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Summary

The overall aim of the UpWind project is to facilitate the large-scale implementation of offshore wind
farms across the EU. To achieve this aim, offshore wind farm sites must be bigger and also located in
deeper water. The increase in water depth at these sites means that more complex support structures
are required to resist the increased overturning moments; either braced support structures such as
tripods or jackets, or floating platforms. The increase in number of turbines and greater variability in
ground conditions at these sites means that the rapid processing of many design load calculations and
design iterations is required, for detailed and efficient wind farm design and optimisation. Advances are
needed in terms of cost reduction, upscaling of current technology and increases in reliability.

The objectives of Task 4.3 within UpWind Work Package 4 are to enhance the currently available de-
sign tools and methods for the efficient design of large numbers of structures at deep-water sites, and
to actively support the development of dedicated international standards which specify best practice for
the design of offshore wind farms (e.g. site-specific design, aerodynamic and hydrodynamic impact,
low-risk structures, floating concepts). Therefore this report focuses on the development of integrated
design tools, the benchmarking activities performed for these tools, advanced modelling approaches
and techniques for numerical simulation and the development of design requirements and standards.

In terms of cost, enhancing design tools and methods for the modelling of deep-water support struc-
tures is important because it will enable a more accurate and detailed prediction of loads and dynamic
response. Improved accuracy in prediction will lead to more optimised structures and cost savings. In
this report the development of integrated design tools for both bottom-mounted and floating structures
is presented. Benchmarking activities are also presented for these design tools. These are important
for verifying the accuracy of the codes available to the industry. An advanced technique for modelling
joints in braced support structures, the super-element technique, is presented. The way in which joints
are modelled in space-frame support structures such as jackets and tripods can make a significant
difference to frequencies and loads so accurate modeling of these joints is essential. The development
of advanced modelling techniques for the numerical simulation of aerodynamic, hydrodynamic and
mooring line effects for floating wind turbines are also presented.

In terms of upscaling, a greater efficiency in the design process for complex support structures such as
tripods or jackets will assist with the large-scale implementation of wind farms in deep water at large
offshore sites. In this report recommendations are presented for the implementation of a reduced set of
design load cases for the preliminary design of jacket support structures. A design load case pa-
rameter analysis for jacket support structures is also performed, to test the relative influence of a num-
ber of key design load case parameters affecting offshore wind turbine jacket support structure design.

In terms of reliability, it is important that the international design standards are constantly reviewed and
updated to ensure they are in line with industry best practice. In this report a review of the IEC 61400-3
standard is presented, including recommendations for future editions. A reliability-based calibration of
safety factors for the fatigue design of offshore wind turbine support structures is also performed. Fi-
nally, recommendations are presented for possible extensions to the IEC 61400-3 standard to enable
applicability to floating wind turbines, including the implementation of additional/different design load
cases.
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1. Introduction

1.1 The Upwind project

The offshore wind energy industry is turning out ever larger numbers of offshore wind turbines every year.
Although significant progress has been made in making offshore wind energy more cost-effective, further
cost reductions must be achieved to compete on equal terms with other sources of energy, such as gas
and coal powered energy and land based wind energy. One way to achieve this is to turn to economies of
scale, both in numbers and in terms of power output of turbines. To facilitate this development the EU
funded research project UpWind was initiated in 2006. UpWind looks towards wind power of tomorrow;
specifically the design of very large turbines (8 to 10MW) standing in wind farms of several hundred MW,
both on- and offshore.

The project brings together participants from universities, knowledge institutes and the industry from
across Europe. Topics of research are gathered in work packages, for example focussing on aerodynam-
ics & aeroelastics, rotor structure & materials, control systems and electrical grids. One topic specifically
geared towards offshore development is the development of offshore support structures, to enable the
offshore application of large turbines in deep water sites.

1.2 Work Package 4: Offshore Support Structures and Foundations

The primary objective of the offshore support structure work package (WP4) is to develop innovative,
cost-efficient wind turbine support structures to enable the large-scale implementation of offshore wind
farms, for sites across the EU. To achieve this objective, the work package focuses on the development of
support structure concepts suitable for large turbines and for deep water which are insensitive to site
conditions. Further focus lies on the assessment and enhancement of the design methods and the appli-
cation of integrated design approaches, to benefit from the integrated design of turbines and monopile
support structures. The work package is divided into three tasks to execute the research:

e Task 4.1: Integration of support structure and turbine design for monopile structures
e Task 4.2: Support structure concepts for deep-water sites
e Task 4.3: Enhancements of design methods and standards for floating support structures

To this end, three main types of support structure concept are addressed: monopile structures, braced
structures and very soft and floating structures. The level of detail in the research reflects the state of cur-
rent knowledge. The work package aims at making the “next step” in the development of these main con-
cepts:

e For monopile structures the focus is on structural optimisation and pushing the boundaries of the
range of application by integrated design.

e For braced support structures the focus is on structural development and making such structures
suitable for large scale application.

e For very soft and floating structures the focus is on concept development and on the development
of tools to assess these structure types

This report is one of a set of reports which together make up the final reporting of Work Package 4. The
work done in Tasks 4.1 and 4.2 are documented in separate final reports [1], [2]. One encompassing re-
port summarises the findings of the WP in an executive summary [3]. The interrelation of the four reports
is shown in Figure 1.1.



Executive Report

WP4
Offshore Foundations & Sup-
port Structures
Task 4.1 Task 4.2 Task 4.3
Integration of support struc- Support structure concepts Enhancement of design
ture and wind turbine design for deep water sites methods and standards

U J

Figure 1.1: Context of reports in WP4

1.3 Task 4.3: Enhancement of design methods and standards

In order to achieve the large-scale implementation of offshore wind farms across the EU, offshore wind
farm sites must be bigger, and also located in deeper water. The increase in water depth at these sites
means that more complex support structures are required to resist the increased overturning moments;
either braced support structures such as tripods or jackets, or floating platforms. The increase in the num-
ber of turbines and variability in ground conditions at these sites means that the rapid processing of many
design load calculations and design iterations is even more important, for detailed and efficient wind farm
design and optimisation. These additional demands require:
i) A corresponding enhancement of the capabilities of existing design tools and methods to enable
detailed modelling of wind turbines mounted on complex support structures;
i)  Further development of international design standards and best practices for offshore wind turbine
design.

In view of this, the objectives of Task 4.3 are twofold: to enhance the available integrated design tools and
methods for the automated design of large numbers of structures at deep-water sites, and to actively sup-
port the development of dedicated international standards which specify best practice for the design of
offshore wind farms (e.g. site-specific design, aerodynamic and hydrodynamic impact, low-risk structures,
floating concepts).

1.4 Report structure and context

This report is broadly divided into two parts. Part | deals with the development of design methods for
braced bottom-mounted support structures and Part Il deals with the development of design methods for
floating support structures. Both parts follow the same general structure. First, the development of inte-
grated design tools is presented (Chapters 2 and 6). Next, a summary is given of benchmarking activities
performed for these tools (Chapters 3 and 7). Third, advanced modelling approaches currently used or
under development are presented (Chapters 4 and 8). Finally, the development of design requirements
and standards is described and recommendations given for further optimisation of the design process
(Chapters 5 and 9).
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PART |: Design Methods for Braced Bottom-Mounted Support
Structures

Historically aeroelastic simulation tools have been developed for onshore wind turbine simulations. It is
possible to adapt these tools for offshore applications, but often with limitations in the possible support
structures. Monopile structures can be modelled relatively simply as they are effectively longer towers,
which is unproblematic as long as the offshore sites remain in shallow waters. However in deeper water it
is often necessary to move to more complex sub-structures such as jackets or tripods. Performing inte-
grated analysis of such structures presents new challenges.

Chapter 2 presents three different approaches to performing integrated design load calculations for fixed-
bottom offshore wind turbines with complex support structures. The coupled approach, the combined mul-
tibody/modal approach and the full finite element approach are described, and examples given of codes
which use these approaches.

Chapter 3 presents a summary of benchmark studies performed with the above three design tools. The
simulations and comparisons presented are an important step in verifying the accuracy of such tools.

Chapter 4 presents advanced approaches to enable a more detailed modelling of joints in braced support
structures. The way in which joints are modelled in space-frame support structures such as jackets and
tripods can make a significant difference to frequencies and loads.

Chapter 5 presents recommendations for the development of the IEC 61400-3 standard, together with
guidance on the implementation of design load cases for preliminary design and a design load case pa-
rameter analysis for jacket support structures. A reliability-based review of safety factors for offshore sup-
port structures is also performed.

2. Integrated design tools
2.1 Coupled aero-elastic and FE approach

This section describes the first workarounds in simulating offshore wind turbines with bottom-mounted
space frame sub-structures and the step towards full integrated simulations using software couplings on
the level of equations of motions, also known as sub-structuring methods. The development is explained
using the example of the aeroelastic tool Flex5 coupled with finite element codes. It means that two spe-
cialised software packages are coupled rather than extending the foundation methods in the wind turbine
code Flex5. The latter one is described in [4].Two strategies have been found: the sequential coupling
approach [5] and the full integrated coupling approach [6], [7]. They differ in accuracy and coupling effort.
The coupling methods explained here can be assigned to other tools as well.

Limitations in Flex5

Flex5 is a modal based simulation tool with a maximum of 28 degrees of freedom, which is enough for
representing the important mode shapes of a wind turbine. The motion of slender components like the
tower, the monopile or the rotor blades are dominated by their lower natural frequencies. Only six degrees
of freedom are reserved in Flex5 for the motion of the foundation. For modelling more complex sub-
structures than a monopile, more degrees of freedom are necessary.

Flex5 is a well-fitted tool for simulating onshore wind turbines and offshore wind turbines mounted on a

monopile. Many wind turbines have been designed using Flex5. The aim of the couplings is to combine
specialised offshore tools with Flex5 to extend the usability of both.
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Sequential coupling

The sequential coupling approach consists of a series of separated simulations. The simulation tools are
kept separate and are applied one after the other. This coupling approach has been realised with Flex5
and ASAS(NL) [5]. ASAS(NL) is a finite element tool specifically developed for offshore applications. The
overall time integration of Flex5 is used to solve the equations of motion. A reduced generalised founda-
tion model with six degrees of freedom is needed for representing the complex sub-structure. This re-
duced model is created in the finite element tool out of the detailed finite element model. Besides the
model the hydrodynamic loading history is treated analogously. Parts of the results (internal forces or dis-
placements) from Flex5 are transferred back as boundary conditions to the finite element tool, which al-
lows a retrieval simulation in the finite element tool to obtain member forces in the complex foundation
model. The flow chart of the sequential approach is shown in Figure 2.1.

Advantages and disadvantages

The two simulation tools do not interact directly, which makes the modifications in the codes simple. The
computational effort is higher than a stand-alone simulation in Flex5 because of the additional retrieval
run. The coupling is missing dynamic interactions between the sub-structure and specific phenomena of
the wind turbine due to the strong reduced foundation model. An outcome of this missing link is that the
internal forces calculated in the retrieval run are different compared to an integrated solution. This cou-
pling approach can only represent linear problems of the foundation, as any non-linear problem is linear-
ised during the reduction process. The calculation of hydrodynamic loading is based on a fixed structure,
as the motion of the overall wind turbine is unknown to this point.

FE-Code: ASAS

Detailed sub-structure ' Generating the
model ' wind turbine model

]

Generation of
hydrodynamic loading

|

Reduction to a Flex5

equivalent foundation model i—»@m import

(Stiffness, damping, mass, loading)

Retrieval run:
Force or deformation
boundary conditions of Flex5

Post-processing Post-processing

Figure 2.1: Flow chart of the sequential coupling approach

Aero-hydro-elastic
time integration

Full integrated coupling

The most accurate simulation of offshore wind turbines (OWT) with complex sub-structures is achieved if
the complete set of equations of motion of the entire offshore model is solved in one numerical solver. To
do so, the equations of Flex5 need to be combined with the equations of the finite element code. The in-
terface point is the connection between the tower and the sub-structure. Similar to the sequential ap-
proach Flex5 is used to model the wind turbine and to compute the aerodynamic loading. The finite ele-
ment code is used to model the sub-structure and to compute the hydrodynamic loading. An interface,
accessible by both tools, is employed to exchange parts of the equations of motion of the tools during run-
time. The wind turbine model of Flex5 is considered as a super-element in the finite element code with a
maximum number of 28 degrees of freedom. The other way round would end up in an enormous amount
of work because it is difficult to introduce further degrees of freedom in Flex5.
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In every time step the system matrices of Flex5, i.e. mass M, stiffness S, damping D, and the current load-
ing F is transferred to the finite element code. There the models are combined on the level of equations of
motion and the hydrodynamic loads are added. The equations are solved in the finite element code. The
results, i.e. displacements, velocities and accelerations (x, x, X ) are used in Flex5 to update the geome-

try, the loading and the controls. Figure 2.2 shows the coupling process and data exchange.

Flex5 tha - e t, - e toet
A | A
.. Meiex> DEiexs shared memory or
X, X, X Skiexs Facro DLL interface

Figure 2.2: Process of the full integrated coupling between Flex5 and a finite element code [7]

Three full integrated couplings have been realized: Flex5-FECOS [6], Flex5-Poseidon and Flex5-ASAS
[7]. The first one was created within UpWind, the two other couplings have been created in the Project
OWEA - Verification of offshore wind turbines [8]. The interface and the modelling capabilities are different
between the tools, but the coupling method is the same. FECOS is a finite element code compiled as a
dynamic link library (DLL) and is included in Flex5 directly. Therefore no special interface is necessary to
handle the data exchange. Flex5-Poseidon uses a shared memory interface where both tools access the
same memory. Flex5-ASAS uses a separate DLL for the data exchange.

Advantages and disadvantages

An important advantage of the full integrated coupling is that specific simulation codes are combined with-
out losing their potential. The application possibility of the coupled tools has been extended. The method
considers dynamic effects between the wind turbine and the support structure. The load calculation takes
relative velocities of the entire structure into account. Non-linear problems can also be simulated using
Flex5-ASAS.

The main disadvantage is the computational time. The simulation speed is lower than the sequential ap-
proach and much lower than a Flex5 stand-alone simulation. The reasons for this can be found in the
large number of freedoms and the data exchange between the tools in every time step. The simulation
speed can be increased if a reduction method is implemented in the finite element code, but this restricts
the simulations to linear problems.

2.2 Combined multi-body / modal approach

This section describes the GH Bladed software code as an example of an integrated design tool for calcu-
lating wind turbine performance and dynamic response [9]. Bladed was originally developed for the model-
ling of onshore fixed-bottom wind turbines, but has been extended to include hydrodynamic loading for the
modelling of offshore wind turbines. In the last year the core structural dynamic calculation in the code has
been extended to incorporate multibody dynamics.

The Bladed code uses a modal representation to model the structural dynamics of a wind turbine. This
approach has the major advantage of giving an accurate and reliable representation of the dynamics of a
wind turbine with relatively few degrees of freedom, making it a fast and efficient means of computation. In
the previous version of the Bladed code, the modal properties of the rotating and non-rotating components
of the system (i.e. the rotor and tower) were computed independently using a finite element representation
of the structure, then coupled together using the appropriate equations of motion in the dynamic response
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analysis. In the new multibody code, flexible components such as the blades and tower are modelled with
a modal representation. However, instead of modelling the whole turbine as a single dynamic structure
consisting of one rotor and tower with coupling between rotor modes and tower modes hard-wired into the
code, the structure can now be modelled with any number of separate bodies, each with individual modal
properties, which are coupled together using the equations of motion.

Each mode is defined in terms of the following parameters:
* Modal frequency
* Modal damping coefficient
+ Mode shape represented by a vector of displacements

The mode shapes and frequencies of the blade and tower (the main flexible components in a standard
wind turbine model) are calculated based on the position of the neutral axis, mass distribution along the
body and bending stiffness along the body, as well as other parameters specific to the body in question.
The modal damping for each mode is a user input to the model.

The use of multibody dynamics enables a completely self-consistent, rigorous formulation of the structural
dynamics of a wind turbine. The blade modes are modelled individually with fully coupled flapwise, edge-
wise and torsional degrees of freedom, and are valid for any pitch angle. Advanced definition options are
available for the blade geometry and structure, and additional degrees of freedom in the drive train and
gearbox can be easily modelled.

For modelling the support structure a multi-member model may be used, consisting of an arbitrary space-
frame structure with any number of straight interconnecting beam elements with given mass and stiffness
properties. Craig-Bampton style modes are used for the support structure, with a torsional degree of free-
dom included for all support structure types, not just multiple-member support structures. The support
structure is not necessarily axisymmetric, so the resulting mode shapes will be three-dimensional with all
six degrees of freedom at each node. Figure 2.3 shows an example of a mode shape for a braced support
structure, in this case a three-legged tripod.

Soil springs can be modelled in Bladed via a user-defined force-displacement relationship at multiple
foundation stations on the sub-structure. This includes the possibility to define non-linear relationships be-
tween force and displacement.

RI=IF

File:

"

Eigenmode 2: 0.476Hz

20|

40
50 -

-50

Figure 2.3: Example of multi-member support structure mode in Bladed
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2.3 Full Finite Element approach

The offshore wind turbine simulation approach presented in this section is based on ADCoS, a nonlinear
finite element (FE) system for aero-servo-elastic simulation of onshore wind turbines.

ADCoS uses a direct time integration method to resolve the equations of motion that describe the dynamic
system as a whole. Therefore no modal transformation is performed and no modal analysis is needed for
simulation. Furthermore each time step is iterated until a convergence criterion is reached and for that
reason nonlinear effects, like 2™ order pitch moments resulting from large blade deflections or torsional
stiffening of the blades due to different rotational speeds, are directly included in the time domain simula-
tions. Torsional flutter, a highly nonlinear instability that can occur due to a disadvantageous combination
of aerodynamic loads of a rotor blade, may be reproduced in detail as described in [11].

Support structures are defined as FE beam models using a two noded beam element with 12 DOF, based
on an Euler-Bernoulli-Formulation, in ADCoS. With this approach, local effects concerning single mem-
bers of branched structures are described as well. Local natural frequencies for example can be found in
load spectra of member loads. ADCoS is described in [11] in more detail.

To allow for simulation of offshore wind turbines, ADCoS is combined with ASAS, a FE tool widely used in
the offshore Oil & Gas industries to simulate offshore structures. Furthermore a macro allows for input of
structural models from the general purpose FE tool ANSYS for convenient structural modeling and optimi-
zation. In ASAS, hydrodynamic loads based on all common wave theories and Morison's equation as well
as hydrostatic loads can be calculated. Buoyancy may be included in relation to the time dependent water
surface based on displaced water mass or based on integration of hydrostatic pressures around the sub-
merged members. The loads calculated in ASAS are transferred into ADCoS-Offshore as nodal loads.
The calculation of wave loads and the overall time domain simulation are separated in the current simula-
tion procedure. Therefore effects resulting from relative kinematics due to superimposed wave and struc-
tural motion cannot be described. Although those effects are negligible for many structures, a new version
of ADCoS-Offshore that includes relative structural motions in wave load calculations is currently tested.
The ADCoS-Offshore approach allows consideration of soil characteristics in the overall turbine model.
The easiest way to connect the support structure model to the soil is to clamp it at mudline. It is obvious
that this approach is not very realistic. Therefore, user defined stiffness matrices can be included at mud-
line in ADCoS-Offshore to account for the flexibility of the embedded pile. For detailed simulation, those
stiffness matrices can be derived using ASAS based on a nonlinear P-y approach as described in [12] that
is recommended by the American Petroleum Institute [13]. In this case pile group effects resulting from
loads transferred from one pile to another via the soil medium are included as well.

Even though a modal analysis is not part of the transient time domain simulation a modal analysis is a
helpful supplementary tool to understand dynamic behavior of a structure. Figure 2.4 shows the 2 global
bending mode of the offshore jacket structure of a 5-MW turbine 30 m of water in ADCoS-Offshore (left)
and ANSYS (right) as an example.
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Figure 2.4: 2nd global bending mode of a jacket structure including local portion in ANSYS (left) and ADCoS-
Offshore (right)

The description of the global eigenmode, including a clearly visible local displacement in the lowest jacket
field, is perfectly the same in both tools. In this figure the turbine itself is represented with a lumped mass
in ANSYS whereas the ADCoS-Offshore model includes the fully flexible turbine. ADCoS-Offshore is de-
scribed in more detail in [14]. A validation of the simulation results obtained with this tool has been realized
via code to code comparison and is described in [16] and [19].

3. Benchmarking of design tools

Benchmarking exercises are important for the purpose of validating design tools against each other. A
number of WP4 members were involved in the OC3 code comparison project under IEA Wind Task 23
[18], in which a monopile and a tripod support structure were modelled and compared using the coupled
tools partly developed in Upwind WP4. This included basic comparisons of frequencies and masses, to-
gether with time histories and auto spectra derived from simplified load cases.

For the following IEA Wind Task 30, the Work Package has provided a reference jacket model for the
continuation of the comparison work with a more complex structure. Again, several WP members are in-
volved in the new |IEA Wind Task and gave support on the jacket structure modeling. The goal will be, as
for the monopile and tripod in the IEA Wind Task 23, to reduce uncertainties between different design
tools in the wind energy community and therefore enable more accurate designs in the future. For jacket
structures in particular such a code to code comparison is important, as it seems to be the preferred sup-
port structure type of the coming years in medium to deep waters.

In addition to the above interface with the IEA Wind Task code comparison projects, benchmarking exer-
cises have been performed for the tools presented in Chapter 2. Three fully integrated tools are applied in
the analysis - namely Flex5-Poseidon, GH Bladed and ADCoS-Offshore, all of which can be used for
simulating arbitrary bottom mounted offshore wind turbines. The benchmarking exercises carried out in
this chapter are performed with the NREL 5MW baseline wind turbine [52] mounted on the UpWind refer-
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ence jacket support structure designed by Rambgll [54]. The reference comparison is based on masses,
natural frequencies and time series of deterministic load cases.

3.1 Comparison of masses and frequencies

The first step in the benchmarking exercise is the comparison of the global model data and the dynamics
of the reference wind turbine. This ensures that there is no mistake in the reference model before different
modelling aspects are analysed. For the calculation of masses and natural frequencies the turbine was
idling while blade one initially is pointing upwards. As shown in Table 3.1, all codes show almost identical
masses, only the mass of the tower differs slightly due to different interpolations of cross-sectional proper-
ties in the codes, but this difference is negligible.

Table 3.1: Mass comparison of the reference model

Flex- GH IWES standard

Poseidon Bladed AdCoS deviation
Rotor-Nacelle-Assembly [t] 349.6 349.6 349.6 0.00
Tower (68m) [t] 216.7 215.4 216.6 0.58
Transiton piece (TP) (t] 666.0 666.0 666.0 0.00
Jacket [t] 609.1 609.1 609.1 0.00
Jacket + TP [t] 1275.1 1275.1 1275.1 0.00
Jacket + TP + Tower [t] 1491.8 1490.5 1491.7 0.58

Good agreements can be found in the comparison of natural frequencies too. Only natural frequencies up
to the second eigenmode of a component are included. Flex5 represents the motion of the blades and the
tower only by its first two eigenmodes per direction. Therefore the assessment of a third blade or support
structure mode is not reasonable here. Figure 3.1 illustrates the results of the three simulation codes.
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Figure 3.1: Natural frequencies of the reference model
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3.2 Comparison of deterministic load cases

Deterministic load cases have been defined to compare the results on the level of time series. The load
cases have increasing complexity. Aerodynamic loading and hydrodynamic loading have been simulated
separately, followed by combined loading. The course of oscillation and amplitudes of the time series is
very equal in all analysed cases. Simulations have been carried out with a constant wind speed of 8m/s
and an aligned extreme stream function wave of 8m wave height and a wave period of 10s. Table 3.2
gives an overview of the three simulated cases.

Table 3.2: Simulated load cases for code-to-code comparison

Load Description Wind conditions Wave conditions Directionality
case
11 Just wind, still water Constant, 8m/s Still water Wind from North (0°)
1.2 Just waves, no wind No wind Stream function with H=8m and Waves from North (0°)
T=10s
21 OWT operating with Constant, 8m/s Stream function with H=8m and Wind and waves co-linear
wind and waves T=10s from North (0°)

Overall seven sensors (load effects) have been selected for the reference validation. Four of them are
located in the jacket. Figure 3.2 shows the position of the jacket sensors. The remaining three sensors are
the rotor speed, electrical power output and the out-of-plane bending moments of blade number one. The
wind turbine is pointing in the negative direction of the global x-axis in the picture.

#3

wind / waves

#1

Figure 3.2: Position of sensors at the reference jacket

Exemplarily the time series of the combined wind and wave case (case 2.1) for the turbine sensors is
shown in Figure 3.3. The curves show good agreement, even if some small differences in rotor speed and
power output are visible. This is due to differences in the power loss definition and power controller im-
plementations. Still, the differences are marginal and the resulting out-of-plane bending moment of blade
one gives a good agreement.
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Figure 3.3: Time series of rotor speed, power output and blade out-of-plane bending moment blade 1 (from top) for
load case 2.1

In presenting the results from the comparison of the jacket loads just sensor #1 is shown in Figure 3.4, for
the purpose of brevity. As for turbine sensors, each time series is shown for a time period of 30s. This al-
ready includes a cut-off off the first 10s of simulations to eliminate initial transients.

As for the turbine sensors, the overall trends of the time series of Bladed and Flex5-Poseidon are match-
ing well. A small shift in magnitude for the axial force (Fx) can be seen. This is because the controllers
could not be modelled in such a way that they gave exactly the same operating conditions. This resulted in
a difference in rotor speed between Bladed and Flex, which can be seen in the top graph in Figure 3.3.
The resulting difference feeds into the blade loads and also further down into the support structure loads.
This can be validated by comparing Figure 3.5 (just wind) and Figure 3.6 (just waves), as the shift is only
visible for the pure wind case. Another visible difference is seen in the phase shift. This seems to come
from differences in wave modelling and loading, as the phase shift is only recognizable for the pure wave
case (compare Figure 3.6) and not for wind and calm sea (compare Figure 3.5).

In conclusion, this short chapter on benchmarking of simulation tools shows good agreements for all
stated codes in terms of masses and frequencies as well as for loads. Observed discrepancies can be
explained in terms of differences in modelling.

sensor 1
T
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Figure 3.4: Time series of axial force Fx, shear force Fy and Fz of jacket sensor #1 (from top) for load case 2.1

19



sensor 1

-2500 T T T T
= -3000 R
L
3500 L | | L L
0 5 10 15 20 25 30
Flex
150 . . ; GH Bladed|
E .
=3
w
100 . | | . .
0 5 10 15 20 25 30
80 T T T T
z
=
" —
w
40 L | | . .
5 10 15 20 25 30
time [s]

Figure 3.5: Time series of axial force Fx, shear force Fy and Fz of jacket sensor #1 (from top) for load case 1.1 (wind

only)
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Figure 3.6: Time series of axial force Fx, shear force Fy and Fz of jacket sensor #1 (from top) for load case 1.2
(waves only)

20



4. Advanced modelling approaches

There are a number of features unique to multi-member support structures which require enhancement of
the current design tool capabilities and techniques. In particular the presence of complex joints needs to
be taken into account.

The most basic approach to modelling joints in a braced support structure is to include joint cans. Joint
can properties differ from basic tube properties in terms of increased wall thicknesses. A preliminary study
was performed using the UpWind reference jacket support structure with and without joint cans [54], to
determine the influence of joint can modelling on the dynamic simulation of the structure. The mass differ-
ence due to joint can modeling was found to be approximately 1.7% with respect to the offshore wind tur-
bine structure as a whole, and the differences concerning the first 18 natural frequencies were under
0.8%. These differences are relatively minor, and therefore it is concluded that the modelling of joint cans
is not expected to lead to significant changes in the loads resulting from dynamic simulations.

In the remainder of this chapter, an advanced approach to enable a more detailed modelling of joints in
multi-member space-frame support structures is analysed, namely the super-element technique.

4.1 Super-element modelling in ADCoS-Offshore

As mentioned in Section 2.3, branched support structures for offshore wind turbines (OWT) are basically
modelled in ADCoS-Offshore as FE beam elements. These elements are clamped at the nodes, where
the centerlines of the members intersect. This leads to a fairly good representation of the single tubular
members of the structures, but to a less accurate representation of the joints themselves. Usually, the joint
stiffness is overestimated with this approach. This is due to the fact that local joint flexibilities, resulting for
example from local chord indentation next to the connection between chord and brace due to a bending
moment on the brace, are not taken into account.

This is a crucial issue as for numerous OWT structures, fatigue life is a design driver and the greatest cal-
culated fatigue damage is found at the joints of the structures [56]. Furthermore, fatigue life prediction is
heavily influenced by local joint flexibilities for comparable structures as described for example in [57].
Thus, further development of OWT design tools towards more detailed joint representation for simulation
of turbines with braced support structures is an important development.

In the offshore oil and gas industries, simplified beam models of complex support structures are used for
load simulation as well. In those simulations, joints may be modeled with beam elements including local
joint flexibilities using parametric formulae as developed in [58] for example. A more accurate approach is
the so-called super-element or sub-structuring approach. Sub-structuring methods are applicable inde-
pendent of joint type and dimensions and lead to a stiffness representation of the substructure that is as
close to reality as detailed FE simulations with the shell or volume type elements that are used in more
detailed models. Furthermore, these methods are implemented in commercially available general purpose
FE tools such as ANSYS or MSC.NASTRAN as a standard advanced modeling feature. Sub-structuring
methods are described in detail in the corresponding software documentation [59] and [60].

In the course of the UpWind project, a sub-structuring or super-element approach has been implemented
in the ADCoS-Offshore code [14] to enhance joint modelling. An analysis using sub-structuring in ADCoS-
Offshore is generally performed as described in the following. To facilitate comprehension, different ex-
amples are shown:

e Detailed joint modeling in a general purpose FE tool like ANSYS or MSC NASTRAN.

e Condensation of detailed joint using a reduction procedure such as Guyan reduction [61] or the
Craig-Bampton method [62].

e Super-element inclusion in ADCoS-Offshore.

¢ Inclusion of wave loads on the super-element.
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e Time domain simulation in ADCoS-Offshore.

As an example, the central joint of a tripod [16] is modelled with shell elements in ANSYS as shown in
Figure 4.1. The figure shows the tripod as a whole as well (small figure on the left). The model consists of
the shell structure (blue), the master nodes which are connecting points to the rest of the tripod structure
(black dots) and the stiff connections which are implemented between the masters and the detailed joint
(pink lines between master nodes and shell structure). The real deformation of a loaded joint includes an
ovalization of the tubular members near the connection. This must be taken into account when deciding
on the position of the master nodes, which means that the distance between master node and the welding
should not be too short.

ADCoS-
Offshore g

ANSYS

Sups
elemerlt

Figure 4.1: Super-element approach in ADCoS-Offshore. The central joint of a tripod is condensed and the super-
element is included in the overall turbine model for time domain simulation.

In the next step, a Guyan reduction procedure is used and the model is reduced to the number of DOF of
the five master nodes. Six DOFs at each of the five master nodes lead to a super-element with 30 DOFs.
The super-element, in detail a linear stiffness matrix, a mass matrix and a load vector for the master DOF,
is included in ADCoS-Offshore in the next step. As already mentioned, the stiffness matrix has 30 DOF. In
the reduction procedure, the transformation of the stiffness matrix is not an approximation: the stiffness
representation is exact and therefore the stiffness properties between the master nodes in the super-
element model are defined with the same accuracy as in the detailed shell model.

The mass matrix has the same number of DOF as the stiffness matrix and contains the mass of the joint
that is distributed to the master's DOF. Those mass properties are included in the overall system later on
to describe the dynamic behavior of the system forming the inertia term of the equation of motion. Obvi-
ously, the reduction of the mass matrix is an approximation, as it is not possible to reduce the number of
DOF of a dynamic system and to conserve the level of accuracy at the same time. But this is not consid-
ered to be of vital importance for time domain simulation of OWT with branched support structures as the
internal mass distribution in the super-element (here the tripod central joint) has no significant influence on
the overall dynamic behavior of the OWT. It is expected that in the described case even a lumped mass
for the whole joint would not lead to significant errors. The accuracy of the described mass representation
is comparable to the mass representation of the basic beam model that has been used before the imple-
mentation of the super-element feature.

The static load vector, that is part of the super-element, comprises the forces and moments on the master
nodes resulting from dead weight of the joint. The super-element load vector is added to the system load
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vector. The loads resulting from dead weight at the master nodes are obviously the same as for the de-
tailed model.

The inclusion of hydrodynamic loads on the super-elements in ADCoS-Offshore is not trivial. As men-
tioned in Section 2.3, wave loads on the members of OWT support structures are calculated in ASAS
quasi statically with given geometry and Morison's equation so far. Those distributed loads were trans-
formed to equivalent nodal loads and included to the dynamic model afterwards.

This general approach is used with the newly developed super-element feature as well, but some modifi-
cations must be realized. In ASAS, the outer diameter and/or the hydrodynamic coefficients of the beam
models representing the joints may be adapted to account for the real joint geometry, which is more com-
plicated in the case of a cast joint for example. The result of this calculation step is a file containing the
wave loads on each node for each time step to be included in the dynamic simulation. The problem with
this approach combined with the newly developed super-element feature is that the file contains loads on
nodes that have been condensed and that are therefore no longer available in the dynamic model in AD-
CoS-Offshore. The described problem is shown in Figure 4.2. Compared to the former model in ADCoS-
Offshore, the slave nodes of the super-element, which should be loaded with forces and moments result-
ing from waves, are no longer available (shown in red).
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quasi static,
beam model ADCoS8 e master node
Node1: Fx, dynamic, including « slave node
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Figure 4.2: Problem of wave loading on condensed nodes in ADCoS-Offshore.

It is solved via distribution of the loads on the slave nodes on the neighboring masters as follows:

e The loads on the slave nodes are read from the nodal load file that has been described above,
written to a slave load vector Fs and deleted in the file.

¢ Inthe model in ASAS, all nodes at master node positions are clamped and all slave nodes are
loaded statically with unit loads consecutively. This results in a total number of supplementary vir-
tual static load cases of nx6 each with a unit load in one direction at one slave node. For each of
those load cases the reaction forces - that are not equal to zero only at the neighboring masters
that are clamped - are written to an output file.

e The reactions are read from the output file from step 2 and written to a reaction force matrix R.
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e A supplementary load vector for the master nodes Fm is calculated with the reaction force matrix R
from step 3 and the slave load vector Fs that was defined in step 1. This vector Fm is written to the
nodal load file. With this approach, all wave loads on the slaves are distributed to the neighboring
masters by means of the reaction force matrix as a load distribution key.

e Steps 1 and 4 are repeated for each time step. This results in a modified nodal load file for the
dynamic time domain simulation.

With this approach, the global values of the wave loads remain the same as for an unmodified model.
Only a distribution to other nodes has been performed. The modifications described herein are verified as
shown in [64].

Verification of super-element implementation

The correct implementation of the super-element in ADCoS-Offshore is verified via code-to-code com-
parison against the general purpose FE tool ANSYS using component models and static load cases. The
stiffness matrix, the mass matrix and the static load vector of the super-element in ADCoS are compared
to their ANSYS counterparts. A realistic model of a tripod central node is used. The stiffness matrix is
checked via displacement comparisons along all six degrees of freedom, and for the mass matrix verifica-
tion the first ten natural frequencies are compared. The static load vector (or the dead weight) of the
model is verified comparing vertical force and two moment components for an asymmetrically clamped
structure loaded only by gravity. The wave load input is verified by means of a comparison of the wave
loads on the basic beam structure and the wave loads modified as described above. Here as well, the re-
sulting differences are negligible. The results show that the implementation of the super-element and the
wave load input are realized correctly as only very minor deviations are found in general. This is described
in more detail in the respective UpWind report [63] and published in [64].

4.2 Results of using super-element technique

The impact on simulation results of using super-elements to model joints was studied using the NREL
5MW baseline turbine [53] on the tripod support structure in 45m of water that was defined in the course
of the Offshore Code Comparison Collaboration project which operated under IEA Wind Task XXIII [16].

In the aeroelastic code ADCoS-Offshore, the tripod was modelled
e as a basic beam model (heam model) and
e interms of a model including beam- and super-elements (super-element model)

The tripod standard beam model for the use in ADCoS-Offshore is defined with FE Euler-Bernoulli beam
elements. The conical parts of the structure are set up as stepped members in the model. The modeling is
mainly based on the findings from the third phase of the OC3 project as described in [16], [18] and [19] but
some further modifications were realized. Firstly, the overlapping parts of the tripod members at the joints
are excluded from the wave load and buoyancy calculation using small supplementary elements. Doubling
of masses is avoided because the mass of the small supplementary is set close to zero. This is a simpli-
fied approach as the real "doubled" volume (buoyancy), surface (wave load calculation) and steel mass
(gravity and dynamics) is still roughly estimated, however, the model is significantly improved by using the
supplementary members. Furthermore, the tapered main column of the tripod is finely discretized because
this was found to have a significant influence on wave load calculation in the OC3 project. To conclude,
this model is as realistic as achievable with standard beam elements and reasonable effort. Therefore, it is
suitable to investigate the differences between beam models and the newly developed and more sophisti-
cated structural model.

The super-element model is based on the beam model, whereas the beam elements representing all
joints are replaced by super-elements as described above. Master nodes are defined to connect the de-
tailed sub-models to the residual structure. Being located in the centerlines of the tubular chord and brace
members those nodes are rigidly connected to the outgoing beam element and rigidly connected to the
detailed model via radially arranged rigid link connections. Figure 4.3 shows the tripod model with shell
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joints and the central joint in detail. Both models are described in more detail in the respective Upwind re-
port [63] and published in [64].

Figure 4.3: Tripod (left) and shell central joint (right).

Natural frequency comparison

After extensive plausibility tests with the support structure models, natural frequency analyses of the total
OWT system were performed. To allow for a general view, the most important excitations resulting from
the operating turbine (1P, 3P and harmonics) are taken into account. Figure 4.4 shows the 1P range, the
3P range and the first harmonic of the 3P range (6P) for the NREL turbine (light grey boxes). The boxes
have different heights relative to one another, to indicate the importance of the excitations; the 3P excita-
tions are expected to be most important. Furthermore, the lowest nine natural frequencies for the beam
model (light green lines) and the super-element model (darker green lines) are indicated.

