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Abstract

Over the last years, sustainable forms of energy are gaining more attention with the
ultimate target to reduce the dependency of everyday life on conventional fuels for energy
production. Offshore wind is a relentless source of sustainable power, and the progression of
technology could broaden the potential of offshore wind industry. Floating wind turbines are
a relatively new concept that has the potential to dominate the offshore wind industry. REFOS
has been an innovative project (2016-2019) aiming at developing a multi-purpose steel
floating platform suitable for the combined exploitation of wind and wave energy. This
platform will host a 10 MW offshore wind turbine and will be equipped with special
arrangements that extract wave energy. Such hybrid systems have not constructed yet and
REFOS floating project could offer a breakthrough to the existing offshore wind technology.
The general purpose of REFOS structure is to achieve an optimum structural solution for the
platform, by combining offshore, wind, and wave engineering concepts with a structural
engineering practice.

In this thesis, the optimization of an existing numerical structural model of the REFOS
platform was performed. That model was developed using a general-purpose finite element
program (ABAQUS) and simulates the global response of the platform against a combination
of hydrostatic and extreme hydrodynamic loads that originate from the environmental
conditions of the installation location. The already developed numerical problem had major
convergence issues and increased computational cost. A large-scale optimization procedure
was followed mainly focusing to enhance the computational efficiency of the existing
numerical model. For that reason, major improvements to the quality of mesh and the
modelling of interactions between the parts of the structure were performed. With
continuous troubleshooting, a functional numerical model which predicts the global response
of the structure was finally obtained. The global response of the system calculated in this
thesis, provides a depiction of the stress and displacement of the components of the platform.
The stresses were computed aiming at locating the critical regions of the structure, i.e., the
parts of the platform that the highest stress concentrations occur, making them possible



locations for initiation of failure. The target of the analysis is to examine the local failure
mechanisms that could occur in the critical regions, so that to obtain a future estimation of
the design life of the structure. In case that the desired structural strength of the platform is
not achieved, new design concepts would be tested more directly using the improved
numerical model.

It was concluded that to study more effectively the local phenomena at the critical
regions of the structure, a local scale model should be developed containing only the points
of interest. The development of the local scale model will be based on the global response of
the structure at those specific locations. The stress field at the vicinity of critical regions will
be extracted and used as boundary conditions for the local scale numerical model. Thus, this
stress field should be smooth and reliable for the effective transition from the global to the
local scale. Thus, besides improving computational efficiency of the global model, in this thesis
several attempts to enhance the stress distribution around critical regions were performed.

Future designs are proposed aiming at relieving the critical regions of the structure
from the high stress fields. Apart from the structural point of view, a reduced fabrication cost
of the platform is desirable to make more viable its production. Improvements on the initial
geometry of the structure focus on the weight reduction of the platform, while ensuring the
required structural stability.
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AOMIKH ANAAYZH XAAYBAINHZ NAQTHZ NANATOOPMAZ MNA TH
2THPI=H ANEMOIENNHTPIAZ 12XYOZz 10 MW

