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Preface
In this report the results from project IEA Annex 30 Offshore Code Collaboration Continued
(OC4) phase II are reported with main attention to the Danish results obtained within the
EUDP funded project IEA Annex 30: Offshore Code Collaboration Continued (OC4) 640100071. The results from the international comparison is summarized here with respect to the
phase 1 addressing a jacket substructure and phase II addressing af semisub version.
Further on, supplementary investigation by DTU Wind Energy is carried out to explain some of
the notices differences with respect to both jacket and semisub results. This mainly concerns
the influence of super element reduction for the jacket and a more comprehensive comparison
of three hydrodynamic approaches using the aeroelastic code HAWC2 for the semisub. Here an
engineering approach mainly based on Morisons approach is used for a HAWC2-standalone
version, as well as two approaches where HAWC2 is coupled together with a potential flow
solution WAMSIM and WAMIT respectively. The theory of these three approaches is also
presented. With these approaches it is possible to explain in detail some of the differences
seen in the international comparison.
With this project, the application range for the aeroelastic code HAWC2 was significantly
extended as also obtained increased international recognition.
Roskilde, April 2014
Torben J. Larsen
Senior scientist, project leader.
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Summary
In this report the results from the project IEA Annex 30 Offshore Code Collaboration Continued
(OC4) phase II are reported.
The purpose of the project was to develop and verify existing aero elastic simulation tools for
offshore wind turbines mounted at two different sub structures for water depths above 20m.
The project was an international corporation consisting of developers and users of the
simulation tools for offshore wind turbines within the framework of the international IEA Annex
30, titled “Offshore Comparison of Dynamic Computer Codes and Models”. This annex was an
extension of the previous Annex 23, which had the purpose of development and verification of
computer codes for selected sub structures covering a water depth up to 30m as well as a
floating concept suited for water depths above 150m. The unique thing about these annex was
the constellation of international experts from the wind turbine environment and conventional
oil and gas industry. This led to a distribution of knowledge for all parties causing an increased
fidelity in the simulation tools crucial for cost effective offshore wind turbines. With this
project, the application range for the aeroelastic code HAWC2 was significantly extended as
also obtained increased international recognition.
The project was split in two main tracks. The first contained simulations of a 5MW wind turbine
mounted on a jacket at 50m water depth. Benchmark cases were established where the
complexity was gradually increased. The first cases covered stand still frequency analysis and
steady state load distribution. Wave loads were later introduced and the complexity gradually
increased until the final cases with fully turbulent atmospheric inflow, irregular wave loads and
a fully flexible construction. The approach of gradually increasing the complexity made it
possible to locate the reasons for discrepancies yet still also to include design driving load
cases.
The second track contained simulations of a floating turbine mounted on a semi sub. The large
dimensions on this semi sub were expected to require consideration of significant
radiation/diffraction forces. To solve this, more advanced hydrodynamic tools than the
traditional approach using Morison’s formula, were used. At DTU Wind Energy, an approach a
coupled method between the aeroelastic code HAWC2 and the potential flow solver WAMSIM
by DHI/MIT as well as a HAWC2 stand-alone approach using Morison formula and contributions
from distributed buoyancy was used. In the final part of the project a third approach was also
enabled consisting of a direct coupling between HAWC2 and WAMIT by MIT. As for the jacket
simulation cases the complexity was gradually increased from frequency analysis during
standstill until full dynamic simulations in time domain. A special case consisting of a loss of
mooring line was also included as this special case seemed to be included in the new upcoming
IEC standard for floating wind turbines.
One of the main results of the project is the establishment of a database, including the
definition of turbine and sub structure as well as the simulation results from the multiple
partners. This database enables present and new code developers to compare and verify their
results, which is a necessary step on the way to reliable and cost effective wind turbines

Phase I results
In general there is a very fine agreement between the participants regarding the
eigenfrequencies of the full system. Especially the first eigenmodes, which are most important
for the load response of the substructure is in fine agreement. The higher order modes are
agreement within +-10% and it seem as the modal based codes in general predict slightly
higher eigenfrequencies than codes solving the full set of degrees of freedom.
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With respect to the static load distribution within the jacket there seem to be surprisingly large
differences. The differences seen in the jacket corner legs can to some extent be explained by
minor differences in modeling of marine growth and for one sensor also different modeling of
the grouting connection at sea bed. Earlier in the project even larger differences was seen,
which was mainly explained by difference in the way buoyancy was modeled. After some
discussions it was clear that the approach of using integration of external water pressure was
most accurate with respect to the distributed internal forces in the jacket. This is also the
approach that from the start was used in the HAWC2 code. With respect to the internal brace
loads in the jacket even larger differences was seen with respect to the static loads. Mean load
levels was seen to deviate up to a factor 3. This could to some extend be explained by
different modeling of structural beams, where it has previously been found that for static
undetermined structures as tripods or even jackets it makes a difference whether Timoshenko
or Euler beams are used for the modeling. In a separate study by DTU Wind Energy it was
found that the reason for discrepancies could also directly caused by limitation in modal based
or super element based approaches. This however depends directly on the way the methods
has been implemented, but it seem to be necessary to include a correction term, where the
missing high order terms neglected in the modal approach is included as a static load
contribution.
The dynamic loading was in rather fine agreement where the fatigue load levels was in
agreement within 20%, which is considered acceptable at the present state where only very
limited experience with these constructions are present.
A separate study by DTU Wind Energy concluded that the jacket foundation approach may be
rather sensitive with respect to loading of steep non-linear waves. This study was based on the
exact same wind turbine and jacket used in the OC4 project to which a fine agreement
between all codes was seen for linear waves. The study only consisted of numerical simulation,
so no final conclusion was drawn, but at least it can be concluded that steep non-linear
irregular waves must be included in the design considerations for wind turbines mounted on
jacket (or similar) structures.

Phase II results
In general a very fine agreement is seen for all the results with respect to eigen frequencies
and free decay transients, which indicates that added mass effects can be well handled by
Morsions approach together with additional added mass effects from the heave plates
according to (Newman, 1986) and proper consideration of buoyancy.
A fine agreement is also seen when simple wave load cases are applied to the rigid system.
The main difference in response is the second order drift forces that are not present using the
potential flow methods. A drift force is seen for the HAWC2-standalone due to the wheeler
stretched wave profile. This causes a different response in especially the anchor line, where
the tension in the upstream line is higher for the HAWC2-standalone than for the coupled
versions.
The pitch motion is slightly higher for the HAWC2-standalone version than for the version with
WAMIT or WAMSIM when the structure is subjected to linear incoming waves. The
consequence of this is a noticeable increase in especially tower bottom loads. When flexibility
in the structure is also introduced, where full flexibility in the substructure is only possible with
the HAWC2-standalone version, the tower loads increase even further. These results are in line
with results seen from the international comparison. It is generally recognized that WAMIT and
WAMSIM are significantly more advanced hydrodynamic codes than an engineering approach
using Morisons equation on distributed beam elements. However these models are eg rather
simple with respect to viscous drag force modeling and so far not capable of handling flexible
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structures. From the study in can therefore not be concluded, which approach for this
particular system is the best, but only that large differences in tower loads are seen.
Furthermore a comprehensive comparison of three hydrodynamic approaches using the
aeroelastic code HAWC2 is presented. Here an engineering approach mainly based on Morisons
approach is used for a HAWC2-standalone version, as well as two approaches where HAWC2 is
coupled together with a potential flow solution WAMSIM and WAMIT respectively. The theories
of these three approaches are also presented. With these approaches it is possible to explain in
detail some of the differences seen in the international comparison.