3rd beam 9th beam

0.2 04 06 0.8 1 1.2 1.4
Frequency [Hz]

Figure 4.4: Excitation frequency ranges and full system natural frequencies for beam model and super-element
model
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The following results are found: Firstly, the frequencies associated with the first global bending modes of
the support structure are shifted by approximately 5% towards lower frequencies as mentioned before.
Those frequencies are among the most important design parameters for OWT support structures as it is
common practice to design structures with a first natural frequency between the 1P and the 3P range
(soft-stiff design) of the turbine. The allowable frequency gap is relatively small, especially as a distance of
about 10% between natural frequency and excitation range has usually to be provided for safety reasons
(not shown in Figure 4.4). For the NREL turbine, the more detailed modeling would lead to higher theoreti-
cal safety margins, as the frequencies are shifted towards the dead center between the 1P and the 3P
range.

Secondly, the third full system natural frequency is shifted into the upper 3P frequency range due to the
more realistic support structure modeling. The difference between the third natural frequency calculated
with the beam model and the super-element model is about 7%. The excitations mainly due to disturbed
wind flow around the tower in the 3P range are considered to bring more energy into the system than its
harmonics and even more than the excitations in the 1P range (e.g. see [65]). Furthermore, the natural
frequency is found near the upper bound of the 3P range which is associated with rated rotor speed. It is
obvious that the turbine operates much more often at rated rotor speed than at lower speeds, as this is the
operational speed at all wind speeds above rated wind speed. The maximum rotor thrust occurring at
rated wind speed makes a strong dynamic excitation at this speed even more probable.

Thirdly, the ninth natural frequency is shifted to the upper 6P range. This is not too critical, other natural
frequencies are found in the 6P range as well.

All in all, the support structure modeling with super-elements leads to changes in comparison to the basic
beam model concerning the full system eigenstates that are not negligible.

Load case definition for load comparison

The next step is the study of the impact of super-element modeling of joints on the results of aero-elastic
time domain simulations of realistic load cases as described in the respective standards. A heavily re-
duced set of sub-cases is to be used to get a reasonable balance between simulation effort and proximity
to loads simulation as done in OWT certification.

The IEC 61400-3 standard [69] is used to define the load cases, since it is commonly used internationally.
All assumptions for external conditions are based on the UpWind design basis [55]. Only DLC 1.2 (normal
operation) is taken into account, which is a major fatigue load case covering a significant part of the whole
turbine lifetime. This is done for the following reason: the mean wind speeds over the turbine lifetime are
well described with a Weibull distribution with the highest probability at approximately 10 m/s for the de-
scribed offshore site. Very high and very low wind speeds are therefore relatively rare. This means that a
turbine with a realistic availability passes a large fraction of the total life time operating under conditions
covered by this load case. Furthermore, the summed occurrence of all average wind speeds (10 min
average) over V,, = 24m/s is only 73 hrs/yr, therefore these speeds are not taken into account. With the
bin size of 2 m/s, this leads to 11 wind bins as shown in Table 4.1. The average wind speed V,, turbu-
lence intensity Tl, significant wave height Hs and peak period T, of the Pierson-Moskowitz spectrum and
summed occurrence of this wind and wave combination are also shown.

Table 4.1: Lumped scatter diagram used in super-element study (modified from [55])

Vave TI He Tp Hrslyr
4 0.2042 1.1 5.88 780.6

6 0.175 1.18 5.76 1230.6
8 0.1604 1.31 5.67 1219.7
10 0.1517 1.48 5.74 1264.9
12 0.1458 1.7 5.88 1121.8
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14 0.1417 1.91 6.07 881.3
16 0.1385 2.19 6.37 661.7
18 0.1361 2.47 6.71 427.3
20 0.1342 2.76 6.99 2761
22 0.1326 3.09 7.4 168.6
24 0.1313 3.42 7.8 85.6

In this study, only one wave direction - with one tripod leg pointing perfectly towards the waves, mentioned
as 0 deg in the following - is taken into account, which leads to a further reduction of the number of sub-
cases. Yaw errors and three seeds are accounted for, to get stochastically significant outputs. Wind and
wave misalignment is not accounted for as required in the standard, only three different wind directions
are combined with the constant wave direction as for yaw error simulation, the wind direction is modified
(+8, 0 and -8 deg) and not the nacelle position (which is kept constant in all sub-cases). All in all, this
ends up in only 33 sub-cases.

Loads comparison

The basic results investigated in this section are the load and deflection time series at nodes and mem-
bers of the OWT. A given position (e.g. tower base) and type of output (e.g. vertical deflection) is called
““output sensor" or “sensor” in the following. The results for the sensors are analyzed in processed for-
mats such as extremes or damage equivalent loads (DEL). All DEL presented in this section are calcu-
lated with a reference number of cycles of N =2E8 and a Wohler Material Exponent of m=3 (which is
common for welded steel parts) and extrapolated to one year of operation using the occurrences given in
Table 4.1.

The global coordinate system used here is defined as follows: the x-axis points downwind along the mean
wind direction and the wave direction; the z-axis points vertically upwards; and the y-axis forms a right
handed coordinate system.

The simulations performed in this study provide a vast number of results, therefore, only a small subset of

these results is presented. The sensors in the tripod mentioned in the following sections are visualized in
Figure 4.5 using a picture of the super-element model.

27



Figure 4.5: Output positions in the tripod.

At each of the output positions, forces and moments are investigated in terms of member loads, whereas
the outputs at nodes where more than two members intersect are the member loads of legs and braces
acting upon the joints. Loads at positions PO7 and P08 are expressed in global coordinates, all other out-
puts are given in local coordinates defined as follows: the local x-axis is aligned with the member axis; the
local z-axis is perpendicular to a plane formed by the global x-axis and the local x-axis; and the y-axis
forms a right handed coordinate system. In case of a local x-axis and the global x-axis being parallel, the
local y-axis is parallel to the global y-axis. For all outputs in local axes, the x-axis points away from the
closest joint. This leads to sensors named such as PO3Mx describing the member moment around the
local x-axis (the torsional moment) at position P3 (in the downwind leg with negative global y-coordinates
as shown in Figure 2).

Table 4.2 shows the absolute extreme values of the tower top deflection in the global coordinate system
for all the load cases simulated. Values for the beam model and the super-element model are given to-
gether with the differences between both, with the differences related to the super-element results. The
values for UX-MIN and RY-MIN are close to zero and not shown.

Table 4.2: Extreme values of tower top axial deflections and rotations for the beam- and the super-element model.

Value Beam Super Diff [%]
UX-MAX 0.503 0.56 10.2
UY-MIN -0.262 -0.323 18.9
UY-MAX 0.121 0.166 27.1
UZ-MIN -0.015 -0.022 31.8
UZ-MAX -0.011 -0.02 45
RX-MIN -0.094 -0.129 271
RX-MAX 0.256 0.298 14.1

28



RY-MAX 0.474 0.502 5.6
RZ-MIN -0.228 -0.458 50.2
RZ-MAX 0.228 0.469 514

The super-element model leads to increased deflection extremes that are significant and lie between 5.6%
and 51.4% comparing the beam and the super-element model. The largest differences occur for the rota-
tion about the global z-axis (vertical) RZyin and RZma. In Table 4.3, the extremes of the tower base loads
in global coordinates are shown. Values are not shown if they are very small compared to the other re-
sults, especially compared to their direct counterpart. This is the case for FXmi, and MXmin as Fxmax and
Mxmax have significantly higher absolute values. Again, the differences between the super-element and the
beam element results given on a percentage basis are related to the super-element results.

Table 4.3: Extreme values of tower base loads for the beam- and the super-element model.

Force / moment | Beam [kN]/ | Super [kN]/ | Difference
component [kNm] [KNm] [%]
FXmax 866 876 1.14
FY min -417 -484 13.84
FY max 315 351 10.26
FZmin -7078 -7081 0.04
FZ ax -6741 -6719 -0.33
MX1 i -19893 -23274 14.53
MX1 ax 36867 41132 10.37
MY 1 hax 72506 71988 -0.72
MZ1 min -8341 -8026 -3.92
MZ1 hax 8541 7774 -9.87

The differences for FXmax, FZmin, FZmax @nd My are relatively small and not further considered. The
forces in y-direction and the associated bending moment around the x-axis are higher for the super-
element model. The torsional moments in the tower are reduced applying the super-element model.

Figure 4.6 gives the DEL at the tower base for both the beam and the super-element model.
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Figure 4.6: DEL at tower base
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It is directly visible that there is no clear tendency. For Fx and Mx, the super-element model leads to
slightly increased DEL, whereas for My and Mz the opposite is the case. Fy increases and Fz clearly de-
creases due to the super-element modeling.

To sum up, the tower top deflection displacement results confirm the conclusions drawn in [20]. The glob-
ally more compliant structure leads to larger deflections. In [20] it is stated that the support structure be-
comes more compliant especially in torsion, which is confirmed here with significantly increased deflec-
tions around the global z-axis. The influence of these changes on the loads is reviewed by means of the
load maxima at the tower bottom firstly. Several load components remain almost unchanged. Apart from
that, the side-to-side shear forces and bending moments are increased. This may result from the in-
creased dynamic loading — visible through the increased deflections shown in Table 4.2 — which over-
compensates the load reduction due to the more compliant central tripod joint in the super-element model.
However, this is only meant as part of a stepwise plausibility check as in this study a fatigue load case set
is investigated and therefore extreme loads are not in the focus. Nevertheless, these increased loads
should be analyzed in more detail. The significantly higher tower torsional deflections do not lead to higher
loads for the super-element model; in contrast, the torsional moments are significantly decreased. This is
an important result as the increase of torsional deflection is quite significant. A shift of the tower torsional
natural frequency into the upper 3P dynamic excitation range of the turbine and the corresponding risk of
increased dynamic excitations is stated in [20]. Based on the tower base DEL presented herein this is not
confirmed as the DEL around the tower torsional axis (Mz) is even decreased.

Figure 4.7, Figure 4.8 and Figure 4.9 show the DEL for the output positions P1, P2 and P3.
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Figure 4.7: DEL in the upwind leg close to the joint connecting the pile sleeve (position P1).
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Figure 4.9: DEL in the second downwind leg close to the joint connecting the pile sleeve (position P3).
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The differences between the beam- and super-element results are obviously significant for some of the
values shown (e.g. the moments at position P1) and not for others (e.g. the axial load Fx at position P3).
Furthermore, most of the DELs decrease using super-elements, but some increase such as the DEL of
the bending moment My at position P1. This general situation is confirmed with the DEL at positions P4 to
P11 (results not shown).

Table 4.4 provides condensed results from investigating DELs at all sensors from position P1 to P11. It
gives the largest differences calculated for all sensors, whereas DELs with very small absolute values
compared to the other DELs at the same positions are not taken into account. For example a DEL for the
bending moment My at a given position is not taken into account if My has a smaller order of magnitude
than Mz, even if the difference between the beam- and super-element results are huge. In this case the
larger bending moment will dominate all further processing steps leading to a component design. In the
below table the percentage differences refer to the super-element results, with negative values describing
lower DELSs for the super-element model than for the beam model.

Table 4.4: Largest differences in calculated DEL at positions P1 to P11.

Sensor Beam Super Diff [%]
[KNm] [kNm]

PO1Mx 89 49 -81.9
PO1Mz 307.4 210.99 -45.7
P02Mx 91.846 51.948 -76.8
P0O2My 274.61 196.16 -40
PO3My 103.21 51.175 -101.7
P0O4Mx 191.6 86.494 -121.5
PO5Mz 210.03 63.495 -230.8
PO6My 96.974 54.178 -79
PO9My 189.97 137.9 -37.8
P10Mz 91.339 54.914 -66.3
P11Mx 102.75 53.675 -91.4

Three results are evident. The differences are very large for these sensors - the maximum difference for
P0O5Mz is close to a factor of four - and the super-element model leads to smaller DELs for each of those
“large difference outputs”. Furthermore, there are no forces in the list which means that the largest differ-
ences of significant outputs occur for bending and torsional moments. The results shown in Figure 4.7,
Figure 4.8 and Figure 4.9 imply that due to the super-element modeling, DELs near joints may be reduced
e.g. because of higher joint flexibilities. But on the other hand, the model is changed to such an extent that
other effects such as a modified global load distribution scheme in the tripod — which is a statically over-
determined structure — may have an opposite effect governing the shift of DEL toward larger values for the
super-element model. This implies that the global load distribution scheme in the tripod is sensitive to rela-
tively small stiffness changes in single members (or joints), a conclusion that matches with the results de-
scribed in [18], where it is described that the loads in the tripod are significantly differing dependent on the
beam formulation used. However, the results presented in Table 4.4 show that in the cases of large differ-
ences between beam- and super-element results for relevant absolute values, the use of super-elements
leads to massively reduced DEL for the member moments.

In summary, the effects of a super-element modeling approach in the aero-elastic tool ADCoS-Offshore
on simulation results for a 5SMW OWT on a tripod substructure is investigated. A massively reduced but
realistic power production fatigue load case set and the UpWind deep water reference site data are used.
The global stiffness of the structure is decreased and the corresponding deflections are therefore in-
creased in the simulations including super-elements. Especially the rotations around the vertical axis are
significantly higher. Both points were already described in [20] for a special load case and confirmed
herein using the more extensive load case set. The possibility of increased global loads due to the larger
deflections and due to the natural frequency shifts - especially for the global torsion mode as the associ-
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ated eigenfrequency is shifted into the upper 3P range - was formulated in [20]. This is not confirmed for
the torsion, as the extreme values of the torsional moment as well as the corresponding DEL in the tower
base are even reduced with the super-elements. The side-to-side loads are increased in terms of ex-
tremes, but the more important corresponding DELs do not show results that are that clear.

For the DELs in the tripod itself, investigated at 11 different output positions, the results are not straight-
forward to interpret at a first glance. Some loads increase, others decrease and some remain unchanged.
The step from a beam to a super-element model activates effects increasing or decreasing local loads
and - dependent on the position and load situation - one or the other effect may dominate. However the
changes that do occur are significant, and the load paths in the statically over-determined structure seem
to change globally. However, the largest changes of DEL with significant values show the clear tendency
of decreased moments using the super-element model and these results show again the large differences
in the DEL calculated with the two models.

To conclude, more detailed studies are essential to fully understand the influence of the super-element
approach for the loads simulation of OWT with tripod structures under realistic conditions. But it is obvious
that the more detailed joint modeling with super-elements in the fully-coupled simulation leads to remark-
able differences in the results and should therefore be applied for this type of structure.

5. Development of design requirements

As offshore wind farm sites become larger and there is greater site variability, the optimization of support
structure design and efficiency of the design process becomes increasingly important. In terms of the IEC
61400-3 international design standard both normative requirements and informative methodologies need
to be updated and improved in accordance with the advancement of the industry.

Section 5.1 presents a summary of recommendations for the development of the international IEC 61400-
3 design standard for bottom-mounted offshore wind turbines. As part of WP4 an interim review of the first
edition of the standard was performed [22], including recommendations for the development of future edi-
tions. A review of various models for irregular, non-linear waves suitable for design purposes was also
performed, in order to judge their relevance for future offshore wind farms (see [21]).

Section 5.2 presents the results of reliability-based investigations into the required safety factor / Fatigue
Design Factor (FDF) values to be used for fatigue design of steel sub-structures for offshore wind tur-
bines. Design and limit state equations are formulated and stochastic models for the uncertain strength
and load parameters are described.

Section 5.3 presents recommendations for the implementation of a reduced set of offshore wind turbine
design load cases according to the IEC 61400-3 standard for the preliminary design of jacket support
structures. The number of design load cases required for full offshore support structure design is poten-
tially very large, and this can become even more impractical when complex multiple-member support
structures are considered.

Section 5.4 presents results from a design load case parameter analysis performed for a jacket support
structure, in order to investigate the driving fatigue and extreme load cases for this support structure type.

5.1 Input to development of IEC 61400-3 standard

The IEC 61400-3 standard [69] provides a set of international guidelines for the design of bottom-mounted
offshore wind turbines. The standard, which was developed by a working group of international experts,
provides design requirements for offshore wind turbines and their support structures, and provides much
needed international consistency in a rapidly growing industry.
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Following the publication of the IEC 61400-3 standard in January 2009, a Maintenance Team is expected
to be formed in order to begin work on a second edition of the standard. This section presents a summary
of recommendations for this and future revisions of the standard, based on [22]. The proposals include
contributions from researchers, consultants, manufacturers and developers involved in the offshore wind
industry, as well as a summary of comments made by the IEC national committees.

511 Marine conditions

The marine conditions at an offshore wind turbine site include waves, sea currents, water level, sea ice,
marine growth, scour and seabed movement. The design of the support structure must be based on ma-
rine conditions which are representative of the offshore wind turbine site. The structural integrity of the
rotor-nacelle assembly must also be demonstrated taking proper account of the marine conditions at the
specific site at which the offshore wind turbine will be installed.

Severe sea state

The severe sea state model, defined in Sections 6.4.1.3 and 6.4.1.4 of the standard, is used for the calcu-
lation of ultimate loads acting on an offshore wind turbine during power production. It is considered in
combination with normal wind conditions and is used in design load case DLC 1.6. This load case models
the situation after an extreme storm event which may have caused the offshore wind turbine to shut down,
in which the wind speed has reduced to a level which has enabled the turbine to start up again. Because
the wind speed usually dies down more quickly than the wave height, a situation can occur in which the
turbine is operating and the waves are still at an extreme level. This is the situation modelled by DLC 1.6.
It is proposed that a general review of the DLC 1.6 load case should be undertaken, in order to determine
whether or not the above design situation is the most realistic one that should be modelled by this load
case. This review should also examine the best way for this load case to model the required design situa-
tion, and whether or not the severe sea state model meets the requirements of this load case.

Extreme and reduced wave height

The extreme wave height (EWH) and reduced wave height (RWH), defined in Sections 6.4.1.6 and 6.4.1.7
of the standard, are used for the extreme deterministic design wave and reduced deterministic design
wave with recurrence periods of 50 years (Hso, Hreqs0) @and 1 year (H1, Hieq1). The standard states that if the
values of the above wave heights cannot be determined from site-specific measurements, then it may be
assumed that:

HSO = 1,86 HS50 and H1 = 1,86 HS1
and

HredSO =1,3 HSSO and Hred1 :1’3 HS1

These factors assume a Rayleigh distribution of wave heights.

It is proposed that the analysis of the EWH and RWH should be improved. There is an argument that the
factors used are too simplistic and non-conservative and should be changed. For instance, the factor of
1.86 applied to Hgs gives the most likely largest wave height in a 3-hour sea state with 50-year return pe-
riod, but this does not necessarily correspond to the 50-year wave height Hsg. The assumption of the
Rayleigh distribution does provide some conservatism given the shallow water location of most of the pre-
sent and planned offshore wind farms. It is also recognised that changing this factor of 1.86 would neces-
sitate reconsideration of other safety factors. However given that in the future an increasing number of
deep water locations will be used for offshore wind farms it is recommended that the analysis of these
wave heights is reconsidered.
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Water levels

For the calculation of hydrodynamic loading on an offshore wind turbine, the variation in water level at the
site should be taken into account. This water level variation is defined in the IEC 61400-3 standard with
five levels: Lowest Still Water Level (LSWL), Lowest Astronomical Tide (LAT), Mean Sea Level (MSL),
Highest Astronomical Tide (HAT), Highest Still Water Level (HSWL).

From the experience gained by the offshore wind industry, in particular for support structure design in lo-
cations where the tidal variation is not significant (for example in the Baltic Sea), it has been found that the
number of water levels considered becomes computationally very expensive for comparatively little
change in design. It is proposed that the analysis of the number of water levels to be considered is im-
proved, to give more flexibility to reduce computation where the tidal variation does not have a significant
impact on support structure design. It is also recommended that expected long-term water level changes
over the lifetime of the turbine should be considered in this discussion.

5.1.2 Design situations and load cases

For design purposes, the lifetime of an offshore wind turbine can be represented by a set of design situa-
tions covering the normal and extreme conditions that an offshore wind turbine may experience. Within
each design situation several design load cases must be considered. The minimum set of design load
cases to be considered is specified in Table 1 in Section 7.4 of the IEC 61400-3 standard.

The external conditions experienced by an offshore wind turbine include marine conditions as well as the
wind conditions experienced by onshore machines. This introduces a number of additional parameters
into the design load calculations such as waves, currents, tides and wind/wave directionality. The result is
that the number of simulations required to ensure that all design situations in an offshore wind turbine’s
lifetime are covered is dramatically increased. The large number of combination possibilities leads to a
potentially overwhelming amount of computation for the design engineer.

It is proposed that the design load case table should be reviewed. This review should have the following
aims:
1. An analysis of whether the specified load cases model the design situations experienced by an off-
shore wind turbine in a satisfactory way.
2. A reduction in the number of simulations required to fulfil the specified load case combinations, in-
cluding a methodology for how to reduce this number.
3. An analysis, using experience of offshore wind turbine design, of which parameters typically result in
unnecessary conservatism in rotor-nacelle assembly and support structure design.

It is recommended that the Maintenance Team for the second edition of the IEC 61400-3 standard con-
siders these aims in the context of a complete review of the design load case table

Normal external conditions

Design load case DLC 1.2 specifies that a Normal Sea State must be considered for fatigue load calcula-
tions, taking into account the joint probability distribution of Hs, T, and V. It is proposed that a more de-
tailed methodology be given for the number of wave heights and wave periods to consider for each wind
speed bin, and the process by which these values can be obtained from the metocean data. Recommen-
dations could also be given for how to reduce the number of simulations required in order to meet the de-
sign load case requirements. The methodology used for this process is not normative, and therefore
should be included in an informative Annex.

For the calculation of loads acting on the support structure, the standard specifies that in general (with the
exception of load cases involving a transient change in mean wind direction and those involving the wind
turbine in a parked situation) the wind and waves may be assumed to be co-directional. The standard also
states that the multi-directionality of the wind and waves should be taken into account, as this can have an
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important influence on support structure loads, depending on the extent to which the support structure is
non-axisymmetric. The experience of the offshore wind turbine industry to date has showed that the mis-
alignment of wind and waves can be very important in calculating support structure loads, especially for
fatigue loading. In some cases the wind-wave misalignment can drive the design of the structure, in par-
ticular for monopile support structures. In order to improve the standard it is proposed that an improved
definition of wind-wave misalignment should be considered. One option is to include a simple but realistic
set of situations to be considered during design, for instance to give typical values for wind-wave mis-
alignment as a function of wind speed. However it is recognised that the wind-wave misalignment may
vary significantly between offshore wind turbine sites. It is recommended that this issue be discussed for
future revisions of the standard

Extreme external conditions

The design load cases that relate to storm or extreme wave conditions (DLC 1.6, 6.1, 6.2, 7.1 and 8.2) are
defined in Table 1 in Section 7.4 of the standard with two or three different combinations of wind and wave
conditions, labelled a, b and c. These combinations include turbulent inflow with stochastic sea states
and/or deterministic design waves, and steady wind models with deterministic design waves. This is to
ensure that the load cases take proper account of the dynamic response of the offshore wind turbine to
wind, wave and current loads as well as non-linear wave kinematics. It is proposed that the presentation of
these load cases in the load case table be discussed by the maintenance team for future revisions of the
standard. The load case table could be clarified by condensing options a, b and c into one load case, and
updating the associated text in Sections 7.4.1, 7.4.6, 7.4.7, 7.4.8 and 7.5.4 [23]. This may allow more
flexibility in the method of calculating extreme loads whilst still providing guidance on achieving the load
case requirements.

The design load case table also allows for design situations involving power production with the occur-
rence of a fault. The faults experienced by offshore wind turbines may be more severe than for onshore
wind turbines, and the time lapse between a fault occurring and maintenance taking place may also be
much longer. For this reason remote control of offshore wind turbines is increasingly being adopted by
offshore wind turbine manufacturers and offshore wind farm operators. It is proposed that requirements
regarding the safety system and remote control of offshore wind turbines be described in more detail for
future editions of the IEC 61400-3 standard. It is also proposed that a further study be undertaken into
safety factors for fault load cases, in particular to establish a probabilistic model where realistic failure
rates, downtimes and environmental conditions are used to assess the reliability of the turbine and to
compare it to other load cases.

Other requirements
The design condition for evaluating cracks in concrete and soil settling is defined in Section 7.5.5 of the
IEC 61400-3 standard with two alternatives, based on power production load cases:
1. the load from the bending moment that is exceeded 1% of the time
2. the load from the bending moment associated with maximum mean thrust plus 1.28 times the stan-
dard deviation (the 90% fractile).

It is questionable whether or not the first alternative for crack width evaluation is appropriate, as it indi-
cates a time dependency for the crack width which is not necessarily correct [24]. It is recommended that
these two alternatives be discussed and evaluated for future reviews of the standard.

The required air gap for offshore wind turbine support structures is not addressed in detail in the current
edition of the IEC 61400-3 standard. It is proposed that forthcoming editions of the standard include an
improved analysis of run up and required air gap, as a function of support structure type and wave condi-
tions.

The IEC 61400-3 standard does not currently contain any guidelines regarding the conversion of land

based turbines to offshore. It is proposed that for future revisions of the standard the maintenance team
consider the possibility of including these requirements in the standard. This could involve for example
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guidelines for the inclusion of climate control in the rotor-nacelle assembly. This would take the form of an
informative Annex.

The IEC 61400-3 standard uses the partial safety factor format to account for the uncertainties and vari-
ability in loads and material properties, the uncertainties in the analysis methods and the importance of
structural components with respect to the consequences of failure. A partial safety factor of 0.9 is speci-
fied for favourable loads, including pretension and gravity loads that significantly relieve the total load re-
sponse. However there has been some discussion over whether this value is adequate: for concrete struc-
tures it may be too conservative, whereas for structures with backfill it may be non-conservative. It is rec-
ommended that this issue be discussed within the context of offshore load calculations by the IEC 61400-
3 Maintenance Team as part of the next edition of the standard. It is acknowledged that the Maintenance
Team for the IEC 61400-1 design standard are already considering this issue. This will hopefully provide
useful additional insight to the discussion.

51.3 Assessment of external conditions

Because of the variability in external conditions between sites, a site investigation must always be carried
out for the design of an offshore wind turbine support structure. There is therefore an argument for saying
that the whole of Section 12, “Assessment of the external conditions at an offshore wind turbine site”
should be moved forward and replace Section 6 “External conditions”. It is recommended that this issue
be discussed by the Maintenance Team for the IEC 61400-3 standard.

Assessment of wind conditions
The following parameters are required to be estimated for the assessment of the wind conditions at an
offshore wind turbine site:
o extreme 10-min average wind speed with a 50-year recurrence period;
wind speed probability density function;
ambient turbulence standard deviation;
wind shear;
air density.

Where site-specific data are not available for turbulence standard deviation, the standard specifies that the
value may be estimated using the below equation:

o4 = _ o q0g. (1,44m/s)- 1,5
In (Zhub Zo)

It is possible that the value of 1.44-1,5 used to represent g, is not conservative, and should be increased to
reflect the higher value of o, at some offshore locations. It is proposed that the formula used for turbu-
lence standard deviation where site data are not available should be re-considered in future revisions of
the standard.

Assessment of seabed movement and scour
The stability of the seabed is extremely important in the design of offshore wind turbine foundations. Sea
floor variations are defined in the standard as a combination of the following:

e Local scour characterised by steep sided scour pits around structural elements

e Global scour characterised by shallow scoured basins of large extent around a structure

e Overall seabed movement of sand waves, ridges and shoals etc.

The local and global scour around an offshore wind turbine foundation is a function of the support struc-

ture type and the local soil conditions, as well as the hydrodynamic climate of the offshore wind turbine
site. The IEC 61400-3 standard states that the extent of scour and the required scour protection must be
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determined on the basis of previous records from nearby sites, from model tests, or from calculations cali-
brated by prototype or model tests.

It is proposed that for future revisions of the standard the section on seabed movement and scour be ex-
tended to include rough assumptions and conservative estimates for scour to be considered. The section
should also describe in more detail typical methodologies for determining scour, with additional refer-
ences. Given the site-specific nature of scour and the difficulty of providing normative guidance on values
to assume, these extensions could take the form of an additional informative Annex.

Assessment of soil conditions

The soil properties at a proposed offshore wind turbine site must be assessed by a professionally qualified
geotechnical engineer, providing sufficient information to characterise soil properties throughout the region
that will affect the foundation. The standard currently states that site-specific soil data shall in principle be
established for each foundation within the wind farm. From the experience gained in the offshore wind
industry, in particular regarding the variability of site conditions and the impact of soil properties on founda-
tion design, it is confirmed that a thorough investigation of soil conditions across the whole site is crucial
for the design of offshore wind turbine foundations and support structures.

Section 12.15 of the IEC 61400-3 standard contains a list of general soil investigations to be made at a
proposed offshore wind turbine site, and a list of the data that must be provided from these investigations
to be used as the basis of the foundation design. Given the importance of the soil conditions to the foun-
dation and support structure design, it is proposed that the standard should also include an analysis of the
different methods for modelling soil conditions (e.g. P-Y springs, FEM etc). This could take the form of an
additional informative Annex. For an example of an existing guideline which includes more detail on this
subject, see [25]. It is recommended that the maintenance team consider for future revisions of the stan-
dard the level of detail that should be specified regarding site-specific soil investigation.

51.4 Informative Annexes

Annex D: Calculation of hydrodynamic loads: Morison’s equation
The viscous drag and inertia loading on an offshore wind turbine support structure is commonly calculated
using Morison’s equation. The equation for a static member is:

F= %Cd pDU|U + Cp AU

When there is significant movement in the structure, the relative velocity and acceleration of the structure
to the waves modify the drag and inertia forces respectively. The force resulting from the relative accelera-
tion can be analysed most conveniently using the concept of an added mass of water which is constrained
to move with the structure. In order to model the effect of the relative acceleration an added mass coeffi-
cient C, is included in Morison’s equation, which then becomes:

F= %Cd pD|U|U; + Cp AU, — Cap AU

The standard currently states that C, = C,,-1 for slender, cylindrical members of fixed structures. However
there may be more constraint required on the use of this relation, as the added mass also depends on the
frequency of the oscillation and the deflection of the tower curve. It is recommended that for future revi-
sions of the standard the value of C, and the conditions under which this relation is valid are addressed in
more detail.

Annex D: Calculation of hydrodynamic loads: Vortex induced vibrations

When steady flow passes a solid body such as a cylindrical pile, there may be vortices formed which shed
into the flow beyond the body. These vortices cause a dynamic loading on the body, which can be highly
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damaging if the frequency of the excitation coincides with a natural frequency of the structure. In order to
avoid the range of conditions at which resonance can occur, it is important to predict the frequencies at
which large amplitudes of oscillation may be expected.

Section D.4 addresses the issue of vortex induced vibrations, giving a methodology for calculating the
critical velocities at which resonances will occur for a given structure. However this theory is only valid for
steady currents and cannot be used for waves unless the period is very long, i.e. if the KC number is high.
In the light of this it is recommended that this whole section should be revised in any future revisions of the
standard.

Annex D: Calculation of hydrodynamic loads: Appurtenances

For relatively small appurtenances it is sufficient to account for the additional hydrodynamic forces in the
dimensions and/or force coefficients assumed for the modelled elements. Section D.5 describes a method
for calculating equivalent hydrodynamic coefficients Cgeq and Creq taking into account appurtenances and
marine growth on a monopile support structure. The appurtenances are approximated by vertical circular
cylinders, characterized by an equivalent diameter d;. Using this method the equivalent hydrodynamic co-
efficients are calculated by:

, "
Cleq = {% Cys(R.e)- WAF4(K )+ %lig' -Cysi(Ri.e) WAF4 (K, )- IFg (6, K, ):I}

and
!D’f al(a )
Crmeq = D2 Cm(K’Cds)"'; BI (14 (Cri(Ki. Casi )~ 1) IFi (. K)

In the above equations IFy and IF,,; are interference factors expressing the variation in hydrodynamic co-
efficient for the appurtenance due to the presence of the monopile. In order to calculate these factors the
designer is referred to the reference documents [25] and [26].

An improvement to the method currently stated in the standard has been proposed [27], using C4 and C,,
values from [28] and ignoring the wake amplification factor WAF4. The method for calculating IFg and IF
is also expressed in more detail in the proposed method, including separate calculations for blocking and
shielding regimes for both factors. It is recommended that the maintenance team consider this proposed
method in future revisions of the standard.

It has also been proposed that in future revisions of the standard indicative values should be given for
secondary loads and loads on secondary structures. In some instances these may be higher than loads on
primary structures, so it is important they are well defined. It is recommended that this proposal be dis-
cussed by the Maintenance Team.

Annex E: Ice loading
Annex E of the standard provides guidance with regard to ice load calculations The standard states that
the following ice loads should be assessed:
« horizontal load due to temperature fluctuation in a fast ice cover (thermal ice pressure);
» horizontal load from a fast ice cover subject to water level fluctuations and in terms of arch effect;
« horizontal load from moving ice floes;
« pressure from hummocked ice and ice ridges due to both subduction and ridging processes;
« vertical force from fast ice covers subject to water level fluctuations.
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Further description of the sea ice design load cases is given in Section 7.4.9 of the standard. These de-
scriptions include methods for calculating horizontal loads from moving ice for both cylindrical and sloping
structure shapes. Simplified equations are also given for calculating dynamic ice loads, which can be used
if statistical data or measurements are not available. It is proposed that Annex E be reviewed for any fu-
ture revisions of the IEC 61400-3 standard, with particular reference to simplifying the ice design load
cases. It may also be necessary to extend the treatment of dynamic ice loading. It is recommended that
these issues be discussed by the Maintenance Team.

5.1.5 Summary

The publication of the IEC 61400-3 international design standard is a valuable step forward for the off-
shore wind industry, and addresses an important need. The standard specifies the essential design re-
quirements to ensure the engineering integrity of offshore wind turbines, and provides a unified approach
to codifying offshore wind turbine requirements. However the industry has matured and advanced since
the standard was first written and consequently there are a number of shortfalls in the document. This
section identifies some areas in which the standard may be improved, in particular by suggesting specific
areas for further discussion when the IEC 61400-3 Maintenance Team is formed.

Amongst the proposals made in this report, some are considered to be of higher priority than others. The
following are agreed to be the most important:
¢ Review of the design load case table, with the aim of simplifying the parameters considered and
reducing the number of simulations required to meet the design load case requirements (where
possible).
e More detailed guidance to be included regarding site-specific requirements to allow for site vari-
ability, such as the assessment of soil conditions.

5.2 Reliability-based calibration of safety factors for offshore support structures

This section describes reliability-based investigations on the required safety factor / Fatigue Design Factor
(FDF) values to be used for fatigue design of steel substructures for offshore wind turbines. The Fatigue
Design Factors (FDF) are for linear SN-curves with slope m related to the partial safety factors for fatigue
load, yr and strength, v, by: FDF = (yrym)". Design and limit state equations are formulated and stochastic
models for the uncertain strength and load parameters are described. Further, the effect of possible in-
spections during the design lifetime is investigated. The results indicate that for fatigue critical details
where the fatigue load is dominated by wind load FDF values equal to 2.5 are required. If wave load is
dominating slightly larger FDF values are required. For a full description of the derived models and equa-
tions see [29].

The support structure for offshore wind turbines contributes with a substantial part of the total cost of an
offshore wind farm. In order to increase the competitiveness of offshore wind energy it is therefore impor-
tant to minimize the cost of energy considering the whole life cycle. In this section reliability based calibra-
tion of safety factors to be used for fatigue design of steel support structures is considered. Safety factors
used for the design of oil & gas support structures are generally calibrated to a reliability level which is lar-
ger than the one required for offshore wind turbines. In this section safety factors are calibrated to a mini-
mum reliability level both without and with inspections during the life time.

Design equations to be used for deterministic, code-based design and corresponding limit state equations
to be used for reliability assessment are formulated. In the limit state equations uncertain parameters are
modelled as stochastic variables. In the design equations safety factors for fatigue strength and load or
equivalently Fatigue Design Factors (FDF) are used to secure the required reliability level.

Since design and limit state equations are equivalent a detailed model of the fatigue damage is generally
not needed for a reliability-based assessment of fatigue safety factors. It is ‘only’ important to model the
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uncertain parameters carefully. Three fatigue load cases are considered: 1) wave load dominating; 2) wind
load dominating for a single wind turbine; 3) wind load dominating for a wind turbine in a wind farm. Sto-
chastic models for assessment of the fatigue reliability are formulated for these three cases. SN-curves
and Miner’s rule with linear damage accumulation are used as recommended in most relevant standards,
for example [28], [30] and [69].

Table 5.1: Fatigue Design Factors required.

Failure critical detail Inspections 1ISO 19902 | GL / DNV EN 1993-1-9
Yes No 10 2.0(3.0) 25 (4.5
Yes Yes 5 1.5 (2.0) 1.5(2.0)
No No 5 1.5 (2.0) 1.5 (2.0)
No Yes 2 1.0 (1.0) 1.0 (1.0)

Table 5.1 shows required FDF values for fatigue design in various standards: ISO 19902 2007 for fixed
offshore steel structures for oil & gas platforms [28], GL Guideline for the certification of offshore wind tur-
bines [31], DNV Design of offshore wind turbine structures, OS-J101 [32] and Eurocode 3: Design of steel
structures - Part 1-9: Fatigue [33]. The FDF values shown for GL / DNV and EN 1993-1-9 are determined
using a linear SN-curve with slope equal to 3 and 5 in brackets. The FDF values are specified for critical
and non-critical details and for details that can or cannot be inspected.

For manned offshore steel jacket structures for oil & gas production typically a maximum annual probabil-
ity of failure in the range 10®° - 5.10° is accepted. For unmanned structures a maximum annual probability
of failure in the range 10*-2.10"is accepted.

First, reliability models are formulated for the cases with wind load only. Probabilistic models are described
for reliability assessment of wind turbines where wind load is dominating (over wave loads). The models
are mainly based on [34]. Design by linear SN-curves is considered for a single wind turbine. A
representative design parameter z is introduced, e.g. cross-sectional area or section modules. z is deter-
mined from the design equation for a wind turbine in free flow. This corresponds to designing to the ‘limit’
for fatigue according to the deterministic requirements in the standard using partial safety factors. z is
used in the limit state equation with model uncertainties for Miner’s rule, wind load effects and local stress
analysis to estimate the reliability index and probability of failure with the given reference time interval, see
details in [29].

Next, wind turbines in a wind farm wake and non-wake conditions also have to be accounted for. The
Frandsen model for effective turbulence in [30] is used. The design equation and limit state equation can
then be re-written and the reliability index or probability of failure estimated. Bi-linear SN-curves are also
considered.

Third, reliability models are formulated for the case with wave load only. The design parameter z is again
determined from the design equation for a structural detail, and used in the limit state equation with model
uncertainties for Miner’s rule, wave load effects and local stress analysis to estimate the reliability index or
probability of failure with the given reference time interval, see details in [29].