FEQPr10z NAMNAAOMNOYAOZ

Tunua MnxavoAoywv Mnxavikwy, Naveniotiuio Osocoaliag, 2022

EruBAEnwy kaBnyntng: Ap. Znupog Kapapudavog

KaBnyntig Mnxavikng twv Kataokeuwv

NepiAnyn

TNV Mapodo Twv tedeutaiwv Xpovwy ol PLwolueg popdEg evépyelag kepdilouv 6Ao
KOLL TLEPLOCOTEPN TIPOCOXH LE ATWTEPO OKOTIO TN Helwaon tng e€dptnong thg KaBnueptvig Iwng
oo TA CUUPATIKA KAUGLLA YLOL TNV TTapaywyrn NAEKTPLKAC eVEPYELAG. O UTIEPAKTLOC AVEOC
elval pla ateleiwtn popdrn avavewolung evépyelag kot n €€EAEN TNG UTIAPXOUGCOC
texvohoyiag Ba urmopouoe va SLEupUVEL TNV SUVAULKH TNG UTIEPAKTLOG OLOALKAC Blopnxaviog.
OL TTAWTEC QVEUOYEVVATPLEG £XOUV TNV TIPOOTITLKNA VO KUPLOPXAOOUV GTNV aloALkr Blounxavia,
OUWG N eupeia epapuoyr Toug PplokeTal akoun os epeuvnTIKO otddlo. To REFOS (2016-2019)
UTINPEE €VA KALVOTOLO EPEUVNTLKO OXESLO LE OKOTIO TNV AVATTUEN HLoG XOAUBSLVNG MAWTAG
TAQTPOPHAG, LEAVLK VLA TNV TOUTOXPOVN EKUETAAANEUGN ALOALKAC KOL KU LOTLKAG EVEPYELAG. H
mAatdoppa Ba xpnoomnotnBel yla tnv oTApLEn pLog MAWTAG AVEUOYEVVATPLOG LoXU0G 10 MW,
evw Ba pEpeL ELOLKEC SLATALELS YLO TAUTOXPOVN EKMETAAANEUCN KUMOTIKNAG EVEPYELAG. TETOLOU
elboug MAwTA cuoTApaTa 8evV €XOUV KATOOKEUAOTEL OKOUN KOl £TOL TO EPELVNTIKO OXESLO
REFOS €xeL TNV MPOOMTIKA Vo TPOoPEPEL ONUAVTLKA TIPO0SOo oTNnV UTIApXouca texvoloyia. O
oKOTO¢ NG mMAatdoppag tou REFOS sival n emiteuén tou BEAtiotou Soptkol oxedlacpou tng
KOTALOKEUNC WOTE VO OVTATIOKPLOEL EMAPKWE OTLG OALTNTIKES TLEPLBAANOVTIKEC CUVONKEC.

To KUPLO QVTIKEiPEVO TG mapoloag SUTAWMOTIKAG eival n BeAtiwon evog Adn
UTIAPYOVTOC OPLOUNTIKOU HOVTEAOU TIEMEPAOUEVWY OTOLXELWV , TTOU TIPOCOUOLWVEL TNV
anokplon tng mAatdoppog tou REFOS oe éva ouvduaouo USPOCTATIKWY KOl HEYLOTWV
uvSpoduvapikwv doptiwv. To povtélo auto gixe SnuoupynBei pe to mpoypappa ABAQUS kot
eudavile onuavtikd TmpoPfAnpata clykAlong o€ ouvduaouo He €va TOAU UeyaAo
UTTOAOYLOTIKO KOOTOC. AKoAouBwvtag pia ekteTapévn Stadikacio BeAtiotonoinong tou Aén
UTIAPYXOVTOC 0PLOUNTIKOU LOVTENOU, EMLTEUXONKE N cUYKALGN TOU UTTOAOYLOTIKOU aAyopLBuou,
EVW TO UTIOAOYLOTIKO KOOTOG HELWONKE ONUAVTIKA. Ma TO OKOTO aUTO, €YLVAV GNUOVTLKEC
OAAOYEC OTNV TTOLOTNTA TOU TIAEYLLATOC TWV TIEMEPACUEVWVY OTOLXEIWV, KABWE KAl 0TOV TPOTO
aAANAemidpaong Twv SopKwY oTolxeiwv tng mMAatdopuac. Me cuvexeic SlopBwaoelg, to nodn
UTTAPXOV HOVTEAO £YLVE AELTOUPYLKO KAL I AMOKPLON TOU CUOTAUATOC UTtoAoyioBnke. H oAk
amokplon mou umoAoyloBnke ota mAaiola tng mapoloag SUTAWMOTIKAG, TteptAapBAveL TNV
anotunwon Tou nediou TAcEWV Kol TapapopdwoewV ota SOULKA OTOLXELO TNG KATOOKEUNG.
OL T@oelg utoAoyloBnKOV E CKOTIO TWV EVTOTILOUO TWV KPIOLHWY GNUELWV TNG KOTAOKEUNAG,
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TWV onuelwv dnAadr 6mou udlotavtol UPNAEG CUYKEVIPWOELS TACEWV KAVOVTOC TO TILOAVEG
tomoBeoiec yia apxr Soukng aotoxiag. O otdxog NG availuong sival va efetaocBolv ol
TOTILKOL UNXOVIoUOL aoToXlag OTLG KPLOLUEG TIEPLOXEG TNG KATAOKEUNG, KOl £€TOL VA YIVEL pla
MeAAOVTIKN eKTipnon tou KUKAoU {wNng Tng MAATHOpUAG. € MEPIUTTWON TOU N AVIOXA TNG
KOTaokeung Sev eival n emBuuntr, cAAayEG OTO OXESLOOUO TNEG KATAOKEUNG UIMOPOUV Vol
£€€TOOTOUV XPNOLUOTIOLWVTOC TO PEATIWUEVO APLBUNTIKO LOVTEAO.