General code improvements
During the project the aeroelastic code HAWC2 was extended with respect to simulations on
jackets, which includes both expansions of structural and hydrodynamic aspects. The solver
was improved significantly with respect to correct handling of hydrodynamic added mass and a
pre-processor specifically aimed for handling the complex design of a jacket was developed.
The wave kinematics module was improved so wave kinematics can be pre-calculated in a
reduced number of points causing a remarkable speed up. In the final part of the project it was
also made possible to condensate the complex jacket structure to a super element. This
reduced the degrees of freedom from 700+ to about 20, which makes it possible to simulate
fully coupled turbine-jacket simulations at real time, which is about same speed for onshore
turbines. The advantage of having the option of whether the structure should be condensed or
not has the advantage that the required mode shapes for the condensation can be found using
a few initial simulations for a specific problem.
The models used for modeling of dynamic mooring lines were improved with respect to
robustness and influence of wave loading. The code HAWC2 was coupled together with the
hydrodynamic codes WAMSIM and WAMIT respectively. The project was used to verify these
couplings for numerical errors and thereby ensured a useful tool within very short development
time. The eigenvalue solver in HAWC2 has been improved so that mooring line contributions as
well as contributions from external systems are included from a linearized steady state
condition. This also included contributions from WAMIT and/or WAMSIM. Furthermore, it is now
possible to reduce the floating substructure to a linearized super element, as for the jacket.
This is especially useful related to stability analysis and tuning of control parameters in
frequency domain combination with the code HAWCStab2, or simply to carry out time
simulations very fast.

.
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Physical meetings in the project
An important part of the project is the sharing of knowledge between the participants, which to
a large degree has been done through physical meeting during the project. These meeting has
been placed in conjunction with important conferences that people planned on attending. The
list of meeting have been shown below
Kick-off meeting, Warsaw, poland, April 26, 2010
Meeting 1 (Kick-off 2), Bremerhaven, Germany, June 8, 2010
Meeting 2, Hamburg, Germany, October 29, 2010
Meeting 3, Maui, Hawaii, USA, June 24, 2011
Meeting 4, Amsterdam, The Netherlands, December 2, 2011
Meeting 5, Rhodes, Greece, June 22, 2012
Meeting 6, Vienna, Austria, Feb 8, 2013
Meeting 7, Nantes, France, June 14, 2013
Meeting 8, Frankfurt, Germany, November 19, 2013
Further on 16 web based meeting has been carried out.
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Phase I:
Phase I addresses benchmark comparison of the 5MW NREL Wind turbine mounted on a jacket
foundation.

Methods
A total of 15 different codes participated in the benchmark as listed in Table 1. Some of the
codes are standalone codes, where others are coupled approaches between a turbine load code
and another specific foundation module eg. FLEX-ASAS and FLEX5-Poseidon. In general the
aerodynamic modules are all based on the Blade Element Momentum (BEM) approach, but as
always the Devil is in the detail and the implementation of the BEM approaches are not
completely identical. However, for these aerodynamically rather simple cases it was previously
found in the OC3 project (Vorpahl et.al., 2013) that a sufficient match was present with
respect to comparisons of foundation loads.
With respect to the structural formulation there are in general two different approaches, full
Finite Beam Element (FEM) and a modal based approach. Some codes used combinations of
the two. When going one level deeper into the differences, some codes used a multibody
formulation, and some codes a Craig-Bampton, Guyuan or third approach for generating the
mode shapes. It is not possible to provide a full overview of all the codes, but for the HAWC2
code, please see (Kim et.al 2013) and for the other codes please see Table 1.
The hydrodynamic forces for the jacket simulation are primarily based on Morisons approach
(Morison et. al 1950) with extensions for added mass and buoyancy. Especially there are
different approaches with respect to how buoyancy is implemented. In HAWC2, the buoyancy
approach is based on pressure integration as explained in the methods section in the phase II
chapter which is the correct approach when distributed forces within the structure is targeted.
Many other codes used as default some kind of inverse gravity, reduced density or principles
from Archimedes, but these methods only ensure the total buoyancy to be correct, not
necessarily the distributed forces. Another point for different approaches is how to handle
flooded members. In the beginning of the project all codes (except HAWC2) used an increased
mass of the steel component for the flooded corner piles. This ensures a correct total mass
(steel+water), but the distribution of internal axial forces is not necessarily correct. The
explanation is that water inside the legs are not rigidly attached to the steel wall, but will
cause pressure in the bottom plate only and therefore only to a very limited level cause axial
compression in the legs (assuming the legs are not divided into compartments). After this was
presented by DTU, all the other code developers changed their practise. This is described in
more details in (Popko et.al 2014).
The wave kinematics is for linear regular and irregular waves based on the Airy Method (Airy,
1841) where the surface elevation issues are accounted for using Wheeler stretching (Wheeler,
1970). The steep waves are accounted for using stream function wave theory (Chaplin, 1980)
and (Fenton, 1988). Related to both the IEA OC4 project, but also a Danish PSO project a
study of the wave loading on the jacket using fully non-linear and irregular waves was carried
out using HAWC2 and presented in (Larsen, 2011) as well as (Bredmose et.al. 2013). These
results are however not included in the general benchmark cases, but shows that the jacket
construction could be highly sensitive to steep waves causing a high amount of transient
vibrations.
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Table 1: List of simulation codes included in the phase I benchmark.
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Turbine and jacket definition
In the OC4 project, the ”NREL 5-MW Offshore Baseline Turbine” defined by Jonkman et al.
(2009) is supported by the UpWind reference jacket model developed by Vemula et al. (2010)
and further adopted by Vorpahl et al. (2011) for the needs of this benchmark exercise, see
Figure 1. The definition of the jacket support structure, used within the OC4 project, consists
of a jacket substructure, a transition piece and a tower. Four legs of the jacket are supported
by piles, which are modeled as being clamped at the seabed, see Figure 2. The legs are
inclined from the vertical position and stiffened by four levels of X-braces. Additionally,
mudbraces are placed just above the mudline to minimize the bending moment at the
foundation piles. The jacket and the tower are connected through a rigid concrete transition
piece. The elevation of the entire support structure is 88.15 m, whereas the hub height is
90.55 m. The OWT is analysed for a site of 50m water depth.
The definition of the OWT should be as simple as possible to minimize the effort and modeling
errors in its implementation in various codes. On the other hand, its complexity should allow it
to mimic the structural behaviour of a real OWT and to depict differences in results between
the simulation codes. For simplification reasons, it is decided not to include appurtenances on
the jacket structure such as boat landings, J-tubes, anodes, cables, ladders etc. Also, joint
cans are not taken into account in the setup of the model. At joints, the connecting nodes of
elements are defined at the intersection points of the members’ centerlines. This leads to
overlap of elements in the analysed jacket. Due to the overlapping members, the mass of the
jacket is overestimated by about 9.7 %, though there is only a marginal influence coming from
overlapping parts on eigenfrequencies and simulated loading as demonstrated in Kaufer et al.
(2010). The additional masses such as: hydrodynamic added mass, water in flooded legs and
marine growth, have a strong influence on the dynamic response of the structure, and
therefore, are included in the model description. Marine growth mass and hydrodynamic added
mass are also slightly overestimated considering the presence of overlapping members, but
that was assumed acceptable in the light of this project aiming primarily on the benchmark
using identical modeling data.
A visualization of the combined structure through the HAWC modeling is shown in Figure 3.
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Figure 1: Illustration of the modeled turbine and jacket foundation.

Figure 2: Illustration of details relted to the trasition piece and the pile connections using a
grouted connection
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Figure 3: Visualization of the HAWC2 model with the blades in a deflected state. Left: With
surface, right: Element and node resolution.
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Phase I: Loadcases
A set of load cases was defined starting with very simple standstill conditions without wind or
wave loading just to ensure a similar static load level and to compare natural frequencies and
component mass during standstill. The next set of cases consisted of again simple load
situation, now with a rigid construction subjected to simple wave or wind loading to ensure
that the hydro and aerodynamic input was of same magnitude before proceeding to the more
complex cases with a fully flexible structure subjected to fully turbulent wind loading during
operation and a fully irregular sea state. The load cases can be found in Table 2 to Table 6.

Table 2: Overview of loadcases with a standstill situation with a flexible construction.
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Table 3: Overview of loadcases with a rigid construction subjejted to wind and wave loading.