Finally fatigue design factors and corresponding partial safety factors are calibrated to reliability levels ap-
propriate for offshore wind turbines. Linear and bi-linear SN-curves and the consequences of fatigue fail-
ure of a fatigue critical detail are considered. Initially, safety factors are calibrated assuming no inspections
of the critical details. Next, reliability-based methods are presented as basis for assessing the influence of
inspections on the required FDF values. In order to model the influence of inspections a fracture mechan-
ics model is calibrated to the same reliability level as the SN-curve approach. Finally, the resulting reduced
FDF values in case of inspections are presented for different inspection qualities.
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5.21 Results - reliability level and FDF values
If one fatigue critical detail is considered then the annual probability of failure is obtained from:

AP, =P.

CoLle ATP(F atigue failure in year¢)

Where P(Fatigue failure in year f) is the probability of failure in year t and Pcoprar is the probability of col-
lapse of the structure given fatigue failure — modelling the importance of the detail. The probability of fail-
ure in year t is estimated using the limit state equations described above, see [29] for details.

Given a maximum acceptable probability of failure (collapse), APk ax the maximum acceptable annual
probability of fatigue failure (with one year reference time) and corresponding minimum reliability index
become:

APy s rar = APp /PCOL‘FAT

Aﬂmin,FAT =@ (AP F,max,FAT)

where CD( )71 is the inverse standard Normal distribution function.

The probabilistic modelling used for offshore wind turbine support structures in the following is based on
the probabilistic models used for offshore oil & gas jacket structures. Therefore, results for this case are
included to demonstrate that the probabilistic modelling used in this section is consistent with the reliability
level required for this type of structure. Next, results of reliability analyses and calibrated FDF values for
offshore wind turbines are considered using the probabilistic models modified to correspond to offshore
wind conditions.

Steel jacket substructure for oil & gas — wave load

The stochastic model shown in Table 5.2 is considered as representative for a fatigue sensitive detail in
an offshore steel jacket structure for oil & gas where consequences of failure are large, see [35], [36] and
[37].6It is assumed that the design lifetime is T, = 30 year and the number of stress ranges per year is v =
5.10".

Table 5.2: Stochastic model — welded steel detail. N: Normal; LN: LogNormal.

Variable | Distribution | Expected | Standard deviation | Comment
value I Coefficient Of
Variation
A N 1 COV, - ¢30 Model uncertainty Miners rule
Wave LN 1 COVyue =010 Model uncertainty wave load

Xer LN 1 COVser =010 Model uncertainty stress con-

' centration
m, D 3 Slope SN-curve
logK, N from A%0 | Ougk, = 0.20 Uncertainty SN-curve
m, D 5 Slope SN-curve
log K, N from 290 | Tk, =25 Uncertainty SN-curve
Ao, D 71 MPa Fatigue strength
10gK; and 102K are fully correlated

4



Table 5.3 shows annual reliability indices for different FDF values. FDF = 10 is used for fatigue critical de-
tails which cannot be inspected. The annual reliability index is seen to be 4.3 corresponding to an annual
probability of failure equal to 10°. This reliability level corresponds to that generally required for fatigue
critical details with large consequences of failure.

Table 5.3: Annual reliability index for different FDF values.

FDF 1 2 3 5 10
AB 2.39 2.84 3.16 3.63 4.32

Steel substructure for offshore wind turbines — wave load

In Table 5.4 is shown examples of how to model the uncertainty related to estimation of stress concentra-
tion factors, Xscr (partly based on [38]). Five values of COVgcr are used to model different levels of analy-
sis and complexity.

Table 5.4: Examples of COVscr.

COVscr Fatigue critical detail

0.00 Statically determinate systems with simple fatigue critical details (e.g. girth welds)
where FEM analyses are performed

0.05 Statically determinate systems with complex fatigue critical details (e.g. multi-
planar joints) where FEM analyses are performed

0.10 Statically in-determinate systems with complex fatigue critical details (e.g. doub-
ler plates) where FEM analyses are performed

0.15 2 dimensional tubular joints using SCF parametric equations

0.20 Tubular joints in structures where tubular stiffness is modeled by Local Joint
Flexibility (LJF) models and SCF parametric equations are used

Basically it is assumed that COVsce = 0.10 and COVy,,e = 0.10. If the response is quasi-static then the
number of stress cycles is typically v = 5.10°% Itis assumed that the design lifetime is T, = 20 year.

For offshore wind turbines where the consequences of failure is typically less serious compared to off-
shore oil & gas structures the maximum acceptable annual probability of failure is in the range APEg max =
10*- 107, corresponding to the reliability level for an unmanned fixed offshore structure, see above.

If a linear SN-curve with m = 3 is used then Table 5.5 shows the required FDF values for APk .y = 10%, 2
10, 10° and for P(COLJ|FAT) = 1.0, 0.5, 0.1 and 0.01. In brackets is shown the corresponding values of
the product of the load and material partial safety factors y;y,. The importance of using m = 5 is shown
below.

Table 5.5: Required FDF and corresponding partial safety factors Yy, in () for given ABpinrat (APE maxrar)- (=)
indicates that FDF < 1.

P(COLI|FAT) [3,1(10%) [3,5(2107) [3,8 (107
1.0 2.40 (1.34) [3.38 (1.50) [4.32 (1.63)
0.5 1.98 (1.26) [2.88 (1.42) [3.73 (1.55)
0.1 1.11 (1.03) |1.87 (1.23) [2.60 (1.37)
0.01 ) ) 1.26 (1.08)
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It is noted that for a linear SN-curve the same FDF values are obtained if v = 5.10" is used. For a mini-
mum annual reliability index equal to 3.5, FDF = 3.4 is obtained if the consequence of the fatigue failure is
large. Table 5.6 shows the required FDF values for different values of COVscr. It is seen that if COVgcr =
0.00 (very good assessment of fatigue stresses) is used then the required FDF is 2.8 and the correspond-
ing partial safety factor is 1.4. Table 5.7 shows the required FDF values for different values of COV\y,e.

Table 5.6: Required FDF and corresponding partial safety factors yryn, in () for different values of COVscr.

COVscr  [0.00 0.05 0.10 0.15
FDF (yrym) |2.83 2.97 3.38 4.10
(1.42)  |(1.44)  |(1.50)  |(1.60)

Table 5.7: Required FDF and corresponding partial safety factors sy, in () for different values of COVwaye.

COViave 0.05 0.10 0.15
FDF (s Ym) 2.97 3.38 (1.50) | 4.10
(1.44) (1.60)

If a bi-linear SN curve is used then the required FDF values shown in Table 5.8 and Table 5.9 are ob-
tained. Also shown are the decreases in design values using a bi-linear SN-curve instead of a linear SN-
curve. It is seen that compared to a linear SN-curve larger FDF values are required, but at the same time
smaller design values (less material needed) are obtained.

Table 5.8: FDF and corresponding partial safety factors in () for v = 5.10°. Bi-linear SN-curve.

ABrinrat (APemaxear) | 3,1 (10-3) 3,5(210-4) | 3,8 (10-4)
FDF 342 5.46 7.73
Z gt | Zii 0.93 0.94 0.94

Table 5.9: FDF and corresponding partial safety factors ysy,, in () for v = 5.10" and given ABminear (APE maxat)-

Bi-linear SN-curve.

ABminrar (APemaxrar) | 3,1 (10-3) 3,5(210-4) | 3,8 (10-4)
FDF 474 7.94 >10
Zitin ! Ziin 0.79 0.79

Table 5.10 shows required FDF values if the lower linear SN-curve with slope m, =5 is used and Ags= 71
MPa for Nj = 2.10°%. Also shown are the corresponding partial safety factors calculated using the slope m..
It is seen that the required FDF values are much higher than using the upper linear SN-curve with slope
m, = 3, but the partial safety factors are slightly lower. A decrease in design values is also seen. It is noted
that the change in standard deviation of the SN-curve for the two branches influences both the reliability
and the mean value of the SN-curve.

Table 5.10: FDF and corresponding partial safety factors y¢yp, in () given ABpinear (APEmaxrat)

ABminrar (APemaxear) |3,1 (10-3) 3,5 (2 10-4) 3,8 (10-4)
FDF (m, = 3) 2.40 (1.34) |3.38(1.50)  |4.32 (1.63)
FDF ( m,= 5) 3.31(1.27) |5.44 (1.40) |7.73 (1.51)
2,12, 0.90 0.89 0.87
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Steel substructure for offshore wind turbines — wind load
In this section reliability analysis and Fatigue Design Factors are performed for fatigue sensitive details in
a steel substructure for a single wind turbine and for a wind turbine in a wind farm.

The mean wind speed is assumed to be Weibull distributed with scale parameter = 10.0 m/s and shape
coefficient = 2.3. It is assumed that the reference turbulence intensity is /r=0.14.
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Figure 5.1: Number of load cycles in a 10 minutes period for mudline bending moment. Mean wind speed equal to 14
m/s.

Figure 5.1 shows a typical distribution of stress ranges for a pitch controlled wind turbine for mudline
bending moments, see [34]. Generally, the stress ranges can be modelled by a Weibull distribution. The
Weibull shape coefficient k is typically in the range 0.8 — 1.0. These results are for cases where the re-
sponse is dominated by the “background” turbulence in the wind load. The corresponding number of load
cycles per year is typically v =5.10".
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Figure 5.2: 0,,(U)/0,(U) for mudline bending moment — pitch controlled wind turbine.

In Figure 5.2 is shown a typical example for a pitch controlled wind turbine of a,.(U)/z = g4,(U)/0,(U), i.e.
the ratio between the standard deviations of stress ranges and turbulence at a given mean wind speed U.
The ratio is seen to be non-linear due to the effect of the control system.

Single wind turbine

The stochastic model shown in Table 5.2 is used with Xy;,, LogNormal distributed with expected value = 1
and coefficient of variation, COVyy;,q = 0.10. If a linear SN-curve with m = 3 is used then Table 5.11 shows
the required FDF values for AP . = 10, 2 10, 10”° and for P(COL|FAT) = 1.0, 0.5, 0.1 and 0.01. In
brackets is shown the corresponding values of the product of the load and material partial safety factors y;
Ym- For a minimum annual reliability index equal to 3.5, FDF = 2.3 (and partial safety factor 1.31) is ob-
tained if the consequence of the fatigue failure is large.
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indicates that FDF < 1.

Table 5.11: Required FDF and corresponding partial safety factors y¢ Y, in (') for given ABminrat (APE maxeat)- (=)

P e 3,1 (107) 3,5(2107) |3,8(10%)
1.0 1.61 (1.17) [ 2.27 (1.31) | 2.90 (1.43)
0.5 1.33(1.10) [ 1.93 (1.25) | 2.51 (1.36)
0.1 1.0 (1.0) 1.25 (1.08) | 1.74 (1.20)
0.01 1.0 (1.0) 1.0 (1.0) 1.0 (1.0)

Table 5.12 shows the required FDF values for different values of COVsck. It is seen that if COVscr = 0.00
(very good assessment of fatigue stresses) is used then the required FDF is 1.9 and the corresponding
partial safety factor is 1.24. Table 5.13 shows the required FDF values for different values of COVyyng.

Table 5.12: Required FDF and corresponding partial safety factors V¢ y,, in () for different values of COVscr.

ABminpar = 3.5.
COVscr 0.00 0.05 0.10 0.15
FDF (yrym) |1.90 1.99 2.27 275
(1.24) (1.26) (1.31) (1.40)

Table 5.13: Required FDF and corresponding partial safety factors sy, in () for different values of COVyjng.

ABminrar =3.5.
COVying 0.05 0.10 0.15
FDF (v¢Vm) 1.99 (1.26) |2.27 (1.31) 12.75(1.40)

Table 5.14 shows the required FDF values for different values of oj,4s for the SN-curve. It is seen that
smaller values of 0,47 implies higher required FDF values. This is because with fixed value of the charac-
teristic SN-curve the mean value of logK; decreases with an effect on the reliability which is relatively lar-
ger than the decrease in uncertainty of the SN-curve.

Table 5.14: Required FDF and corresponding partial safety factors yrVm in () for different values of Gjogi1. ABminFat
=3.5.

Ologki 0.15 0.20 0.20
FDF (v¢Vm) 2.34
(1.33) 2.27 (1.31) | 2.26 (1.31)

Table 5.15 shows the required FDF values for different values of the model uncertainty of Miner’s rule,
COV,. It is seen that if COV, = 0.00 is used then the required FDF is 1.8 and the corresponding partial
safety factor is 1.2.

Table 5.15: Required FDF and corresponding partial safety factors yry,, in (') for different values of COV,. .

ABpinrar = 3.5.
CoV, 0.00 0.20 0.30
FDF (vrVYm) 2.01
1.81(1.22) | (1.26) 227 (1.31)
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Table 5.16 shows the required FDF values for different values of the a,,(U) function, namely the function
in Figure 5.2 and one where a,.(U) is constant. It is seen that almost the same FDF values are obtained.

Table 5.16: Required FDF and corresponding partial safety factors y Y, in () for different values of COV. ABpinat
=3.5.

ax(U) Mudline moment, | Constant
Figure 2
FDF (Vsym) | 2.27 (1.31) 2.24 (1.31)

If a bi-linear SN curve is used then the required FDF values are shown in Table 5.17. Also shown are the
decreases in design values using a bi-linear SN-curve instead of a linear SN-curve. It is seen that com-
pared to a linear SN-curve larger FDF values are required, but at the same time smaller design values are
obtained.

Table 5.17: FDF and corresponding partial safety factors ysyp, in () and given ABminrat (APE max Fa7)- Bi-linear SN-

curve.
ABminrar (APemaxrar) | 3,1 (10-3) 3,5(2 10-4) 3,8 (10-4)
FDF 2.45 3.96 5.62
Zgitin | Ziin 0.84 0.84 0.84

Wind turbine in wind farm

The stochastic model shown in Table 5.2 is used with model uncertainty on wind load, Xy,¢ and model
uncertainty on wake effect model, X LogNormal distributed with expected values = 1 and coefficient of
variations COVy;,s = = 0.10 and COVy4 =0.10. This stochastic model is considered as representative for
a fatigue sensitive detail where consequences of failure are large, partly on [39], [40] and [41] and partly
based on engineering judgment. It is assumed that 5 wind turbines are close to the wind turbine consid-
ered with distance between wind turbines d; = 4 rotor diameters.

Table 5.18: Required FDF and corresponding partial safety factors y;yy, in () for given ABpinrat (APE maxrar)- (=)
indicates that FDF =< 1.

P(covFam) 3,1(10%) 35(210%) [3,8(10%)
1.0 1.80 (1.22) [ 2.54 (1.37) | 3.26 (1.48)
0.5 1.49 (1.14) | 217 (1.29) | 2.81 (1.41)
0.1 1.0 (1.0) 1.40 (1.12) | 1.95 (1.25)
0.01 1.0 (1.0) 1.0 (1.0) 1.0 (1.0)

If a linear SN-curve with m = 3 is used then Table 5.18 shows the required FDF values for Pg . = 10%, 2
10'4, 10" and for Pcouran = 1.0, 0.5, 0.1 and 0.01. In brackets is shown the corresponding values of the
product of the load and material partial safety factors y;y,,. For a minimum annual reliability index equal to
3.5 FDF = 2.3 (and partial safety factor 1.31) is obtained if the consequence of the fatigue failure is large.

Table 5.19 shows the required FDF values for different values of COV .. It is seen that the required FDF
is not sensitive with respect to COV/ . e.

Table 5.19: Required FDF and corresponding partial safety factors y¢y,, in () for different values of COVage.

COViare 0.05 0.10 0.15
FDF (y;Vm) | 2.54(1.36) |2.54(1.37) | 2.55(1.37)
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5.2.2 FDF values with inspections

The theoretical basis for reliability-based planning of inspection and maintenance for fatigue critical details
in offshore steel substructures is described for example in [35], [37], [42], [43], [44] and [45]. Risk- and
reliability-based inspection planning is widely used for inspection planning for oil & gas steel jacket struc-
tures. Fatigue reliability analysis of jacket-type offshore wind turbine considering inspection and repair is
also considered in [46] and [47]. In this section examples are presented describing how much FDF values
can be reduced if inspections are performed.

For the fatigue sensitive details / joints to be considered in an inspection plan, the acceptance criteria for
the annual probability of fatigue failure may be assessed using a measure for the decrease in ultimate
load bearing capacity given failure of each of the individual joints to be considered together with the annual
probability of joint fatigue failure. For offshore structures the RSR (Reserve Strength Ratio) is often used
as a measure of the ultimate load bearing capacity.

If the RSR given joint fatigue failure is known (can be obtained from a non-linear FEM analysis), it is pos-
sible to establish the corresponding annual collapse failure probability PcoLrar) if information is available
on applied characteristic values for the capacity, live load, wave height, ratio of the environmental load to
the total load and coefficient of variation of the capacity.

For fatigue failures the requirements to safety are typically given in terms of a required Fatigue Design
Factor (FDF). As an example [28] and [48] specify FDF values from 1 to 10. For each joint j the conditional
probabilities of structural collapse given failure of the considered joint Pcoprar) are determined and the
individual joint acceptance criteria for the annual probability of joint fatigue failure are found.

Inspection planning as described above requires information on costs of failure, inspections and repairs.
Often these are not available, and the inspection planning is based on the requirement that the annual
probability of failure in all years has to satisfy the reliability constraint

APF,I < A1)F,max,1-71T

for all years during the life cycle of the structure. Further, in risk-based inspection planning the planning is
often made with the assumption that no cracks are found at the inspections. If a crack is found, then a
new inspection plan has to be made based on the observation.

If all inspections are made with the same time intervals, then the annual probability of fatigue failure could
be as illustrated in Figure 5.3. The inspection planning is based on the no-find assumption. This way of in-
spection planning is the one which is most often used. Often this approach results in increasing time inter-
vals between inspections.
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Figure 5.3: lllustration of inspection plan with equidistant inspections.
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A Fracture Mechanical (FM) modelling of the crack growth is applied assuming that the crack can be
modelled by a 2-dimensional semi-elliptical crack. It is assumed that the fatigue life may be represented
by a fatigue initiation life and a fatigue propagation life. It is therefore:

N=N,+N,

Where N is the number of stress cycles to failure, N, is the number of stress cycles to crack propagation
and Np is the number of stress cycles from initiation to crack through.

The number of stress cycles from initiation to crack through is determined on the basis of a two-
dimensional crack growth model. The crack is assumed to be semi-elliptical with length 2c and depth a.

The crack growth can be described by the following two coupled differential equations.

d i
ﬁZCA( A) a(No):ao
d /71
ﬁ:CC(AKc) C(No)zco

Where C,, Cc and m are material parameters, ap and ¢, describe the crack depth a and crack length c,
respectively, after N, cycles and where the stress intensity ranges are AK4(Ao) and AK(Ao). AK, and AK¢
are obtained based on the models in [49] and [50].

The stress range Ao is obtained from
AO’ = XWaveXSCF ‘Y‘AO’e
where Xyave, Xsce are model uncertainties, Y is the model uncertainty related to geometry function and

Ao® is the equivalent stress range:

1n 1/m
Ac® = {— Znn,.AO',.”’}

ni=l

The total number of stress ranges per yearis n = Z n; .

i=1
In the assessment of the equivalent constant stress range the effect of a possible lower threshold value
AKry on the crack growth inducing stress intensity factor AK has not been taken into account explicitly.
This effect is assumed implicitly accounted for by evaluation of the equivalent stress range using the ap-
propriate SN-curve exponent m.

The crack initiation time N, is modelled as Weibull distributed with expected value u, and coefficient of
variation equal to 0.35, see e.g. [51].

The limit state function is written

g(X)z N-—-nt

where tis time in the interval from 0 to the service life T;.

To model the effect of different weld qualities, different values of the crack depth at initiation a, can be

used. The corresponding assumed length is 5 times the crack depth. The critical crack depth a; is taken
as the thickness of the tubular member.
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The parameters p,c and u, are now fitted such that difference between the probability distribution func-
tions for the fatigue live determined using the SN-approach and the fracture mechanical approach is
minimized as illustrated in the example below.

Alternatively, or in addition to the above modelling the initial crack length can be modelled as a stochastic
variable, for example by an exponential distribution function, and the crack initiation time N, can be ne-
glected.

Probabilistic modelling of inspections

The reliability of inspections can be modelled in many different ways. Often POD (Probability Of Detection)
curves are used to model the reliability of the inspections. A POD curve using an exponential model can
be written:

POD(x)=1— exp[— %)

where A is the expected value of the smallest detectable crack size. Also the Probability of False Indica-
tion (PFI) can be introduced and modelled probabilistically.

Results — FDF values with inspections

A steel jacket structure subjected to a loading environment corresponding to the southern part of the North
Sea is considered. Table 5.20 shows the stochastic model used for reliability analysis, based on in-
formation in [35].

Table 5.20: Uncertainty modelling used for fracture mechanical reliability analysis. D: Deterministic, N: Normal, LN:
LogNormal, W: Weibull.

Variable | Dist. | Expected value Standard deviation
N, W Uo (reliability based fit to | 0.35
SN approach)
ap D 0.4 mm
InC¢ N Hinc, 0.77

(reliability based fit
to SN approach)
m D m-value corresponding to
the low cycle part of the
bi-linear SN-curve

Xscr LN 1 0.10

Xwave LN 1 0.10

Xwind LN 1 0.10

n D Total number of stress
ranges per year

ac D T (thickness)

Y LN 1 0.1

T D 30 mm

InCc and N, are correlated with correlation coefficient = -0.5

Figure 5.4 shows an example of the annual reliability indices obtained when a fracture mechanics model
is calibrated to the reliability indices obtained using an SN-approach.

49



0 5 10 15 20
time

Figure 5.4: Annual reliability indices obtained by the SN-approach and a fracture mechanics model (calibrated).

Further, it is assumed that inspections are performed with three different levels of reliability modelled by
exponential POD curves with A = 2, 5 and 10 mm (surface cracks lengths). The inspections are assumed
to be performed with equidistant times, see Figure 5.3.

Table 5.21 to Table 5.25 show required FDF values for cases with wind / wave loads only, single wind tur-
bine / wind farm and linear / bi-linear SN-curves. It is assumed that ABpnrar = 3.5 and Pcopar =1. It is
seen that significant reductions in required FDF values can be obtained if a good inspection quality is used
and e.g. 3 inspections are performed during the design lifetime.

The costs of inspections and possible repairs should be compared to the cost reductions in the initial ma-
terial costs due to lower FDF values. It is noted that due to correlations between similar fatigue critical de-
tails in substructures in wind farms information from inspection of one substructure can be used to update
the reliability assessment of nearby substructures.

The results in this section can be considered as representative, but more examples should be considered
before implementation in standards. Especially examples where both wind and wave loads are important
should be investigated.

Table 5.21: Required FDF and corresponding partial safety factors ¢y, in (). Single wind turbine and linear SN-
curve (m = 3). Wind load only.

POD: A 2 mm 5 mm 10 mm
No inspections 2.27
(1.31)
1 inspection 1.92 215 2.20
(1.24) (1.29) (1.30)
2 inspections 1.65 1.94 2.1
(1.18) (1.25) (1.28)
3 inspections 1.46 1.82 2.05
(1.13) (1.22) (1.27)

Table 5.22: Required FDF and corresponding partial safety factors ¢y, in (). Wind farm and linear SN-curve (m =

3). Wind load only.

POD: A* 2 mm 5 mm 10 mm
No inspections 2.54
(1.37)
1 inspection 2.15 2.40 2.49
(1.29) (1.34) (1.36)
2 inspections 1.83 217 2.35
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(1.22) (1.29) (1.33)
3 inspections 1.64 2.05 2.28
(1.18) (1.27) (1.32)

Table 5.23: Required FDF and corresponding partial safety factors ¢y, in (). Single wind turbine and linear SN-
curve (m = 3). Wave load only.

POD: A 2 mm 5 mm 10 mm
No inspections 3.38 (1.50)
1 inspection 2.85 3.18 3.27
(1.42) (1.47) (1.48)
2 inspections 2.44 2.90 3.15
(1.35) (1.43) (1.46)
3 inspections 218 2.66 3.05
(1.30) (1.39) (1.45)

Table 5.24: Required FDF and corresponding partial safety factors ¢y, in (). Single wind turbine and bi-linear SN-
curve. Wind load only.

POD: A* 2 mm 5 mm 10 mm

No inspections 3.96
1 inspection 3.51 3.67 3.80

2 inspections 2.50 3.18 3.56

3 inspections 2.15 2.90 3.40

Table 5.25: Required FDF and corresponding partial safety factors sy, in (). Single wind turbine and bi-linear SN-
curve. Wave load only.

POD: A 2 mm 5 mm 10 mm

No inspections 5.64
1 inspection 4.33 5.03 5.22

2 inspections 3.50 4.38 4.97

3 inspections 3.00 3.96 4.69

5.2.3 Summary

This section describes reliability-based investigations on the required safety factors / FDF values to be
used for fatigue design of steel substructures for offshore wind turbines. Design and limit state equations
are formulated and stochastic models for the uncertain strength and load parameters are described. In the
design equations partial safety factors for fatigue strength and load or equivalently Fatigue Design Factors
(FDF) are determined by calibration to a required reliability level. Since design and limit state equations
are equivalent a detailed model of the fatigue damage is generally not needed. For the three fatigue load
cases considered the fatigue models only have to reflect the effect of using a 90% quantile as characteris-
tic turbulence intensity when wind load is dominating and the uncertainty related to the wake model used
for dominating wind load for wind farms.

A reliability level corresponding to a maximum annual probability of failure equal to 2 10" is basically as-
sumed. This reliability level corresponds to that typically required for unmanned fixed offshore structures
for oil & gas production. The results indicate that for fatigue critical details where the fatigue load is domi-
nated by wind load a FDF value equal to approximately 2.5 is required — slightly smaller FDF values can
be used for single wind turbines. If wave load is dominating a larger FDF value is required, approximately
3.5. The differences are mainly due to additional uncertainty due to wakes in wind farms and implicit safety
included in the wind load model by using a 90% quantile for the turbulence in deterministic design.
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Further, the effect of possible inspections during the design lifetime is investigated. It is assumed that in-
spections are performed with three different levels of reliability modelled by exponential POD curves with
mean length of detectable cracks equal to 2, 5 and 10 mm. The results show that significant reductions in
required FDF values can be obtained if a good inspection quality is used and for example 3 inspections
are performed during the design lifetime. The costs of inspections and possible repairs should be com-
pared to the cost reductions in the initial material costs due to lower FDF values. It is noted that due to
correlations between similar fatigue critical details in substructures in wind farms information from inspec-
tion of one substructure can be used to update the reliability assessment of nearby substructures.

The results shown in this section can be considered as representative, but more examples should be con-
sidered before implementation in standards. Especially examples where both wind and wave loads are
important should be investigated.

5.3 Recommendations for offshore design load case implementation

The following section gives guidance for the implementation of offshore wind turbine design load cases
according to the IEC 61400-3 standard for the preliminary design of jacket support structures. To achieve
cost-effective support structure design it is important to make the design process as efficient as possible.
This is particularly true for the more complex braced support structures used in deeper water, as multiple
wind and wave directionality has also to be taken into account. Therefore a reduction in the number of
simulations required for the preliminary design stages can result in big savings in time, and also in cost.

The set of design load cases (DLC) listed in this section is intended for predesign with focus on a jacket
sub-structure. It is assumed that due to the space frame structure of the jacket, loads and thus wind and
wave orientation influence the overall design.

5.31 Fatigue Load Analysis

For fatigue predesign two methodologies may be applied:
1. Simplified method considering reduced directionality but two support structure orientations
2. Consideration of site environmental conditions for directional wind and wave distribution and direc-
tional load analysis.

As described, the fatigue load analysis is divided into two steps, resulting in two load case sets for two
independent fatigue analyses. The first step represents a simplified, fast but conservative first approach
assuming wind and waves are aligned. The second approach assumes wind-wave misalignment. Thus, it
more precisely represents the site conditions while it reduces the amount of conservativeness by increas-
ing the computational effort.

Neither of the two approaches considers transient DLCs (start, stop, fault events) as they may be left out
for a preliminary load analysis that focuses on jacket predesign.

Step 1: Wind and waves in line

Two support structure orientations (0° and 45°) shall be analysed. The support structure orientation is de-
fined with regard to the rotor axis, while the rotor axis is assumed collinear with the wind direction (exclud-
ing 8 deg wind misalignment). For conservative simplicity it is assumed that the rotor axis points north.
The support is oriented accordingly to N (0°) or NE (45°). The following figures illustrate the 0° and 45°
orientation by giving top views on the jacket.
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DLC 1.2: Power production
- Vin <V< Vout ; Hs(v) ; Tp(v)
- NTM model for turbulent wind
- Wind bin width 2m/s
- One Hg, T,-combination per wind bin
- Wind misalignment +8 deg or -8 deg
- 6 to 10 seeds per wind bin
- Two support structure orientations (0°; 45°)

Per wind bin a minimum of 6 seeds for 10 minute turbulent wind time series shall be combined with differ-
ent wind misalignments of +8 deg or -8 deg and different seeds for the random sea state. Generating the
sea state by using one Hs Ty-combination per wind bin is assumed statistically sufficient if combined with
6 different seeds for the random sea state.

DLC 6.4: Idling
-V <Vin; V>Vout; Hs(V) ; Tp(V)
- NTM model for turbulent wind
- One Hs, Tp-combination per wind speed
- Wind misalignment +8 deg or -8 deg
- 6 to 10 seeds per wind speed
- Two support structure orientations (0°; 45°)

For one wind speed below V;, and one wind speed above V,, a minimum of 6 wind seeds shall be com-
puted in combination with wind misalignment and seeds for sea states as described for DLC 1.2.

DLC 7.2: Idling after fault
- 0<V<0.7 Vref ; Hs(V) ; Tp(V)
- NTM model for turbulent wind
- Yaw error 60 deg
- One Hs, Tp-combination per wind speed
- 6 to 10 seeds per wind speed
- Two support structure orientations (0°; 45°)

DLC 7.2 assumes a turbine idling after occurrence of a fault. All wind speed bins used in DLC 1.2, DLC
6.4 and additionally a wind speed of 0.7 V, shall be analysed under the assumption of yaw misalignment
in turbulent wind. It is proposed and acceptable for jacket predesign to use one wind direction in combina-
tion with a conservative yaw misalignment of 60 deg. A minimum of 6 wind seeds shall be computed in
combination with different seeds for sea states.

This would result in 168 simulations for DLC 1.2 and DLC 6.4 (2 support structure orientations - 14 bins - 1
wind sector - 6 seeds = 168). Additionally, 180 simulations for DLC 7.2 (2 support structure orientations -
15 bins - 6 wind seeds = 180) have to be analysed if a yaw error of 60 deg is assumed and if wave seeds
are varied with wind seeds. This results in a total of 348 simulations.
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Rainflow evaluation

The load cases shall be evaluated in rainflow counts according to two different assumptions for the avail-
ability of the turbine (100% and 85% or equivalent conservative value based on failure statistics). Com-
bined with the two support orientations, that means four rainflow counts and weighting analyses have to be
performed. The setups are as follows:

1. 100 % availability: rainflow count assuming DLC 1.2 and DLC 6.4 for the complete lifetime, Jacket ori-
entation 0°

2. 100 % availability: rainflow count assuming DLC 1.2 and DLC 6.4 for the complete lifetime, Jacket ori-
entation 45°

3. 85% availability: rainflow count assuming 85 % of lifetime DLC 1.2 and DLC 6.4, 15 % of lifetime DLC
7.2, Jacket orientation 0°

4. 85% availability: rainflow count assuming 85 % of lifetime DLC 1.2 and DLC 6.4,15 % of lifetime DLC
7.2, Jacket orientation 45°

The highest resulting loads shall be used for jacket predesign.

Step 2: Wind and waves misaligned

The load case definitions of step two are, but for the wind-wave misalignment, equal to the load case defi-
nitions given in step one. As step two considers site specific directional distribution with a defined orienta-
tion of the support structure regarding north, the support structure orientation must not be varied. For DLC
7.2 no further load cases have to be set up, as assuming wind aligned with waves is conservative with
regards to missing aerodynamic damping. Besides that, the IEC standard does not request consideration
of wind-wave misalignment for DLC 7.2.

The rainflow evaluation of step 2 includes both the dimensioning step 1 rainflow extended by the direc-
tional distributions of step 2 simulations.

Wind-wave misalignment can be considered via several approaches of different complexity, the wind bin
based wind-wave rose combination (exact method) or methods of reduced complexity. The exact method
assumes that a wind direction — wave direction scatter diagram exists.

This section additionally addresses an approach based on the assumption that wind-wave misalignment is
independent of wind speed and wind direction (wind independent method). As wind and wave data for the
present site are sufficient to include wind-wave misalignment via the exact method, a comparison to the
results of the less complex wind independent method may be useful.

Exact method

The exact method assumes wind-wave misalignment to vary with three parameters: wind speed bin, wind
direction and wave direction. Thus, one misalignment has to be computed for each wind bin, wind direc-
tion and wave direction combination, resulting in 4032 simulations (2 support structure orientations - 14
bins - 12 wind sectors - 12 wave sectors = 4032) for DLC 1.2 and DLC 6.4 if wind and wave seeds and
wind misalignment are varied within. It is assumed that one seed for every single case is statistically suffi-
cient due to the high number of load cases.

Wind independent method

To reduce the sheer amount of simulations and the effort of simulation setup, the wind independent
method is based on the assumption that wind-wave misalignment is independent of wind speed and wind
direction. First, wind and wave roses are tabulated as probability distributions and the misalignments with
according probabilities of misalignments are derived. This is illustrated in the following table:
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Table 5.26: Wind/wave misalignment, wind independent method

Wind Wind direction Wave Wave direction probabil- Probability of mis-
dir probability dir ity Misalignment |alignment
) [% wind rose] ) [% wave rose | winddir.] P (@miss)

0° P(0° wind) 0° P(0° wave | 0° wind) 0° P(0° wind) - P(0
wave)

0°  |P(0° wind) 30°  |P(30° wave|0° wind)  [30° P(0% wind) - P(30
wave)

P(0° wind)

0°  |P(0° wind) 330° |P(330° wave|0° wind)  [330° P(0° wind) - P(330
wave)

30° P(30° wind)

330° P(330° wind)

Next, the probabilities are summed up for each misalignment:
P (Pmiss=i) =2 P (Pmiss =i) i=0°30°...330°

As the structural orientation is axi-symmetric to the wind direction (assuming active yaw and representa-
tion of wind misalignment via 8 deg rotor misalignment), the probabilities of misalignment can be taken as
average of the sum of misalignments axi-symmetric to the wind direction, for instance:

P (Pmiss =30°) = P (@miss = 330°) = 0.5 - ( P (@miss =30°) + P (@miss = 330°) )

This would result in half of the simulations of the exact method (2 support structure orientations - 14 bins -
12 wind sectors - 6 misalignments = 2016 simulations) for DLC 1.2 and DLC 6.4 if wind and wave seeds
and wind misalignment are varied within. Furthermore, the setup of load cases would be significantly less
time consuming compared to the exact method. Following example is used to illustrate the further load
case setup:

((pmiss = 0°) =30 %
((pmiss = 30") =25%
((pmiss = -30°) =25%
((pmiss = 60") =10 %
((pmiss = 90") =10 %

LS JN VI v R v B v

The exemplary misalignments would result in the following load case setup regarding wind and wave di-
rections:

Table 5.27: Example load case setup with wind/wave misalignment

Global wind direction Global wave direction
0° 0°; 30°; -30°; 60°; 90°
30° 30°; 60°; 0°; 90; 120°
330° 330°; 0°; 300°; 30°; 60°
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For DLC 7.2 it has to be considered that the turbine is not yawing. Thus, the wind direction equals the yaw
misalignment.

Proposal for further misalignment studies

For a study in between both approaches (exact and wind independent approach), the assumption that
misalignment is independent of the wind bin but not the wind direction or that the misalignment is inde-
pendent of the wind direction but not the wind bin would be conceivable. The advantage of such in be-
tween studies would be that the directional distributions for the wind and sea state setup would be at hand
as already derived (in between) for the wind independent method. Thus, the study would mainly be a mat-
ter of computation and evaluation.

5.3.2 Extreme Load Analysis

The extreme load analysis considers a reduced set of load cases for preliminary jacket design. Neverthe-
less, DLCs 6.1 and 6.2 are of high computational effort. Unfortunately, the effort is mandatory as DLC’s
6.1 and 6.2 are assumed to be the main design drivers for the jacket sub-structure.

For all other DLCs proposed for preliminary jacket design (DLC 2.2; DLC 1.6; DLC 2.3) the IEC standard
[69] states wind aligned with waves if both approach from the worst case direction regarding loads. Thus,
no wind wave misalignment but two support structure orientations shall be analysed for those load cases.

Statistical load extrapolation according to [30] is not considered in this section as it mainly affects RNA
loads so is not considered necessary within the scope of preliminary jacket design.

DLC 6.1a: Idling in storm
-V =Vref
- Turbulent 50-year-wind
- 50 year sea state with embedded Hmax,50 wave
- Wind misalignment +8 deg or -8 deg
- 6 to 10 seeds per wind speed
- Wind-wave misalignment
- Two support structure orientations (0°; 45°)

DLC 6.1a considers a turbine idling in 50-year storm conditions. Turbulent wind with a minimum longitudi-
nal turbulence intensity of 11 % shall be considered in combination with at least 6 seeds for wind and sea
states, according to the IEC standard. Wind-wave misalignment shall include site-specific values derived
during fatigue analysis.

During load case computation the influence of the aerodynamic wake model shall be investigated. Practi-
cally, using GH Bladed, this includes variation of the wake model in Bladed’s ‘Aerodynamic Control’ Panel
between ‘Frozen Wake’ and ‘Dynamic Inflow’ and checks of the time series for occurrence of resonance
generated by numerical uncertainties.

DLC 6.2a: Idling in storm during grid loss
- V= Vref
- Grid loss (yaw inactive -> yaw misalignment)
- Turbulent 50-year-wind
- 50-year sea state with embedded Hmax,50 wave
- Wind misalignment +8 deg or -8 deg
- 6 to 10 seeds per wind speed
- Wind-wave misalignment with maximum loads from DLC 6.1a
- Support structure orientation with maximum loads from DLC 6.1a
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DLC 6.2a considers a turbine idling in 50-year storm conditions during grid loss, meaning the yaw system
is inactive, resulting in significant yaw misalignments. Thus, wind direction shall be considered misaligned
to the rotor axis between 30 deg and 180 deg (in 30 deg steps). The remaining load case setup equals
DLC 6.1a despite for the support structure orientation and the wind-wave misalignment. The support ori-
entation shall be determined by the support orientation for DLC 6.1a that resulted in maximum loads. Ac-
cordingly, wind-wave misalignment shall account for those site-specific values that resulted in maximum
loads for DLC 6.1a.

