limited avalability of
mepsurement data [mpedes the validation of these simulation foels.
Therefore, there is a need to perform code-to-code compurisons
(verification) instead. The first ingernational project dedicated
1w verification of simulation tools for wind nrbines, ingluding
hydrodynamic losds, was undertaken within the Cifshore Code
Comparizson Collaboration {OC3) Project (Jonkman and Musial,
2000} The cooperation was focused on coupled simulations of an
offshore wind turbine supported by a vanely of support struciures,
Further research needs triggered a follow-up project, the Offshoce
Ciode Comparison Coellsberstion Continuation (004} Project. The
0C4 project was formed under the International Energy Agency

*ISOPE Member.

Recelved Ocrober 26, 3113, apdated and funber revised monuscript received
by the editors December 9, 2013, The origisal versioa (prior to the fisal
updated and sevised manuscripth wes presented of the Twenty-second.
Internationad Offshore ud Polar Enginesring Conference [1SOPE-3111),
Rhades, Greece., Juna 17-22, 30121

KEY WORDS: Offshore wind twrbine, conpled simulation, nere-hyrtm-
servo-elastic codes, jacket suppon suructure, code verificaton, code-uo-
code compartson, OCH.

(IEA) Wind Task 30 in 2010 1o fnvestigate wind turbine coupled
simulations with a jacket support structure and a semisubmersible
platform, Complex hydrodynamics of the ke and local vibration
phenomena of the former have not been broudly studied yet;
therefore, their analysis is of interest.

A number of scademic and industrial project parmers from 10
countries participae in e task. Those actively imvolved in Phase |
are: Fraunhafer Inssitute for Wind Energy and Energy System Tech-
nology IWES {Germany), the Natiosal Renewable Energy Labora-
tory (NREL ) (USA), Technical University of Denmsirk, Department
of Wind Energy, Riset campus, Roskilde, Denmark (Risa DT}
(Denmark), Fedem Technology AS (Norway ), Garmad Hassan &
Partners Lid. (LK), Instittite for Energy Technology (IFE) {Nor-
wiry}. Pohang University of Science and Technolegy (POSTECH)
(Korea), Centre for Ships and Ocean Stuctures (CeS05) at the
Norwegian University of Science and Technology (NTHU} {Nor-
way), Nutional Technical University of Athens (NTUA) (Grecce),
Institute of Steel Construction at Leibniz Universitat Hannover
(LUH) (Germany), the Endowed Chair of Wind Encrgy at the
Institute of Adreraft Design at Universica Stuttgan (SWE) (Ger-
muany ), Norwegsn University of Science and Technology {NTRU}
[Nerway ), Knowledge Centre WMC (The Netherlands), Energy
Research Centre of the Netherlunds (ECN) (The Netherlands),
Americon Bureau of Shipping (ABS) (USA), REpower Systcms
SE (Genmany) and China General Certification [(OGC) (China).
Ewch one of the participants hus their own area of expertise und,
therefore. their own unigque contribation to the project.
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Trondheim, MNorway: 5. Garad Hasssn & Partners Lid, Bristed, UK 6. Institiie for Energy Technology, Kjeller, Norway; 7. Centre for Ships and
Owesn Stnuctumes &t the Norweglan University of Science and Technology. Trondheim, Morway; 8. National Technical University of A thens, Fografion,
Greece; 9. American Bureau of Shipping, Hoaston, USA; 10. Pohang University of Schence and Technology, Pohang, Korea: 11. Institule of Skeel

Construction at the Letbnix Universitt b . Hammover,

Universilat Stoltgart, Stufigar,

v, 12 Endowed Chalr of Wind Energy i the Institule of Alrcraf Design at
Germany; 13. Morwegian University of Science and Technology, Trondheim, Morway: 14, Knowladge Centme W MO,
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China; 17. REpmwer Sysiems SE, Osnabrick, Genmany