Table 4: Overview of loadcases with a fully flexible construction subjected to wind, but not
wave loading.
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Table 5: Overview of loadcases with a rigid turbine, a flexible jacket subjected to wave loading
only.

Table 6: Overview of loadcases with a fully flexible construction subjected to both wind and
wave loading.
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Phase I: Sensors and coordinate systems
The coordinate systems used in the output channels are defined according to the IEC and GL
recommendation. For the substructure this means that the x axis is the default wind direction
and z is positive upwards, see Figure 4 and Figure 5.

Figure 4: Coordinate system of the tower and substructure

Figure 5: Position of output sensors for the substructure
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Phase I: Results
The results presented in this chapter is mainly based on the papers (Popko et.al. 2012) and
(Popko et.al. 2014)
The first comparisons addressed natural frequencies and stand still cross sectional load levels.
The natural frequencies are shown in Figure 6, where a fine agreement is seen in most cases.
The variation in frequency is very low for the first few modes, which are also the most
important ones with respect to tower and substructure loads. For the higher modes there in
general also an agreement within +/-10%, however it is also clear that it sometimes can be
difficult to identify the different mode shapes, which most likely is the reason for the
discrepancies of the 1st edgewise collective mode. In the HAWC2 results this mode does not
even exist, since collective edge is the same mode as the one denoted 1st drivetrain torsion.
(Popko, 2014) concludes that for the higher order modes as the 2nd flap or edgewise mode
there seem to be a systematic difference between full FE based codes and modal based codes,
where the modal based codes result in slightly higher frequencies. This, however, most likely
depends on the detailed implementation and coupling of the mode shapes as illustrated in the
DTU Wind Energy study written in the chapter “Phase I: Study of super element reduction
impact” below.

Figure 6: Comparison of natural frequencies.
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A general discrepancy in all loadcases is the mean load level inside the jacket. Some of this in
explained by difference approached for calculating buoyancy. An example of this can be seen
in Figure 7 where the axial load level in a pile is not the same for all participants. It should be
noted that during the first rounds of comparison the discrepancy was even larger than shown
in Figure 7, but after a constructive discussion the method of using integrated pressure was
generally adopted by all and the remaining difference is mainly caused by differences related
to pressure forces on the grout connection, small discrepancy in marine growth mass and
buoyancy. The method of using a reduced submerged steel mass is not sufficiently accurate for
a jacket construction. Further on it can be seen that the time varying vertical forces are not
completely identical either, which is explained with small differences in the contribution from
the varying dynamic pressure due to the wave motion. The horizontal force variation is
however in much better agreement as see in Figure 8.

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

A comparison of the load level at both tower top and mudline is shown in Figure 9. The
structure is subjected to operational aerodynamic forces at 18m/s in case 2.4b. The fatigue
load variation is, if the two outliers GAST and ADCoS is neglected, within 20% which is
considered a quite fine agreement.

Figure 9: Comparison of tower and mudline horizontal forces with aerodynamic forces only at
18m/s. Case 2.4b
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An example of blade tip deflections is shown in Figure 10 for the few codes capable of handling
blade torsion. All codes agree on the phase dependence; however the magnitude differs with a
magnitude of 3. This illustrates the complexity for calculating this property even in a simple
case at 8m/s without turbulence, which in some cases is quite important since it couples
directly to the aerodynamic forces through the angle of attack. The complexity of blade torsion
is also seen in Figure 11, where discrepancies in the blade torsion can be seen for the
turbulence case 3.4a.

Figure 10: Comparison of blade twist angles and rotor speed for loadcase 3.2

Figure 11: PDF of blade root forces and pitching moment in loadcase 3.4a.
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When observing response for the case with a fully flexible sub structure subjected to wave
loading, the dynamic behaviour is similarly captured by all codes. This is illustrated in Figure
12 where a special sensor measuring the horizontal out-of-plane motion of an X-joint is
compared. This is also seen in Figure 13 and Figure 14 including contributions of irregular
waves and combined wind and waves respectively. The most uncertain load is actually the
mean load level in the structure, especially seen in the axial force of a brace member, see
Figure 13.Some codes have a load level 3 time higher than others! This indicated a
fundamental problem with the codes regarding correct handling of a static undetermined
structure. It was previously found in the OC3 (Vorpahl et.al 2013)) project that whether beam
member for a tripod was modeled as Timoshenko of Bernoulli beam could cause a factor two
difference for the distribution of axial loading.

Figure 12: Out-of-plane deflection at center of X-joint at level 2 on side 2, loadcase 4.3b

Figure 13: Axial force in center of brace 59, LC 4.5.
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Figure 14: Damage equivalent loads at jacket leg, LC 5.7.
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Phase I: Study of super element reduction impact
As part of this OC4 project and a parallel research project funded by PSO, a new structural
option in HAWC2 was enabled. This approach concerned a reduction of the equations of
motions (EOM’s) into a reduced number of equations based on a super element reduction
technique.
The full description of this approach has been reported in (Bredmose et.al., 2013), but as a
small summary the full EOM can (in a simplified form) be rewritten from
(1)

Where x is the state vector in physical coordinates and M, C and K is the mass, damping and
stiffness matrix respectively.
(1) Can be rewritten to generalized coordinates based on the change in state variables using a
transformation matrix T.
(2)
Where the states y are in generalized coordinates and contains a potentially much reduced
number of states than contained in x.
The reduced set of EOM can be written
(3)

Which can be written in short as
(4)

An essential part of the benefit of the rewriting into generalized coordinates with respect to
simulation time and accuracy depends especially of the transformation matrix T. This may,
depending of the actual physical problem, be generated based on a static Guyan reduction
(Guyan, 1964), dynamic modes shapes or a combination thereof.
Within the OC4 project a small study was carried out to investigate how the condensation of
the jacket problem should be handled within HAWC2.
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Static mode shapes
First the transformation matrix was generated based on a static reduction technique as
described in (Guyan, 1964). The principle is that unit loads are applied at the interface node
(coupling between the sub structure and the tower) and the corresponding deflection shapes is
contained as columns in the transformation matrix T. This is illustrated in Figure 15.
As a first evaluation whether the Guyan reduction is a good approach to the definition of the
transformation matrix T, and finally whether it leads to correct results, the natural frequencies
of the combined full turbine and superelement approach was compared to the full DOF
approach, shown in Table 7. Here it can be seen that the natural frequencies are well
preserved for the combined approach, with small deviance for mode 9 and 10, which are the
second flapwise bending modes.
The next comparison was a comparison of time series for selected location at the turbine and
within the substructure. The turbine sensors are presented in Figure 16, where a perfect match
is seen. However when comparing the internal load in the jacket a deviation to the full solution
is seen, see Figure 17. This shows that the Guyan reduction approach is fine with respect to
the overall performance, however it is not well suited for analysis of the internal load levels.

Figure 15: Principles for a static Guyan reduction of the jacket. Unit forces are applied at the
interface node to which the corresponsing deflection shapes is derived and used for the
transormation matrix.
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Mode Nr
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Frequency
Full
Combined

Ratio

0.00
0.32
0.32
0.62
0.66
0.69
1.07
1.08
1.20
1.21
1.64
1.72
1.88
1.97
2.82
2.99
3.63
3.93
3.99

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.03
1.03
1.00
1.00
1.00
1.00
1.03
1.00
1.01
1.04
1.00

0.00
0.32
0.32
0.62
0.66
0.69
1.07
1.08
1.17
1.18
1.64
1.72
1.88
1.97
2.74
2.99
3.58
3.79
3.99

Damping Log decr
Full
Combined Ratio
0.00
2.63
2.69
2.82
3.18
3.30
3.17
3.41
9.68
9.78
7.36
13.91
9.16
9.24
15.77
20.61
24.06
17.72
14.61

0.00
2.63
2.69
2.82
3.19
3.30
3.25
3.62
9.37
9.27
7.42
13.91
9.15
9.24
16.54
20.61
24.50
18.49
14.12

1.00
1.00
1.00
1.00
1.00
1.00
0.98
0.94
1.03
1.06
0.99
1.00
1.00
1.00
0.95
1.00
0.98
0.96
1.03

Table 7: Table of full combined turbine and jacket eigenfrequencies between a full set of DOF
and a version where the full turbine model is connected to the static condensated super
element. A fine but not perfect match is seen for most frequencies.