Again, during load case computation, the influence of the aerodynamic wake model should be taken care
of.

DLC 2.2: Safety system fault
Vin <V <Vout ; Hs(V) ; Tp(V)
- NTM model for turbulent wind
- Wind bin width 2m/s
- One Hs, Tp-combination per wind bin
- Wind misalignment +8 deg or -8 deg
- 6 1to 10 seeds per wind bin
- Wind and waves in line
- Two support structure orientations (0°; 45°)

The setup is comparable to DLC 1.2 in the step one fatigue analysis. For reason of preliminary jacket de-
sign, safety system fault computations may be limited to one significant pitch fault at high wind speeds
(near cut-out). It is conservatively proposed to assume all blades turn to fine (with a reasonable average
pitch rate such as 5 deg/s) until the safety system is activated again by reaching the safety system over-
speed limit.

DLC 1.6: Power production in 50-year sea state
- 0.8Vr; Vr; 1.2 Vr; Vout
- NTM model for turbulent wind
- 50 year sea state with embedded Hmax,50 wave
- Wind misalignment +8 deg or -8 deg
- 6 to 10 seeds per wind speed
- Wind and waves in line
- Two support structure orientations (0°; 45°)

DLC 1.6 represents power production in turbulent wind conditions and a 50-year sea state. For conserva-
tive reason of preliminary jacket design, an embedded wave with a maximum 1-year wave height (Hmax 1)
may be assumed. Furthermore, a minimum of 6 wind seeds shall be computed in combination with wind
misalignment and seeds for sea states as described for DLC 1.2.

DLC 2.3 (DLC 1.5 in GL standard [31]): Generator cut-out
- Vrz2m/s and Vout ; Hs(V) ; Tp(V)
- EOG1
- Rotor start position 0 — 90 deg (30 deg steps)
- Generator cut-out at 3 time instants
- Wind misalignment +8 deg or -8 deg
- Wind and waves in line
- Two support structure orientations (0°; 45°)

DLC 2.3 represents a load situation of a turbine in power production during a one-year gust (EOG;) that

looses the generator torque due to a generator cut-out from the grid. The grid loss shall be considered at
the three time instants, lowest wind speed, highest gust acceleration, maximum wind speed (see GL 2005
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Guideline, DLC 1.5). Furthermore, the rotor start positions shall vary from 0 deg to 90 deg (in 30 deg
steps).

Fatigue Load cases
An extreme load analysis shall be carried out for the fatigue load cases.

5.4 Design load case parameter analysis for jacket structure

The design of offshore wind turbine support structures is strongly driven by parameters relating to the ex-
ternal conditions at the site at which the turbine is to be located, as well as the properties of the structure
and turbine itself. For the purposes of offshore wind turbine support structure design it is important to un-
derstand the relative importance of the various external conditions applied to the structure in the design
process. These external conditions include the following:

e Wind speed
Wind direction
Wave height
Wave period
Wave direction
Tidal levels
Current velocity and profile
Current direction
Turbulence intensity

If all possible combinations of these factors were accounted for in the design of the structure, the number
of simulations required would be huge and exceed practical limits for the designer. In order to achieve an
economic design it is therefore important to know which of these factors are the most significant in deter-
mining the loading on the structure, so that the amount of computational time and effort can be minimised
whilst maintaining accuracy of results.

The effects of changing the above parameters on monopile support structures are reasonably well known.
However, as suitable shallow water sites in European waters become more limited jacket support struc-
tures are increasingly being used as a preferred solution for offshore wind turbines. Therefore, this section
uses the UpWind reference jacket support structure [54] to test the relative influence of a number of key
design load case parameters affecting offshore wind turbine jacket support structure design.

General considerations

In order to account fully for the dynamics of an offshore wind turbine the combined wind and wave loading
on the whole structure must be modelled in a non-linear time-domain simulation. This ensures that the
aerodynamic damping of wave-induced motion is properly captured, which can be an important effect. The
importance of integrated analysis for jacket structures has also been shown in [52], in which a significant
interaction between rotor rotation and local jacket brace vibration was demonstrated.

The GH Bladed software tool [9] is used to perform integrated load calculations and analysis. The UpWind
5MW reference wind turbine [52] is used for the analysis, mounted on the UpWind reference jacket sup-
port structure [54] shown in Figure 5.5. This structure was optimized using the UpWind 50m design basis
[55], so the external conditions from this document are used as a baseline. Local joint flexibilities are not
included in the model, as it has been shown that for jacket structures modelling flexibility in the joints does
not typically affect the magnitude of forces and moments [66]. A full description of the geometry, mass and
stiffness of the jacket support structure can be found in [54].
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Figure 5.5: Jacket support structure implemented in GH Bladed

5.4.1 Fatigue load case parameter study

The fatigue load cases investigated are DLC 1.2 and DLC 6.4, which cover the full range of normal opera-
tion and idling conditions experienced by the wind turbine over its lifetime. DLC 7.2 is also considered for
the availability study. The wind speeds and sea state parameters used for the simulations can be found in
[55]. Irregular waves are modelled using a Jonswap spectrum with a peakedness parameter (gamma)
equal to 1.

Firstly a baseline fatigue load set was performed. Subsequent load sets were run with the following pa-
rameters varied individually, to determine the effect on the fatigue loading:
e Wind/wave misalignment
Availability
Wind class
Structural natural frequency
Tide height

In this section results are presented in terms of damage equivalent loads (DELs), with a specified S-N
slope and frequency. Usually for welded steel details a bi-linear S-N curve is used with inverse slopes
m1=3 and m2=5. If the fatigue load is wind dominated (i.e. more stress ranges with high frequency and
low amplitude) then m2=5 is most relevant. If wave load is dominating (i.e. more stress ranges with low
frequency and high amplitude) then m1=3 is most relevant. In the case of jacket structures the wind load
is normally dominating; however for the purposes of this study it is important that the wave loads are still
properly represented. A single m value is required for the below comparisons, so m=4 is used for all DELs
as a compromise. A reference frequency of 0.0158Hz is used, equivalent to 1e7 cycles in 20 years. Life-
time-weighted DELs are derived using a rainflow cycle counting algorithm with application of Miner’s rule,
based on the appropriate annual wind speed distribution.

For jacket structures joints are generally the weakest point in structure due to concentration of stresses at
the welds. During the optimization of the structure the lowest fatigue lives were found to be in the upper
joint at the top level of bracing [54]. Other loads on the jacket which give a significant contribution to the
fatigue damage are the tower base overturning moment and the pile head axial forces. For the purposes
of this section, therefore, damage equivalent loads are reported at the pile head, the upper joint and the
tower base. A list of output locations and load components is given in Table 5.28. The output locations on
the Bladed model are shown in Figure 5.6.
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Table 5.28: Output locations for damage equivalent loads

Jacket location | Bladed identifier | Load component
Mbr 1 End 1 Axial force Fx
Pile head Mbr 2 End 1 Axial force Fx
Mbr 3 End 1 Axial force Fx
Mbr 4 End 1 Axial force Fx
Mbr 109 End 1 Axial force Fx
Upper joint Mbr 110 End 1 Ax?al force Fx
Mbr 111 End 1 Axial force Fx
Mbr 112 End 1 Axial force Fx
Tower base Mbr 134 End 1 QOverturning bending moment Mz

— [Mbr 134 End 1

[Mor109Ena 1 |
— [Mbr 111 End 1

Mbr 110End 1 |
Mbr 112 End 1 |-

[Mor4 End 1 |

—[Mbr1End1 |

Wlbr 3 End 1

Figure 5.6: Output locations for damage equivalent loads

Sources of loading

For jacket structures it is generally assumed that wind loads dominate over hydrodynamic loads, due to
the relative hydrodynamic transparency of jackets. In order to confirm this assumption, two additional fa-
tigue load sets were performed, one with wind only and one with waves only, in order to investigate the
relative influence of the different sources of loading.

Figure 5.7 shows a sample time history of the axial force at one of the pile heads, during normal power

production. Figure 5.8 presents normalized DELs at the chosen output locations on the jacket for the three
different cases.
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Figure 5.7: Sample time history of axial force at pile head
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Figure 5.8: Normalised DELs with variation in sources of loading
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From these results it can be clearly seen that the loads on the jacket are dominated by the wind. This is
due to the small member diameters in the jacket at the water level, which results in a relatively low contri-
bution from the hydrodynamics. At the pile head the contribution from the waves is proportionally greater,
as expected, but even at this depth the relative contribution from the waves is still small.

The DEL histograms also show the effect of aerodynamic damping. The damage equivalent loading from
combined wind and waves is lower than the sum of the damage calculated from the wind and waves
separately. This is due to the damping of the wave-induced motion resulting from the rotor thrust.

Wind-wave misalignment

The baseline fatigue loads were calculated with codirectional wind and waves. In order to test the influ-
ence of wind-wave misalignment on jacket structures, three additional cases were considered with the
wind-wave misalignment varied. The waves were considered to approach the structure at six different an-
gles from the wind, from -30° to 120° in 30° intervals. A different proportion of time was then assigned to
each wind-wave misalignment angle for the three cases. Case 3 models a uniform distribution between all
six misalignment angles, and Cases 1 and 2 are intermediate weightings. A graphical display of the cases
considered is shown in Figure 5.9.
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Figure 5.9: Misalignment cases considered

Figure 5.10 presents normalized DELs at the chosen output locations on the jacket for the four different
cases. At the pile head the damage equivalent load increases by up to 2.5% when misalignment is taken
into account. This is due to the additional forcing from the waves approaching from a different angle.
However the DEL also increases by nearly 2% at the upper joint, which is located 15m above the water
level. This may be due to the fact that jackets are relatively soft in the torsional mode, which can be ex-
cited by large misalignments. The reduced aerodynamic damping may also have an effect.
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Figure 5.10: Normalised DELs with variation in wind-wave misalignment
Availability

The baseline fatigue loads were calculated assuming 100% availability. For monopile support structures it
has been shown that in some cases, depending on site conditions and structure diameter, a lower avail-
ability can lead to design driving loads due to the loss of aerodynamic damping [67]. In order to test the
influence of availability on jacket structures, four additional cases were considered with availability varied
from 95% to 80% in 5% intervals. The reduction in availability was calculated by replacing a proportion of
the DLC 1.2 simulations (power production) with DLC 7.2 simulations (idling with fault).

Figure 5.11 presents normalized DELs at the chosen output locations on the jacket for the five different
cases. It can clearly be seen that a reduction in availability leads to a reduction in fatigue loading across
the whole structure. This is because the largest loading contribution comes from the wind, so it is more
damaging for the machine to be operating.
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Figure 5.11: Normalised DELs with variation in availability
Wind class

The baseline fatigue loads were calculated using site-specific data for the annual wind speed distribution,
as presented in Figure 5.12 using the blue line. In order to test the influence of wind class on jacket struc-
tures, three additional cases were considered using the wind speed distributions from IEC wind classes |
to lll (shown in Figure 5.12).
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Figure 5.12: Wind speed distributions considered
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Figure 5.13 presents normalized DELs at the chosen output locations on the jacket for the four different
cases. The results show that the fatigue loads decrease by up to 20% when the wind speed distribution is
reduced to Class Ill. This scale of reduction is seen across the whole structure. These results demonstrate
that one of the main drivers for jacket fatigue loads is the wind loading, and that the local wind speed
distribution is an important factor in jacket support structure design.
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Figure 5.13: Normalised DELs at pile head, with variation in wind class

Structural natural frequency

The baseline fatigue loads were calculated with a structural natural frequency for the first tower mode
equal to 0.29Hz. This is equivalent to 1.44P, where 1P is the rotational frequency at rated speed
(12.1rpm). In order to test the influence of natural frequency on jacket structures, the stiffness of the sup-
port structure was artificially forced by changing the Young’'s modulus of steel. Five cases were consid-
ered in addition to the baseline case, shown in Table 5.29.

Table 5.29: Structural natural frequencies considered

Frequenc
(multigle of)':P) Frequency (Hz) | E_steel (N/m2)
1.09 0.219 1.1E+11
1.18 0.237 1.3E+11
1.26 0.254 1.5E+11
1.35 0.273 1.8E+11
1.44 0.291 2.1E+11
1.53 0.309 2.4E+11

65



Figure 5.14 presents normalized DELs at the chosen output locations on the jacket for the six different
cases. The results show a significant variation in DEL when natural frequency is varied, in some cases up
to 65%. The loads tend to increase when the natural frequency is either lower or higher than the original
value, and the scale of the increase is much larger than for other parameters. These results show the im-
portance of designing a support structure with a fundamental natural frequency in the right range. If the
frequency is too low then the structure may experience resonance with the rotational frequency of the ro-
tor. If the frequency is too high then the structure will be overdesigned and the high stiffnesses will lead to
increases in member loading.
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Figure 5.14: Normalised DELs at pile head, with variation in natural frequency

Tide height

The baseline fatigue loads were calculated with the water level at mean sea level (MSL) of 50m. In order
to test the influence of tide height on jacket structure loads, four additional cases were considered with
water levels at LSWL, LAT, HAT and HSWL (values taken from [55]). The total water level variation be-
tween LSWL and HSWL is 5.66m.

Figure 5.15 presents normalized DELs at the chosen output locations on the jacket for the five different
cases. The results show that tide height has only a minimal effect on fatigue loading, with a maximum of
1% difference from the baseline. A study into tidal effects on monopile support structure fatigue loading
[68] has shown that for fatigue load calculations using a water level of MSL + 10% of tidal range gives ac-
curate damage equivalent loads. The mean difference from the baseline results across the calculated
DELs is small but positive, which indicates that the above conclusion derived for monopiles is also appro-
priate for jacket structures.
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Figure 5.15: Normalised DELs at pile head, with variation in tide height

5.4.2 Extreme load case parameter study

For the design of the UpWind reference jacket support structure, a comprehensive set of extreme load
cases was simulated to calculate the driving loads on the structure [54]. The worst case wind and wave
combination was found to come from DLC 6.1 (idling during 50 year storm). Therefore DLC 6.1 is investi-
gated in this analysis. The 50 year wind speeds and wave conditions used for this load case can be found
in [55]. Irregular waves are modelled using a Jonswap spectrum with a peakedness parameter (gamma)
equal to 3.3. A constrained wave is used in GH Bladed to model the 50 year individual wave height. This
approach ensures that the irregularity of the background sea state and the nonlinearity of the extreme
wave are both modelled in the simulation.

First, a baseline extreme load set was performed with parameters as described above, with multiple wind
seeds and wind-wave misalignment as required by the IEC 61400-3 offshore standard [69]. The driving
load combinations were identified, and subsequent load sets performed with these load combinations. The
IEC standard states that for storm load cases a range of wave periods and water levels must be consid-
ered [69]. This can lead to a huge number of simulations. The constrained wave period and tide height
parameters are varied individually, to determine the effect on the extreme loading:

Results in this section are presented in terms of the absolute maximum load from the Bladed simulation.
The results are normalized so safety factors are not required. The extreme loading on a jacket structure is
generally driven by the axial forces in the pile heads, so for the purposes of this section extreme loads are
reported at the pile head only. The output locations on the Bladed model are shown in Figure 5.16.
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Figure 5.16: Output locations for extreme loads

Constrained wave period

The baseline extreme loads were calculated with a constrained wave period of 10.87s. This is the lower
bound of the range specified by the IEC standard [69], which is generally considered to be conservative. In
order to test the influence of the wave period on the extreme jacket loading, three additional cases were
considered in addition to the baseline case with wave periods varying from 9.3s to 14.0s.
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Figure 5.17: Normalised extreme loads at pile head, with variation in constrained wave period

Figure 5.17 presents normalized extreme loads at the pile heads for the four different cases. The results
confirm that shorter wave periods result in higher extreme loads, with load increases of up to 10% result-
ing from a reduction in wave period to 9.3s. This is an important result, because it enables designers to
perform preliminary extreme load calculations at a single wave period with greater confidence that they
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are capturing the worst case loading. This significantly reduces the number of simulations required in the
preliminary extreme load analysis.

It is important to note, however, that for detailed design using the most conservative load will not neces-
sarily result in the most cost effective support structures. Rather, the load with a return period of 50 years
should be used. This implies that a statistical approach should be used as a basis for the rules in the
standard.

Tide height

The baseline extreme loads were calculated with the tide height at HSWL, equal to +3.29m. This is the
upper bound of the range specified by the IEC standard [69], which is generally considered to be conser-
vative. In order to test the influence of the tide height on the extreme jacket loading, three additional cases
were considered in addition to the baseline case with tide heights varying from LSWL to HSWL+2.13m.

‘n LSWL m HAT O HSWL O HSWL+2.13m ‘

1.05

0.9 =

Normalised axial force

0.85 4 =

0.8

Mbr 1 End 1 Mbr 2 End 1 Mbr 3 End 1 Mbr 4 End 1

Figure 5.18: Normalised extreme loads at pile head, with variation in tide height

Figure 5.18 presents normalized extreme loads at the pile head for the four different cases. The results
confirm that higher water levels result in higher extreme loads, although the load increases are smaller in
magnitude than when the wave period is varied. Again, this is an important result because it enables de-
signers to perform extreme load calculations at a single water level with greater confidence that they are
capturing the worst case loading.

5.4.3 Summary and key findings

The fatigue loading on the structure is found to be dominated by the wind, with a relatively low contribution
from the hydrodynamics. This is reflected in the small changes in DEL when marine parameters are varied
(tide height, wind-wave misalignment) compared to the large changes in DEL when wind parameters are
varied (wind class). The small hydrodynamic influence is also shown in the fact that a decrease in
availability leads to a reduction in loading. The parameter which has the most effect on fatigue loading is
the structural natural frequency. This demonstrates the importance of placing the natural frequency in the
right range when designing a jacket support structure.

The parameter which has the most effect on the extreme loading on the structure is the wave period of

the 50 year maximum wave. Conservative load results are given when this parameter is set to the lower
bound of the range given in the standard.
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PART Il: Design Methods for Floating Support Structures

A large part of the global offshore wind resource is in locations where the water is much deeper than that cur-
rently experienced in offshore wind farm design, for instance off the coasts of the United States, China, Japan,
Spain and Norway. In these locations fixed-bottom support structures are not feasible. Therefore the possibility
of mounting wind turbines on floating support structures opens up the potential to utilise this deepwater re-
source. The economic potential of floating offshore wind turbines (FOWT) is demonstrated in [70]. In order to
realise this potential, cost-effective floating wind turbine designs are needed which can compete with other en-
ergy sources. This requires appropriate and targeted development of the design tools, methods and standards
used in the industry. In view of this, Part Il of this report has its focus on design methods for floating support
structures.

In order for an offshore wind turbine to be certified, the IEC 61400-3 standard [69] requires that an integrated
loads and response analysis be performed. This type of analysis is fundamental to the design process as it en-
ables the structure to be optimised taking into account the fully coupled response of the whole system. Reliable
and validated design tools and methods are therefore needed which can model the dynamics and response of
floating wind turbine platforms in a comprehensive and fully integrated manner.

Chapter 6 presents a review of the current state-of-the-art in floating wind turbine design tools. An overview is
given of modelling techniques for FOWTs and the advantages and disadvantages of the various approaches
are discussed, together with recommendations for future development needs.

Chapter 7 presents a summary of the benchmarking activities performed for some of the available floating de-
sign tools. The comprehensive testing and validation of these design tools is important for designers to have
confidence in their predictions.

Chapter 8 presents the development of advanced modelling approaches for selected aerodynamic, hydrody-
namic and mooring line simulation techniques and their applicability for integrated floating wind turbine model-
ling. The combined aerodynamic, hydrodynamic and mooring line effects on floating wind turbines create
unique operating and failure design conditions which have not yet been studied in detail.

Chapter 9 presents recommendations for possible extensions to the IEC 61400-3 standard to enable applicabil-
ity to deep-water floating wind turbine designs, including the implementation of additional/different design load
cases.

6. Integrated design tools

6.1 Modelling methods for floating offshore wind turbines

In this section an overview is presented of the methods used for the numerical modelling of floating offshore
wind turbines. Different methods for the modelling of structural dynamics, aerodynamics, hydrodynamics and
mooring lines are compared and comparative strengths and weaknesses presented. The detailed equations
describing the various theories are not presented here for the sake of clarity and brevity.

6.1.1 Previous work

Frequency-domain methods are commonly used in the offshore oil and gas industries to analyse and design
floating structures. These methods have also been employed in a number of instances for the preliminary de-
sign of floating wind turbines. Bulder et al. [71] used linear frequency-domain hydrodynamic techniques to find
response amplitude operators (RAOs) to investigate a tri-floater concept. Lee [72] used a similar process to
analyse a tension-leg platform (TLP) design. Vijfhuizen [73] used frequency domain analysis to design a barge
for a 5SMW turbine including a wave energy device. Wayman [74] also performed calculations in the frequency
domain to model various TLP and barge designs.
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There are a number of advantages to design calculations in the frequency domain: the above studies were use-
ful in order to demonstrate the initial technical feasibility of floating wind turbines by showing that they could be
designed so that the natural frequencies are placed away from the wave energy spectrum to minimise dynamic
response. However, frequency domain calculations also have important limitations: they cannot capture non-
linear dynamic characteristics or model transient loading events, both of which are important for wind turbines
since the non-linear dynamics introduced through transient events and control system actions are a big factor in
the loads analysis. Matha [75] performed a typical frequency domain analysis for a floating wind turbine and
showed that some couplings between the platform motion and the flexible tower and blades were not ac-
counted for, which could lead to natural frequencies being wrongly predicted and critical system resonances not
being identified. This result underlines the importance of performing calculations for floating wind turbines in the
time domain.

For the purposes of this section, therefore, frequency domain calculations are not considered and the design
tools presented are all based on a time domain analysis.

6.1.2 Structural dynamics

Modal representation

The majority of the wind turbine simulation codes available for the onshore market utilise a modal approach for
the calculation of structural dynamics. This approach can also be used for the modelling of floating offshore
wind turbines. In this approach the fundamental mode shapes and frequencies of the structure are calculated,
usually using a finite element pre-processor. These eigenmodes are then superimposed and coupled together
to enable the calculation of the overall dynamic response of the total structure using the system equations of
motion.

This method of structural analysis benefits from a low number of degrees of freedom: the exact number will
depend on the structural properties of the turbine but is typically less than 30. Modal representation is therefore
computationally very efficient and results in rapid simulation times. For this reason it remains the method of
choice for many of the onshore wind turbine simulation codes currently used.

The flexibility of this method is limited somewhat by the restrictions on the number and type of degrees of free-
dom allowed in the structure. This is not so much of a problem when modelling conventional fixed-bottom wind
turbines as it is possible to generate a reliable representation of the wind turbine dynamics using relatively few
degrees of freedom. However when modelling floating wind turbines additional degrees of freedom are required
which often are not available using simple modal representation. In addition to this the modal method does not
allow the modelling of more complex floating wind turbine configurations e.g. multiple rotor concepts.

Another limitation of modal representation is that the method is inherently limited to linear responses, i.e. the
deflected shape of the blades or tower at any instant must be a linear combination of the available mode
shapes. This means that large deflections of flexible components may not be accurately predicted, for example
in the case of lightweight rotor blades. This is of particular importance when it comes to modelling floating off-
shore wind turbines as they can experience significant translational and rotational displacements during normal
operation, which may not be accurately predicted using modal representation.

Multibody systems

An alternative method for the calculation of wind turbine structural dynamics is the multibody system approach.
In this method the structure is split up into a number of elements, which can be either rigid or flexible. These
elements are interconnected by joints, each with the required constraints applied, and may undergo large trans-
lational and rotational displacements. The dynamics of the resulting system can then be analysed using equa-
tions of motion, usually derived from the Newton-Euler equations or Lagrange’s equations.

The multibody method benefits from increased modelling flexibility due to the ability to create and couple to-
gether any number of separate bodies in any number of configurations. This enables an increased number of
degrees of freedom to be modelled compared to modal representation, but still with a relatively small number of
equations of motion compared to a full finite element analysis.

71



UPWIND WP4: Offshore Support Structures and Foundations

In addition to this, because the bodies are treated separately and without the assumption of linearity the multi-
body method also enables accurate modelling of systems with large displacements and rotations. This is an
important feature for the modelling of floating offshore wind turbines, and as a result the multibody system
method is more common for floating wind turbine simulation codes.

Finite Element Modelling

Finite element modelling is the most detailed and also the most computationally expensive of the three meth-
ods described here. In this method the wind turbine structure is discretized into a mesh of finite elements inter-
connected at nodes, each of which has a number of degrees of freedom. The elements can be modelled as
one-dimensional beams, two-dimensional plates or three-dimensional solids, and are given physical properties
including mass and stiffness. In most cases the theory of linear elasticity but large deflection is applied. The
dynamic behaviour of the system can then be analysed by finding numerical solutions to the ordinary and partial
differential equations of motion for each element.

The main advantage of finite element modelling is that it allows complex structures to be modelled with a high
level of detail and a very large number of degrees of freedom. This is useful for the modelling of more compli-
cated floating platform geometries. Another important advantage of the finite element approach is that it allows
for modelling of material non-linearities. This is important for fixed-bottom wind turbines when modelling pile-
soil interaction, but also for the modelling of additional components found in floating wind turbines such as
mooring lines.

However the level of detail in finite element analysis means that the computational effort required is very high,
which results in slow simulations compared to the alternative methods described above. This is a major disad-
vantage for a commercial wind turbine modelling code where thousands of fully integrated time-domain simula-
tions may be required in order to fulfil the design criteria specified by the international standards. Finite element
modelling can also be less efficient than the multibody systems approach for modelling wind turbines, particu-
larly in the way that large rotations, relative kinematics of system components and deformations of structural
members are handled. The efficiency of the method depends on the numerical methods and algorithms em-
ployed. Standard finite element packages are generally used to model structures for which the motion occurs
about a mean undisplaced position, and for this reason finite element codes used to model wind turbines must
be specially developed to model large movements of one structural component with respect to another.

A number of wind turbine modelling codes use combinations of the above approaches; for instance some use a
multibody representation with modal elements included, and others use a combined multibody and linear finite
element approach.

6.1.3 Aerodynamics

Blade Element Momentum theory

The vast majority of commercial aeroelastic wind turbine simulation codes use combined blade element and
momentum (BEM) theory to model the aerodynamic forces acting on a wind turbine rotor. This method was
developed from helicopter aerodynamics and due to its convenience and reliability has remained the most
widely-used method for calculating the aerodynamic forces on wind turbines. Floating wind turbine design
codes are no exception and BEM theory is used in all the floating codes currently available.

In this method the rotor is modelled as an actuator disc assuming axi-symmetric, incompressible, steady flow in
a stream tube. The power extracted by the rotor and the thrust force acting on the rotor can be derived using
Bernoulli’'s theorem, which assumes that the balances between changes in momentum and energy flow rates
are conserved. Momentum theory can then be applied on an annular level to match the results of momentum
analysis with the blade element properties and geometry. Simple BEM theory is very rarely used in isolation, as
it does not deal with the unsteady nature of the aerodynamics experienced by a wind turbine rotor. There are a
number of corrections commonly applied in conjunction with the BEM model to account for this.

The first of these corrections is the inclusion of tip and hub loss factors in the BEM equations. The tip and hub
loss factors account for the fact that the axial flow induction factor a is not uniform over the rotor area but fluc-
tuates between the passing of each blade, with the overall effect of reducing the net power extracted. This fluc-
tuation is due to the vorticity distribution in the wake arising from the finite number of blades. At the blade root
and blade tip the bound circulation around the aerofoil must reduce to zero resulting in a vortex being trailed
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into the rotor wake, which is what causes the losses. The most common implementation of the tip and hub loss
factors is based on an analysis by Prandtl from propeller theory.

Another important correction is dynamic inflow theory. BEM theory in its most simple form assumes that the
induced velocities along the blade can be calculated instantaneously for given flow conditions, i.e. that the wake
reacts instantaneously to changes in blade forces. In practice, the vorticity distribution in the rotor wake is influ-
enced by changes in blade loading, and the full effect of this change in the induced velocity flow field takes a
finite time. Dynamic inflow theory enables this dependence of induced velocities on rotor loading to be mod-
elled. This is done by rewriting the BEM equations for the calculation of axial inflow as dynamic differential
equations, which can then be integrated to give time dependent values for inflow including a time delay. One
advantage of this method is that it allows induced velocities to be determined non-iteratively, rather than going
through loops to convergence as in the BEM equations. However the theory was developed for lightly loaded
rotors which is questionable for wind turbines especially in situations with high thrust coefficients.

The occurrence of stall on a wind turbine blade in unsteady flow is a complex process, as the angle of inci-
dence can change rapidly and with significant amplitude. As a result the onset of stall may be delayed beyond
the static stall angle, and the corresponding aerodynamic forces can undergo large hysteresis. In order to rep-
resent this process dynamic stall models to calculate the unsteady lift coefficient have been implemented as an
extension to BEM theory. These models also include a time lag in the calculation of trailing edge separation.
The inclusion of these models is important as the quasi-steady approach, in which the flow field adjusts instan-
taneously to each change in the angle of incidence, can result in an under-prediction of the aeroelastic damping
associated with stalled flow and hence an over-prediction of structural vibrations.

There are a number of advantages to the use of BEM theory for calculating aerodynamic forces on a wind tur-
bine rotor. The main advantage of this method is its simplicity and consequently its speed. It has also been ex-
tensively validated against measured data and shown to be accurate and reliable. However BEM theory also
has a number of limitations. It is really intended only for steady flow with wind directly approaching the rotor,
and although the extensions described above can be applied to improve the accuracy of prediction in turbulent
flow these extensions do not fully capture all the unsteady effects. In addition to this the theory is still not vali-
dated for rotors operating in large yaw angles or with significant upflow.

There are also research codes which use free wake lifting line methods, such as the free-vortex based AWSM
code developed by ECN in the Netherlands [77]. This is based on Prandtl’s lifting line theory taking into account
non-linear contributions, and is able to more accurately describe the shape and strength of the time-dependent
wake generated by the turbine blades. The use of this method leads to better predictions in situations where the
aerodynamic characteristics vary significantly with time and where the dynamic wake effects are important, for
instance in yawed flow. It also captures the effects of mutual blade interference which BEM theory does not do,
and models the dynamics of tip vortexes more accurately. However it is significantly slower than the BEM
method, and also numerically more unstable meaning that the iteration scheme may require relaxation of the
tolerances in order to prevent divergence. The assumption of irrotational flow also means that effects such as
wind shear cannot strictly be included.

The alternative to BEM theory and vortex-based methods is to use computational fluid dynamics codes, which
use the Navier-Stokes equations. This approach is much more complex and has high computer processing
requirements, which makes industry-scale analysis impractical.

6.1.4 Hydrodynamics

Wave particle kinematics

In order to calculate the hydrodynamic loading on a submerged structure in the time domain the wave particle
kinematics must be determined. For linear sea states the wave particle velocity and acceleration vectors and
dynamic pressure can be calculated using linear Airy wave theory. This theory represents the wave elevation as
a sinusoid propagating with a constant amplitude and period. For fatigue load calculations in which irregular sea
states are required, Airy wave theory can be combined with an appropriate wave energy spectrum in order to
create an irregular sea state.
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One limitation of Airy theory is that wave particle kinematics can only be defined up to the mean water surface
(i.e. at z = 0). The theory can be extended up to the instantaneous free surface by using positive values of z;
however this approach tends to over-estimate particle kinematics at the wave crest and under-estimate particle
kinematics in the trough. In order to take proper account of the forces acting between the mean water level and
the instantaneous free surface, Wheeler stretching may be used. This is described in more detail in [78].

Airy wave theory is widely used due to the relative simplicity and speed with which it calculates wave particle
velocities and accelerations. The main disadvantage of Airy wave theory is that it relies on the assumption of
linearity, which means that the non-linear characteristics of real sea states, such as steep-sided waves and
breaking waves, cannot be modelled. This rules out the possibility of calculating slap and slam loading which
can result from non-linear waves.

The assumption of linearity is taken to be reasonable in deep water, where wave heights are much smaller than
wavelengths. However for large waves or for waves in shallow water it may be required to account for non-
linearities in the wave structure. In this case stream function wave theory may be used. This theory gives more
accurate wave kinematics than linear Airy theory in shallow waters or when the wave height is large compared
to the water depth. However the limitation of stream function theory is that it cannot be used to compute irregu-
lar sea states, which are required for fatigue load calculations according to [69].

Morison’s equation

Once the wave particle kinematics have been derived, the hydrodynamic loads acting on the support structure
may be calculated using Morison’s equation. Morison’s equation is valid for slender, vertical cylinders and is a
function of the diameter of the cylinder, fluid particle velocity and acceleration, and the hydrodynamic drag and
inertia coefficients Cp and Cy. The drag and inertia coefficients are functions of Reynold’'s number, Keulegan-
Carpenter number and surface roughness as well as a number of other factors. In order to calculate the applied
hydrodynamic loads acting over the length of the structure the cylinder can be divided into a number of ele-
ments, in a similar way to BEM theory, and the total applied load found by integrating the loads acting on each
element. Morison’s equation accounts for the relative motion between the platform and the fluid and includes
added mass effects from the movement of the water.

One maijor advantage of Morison’s equation is that the hydrodynamic loads are calculated in terms of wave
particle velocities and accelerations rather than velocity potential. This enables Morison’s equation to be used
not only with linear Airy wave theory but also with non-linear wave kinematic models. This is the reason that
Morison’s equation is used in the majority of codes used to model fixed-bottom offshore wind turbines in rela-
tively shallow water.

However when it comes to modelling floating support structures Morison’s equation also has a number of dis-
advantages. For support structures with a small diameter relative to the wavelength of the incident waves, i.e.
when the member diameter is less than 0.2 times the wavelength, diffraction effects may be neglected [32].
This comes from G.l.Taylor’s long-wavelength approximation, which states that for surface-piercing bodies with
a small diameter relative to the wavelength, the wave potential can be assumed to be constant across the body
and therefore calculations can be performed at the centre of the body. Morison’s equation uses this approxima-
tion to simplify the diffraction problem. However when the submerged body has a diameter large enough for the
waves to be disturbed by the presence of the structure, wave diffraction effects must be accounted for in order
to correctly determine the local pressure force and global wave loads. This is often the case for floating plat-
forms, in particular for those stabilised by buoyancy, which means that Morison’s equation cannot be used.

Morison’s equation also assumes that viscous drag dominates the drag loading, and that wave radiation damp-
ing can therefore be ignored. This assumption is only valid if the motions of the support structure are very
small, which is usually the case for fixed-bottom support structures with soft-stiff characteristics. However for
floating platforms with low-frequency rigid modes the support structure may experience significant movement,
which means that wave radiation forces should be accounted for.

Because Morison’s equation is only used for axi-symmetric cylindrical structures it does not take account of any

added mass-induced coupling between hydrodynamic force and support structure acceleration in different de-
grees of freedom. This is a reasonable assumption for cylindrical structures; however for an accurate modelling
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of non-cylindrical floating platforms these coupling terms should be taken into account. Morison’s equation also
neglects hydrostatic restoring forces; however additional terms can be added to account for this.

Linear hydrodynamic equations

When dealing with slender structures it is considered to be a reasonable assumption that the submerged body
does not exert any influence on the surrounding fluid either in terms of diffraction or radiation. However we have
seen above that when the structures in question are larger in diameter and experience significant movement,
as is often the case for floating platforms, then wave diffraction and radiation forces must be included in the
analysis. In order to calculate these effects the additional boundary condition of zero flow velocity perpendicular
to the surface of the structure must be followed. For most practical cases the resulting problem cannot be
solved analytically, so numerical methods based on the assumptions of linear wave theory must be used. As-
suming that the hydrodynamics of the sea state are linear, the sources of loading can be sub-divided into three
separate problems: radiation, diffraction and hydrostatic restoring. These problems can then be solved
individually and the resulting loads summed together. This approach is described in more detail in [82].

Wave radiation loading describes the loads which arise from the influence of a moving body on the surrounding
fluid when no incident waves are present. In this case it can be assumed that loads due to wave radiation are
independent of incident waves since the radiation problem is being treated separately from the diffraction prob-
lem. The loading on the body arises as the body radiates waves away from itself, and includes contributions
from both added mass and damping. The added mass contribution, defined in the added mass matrix A;
comes from the hydrodynamic forces resulting from the outgoing wave pressure field induced by the accelera-
tion of the support structure. The damping contribution comes from free surface memory effects; because the
pressure field induced by outgoing waves continues for as long as the waves radiate away, radiation loading
depends on the history of motion of the submerged body. The free surface memory effect can be accounted for
using a radiation kernel, Kj; to represent the hydrodynamic forces at any given moment in time due to a change
in support structure velocity. Both the added mass matrix A; and the radiation kernel K; depend on the geome-
try of the floating platform and must be computed in the frequency domain using potential flow theory.

Wave diffraction loading describes the loads which arise from the influence of the surrounding fluid on a sta-
tionary body when incident waves are present. In this case it can be assumed that loads due to wave diffraction
are independent of the motion of the body, i.e. the loads are calculated for the body fixed at its mean position,
since the diffraction problem is being treated separately from the radiation problem. As the waves pass the sta-
tionary body the wave pattern is modified due to the presence of the body and loading on the body arises as a
result of the modified pressure field. The wave excitation force is closely related to the wave elevation, which
can be computed using linear Airy wave theory, and also depends on the geometry of the floating platform, the
frequency and the direction of the waves. A normalised complex transfer function to represent this force can be
computed in the frequency domain using potential flow theory.

Hydrostatic loading describes the static loads on the body arising from the pressure in the surrounding fluid. It is
normally calculated by computing the surface pressure applied by the fluid on the submerged part of the
structure, including the restoring forces due to water plane area arising from the displacement of the support
platform. The magnitude of the net upward force is equal to the weight of the fluid displaced by the body, in ac-
cordance with Archimede’s Principle. The hydrostatic load contribution is relatively simple to compute.

The advantage of this method for calculating hydrodynamic loads is that it takes proper account of the influence
of the body on the fluid. This is particularly important for floating bodies which often have large diameters and
experience significant motion. It is also possible that there may be additional dynamic effects which are only
accounted for when diffraction and radiation are included in the analysis: for instance it has been shown that
the presence of wave radiation damping can in some cases reduce instabilities in platform surge motion arising
from controller actions [17]. This illustrates the importance of including these effects in the hydrodynamic load-
ing calculations for floating wind turbines.