ABSTRACT

In (ks paper, the exemplary msulls of the TEA Wind Task 30 “Omshore
Code Comparison Collaboration Conbeuation™ (OC4) Progct — Phasa 1,
focusad on the coupled simuatson of an offshore wind turbine (0T
with & jacket suppon stuctum, am pesenisd  The focus of this task
has been the verification of (W' T madeling codes throagh code-to-code
compartsans. The discrepancies between the msubs am shown and the
sources of the difierences am discussed. The importance of the local dy-
namics of the structum is depicied in the simulation resulis. Furthermore,
attention is given o aspects sach as the baoyancy calcalation and meth-
ods of accomnting for additional masses (such as hydrodynamic sdded
mass). Finally, iecommendations conceming the modeling of the jacked
& given

KEYWORDS

Offshom wind twrbine; coupled simualafion; sero-hydro-svo-elastic
codes;, Jacked suppont stnactare; code verification; code-io-code compar-
som; OCd

INTRODUCTION

The anatysis of offshore wind turbines relies on sero-hy dro-svo-elastic
simulation codes. These coapled time-domain-based ipods take inbo ac-
count an inEracion of varous eavironmental conditions and the entire
structural assmbly of the turbine, Incinding its control system. e o
the compliax ity of the mode s, verification and valldation of the codes 15
required. Limited aveilahility of measarement data impedes the valida-

Hon of these stimubstion ipals. Theme o, there ks 2 need to perform code-
o-code comparisens (verification) instead. The first intemational project
dedicaied 10 verification of simulation tnols for wind mrbines, inciading
bydrodynamic loads, was andertaken within the ~Difshoe Code Com-
parison Coflaboration™ (OC3) Project ( fonkman and Musial, 20000, The
cooperation was focusad on coupled stmukstions of @n offshore wind bar-
bime sapporied by & varety of support structures. Further reseanch needs
mgperd a follow-on project, the “OMshore Code Companzon Colisho-
ration Contimusation”™ (0C4) Project The OC4 project was fommed mnder
the Inemational Energy Agency (IEA) Wind Task 30 in 2010 to lmvesti-
g wind tarbine coupled simmations with & jacket support stmactare and
a semisubmersible platform. Complex: bydodynemdcs of the 1ater and
local vibration phenomena of the former have not been broadly smdied
yel, and therefom, their analy sts Is of interest

A mumber of academic and indusinial project pariners fom 10 comires
pariicipsie n the task. Thom actvely ivolved in Phase I sre; Fraun-
boger Institute for Wind Energy and Emergy System Technology TWES
{Germany}, the National Renewshie Energy Laboratory (NREL) (USA},
Techniczl University of Denmark, Department of Wind Energy. campus
Risg, Roskiide, Denmark (Risg DTU) (Denmark), Fedem Technology
AS (Morway), Garrad Hassan & Panmers Lid. (UK), Instute for En-
ey Techmobogy (IFE) (Morway), Pohang University of Sclence and
Technology (POSTECH) (Koma), Centre for Ships and Ocesn Sirac-
uEs ((2S05) & the Norweglan University of Sclence and Technology
(MTMLI} {Morway), Mational Techmical University of Athens (MTLA)
(Cireece), Imstliue of Steel Construction at the Letbniz Universitst Han-
mver (LUH) (Cermany ), the Endowed Chair of Wind Energy at the
Imstitute of Almcraft Design st Universitat Stubgart (SWE) (Germay),
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Appendix H Popko, W. et.al (2012)

Europaan Saminar OWEMES 2012

OC3 and OC4 projects — Vernfication benchmark
exercises of the state-of-the art coupled simulation tools
for offshore wind turbines

W. Popko', F. Vorpahl', J. Jonkman® and A. Robertson®

'Fraunhofer Institute for Wind Energy and Ensrgy Sysiem Technology IWES, Am Seedeich 43,
27372 Bremerhaven, Germany, wajciech poplkoi@iwes fraunhofer.de

National Renewable Energy Laboratory, Golden, CO 80401, United States of America,
Jason jonkmani@nrel gov

Abstract — This doqument briefly presents the activities of the Offchore Code Comparison Collsboration (OC3)
=nd Offshore Code Comparison Cellaboration Continnation (OC4) projects mmder the Internationsl Enerzy
Apency (TEA) Wind Tasks 23 and 30, focused on advancing the overall scouracy of the coupled simulation tools
for offshore wind tarbines (OTT). These two projects ficus on the verification of simmiation tools performed by
direct code-to-code benchmarking exercises. A4 methodology of the verification process and its outcome are
briefly described. Also an infroduction to the state-of-the art sinmlation of OWT is given