Mo vo LeAetnBolV 1o armoSoTIKA TA TOTILKA GALVOUEVO OTLG KPLOLEG TIEPLOXES TNG
KOTOOKEUNC, £Val TOTIKO aplBUNTIKO HOVTEAO TIPETEL va SnuLloupynBei mou Ba meplhappavet
UOvo Ta Kpiowa onpeia. H kataokeun Tou Tomikou povtéAou Ba Baolotel ota anoteAéopato
NG MPOCOKOLWONG TOU TNG OALKAG KATAokeUNG. OL TAOELS YUpw amo Ta Kplowa onueia Ba
amnopovwBouv kal Ba xpnolponolnfolv w¢ cuVopPLAKEG CUVBNKESG OTO TOTUKO HovtéAo. ETol,
1N KATOVO TWV TACEWV yUpw amod ta Kpilowa onpeio Ba pénel va eival 66o to Suvatov mio
OMOAN Kol 0ELOTILOTN WOTE VO YIVEL N LETABAGCT Ao TO OALKO OTO TOTILKO LOVTEAD. OTOTE £vag
OKOUN 0TOXOG TNC POV oag SUTAWUATIKAC eival N BEATiWoN TNS KATAVOUNE TWV TACEWVY YUpW
QO TIC KPLOLUEC TIEPLOXEC.

MeANOVTLKEG LOEEC TIPOTEIVOVTAL LIE OKOTIO VAL altoCUPOopNOoUV OL KPIOLUEC TIEPLOXEG
oo TG UPNAEG CUYKEVTPWOELG TACEWV. EKTOG Ao TNV OMTIKA ToU SOULKOU OXeSLAGHOU TNG
TAQTPOPHAG, N LELWON TOU KATAOKEVAOTIKOU KOOTOUC TNC SLatagng Ba KAVEL TILO BLwaoLpn TtV
Kataokeun t¢. Etol mapatiBevral 16€eg ya BeAtiwon TG ApXLIKNG YEWUETPLOC WOTE Vol
HeLwBEel To BApoc TG KATAOKEUAG, evw TapaAAnAa va StatnpnBei n dopwkr euotabela.
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1 Introduction

Currently, there is an international tendency to reduce the dependency on
conventional fuels for electricity production and turn into sustainable forms of energy.
To achieve that, the amount of renewable energy share at the total energy production
must be amplified. At this point, wind is the second most widely used renewable
energy source globally, behind hydropower, but as it will be explained later it has
boundless potential. Wind energy exploitation is becoming more and more popular.
Offshore wind energy is getting constantly increasing attention, as it has much more
energy potential from the onshore wind industry. In the sea, stronger and more
regular winds exist and that allows to use bigger wind turbines. There are also
significantly fewer spatial restrictions compared to the land. Additionally, there is less
visual impact especially if the wind turbines are located far from the sore. Thus,
developing more offshore wind farms appears to be an ideal solution, to further
increase the sustainability of electrical energy. The majority of the current offshore
wind farms is comprised of wind turbines with bottom-fixed foundations. The
technology of bottom-fixed foundations is relatively mature and has been successfully
deployed to the development of large-scale offshore wind farms. Many countries do
not have shallow coastal shelf, and therefore the development of such offshore wind
farms won’t be cost-effective since their cost is strongly affected by the sea depth.
Floating wind turbines could be the ideal solution for that problem, since they are the
most cost-competent configuration for water depths larger than 80m. [Figure 1] There
are no commercial farms of floating wind turbines yet, but many proposed designs are
investigated and several prototypes are being tested on the sea. Despite being a
promising project the floating wind turbines appear to undergo much greater fatigue
and environmental loading compared to the bottom-fixed wind turbines. Thus, those
structures need to be more robust, and hence more expensive than the fixed ones. An
effective design of a floating structure that will have the required structural stability
and the least possible fabrication cost will be a step forward to the existing technology
and will broaden the potential of wind energy. A major extension to the floating wind
turbines project is their combination with integrated wave energy converters, so that
wind and wave absorption occurs at the same time. This is a new concept which will
offer a breakthrough at the existing offshore wind technology. [7]
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Figure 1. Cost of different designs of platforms as a function of sea depth.