The main limitation of this method is that it requires the assumption of linearity, which restricts its use to deep
water sites where wave heights are much smaller than wavelengths. The use of linear Airy wave theory means
that the steep-sided or breaking waves often found in shallow water cannot be modelled, together with the re-
sulting slap and slam loading. However it should be said that this is not as much of a limitation for floating wind
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turbines as it is for most of the fixed-bottom offshore wind turbines installed to date, since floating wind turbine
sites will normally be in deep water. In addition to this the potential flow theories used in a number of floating
wind turbine design tools to calculate hydrodynamic loads were developed for stationary bodies, and are only
valid when the support structure motion is small relative to the length of the platform. However many floating
configurations experience large translational displacements relative to the wavelengths or characteristic length
of the platform, or large rotational displacements of the platform relative to the wave steepness (for instance
catenary moored systems where there is low resistance to surge and sway). This means that the linearisation
assumptions are invalidated.

6.1.5 Mooring lines

Mooring systems are necessary for floating bodies in order to restrain the global movement of the platform
against the effects of wind, waves and currents. It is important to accurately model the effect of mooring lines
on the response and dynamics of a floating system, particularly in the case of floating wind turbine configura-
tions which use mooring lines to achieve stability. However mooring system dynamics are non-linear in nature,
and often include hysteresis effects. An accurate modelling of mooring line dynamics is therefore a complex
problem and is dealt with fully only by dedicated codes. However the interaction of the mooring lines with the
floating platform can also be approximated in a number of ways as described below.

Force-displacement representation

A common method for modelling foundations for fixed-bottom offshore wind turbines is to use P-Y springs in
the translational and rotational degrees of freedom to represent the relationship between force and displace-
ment in the soil. This method can be extended to the modelling of mooring lines for floating wind turbines by
applying non-linear spring stiffnesses for all six degrees of freedom at the fairlead position. A damping matrix
may also be included as appropriate. The relevant force-displacement characteristics of the mooring system
must be calculated separately and added as inputs into the model. This method can also be extended to in-
clude a force-velocity relationship to account for mooring line drag.

The force-displacement method enables the non-linear geometric restoring properties of the mooring system to
be described in a single stiffness matrix, which has the advantage of simplicity and ease of implementation.
However in most cases this method is limited due to the fact that the loads are generally not specified as func-
tions of displacement in all six degrees of freedom (surge, sway, heave, roll, pitch, yaw). Often restoring forces
are specified as independent functions of each platform displacement, in which case important couplings can
be missed; although modelling a spring at each mooring line attachment can minimise this loss of accuracy.
Because the load-displacement data is given in discrete form it must also be interpolated, which can lead to
small losses in accuracy.

Quasi-static representation

An alternative method for representing the non-linear mooring line restoring forces is the quasi-static approach.
In this method the tensions in the mooring lines are solved from the equations of static equilibrium for the sus-
pended mooring line for a given platform displacement at any instant in time, not accounting for the drag and
inertia of the lines. The elasticity of the mooring lines should be included in the analysis, otherwise the tensions
in the lines can be significantly overestimated.

This approach enables the properties of the mooring lines (length, diameter, mass and extensional stiffness) to
be provided as direct inputs to the system, thus cutting out the pre-processing requirement of the force-
displacement method. The quasi-static approach also accounts for the non-linear geometric restoration of the
complete mooring system, but with a full representation of restoring forces as a function of displacement in all
degrees of freedom built in to the method. This is because the restoring forces on the support platform are cal-
culated at each time step taking into account the contribution from the tension in each mooring line.

Both of the above approaches have the limitation that they do not account for the dynamics of mooring lines.
The assumption that the mooring lines are in static equilibrium for each successive instant in time could be
considered to be appropriate for slowly varying platform motion where frequencies are of the order of minutes
rather than seconds. However the motion of the platform due to waves is typically at frequencies of the order of
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0.1Hz, and at these frequencies the inertia and damping of the mooring lines means that they are unable to
follow the platform motion instantaneously. Neglecting mooring line damping can lead to inaccuracies since the
dynamics of mooring lines are significantly affected by the drag loading due to hydrodynamic damping [79]. Ne-
glecting mooring line inertia is justified in [82] (for the system and water depth in question) since it represents
such a small percentage of the overall inertia of the system (around 2%). The bending stiffness of the mooring
lines is also neglected in both the force-displacement and quasi-static approaches: however this is rarely of any
significance.

Full dynamic modelling

The governing equations for mooring line dynamics are rather complex and cannot be solved analytically, so
advanced numerical techniques must be used. One approach is to discretise the line into point masses con-
nected by weightless inextensible elements, and solve the resulting ordinary differential equations using the
finite difference method. A more general solution can be found using the finite element method. A number of
discrete finite elements are used to approximate a continuum, each with physical properties, and the differential
equations for each element solved numerically to find the dynamics of the line. Both these methods are ex-
tremely computer intensive. There are a number of codes, mainly developed for the offshore oil and gas indus-
tries, which provide full models of the dynamics of mooring lines for floating offshore systems.

The full dynamic modelling approach gives an accurate representation of the drag and inertia of mooring lines
and their effect on the floating platform. These effects can be significant, especially in very deep water where
the mooring line is much less likely to take up its catenary shape instantly and a quasi-static analysis is unable
to accurately predict the line tensions. Therefore for floating wind turbines with catenary mooring systems in
deep water a full dynamic analysis of the mooring lines should be undertaken.

One of the limitations of this method is that it requires much more processing time than the alternatives, due to
its complexity. This is a problem for offshore wind turbine design calculations, in which a large number of simu-
lations is required to fulfil the design criteria. It can also be difficult to find an appropriate way to interface the
mooring line analysis codes with conventional aeroelastic offshore wind turbine design tools.

6.2 Overview of available floating design tools

There are a number of design tools available to the offshore wind industry that have the capability to model
floating offshore wind turbines in a fully coupled time-domain dynamic analysis. In this section the content and
structure of these design tools is presented, in particular the methods employed by each design tool for the
modelling of structural dynamics, aerodynamics, hydrodynamics and mooring lines. The summaries presented
here apply to the design tool capabilities available at the time of writing; future development is planned for most
codes to expand their capabilities

FAST by NREL

FAST is a publicly-available simulation tool for horizontal-axis wind turbines developed by the National Renew-
able Energy Laboratory (NREL) in North America. It has been largely developed by Jonkman [80]. The FAST
code was developed for the dynamic analysis of conventional fixed-bottom wind turbines, but has been ex-
tended with additional modules and to enable fully coupled dynamic analysis of floating wind turbines.

Structural dynamics

The FAST code uses a combined modal and multibody dynamics representation. The wind turbine blades and
tower are modelled using linear modal representation assuming small deflections, with two flapwise bending
modes and one edgewise bending mode per blade and two fore-aft and two side-to-side bending modes in the
tower. The drive train is modelled using an equivalent linear spring and damper. A finite element pre-processor
(BModes) is used to calculate the mode shapes of the blades and tower.

Aerodynamics

The aerodynamic subroutine package AeroDyn is used to calculate aerodynamic forces in FAST. This model
uses quasi-steady BEM theory or a generalized dynamic inflow model. Both of these models include the effects
of axial and tangential induction. The aerodynamic calculations include tip and hub losses according to Prandtl,
and dynamic stall corrections using the Beddoes-Leishman model. Further details can be found in [81].
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Hydrodynamics

The hydrodynamic subroutine package HydroDyn is used to calculate applied hydrodynamic forces in FAST.
Wave kinematics are calculated using Airy wave theory with free surface corrections. The hydrodynamic load-
ing includes contributions from linear hydrostatic restoring, non-linear viscous drag contributions from Morison’s
equation, added mass and damping contributions from linear wave radiation (including free surface memory
effects) and incident wave excitation from linear diffraction. Full details are given in [82]. The linearised radiation
and diffraction problems are solved in the frequency domain for a platform of arbitrary shape using 3D panel-
based program WAMIT (or an equivalent hydrodynamic pre-processor). The resulting hydrodynamic co-
efficients are used in HydroDyn.

Mooring lines

The FAST code uses a quasi-static mooring system module to represent the non-linear mooring line restoring
forces. This module accounts for the apparent weight of the mooring line in fluid, the elastic stretching of the
mooring line and the seabed friction of each line. For a given platform displacement the module solves for the
tensions within each mooring line by assuming that each cable is in static equilibrium at that instant, and uses
the resulting tensions to solve the dynamic equations of motion for rest of the system. Full details of the quasi-
static mooring line module are given in [82].

FAST has been used in a number of research contexts to model coupled wind turbine and floating platform dy-
namics. The configuration described above is that used by Jonkman et al [82]. However the FAST code has
also been coupled with a number of other dynamic analysis programs to model the dynamics and response of
floating wind turbines. Two examples of this are presented below.

FAST with Charm3D coupling

The FAST code is coupled with floater-mooring dynamic analysis program Charm3D by Shim [84]. Charm3D is
a finite element program jointly developed by Texas A&M University and Offshore Dynamics Inc. with partial
funding from Charm3D JIP (Joint Industry Program) for the dynamic analysis of moored floating offshore struc-
tures. The coupling of this program with FAST enables the mooring line and rigid body dynamics of a floating
wind turbine system to be integrated with the wind turbine dynamics in a fully coupled time-domain simulation.
In Charm3D the hydrodynamic coefficients of the floating platform are calculated in the frequency domain using
a panel-based 3D diffraction and radiation program (in this case WAMIT). In the time domain analysis various
non-linearities are taken into account including the drag force on the mooring lines, the large (translational) mo-
tion of the platform, the free surface effects, and the geometric non-linearity of the mooring system. The moor-
ing line dynamics are solved simultaneously at each time step by a coordinate-based FEM program. The float-
ing body motions and velocities computed by Charm3D are provided as inputs to FAST, and the resulting dy-
namic loads from the wind turbine computed by FAST are returned as external forces.

FAST with TimeFloat coupling

The TimeFloat software has also been coupled with FAST in order to model the dynamic response of the
WindFloat floating foundation concept for large offshore wind turbines [83]. TimeFloat is a time-domain soft-
ware tool developed by Marine Innovation and Technology for the analysis of floating structures. The coupling
of TimeFloat with FAST enables the aerodynamic, hydrodynamic and mooring system forces acting on the
structure to be simultaneously computed, including non-linear quasi-static mooring forces and the non-linear
viscous forces generated by the water-entrapment plates.

As above, the wave interaction effects are processed in the frequency-domain software WAMIT and the result-
ing added-mass, damping and mean drift coefficients and wave-exciting forces passed to the TimeFloat code.
The hydrodynamic forces are then calculated by TimeFloat. These include memory effects, wave-excitation
forces (using force components computed by WAMIT), viscous forces resulting from drag effects, drift forces,
mooring line forces and wind forces. The hydrodynamic forces are provided as an input to FAST, which then
solves the turbine and tower equations of motion and passes the platform motion back to TimeFloat.

ADAMS by MSC

ADAMS (Automatic Dynamic Analysis of Mechanical Systems) is a commercially available general purpose
multibody dynamics code developed by MSC.Software Corporation. The code is not wind turbine-specific and is
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also used by the automotive, aerospace and robotics industries. ADAMS models of wind turbines can be gen-
erated by the FAST tool through its FAST-to-ADAMS pre-processor functionality.

Structural dynamics

The ADAMS code uses a multibody representation to allow a large number of structural configurations and de-
grees of freedom. The wind turbine blades and tower are modelled as flexible members consisting of a series
of rigid bodies with lumped mass and inertia connected by flexible joints with linear stiffness and damping. The
drive train may either be modelled similarly as a series of lumped masses or through a simple
hinge/spring/damper element. ADAMS can also model a number of additional features including torsional de-
grees of freedom in the blades and tower, flap/twist coupling in the blades, mass offsets in the blades and
tower, and pitch actuator dynamics.

Aerodynamics
The AeroDyn aerodynamic subroutine package [81] is used to calculate aerodynamic forces in ADAMS, as de-
scribed above.

Hydrodynamics

The hydrodynamic forces may be calculated in ADAMS by interfacing with the hydrodynamic subroutine pack-
age HydroDyn [82]. Alternatively an equivalent subroutine may be used for calculating loads on the floating plat-
form (see for instance Withee [85]).

Mooring lines

The ADAMS code can also be extended in a similar way to the FAST code to enable the modelling of mooring
lines. This can be done either by solving the mooring line tensions quasi-statically in a separate module and
interfacing with the main code at each time step, or using an equivalent force-displacement relationship defined
at the mooring line interface point.

Bladed by Garrad Hassan

GH Bladed is an integrated software tool for calculating wind turbine performance and dynamic response [9],
developed by Garrad Hassan in the UK. It was originally developed for the modelling of onshore fixed-bottom
wind turbines, but has been extended to include hydrodynamic loading for the modelling of offshore wind tur-
bines.

Structural dynamics

The Bladed code uses a combined modal and multi-body representation to model the structural dynamics of a
wind turbine. The wind turbine structure can be made up of any number of separate bodies, with flexible com-
ponents such as the blades and tower modelled using a modal representation. Individual modal properties for
each component are computed independently using a finite element representation of the body. The mode
shapes and frequencies are dependent on the mass and stiffness distribution and the position of the neutral
axis of the body, as well as other parameters specific to the body in question. The modes are coupled together
using the appropriate equations of motion in the dynamic response analysis. For modelling the tower a multi-
member model may be used, consisting of an arbitrary space-frame structure of interconnecting beam ele-
ments with user-specified mass and stiffness properties. Craig-Bampton style modes are used for the support
structure. The resulting mode shapes are three-dimensional with six degrees of freedom at each node.

Aerodynamics

The aerodynamic forces on the rotor are calculated in Bladed using combined Blade Element and Momentum
theory, including tip and hub loss models based on Prandtl. A dynamic wake model is included to account for
the effect of blade loading on wake vorticity. The model included in Bladed is based on Pitt and Peters and has
received substantial validation in the helicopter field. Dynamic stall is also accounted for using the Beddoes-
Leishman model.

Hydrodynamics

The applied hydrodynamic forces on the wind turbine support structure are calculated in Bladed using Mori-
son’s equation. For linear sea states the wave particle kinematics are calculated using Airy wave theory with
free surface corrections using Wheeler stretching. If linear waves are used an irregular sea state may be de-
fined using either a JONSWAP spectrum or a user-defined wave energy spectrum. For linear irregular sea
states the effects of wave diffraction may be accounted for using a time-domain MacCamy-Fuchs approxima-
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tion. In this approach the wave energy spectrum is altered to give the same resulting hydrodynamic load on the
structure as the standard MacCamy-Fuchs method, in which the Cd and Cm coefficients are modified in the
frequency domain. For non-linear waves the wave particle kinematics are calculated using stream function the-
ory. The order of the solution is chosen based on the input values of wave height, wave period and water depth.

Mooring lines

The Bladed code uses a user-defined force-displacement relationship to model non-linear restoring forces from
mooring lines. The relationship between the displacement of the platform and the applied force from the moor-
ing line is calculated separately by the user and implemented via a stiffness matrix at the fairlead position.

SIMO/RIFLEX by MARINTEK

SIMO (Simulation of Marine Operations) is a general-purpose time-domain program developed by MARINTEK
for the modelling and simulation of offshore structures. It is used extensively to model motions and station
keeping of floating structures in the offshore industry. The code has been extended to enable modelling of float-
ing wind turbines by the addition of an external module for the simulation of rotor aerodynamic forces [86].
SIMO has also been coupled with non-linear finite element code RIFLEX [87], also developed by MARINTEK, a
tailor-made code for the static and dynamic analysis of slender marine bodies such as risers and mooring lines.

Structural dynamics

The SIMO code uses interconnected multibody systems to model structural dynamics. In order to model a float-
ing offshore wind turbine multiple bodies may be defined and coupled together. In [86] the turbine and support
structure are defined using a small number of rigid bodies (2-body and 4-body configurations are investigated).
In this case the rotor loads are transferred to the support structure using three flexible coupling elements con-
sisting of two radial bearings and one axial bearing. In [87] the coupling with RIFLEX enables a finite element
formulation of the structure, allowing for unlimited displacements and rotations in 3D space. The rotor is still
modelled as a rigid body but the tower is made up of flexible beam elements, each with 12 degrees of freedom,
which means that the elastic behaviour of the tower can be investigated.

Aerodynamics

The aerodynamic forces are calculated in a separate module and implemented in SIMO as a user-specified
external force. Blade Element Momentum theory is used to calculate the forces on the rotor blades, with dy-
namic inflow effects included. Individual blade element forces are then summed together and applied in SIMO
as a six-component external load on a rotating body. The drag force on the tower and nacelle is also accounted
for in the aerodynamic loading.

Hydrodynamics

The hydrodynamic forces are modelled within the standard SIMO code. Linear Airy wave theory is assumed for
calculating wave kinematics. The calculation of hydrodynamic loads takes into account linear and quadratic
potential forces including frequency-dependent excitation, added mass and damping contributions (calculated
in the frequency domain using WAMIT) and slow drift. Viscous drag forces from Morison’s equation, mooring
line forces and body-to-body hydrodynamic coupling force models are also included.

Mooring lines

The mooring lines are modelled using the RIFLEX code. This enables the representation of mooring lines as
flexible finite elements, incorporating non-linear material properties and dynamic properties. A separate moor-
ing system module is not required as it is an integrated part of the RIFLEX code.

SIMO/RIFLEX with HAWC2 coupling

The SIMO/RIFLEX code has also been coupled with the HAWC2 code in [88] and [89]. HAWC?2 is an aero-
elastic simulation tool developed by Risg National Laboratory for the dynamic analysis of fixed-bottom wind tur-
bines [90]. The coupling of these two codes enables detailed modelling of both the aerodynamic and hydrody-
namic forces acting on a floating offshore wind turbine. The HAWC2 code has also been used to directly model
a floating wind turbine in [91], with the mooring line analysis performed separately in SIMO/RIFLEX.

Structural dynamics

The HAWC2 code uses a combined linear finite element and nonlinear multibody representation to calculate
the structural dynamics of a wind turbine. A number of separate bodies can be defined, consisting of an as-
sembly of linear Timoshenko beam finite elements. The bodies are connected by algebraic constraint equa-
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tions, which can take the form of flexible joints, bearings or rigid connections. Internal forces are calculated
from these algebraic constraints. In order to couple the two codes together the position, velocity and accelera-
tion vectors and rotation matrix at the interface point are passed to HAWC2 by SIMO/RIFLEX and the reaction
force at the interface point is returned to SIMO/RIFLEX by HAWC?2 at each time step.

Aerodynamics

The aerodynamic forces on the rotor are calculated in HAWC2 using Blade Element Momentum theory. The
classic approach has been modified to include the effects of dynamic inflow, dynamic stall, skewed inflow,
shear effects on induction and effects from large deflections. The aerodynamic calculation points are positioned
independently of the structural nodes to provide and optimal distribution of these points.

Hydrodynamics and mooring lines

In [88] and [89] the modelling of hydrodynamics and mooring lines is performed in SIMO/RIFLEX, as described
in Section 3.4 above. In [91] the hydrodynamics are calculated using Morison’s equation based on the instanta-
neous position of the platform. The mooring lines are modelled in SIMO/RIFLEX using a finite element model
and the resulting force-displacement relationship applied as an external force at the fairlead position.

3Dfloat by UMB

3Dfloat is a code developed by the Norwegian University of Life Sciences (UMB) for the modelling of floating
offshore wind turbines with full coupling between structural dynamics, aerodynamics, hydrodynamics and con-
trol system actions. The code has been used to analyse floating offshore wind turbine models and compare
conceptual designs [92].

Structural dynamics

3Dfloat uses a finite element method for modelling the structural dynamics of a floating wind turbine. Euler-
Bernoulli beams with 12 degrees of freedom are used, and geometric non-linearities in the elements are taken
into account by casting the model in a co-rotational framework. The rotor and drive train are modelled as rigid,
with no interaction between the rotor and the tower. Flexibility is included in the tower. The global motion of the
structure is taken into account using structural modes.

Aerodynamics
The rotor aerodynamics are calculated in 3Dfloat using Blade Element Momentum theory. Extensions for dy-
namic inflow and large yaw errors are also included.

Hydrodynamics

The hydrodynamic forces are calculated in 3Dfloat using Morison’s equation, with wave particle kinematics de-
rived using linear Airy wave theory. The hydrodynamic loads include terms for added mass of water from the
acceleration of the structure, linear hydrostatic restoring and non-linear viscous drag.

Mooring lines

The mooring lines are modelled using finite elements in 3Dfloat with bending stiffness neglected. The mooring
lines can also be replaced by linear stiffnesses at the fairlead positions for the purposes of eigen-frequency
analysis.

SIMPACK by SIMPACK AG

SIMPACK is a commercially available general purpose multibody dynamics code developed by SIMPACK AG.
The code is used by the automotive, railway, aerospace and robotics industries. A version of SIMPACK, SIM-
PACK Wind, offers extensions to the original code which allow integrated wind turbine simulation. Several wind
turbine manufacturers and suppliers are using the code, primarily for drive train analysis, but also for integrated
wind turbine load simulations.

Structural dynamics

The SIMPACK code uses a multibody representation to allow a large number of structural configurations and
degrees of freedom. In SIMPACK the parts or bodies of the wind turbine structure are connected using com-
plex joints with different types of force elements acting from the inertial system on the bodies (for example
aerodynamics on the rotor, hydrodynamics on the support structure) and between bodies (for example spring-
damper elements). Parts of the WT, where the relative deflection of the bodies is small in comparison to the
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rigid body motion, are considered rigid. SIMPACK has the capability to include flexible FE bodies of arbitrary
geometry with the Craig-Bampton (C-B) method into the MBS model to account for larger deflections. This op-
tion is used for modelling of the WT blades and tower. A FE blade model, consisting of Euler-Bernoulli or Ti-
moshenko beam elements is reduced by the C-B method and is capable of considering bending in flap- and
edgewise direction, torsional and tensional rigidity and the relevant coupling effects. The relevant geometric
stiffening effects are included for the reduction, representing a non-linear model for medium displacements.
The blade model can also be split into separate C-B reduced flexible bodies, which are connected with zero
DOF, representing a non-linear blade model for large displacements. The flexible tower is modelled with the
same approach. Single and multi-torsional drive train models can be implemented, accounting for flexibility of
the bedplate and other components as well. Drive train models for specific analysis, mainly for frequency do-
main analysis, also can include models for tooth contacts.

Aerodynamics
The AeroDyn aerodynamic subroutine package [81] is used to calculate aerodynamic forces in SIMPACK, as
described above.

Hydrodynamics
The hydrodynamic forces in SIMPACK are calculated by interfacing with the hydrodynamic subroutine package
HydroDyn [82], as described above.

Mooring lines

SIMPACK can either model mooring lines by solving the mooring line tensions quasi-statically in a separate
module and interfacing with the main code at each time step, or using an integrated non-linear MBS mooring
line model, where each line is discretized into separate rigid or flexible bodies, connected by spring-damper
elements.

7. Benchmarking of design tools

The development of design tools capable of modelling floating platforms is an important step forward for the
offshore wind turbine industry, but in order to give security to the industry the results obtained from these codes
must be shown to be accurate and reliable. Comprehensive testing and validation is therefore crucial for giving
sufficient confidence to developers and investors. The best way to achieve this kind of confidence is to take
measurements from a real machine and compare the measured data with the results from numerical simula-
tions (code-to-measurement comparisons). In the case of floating wind turbines there is limited measurement
data available with which to validate the codes, so a second method is also employed, that of comparing the
results of different codes with each other (code-to-code comparisons).

7.1 Code-to-measurement comparisons

A number of studies have been performed by Hydro Oil & Energy for the development of the Hywind floating
wind turbine concept [87]. The floating platform consists of a deep-water slender spar-buoy with three catenary
mooring lines. The integrated SIMO/RIFLEX/HAWC2 design tool was used in [88] to model the structure, as
described above. As part of the development of this concept model scale experiments were carried out at the
Ocean Basin Laboratory at Marintek in Trondheim in order to validate the coupled wind and wave modelling of
the Hywind concept. A variety of sea states, wind velocities and control algorithms were tested and a number of
parameters measured for the purposes of comparison. The hub wind speed from the model scale experiments
was measured and used as the basis for the turbulent wind field used in the simulations. The JONSWAP wave
spectrum was applied for both simulations and model experiments. The results of these tests showed very
good agreement between the responses of the scale model and the predictions from the simulation code. The
results also showed a significant increase in the damping of the tower motion when active blade pitch damping
was introduced.

Another floating wind turbine code which has been validated with the use of measurements is TimeFloat, a
time-domain design tool for coupled analysis of floating structures described above. The hydrodynamic calcula-
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tions within this code were validated using wave tank tests performed at the UC Berkeley ship model testing
facility [83]. A scale model of the floating platform was fabricated at 1:105 scale, with a foam disk at the tower
top to represent wind forces and an electrical motor to model the gyroscopic effect of the rotor. A 3-hour reali-
zation of the 100-year sea state was generated with and without steady wind, and the resulting platform motion
measured using a digital video camera. The floating platform was also modelled in the TimeFloat software us-
ing a simplified model for aerodynamic forces acting on the rotor. The results from these numerical simulations
were then compared with the measurements from the tank tests. The comparison between model test results
and numerical simulations showed good agreement, with the TimeFloat software generally underpredicting
platform motion slightly.

Further measurement campaigns are being planned. The University of Maine DeepCwind Consortium in the
U.S. has been awarded a $7.1m grant to develop floating offshore wind capacity [93]. One of the stated aims of
this project is to validate the coupled aero-/hydro-elastic models developed by NREL, as part of a research
program which will include tank testing, deployment of prototypes and field validation.

The EOLIA project, led by Acciona [94] has also included some code-to-measurement tests. The objective of
the project is to develop solutions for the design and implementation of deep water offshore wind farms. As part
of the project the capabilities of FAST with AeroDyn and HydroDyn have been extended and applied to the
analysis of three floating concepts (spar buoy, TLP and semi-submersible), alongside comparisons with the
Simo-Riflex code. Tank tests have also been performed for each of the concepts at 1:40 scale, in order to verify
the models.

The HiPRwind project [95] also aims to develop and test new solutions for offshore wind farms at a large scale.
One of the main aims of HiPRwind is to install a 1:10 scale model of a future commercial-size floating wind tur-
bine installation. The model will be deployed in real sea conditions, and will be used to monitor and assess the
important operational parameters. The resulting measurement data will be an important contribution to over-
coming the gap between small scale tank testing and full scale offshore deployment.

7.2 Code-to-code comparisons

In addition to the validation of codes using measurements, an important way to verify the predictive accuracy of
numerical simulation tools is through code-to-code comparisons. Most of the codes used for the analysis of
floating wind turbines have been validated in this way. One example is the FAST code, the aero-elastic features
of which have been verified through comparisons with ADAMS, described in [96]. Another example is the
SIMO/RIFLEX code used to model the Hywind floating wind turbine concept, which was validated in part
through comparisons with HywindSim, a relatively simple Matlab/Simulink code developed for the purposes of
such comparison [87]. The methods used to validate the hydrodynamic calculation module HydroDyn used in
the FAST code are described in [82]. These methods included comparisons between the output from WAMIT
and results from a different numerical solver, comparisons between the WAMIT frequency to time conversion
and HydroDyn calculations, using a benchmark problem to test the accuracy of the quasi-static mooring line
calculations, comparing the mooring line force-displacement relationship calculated by the quasi-static method
with that calculated by another code, and comparisons of time-domain results with frequency-domain results.

The most extensive code-to-code comparison work in the offshore wind industry has been performed as part of
the Offshore Code Comparison Collaboration (OC3) project within IEA Wind Task 23 [15]. In this project a
number of participants used different aero-elastic codes to model the coupled dynamic response of the same
wind turbine and support structure, with the same environmental conditions. The results were then compared in
order to verify the accuracy and correctness of the modelling capabilities of the participant codes, and to im-
prove the predictions.

7.21 Offshore Code Comparison Collaboration Phase IV
In Phase IV of the OC3 project a floating offshore wind turbine was modelled [17]. The turbine model used was

the publicly available 5MW baseline wind turbine developed by NREL, and the floating platform was a modifica-
tion of the Hywind spar-buoy developed by Statoil of Norway. The turbulent wind fields and irregular wave
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kinematics were generated independently and provided to all participants in order to ensure tight control of all
the inputs. A stepwise verification procedure was then used with the complexity of the model and the test cases
being increased with each step.

A number of floating design tools were involved in Phase IV of the project, including FAST, ADAMS, Bladed,
HAWC?2, 3Dfloat, SIMO, Sesam and DeepC. A variety of different load cases were performed, including a full
system eigenanalysis; a static equilibrium test; free-decay tests for each of the six rigid-body degrees of free-
dom of the platform; time series response tests with regular waves and irregular waves modelled with a rigid
rotor and no wind; time series response tests with regular waves and irregular waves modelled with a flexible
rotor and steady and turbulent wind; and “effective RAOs” calculated with regular waves at varying frequencies.
Not all of the codes were able to contribute results to every test case performed, due to various limitations on
their modelling capabilities. The test cases showed up a number of interesting results, some of which are out-
lined below.

Structural dynamics

The participating codes all employ different methods for modelling structural dynamics, which was illustrated in
a number of differences in the results. The rotor-nacelle assembly was modelled rigidly in 3Dfloat and both the
rotor-nacelle assembly and tower were modelled rigidly in SIMO, Sesam and DeepC. This meant that these
codes could not model structural deflections in these components. The FAST code predicted a higher natural
frequency for the second blade asymmetric flapwise yaw frequency than the other codes; this is because FAST
does not account for a torsional mode in the tower whereas the other codes that include tower flexibility do ac-
count for this mode. The ADAMS code predicted less energy from the irregular wave simulations in the power
spectra for tower top shear and rotor torque at the second tower and blade bending natural frequencies than
FAST and Bladed. This may be because of an effect typical of ADAMS simulations in which numerical damping
increases with frequency. The free-decay tests showed a few differences between codes in their prediction of
the amount of damping present in the various modes. HAWC?2 predicted too much heave and pitch damping;
and ADAMS predicted too little pitch damping.

Aerodynamics

Most of the participating codes use BEM theory for the calculation of aerodynamic loads, with the exception of
Sesam and DeepC which did not model aerodynamics for the purposes of this project. The 3Dfloat, SIMO,
Sesam and DeepC codes modelled the rotor as rigid, which meant that the aero-elastic response was not cor-
rectly modelled. One example of this was in the calculation of effective RAOs, for which the 3Dfloat code
showed lower excitation in yaw, higher excitation in fairlead tensions and higher excitation at the first tower
bending frequency for all parameters. This was though to be due to differences in aerodynamic damping due to
rigid rotor, although it may also have been related to the modelling of the rigid spar with artificially high stiffness.
The 3Dfloat code also gave a higher mean thrust in the simulations with regular wind and waves, which corre-
sponded with higher platform surge and pitch displacements.

Hydrodynamics

The main difference in terms of hydrodynamic analysis was between codes which used linear potential flow
methods and those which used simple Morison’s equation. The most interesting difference was found from the
effective RAO calculations. The FAST code used by POSTECH was missing one hydrodynamic damping term,
which led to the surge displacement and fairlead tension having a negative effective RAO: the physical mean-
ing of this being that there was more system motion in still water than there was with waves. This occurred be-
cause there was a controller-induced instability of the platform surge mode at the surge natural frequency,
where there was negligible hydrodynamic damping in the model. With waves included the wave radiation
damping at the wave excitation frequency damped out this instability, thus reducing platform motion considera-
bly. This result indicates the importance of using potential flow based solutions which include wave radiation
damping for the analysis of floating support structures.

Mooring lines

The methods used for modelling mooring lines varied quite a lot between the codes, from user-defined force-
displacement relationships to full dynamic models. The Sesam and DeepC codes used finite element models
for the mooring lines, and also predicted more energy content above 0.1Hz for fairlead tension in the power
spectra from irregular wave simulations both with and without wind. This is probably due to undamped high-
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frequency motions in the finite element representations of the mooring lines. Other results confirmed that the
mooring line tensions were interacting with the floating platform as expected: for instance, in the simulations
with regular wind and waves the upstream fairlead tension was higher than the downstream fairlead tension,
which is what you would expect given that the mooring line tensions are counteracting the thrust from the rotor.
The fairlead tensions were also higher overall in 3Dfloat, which had a higher mean thrust. The results from the
effective RAO calculations showed that the behaviour of the fairlead tension was similar to that of the surge
displacement, which confirms that platform surge is what most influences fairlead tensions.

One of the most significant outcomes of the project is that it has helped to identify deficiencies and areas in
need of improvement in the participating codes, which has led to significant improvements in the accuracy of
modelling and response prediction. This is extremely beneficial both for the developers of the floating design
tools and for the industry in general. More details and full results from the project can be found in [17].

7.3 Case study: testing and validation of GH Bladed v4.0

The GH Bladed code has recently undergone development from a modal representation of structural dynamics
to a multibody representation, renamed as Bladed v4.0 [10] and described in Part | Section 1 of this report. One
of the benefits of re-structuring the code in this way is to better enable the modelling of floating wind turbine
platforms. The floating capabilities of Bladed v4.0 are based on the capabilities which are already present in the
code: the same aerodynamic and hydrodynamic models are used, and the same structural dynamics for the
deflection of blades and support structure. The main difference lies in the turbine and support structure not be-
ing constrained by a direct connection to the ground. The structure is connected to a reference frame by a free
joint and constrained by mooring line forces, which enables all six support structure degrees of freedom to be
modelled with large rotations and displacements. Mooring line forces are applied using the foundation module
which is flexible enough to incorporate non-linear mooring responses.

The testing and validation of the new code structure is important due to the fact that Bladed is used commer-
cially by a large number of wind turbine manufacturers worldwide for design calculations. The testing and vali-
dation of the new Bladed v4.0 code is described fully in [98].

Several different types of testing and validation have been carried out. In the first level of testing each individual
feature of the multibody code was checked against hand calculations and simulations using the previous ver-
sion of Bladed. Cases were chosen which were simple enough for the results to be known, either in terms of
the output values or the expected dynamic behaviour of the turbine. Results confirmed the new code structure
to be performing as expected [98].

In the next level of testing code-to-code comparisons were performed against the general purpose FEM pack-
age ANSYS. The first test case was a simple beam modelled by separate beam elements, mainly in order to
calibrate the methods. The following results were calculated and compared:

« The frequency of the ten (10) lowest natural vibration modes

« The displacement (translation and rotation) of two of the stations in global coordinates

« The section force and moment (stress resultants) at two of the nodes in element coordinates
This test case showed that the results were identical, which verified the method for defining the input parame-
ters in ANSYS.

The second test case considered a separate blade, assuming the blade is fixed at the root and free at the tip.
The lowest mode shapes were calculated and compared with respect to frequency and shape. The results from
this test case showed the relative differences between the calculated frequencies of the lowest four modes to
be smaller than 0.2%, which indicates a close agreement between the modes calculated by ANSYS and Bladed
v4.0. For mode 7 (the torsional mode) the relative difference between the calculated frequencies was 0.5%,
which still indicates a close agreement between the calculated modes. The relative differences between the
calculated mode shapes were generally small for the most significant displacement components. An important
exception is that a very large relative difference appears for the axial displacement (elongation) and the axial
rotation (torsion). It is believed that this discrepancy is mainly caused by the fact that the axial displacement is
not completely constrained in the ANSYS model.

85



UPWIND WP4: Offshore Support Structures and Foundations

The third test case considered a complete wind turbine structure consisting of a three blade rotor supported by
a tubular steel tower. Again, the lowest mode shapes were calculated and compared with respect to frequency
and shape. Full results are given in [98], and indicate an excellent agreement between the modes calculated by
ANSYS and Bladed v4.0.
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Figure 7.1: Mode shape 2 of the complete wind turbine Figure 7.2: Mode shape 14 of the complete wind turbine
structure calculated by ANSYS (above) and Bladed v4.0 structure calculated by Ansys (above) and Bladed v4.0
(below) (below).

In the third level of testing a code-to-code comparison was performed using test cases from phase | of the OC3
project [15], modelling a 5SMW offshore turbine mounted on a monopile support structure. Figure 7.3 presents
the natural frequencies of the complete system calculated by GH Bladed Multibody, together with the average
over all the participant codes. The error bars show the standard deviation in frequency between the different
codes. Two series are shown for the natural frequencies because the results differ substantially depending on
whether the yaw degree of freedom of the support structure has been included in the calculation, especially for
the 2" blade asymmetric flapwise yaw mode. Good agreement is seen for the both cases, with or without the
tower torsion mode included. Figure 7.4 presents time histories of the tower base bending moment due to wave
loads. Differences in higher frequency may be due to differences in damping of transient structural vibrations.
Overall the results for the complete wind turbine show good agreement with other simulation codes, which in-
clude modal, multibody and finite element structural models.
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In the fourth level of testing a number of complete fatigue and extreme load sets were performed using Bladed
v4.0 and compared against equivalent load sets calculated using previous versions of Bladed. The previous GH
Bladed code was extensively validated against measured data from a large number of turbines of different
sizes and configurations [9], so these internal comparisons are an important check. In total, five complete load-

. . 50
Simulation Time, s

60

Figure 7.4: Comparison of tower base bending moment, regular waves [98]

sets were compared, covering a range of different turbine types and configurations:

e Multi-megawatt, offshore, 3-blade, multi-member support structure, upwind, variable speed, pitch regu-

lated

e Multi-megawatt, onshore, 3-blade, monopile tower, upwind, variable speed, pitch regulated
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e Multi-megawatt, offshore, 3-blade, monopile tower, downwind, variable speed, pitch regulated
e < 500kW, onshore, 3-blade, monopile tower, upwind, fixed speed, stall regulated
e ~1 Megawatt, onshore, 2-blade, tethered tower, upwind, variable speed, pitch regulated

Figure 7.5 and Figure 7.6 present comparisons of selected loads from one of the above load sets. In general
good agreement was found between the previous versions of Bladed and Bladed v4.0. The main difference is
in the edgewise fatigue loads, which have reduced a little. This is due to the use of individual blade modes
rather than rotor modes, which tends to increase the damping in the edgewise direction due to the additional
component of aerodynamic damping. The use of blade modes rather than rotor modes is one of the major ad-
vantages of the new structural model as it allows for the correct multidirectional mode shapes as well as the
correct modelling of individual blade modes for transient load cases.
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Figure 7.5: Blade root flapwise bending moment: extreme loads [98]
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Figure 7.6: Blade root edgewise bending moment: cumulative cycles [98]

The final level of testing involved a code-to-measurement comparison. The CART2 research turbine at NREL in
Colorado was used to obtain measurements, primarily for the purpose of testing advanced control features [99].
A Bladed model was set up based on data supplied by NREL, with a number of assumptions where data was
not available (e.g. shaft torsional damping, teeter brake friction, pitch actuator model, rotor imbalance). Four
measured datasets were used to compare against simulations. Initial simulations were carried out using the
above-mentioned assumptions, as a result of which some adjustments were made to the assumptions before
the final runs.