1. Introduction

The enormous potential of offshore wind power and financial support from the European
Union and its individual member states drve the offshore wind mdustry business. Offshore
wind turbines (OWT) are becoming a significant source of renewable energy in Europe and
also worldwide. However a large-scale development is hampered by dissimilar offshore
conditions at diverse sites, which make the standardization of OWT design difficult Offshore
sites differ in terms of wind and wave conditions, water depth, seabed properties etc. This
creates a need for the utilization of different types of sub-stuctures like bottom-fixed
monopiles, gravity bases, space frames or floating structures. The price of an entire OWT can
be significantly reduced by an appropriate choice of such a sub-structure and its cost-effective
design to which a robust load analysis is the key.

The analysis of OWT relies on aero-hydro-servo-elastic simmlation tools and is performed
in the time domain, as only this appreach can incorporate non-linear dyname effects and
transient events of importance. The coupled tools take mto account an interaction of vanous
environmental conditions and the enfire structural assembly of the turbine with its control
system as shown i Figure 1. This includes various models descnibing: aerodynamics (aera),
control systems (serve), hydrodynamucs (hydro) and structural-dynamics of a wind furbine and
its offshore suppert structure (elastic). The coupled approach is required by design standards
and gmidelines (e.g. International Electrotechnical Commussion (IEC 2009) and Germanischer
Lloyd (GL 2005)) for an accurate prediction of the system dynamic response and the extreme
and fatigue loads of an OWT. Dynamic interaction should not be disregarded as it may result m
a considerable loss of accuracy. As for example the aerodynamic damping coming from a rotor
can, In some cases, significantly reduce hydrodynamme load effects om a support strocture,
which can only be captured in the coupled analysis.

Due to the high complexity and sophistication of these stmulation tools, their venfication
and validafion is required. The validation is currently impeded by the limited availability and
high uncertainty of full scale measurement data. However, the venification can be done by a

1
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Appendix | Robertson, A. et.al (2013)

Definition of the Semisubmersible Floating System for Phase
Il of OC4
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Appendix J Robertsen, A. et.al (2013)

Description of Load Cases for OC4, Phase ll
May 18,2013

1 Overview

This document defines the load cases to be mun for Phase IT of the OC4 project. Section 2 provides a list of the
load cases and Section 3 defines the outputs to be reported. The remainder of this Overview section, Section 1,
provides details of the simulations to be num, and imformation about the wind and wave excitation to be used.

1.1 Simulations

In Section 2, Tables 3-3 provide the details of each simulation to be nun for the analysis of the OC4-DeepCwind
semisubmersible. The first two columns in these tables provide the load case mumber and a general description
of the load case. The third columm (if present) gives any imtial conditions that should be applied to the system
and column four identifies which DOFs should be enabled in the simulation The smmulation length and
windwave condifions are given in the following columns, with a description of the output to be reported in the
final column.

The simulation length defined in these tables 15 the time to be reported after all transients have died out, with the
1on of the free-decay cases. All of the stochastic cases are mm with one seed and a simmlation time of
T e = 3600 5 (after transients die out) to get sufficient statistical information. Determimistic cases are nm for
only T4, = 60 s after transients, and the sinmlation time for the free-decay tests vary based on the DOF being
amalyzed The time step for data output is set for all load cases to At,,, = 0.05 s, providing a Nyqust frequency
of 10 Hz.
With the exception of a few load cases, time-senies responses should be reported for all load cases for the owtput
measurements detailed in Section 3. The reported responses from all of the determimistic wave simmlations
should start with a wave elevation of 0 m at time = 0 s, with posifive slope respective of time. All non-
stochastic sinmulations should start with Blade 1 at 0 degrees azimmth (in the wpmght position). The
determunistic load cases will be compared in terms of the time-series output. For the stochastic cases, time senies
should be supplied by the participants and NEEL will process these for companison in terms of statistics,
probability density fimctions (FDFs), and power spectral densities (PSDs).
1.2 Wind