REFOS (2016-2019) has been an innovative project aimed at developing a
multi-purpose steel floating platform that will be used for the combined exploitation
of wind and wave energy. The major target of the project was the development of a
complete design of the platform and its components, providing final design report as
well as specific drawings for three ideal installation locations. Those areas have been
selected because they meet the appropriate climate criteria, meaning that they
provide the required wind and wave potential, and they are at 200m depth. Two of
them are located at the Mediterranean Sea and the other at the North Sea. Wave
energy is extracted by wave converters which are attached to the platform. The
integrated wave converters would increase 6-8% the power output of the Wind
Turbine (WT), and thus covering the maintenance costs of the whole structure, which
is estimated to be 2% of the wind power output. One of the main sectors that this
project consists of is the structural design of the steel floating platform that will carry
the 10 MW WT. The general purpose of REFOS structure is to achieve an optimum
structural solution for the platform, by combining offshore, wind, and wave
engineering concepts with a structural engineering practice. [7] Another part of the
optimum design is to maintain maximum energy output while limiting to the minimum
the installation, construction, and operational costs. Such systems with combined
exploitation of wind and wave energy have not been constructed yet and REFOS would
offer a breakthrough in renewable energy industry. [7]

REFOS project would contribute to the further progression of the existing
technology, aiming at making more viable the future development of such hybrid
configurations and therefore set the basis for their future large-scale implementation.
Since wind is a relentless source of power, hybrid floating wind turbine concepts open
a new horizon to sustainable energy source and lead to the further evolution of the
offshore wind industry. With the commercial development of such configurations, the



amount of potential renewable energy could escalate leading to a more sustainable
future.

Preliminary design calculations have already been performed resulting to a
complete geometry of the platform and its components which will be depicted in
chapter 2. To ensure the safety of the REFOS floating platform, the following design
requirements must be considered. Firstly, the platform should be able to support the
10 MW offshore WT, while providing the sufficient rigidity to the WT, to sustain the
dynamic loads during its operation. Furthermore, it must operate for a design life of
at least 20 years and withstand the extreme loading conditions that could occur during
the structure lifetime. A detailed numerical model has been developed for that reason
using a general-purpose finite element software (ABAQUS). That model includes the
exact geometry of the floating structure and simulates the interaction of the platform
with a combination of hydrostatic and hydrodynamic loads. Those loads originate
from the surrounding environment of each installation site and consist of ocean
waves, sea currents and wind gusts.

The already developed numerical model though, had major convergence
issues and increased computational cost. In this thesis, the enhancement of that initial
numerical model will be performed, aiming at developing an improved numerical
model that will predict efficiently the global response of the structure and thus
determine if the current design considerations are met.

1.1 Purpose of thesis

The development of a functional numerical model that predicts the global
response of the platform with low computational cost, is the key tool for the
improvement of platform’s structural design. It is necessary to obtain a reliable
estimation of the design life of the structure. Furthermore, the simulations could be
used to determine if the current geometry of the structure is suitable for meeting the
sustainability targets of the project, and in case that it isn’t, new design ideas could be
tested. A flexible and reliable numerical model is the tool to try small-scaled geometry
alterations on the initial design to find the optimum configuration that will yield to the
required structural strength of the platform, with the use of the least possible
material. That will benefit the economic sustainability of the project, since the
fabrication cost of the platform, which is proportional to its weight, will be reduced.
As it will be defined in the next chapter the platform has large-scale dimensions and
complex geometry. The development of a functional numerical model becomes crucial
especially for such complex geometries, since it’s the only straightforward way to
simulate the response of the structure to a variety of loading cases.