The measured and simulated results were compared by means of spectral analysis, and also using rainflow
cycle counting to give an indication of fatigue loading. Figure 7.7 presents an example of tower top load spectra
for the four datasets. In general a very good level of agreement is demonstrated, with the spectral peaks repre-
senting structural resonances corresponding very closely with the predicted frequencies of the coupled system
modes. There are some discrepancies, but in most cases this is likely to be due to the uncertainties in model-
ling the wind field. The fatigue loading is sensitive to the turbulence model used in the simulations, and since
the detailed structure and coherence of the actual wind field could not be known it was not possible to produce
an exact fit. Differences are also present due to noise on the measured signals, and imbalances in the real tur-
bine.
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Figure 7.7: Example of Bladed v4.0 validation against measurements: spectra for tower top loads [98]

The floating capabilities of the Bladed code have also undergone testing. Prior to the incorporation of multibody
dynamics into Bladed a version of the code, modified to include large rigid body motions and global rotations of
the support structure, was used to carry out simulations for Phase IV of the IEA Offshore Code Comparison
Collaboration [17]. Good agreement was found between Bladed and the other codes in the calculation of the
surge, sway, heave, roll, pitch and yaw natural frequencies of the platform and turbine. The Bladed v4.0 code
will also participate in the IEA Task 30 (Offshore Code Comparison Collaboration Continuation) phase 2 which
will involve the modelling of a floating offshore wind turbine. The type of floating platform has yet to be finalised.

More recently, Bladed v4.0 was used to model a tension leg floating platform with the purpose of assessing the
suitability of these structures for supporting wind turbines in the North Sea [97]. The natural periods and buoy-
ancy of the structure calculated by Bladed were validated against analytical calculations based on the tension
leg properties and platform mass and inertia.

8. Advanced modelling approaches

Current modelling techniques applied for fixed-bottom offshore wind turbines, for instance blade element mo-
mentum (BEM) method for rotor aerodynamics and Morison’s equation for hydrodynamics, are insufficient to
accurately describe the large rotor and platform motions and the usage of non-slender support-structures for
FOWTs. Advanced modelling methods and techniques are therefore required in order to effectively design and
analyse wind turbines on floating offshore platforms.

Regarding aerodynamics, the large low-frequency platform motions experienced by FOWTs, including signifi-
cant pitch and surge motions, lead to a change in the interaction between the rotor and wake. Dynamic stall
and yawed inflow models also have increased importance. Section 3.1 discusses the limitations of BEM and the
capabilities of CFD and potential flow (PFM) methods for FOWT simulations.

Regarding hydrodynamics, for modelling of non-slender floating platforms potential theory is required in order to
correctly determine the local pressure force and global wave loads due to diffraction and radiation. Section 3.2
presents the results of detailed comparisons between first and second-order hydrodynamic models for simple
floating body configurations. The development of non-linear potential flow based methods is outlined, and the
importance of vortex induced vibrations for FOWT simulations is discussed.

Regarding mooring line dynamics, different techniques for the representation of mooring lines, including quasi-

static, look-up table, FEM and MBS methods, and their impact on global system loads are investigated in Sec-
tion 3.3.
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8.1 Aerodynamic theories

All of the design codes currently capable of performing integrated modelling of floating wind turbines use com-
bined Blade Element Momentum theory to calculate aerodynamic forces on the wind turbine rotor. However the
large low-frequency platform motions experienced by floating offshore wind turbines result in flow conditions
which are considerably more complex than those experienced by conventional onshore or fixed-bottom off-
shore wind turbines. Extensive load-case simulations performed by Jonkman and Matha [107] have shown,
particularly for catenary moored floating wind turbines, that significant rotational pitch motions occur at ap-
proximately the incident-wave frequency. For the investigated OC3 Hywind spar buoy featuring the NREL 5MW
baseline turbine, pitch motions of up to 8° for production design load cases (DLCs) and 14° for extreme DLCs
have been found. In addition to significant pitch motions, large lower frequency translational surge motions are
also predicted. These rotational and translational motions cause the rotor to operate often in non-axial flow
conditions and lead to a change in the interaction between the rotor and wake, with the rotor in some cases
traversing back over its own wake. The transitions between windmill and propeller states where the rotor inter-
acts with its own wake cannot be accurately modelled using traditional BEM theory with common corrections,
as Sebastian and Lackner [100] have shown in a preliminary study. BEM cannot model the resulting develop-
ment of a turbulent region behind the rotor leading to a toroidal recirculation normal to the rotor blade, most
significantly expected at the blade tips, where the effect on loads is most significant. Sebastian and Lackner
identify this transitional aerodynamic phenomenon as vortex ring state (VRS), and conclude that momentum
equations used in typical BEM analysis methods break down and yield unrealistic results for the axial and the
rotational motion of the rotor.

Since wind turbine airfoils in production up to rated power usually operate close to their maximum lift coefficient
to generate maximum power, the described pitch motions also cause the airfoil to more often operate in stalled
condition, increasing the importance of dynamic stall models. Common dynamic stall models such as Beddoes-
Leishman are semi-empirical and their applicability for the dynamic stall effects occurring on floating wind tur-
bines has yet to be investigated.

For floating support platform designs with relatively little yaw stiffness, yawed inflow conditions also occur more
often. Yawed inflow is also likely to occur frequently for proposed downwind floating concepts without tower-top
mounted yaw drive (such as Sway’s concept). BEM theory originally assumes flow perpendicular to the rotor
plane and the common skewed wake correction models introduced have been shown to give unreliable load
predictions, with deviations increasing with higher yaw errors. The proposed downwind FOWT configurations,
combined with the increased WT motions, also increase the importance of tower dam and shadow models as
well as improved models for aerodynamic blade and tower interaction.

While beyond the scope of this section, the aero-elastic representation of the rotor blade is also important when
investigating the aforementioned effects and has significant influence on the resulting loads and deflections

CFD

To model these aerodynamic effects, several possibilities exist. The computationally most demanding, but
physically most accurate approach is to solve the Navier-Stokes Equations (NSE) with a CFD solver. In CFD, to
model turbulent flows with their large range of length scales, three basic approaches exist. Direct Numerical
Simulation (DNS), where the full Navier Stokes Equations are solved, needs all relevant length scales to be
resolved by the computational grid, resulting in extremely large grids. With current available computational
power, DNS is therefore not applicable to structures such as wind turbines with large Reynolds numbers. Large
Eddy Simulation (LES), where larger turbulent structures are resolved, is well applicable for the turbine wake.
To resolve the smaller turbulent structures in the boundary layer of the blades with LES is also currently very
difficult to apply due to the very large number of necessary grid cells. The least computationally expensive
method to model turbulent flows in CFD is the Unsteady Reynolds Averaged Navier Stokes (URANS) method.
URANS uses a time-average formulation of the NSE. The occurring nonlinear Reynolds stress term requires
the introduction of turbulence models (for example 2-equation models like k-») to close the RANS equations.
These turbulence models have large effects on the CFD solution and need to be selected carefully. A combina-
tion of URANS and LES, using URANS for the flow around the blades, and LES for the wake, is also possible
and could provide a good solution for floating wind turbine modelling.
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Regardless of the specific CFD method used, due to its very long resulting simulation times, CFD can only be
applied to very specific load situations. The primary application of CFD is to investigate and analyse the aero-
dynamic flow phenomena occurring in the situations mentioned above and help quantify their influence on
loads. With this knowledge it can be decided whether current models are still sufficient and, more importantly,
how large their errors are and in what load situations these errors become most significant. Based on that
knowledge, simpler aerodynamic codes suitable for integrated design codes, e.g. correction models for BEM,
might be introduced, correction factors derived, or new additions to the IEC standard, including novel load case
definitions unique for floating turbines, can be defined. CFD is already used in wind turbine blade design and
can be applied to develop floating offshore specific blades as well.

The studies by Jonkman and Matha [107] also show that for extreme DLCs with occurrence of failures (e.g. in
DLC6.2 where the rotor is idling, all blades are pitched to feather and large yaw errors occur) severe instabili-
ties, only occurring for floating WT, can be identified. The particular DLC6.2 instability is caused by negatively
damped modes due to the blade aerodynamics, which are for idling or stand-still conditions, calculated with no
induction factor (airfoil data look-up table). That means the aerodynamic lift and drag forces on the blade seg-
ments are computed without taking into account the influence of the blade on the flow. To investigate this ef-
fect, as well as other observed instabilities for floating turbines more closely, CFD could also provide valuable
insight.

Potential Flow Methods

For integrated load simulations, aerodynamic codes based on vortex theory are more suitable in terms of simu-
lation time. The flow field around the airfoil is generally described through the distribution of discrete sources
and vortices, with several possible implementations, e.g. lifting line, lifting surface or vortex lattice methods. In
these time-accurate aerodynamic codes, the shape and strength of the wake of the blades will develop in time
(e.g. free wake particle method). To reduce simulation time, the shape of the wake can also be prescribed. This
approach, like BEM, is also based on measured profile data, i.e. the aerodynamic lift-, drag-, and pitching-
moment characteristics of the blade cross-sections are assumed to be known and corrected for the effects of
blade rotation. In comparison to the currently used BEM-based codes, more accurate predictions are expected
in situations where local aerodynamic characteristics strongly vary with time and where dynamic wake effects
play a significant role, effects which are increasingly important for floating wind turbines.

Related Studies

Aerodynamic and load analyses by Matha et. al. at University Stuttgart with ECN’s non-linear lifting line free
vortex wake code AWSM and a URANS (&LES) CFD code (FLOWer, developed by the German Aeronautical
and Aerospace Centre DLR, capable of URANS/LES CFD simulation) and by Sebastian, Lackner et al. at
UMASS with an in-house free-wake code are currently performed to address the above mentioned aerody-
namic problems regarding floating wind turbines. First results of the former study are presented below.

Rotor-only CFD Study

To investigate the aerodynamic effects occurring on a rotor of a FOWT, a CFD model of a generic multi-
megawatt rotor has been setup in the RANS code FLOWer. The spinning direction of this particular rotor is
counter-clockwise. Figure 8.1 presents the used mesh and prescribed motion of the rotor. The prescribed mo-
tion was selected from the IEC load simulations of the OC3 Hywind FOWT conducted by Matha and Jonkman
[75] in the design code FAST with HydroDyn. To select a representative extreme platform pitch motion occur-
ring in WT production mode, DLC 1.6 was chosen. The selected specific DLC 1.6 simulation run featured 12.0
m/s hub-height wind speed (close to rated, i.e. maximum rotor thrust) and, using the extreme sea state (ESS)
model, a significant wave height of 15.0 m and a peak spectral period of 19.2 s. From the platform pitch time-
series, one pitch motion was selected, where the rotor is first pitching -11.5° in downwind direction and then +4°
in upwind direction before reaching 0° again. This motion has been approximated by two appended sine fun-
tions, as presented in Figure 8.1. Following the work of Streiner [108], a sufficient timestep size corresponding
to an azimuth movement of AW = 5° per timestep was chosen. Before starting the CFD calculation of the pre-
scribed floating motion, 4 rotor rotations have been pre-calculated to ensure, that the wake behind the rotor is
fully developed in the background grid when the motion starts. Due to good experiences in former studies [108],
the k-w SST turbulence model is used.
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The computational grid used consists of the components blade, hub and background grid, leading to total num-
ber of about 10 million grid points. Refined grids around each blade (Figure 8.1, green grid) with a dimen-
sionless grid distance y+-value between 0.1 and 2 are embedded in a cylindrical grid around the hub (Figure
8.1, red grid), which is rotating within a coarser background grid (Figure 8.1, blue grid). Overall, the grid has the
in-plane dimension of 3 rotor diameters in each direction, centred at the hub, and an out of plane dimension of
3.5 diameters upwind and downwind respectively. FLOWer features the Chimera technique [109], allowing for
arbitrary relative motion of aerodynamic bodies. Applying the Chimera technique, the previously described pitch
motion was prescribed as a rigid body motion on the rotor and hub grids, which are moving within the back-
ground meshes. Chimera is also applied for modelling the rotor rotation. In this study, no elastic deformation of
the blade is introduced, but fluid-structure coupled simulations are planned for next analyses. Further studies
will also include the tower and nacelle, as already performed by Meister et. al. with FLOWer for a 5SMW onshore
turbine without prescribed floating motions [110].

The presented CFD results showed good numerical convergence, therefore it is assumed that the presented
flowfield is realistically representing the actual aerodynamic conditions during such a motion. Nevertheless the
presented results are only a preliminary study and need further validation from CFD and potential flow calcula-
tions, as well as, ultimately, experimental data.
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Figure 8.1: Prescribed rotor motion for CFD study and CFD mesh

The pressure distribution over the blades is presented in Figure 8.2. Motion (1) corresponds to the first half of
the downwind swing (c.f. Figure 8.1), i.e. 4/3 rotor rotations, motion (2) corresponds to the 2" half of the down-
wind swing and the first half of the upwind swing, i.e. from 5/3 to 4 rotor rotations, and motion (3) finally repre-
sents the last half of the upwind swing, i.e. 13/3 to 5 rotor rotations. During motion (1), the pressure is decreas-
ing due to the backward motion and the increased turbulence in the wake. When the turbine is pitching upwind
again (2), the pressure on the blades is increasing until the rotor is back in vertical position and then slightly
decreasing until the end of move (2). The pressure increase is due to the increased inflow velocity, and possibly
also due to rotor wake interactions. In the last part of the period (3), the pressure again is decreasing, but to a
lesser extent than in the first downwind motion (1).

Figure 8.2: Pressure contours of rotor during prescribed motion
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While no dedicated scientific research on FOWT-specific blade design has been published yet, the work pack-
age “Offshore Blades” of the European KIC (Knowledge & Innovation Community) InnoEnergy research project
Offwindtech, led by University of Stuttgart and started beginning of 2011, will address this issue.

8.2 Hydrodynamic theories

In order to take proper account of the influence of a floating body on the surrounding fluid, potential flow theory
must be used. This is particularly important for floating wind turbine support structure designs which have large
diameters and experience significant motion. In potential flow theory the fluid is considered to be incompressi-
ble, inviscid and surface tension effects are neglected. The flow is irrotational and so the velocity of the fluid
(0) at a certain point 7 = (1, 22, x3) in a Cartesian coordinate system fixed in space and instant (t) is given by:

3(Ft) = V¢ [8-1]
The total velocity potential ((b) satisfies the Laplace equation in all fluid domain:
V=0 [8-2]

and also at the boundary conditions at the air and solid interfaces that define the problem. The complete formu-
lation of these boundary conditions is in general difficult to solve, and first or second-order approximations are
typically used to define the respective hydrodynamic formulation. These are also referred to in the literature as
the linear and weakly nonlinear formulations.

Linear potential flow theory is used in many different offshore engineering problems. This theory considers, in
addition to the potential flow assumptions described above, that the amplitudes of both the incident waves and
the motions of the floating structure are small when compared with the incident wavelength. Second-order,
weakly nonlinear hydrodynamic theory assumes (as in the first-order case), small amplitudes for the incident
waves and motions in comparison with the wavelength and characteristic body dimensions. However, this the-
ory takes into account a more detailed representation of the velocity potential (¢) and all derived variables by
considering a second-order approximation through a Taylor expansion series about the mean positions. A full
description of the second-order approximation can be found in [111].

The second order approximation more properly accounts for hydrodynamic loading on the wetted surface of the
body for platforms which are subject to steep-sided or very large waves. Second order hydrodynamic loads are
proportional to the square of the wave amplitude, and have frequencies equal to both the sum and the differ-
ence of the multiple incident wave frequencies. This means that although the natural frequencies of the struc-
ture are designed to be outside the wave energy spectrum, the second order forces will excite these frequen-
cies, so despite the forces being small in magnitude the resonant effect can be important. Three examples of
second order hydrodynamic forces are given below.

e Mean drift forces. These forces result in a mean offset of the body relative to its undisplaced position,
and are typically an order of magnitude lower than first order wave excitation forces. The mean drift
force is a combination of second order hydrodynamic pressure due to first order waves and the interac-
tion between first order motion and the first order wave field. The viscous drag contribution to this force
is significantly increased when there is a current present. Since the mooring line tension is often related
non-linearly to platform displacement, the mean drift forces can have an important effect.

e Slowly varying drift forces. These forces have much longer periods than the main wave energy spec-
trum but are still within the range of horizontal platform motion. They result from non-linear interactions
between multiple waves with different frequencies. Again the forces resulting from slowly varying drift
are generally small compared to forces at the wave frequency, but they can cause large displacements
in moored floating wind turbines which can in turn lead to high loads in the mooring lines. In addition
these forces can excite the large amplitude resonant translational motion of the floating platform.

e High frequency forces. These forces have a frequency which is higher than the wave frequency and are
also generally small in amplitude. They arise from the same source as low frequency drift forces, i.e. in-
teractions between multiple waves of varying frequency. The contribution from these forces can be par-
ticularly important when analysing ‘ringing’ behaviour for floating wind turbine configurations such as
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as TLP concepts, which typically have high natural frequencies in heave, roll and pitch.
8.21 Comparison of first and second-order hydrodynamics

A detailed comparison has been performed between the solution of first (linear) and second-order potential flow
hydrodynamic models with regard to the characterisation of the wave induced loading and motion response of
typical floating offshore wind energy converters, under both regular and irregular waves [111].

Two floating offshore wind structures are considered. The first case study is a spar-buoy originally developed by
StatoilHydro and later modified to accommodate a NREL-5MW offshore wind turbine. This concept is called
“OC3-Hywind” and is described in detail in [112]. Figure 8.3(a) shows schematically this concept and Table 8.1
lists the main properties for this structure. The second case study is a semi-submersible platform with geomet-
ric dimensions similar to the WindFloat platform concept [83]. This structure is shown in Figure 8.3(b) and
comprises three equidistant columns and a wind turbine centred in one of the columns. The stabilisation of the
position of this structure is achieved through an active water ballast system which transfers water between col-
umns to compensate for changes in the mean wind loading of the turbine. The hexagonal water-entrapment
plates at the bottom of each column are designed to provide high heave added-mass and viscous damping to
decrease the motions in this mode. Table 8.2 gives an overview of the main properties associated with this
structure. The geometry for this structure is based on the dimensions reported in [83] and the mass is uniformly
distributed.

(a) (b)
Figure 8.3: Offshore wind floating structures: (a) OC3-Hywind (b) WindFloat

Table 8.1: Main properties for the OC3-Hywind platform [112].

0OC3-Hywind Platform
Total draft (below SWL) [m] 120 | Centre of mass below SWL [m] 89.9155
Tower base above SWL [m] 10 Mass including ballast [kg] 7 466 330
Platform diameter above taper [m] 6.5 | Inertia (111 = 122) 4 229 230 000
Platform diameter below taper [m] 9.4 | Inertia (133) [kg m2] 164 230 000
Depth top to bottom taper bellow SWL [m] | 4 - 12 | Water depth (z0) [m] 320
Water density [kg m3] 1025

Table 8.2: Main properties for the semi-submersible platform (Geometry from [83] with mass uniformly distributed).
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WindFloat Platform
Total draft (below SWL) [m] 22.9 Total mass [kg] 6 523 059
Diameter of each column [m] 10.7 Centre of mass below SWL | 11.70
Diameter of hexagonal plates [m] | 27.4 114=10s 4525602948.75
Volume bellow SWL [m3] 6363.96 | /33 6742642572.74
Water depth (z0) [m] 320

The hydrodynamic quantities compared in this exercise are:
o The first and second-order excitation force.
e The first and second-order Response Amplitude Operator (RAO) for unconstrained motions.

The comparisons between linear and second-order quantities are performed for three distinct monochromatic
waves and three unidirectional Pierson-Moskowitz spectra with parameters listed in Table 8.3. Both first and
second-order hydrodynamic quantities were computed with the commercial software WAMIT (v6.1s).

Table 8.3: List of monochromatic incident waves and Pierson-Moskowitz spectra used for the comparisons between linear
and second-order hydrodynamic quantities.

Monochromatic waves

1 H=1.0m T=50s
2 H=2.0m T=70s
3 H=4.0m T=90s

Pierson Moskowitz spectra
1 | Hs=05m (Tp=3.545)
2 | Hs=25m (Tp =7.9057 s)
3 Hs=5m (Tp=11.1803 s)

Convergence tests

Prior to the evaluation of any hydrodynamic quantity it is necessary to assess the degree of accuracy of the
numerical solution with regard to a certain discretisation of the geometry. Finer discretisations should represent
more accurately the geometry and therefore evaluate more accurately the velocity potential. However the com-
putational effort increases with finer discretisations and so this exercise is required to understand and find the
right balance between the required accuracy and computational effort.

The methodology presented in this paragraph follows closely the methods presented by Cruz in [113] which
applied standard convergence procedures based on Richard extrapolation method to the computations per-
formed with WAMIT higher order method [114]. The exact value of a certain quantity (¢q) is estimated by
evaluating its value at three different discretisations of the geometry (¢;). The error associated with the finer
discretisations is given by:

By y— g = 2220 [8-3]

P
h
(i) 1
where (¢;) are the values of the quantity being evaluated and h; is the grid cell size associated with the discreti-
sation i. The subscript 1 refers to a finer discretisation than 2 and 3 to a coarser discretisation than 2.

The order of convergence (p) is a quantity which depends on the implementation of the code itself and in gen-

eral is not known. The value for this quantity is straightforward to compute for a constant refinement ratio, i.e.
hs/h, = hy/hs=r = const. Assuming also that the asymptotic range has been reached, p is given by:
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P3—¢2
In (6'92—471 )

P=T [8-4]
ln (hg/hl)
The results of the convergence in the present study are evaluated through the error norm defined by:
Loo = |max(¢; — ¢o)| [8-5]
The grid converge ratio (R) is a useful quantity to identify the behaviour of the convergence. This quantity de-
fined by:
¢3 — b2

And the solution is classified in terms of the value of R as:
Oscillatory divergence, if R <-1

Oscillatory convergence, if -1<R <0

Monotonic convergence, if 0 <R < 1

Monotonic divergence, if R>1.

The uncertainty (Ux) associated with the computations finer discretisation (¢1) is given by:

U= (F—1)|E] [8-7]

where F; is a safety factor which may vary between 1 and 3. The present study considers a very conservative
approach and takes F¢ = 3.

Convergence studies for the OC3-Hywind platform

The geometry of OC3-Hywind spar buoy was discretised for three grid sizes shown in Figure 8.4. Following
Cruz in [113], the grid cell size (h;) is related to the WAMIT higher order panel size parameter associated to an
automatic discretisation of the geometry. Panel sizes equal to 10 m, 5.0 m and 2.5m were considered and the
hydrodynamic quantities were evaluated for five wave periods selected randomly between 3 s to 16 s.
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Figure 8.4: Three discretisations of the geometry of the OC3-Hywind used for the convergence tests. The panel size pa-
rameter equal to (a) 10.0 m, (b) 5.0 m and (c) 2.5m.

The convergence ratio (R) (Equation 3-6) associated with the discretisation triplet used in this study computed
for the linear excitation forces is shown in Table 8.4. The values of (R) depend on the hydrodynamic quantity
being evaluated and on the frequency. Most of the values are between -1 and 1 and the solution for the majority
of evaluated cases can be classified as convergent.
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Table 8.4: Convergence ratio (R) associated with the absolute value of the linear excitation force for a discretisation triplet
with panel sizes equal to 10.0 m, 5.0 m and 2.5 m for the OC3-Hywind geometry.

T(s) | Fx1| | Fxz | | Fxs | | Fxa| | Fxs | | Fxs |
3.9 -1.86 0.25 0.48 0.25 -2.10 -0.12
71 0.07 0.03 0.33 -0.09 -0.05 0.09
7.9 0.1 0.13 0.33 0.06 -0.02 0.11
8.5 0.18 0.20 0.33 0.11 0.03 0.12
14.4 0.41 0.37 0.22 0.31 0.28 0.23

An estimation of the exact solution for the linear excitation force associated with the incident wave periods con-
sidered in this study is presented in Table 8.5. The uncertainty associated with the finer mesh (panel size equal
to 2.5m) for the linear excitation forces is presented in Table 8.6. The evolution of the convergence for four dif-
ferent discretisations is presented in terms of the error norm L. defined by Equation 3.5 for the linear excita-
tion forces in Figure 8.5. WAMIT does not provide the solution on each panel, and it also does not output the
total number of panels. Throughout the study the number of equations (N) in the linear system (which corre-
sponds to the number of unknowns) is used as a measure of the total number of panels. The relationship be-
tween N and the panel size is presented in Table 8.7. Overall the uncertainty estimates are relatively small
when compared to the absolute value of the excitation force for all tested wave frequencies.

A panel size equal to 2.5m was chosen for the computations of the hydrodynamic quantities associated with the
OC3-Hywind.

Table 8.5: Estimations of the exact value associated with the linear excitation force for the incident wave periods consid-
ered in this study.

T(s) | Fx1| | Fxz| | Fxs | | Fxa| | Fxs | | Fxs |
3.9 5.80E+1 1.40E-6 3.60E+0 1.20E-4 4 .90E+3 1.50E-13
71 1.10E+2 2.60E-6 1.80E+1 1.90E-4 7.90E+3 7.10E-14
7.9 1.10E+2 2.70E-6 2.10E+1 1.90E-4 7.90E+3 6.10E-14
8.5 1.10E+2 2.80E-6 2.30E+1 1.90E-4 7.90E+3 5.30E-14
14.4 1.10E+2 2.80E-6 2.50E+1 1.30E-4 5.50E+3 1.40E-14

Table 8.6: Uncertainty associated with the computations for the finer mesh (panel size 2.5) for the linear excitation force at
the incident wave periods considered in this study.

T(s) | Fx1| | Fxz| | Fxz | | Fxa| | Fxs | | Fxs |
3.9 1.50E-2 3.30E-10 5.70E-3 1.50E-8 1.32E+0 2.49E-14
71 2.10E-4 9.30E-13 3.30E-3 1.89E-10 6.60E-3 1.08E-14
7.9 4 .50E-4 7.80E-12 2.91E-3 1.20E-10 7.50E-4 1.29E-14
8.5 1.41E-3 2.55E-11 2.64E-3 6.00E-10 2.01E-3 1.44E-14
14.4 8.10E-3 1.59E-10 4.20E-4 5.40E-9 1.68E-1 2.25E-14

Table 8.7: Relation between panel size parameter and the number of unknowns in the equations in WAMIT for the OC3-
Hywind discretisations of the geometry.

Panel Size (m) 25 |50 [75 |10
Number of Unknowns | 300 | 136 | 81 66
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Figure 8.5: Evolution of the convergence in terms of the error norm L for the linear excitation force associated with the
OC3-Hywind.

Convergence studies for the semi-submersible platform

To simplify the model used to compute the hydrodynamic loads of the semi-submersible platform it was as-
sumed that the major contributions of the hydrodynamic interaction are due only to the three cylindrical columns
and horizontal damping plates. The influence of the submerged braces which interconnect the three columns
was considered negligible with regard to the hydrodynamic loads (see Figure 8.3 b).

The geometry of this structure was discretised for three grid sizes with the panel size parameter equal to 10.0
m, 5.0 m and 2.5 m. The hydrodynamic quantities were computed for five wave periods selected randomly be-
tween 5 s to 16 s. The three discretisations considered for the convergence analysis are shown in Figure 8.6.

@)

Figure 8.6: Three discretisations of the geometry of the semi-submersible platform used in the convergence tests. The
panel size parameter equal to (a) 10.0 m (b) 5.0 m and (c) 2.5m.

The convergence ratio (R) associated with the excitation forces obtained for the discretisation triplet used in this
study is shown in Table 8.8. As with the previous geometry, most of the values are between -1 and 1 and the
solution for these quantities can be classified as convergent. The estimation of the exact solution for the linear
excitation force at the incident wave periods considered in this study is presented in Table 8.9 and the
uncertainty associated with the finer mesh is presented in Table 8.10. The evolution of the convergence for four
different discretisations presented in terms of the error norm L. for the linear excitation forces is presented in
Figure 8.7. Once again the uncertainty estimates are several orders of magnitude smaller than the excitation
force values, which is reassuring of the quality of the numerical solutions. The relation between the panel size
parameter and the number of equations (N) in the linear system to be solved by WAMIT which is used as a
measure of the total number of panels is shown in Table 8.11.
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A panel size equal to 5.0 m was chosen for the computations of the hydrodynamic quantities associated with

the semi-submersible structure.

Table 8.8: Convergence ratio (R) associated with the absolute value of the linear excitation force for a discretisation triplet
with panel sizes equal to 10.0 m, 5.0 m and 2.5 m for the semi-submersible platform geometry.

T(s) | Fx1| | Fxz | | Fxs | | Fxa| | Fxs | | Fxs |
7.4 0.294 1.092 0.792 0.611 0.612 -0.675
8.4 -0.031 -0.532 0.601 0.613 0.616 -1.042
9.5 -0.212 -1.190 0.601 0.579 0.613 -1.864
10.3 -0.314 0.121 0.611 0.626 0.610 -1.512
11.7 -0.338 0.303 0.600 0.667 0.606 0.073

Table 8.9: Estimations of the exact value of the linear excitation force at five wave periods associated with the semi-

submersible platform.

T(s) | Fxa | | Fxz| | Fxz | | Fxa| | Fxs | | Fxs |
7.4 1.80E+002 | 4.50E+001 | 1.80E+001 | 1.40E+003 | 5.90E+002 | 1.10E+004
8.4 1.70E+002 | 4.30E+001 | 1.80E+001 | 1.60E+003 | 1.10E+003 | 1.10E+004
9.5 1.60E+001 | 2.30E+001 | 5.40E+000 | 1.40E+003 | 1.50E+003 | 7.90E+003
10.3 1.30E+002 | 1.20E+001 | 2.60E+001 | 1.10E+003 | 1.60E+003 | 4.80E+003
11.7 1.90E+002 | 6.00E+000 | 4.90E+001 | 6.50E+002 | 1.40E+003 | 2.70E+003

Table 8.10: Uncertainty of the linear excitation force computations with the finer mesh (panel size 2.5 m) at five wave peri-

ods for the WindFloat platform.

T(s) | Fx1| | Fxz | | Fxs | | Fxa| | Fxs | | Fxs |

7.4 6.00E-3 1.77E-3 | 2.19E+0 | 2.46E+2 | 2.07E+1 9.30E-1
8.4 8.10E-1 4.80E-3 | 2.16E+0 1.98E+2 | 3.60E+1 2.55E+0
9.5 4.20E-2 1.14E+0 | 1.62E+0 1.68E+2 1.71E+2 | 3.30E+0
10.3 7.20E-4 1.89E-2 | 3.30E+0 1.44E+2 | 2.52E+2 | 2.49E+0
11.7 2.64E-2 1.17E-2 | 7.20E+0 | 9.00E+1 2.70E+2 1.59E+0

Table 8.11: Relation between the panel size parameter and the number of unknowns which is used as measure of the

number of panels in WAMIT for the semi-submersible platform.

Panel Size (m)

2.5

5.0

7.5

10

Number of Unknowns | 2976

1287

981

792
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Figure 8.7: Evolution of the convergence in terms of the error norm Lo for the linear excitation force associated with the
semi-submersible platform.

OC3-Hywind results

Linear hydrodynamic loads and unrestrained motions

This section presents the linear hydrodynamic loads computed for the spar buoy OC3-Hywind concept. The
frequency dependence of the excitation forces and moments are shown in Figure 8.8 for incident waves with a
head angle of zero degrees and periods up to 25s. The forces and moments are computed at the centre of
mass of the structure and are given as non-dimensional quantities. The dimensional value of the excitation

forces is obtained by multiplying the non-dimensional value of the force or moment by the density of the water
(p), the gravitational constant (g) and the wave amplitude (a):

Fx =pgaFx [8-8]

In what follows the modes of motion surge, sway, heave, roll, pitch and yaw are referred to by the subscript
numbers 1,2,3,4,5,6 respectively.
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Figure 8.8: Excitation forces and moments in surge (1), sway (2), heave (3), roll (4), pitch (5) and yaw (6) for the OC3-
Hywind for incident wave periods up to 25 s (head-on waves).

For a structure with axial symmetry and incident waves at a head angle of zero degrees the only excitation
forces of importance are in the surge, heave and pitch modes. This is confirmed in Figure 8.8 as the sway, roll
and yaw components are negligible. The frequency dependence of the added-mass and damping coefficients
required to compute the radiation force is shown Figure 8.9. The symmetry of the added-mass matrix implies
that all crossed terms are equal (Ay = Ay, for k,I=1,...,6) and the axi-symmetry of the structure implies that the
terms in surge and sway are equal (A;1=Ay,), as are the roll and pitch terms (A.=Ass5). The crossed terms are
all null apart from A5 = -A,4. Note that the same relations apply to the hydrodynamic damping components. The
hydrodynamic coefficients are given as non-dimensional quantities. To convert to dimensional quantities, both
coefficients should be multiplied by the value of density of the fluid (o) and the hydrodynamic damping should
be also multiplied by the angular frequency of the incident wave (w):

A = pAp, and By = wp By [8-9]
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Figure 8.9: Added-mass and hydrodynamic damping coefficients for the OC3-Hywind for incident wave periods up to 25 s
(head-on waves).

The linear hydrostatic force is proportional to the displacements of the structure. The non-dimensional hydro-
static coefficients computed for the OC3-Hywind are shown in
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Table 8.12. These coefficients do not depend on the frequency of the incident wave and are computed relatively
to the centre of mass of the structure. The axi-symmetry of the structure implies that the hydrostatic coefficient
in roll (C4,) is the same as in pitch (Cs5). The dimensional values of these coefficients can be obtained by multi-
plying the non-dimensional values by the density of water (p) and the gravitational constant (g):

(/7;1 =pgCh [8-10]

Table 8.12: Non-dimensional hydrostatic coefficients associated with the OC3-Hywind.

Coefficient Value

Ca3 33.183

Cu4, Css 0.22370E+06

The frequency dependence of the response amplitude operator (RAO) for the unrestrained motions of the OC3-
Hywind platform is shown in Figure 8.10 for incident waves with periods up to 25 s. The freely floating OC3-
Hywind platform has a resonance period in surge and pitch close to 17 s. For this wave period, the unrestrained
motion amplitude in surge is of about 7 times the wave amplitude and in pitch of about 0.5rad (~30deg.) per
meter of wave amplitude. The unrestrained motions in heave have a maximum of about one third of the ampli-
tude of the incident wave occurring at a wave period close to 20s.
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Figure 8.10: Frequency dependence of the response amplitude operator (RAO) for the linear unrestrained motions in
surge (x1), sway (x2), heave (x3), roll (x4), pitch (x5) and yaw (x6) associated with the OC3-Hywind.

Second-order hydrodynamic loads and unrestrained motions for monochromatic waves

The second-order solution requires the free-surface to be discretised. An example of the mesh associated with
the OC3-Hywind structure used in the present study is shown in Figure 8.11.
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Figure 8.11: Mesh used to discretise the free-surface for the computation of the second-order hydrodynamic quantities for
the OC3-Hywind platform.

The problem of monochromatic, head-on waves with periods and height defined in Table 8.13 is first studied.

Table 8.13: Wave periods of the monochromatic waves considered for the comparisons between linear and second-order
hydrodynamic quantities.

Period (T) | Height (H) | Wavelength (1) [m] | Steepness (H/\)
[s] [m]
5.0 1.0 37.5 0.0267
7.0 2.0 73.5 0.0272
9.0 4.0 121.5 0.0329

For a monochromatic wave, the second-order excitation force is reduced to the computation of the sum- and
difference-QTFs (fi) at the double (w" = w + w = 2w) and zero frequency (W~ = w — w = 0). The sec-
ond-order excitation force is thus given by:

F@ )= Re{a® fre " +a f7} [8-11]

where a is the complex amplitude of the incident (monochromatic) wave which has a phase component (¢) uni-
formly distributed between [0, 27]:

a = |ale’c

The non-dimensional values for the sum- and difference- QTFs are given in Table 8.14 for surge, heave and
pitch modes and for the three monochromatic wave periods considered in the present study.

Table 8.14: Non-dimensional sum- and difference- quadratic transfer functions at double and zero frequency for surge (1),
heave(3) and pitch (5) modes at three monochromatic wave periods for the OC3-Hywind.

T=5s T=7s T=9s
Mode Abs val. | Phase [deg] | Abs val. | Phase [deg] | Abs val. | Phase [deg] |
1 f* 4.67 138.8 4.86 -175.06 4.92 -146.34
f 0.49 -180.0 0.01 180.00 0.01 -180.00
3 f* 0.83 125.7 0.13 -26.90 0.35 -12.04
f 0.18 0.0 0.04 0.00 0.13 180.00
5 f* 354.6 146.2 422.4 -169.56 435.5 -141.68
f 45.73 180.0 1.58 180.00 0.54 -180.00
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The non-dimensional first-order excitation forces are given for the same modes and wave periods in Table
8.15. The sum- component is about twenty times smaller than the first-order excitation force and ten times lar-
ger than the difference component for surge and pitch modes. For heave the sum- component is ten times
smaller than the first-order excitation force and about five times larger than the difference component.

Table 8.15: Non-dimensional linear excitation forces for surge (1), heave (3) and pitch (3) modes at three monochromatic
wave periods for the OC3-Hywind.

T=5s T=7s T=9s
Mode | Abs val | Phase(deg) | Abs val Phase Abs val phase
1 84.3 -102.6 106.0 -94.30 116.0 -91.79
3 8.85 -170.8 18.02 -177.93 23.95 -179.44
5 6912.43 -102.6 7937.18 -94.30 7740.44 -91.79

An example time series comparison between first- and second-order excitation forces associated with the OC3-
Hywind platform with monochromatic waves is shown in Figure 8.12. The Figure shows the excitation forces in
the surge mode for the largest of the three monochromatic waves considered, with period T=9s. The results are
similar for the pitch and heave modes and for the smaller wave periods. The first-order excitation forces are
dominant relative to second-order and only small differences between the total excitation force and the first-
order can be perceived for the steeper waves at the crests and troughs of the excitation force signals.

Monochromatic wave (T=9 s; H=4 m)

Excitation Force (surge) [MN]

Legend:

first-order

0 5 10 15 20 25 30 second-order
Time [s] — total

Figure 8.12: Comparison of first and second-order excitation forces in surge mode with monochromatic waves for the
OC3-Hywind platform.