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

32

Figure 16: A comparison of a selected number of turbine sensors. Full solution is compared to
the combined full turbine and static Guyan condensated super element. A perfect match is
seen.

Figure 17: A comparison of a selected number of internal jacket sensors. Full solution is
compared to the combined full turbine and static Guyan condensated super element. A
deviation in results is seen, especially for the very low frequent (static) contributions.
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Dynamic mode shapes
If the super element of the jacket is generated on basis of dynamic mode shapes instead, the
immediate question is: Which modes? As a first attempt we tried with the lowest 30
eigenmodes of the jacket only fixed at mudlevel and free at the tower interface point.
Examples of such mode shapes can be seen in Figure 18. By comparing the natural frequencies
of the full turbine with jacket, see Table 8, it is very clear that the dynamics of the full system
is not identical to the target from the full DOF approach and therefore not useful at all.

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

Mode Nr
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Frequency
Full
Combined

Ratio

0.00
0.00
0.32
0.32
0.62
0.66
0.69
1.07
1.08
1.20
1.21
1.64
1.72
1.88
1.97
2.82
2.99
3.63
3.93

1.00
1.00
0.90
0.90
0.99
1.00
1.00
1.00
1.00
1.05
1.02
0.99
1.00
1.00
1.00
1.02
1.00
1.01
1.06

0.00
0.00
0.35
0.36
0.63
0.66
0.69
1.07
1.08
1.14
1.19
1.66
1.72
1.88
1.97
2.76
2.99
3.58
3.69

Damping Log decr
Full
Mode Nr
Full
0.00
0.00
2.63
2.69
2.82
3.18
3.30
3.17
3.41
9.68
9.78
7.36
13.91
9.16
9.24
15.77
20.61
24.06
17.72

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

0.00
0.00
0.32
0.32
0.62
0.66
0.69
1.07
1.08
1.20
1.21
1.64
1.72
1.88
1.97
2.82
2.99
3.63
3.93

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

Mode Nr
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Frequency
Full
Combined

Ratio

0.00
0.00
0.32
0.32
0.62
0.66
0.69
1.07
1.08
1.20
1.21
1.64
1.72
1.88
1.97
2.82
2.99
3.63
3.93

1.00
1.00
1.07
1.03
1.05
1.00
1.00
1.01
1.01
1.05
1.03
1.14
1.00
1.00
1.00
1.21
1.00
1.04
1.10

0.00
0.00
0.30
0.31
0.59
0.66
0.69
1.06
1.07
1.14
1.17
1.43
1.72
1.88
1.97
2.33
2.99
3.50
3.56

Damping Log decr
Full
Mode Nr
Full
0.00
0.00
2.63
2.69
2.82
3.18
3.30
3.17
3.41
9.68
9.78
7.36
13.91
9.16
9.24
15.77
20.61
24.06
17.72

0.00
0.00
2.47
2.60
2.91
3.19
3.28
3.42
3.95
8.60
9.32
8.04
13.91
9.16
9.24
13.48
20.61
28.73
24.72

1.00
1.00
1.07
1.03
0.97
1.00
1.00
0.93
0.86
1.13
1.05
0.91
1.00
1.00
1.00
1.17
1.00
0.84
0.72

Table 9: A comparion of natural frequencies for the full solution and a combined approach with
full turbine and super element. the super element has in this case be generated based on a
combination of static and dynamic mode shapes of the jacket only. The dynamic modes are
generated without constraint at the tower interface node.
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Static and dynamic modes using the Craig-Bampton approach
A classic method for the generation of super elements is the Craig-Bampton approach (Craig
and Bampton, 1968). With this approach the transformation matrix is generated based on a
static and dynamic approach. In contrast to the previous attempt the dynamic modes are
generated with fixed constraints at the interface node. The static modes are still derived using
fixed constraints at mudlevel and no constraints at the interface node where the unit load are
applied. The lowest 25 dynamic modes have been included together with the 6 static modes.
When observing a comparison of natural frequencies for the full turbine-jacket system a very
good agreement is seen in Table 10. For the lowest 17 modest there is a perfect match which
is indeed impressive.
However when observing the final load within a brace member, see Figure 19, there is still a
mismatch in the load level between the full DOF approach and the super element approach.
This finding could be the explanation for the difficulties of finding the same load level within
the static undetermined jacket structure seen in the OC4 results.

Mode Nr
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Frequency
Full
Combined

Ratio

0.00
0.00
0.32
0.32
0.62
0.66
0.69
1.07
1.08
1.16
1.17
1.63
1.72
1.88
1.97
2.68
2.99
3.33
3.45

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.93
0.96

0.00
0.00
0.32
0.32
0.62
0.66
0.69
1.07
1.08
1.17
1.18
1.63
1.72
1.88
1.97
2.68
2.99
3.56
3.58

Damping Log decr
Full
Mode Nr
Full
0.00
0.00
2.63
2.69
2.82
3.19
3.30
3.26
3.66
9.32
9.18
7.45
13.91
9.16
9.24
17.25
20.61
26.02
28.28

0.00
0.00
2.63
2.69
2.82
3.19
3.30
3.25
3.63
9.36
9.25
7.45
13.91
9.16
9.24
17.22
20.61
24.87
17.56

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.01
1.00
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.05
1.61

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

The missing part.
From the OC4 comparison it is very clear that large differences in load level are seen in the
mean loads within the static undetermined jacket structure. Some part can perhaps be caused
by different approaches for buoyancy and other external loads, however it could also be that
the approach using condensated super elements, modal based formulation or Guyan reduced
descriptions is problematic with respect to static undertermined problems.
At least for the super element generated using HAWC2, there are some problematic issues.
However, this problem is actually not new at all. In 1979 similar issues was addressed with
respect to an oil rig model and a solution was presented by Hansteen and Bell (Hansteen and
Bell, 1979).
The basic idea is that the high frequent modes, that are neglected in the analysis is included in
the solution as a static loading. More precisely this is formulated by inserting a new state
variable in the basic equations
(5)

(6)
Where the index h indicates the modeshapes from 1 to n (highest selected mode) and the
index x is for the remaining mode shapes.
The solution of finding yh is still based on the problem
(7)

Where the remainder yx is subsequently found based on the residual force Fx.
(8)

Where the final state vector x is found
(9)
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This approach was verified in the Hansteen and Bell paper with respect to wave load on an oil
rig, shown in Figure 20. This still needs to be fully verified for the jacket substructure within
HAWC2 and will be done in the near future.