The reason for conducting research on this specific floating wind turbine
design concept is that REFOS project could set a breakthrough to the existing
technology leading the way to a more sustainable energy production. The innovative
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configuration that allows the combined extraction of wind and wave energy increases
the energy output of the wind turbine. Structural enhancement of the platform is
necessary to bring that design proposal to realistic implementation, since it must
secure that the platform is sustainable from the structural and economical point of
view. First, the platform should be designed to sufficiently sustain the induced loads
during its lifetime period, which should be at least 20 years. Subsequently, the design
must ensure total investment payback and satisfactory profit from the energy output
of the system.

1.2 Contribution of the present thesis.

The ultimate target of this thesis is the development of an improved numerical
model that will predict the global response of the structure with a relatively narrow
time limit. An extensive effort was made on modifying and enhancing the initial
numerical model, mainly focusing on the improvement of its computational efficiency.
Starting from that initial model which required continuous troubleshooting of solution
process, a functional numerical model was finally obtained. The optimization process
that was followed, had the following sequence of actions. Initially, major changes in
finite element mesh quality and density were performed resulting in an enhanced
finite element mesh in all surfaces of the model. Subsequently, the interactions
between the parts of the numerical model were examined, and critical improvements
were made in contact algorithms that contribute to overcome the convergence
problems. The results were that desired numerical convergence ratios were achieved,
and the simulation time was significantly reduced. In spite the fact that a functional
model with increased numerical convergence is vital, reliability of the obtained results,
especially at the points of interest is a crucial parameter. Thus, different ways were
investigated to obtain a smoother stress distribution, mainly by increasing the mesh
density at the critical points of the structure, while ensuring that there is no mesh
distortion. Critical points are the regions of the model that high stress concentration
factors occur, making them possible locations for initiation of failure. Those regions
are quite important for the design life of the structure since they intensely affect the
structural strength of the platform. By examining the results from the global analysis,
critical regions of the structure were located.



The specific analysis is a multiscale structural mechanics problem, since the
platform is a large-scale structure, and the failure would occur only at some specific
regions. The obtained global response of the structure could not provide satisfactory
results at the local scale of the critical regions. A future step is to develop a local model
to examine more effectively the possible failure mechanisms at the vicinity of critical
regions and therefore obtaining a reliable estimation of structure’s design life, which
must be at least 20 years. As it will be analyzed further in the next chapters, the global
response of the structure and especially the stress field around critical regions is
essential to make the transition from the global to the local scale. That’s why a target
of the current thesis is to ensure smooth stress distribution at those regions. If the
current design considered to be inappropriate to achieve the sustainability targets of
the whole project, redesign is necessary to obtain the desired behavior.

1.3 Qutline of thesis

A brief outline of the following chapters is provided below.

e In chapter 2, the geometry of the platform and its components is described
aiming to familiarize the reader with the general design of the system

e In chapter 3, the improved numerical model that depicts the platform’s
geometry is presented and the optimization procedure that was followed is
pointed out.

e In chapter 4, the results of the simulation are outlined, mainly focusing on
the stress distribution around specific parts of the system and around the
critical regions of the structure.

e In chapter 5, overall conclusions about the total procedure that was followed
in that thesis and the sustainability of the whole project are provided.

e Infinal chapter, which is the chapter 6, the future steps that could optimize
even further the analysis are represented.



2 Description of supporting steel structure
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Figure 2. Schematic representation of REFOS platform [12]

The REFOS platform consists of a triangular arrangement of cylindrical
pontoons that are interconnected with steel braces. Different views of the structure
are depicted at Figure 2 and Figure 3. Three circumferential cylinders called also offset
columns, are placed symmetrically around a central cylinder (configurations with blue
color on Figure 2, Figure 3). Steel tubular braces are used to join the offset columns
with each other as well as with the central cylinder. A water column device (OWC),
being the configuration with yellow color on Figure 2 and Figure 3, is attached on each
of the circumferential column cylinders. The central cylinder is the one that the tower
of the 10 MW wind turbine will be cantilevered on, at an elevation of 10 meters above
the sea water level (SWL). The platform is anchored to the seabed, at a depth of 200m
below the SWL, using a TLP mooring line system. The depth of the platform below
SWL is 20m.[8] A complete representation of the system is depicted at Figure 3 to
help the reader conceive the large-scale dimensions of the structure. In the next
paragraphs, each of the main components of the platform will be analyzed so that the
reader will be familiarized with the general design.
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Figure 3. General dimensions of the total structure [12]

The main parts of the platform are the arrangement of column cylinders with
their stiffeners, the system of braces, the mooring line system and the OWC devices
that include the OWC chambers, the conical casing, and the truss structure.