An example time series comparison between first- and second-order unrestrained motions associated with the
OC3-Hywind platform with monochromatic waves is shown in Figure 8.13. The Figure shows the unrestrained
motions in the surge mode for the largest of the three monochromatic waves considered, with period T=9s. The
results are similar for the pitch and heave modes and for the smaller wave periods. The time histories show
that for the three incident waves studied, the unrestrained motions are small and the second-order effects are
in turn very small when compared with the first-order effects.
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Monochromatic wave (T=9 s; H=4 m)
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Figure 8.13: Comparison of first and second-order unrestrained surge motion of the OC3-Hywind for three monochromatic
waves.

Second-order hydrodynamic loads and unrestrained motions for mixed seas

This section describes the comparisons between first and second-order excitation forces and unrestrained mo-
tions obtained for the OC3-Hywind floating structure associated with three sea states described by a Pierson-
Moskowitz distribution. This distribution is used to describe fully developed seas for when wind blows steadily
over a large area of the ocean for a long time. The three unidirectional Pierson-Moskowitz spectra considered
in this study are described with sixteen components with the parameters listed in Table 8.16.

Given the input wave spectrum and the second-order sum- and difference-frequency force QTFs (T, f7), the
time series of the second-order excitation force is directly calculated from:

16 16
FR (1) = Re{>" S [ava fif 0 L aaf fig )]} 12

k=1 I=1

where the sum and difference-frequency force QTF satisfy the symmetry relations: f,; = f;f and f,; = f,z*

Table 8.16: Parameters which define the three Pierson-Moskowitz spectra considered in this study.

df [Hz] | Tr [s]

Hs (m] | TP 81| fmin [Hz] | fmax [Hz]

0.5 3.54 0.15 0.8 0.04 25
2.5 7.91 0.08 0.4 0.02 50
5.0 11.18 0.06 0.2 0.01 100

The number of components (N) for each spectrum is equal to sixteen. In the above table Hs is significant wave
height; Tp is peak period; fmin and fmax are the minimum and maximum cutoff frequencies; df is equal to
(fmax-fmin)/N; and TR is the repeat period. An example of the frequency components associated with the most
severe of these spectra, with significant wave height equal to 5.0m, is shown in the top histogram of Figure
8.14. The bottom histogram shows the wave amplitude and periods associated with this spectrum.
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Figure 8.14: (Top) Pierson Moskowitz spectrum with Hs = 5.0 m (Tp = 11.18 s) described by sixteen components. (Bottom)
Wave amplitude and period associated with the top spectrum.

The absolute value of the sum- and difference- frequency force QTFs (f*, f~) computed for the OC3-Hywind
platform in surge, heave and pitch modes for the sixteen frequency components associated with these Pierson-
Moskowitz spectra is shown in Appendix A of [111]. As expected the sum-frequency components are symmet-
ric satisfying the relation: f;(wi +w;) = fif (w; + wy), whereas the difference-frequency components are
complex conjugate symmetric satisfying the relation: f,, (w;, — w;) = f,;*(wl — Wg)-

Pierson-Moskowitz spectrum with Hs=0.5 m

The first and second-order excitation forces in surge, heave and pitch for the OC3-Hywind associated with a
Pierson Moskowitz spectrum with H,=0.5m (7,=3.54s) are shown in Figure 8.15. For this spectrum the influ-
ence of the second-order components is more important in surge and pitch modes than in heave. The time se-

ries for surge and pitch show the presence of higher frequency components due to the predominance of the
sum-frequency force QTFs.
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Figure 8.15: Comparisons between first and second-order excitation forces in surge, heave and pitch modes for a Pierson-
Moskowitz spectrum with Hs=0.5 m (Tp = 3.54 s).
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The comparisons of first and second-order unrestrained motions in surge, heave and pitch for the OC3-Hywind
for a Pierson-Moskowitz spectrum with Hs=0.5m are shown Figure 8.16. For this spectrum, the unrestrained
motions are very small. However it should be pointed out the relative importance of the second-order compo-
nents of the motion.
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Figure 8.16: Comparisons between first and second-order unrestrained motions in surge, heave and pitch modes for the
OC3-Hywind for a Pierson-Moskowitz spectrum with Hs=0.5 m (Tp=3.54 s).

Pierson-Moskowitz spectrum with Hs=2.5m

The first and second-order excitation forces in surge, heave and pitch modes for the OC3-Hywind associated
with the Pierson-Moskowitz spectrum with Hs=2.5m (Tp=7.9s) are shown in Figure 8.17. As in the previous
case (Hs=0.5m) the influence of the second-order components is more important in surge and pitch modes.
The presence of higher frequency components in surge and pitch are due to the predominance of the sum-
frequency force QTFs for these modes.
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Figure 8.17: First and second-order excitation forces in surge, heave and pitch modes of the OC3-Hywind for a Pierson-
Moskowitz spectrum with Hs=2.5m (Tp = 7.9 s).

The comparisons of first and second-order unrestrained motions in surge, heave and pitch for the OC3-Hywind
for a Pierson Moskowitz spectrum with H;=2.5 m (T,=7.9 s) are shown in Figure 8.18. The unrestrained motions
of this structure are very small. The second-order component is dominant in surge, in heave has very little im-
portance and in pitch is of the same importance as the first-order component.
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Figure 8.18: First and second-order unrestrained motions in surge, heave and pitch modes for the OC3-Hywind for a Pier-
son-Moskowitz spectrum with Hs=2.5 m (Tp=7.9 s).

Pierson-Moskowitz spectrum with Hs=5.0 m.

The comparisons of first and second-order excitation forces in surge, heave and pitch mode for the OC3-
Hywind associated with this Pierson Moskowitz spectrum (Hs=5.0 m) are shown in Figure 8.19. For this spec-
trum the influence of the second-order components is of the same order of magnitude as the first-order for the
three modes and due to the higher frequency components the second-order excitation force, the total force
shows shaper peaks when compared to the first-order excitation force.

1 4
z 3 T 2
2, g
5 100
5 27
E o g o
g 5 -100
.§.2 3
A L% -200
“o 20 40 60 8 10 120 =5 20 40 8 100 120
Time[s] Tire[s]
Legend:
first-order

second-order
— total

Figure 8.19: First and second-order excitation forces in surge, heave and pitch modes of the OC3-Hywind for a Pierson-
Moskowitz spectrum with Hs=5.0 m (Tp = 11.18 s).

The comparisons of the first and second-order unrestrained motions of the OC3-Hywind in surge, heave and
pitch associated with this spectrum are shown in Figure 8.20. The plots show a maximum amplitude value of
about 3m in surge, 1m in heave and 13deg in pitch. The influence of second-order unrestrained motions in
surge and pitch are small, but dominant in heave when compared to the first-order motions.
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Figure 8.20: First and second-order unrestrained motions in surge, heave and pitch modes for the OC3-Hywind for a Pier-
son-Moskowitz spectrum with Hs=5.0 m (Tp=11.18 s).

Semi-submersible results

Linear hydrodynamic loads and unrestrained motions
The frequency dependence of the linear excitation forces and moments are shown in Figure 8.21 for incident
wave periods up to 25s. These are computed at the centre of mass of the structure and given as non-

dimensional.
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Figure 8.21: Excitation forces and moments in surge (1), sway (2), heave (3), roll (4), pitch (5) and yaw (6) for the semi-
submersible platform for incident wave periods up to 25 s.

The frequency dependence of the non-dimensional added-mass and damping coefficients is shown in Figure
8.22. Taking into account the symmetry of the hydrodynamic coefficients and the geometry of the semi-
submersible platform only six coefficients shown are of interest. The coefficients in surge and sway are equal
and also in roll and pitch. All crossed terms are negligible except the surge-pitch and sway-roll. Finally, the non-
dimensional hydrostatic coefficients computed for the semi-submersible platform are shown in Table 8.17.
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Figure 8.22: Added-mass and hydrodynamic damping coefficients for the semi-submersible platform for incident wave
periods up to 25 s

Table 8.17: Non-dimensional hydrostatic coefficients for the semi-submersible platform.

Coefficient Value Coefficient Value
Css 269.76 Cys 0.13018E-01
Cs4 -0.16089E-02 Cus 0.13611
Css -0.14339E-02 Css 0.14636E+06
Cy 0.14636E+06 Css -0.70826E-01

The frequency dependence of the response amplitude operator (RAQO) for the unrestrained motions of the
semi-submersible platform is shown in Figure 8.23. For this structure, resonance occurs in heave for the unre-
strained submerged motions at about 17 s. At this wave period the motions in surge, roll and pitch have also

maximum amplitude.
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Figure 8.23: Frequency dependence of the response amplitude operator (RAO) for the linear unrestrained motions in
surge (x1), sway (x2), heave (x3), roll (x4), pitch (x5) and yaw (x6) associated with the semi-submersible platform.

Second-order hydrodynamic loads and unrestrained motions for monochromatic waves

Given the input wave spectrum represented by N components, the time-series of the total excitation force is
computed as for the OC3-Hywind platform. The second-order solution requires the additional discretisation of

the free-surface. This mesh is shown in Figure 8.24 for the semi-submersible platform.
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Figure 8.24: Mesh used to discretise the free-surface for the computation of the second-order hydrodynamic quantities for
the semi-submersible platform.

This section presents the results for monochromatic, head-on waves for the same wave periods and heights
listed in Table 8.13. For a monochromatic wave, the second-order excitation force is given by Equation 3-11.

The non-dimensional values of the sum- and difference- force QTFs for the three monochromatic wave periods
considered in the present study are given in Table 8.18. The first-order excitation forces are also given for
comparison in Table 8.19 for the same modes and wave periods. The sum- frequency components of the force
QTFs (f+) are higher than the difference- frequency components (f-) for all modes and monochromatic waves.

Table 8.18: Non-dimensional sum- and difference- force QTFs at double and zero frequency for surge (1), sway (2),
heave(3), roll (4), pitch (5) and yaw (6) modes at three monochromatic wave periods for the semi-submersible platform.

T=5s T=7s T=9 s
Mode Abs. value | Phase (deg) | Abs. value | Phase (deg) | Abs. value | Phase (deg)
1 f* 510.29 -66.07 39.16 -176.84 14.93 -51.10
f 12.42 180.00 2.91 180.00 0.83 180.00
2 f* 408.46 54.67 23.02 16.40 5.07 -118.96
f 0.16 0.00 0.07 0.00 0.14 180.00
3 f* 4.36 -103.79 1.22 -70.50 1.84 29.91
f 0.01 0.00 0.44 0.00 0.55 0.00
4 f* 3,966.57 -125.86 202.49 177.28 42.30 123.52
f 6.20 180.00 8.37 0.00 6.58 0.00
5 f* 4,968.51 -65.70 373.25 -163.92 81.98 -29.44
f 164.03 -180.00 41.64 -180.00 9.52 -180.00
6 f* 10,484.50 -164.69 3,946.98 -145.71 205.89 41.62
f 2.87 0.00 20.27 0.00 10.19 -180.00

Table 8.19: Non-dimensional linear excitation forces for surge (1), sway (2), heave (3), roll (4), pitch (5) and yaw (6) modes
at three monochromatic wave periods for the semi-submersible platform.

T=5s T=7 s T=9 s
Mode | Abs. value | Phase (deg) | Abs.value | Phase (deg) | Abs. value | Phase (deg)
1 97.7 -131.6 65.5 99.0 169.2 -91.0
2 15.7 -162.0 31.5 157.6 8.2 -85.8
3 13.6 -148.7 14.6 -16.9 44.5 175.5
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4 198.8 -154.6 1628.6 -169.3 901.0 -178.2
5 824.4 -101.9 1459.6 97.8 1650.5 90.8
6 4978.5 74.3 9370.9 81.4 3483.6 89.3

The plots in Figure 8.25 and Figure 8.26 show the comparisons between first and second-order excitation
forces for surge and pitch modes respectively for three monochromatic waves considered in this study. For the
shorter waves with period equal to 5s, the second-order component is dominant relative to the first-order. For
the longer waves with periods equal to 7s and 9s, the second-order component is gradually smaller and less
dominant. For the heave mode, results for which are not shown, the first-order component is dominant relative

to the second-order for all three waves as for the OC3-Hywind platform.
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Figure 8.25: Comparison of first and second-order excitation forces in surge mode for three monochromatic waves for the
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Figure 8.26: Comparison of first and second-order excitation forces in pitch mode for three monochromatic waves for the

The plots in Figure 8.27 and Figure 8.28 show the comparisons between first and second-order unrestrained
motions for surge and pitch modes respectively for the three monochromatic waves considered in this study. All
motions are small, and as for the excitation forces the influence of the second-order unrestrained motions is
more important for the shorter wave with period equal to 5s in surge and pitch modes. The first-order compo-
nent is dominant for the longer waves with period equal to 7s and 9s. For the heave results, which are not
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shown, the first-order motions are dominant relative to the second-order for all three waves.
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Figure 8.27: Comparison of first and second-order unrestrained surge motion for the semi-submersible platform for three
monochromatic waves.
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Figure 8.28: Comparison of first and second-order unrestrained pitch motion for the semi-submersible platform for three
monochromatic waves.

Second-order hydrodynamic loads and unrestrained motions for mixed seas

This section presents comparisons between first and second-order excitation forces and unrestrained motions
for the semi-submersible platform, for three sea states described by Pierson-Moskowitz distributions with the
parameters listed in Table 8.16. The absolute values of the sum- and difference- frequency force QTFs (f ™,
f7) for the semi-submersible platform in the six modes of motion can be found in Appendix B of [111].

Pierson-Moskowitz spectrum with Hs=0.5 m

The comparisons between first and second-order excitation forces in the six modes of motion (surge, sway,
heave, roll, pitch and yaw) for the semi-submersible platform associated with this spectrum are presented in
Figure 8.29. For this spectrum and for all modes, the second-order excitation forces are dominant relative to
the first-order excitation forces.

The comparisons of the first and second-order unrestrained motions in the six modes for this spectrum are
shown in Figure 8.30. The unrestrained motions are small in all modes. Slow drift motions can be identified in
all modes except heave. For surge, pitch and yaw, the second-order component of the unrestrained motions is
of the same order of importance as the first-order. For the other modes (sway, heave and roll) the second-order
component is dominant over the first-order.
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Figure 8.29: Comparisons between first and second-order excitation forces in surge, sway, heave, roll, pitch and yaw
modes for a Pierson-Moskowitz spectrum with Hs=0.5 m (Tp = 3.54 s).
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Figure 8.30: Comparisons between first and second-order unrestrained motions for the semi-submersible platform for a
Pierson-Moskowitz spectrum with Hs=0.5 m (Tp=3.54 s).
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Pierson-Moskowitz spectrum with Hs=2.5 m

The comparisons of the first and second-order excitation forces in the six modes of motion for the semi-
submersible platform associated with this spectrum are presented in Figure 8.31. For this spectrum the sec-
ond-order excitation forces are dominant relative to the first-order excitation forces for all modes except for
heave, and the character of these forces is due to the dominance of the sum-frequency force QTFs.

The comparisons of the first and second-order unrestrained motions for this spectrum are shown in Figure
8.32. The unrestrained motions are small in all modes and slow drift motions can be identified in all modes ex-
cept heave. For surge, roll, pitch and yaw, the second-order component of the unrestrained motions is smaller
than the first-order which dominates the motions. For heave, the second-order component is of the same rela-
tive importance as the first-order component of the motions, and for sway, the second-order component of the
unrestrained motions dominates over the first-order component.
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Figure 8.31: Comparisons between first and second-order excitation forces in surge, sway, heave, roll, pitch and yaw
modes for a Pierson-Moskowitz spectrum with Hs=2.5m (Tp = 7.9 s).
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Figure 8.32: Comparisons between first and second-order unrestrained motions for the semi-submersible platform for a
Pierson-Moskowitz spectrum with Hs=2.5 m (Tp=7.9 s).

Pierson-Moskowitz spectrum with Hs=5.0 m

The comparisons between first and second-order excitation forces in the six modes of motion (surge, sway,
heave, roll, pitch and yaw) for the semi-submersible platform associated with this spectrum are presented in
Figure 8.33. For surge, roll, pitch and yaw, the second-order effects are important when compared with first-
order. In sway the second-order excitation force is dominant and in heave the contribution from the second-
order excitation force is small.

The comparisons of first and second-order unrestrained motions in the six modes of motion for this spectrum
are shown in Figure 8.34. The unrestrained motions are small in all modes. Slow drift motions can be observed
in surge, sway and yaw. The second-order unrestrained motions are of the same importance as the first-order
for roll and pitch motions and are dominant in sway. In heave the effects of second-order motions are small
when compared to first-order.
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Figure 8.33: Comparisons between first and second-order excitation forces in surge, sway, heave, roll, pitch and yaw
modes for a Pierson-Moskowitz spectrum with Hs=5.0 m (Tp = 11.2 s).
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Figure 8.34: Comparisons between first and second-order unrestrained motions for the semi-submersible platform for a
Pierson-Moskowitz spectrum with Hs=5.0 m (Tp=11.2 s).

Summary and Key Findings

A study is presented which compares the results obtained from linear and weakly nonlinear potential flow hy-
drodynamics models applied to two floating offshore wind structures: a spar-buoy adapted to accommodate a
NREL 5MW offshore wind turbine called “OC3-Hywind” and semi-submersible platform with geometric dimen-
sions similar to the WindFloat platform concept.

All potential flow hydrodynamic models assume that the fluid is incompressible and inviscid and the flow irrota-
tional, allowing the fluid velocity to be described by a potential function required to satisfy the Laplace equation
in all fluid domain and certain boundary conditions at the fluid, solid and air interfaces. The full expression of
these boundary conditions is mathematically difficult to solve and computationally intensive as the numerical
methods developed require the redefinition of the problem conditions at each time step to fully cover the
changes of the free-surface of the fluid and describe fully the floating structure motions. It is usual however to
approximate the hydrodynamic solution of the problem to first or second order by assuming that the wave am-
plitude of the incoming waves is small in relation to the wavelength. These approximations are computationally
more efficient as they avoid a time stepping solution by computing the hydrodynamic forces and motions over
the mean wet surface instead of the instantaneous wet surface of the floating structure.
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The commercial software WAMIT (v6.1s) was used to compute both the linear and weakly nonlinear hydrody-
namic loads and unrestrained motions for the two structures considered in this study. This software solves the
hydrodynamic problem in the frequency domain. The generalisation of the second order theory to the case of
wave-body interactions with irregular waves requires the definition of bi-chromatic wave components and the
solution is obtained in terms of the sum- and difference- frequency components of the usual hydrodynamic
quantities. The second order excitation forces are obtained as the sum of the force quadratic transfer functions
(QTF) in the sum- and difference-frequency.

The linear and weakly nonlinear comparison exercise is focused on the excitation forces and unrestrained mo-
tions associated with regular waves and irregular waves which interact with the two offshore wind structures.
For a monochromatic wave the second order excitation force can be expressed as the sum of only two compo-
nents of the force QTF in the double and zero frequency. For the OC3-Hywind the second order excitation force
associated with the three monochromatic waves studied is much smaller than the first order excitation force
component in all modes of motion. For the semi-submersible platform the second order component of the exci-
tation force is dominant over the first order component for the less steep wave (period 5s) for all modes except
heave. The importance of the second order component decreases for the steeper waves being smaller than the
first order for the steepest wave (with period equal to 9s).

The unrestrained motions of the two structures for the three monochromatic waves studied in this report are
small. For the OC3-Hywind, the second-order component of the excitation force is negligible when compared
with the first order for the three monochromatic waves studied and in all modes of motion. For the semi-
submersible platform, the second order component of the unrestrained motions is higher than the first-order
component for the less steep wave (period equal to 5s) in all modes except heave. For the steeper waves the
importance of this component decreases with respect to the first order and is small for the steepest wave (of
period equal to 9s).

The comparisons between first and second order quantities were also performed for three Pierson-Moskowitz
spectra with sixteen components. For the OC3-Hywind the second-order components are important in surge
and pitch modes. In heave these components are smaller for the spectra with lower significant wave height and
of the same importance as first order for the spectra with higher significant wave height (Hs=5m). The second
order component of the excitation forces and moments for the semi-submersible platform is higher than the
first-order component for the spectra with lower significant wave heights (0.5m and 2.5m) for all modes except
heave. For the spectra with H;=5.0m, the second-order effects are of the same importance as the first-order for
surge, roll, pitch and yaw and dominant sway. In heave mode the effect of the second order component of the
excitation force is very small in relation to the first-order.

The unrestrained motions associated with the three spectra for both structures are very small. For the OC3-
Hywind the second-order unrestrained motions are important for surge and pitch for the spectra with the lower
significant wave heights (0.5m and 2.5m) and in heave for the spectra with significant wave height equal to
5.0m. For the semi-submersible platform slow drift motions are identified with the second order component be-
ing dominant or of the same order for most of the modes for the three specitra.

8.2.2 Nonlinear potential flow methods

The above study does not access any results associated with fully nonlinear potential flow hydrodynamic mod-
els. Ongoing research is being performed at the University of Hamburg into a nonlinear seakeeping simulation
technique by using a Rankine-Airy panel method [115]. The base flows from which the flow around the moving
body is superimposed are not only source (and possibly vortex) flows, but also Airy waves. Nonlinear boundary
conditions at the free surface (constant pressure, no flux through the surface) are satisfied numerically in each
time step by superimposing Airy waves of different wave numbers and propagation directions. The amplitudes
and phase angles of the Airy waves are not constant over time, but have to be computed from evolution equa-
tions. These are derived from the kinematic and dynamic free-surface conditions. The method is suitable for
arbitrary geometries and can deal with most of the before mentioned nonlinear effects in steep waves. This
method can be effectively applied for the estimation of extreme behaviour of floating offshore wind turbines in
survival conditions.
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The major difficulty associated with a fully nonlinear potential flow formulation is related with the solution of the
complicated nonlinear free surface boundary conditions which has to be satisfied over the instantaneous free
surface which is not known a priori. Most of methods developed use a Mixed Eulerian-Lagrangian (MEL) time
stepping technique for which the fully nonlinear boundary conditions are satisfied over the instantaneous free
water and body surfaces. The unknowns of the linear equations which result from the discretisation of the ge-
ometry are distributed on the boundary of the whole computational domain and a new system of equations is
generated and solved at each time step, since the free surface change and the body surface move to new posi-
tions. An advantage of second order methods when compared with fully nonlinear is that through the approxi-
mations involved the linear system of equations to solve are always the same and so are computationally more
efficient.

Vortex induced vibrations

Another effect currently not accounted for in hydrodynamic analysis for floating wind turbines is vortex-induced
vibrations. This effect is caused by steady currents or by velocities associated with long period waves, and re-
fers to the dynamic loading which occurs as a result of fluctuations in pressure due to the motion of vortices in
the wake of a body. If the frequency of excitation is near a natural frequency of the structure the interaction be-
tween the flow and the motion of the structure can cause the two frequencies to lock in to each other, which
can result in large amplitudes of oscillation. The forces due to vortex shedding are complex and predictions of
loading and response are not well understood; however the frequencies at which oscillations may occur can be
predicted with more confidence. Vortex-induced vibrations are not generally seen in conventional fixed-bottom
offshore support structures, but are more likely to be experienced in mooring lines and can be critical for the
stability of some designs.

8.3 Mooring line dynamics

Floating offshore wind turbine structures are held in position by means of mooring systems, which have, de-
pending on the type of the structure and the water depth, different levels of complexity. For floating WT applica-
tions a general distinction must be made between slack catenary, taut catenary and taut tension leg mooring
systems. In slack catenary designs, often the lower part of the line is resting on the seabed, adding more com-
plexity to the system. In the oil and gas industry, large floating drilling platforms are restored by up to 20 moor-
ing lines with different geometrical and material properties, consisting of a combination of chains and cables
made of natural or synthetic fibres (e.g. polyester, aramid, polyamide or polypropylene fibres). Submerged
buoyancy tanks along the mooring lines are also common. Such complex mooring solutions will likely be im-
plemented and specially adapted for future floating WTs as well, requiring the codes to have adequate capabili-
ties.

In addition to station-keeping, the mooring system also provides stability; for some platform designs such as the
tension leg platform (TLP), the mooring system is the main contributor to the system’s stability, meaning a
failure in this component would cause the likely destruction of the complete system. The mooring system of
floating WT platforms is therefore one of the most important components regarding the stability and the dy-
namic behaviour of floating offshore wind turbines, making appropriate modelling of the mooring system highly
critical during the design process.

The central issue with regard to mooring line dynamics is whether or not it is acceptable to neglect the dynamic
effects of mooring lines for floating wind turbines. For shallow mooring systems the total mass of the lines is
negligible and the motion is small, so even though the drag force of the lines through the fluid may still be sig-
nificant it is generally accepted that dynamics may be neglected. However for deeper water configurations
mooring line dynamics become increasingly important. A number of studies have been performed in the context
of oil platforms, ships and semi-submersible vessels in order to determine the depth at which mooring line dy-
namics become significant. Polderdijk [101] proposed approximate analytical solutions to the line dynamic prob-
lem which can be used to give preliminary checks as to whether line dynamic effects are likely to be significant.
Kwan and Bruen [102] analysed line dynamic tensions due to platform wave frequency motion for a range of
conditions using both dynamic and quasi-static methods, and showed that the ratio of maximum dynamic to
quasi-static tension varied between 1.2 and 19.5 across the cases investigated. Their results can be used to
help determine whether or not dynamic analysis is necessary for a given configuration. A Joint Industry Project
managed by the Noble Denton Group on the dynamics of catenary mooring [103] studied a number of vessel
types, mooring systems and water depths from both a theoretical and practical point of view. The conclusion
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clusion from these studies was that line dynamic analysis should be conducted when the wave frequency re-
sponse of the vessel is large, when the water depth exceeds 150m, or when the mooring line includes large
drag elements such as chain moorings [79].

In order to make the design of floating offshore wind turbine platforms as efficient and commercially viable as
possible, it would be useful to derive equivalent results for FOWTs. In order to do this, the existing floating wind
turbine design tools must be extended to include accurate modelling techniques for mooring lines, including
dynamic effects. Further research into mooring systems specific to floating wind turbines could then be per-
formed, incorporating the following elements:
e Quantitative comparison between the different methods for calculating mooring line tension forces for
FOWTs
e Analysis of which aspects of mooring line behaviour are important specifically for FOWTs
e Analysis of which mooring system types and configurations have the most dynamic effect on FOWTs
and therefore need to be designed using a full dynamic analysis
e Investigation into the transition depth at which dynamic mooring line effects become non-negligible for
FOWTs.

There are two main approaches to modelling mooring lines for floating offshore wind turbines. The first option is
to couple a dedicated mooring line code with a wind turbine analysis code. The advantage of this approach is
that it enables mooring line dynamic effects such as line inertia, drag of the line through fluid and vortex shed-
ding to be fully accounted for. An attempt has been made by Jonkman et al. to couple the dynamic mooring line
system LINES of SML with the aero-elastic wind turbine codes FAST and ADAMS. However, this attempt was
abandoned after it was found that LINES encountered numerical instabilities when modelling the slack catenary
mooring lines of interest [82]. The most fruitful attempt to date is the coupling between offshore floating struc-
tures code SIMO/RIFLEX and the multi-body wind turbine code HAWC2, described in [88]. However this ap-
proach is still limited in that the floating wind turbine cannot be modelled as a single integrated dynamic struc-
ture, since the two problems must be solved in separate programs and information exchanged between the
programs at a single interface point. This interface was also known to be quite numerically unstable.

The alternative approach is to extend the capabilities of existing wind turbine design tools to incorporate moor-
ing line modelling techniques. The force-displacement and quasi-static representations discussed in Section
6.1.5 fit into this category. This integrated approach is more common than the coupled approach because it is
simpler to implement and generally gives greater numerical stability. The remainder of this section therefore
deals with this second approach.

In order to enhance existing FOWT design tools it is useful to incorporate methodologies and techniques cur-
rently available from other industries e.g. oil and gas. A number of software tools exist which can model the
behaviour of mooring configurations for floating platforms. Section 8.3.1 presents a review of the available
mooring line codes, with the aim of better understanding the commercial options available for incorporation into
FOWT design tools. Section 8.3.2 presents initial results from simulations performed with the multi-body sys-
tem approach. It is hoped in the future to be able to make comparisons with results from full dynamic mooring
line codes, in order to analyse the relative strengths and limitations of the different modelling methods.

8.3.1 Review of mooring codes and approaches

A list of candidate mooring codes is drawn up and the most suitable options for FOWTs are assessed, taking
into account the associated computational effort, flexibility and ease of adoption. As well as comparing tools,
the several types of modelling approaches are also compared. The aim of this exercise is to obtain a clear view
of the modelling approaches that are applied in commercial packages and their accuracy, in order to decide
which is the most appropriate package and modelling approach for incorporation into FOWT design tools.

Table 8.20 shows a list of various candidate tools/packages which currently exist, along with a brief account of
their properties. The tools shown in bold are those which have been investigated in detail. These four were
chosen for detailed investigation mostly because:

¢ ROMEO was developed within the GL group, so GL Garrad Hassan has access to the source code.

e MDD is open-source so can be altered and used freely.

e AQWA and OrcaFlex are both widely used within the offshore engineering community.
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This approach has enabled some key findings to be derived regarding the extension of wind turbine codes to
include moorings modules. These key findings can be summarised as follows:

¢ The mooring line modelling approach currently used by a number of wind turbine codes involves using
look-up tables to represent the damping/inertia/stiffness properties of the mooring configuration. This is
an established approach which is also used in ROMEO and AQWA.

e A useful exercise would be to perform a study comparing the look-up-table approach with an alternative
modelling approach that involves a more complex hydrodynamic and structural model of the mooring
lines. Such a study is currently being undertaken by GL Garrad Hassan.

e Having investigated MDD, ROMEO, AQWA, and OrcaFlex, it is concluded that of these four only Or-
caFlex (and AQWA in certain configurations) are suitable candidates for such a comparison, given that:

o MDD has no wave-loading or dynamic load capability.
o ROMEDO is suitable only for frequency-domain modelling. This study is mainly concerned with
time-domain modelling.

Table 8.20: Overview of selected moorings modelling packages

Tool / package / code Main characteristics

Consists of several sub-components. AQWA-
NAUT, AQWA-DRIFT, AQWA-FER, ..., each with
specific properties (e.g. time-domain analysis,
frequency-domain analysis)

Intended for ships. Frequency- or time-domain.
Mooring line analysis available in FD only.

Strong focus on riser analysis; limited range of

ANSYS AQWA

Martec Waveload

Flexcom ; .
mooring options
Ariane-3Dynamic Specialised mooring tool. Restricted water depth.
Ship-shaped bodies only; limited types of analysis
Optimoor possible. (Focussed on extreme-load analysis for
mooring lines).
MDD Open-source, static solutions only, no wave loads.
ROMEO GL Noble Denton mooring and riser package.

Frequency-domain only.
GMoor32 Catenary mooring and riser analysis
Quasi-static analysis (plus transient analysis for

BMT SPM .
line breaks only).

SEAMOOR 2000 Operapongl tpol for statllon-kee.pmg / line-break
analysis. Limited modelling options.

TERMSIM Taljker mooring simulation. Limited modelling
options.

MOSES A modelling language f_or marine dynamic simula-
tions and stress analysis.

OrcaFlex Marine dynamics tool, widely used by the offshore

engineering community.

Mooring design and Dynamics (MDD)

Mooring Design and Dynamics (MDD) is an open-source MATLAB package produced by Richard Dewey at the
University of Victoria, British Columbia. It was written with oceanographic research applications in mind. Spe-
cifically, it helps with the design of anchor and mooring systems for stationary oceanographic instruments, and
can also perform calculations for moving (i.e. towed) instruments. MDD takes current and wind profiles into ac-
count, but does not deal with wave forces. Immediately this indicates that a considerable development effort
would be necessary to adapt MDD; the main attraction to such a tool is therefore the fact that it is open-source.

MDD consists of a package of MATLAB files and is run from the MATLAB command-line. It allows the user to

create / modify mooring or tow-line configurations. User interaction is done via a simple GUI (see Figure 8.35).
Designs can be saved and loaded as .MAT files, and displayed as MATLAB 3-D or 2-D graphics. The package
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also allows the creation of movie sequences so that the dynamic behaviour of a mooring can be visualised.
Mooring configurations can be plotted, as shown in Figure 8.36, and the components are also listed in detail in
the MATLAB console window.

) Figure 1: Mooring Design & Dynamics
File Edit View Insert Tools Desktop Window Help

Design New Moaring Design Towed Body

Load Existing Mooring/Tow || Save Mooring/Towed Body
Addtodify In-Line ElementsiBlAdditodify Clamp-On Dey. |

Set/Load Envir. Cond. Display CurrentsfShip Spe...

Evaluate and Plot 3-D MooringTowed Body

Display Mooring Elements Plot Mooring || Print
Add/Examine Elements in Database

i

Figure 8.35: MDD’s main GUI form.

The user can also enter current-depth profiles (i.e. a set of depth/speed/direction values), and wind profiles
(speed and direction). The software uses this information to calculate the drag forces on the various elements
of the mooring, in order to derive a steady-state solution for the mooring shape.

Hooring Element
O 37in ORE

3-8 wire rope

g Trpl 16 in Viny

3-8 wire rope

Trpl 16 in Viny
handeraa RCH-7
378 wire rope

EGLG 8242
% EQ?E%&%LHheels

Figure 8.36: Typical mooring configuration (design view) in MDD.

i

MDD takes an iterative approach; it starts from a vertical configuration for the mooring and iteratively “moves’
the mooring horizontally until a steady-state solution is reached. It can deal with time-varying inputs, i.e. a time-
series of current-depth profiles can be provided as an input. When handling these time-series, it is assumed
that the mooring has time to reach an equilibrium state between time-steps. In other words, the variation in the
current is slow compared to the response time of the mooring. There are currently no detailed plans to extend
MDD to include the action of wave forces.
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MDD can produce any of the following outputs:

Graphical plots of the steady-state shape of the mooring;

Movie sequences showing the changing shape of the mooring in response to a time-varying current;
Tension in each segment of the mooring;

Final steady-state position of each component (horizontal and vertical);

Final angle of each component to the vertical;

Anchor mass required;

Adequacy of buoyancy elements in maintaining vertical position of the mooring.

Key findings - MDD

MDD is designed as a stand-alone, self-contained mooring design package. It is not designed to interact dy-
namically with other software. In principle, as the MDD m-files are freely available, it would be possible to mod-
ify it so that it could be used as a mooring-force calculation module for a wind turbine package, but this would
not be straightforward. Also it only produces what are effectively steady-state solutions, which are suitable for
slowly-varying forces like those from wind or currents, but would not be appropriate for wave-induced forces.

MDD as it currently exists is not suitable as a mooring analysis module for interfacing with wind turbine codes.
Its most serious drawback is its inability to carry out a true dynamic analysis of moorings subjected to rapidly-
varying (wave-induced) loads, which would require a considerable extension. The principles of the approach
are similar and some components (e.g. drag force calculation algorithms) and some of the post-processing
capabilities may be useful (in both the frequency and time-domain).

ROMEO

ROMEO is a mooring and riser analysis package produced by GL Noble Denton. It can perform both static and
dynamic (frequency-domain) analysis in response to wind, wave and current loadings. Systems of up to 16
mooring lines are supported. Riser calculations are ignored here.

ROMEO carries out three types of analysis on a mooring system: static analysis, dynamic analysis (both wave-
frequency and low-frequency) and then a quasi-static analysis which is a combination of the first two. The in-
puts for all analyses include the details of the moored device or ship, “no-load” mooring geometry, and envi-
ronmental conditions.

Static analysis

The environmental inputs for static analysis are steady wind and current forces. It is possible to enter current as
a depth-dependent velocity profile. The algorithm uses Morison’s equation to calculate the drag on the mooring
lines. This equation gives the inline force (i.e. force in the direction of the flow) on the mooring line element as

F = pVii+ pC V(i —v) +% PCy(u—=v)u—V] [8-13]

(i.e. the sum of Froude-Krylov force, hydrodynamic mass force, and drag force). It also calculates wind and cur-
rent forces on the ship (or the WEC) using a simple drag equation as a function of cross-flow area, height coef-
ficients and shape coefficients for the body in question. The coefficients are loaded in as part of the vessel
definition file, so they have to be obtained externally. They are typically obtained either by manual estimation or,
if higher accuracy is needed and there is no published data available for similar-shaped objects, they would be
scaled-up from model tests.
The static analysis outputs consist of:

o steady-state shapes of mooring catenaries.

o steady-state (mean) position of the moored device.

Dynamic and quasi-static analysis
Dynamic analysis is carried out in the frequency-domain only. The following parameters are used to character-
ise the wave environment:

¢ significant wave height.

e  zero up-crossing period.

e spectral shape factor (peak enhancement factor, y).
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¢ incident wave direction.
The user manual draws a distinction between wave-frequency and low-frequency analysis. The low-frequency
effects are driven by both time-varying wind and longer-period wave activity
The outputs from dynamic analysis are:

¢ amplitude of the wave-induced motion of the moored vessel/device.

e maximum dynamically-induced tensions in the mooring lines.

Dynamic analysis is run after static analysis — the static phase gives the steady-state positions of all compo-
nents, and these positions are then used as a starting-point for the dynamic analysis. Combining the static and
dynamic results produces what is effectively a “quasi-static” analysis, i.e. a worst-case scenario in which the
maximum dynamic displacement is added to the static displacement. This is primarily intended as a safety cal-
culation to determine the minimum required breaking strain for mooring lines.

Key findings - ROMEO

The most serious limitation of ROMEO is the lack of any capability to conduct a time-domain dynamic analysis.
This means that only frequency-domain simulations could be conducted. It may, however, be shown that a full
time-domain solver is not necessary if the moorings package is to be used merely to establish the mooring con-
figuration properties. As a frequency-domain tool ROMEO offers all the suitable functionalities.

AQWA
The ANSYS AQWA brand name covers an entire suite of tools:

e The AQWA Graphical Supervisor — this is the GUI which is used to control operations and allow the
user to interact with other tools in the suite. It includes graphical renderings of the system being mod-
elled, plotting facilities for output data, export to spreadsheets, etc.

AQWA-LIBRIUM - for steady-state equilibrium load calculations.

AQWA-LINE — for wave loading calculations (regular waves only).

AQWA-FER — wave loading in irregular waves (frequency-domain only).

AQWA-NAUT - time-domain analysis of floating body (or several bodies) in either regular or irregular

waves. Includes several different types of basic mooring-line model and a cable dynamics module as

an optional add-on.

o AQWA-DRIFT - time-domain modelling of long-period loads under irregular wave conditions. Com-
plementary to AQWA-NAUT which deals with the wave-frequency loads.

o  AQWA-WAVE — A link between AQWA-LINE and external FEA packages.