Figure 20: Verification of modified super element approach for an oil rig (top) subjected to
wave loading. A lower left is seen a fine agreement for a node state both with and without
modifications, whereas at lower right the bending moment is seen only to fit for the low
frequencies with a full or modified modal approach. From Hansteen and Bell, 1979.
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The impact of steep non-linear waves on the jacket substructure
In (Larsen et.al., 2011) and (Bredmose et.al, 2013) a wind turbine mounted on a jacket was
investigated with respect to the influence of nonlinear wave load contributions. The study was
carried out for a stand still situation where the turbine is stopped and the blades are pitched
90deg. The investigated standstill situation is with waves in a direction directly towards the
wind turbine direction. Since the blades are pitched, the aerodynamic contribution was
considered very low and aerodynamic loads on the tower were also neglected. This load
condition is considered highly relevant for offshore turbines and is known to be problematic for
monopile configurations since the total level of structural, aerodynamic and hydrodynamic
damping generally is very low at stand still.
The load increase from the nonlinear waves is pronounced and seen to increase the load level
for all the simulated wave cases. For small significant wave heights the increase in load level is
likely to be caused by ”springing” where ”ringing” is seen for the large significant wave
heights. It is however difficult to really identify whether it is ”springing” or ”ringing” that
causes the high response for the nonlinear waves, which is illustrated in Figure 21, however it
is clear that the structural response occurs when the wave is very steep. The increased load
effect was seen for all sensors on the structure but is especially pronounced for the tower
bottom bending load and the leg load in the upper part of the substructure. For the cases with
small significant wave heights, the increased high frequency content in the nonlinear waves
seem to cause a general small increase in loads, which fits very well with the springing
affected loads. The mechanism is however different for the large significant waves where
ringing occur. Here the single large waves in the irregular wave train is of a magnitude large
enough to excite the structure and cause large transients after the wave passing. The
excitation is mainly on the first structural frequency at 0.32Hz and due to the low amount of
damping, the vibration levels become large. Since the turbine is at standstill and the blades
are pitched 90deg, the aerodynamic damping on the structure is minimal, and there is only
contribution from damping originating from the structure, hydrodynamics and soil. In order to
see the influence of damping levels, results was obtained for damping levels between 2 and
10% expressed a a log. decrement, which represent the expected range of efficient damping
for a turbine mounted on a monopile. For all cases a significant increase in loads are seen for
the nonlinear wave loads. The load increase could be to an increased level of a factor of 2-3
compared to the approach using linear wave theory. This really indicates the importance of
these nonlinear wave situations for sites where steep nonlinear waves occurs, as eg. in the
inner Danish waters.

Figure 21: High transient load is seen in the jacket when steep non-linear irregular waves are
applied, from (Bredmose et.al., 2013).
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Phase II:
In phase II, the 5MW turbine is simulated in combination with a floating semi submersible
structure.

Methods
In this chapter the three different approaches for modeling the floating wind turbine are
presented. Special attention is on the hydrodynamic aspects as the wind turbine modeling is
identical for all three approaches. A description and general validation of HAWC2 can be found
in (Kim et.al, 2013) and (Larsen et.al., 2013).
The anchor line model is identical for all three approaches. It consists of a fully dynamic
nonlinear chain-element model, originally described in (Kallesøe and Hansen, 2011). The
model contains a structural description of a chain module with elements only capable of
transferring axial forces and includes effects of large rotations as well as hydrodynamic added
mass and drag. A set of vertical nonlinear springs is used from mudline and downward to
ensure correct handling of bottom contact. Above mudline the spring’s stiffness is zero
corresponding to floating conditions. The mooring line will for low motions of the cables
correspond to a static non-linear mooring line solution, but in the simulation also dynamic
effects of the line movement in the water is included. The inertial of the line itself is included
as well as viscous drag. It is assumed that the added hydrodynamic mass effects are
neglectable.
As part of this EUDP project, the mooring line module was extended for inclusion of wave
forces from the incoming wave field using Morison’s formula. Furthermore a general python
script was created which enables an easy creating of the otherwise rather complex input data
for the mooring line module.

Figure 22. illustration of the non-linear mooring line model (left) and the handling of the sea
bottom contact problem (right). From (Kallesøe and Hansen, 2011)
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HAWC2-Standalone
In the basic version of the program HAWC2, hydrodynamic forces can be included quite
similarly to how other distributed external force from aerodynamics and gravity are included.
As default the wave kinematics are calculated from a separate module a bit similar to how
turbulent wind is generated for the wind loading. The wave velocities and accelerations are
converted to external forces on the structure using Morison’s formula and there are also
contribution for added mass and drag effects of heave plates, buoyancy forces and influence of
flooded water.
In the calculation of hydrodynamic forces, it is assumed that the structure is assembled from
slender members with a local diameter much less than the length of the incoming wave. A set
of calculation points is distributed along the structure. In these calculation points, the
hydrodynamic forces are calculated with an engineering approach with contribution from
different load generating effects.
First of all the Morison formula (10) is used for calculating the wave forces dF.

dF  AU  Ca ARU rel  12 DCdU rel U rel

(10)

The Froud-Krylov contribution is included in the term
, the added mass effects in the term
|
|.
and the viscous drag from the term
is the density of water, A is the
cross sectional area, is the water acceleration, CA is the added mass coefficient related to the
shape dependent cross sectional area AR.
is the relative acceleration between wave and
structure, D is the diameter of the cross section and Urel is the relative velocity between wave
and structure.
The added mass and drag from the heave plate is included as a separate concentrated end
effect with an added mass based on a sphere (Newmann,1986), see Figure 23. From this
figure it can be seen that the added mass coefficient for a circular disc is 0.65.
The heave plate also contributes with viscous drag forces (2), especially important for the
heave motion. The drag coefficient used in the HAWC2 simulations is 2.4.

|

|

(11)
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Figure 23. Added mass effects of a sphere, from (Newman, 1986). If ‘a’ equals zero then the
expression can be used for a thin circular disc. Heave notation is m11.

Buoyancy is found based on an approach equivalent to integration of external pressure forces.
This is done in order to ensure a correct force distribution so that internal cross sectional
forces in the structure can be found. The local buoyancy forcing per length of the structure is
found as written in (13) and (14) for cross sectional forces and moments respectfully. An
essential part is the orientation of the beam expressed as the orientation matrix A (z along the
beam, x and y perpendicular and orthogonal to z). The offdiagonal terms A3,1 and A3,2 only
contains values when the beam is not vertical. Conicity is expressed as the change in Area S
per length z . Gravity acceleration is denoted g.
In the end of the beams, or where changes in area occur, concentrated forces are inserted
according to (3).
,

3

1

0

2

,

|

|

(12)

(13)
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(14)
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HAWC2-WAMSIM
The vessel response model WAMSIM developed by DHI, Denmark is capable of simulating
wave-induced motion of a moored or freely floating structure in the time domain. The wave
exiting force is calculated assuming a superposition of long-crested (uniform along one
horizontal dimension) waves. The results of each WAMSIM simulation are presented as timeseries of motions for surge, sway, heave, roll, pitch and yaw and as forces in the mooring lines
and vessel diffraction forces. The radiation/diffraction code WAMSIM for calculating floating
body dynamics is based on the frequency-domain program WAMIT for the calculation of the
hydrodynamic quantities (Bingham, 2000), (Christensen, 2008), (Hansen, 2009). The
structure in WAMSIM is assumed to behave as a rigid body.

Figure 24. The WAMSIM model of the semi sub platform. Symmetry about the y = 0 plane is
exploited

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

t

t

τ

τ dτ

t

t

t ,

j

1,2 … , N (15)

All non-linear external forces, such as those due to viscous/frictional damping, are included via
the term Fjnl(t). The rest of this equation describes the inertia, hydrostatic restoring forces,
and hydrodynamic forces on the bodies to first order in the body motion and the wave
steepness. The bodies' linear inertia and hydrostatic restoring matrices are Mjk and Cjk,
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respectively. The forces due to radiated waves generated by the bodies' motions are expressed
as a convolution of the radiation impulse response functions, Kjk, with the body velocity (plus
the impulsive contributions, ajk, which come from the t=0 limit of the radiation problem, and
are proportional to acceleration). A cross sectional view of the semisub can be seen in Figure
24. The transfer functions (RAO) can be seen in Figure 25 and Figure 26.
Buoyancy is handled by integration on the submerged volume, where it is assumed that the
initial position corresponds to a steady state equilibrium. The mass of the system is set to
match this submerged volume mass in line with the assumption of steady state equilibrium. A
simple and practical approach in many cases, but for the coupled approach to HAWC2 this
caused some practical issues since the mass of the submerged volume is not necessarily the
same when the turbine and anchor loads are assembled through the HAWC2 coupling. This had
some importance for loadcase 1.2 where the steady state solution was to be found and
fictitious forces had to be applied to ensure a correct heave position.