In all load cases, the turbine is facing perfectly upwind (no yaw error), towards the negative global X-axis. The
turbulence description is based on the Mann turbulence model Turbulent wind datasets are available for the
114 and 18 m's wind cases on the OC4 SharePoint site (Team Site = Shared Documents = Task 30 OC4 =
Phase I Jacket = Stochastic Wind Data). The 47.5 m/'s dataset 15 available on the DTU fip server at
fip://fip nisoe dk/pub/pfirtjul/. and will be loaded to the OC4 SharePoint site once the files are broken into
smaller chunks, due to a file size limit on the SharePoint site. These datasets DO NOT include the mean value
for the wind, or wind shear. Wind shear with a power law profile is to be applied to all load cases with the
stochastic wind model, as specified i the load-case tables. In addifion, the turbulence intensity must be scaled
to the appropriate value given in the load-case tables.

Alternatively, participants can also generate their owm wind files based on the parameters given in the load-case
tables. In this case, the minimum resolution for the mdividually generated turbulence wind fields shall be 64 x
32 (lateral x verfical) with at least 5 m of gnd spacing. A time step of Jtwws = 0.03 5 is to be used. The air
density for all simulations 15 1.225 kg/m"3. The wind load on the support structure shall be neglected.

1.3 Waves

In all but one load case, the direction of the waves are aligned with the wind. propagating in the direction of the
+X-axis. The only exception to this is load-case 3.6, in which the waves are offset from the wind by 30
degrees. Wave direction measurements start with zero degrees in the +X direction, with positive rotation in the
CCW direction when looking from above (about +Z).
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ABSTRACT

comprehensive simmlation tools {or codes) that account for the
coupled dynamics of the wind mflow, serodynamics, elasticity,
and comtrols of the torbine, along with the mcident waves, sea
cmment, hydrodynamics, mooring dynamics, and foundatiom
dynamics of the support soucnme. This paper describes the
latest findings of the code-to-code venfication activities of the
Oifshore Code Companison Collaborstion Confinuation project,

' Present affiliation with EDP Inovacao
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which operates under the International Enerzy Apency Wind
Tack 30. In the latest phase of the project, participants used an
assortment of simmlstion codes o model the coupled dynamic
response of a 5MW wind hwhine mstalled on a3 floating
semusubmersible in 200 m of water Code predictions were
compared from load case sinmlations selected to test differemt
mode]l feamres. The comparisons have resulted in & preater
mndeling techniques, snd befier knowledge of the walidity of

1 Copyright © 2014 by ASME
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Appendix M Robertsen, A. et.al. (2013)

'
Put

RETROR AL NEMERGBLE ERERIEY LAECATORY.

Offshore Code Comparison
Collaboration, Continuation:
Phase Il Results of a Floating
Semisubmersible Wind System

Preprint

A. Robertson, J. Jonkman, and W. Musial
National Renewable Energy Laboratory

F. Vorpahl and W. Popko
Fraunhofer Institute for Wind Energy and Energy
System Technology IWES

To be presented at EWEA Offshore 2013
Frankfurt, Germany
November 19-21 2013

NREL is a national laboratory of the U.5. Department of Energy
Office of Energy Efficiency & Renewable Energy
Operated by the Alliance for Sustainable Energy, LLC.

This repaort is available at no cost from the Mational Renewable Energy
Laboratory (MREL) at waww_nrel gowpublications.

Conference Paper
NREL/CP-5000-60E600
Movember 2013

Contract Mo. DE-AC36-08G026308

IEA Annex 30 Offshore Code Collaboration Continued (OC4) phase I+I1. Final report of the contributions from EUDP 64010-0071

91



DTU Wind Energy is a department of the Technical University of Denmark with a unique integration of research, education, innovation and
public/private sector consulting in the field of wind energy. Our activities develop new opportunities and technology for the global and Danish
exploitation of wind energy. Research focuses on key technical-scientific fields, which are central for the development, innovation and use of wind
energy and provides the basis for advanced education at the education.

We have more than 240 staff members of which approximately 60 are PhD students. Research is conducted within nine research programmes
organized into three main topics: Wind energy systems, Wind turbine technology and Basics for wind energy.
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