AQWA-LINE

AQWA-LINE can be used as a stand-alone tool for some types of wave-loading calculations, or as a pre-
processor which calculates hydrodynamic coefficients for use by other products in the AQWA suite. The main
analysis technique used in this code is Radiation/Diffraction theory. It can calculate both wave-frequency forces
and second-order drift forces in regular waves. The Quadratic Transfer Function (QTF) matrix for second-order
drift forces can also be passed on to AQWA-DRIFT for a full time-domain analysis in irregular waves.

AQWA-LINE only handles regular waves, but can take account of current and wind forces as well. It calculates
the wave response of the structure in the frequency-domain and stores them as a set of RAOs for a range of
different frequencies. These can be subsequently used by other tools such as AQWA-NAUT.

AQWA-NAUT

AQWA-NAUT is a time-domain analysis program for modelling the motion of large floating bodies in ocean
waves. It deals with both regular and irregular waves, and can also include the effects of current and wind in the
model. AQWA-NAUT does not calculate the effects of wave drift forces — AQWA-DRIFT is required for that. It
can be used as a stand-alone tool or with AQWA-LINE as a pre-processor. It solves the second-order differ-
ential equations of motion and uses a “two-stage predictor-corrector” integration scheme to derive a time-
history from the solutions.

AQWA-NAUT uses linear hydrodynamic coefficients for the various degrees of freedom at different frequen-

cies, supplied by AQWA-LINE or an equivalent code, along with other hydrostatic and hydrodynamic informa-
tion. In regular waves, RAOs are used to calculate the time-domain response of the device in waves of a given
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frequency. The hydrostatic and Froude-Krylov forces are normally calculated by AQWA-NAUT itself, and used
in conjunction with the linear coefficients to build up a complete envelope of the loadings and motions of the
body. As part of the process, AQWA-NAUT requires a mesh of the body’s surface to be built. Four different
wave models are available for calculating the Froude-Krylov forces:

1. Linear wave theory — deep-water

2. Linear wave theory — finite depth

3. Second-order wave theory — deep-water

4. Second-order wave theory — finite depth

The Froude-Krylov force on a submerged body (e.g. an element of mooring line) is due to the unsteady pres-
sure field p(x,y,zt) produced by undisturbed waves, which is calculated in different ways according to the type
of wave model used.

AQWA-NAUT can model the interactions between floating bodies in an array (including radiation-coupling and
shielding effects), for up to 20 bodies. This is a total number of bodies, thus if a FOWT platform has e.g. 3 bod-
ies, arrays of up to six FOWTs can be modelled.

Moorings
In the core code of AQWA-NAUT, moorings are modelled as either linear or nonlinear cables. Five linear cable
models are available:

e Linear elastic cables.

e Winch cables.

e Constant force cables.

e Pulleys.

e  Drum winch cables.
Of these five, the one which may be of most interest for modelling FOWT platforms is the linear elastic cable,
assuming that winches, pulleys etc will not be used as frequently. The linear elastic cable is basically modelled
as a linear spring. Constant-force cables may also be useful for highly simplified mooring models where cable
details are not available.

The following nonlinear cable models are also available:
¢ Nonlinear steel wire: allows modelling of the nonlinear properties of steel wire.
e Nonlinear elastic hawsers: These are treated as nonlinear springs, whose force-extension curve is
represented by a polynomial (up to 5" order).
e Composite catenary lines: the lines themselves can be elastic, and the loading effects due to the
catenary shape are also modelled.
o Clump weights and buoys: these can be added to the line model.

Wave and current forces on mooring lines are ignored in all the above types of mooring model, unless the
“Coupled Cable Dynamics” module is used. This module has a dedicated user-interface window (see Figure
8.37), and allows the code to model mooring cables more realistically by calculating the drag and inertia (includ-
ing added-mass) forces on the cable. In the absence of the Cable Dynamics module, it is still possible to model
the effects of wave and current drag on mooring cables in AQWA-NAUT, using the “Slender Tube” (STUB) Mo-
rison element. For both of these latter approaches, the cable is divided into a number of rod-type elements and
the force on each element worked out separately. The hydrodynamic force on an element of cable, in the direc-
tion perpendicular to the element’s axis, is given by

1 . .
dF = EpDCd (uf - us)‘uf —u, ‘ + pACmuf — pA(C, —Du, [8-14]
(drag force) (wave force) (inertia force)

(The “inertia force” is effectively an added-mass term.)

where
Cy = drag coefficient
D = effective cable diameter for drag purposes

125



UPWIND WP4: Offshore Support Structures and Foundations

us = fluid velocity perpendicular to element axis

Us = cable element’s own velocity perpendicular to element axis

Cn = inertia coefficient

A = effective cross-section area (for a chain which does not have a uniform cross-section, this is actually
the volume of a unit length of cable)

ol = water density

These hydrodynamic forces are combined with the other loads on the cable (inertial / gravitational / tension
loading) and then forces on all the elements are used to model the overall dynamic behaviour of the cable.

Figure 8.37 User interface window for the optional Coupled Cable Dynamics module in AQWA-NAUT.

Key findings - AQWA

The conclusion drawn from the above is that AQWA-NAUT, in combination with WAMIT or AQWA-LINE, would
a suitable tool for a comparison exercise with the look-up table or quasi-static approach. It can model mooring
lines using Morison elements, which means a useful comparison can be made.

OrcaFlex

OrcaFlex is a dedicated “marine dynamics” analysis package produced by Orcina Software. It covers moorings
and risers, as well as towing systems. OrcaFlex can carry out full modal, static and dynamic analysis in the
time-domain. It supports a wide range of wave models as well as drift forces, wind drag, currents etc. The soft-
ware has a Windows Ul which includes animated or static 3-D graphical displays, including some quite realistic
rendering. OrcaFlex can also be run in non-interactive (batch) mode.

There is an interactive click-and-drag type Ul which allows the user to build up a model in a fairly intuitive way.
Objects such as vessels, buoys, mooring lines etc. can be added from a library of predefined objects or cus-
tom-defined by the user. Environmental conditions (wind, waves, currents) can be similarly defined and added
to the model. When a model has been completed a simulation is started. The behaviour of the model during the
simulation can be visualised on the animated 3-D view window. Output quantities (load, motions, etc) can be
sampled at user-defined intervals during the simulation and output to a file. Outputs can be easily imported to
Excel, etc. for further processing. OrcaFlex also has its own graphical display function.

Theoretical aspects

The code supports a wide range of different wave models, including regular and irregular waves (four standard
wave spectra are supported), and both linear and nonlinear waves. Wave drift forces are also available (in con-
trast to AQWA). Hydrodynamic forces on the mooring lines and the moored device are derived using an ex-
tended form of Morison’s equation. Mooring lines are modelled on a finite-element basis; each line is divided
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into a number of straight-line elements each with a clump weight, buoyancy and drag. Figure 8.38 shows the
coordinate frame of a line element. Each element is treated as a stiff massless rod with a telescopic sliding joint
in the centre, so that it can change in length (and can also twist around its own axis). The user is given the op-
tion of specifying both stiffness and damping coefficients for the following degrees of freedom:
¢ Axial deflections (changes in the length of the rod element).
e Torsional deflections about the rod element’s central axis. This means one end of the element twisting
relative to the other end.
e Bending deflections (changes in the relative angle between the rod element and its immediate
neighbouring elements).
N.B. The damping discussed above is only for the cable itself; external (hydrodynamic) damping is treated
separately and is discussed below.

&

Line element n

Line element n-1

Figure 8.38: Line element representation in Orcaflex, showing the element’s frame of reference.

The tension in each element of the line is given by the relation

I,=FAe+ EA.eM [8-15]
0

where:

T, = effective tension.

EA = axial stiffness of line (i.e. Young’s modulus x effective cross-section area).

€ = mean axial strain = (L-ALo)/(ALo).

L = instantaneous length of segment.

A\ = expansion factor of segment.

Lo = unstretched length of segment.

e = numerical damping of the line, in seconds.

Hydrodynamic drag forces on the line are found using a choice of three different relations, all based on Mori-
son’s equation. Drag forces are applied both in water and optionally also in air (wind forces). The same rela-
tions are used for both water and air, with appropriate values for fluid density. The three available relations are
as follows:

e Standard formulation — the most commonly used; suited to general flow conditions.

e Pode formulation — preferred by some modellers for situations where flow is nearly tangential to the

line.
e Eames formulation — sometimes preferred for bare (unsheathed) mooring cables.

127



UPWIND WP4: Offshore Support Structures and Foundations

As far as the wave-induced forces on the floating bodies are concerned, OrcaFlex relies on an external code
(AQWA and WAMIT are the ones it explicitly supports) to provide the hydrodynamic coefficients. The following
data can be imported from an external hydrodynamic solver:
¢ Displacement RAOs (amplitude and phase).
Load RAOs.
Quaderatic transfer functions (QTFs) for wave drift calculations.
Added-mass and damping coefficients.
Hydrostatic stiffness.

- - OrcaFlex 8.7a48 [Enabled modules: Statics, Dynamics, VIV] - [C:\,...\B04 Releasable nodifie =101 x|
File Edit Model Calculation View Graph Results Tools Window Help
D@-0 | R | AVooANS (NP INW | P01 0B &

Simulation Complete |

- - 3D View (azimuth=262; elevation=6)|

Figure 8.39: OrcaFlex screenshot showing both wire-frame and shaded 3-D views.

Key findings - Orcaflex

OrcaFlex is suitable for comparison with the look-up table approach because of the contrasting modelling
method (mooring lines are modelled by means of Morison elements). It has all the necessary functionality to
produce a sufficiently detailed simulation of the floating platforms and their moorings.

8.3.2 Simulation results: MBS approach

An approach for modelling mooring lines originally described by Kreuzer and Wilke for oil platforms [116], is to
divide the mooring line into rigid (or flexible, modal reduced) multi-body elements connected by spring-damper
elements. The line seabed interaction is modelled with a coulombic friction element including spring and hys-
teresis characteristics as a function of the translational forces. This MBS approach is currently investigated by
Matha et al and Azcona. A multi-purpose commercial Multi Body code (Simpack) has been extended to model
offshore floating wind turbines. An originally implemented quasi-static mooring line model (NREL’s HydroDyn)
has been replaced by a MBS based model. With this approach, no interface between separate programs is
necessary since the turbine’s structure and mooring lines are modelled within one code using the same
mathematical MBS formulation. This MBS formulation is numerically stable and also allows for a simple imple-
mentation of line-seabed interaction, required for catenary systems. First results for the OC3-Hywind spar buoy
in 320m water depth show significant differences in the floating WT system’s response between both modelling
approaches.

The MBS-model is built up of three mooring lines which are discretized into separate rigid bodies. Every single

body is modelled as a cylindrical structure and has the gross properties of the particular part of the mooring line
it represents. They are connected by spring-damper-elements to simulate the extensional stiffness and the ac-
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cordant damping by using the linear beam theory. Although this is a significant simplification of the structural
arrangement of the line’s fibers, it is necessary to reduce the model's complexity and thereby simulation time.
Using chain mooring lines, this stiffness and damping could be neglected.

N

— Spar Buoy

 ~3DOF
. TG
~ Fairlead B U

Joint ——
/

rigid body

Seabed Anchor

/////C/Sjﬁ //LlJ %

Figure 8.40: MBS mooring line configuration

The degrees of freedom (DOF) are reduced to a minimum of one translational and two rotational directions. To
enable the simulation of the line’s elongation the DOF in cylinder’s longitudinal direction has to be maintained.
Also the transverse rotational movements have to be enabled. The line’s twist DOF could be eliminated be-
cause there is no significant effect on the hydrodynamic behaviour due to the use of symmetric cylinders for
discretization.

The very complex behaviour of the seabed is reduced to a unilateral spring-damper-model with high stiffness
and damping to represent a rigid floor. The lateral friction is modelled by a simple coulombic element with an
empiric friction coefficient.

The hydrodynamic effects to the mooring line are represented by a variation of the Morison-Equation. Oster-
gaard and Schellin describe this variation for slender hydrodynamic transparent cylindrical structures with arbi-
trary orientation to the current of the surrounding fluid.

Li2
F= | (ﬁ—ﬂz%ﬂ: T ol | ds
_Jl Py 3 Py e "Fz“"“"‘,l

-

Where = is the fluid’s velocity, u, the relative velocity between structure and fluid and index » the normal direc-
tion to the segment. The drag and inertia coefficients ¢, and ¢, are chosen empirically which could lead to fur-
ther uncertainties. By using the potential theory the Morison-Equation considers hydrodynamic drag and inertia
but neglects effects based on dissipative flow, like vortex induced vibrations.

Investigations of the discretization show only small effects on the results when increasing the number of ele-
ments beyond a certain number of discretized elements. This number has to be identified by a sensitivity analy-
sis. Following this procedure enables to come up with a moderate discretization and limit simulation time while
keeping accuracy of the results.

Comparisons in Figure 8.41 of the platform’s surge motion to quasi-static models show significant differences

caused by the non-linear additional hydrodynamic damping of the MBS model. Accordingly, similar differences
in the fore-aft bending moment at the tower base can be identified in Figure 8.42.
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Figure 8.41: Time series of OC3-Hywind platform translation in surge direction with MBS and quasi-static mooring system
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Figure 8.42: Time series of OC3-Hywind Tower Base My with MBS and quasi-static mooring system
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9. Development of design requirements

9.1 Literature review of floating offshore standards

A literature review of current design standards relevant to offshore floating structures has been performed, to-
gether with comments on applicability to floating offshore wind turbines (FOWT), in order to provide input for
the standardization of floating wind turbines.

GL Guidelines 2005 — Guideline for the Certification of Offshore Wind Turbines
Scope:

» Guideline applies to the design assessment and certification of offshore wind turbines and offshore

wind farms.
Applicability for FOWT:

» Detailed requirements for design calculations. Description of load cases which cover design situations
and external conditions. Is applicable for FOWT too. Extension to further specific requirements is under
development with focus on stability requirements and mooring applications.

» Restrictions: specific requirements for FOWT (e.g. floating units, mooring) mainly as reference to GL
Rules (cited below).

GL Rules for Classification and Construction 2007 - Part 6 Offshore Technology — Chapter 2 Mobile Off-
shore Units
Scope: Requirements for the different types of mobile offshore units as:
»  Units connected to the sea bed by anchoring (mooring)
»  Units kept on position by dynamic positioning/propelling system
» Units connected by legs in jacked up condition
Applicability for FOWT:
» Requirements for floating and anchored units. Contains mooring requirements
» Restrictions: No wind turbine specific design load case requirements

IEC 61400-3 - Guideline for Offshore Wind Turbines, Edition 1.0 International Electrotechnical Commission
(IEC), Wind Turbines — Part 3: Design requirements of offshore wind turbines, 2009
Scope:
*  Guideline for fixed offshore wind turbines
Applicability for FOWT:
» Detailed requirements for design calculations. Description of load cases which cover design situations
and external conditions.
» Restrictions: No specific requirements for FOWT (e.g. floating units, mooring).
« Two extensions have been proposed: DNV - Commentary and amendments to IEC 61400-3 concern-
ing offshore floating turbines ([117], also included in WP 1A1 as an Annex), and IEC TC88 proposal for
new work item from Korean NC — Standard for floating offshore wind turbines [118].

DNV Energy Report: Guideline for offshore floating wind turbine structures, 2009
Scope:
« This provides requirements and recommendations for design floating support structures for offshore
wind turbines.
Applicability for FOWT:
+ Sections in the guideline made mostly reference to the DNV 0S-J101, Design of Offshore Wind Tur-
bine Structures, October 2007 and to other Rules for Offshore Structures
» Restrictions: Specific load cases for floating offshore wind turbines are still under development and
some related aspects are briefly mentioned.

DNV 0S-J101, Design of Offshore Wind Turbine Structures, October 2010
Scope:
+ Guideline applies to the design assessment and certification of offshore wind turbines and offshore
wind farms.
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Applicability for FOWT:

« Detailed requirements for design calculations. Description of load cases which cover design situations
and external conditions. Applicable for FOWT too. Extension to further specific requirements for FOWT
is needed.

» Restrictions: specific requirements for FOWT (e.g. floating units, mooring) mainly as reference to Off-
shore Rules.

BV Guidance Note NI 572 DT R400 E, November 2010 — Classification and Certification of Floating Offshore
Wind Turbines
Scope:
- This guidance notes gives requirements and recommendations for the classification of Floating Off-
shore Wind Turbines.
Applicability for FOWT:
» The load cases adopted for the design are defined on basis of the minimum load cases required by
IEC 61400-3 or load combinations of Offshore Rules.

1ISO 19904-1 - Petroleum and natural gas industries - Floating offshore structures - Part 1: Monohulls, semi
submersibles and spars
Scope:
« Requirements and guidance for the structural design and/or assessment of floating offshore platforms
used by the petroleum and natural gas industries. Reference to DNV-OS-C101.
Applicability for FOWT:
« General requirements for floating offshore platforms
» Restrictions: No specific wind turbine design load case requirements

1ISO 19901-7 — Petroleum and natural gas Industries — Specific requirements for offshore structures — Part 7:
Stationkeeping systems for floating offshore structures and mobile offshore units, 2005
Scope:
- This part of ISO 19901 specifies methodologies for the design, analysis and evaluation of stationkeep-
ing for floating structures used by the oil & gas industries
Applicability for FOWT:
» General requirements for floating offshore structures
» Restrictions: No specific wind turbines design load case requirements

DNV-0S-C101 - Design of Offshore Steel Structures, General (LRFD method)
Scope:
« Provides design principles, technical requirements and guidance for the structural design of offshore
structures. DNV-OS-C101 is the general part of the DNV offshore rules for structures.
Applicability for FOWT:
« General requirements for all offshore structures
» Restrictions: No specific wind turbine design load case requirements

DNV-0OS-E301 - Position Mooring
Scope:
» Applicable to all types of floating offshore units including buoys
Applicability for FOWT:
»  Specific guideline for mooring systems, e.g. applicable for FOWT
* Restrictions: n/a

API RP 2SK - Design and Analysis of Station keeping Systems for Floating Structures
Scope:
« Purpose is to present a rational method for analyzing, designing or evaluating station-keeping systems
used for floating units.
Applicability for FOWT:
 Recommended practice with detailed guidance for moorings systems including design, analysis and
operation.
* Restrictions: n/a
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Other standards

API RP 2A-LRFD - Recommended Practice for Planning, Designing and Constructing Fixed Offshore Plat-
forms - Load and Resistance Factor Design

API RP 2A-WSD - Recommended Practice for Planning, Designing and Constructing Fixed Offshore Platforms
- Working Stress Design

API RP 2T - Recommended Practice for Planning, Designing and Constructing for Tension Leg Platforms
DNV-0SS-312 - Certification of Tidal and Wave Energy Converters

DNV-0S-C201 - Structural Design of Offshore Units (WSD method)

DNV-0S-C401 - Fabrication and Testing of Offshore Structures

1ISO 19900 - Petroleum and Natural Gas Industries — General Requirements for Offshore Structures

1ISO 19900-1 - Petroleum and natural gas industries - Specific requirements for offshore structures - Part 1:
Metocean design and operating considerations

ISO 19902 - Petroleum and Natural Gas Industries — Fixed Steel Offshore Structures

9.2 Extensions to IEC 61400-3 standard for floating structures

The IEC 61400-3 standard specifies essential design requirements to ensure the engineering integrity of off-
shore wind turbines, in order to provide an appropriate level of protection against damage during the planned
lifetime. The current edition of the standard is applicable to bottom-mounted offshore wind turbines only, and it
is stated explicitly in the standard that the design requirements specified are not sufficient to ensure the engi-
neering integrity of floating offshore wind turbines.

There are a number of design advantages to floating support structures for offshore wind turbines. The princi-
pal advantage is that floating support structures enable the use of deep water sites, which hugely increases the
number of potential locations for offshore wind farms. There is also a decrease in the dependence of support
structure design on site conditions, and therefore more opportunity for production at large scales. As suitable
shallow water sites are used up it is expected that designers will increasingly investigate deep water sites which
would require floating support structures. The projected increase in demand for floating wind turbines requires a
corresponding development of the design standards and requirements, in order to ensure the engineering
integrity of floating wind turbines.

Recommendations are presented for possible extensions to the IEC 61400-3 standard to enable applicability to
deep-water floating wind turbine designs, including the implementation of additional/different design load cases.

Issues that need to be considered when defining DLCs for FOWTs include the following:

1. Potential large motions of the rotor-nacelle assembly. Influence of heave motion on air gap and rotor
clearance needs to be revised.
For the majority of offshore wind turbines installed to date, the wind conditions have been the primary
external consideration in the assessment of the structural integrity of the rotor-nacelle assembly (RNA)
and marine conditions have been of much less importance. However, for floating wind turbines the dy-
namic properties of the support structure mean that the marine conditions will have a much greater in-
fluence on the RNA loads. The IEC 61400-3 standard currently states that the RNA may be designed to
generic wind conditions, but that structural integrity of the RNA must be demonstrated by taking proper
account of the marine conditions at each specific site where the offshore wind turbine will be subse-
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10.

11.

12.

subsequently installed. However, for wind turbines to be installed on floating platforms the marine con-
ditions have a non-negligible influence on the structural integrity of the RNA. This means that the ma-
rine conditions need to be accounted for in the initial design of the wind turbine.
Preliminary results show that for spars or trifloat structures e.g. heel angles of up to 10° can occur. Due
to this, relative motion has to be analyzed and mechanical parts have to be reviewed. The analysis re-
quirements do not differ to those of floating structures of the oil & gas industry.

Inclusion of low-frequency components in wind and wave conditions shall be considered. These can be
important in evaluating the sway motion of the mooring system.

The influence of the water depth on the heave eigenperiod is a crucial issue for platforms with compli-
ant heave, roll and pitch modes. Increasing the water depth, the heave eigenperiod increases. The
choice of the design water depth will be directly related to the environmental conditions, with the aim to
avoid heave, roll or pitch resonance.

The relation between the heave and the roll/pitch eigenperiods shall be checked in order to avoid or at
least to estimate the consequences of parametric excitations. For new concepts of floating wind tur-
bines it must be ensured that the susceptibility of the structure to those parametric excitations and Vor-
tex Induced Motions are unlikely to occur or can be avoided due to proper choice of operational condi-
tions. Platforms with abrupt changes in the waterplane area and in metacentric height should be espe-
cially investigated.

Influence of wave drift forces on mean response e.g. for catenary moored systems shall be considered.

Influence of low frequency motions on the control system shall be analysed. The slow drift motions of
the floating structure may interfere with the control system since their periods are in the typical range of
coherent gust rising time.

Extension of the frequency range for wind/wave conditions to higher levels shall be taken into account.
High frequency excitation forces, generally of small amplitude, may be of importance for floating plat-
forms kept in place by tethers. The restrained modes (heave, roll and pitch) have eigenperiods below
the typical wave periods between 5s and 15s. Those platforms can experience high order effects like
springing (fatigue) and ringing. Ringing is understood as a natural frequency response of the structure
due to the weak impact, caused by steep asymmetric waves. This shall be considered for the design
assessment of TLPs.

Gust periods larger than 12 seconds shall be included in the analysis to cover the frequencies found
from the dynamic analysis of floating offshore wind turbines.

Inclusion of two-peaked spectrum formulations that properly reflect the influence of swells is essential
for the assessment of the mooring forces and the large period motion behaviour.

As mentioned in previous chapters the hydrodynamic and aerodynamic aspects of a FOWT are much
more complex than fixed offshore wind turbines. Minimum requirements on simulation tools for the
simulation of the coupled aero- and hydrodynamics of moored floating structures shall cover properly
the different issues related to this. The main issues for the aerodynamics are the large amplitudes of
low frequency motions combined with high heel angles. The wake formulation may have to be adapted
for these high angles.

The complexity of the system may even require model tests in the basin to analyse the relative motion
and impact load on deck structures. Until now no standard method to scale model tests for offshore
wind turbines has been developed.

Simultaneous time simulations of wind, wave and current shall be necessary for proper fatigue analy-
sis.
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Longer simulation requirements and how this relates to wind/wave stationarity has to be discussed.
Wind and sea spectra shall be extended to cover the requirements of simulations with proper time
length. It is proposed to extend the minimum simulation time of every single time series from 10 to 20
minutes to capture slow drift motions. The total required simulation time at every wind speed bin, for
e.g. DLC 1.1 to reach statistical convergence should not be less than 3 hours.

Importance of radiation and diffraction effects as well as wind/wave misalignment is to be considered
on the hydrodynamic model. For some types of structures the radiation and diffraction forces have the
same order of magnitude. As a result the Morison’s equation neglecting the diffraction components is
not applicable anymore. Enhanced panel methods may be applied. Hybrid formulations applying the
drag forces according to the Morison’s equation but including diffraction and radiation terms as ana-
lysed by classic methods may be a convenient solution for part of the hydrodynamic analysis.

Mooring and riser systems shall be considered as a new component with associated failure modes in
the wave turbine concept design. Failure modes shall be considered in the turbine safety system with a
following safety chain release (safety system activation) if threshold values are reached:

a. e.g. extreme heel angle during operation

b. vertical motion

c. extreme yaw of the floater

d. station keeping (deviation from reference point)

Condition monitoring systems may have to be extended to cover mooring specific issues (e.g. preten-
sion control for taut moorings).

Ice loads can be important for the mooring systems and shall be further analyzed.

The presence of ice will change the dynamics of a floating wind turbine considerably, as the significant
horizontal displacement experienced by the structure under normal conditions will be impeded. This ef-
fect shall be considered for the design of floating wind turbines to be installed at sites where sea ice is
expected to occur. This shall include guidance on modelling ice loads for floating turbines and possible
extension of the ice design load cases.

Inclining, stability and watertight integrity requirements shall be considered according to the IMO intact
stability code 1S-Code 2008, unless other national regulations are mandatory on where the device will
be installed. The unmanned platform should be treated as a pontoon. Damage instability is to be con-
sidered according to Offshore Rules and approved by National Authorities.

For transport ships that brings personnel to the site, the SPS-Code is to be applied, if no national regu-
lations are mandatory. The 1S-and the SPS-codes refer to the SOLAS document (definitions, etc...).
a. IS-Code 2008 International Code on Intact Stability, Res. MSC.267(85) adopted 2008
b. SPS-Code Code - Code of Safety for Special Purpose Ships, Res. MSC.266(84) adopted 2008
c. SOLAS Consolidated Edition, 2010 Consolidated text of the International Convention for the
Safety of Life at Sea, 1974, and its Protocol of 1988: articles, annexes and certificates

Safety system, sensors for water in tanks, draft control, deck clearance shall be included. Alarm opera-
tor or activation of the safety system if threshold values are reached should be specified.

Safety factors (including non-redundant mooring systems) shall be considered for moorings. Guidance
is given in ISO 19901-7.

For station keeping systems where no redundancy is available higher safety factors should be applied
and need further consideration.

Assessment of seismicity may be of significant importance for design of tension leg platforms.

Ship impact loads due to normal operations should be revised, since more severe consequences are
expected as for fixed offshore structures and due to the fact that two bodies are moving. Another issue
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is related to the size of the service vessel that should be considered for load case definitions. It is ex-
pected that the vessels are larger than the ones used for fixed offshore wind farms.

Load Cases and Design Conditions

The load cases and design conditions can follow the structure of the GL Guidelines for Offshore Wind Turbines
(shown below) or the IEC 61400-3 standard. Additional considerations from particular aspects of floating and
moored structures, as listed on the previous paragraph, shall be considered in the specification of the design
and operative conditions.

«  Normal operation (DLC 1.x)

«  Operation plus occurrence of faults (DLC 2.x)

- Start-Up, Stop (DLC 3.x, 4.x, 5.x)

» Parked / Standstill / Ready for operation (DLC 6.x)

« Parked / Standstill after occurrence of fault (DLC 7.x)
« Maintenance / Transportation / Repair (DLC 8.x)

Limit States: Examples

Possible resulting limit states for FOWTs from the above Guidelines are listed below and in Table 9.1. Espe-
cially the accidental and the serviceability limit states with requirements for the stability of the motions and cares
about floatability and leakage shall be considered.

Ultimate limit state:
« Normal operation plus occurrence of fault
»  Emergency stop procedures
« Extreme environmental conditions (current, wind, wave, sea ice, temperatures)
» Parked / standstill after occurrence of fault
* Line tension limit
Fatigue limit state:
* Normal operation
- Start/ Normal stop procedures
« Parked / standstill due to non-availability reasons
Accidental limit state:
« Loss of station keeping e.g. anchor or mooring line (free drifting)
« Collision, ship impact
Serviceability limit state:
«  Floating structure offset
*  Hydrodynamic stability

*  Motions
*  Floatability
+ Leakage

« Clearance requirements for mooring of different structures

Table 9.1: Possible Resulting Limit States

A Design Condition DLC

Normal operation, operation plus occurrence of fault DLC 1.x, 2.x. 3.x
Normal and emergency stop procedures DLC 4.x,5.x
Extreme environmental conditions (current, wind, wave, sea DLC 1.5, 1.6, 1.8, 6.x

ULS ice, temperatures)
Parked / standstill DLC 6.x
Hydrodynamic stability all DLCs
Transport, erection, maintenance and repair DLC 8.x

FLS Normal operation DLC 1.2
Start / normal stop procedures DLC 2.3,3.1,4.1
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Parked / standstill due to availability reasons DLC6.4,7.2

Hydrodynamic stability all DLCs

Motions all DLCs
SLS Floatability all DLCs

Leakage, water on deck, openings

Limitation of the movement (blade deflection)
Loss of station keeping (free drifting)

Ship impact

ALS

Safety Factors

Table 9.2 gives a comparison of the current safety factors adopted in the existing standards GL Guidelines for
Offshore Wind Turbines [31] and IEC 61400-3 [69]. Table 9.3 summarises the limit states and safety factors of
different standards, together with the associated return periods. Table 9.4 gives assumptions for environmental
conditions (return periods) associated with different design conditions.

Table 9.2: Safety Factors: Guidelines GL Offshore Wind Turbines 2005 and IEC 61400-3

GL 2005 IEC 61400-3
Limit State Design Condition . . Offshore Wind Turbines,
Offshore Wind Turbines .
Edition 1
Normal operation plus occur- 110/1,20 110/ 1,35

rence of fault

ULS Emergency stop procedures 1,20 1,35
Extreme environmental con-
ditions (wind, wave, sea ice, 1,35 1,35
temperatures)
Parked / standstill 1,35 1,35
Parked / standstill after oc- 110 110
currence of fault
Normal operation 1,00 1,00
FLS Start / Normal stop proce- 1,00 1,00
dures
Parl_<ed_/_ standstill due to 1,00 1,00
availability reasons
SLS Elastic deflections 1,00 n/a
ALS n/a n/a n/a

It should be emphasized that safety factors for floating wind turbines should be assessed based on existing
experience from various offshore standards, combined with consideration of:
* Reliability level required
* Uncertainties in loads, resistances and models used to calculate characteristic load effects and load
bearing capacities
« Computational models required / recommended for calculation of loads and load bearing capacities
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Table 9.3: Guidelines: Safety Factors vs. Limit States

Guideline Limit State Return Remarks
ULS FLS SLS ALS period

Load safety factors
Metallic materials -
ULS: yy =1,1;
FLS: 1,0 to 1,25,
depending on posi-
1,00 1,00 n/a 50 years tion and importance
FRP materials —
ULS: 2,3 to 2,65
FLS: 1,485 to 2,35,
depending on manu-
facture and type

GL 2005 - Offshore 1.1to
Wind 1.35

GL 2007 - Part 6 Off- Global safety

shore Technology — 1,1to 1,0to 1,05to .
Chapter 2 Mobile Off- | 167 | 135 | 100 | 745 | 100years | factors for working
. stress design
shore Units
GL 2007 - Part 6 Off-
shore Technology —
Chapter 2 Mobile Off- 1810 n/a n/a 12510 100 years
. 2.7 1.8
shore Units
Position Mooring
IEC 61400-3 - Guide- 11to
line for Offshore Wind 1’ 35 1,0 n/a n/a 50 years

Turbines, Edition 1

ISO 19904 - Petro-
leum and natural gas
industries - Floating
offshore structures - Refers to DNV-OS-C101
Part 1: Monohulls,
semi submersibles
and spars

DNV-0S-C101 - De-
sign of Offshore Steel 1.0to Load safety factors
Structures, General 1.3 1,00 1,00 1,00 100 years for LRFD

(LRFD method)

DNV-OS-E301 - 1110 a a 1.0t0 | 00 ears VIM*' may be ne-
Position Mooring 2.5 1.35 Y glected

ISO 19901-7 — Petro-
leum and natural gas
industries

Part 7: Stationkeeping 1.2to
systems for floating 2.0
offshore structures
and mobile offshore
units.

3.0 n/a 1.0

' VIM = vortex induced motions
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Table 9.4: Load Groups for Design

Load Group Design Condition Environmental Recurrence Limit State
Conditions Period
I Normal operation, Extreme < 50 years ULS, SLS
parked
Il Operation, emer- Normal < 1year ULS, FLS, SLS
gence stop, fault
occurrence, parked
after fault
1 Installation, To be defined by the - ULS
maintenance and designer
recovery
v Secured/Parked Normal < 1year ULS, FLS
during installation
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10. Conclusions

The enhancement of design tools and methods and the development of dedicated international standards are
essential for the progression of the offshore wind industry. As water depths increase and support structure so-
lutions become more complex, it is important that the design methods and standards are improved and up-
dated to reflect this. Enhancing design tools and methods enables a more accurate and detailed prediction of
loads and dynamic response, which in turn leads to more optimised structures and therefore cost savings. Im-
proved efficiency in the design process of complex support structures facilitates upscaling as it assists with the
large-scale implementation of big offshore wind farms in deep water. Reviewing and updating the international
design standards to ensure they are in line with industry best practice improves the reliability of offshore support
structure design.

The development of integrated design tools for both bottom-mounted and floating structures is presented.
Benchmarking activities are also presented for these design tools. For the benchmarking of the bottom-
mounted design tools Flex5-Poseidon, GH Bladed and AdCOS-Offshore, the mass and frequency comparisons
and overall trends of time series show good agreement. Small shifts are found in phase and magnitude, which
can be explained through differences in operating conditions and wave modelling. For the benchmarking of
floating design tools the results from Phase IV of the OC3 project are reviewed. Differences are found between
some of the codes in their prediction of structural and aerodynamic damping, which can be explained through
differences in modelling techniques. In one code a controller-induced instability in the surge mode was discov-
ered at the surge natural frequency with no waves. With waves present this instability is damped out by wave
radiation, indicating the importance of using potential flow based solutions for the analysis of floating support
structures.

An advanced technique for modelling joints in braced support structures, the super-element technique, is pre-
sented. A study is performed using a wind turbine mounted on a tripod support structure, with comparisons
drawn between a basic beam model of the tripod support structure and a model of the tripod including beams
and super-elements. Results from a full system modal analysis show some of the important natural frequencies
shifting towards the excitation ranges when super-elements are included. Results from time domain simulations
show some increases and some decreases in DEL with super-elements included. However, the largest
changes of DEL with significant values show a clear tendency of decreased moments using the super-element
model.

The development of advanced modelling techniques for the numerical simulation of aerodynamic, hydrody-
namic and mooring line effects for floating wind turbines are presented.

Regarding aerodynamics, improvements are required for simulation tools to capture all the possible relevant
effects. BEM is used in the majority of floating simulation tools, but is insufficient since in theory BEM does not
model aerodynamic effects such as wake interaction; yawed inflow; dynamic stall; and other aeroelastic effects
such as flutter which are more important for floating wind turbines. Potential flow methods, CFD and improved
BEM correction models tuned for floating wind turbines are investigated.

Regarding hydrodynamics, potential flow theory must be used to take proper account of the influence of the
floating body on the surrounding fluid. Second-order effects such as mean drift, slow drift and sum frequency
forces may also be more important. A comparison is performed between first and second-order hydrodynamic
excitation forces for two floating wind turbine concepts, a spar-buoy and a semi-submersible. The results show
that second-order effects are more important for the semi-submersible, as the structure is less hydrodynami-
cally transparent. For this structure second order effects are dominant over first-order effects for all modes ex-
cept heave, and are more important when waves are smaller and less steep.

Regarding mooring line dynamics, a number of modelling methods are available including the look-up table
approach, the quasi-static approach and the full dynamic approach. The central issue is whether or not it is ac-
ceptable to neglect the dynamic effects of mooring lines for floating wind turbines. Simulations are performed
comparing the quasi-static approach with a multi-body approach for a wind turbine mounted on a spar-buoy
floating platform. Results show significant differences between the two methods due to additional non-linear
hydrodynamic damping in the MBS approach.

Recommendations are presented for the implementation of a reduced set of design load cases for the prelimi-
nary design of jacket support structures. Two methods are presented for the fatigue load analysis: a simplified
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method assuming wind and waves aligned which is fast but conservative; and a more precise method account-
ing for full directionality of wind and waves which is less conservative but requires more effort. A reduced set of
extreme load cases assumed to drive support structure design is also presented.

A design load case parameter analysis for jacket support structures is performed, to test the relative influence
of a number of key design load case parameters affecting offshore wind turbine jacket support structure de-
sign. The results show that the fatigue loading of the jacket is dominated by wind loads, with a relatively low
contribution from hydrodynamics. This is shown by small changes in DEL when marine parameters are varied,
compared to large changes in DEL when wind parameters are varied. The parameter which has the most ef-
fect on fatigue loading is the natural frequency of the structure, which demonstrates the importance of placing
the natural frequency in the right range when designing a jacket support structure. The parameter which has
the most effect on the extreme loading on the structure is the wave period of the 50 year maximum wave.
Conservative load results are given when this parameter is set to the lower bound of the range given in the
standard.

A review of the IEC 61400-3 standard is presented, including contributions from researchers, consultants,
manufacturers and developers. Recommendations for the development of future editions include a review and
simplification of the design load case table, and more detailed guidance regarding site-specific requirements to
allow for site variability, for example the assessment of soil conditions.

A reliability-based calibration of safety factors for the fatigue design of offshore wind turbine support structures
is presented. The study shows that for fatigue critical details where fatigue load is dominated by wind, FDF val-
ues of 2.5 are required. Slightly higher values are required if the wave load is dominating. A significant reduc-
tion in the required FDF values can be obtained if good inspection quality is used and e.g. 3 inspections are
performed during the design lifetime.

A literature review of current design standards relevant to floating offshore wind turbines is performed, and rec-
ommendations are presented for possible extensions to the IEC 61400-3 standard to enable applicability to
floating wind turbines. These include considerations for defining additional design load cases, as well as limit
states and safety factors.
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