Coupling of HAWC2 with WAMSIM
The coupling of the models has been performed by letting a special version of WAMSIM
interact with an interface for external models included in HAWC2, originally presented in
(Larsen, 2011). The frame for connecting the external DOF's in the WAMSIM frame has been
done using the multibody approach in similar way as the core of HAWC2 is build. First the
external mass and stiffness matrix is set up in its own coordinates system. Secondly a set of
six constraints are set to ensure fixed connection in translation and rotation at the coupling
point. These constraints are updated at every time step and iteration and the derivative of the
constraint with respect to the external system DOF are evaluated. The same solver (Newmark
beta) used in the core of the code is also applied to the external system and therefore solved
in an integrated way with the HAWC2 equations of motion. The special WAMSIM model has
been compiled as a dynamically linked library (dll) that is activated and controlled by HAWC2.
A number of modifications has been made to WAMSIM in order to return the right quantities to
HAWC2 at the right times. The coupled model involves the following steps:
1. Mass matrices and stiffness matrices of the floating foundation are calculated by WAMSIM
and delivered to HAWC2.
2. HAWC2 sets up mass and stiffness matrices for the entire system including wind turbines
and floating foundation.
3. HAWC2 sets up mass and stiffness matrices for the entire system including wind turbines
and floating foundation.
4. The simulation is initiated by HAWC2. A WAMSIM subroutine is called by HAWC2, with
HAWC2's guess on the state of the system (ie. velocities and position in 6 DOF's) and the
constraint force at the model interface (ie. forces from wind turbines on foundation). The
subroutine uses parts of the WAMSIM routine for solving body equations of motion to
returns the state differentiated with respect to time (ie. accelerations and velocities). All
hydrodynamics incl. added mass and forcing from incident waves are included in this step.
5. The iterative solver of HAWC2 will repeat Step 3 with new guesses of the state vector until
the calculated residuals are acceptable. When the acceptance criteria are met it will
proceed to the next time step, and step 3 is repeated for this time step.
The convergence with this approach is in general very good and convergence is obtained within
1-2 iterations. The impact on simulation time with the coupled system to WAMSIM has not
been noticeable.
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Figure 25. WAMSIM transfer function for 0deg wave heading

Figure 26. WAMSIM transfer function for 45deg wave heading
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HAWC2-WAMIT
A newly developed stand-alone HAWC2 interface to WAMIT, similar to HAWC2-WAMSIM
coupling, has also been used in the OC4 project. The interface reads WAMIT output files
directly and uses these as input to a HAWC2-WAMIT module via the HAWC2 external system
DLL interface (Called ESYSWamit on the following pages).
ESYSWamit can model rigid body floating structures limited to 6 degrees of freedom (DOF), 3
displacements and 3 rotations. The structural mass of the floating structure is included
ESYSWamit and allows arbitrary positioning of center of gravity and rotational inertia. The
necessary constraints are implemented in ESYSWamit which allows coupling the floating
structure to the wind turbine model to enable integrated simulation of the total floating wind
turbine system.
The wave input to ESYSWamit is taken directly from the wave definition built into HAWC2
which allows other wave-dependent HAWC2 modules (e.g. the mooring lines) to share the
same wave environment.
ESYSWamit implements the 6-DOF rigid body equations of motion for the floating structure
and applies the following external forces to the structure:
 Gravity (in COG)
 Buoyancy (in COB, provided by WAMIT output)
 Linear and non-linear damping forces (user specified)
 Linear stiffness (user specified)
 Hydrostatic forces (provided from WAMIT output)
 Radiation forces (provided from WAMIT output)
 Diffraction forces (wave forces) (provided from WAMIT output)

The gravity and buoyancy forces and centers are independent which allows the floating
structure to be in static equilibrium when external components interact with the structure (e.g.
when a wind turbine is put on top of it). The user-specifies damping and stiffness forces are
implemented for flexibility reasons to allow the user to interact with the system in a simple
manner, e.g. to model simple mooring systems or to fit model behavior to measured response.
The hydrostatic forces are read from file and added to the linear stiffness matric for the
system.
The radiation and diffraction forces are really the main concern in the ESYSWamit
implementation. Both force components are implemented as convolution integrals based on
the frequency response functions (FRFs) provided by WAMIT.
The radiation forces are output from WAMIT as the FRFs of hydrodynamic forces driven by the
movement of the structure in all 6 DOFs. For each DOF, 6 FRFs are provided, one for each
force component. This gives, in principle, 36 FRFs for the radiation force component, but due
to symmetry conditions many of these are either equal or zero.
Similar to the radiation forces, the diffraction forces are also provided by WAMIT as FRFs,
however, driven by the wave elevation instead of the movement of the structure. Since there
is only one driving parameter (the wave elevation), the diffraction forces are described by 6
FRFs, however, 6 FRFs for each wave direction. Presently, ESYSWamit can only handle one
wave direction per simulation, but future plans include an interpolation scheme which can
handle changes in wave direction during the simulation.
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An example of one of the radiation FRFs provided by WAMIT output is shown in Figure 27- the
upper plot shows the amplitude and the lower plot shows the phase of the surge radiation
force driven by the surge acceleration. The force is in phase with the acceleration at zero and
at infinite frequency, but in-between the force amplitude and phase is seen to be highly
frequency dependent. The blue line is the WAMIT output directly read from file – the red dots
wil be mentioned later.

Figure 27: Surge/surge radiation FRF.
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To go from the frequency domain forces defined by the FRFs to time domain is done by
convolution. In general, the convolution integral is defined as:
(16)

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

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

One general difference between the radiation and the diffraction IRFs is that the radiation IRFs
must be equal to zero for t<0 while the diffraction IRFs extend towards negative time. From
the definition of the convolution integral in (6) it is seen that if the IRFs are non-zero for
negative time, the force at present will be dependent on future values of the driving
parameter. In case of the diffraction forces, the IRF shows that the force at present is
dependent of the wave elevation in the future which is only natural because the structure can
feel the waves approaching the structure. However, for the radiation forces which are
dependent on the movement of the structure, the force cannot be dependent on how the
structure will move before the movement has actually taken place. This is called causality and
the radiation FRFs must obey causality otherwise they are un-physical. In Figure 28 it is seen
that the radiation IRF does have non-zero values for time<0, however small. This small
contribution is caused by truncation of the frequency range when calculating the IRFs by
inverse Fourier transformation using the Filon integration scheme and in the validation
described next, the influence is shown to be negligible.
A validation of the implementation of the radiation and diffraction transformation into time
domain has been made in the following way: Several simulations of the ESYSWamit model
were made with HAWC2 where the structure was forced to move harmonically at varying
frequencies. After the first transient period of the simulation has passed, the force response
also become harmonic, and the amplitude and phase of the harmonic response is plotted on
top of the corresponding FRF provided by WAMIT input. The result of this validation procedure
has produced the red dots in Figure 27: Surge/surge radiation FRF. (the blue line is the
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corresponding FRF from WAMIT). The correspondence between the input FRF and simulated
FRF is good and shows that the radiation forces calculated by ESYSWamit can be trusted. The
same procedure with varying wave frequency and fixed structure has been followed and the
same correspondence between input FRF and simulated FRF was found for the diffraction
forces (not shown herein). To conclude, both radiation forces and diffraction forces produced
by ESYSWamit are indeed trustworthy.

Loadcases
The loadcases was set up where the complexity was gradually increased. The first cases
covered stand still frequency analysis and steady state load distribution. Wave loads were later
introduced and the complexity gradually increased until the final cases with fully turbulent
atmospheric inflow, irregular wave loads and a fully flexible construction. The approach of
gradually increasing the complexity made it possible to locate the reasons for discrepancies yet
still also to include design driving load cases. The list of load cases are shown in Table 11.
Case 1.x are standstill situation with no external forces from waves of wind. Steady state loads
and position if found together with eigenfrequencies and decay transients. Case 2.x are also
standstill situations with a rigid turbine and a substructure with flexible mooring lines. Wave
loads are applied. Case 3.x covers situation with a fully flexible construction submitted to both
wind and wave loads. Furthermore, a load case where the transfer function from wave motion
is found. This term is also denoted response amplitude operator (RAO).
Load
Case
1.1
1.2

Description
Eigenanalysis
Static equilibrium

Enabled
DOFs
All
All
Platform
and
moorings
Platform
and
moorings
Platform
and
moorings
Platform
and
moorings
Support
structure
Support
structure
Support
structure

1.3a

Free decay, surge

1.3b

Free decay, heave

1.3c

Free decay, pitch

1.3d

Free decay, yaw

2.1

Regular waves

2.2

Irregular waves

2.3

Current only

2.4

Current
and
regular waves

Support
structure

50-year
extreme
wave
RAO
estimation,
no wind
Deterministic,

Support
structure
Support
structure
All

2.5
2.6
3.1

Wind
Condition
No air
No air

Wave Condition
Still water
Still water

No air

Still water

No air

Still water

No air

Still water

No air

Still water

No air

Regular Airy: H = 6 m, T = 10 s

No air
No air
No air
No air
No air
Steady,

Irregular Airy: Hs = 6 m, Tp = 10 s,
γ=2.87, JONSWAP spectrum
Surface = 0.5 m/s, 1/7th power law
decrease with depth
Regular Airy: H = 6 m, T = 10 s;
Current at surface = 0.5 m/s, 1/7th
power law
Irregular Airy: Hs = 15.0 m, Tp = 19.2
s, γ=1.05, JONSWAP spectrum
Banded white noise, PSD =1 m2/Hz for
0.05-0.25 Hz
Regular Airy: H = 6 m, T = 10 s
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below rated

3.2

Stochastic,
rated

at

3.3

Stochastic,
rated

above

3.4

Wind/wave/current

All

3.5

50-year
extreme
wind/wave

All

3.6

Wind/wave
misalignment

All

3.7

RAO
estimation,
with wind

All

3.8

Mooring line loss

All

3.9a

Flooded column

All

3.9b

Flooded column

All

RAO
=
Response
Amplitude Operator

All

All

DOF
=
Degree
of
Freedom

uniform, no
shear: Vhub =
8 m/s
Turbulent
(Mann
model):
Vhub
=
Vr
(11.4 m/s)
Turbulent
(Mann
model):
Vhub = Vr (18
m/s)
Steady,
uniform, no
shear: Vhub =
8 m/s
Turbulent
(Mann
model):
Vhub
=
Vr
(47.5 m/s)
Steady,
uniform, no
shear: Vhub =
8 m/s
Steady,
uniform, no
shear: Vhub =
8 m/s
Steady,
uniform, no
shear: Vhub =
18 m/s
No air
Turbulent
(Mann
model):
Vhub = Vr (18
m/s)
Vhub = hubheight wind
speed
Vr = rated
wind speed
PSD
=
powerspectral
density

Irregular Airy: Hs = 6 m, Tp = 10 s,
γ=2.87,
JONSWAP spectrum
Irregular Airy: Hs = 6 m, Tp = 10 s,
γ=2.87,
JONSWAP spectrum
Regular Airy: H = 6 m, T = 10 s;
Current at surface = 0.5 m/s, 1/7th
power law
Irregular Airy: Hs = 15.0 m, Tp = 19.2
s, γ=1.05,
JONSWAP spectrum
Regular Airy: H = 6 m, T = 10 s,
direction = 30⁰
Banded white noise, PSD =1 m2/Hz for
0.05-0.25 Hz

Regular Airy: H = 6 m, T = 10 s
Still water
Irregular Airy: Hs = 6 m, Tp = 10 s,
γ=2.87, JONSWAP spectrum

H = wave height
Hs = significant wave height
T = wave period
Tp = peak-spectral wave period
γ = peak enhancement factor

Table 11: Overview of loadcases for the semi sub simulations.
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Phase II: Sensors and coordinate systems
In this report, the coordinate system as used in the HAWC2 simulations has been used
directly. Please pay attention that these orientation may differ compared to sensor used in
joint papers within the international rojects members as it was there decided to use a more
common IEC set of coordinates.
The HAWC2 coordinate system is defined with the global z coordinate pointing downwards, the
global y-direction in the direction of the default wind and wave direction and x horizontally to
the side. Further on, each body on the structure has its own coordinate that is defined by the
choise of the user. In this particular case, the structure is typically defined along the z-axis of
the body coordinate system. The coordinate systems are shown in Figure 31 and Figure 32.

Figure 30 Global coordinate system and numbering order for columns and mooring lines
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Figure 31: Body coordinates of the full system. X, Y and Z
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Figure 32: Body coordinates of the semi sub. X, Y and Z. The bodies are in all
cases modeled along the direction of –Z (opposite direction of Z).

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

55

Phase II: Results
Phase II: Case 1.1: Steady state condition
The first and most basic case was the full system in a standstill situation, steady water and
without wind loading. The dynamics of the system was investigated through eigenvalue
analysis. In order to enable this, a new eigenvalue solution approach was implemented in
HAWC2 which made it possible to perform the eigenvalue analysis at a time where a steady
state equilibrium was obtained and also that it was possible to solve the full problem including
contribution from structural flexibility, fully dynamic anchorline flexibility, buoyancy and
gravity.
In general there is a fairly good agreement with respect to the natural frequencies and except
of a few outliers a match within 5% was obtained.
4Subsea_P
ABS
CENER
CENTEC
CGC
CSIC
CeSOS
DHI
DTU
GH
GH Adv
Goldwind
IFE
IST
MARINTEK
NREL
NREL_FAST8
NTUA_M
NTUA_PM
POSTECH
PRINCIPIA-IFPEN_M
PRINCIPIA-IFPEN_P
SWE
U-TOKYO
UOU
WavEC
Figure 33: Participants line notations used in Figure 34. DTU is the HAWC2standalone results.

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

56

Frequency (Hz)

0.05
0.04
0.03
0.02

Ya
w

Pi
tc
h

R

ol
l

ea
ve
H

Sw

Su
rg

e

0

ay

0.01

7
6

Frequency (Hz)

5
4
3
2

w
To
1s
t

1s
t

To
w

er
F

or

eAf
t

0

er
Si
de
-S
1s
id
tT
e
ow
er
To
rs
D
io
riv
n
et
ra
in
To
rs
1s
io
tF
n
la
pw
is
e
1s
Co
tE
ll.
dg
w
is
e
2n
Pi
d
tc
To
h
w
er
Fo
2n
re
d
-A
To
ft
w
er
Si
de
-S
2n
id
d
e
Fl
ap
wi
se
Co
ll.

1

Figure 34: Full-system natural frequencies from LC 1.1. IEA international results.
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Case 1.3: Free decay test
Case 1.3 is a decay test with an initial displacement of the structure of 22m in the surge
direction. A very fine agreement is seen both for the international comparison as for the three
versions of HAWC2.
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Figure 35: Surge free decay (LC 1.3a), platform motion response. IEA international results

Figure 36: Case 1.3a. Surge and heave. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is
HAWC2-StdAlone
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Case 1.3b is a decay test with an initial displacement of the structure of 6m in the heave
direction. A very fine agreement for all methods is seen for the heave response, whereas in the
corresponding pitch rotation, differences are seen. Two distinct levels of amplitude is seen.
From the three version of HAWC2 it can be seen that the different response in pitch is a
consequence of whether Morison or a potential solution is used. A higher level of drag in the
Morison approach, not present in the potential flow solutions may very well be the reason for
the differences.
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Figure 37:Heave free decay (LC 1.3b), platform motions response. IEA international results.

Figure 38: Case 1.3b. Heave and pitch. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is
HAWC2-StdAlone
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Case 1.3c is a pitch decay test with an intial rotation of 8deg. A difference in pitch frequency is
seen between the three HAWC2 versions. The HAWC2-WAMSIM approach results in a lower
frequency. The reason for this is most likely caused by the approach of handling mass and
buoyancy in WAMSIM as explained in the theory chapter HAWC2-WAMSIM. A too high mass is
probably the outcome of the assumption of substructure mass being identical to the mass of
the submerged volume of water by the substructure compensated by external fictive forces,
since the actual mass of the substructure is significantly lower. When the mass is too high, the
inertia is also too high and therefore the pitch frequency too low. This is however a small thing
to update in WAMSIM, but is important to be aware about.

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

Case 1.3d is a yaw decay test with a initial yaw rotation of 8deg. Three approaches in HAWC2
lead to same frequency, but slightly different damping levels. The method using Morisons
approach also has the highest damping.

Figure 40: Case 1.3d. Yaw rotation. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is
HAWC2-StdAlone
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Case 2.1: Linear waves on a rigid structure
In this case the structure is rigid, but the mooring lines flexible. Linear waves are applied with
a wave height of 6m with a time period of 10s. In Figure 42 a drift force is seen for the
Morison based simulations causing a different surge position as well as different anchor line
tensions. This is explained by the wheeler stretching of the wave. A small phase difference is
also seen. It can also be seen that the pitch motion is higher for the Morison based approach.
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Figure 41: Regular wave simulation (LC 2.1), H = 6 m, T = 10 s. IEA international results.
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Figure 42: Case 2.1. Wave elevation, surge, pitch, tower Mx, axial force line 1 top. A is
HAWC2-WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Even though the wave
height is not outputted for HAWC2–WAMSIM it is still present.
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Case 2.2: Regular waves on a flexible substructure
Rigid turbine at standstill. Flexible substructure and moorings submitted to irregular Airy wave
forces. Hs = 6 m, Tp = 10 s, γ=2.87, JONSWAP spectrum.
In this case a significantly different response is observed for the pitch and surge motion of the
structure when Morisons approach is used compared to the potential flow solutions. The
increased pitch motion has a direct consequence in term of increased tower bending moments
and increased anchor line tension. Since the surge motion is reduced it seem as the effective
forcing point on the substructure is located at a lower position for the potential flow methods
than for the Morsions approach. One explanation could be the slight wave non-linearity from
wheeler stretching only applied with the Morison approach. Since the consequence is large,
this is a point that need to be validated with experiments at later stage.

Figure 43. Irregular wave simulation (LC 2.2), Hs = 6 m and Tp = 10 s, mean value of response.
IEA international results

Figure 44. Irregular wave simulation (LC 2.2), Hs = 6 m and Tp = 10 s, variance of response.
IEA international results
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Figure 45: Case 2.2. Surge, pitch, Mx tower bottom, Line 2 axial force. A is HAWC2-WAMIT, B
is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left is a zoom of the time signal, right is the
distribution function.
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Case 2.5: Iregular waves on a flexible substructure
This loadcase is with a rigid turbine, but flexible mooring and substructure (Morison based
versions). Irregular waves from a 50 year sea state is included. : Hs = 15.0 m, Tp = 19.2 s,
γ=1.05, JONSWAP spectrum.
The Morison based results gives a higher response in pitch motion causing higher tower
loads as also seen in load case 2.2.

Figure 46: Case 2.5. Wave elevation, surge, pitch, tower bottom Mx. A is HAWC2-WAMIT, B
is HAWC2-WAMSIM and C is HAWC2-StdAlone
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Case 3.2: Iregular waves on a fully flexible structure at 11.4m/s
In this load case, the structure is fully flexible (potential flow methods with rigid substructure
though). The turbine is operating at 11.4m/s in turbulent inflow and the waves are irregular
with Hs = 6 m, Tp = 10 s, γ=2.87, jonswap spectrum.
It can be seen that the fully flexible HAWC2-stdalone solution results in higher pitch motions of
the structure, which can be seen to cause larger variations in rotor speed, power production
and blade pitch angle. The tower loads agree very well in the top of the tower and side-side,
but the fore-aft tower bottom loads larger variations are seen in the HAWC2-stdalone edition
with the flexible semisub and Morison approach.

Figure 47. Irregular wave simulation with wind (LC 3.2), Hs = 6 m, Tp = 10 s, V=11.4 m/s,
mean value of response. IEA international results

Figure 48. Irregular wave simulation with wind (LC 3.2), Hs = 6 m, Tp = 10 s, V=11.4 m/s,
variance of response. IEA international results
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Figure 49: Case 3.2. Wind, Electrical power, rotor speed, blade pitch angle. A is HAWC2WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone.
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Figure 50: Case 3.2. Pitch, Mx tower top, My tower top, Mx tower bottom. A is HAWC2WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left is a zoom of the time signal,
right is the distribution function.
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Case 3.3: Iregular waves on a fully flexible structure at 18m/s
In this load case, the structure is fully flexible (potential flow methods with rigid substructure
though). The turbine is operating at 18m/s in turbulent inflow and the waves are irregular with
Hs = 6 m, Tp = 10 s, γ=2.87, jonswap spectrum.
As for case 3.2 it can be seen that the fully flexible HAWC2-stdalone solution results in higher
pitch motions of the structure, which can be seen to cause larger variations in rotor speed,
power production and blade pitch angle. The tower loads agree very well in the top of the
tower and side-side, but the fore-aft tower bottom loads larger variations are seen in the
HAWC2-stdalone edition with the flexible semisub and Morison approach.

Figure 51: Case 3.3. Wind, Electrical power, rotor speed, blade pitch angle. A is HAWC2WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone.
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Figure 52: Case 3.3. Pitch, Mx tower top, My tower top, Mx tower bottom. A is HAWC2WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left is a zoom of the time signal,
right is the distribution function.
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Case 3.5: Iregular waves on a fully flexible structure at 47.5m/s
In this load case, the structure is fully flexible (potential flow methods with rigid substructure
though). The turbine at stand still with the blades pitched 90deg. The wind speed is 47.5m/s in
turbulent inflow and the waves are irregular with Hs = 15 m, Tp = 19.2 s, γ=1.05, jonswap
spectrum.
Again larger pitch motion is seen for the HAWC2-stdalone with Morison approach compared to
the rigid semisub with potential flow theory. This results in higher tower loads, whereas the
anchor line tension is more unaffected.

Figure 53: Case 3.5. Wind speed, rotor speed, surge. A is HAWC2-WAMIT, B is HAWC2WAMSIM and C is HAWC2-StdAlone.
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Figure 54: Case 3.5. Pitch, Mx tower top Mx tower bottom, line 1, line 2, line 3. A is
HAWC2-WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left is a zoom of the time
signal, right is the distribution function.
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Case 3.9a: Flooded compartment, no waves
LC 3.9 examines the response of the semi during a damage scenario where water has flooded
a compartment within one of the offset columns. Water is added to both Base Column 1 and
Upper Column 1. For Base Column 1, the column is completely flooded, which results in the
addition of 3.82e5 kg of water. Upper Column 1 is flooded up to 9.33 m above the base of that
column, which means an addition of 1.704e5 kg of water.
It was not directly possibly to adjust the water ballast in the hydrodynamic codes WAMSIM
and WAMIT, and therefore these results does not result in a skew orientation of the semi
sub. The impact can be seen from the HAWC2-standalone results where the offset is
included. The semisub is seen to have a pitch angle of 7deg and a roll angle of 4deg due to
the water offset, which directly causes extra loads on the tower bottom.

Figure 55: Case 3.9a. Heave, pitch, roll,Mx tower bottom, My tower bottom. A is HAWC2WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone
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Case 3.9b: Flooded compartment, iregular waves
This loadcase is also with flooded compartments as for case 3.9a, but here the turbine is
operating at 18m/s with turbulent inflow and irregular waves Hs = 6 m, Tp = 10 s, γ=2.87,
jonswap spectrum.
It was not directly possibly to adjust the water ballast in the hydrodynamic codes WAMSIM and
WAMIT, and therefore these results does not result in a skew orientation of the semi sub which
explain the main result differences.

Figure 56: Case 3.9b. Wind speed, Wave height, Electrical power, sway, surge, heave. A is
HAWC2-WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left the time signal, right
is the distribution function
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Figure 57: Case 3.9b. Pitch, roll, Mx tower bottom, My tower bottom, Fz line 1, Fz line 2, Fz
line 3. A is HAWC2-WAMIT, B is HAWC2-WAMSIM and C is HAWC2-StdAlone. Left the time
signal, right is the distribution function
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