2.1 OWC devices

OWC is a type of wave energy converters. They consist of a semisubmersible
cylindrical body that covers the existing circumferential cylinders, resulting in an
annular chamber. That hollow chamber is open from its bottom end, allowing sea
water entering through it. The upper end is insulated by a conical cup. So, this
configuration is filled with water till SWL, while the rest part is filled with air (Figure
4). The vertical motion of the sea surface acts like a piston, as it continuously
compresses and decompresses the air trapped inside the chamber, resulting in a
reciprocating flow of air. That flow comes through an air turbine that is installed
beneath the roof of OWC device and is coupled with an electric generator.



Circular openings
that air turbines
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The upper part is
filled with air

The lower part is
filled with sea water

Figure 4. Inside view of a OWC chamber. The truss structure that holds the conical casing is
not visible.

The vertical distance between the waterline and the bottom of each part is
called draught or draft. Thus, the draught is the length of the submerged region of a
structure. The draught, thickness, and the diameter of the OWC chambers have been
determined to maximize the generating power. Calculations have been conducted
using different values for the above parameters and the optimum dimensions were
determined. Konispoliatis et al. (2016) showed that the thickness and draught of the
chambers are inversely proportional to the power output, while the diameter is
proportional to the power output. The dimensions that optimize the power output of
OWC device were calculated and they are 14 m for the internal diameter, 1.5 m for
thickness of OWC chamber and 8m for draught [5].

Table 1. Optimum dimensions of OWC chambers

Internal diameter 14m
Draught 8m
OWC chamber’s thickness 1.5m

The complete configuration of the OWC device contains the cylindrical body,
the conical cup and a truss structure that is used to support the conical casing.



2.1.1 Main body of OWC devices (OWC chamber)

The cylindrical body of the OWC is made of shell-type inner and outer surfaces,
depicted at Figure 8, that are joined with a special system of stiffeners. That system is
comprised of ring horizontal stiffeners (also called bulkheads) which are illustrated at
Figure 6, and vertical stiffeners with elliptical openings that are depicted at Figure 5.
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Figure 5. Vertical stiffeners of OWC devices.



Thickness of stiffeners 20mm

Figure 6. Left side: Horizontal OWC stiffeners. Right side: Horizontal and vertical stiffeners combined

Figure 7. Inner surface of OWC chambers along with horizontal and vertical stiffeners
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Distance between inner TREr QU EE
and outer skin 1.5m (skin) of OWC

Outer surface
(skin) of OWC

Figure 8. Inner and outer surfaces (skins) of the OWC chamber

As Figure 8 illustrates the distance between the inner and the outer surface of
the chamber is 1.5m. The internal diameter of the OWC chamber is 28m and thus, the
outer diameter is 31m. The cylindrical body of each OWC device is connected to the
corresponding circumferential cylinder with a set of 6 steel braces. [See Figure 14].
The overall dimensions of the OWC chambers are described collectively at the Table
2.

Table 2. Dimensions of OWC chambers

Thickness of inner and outer skins 25mm
Thickness of stiffeners 20mm
Distance between inner and outer skin 1.5m
(or thickness of OWC chamber)

11



Diameter of elliptical openings of vertical | 1.5m
stiffeners

Internal diameter of OWC chamber 28m
External diameter of OWC chamber 31m
Draught of OWC chamber 8m
Length of OWC chamber (draft + 18m
elevation above SWL=8+10=18m)

2.1.2 Conical casing of OWC devices:

This part covers and seals each OWC device from the top, while the air turbines
are placed at the circular openings of its top surface. A design requirement of conical
casing is to be thick enough to endure the variable air pressure from the operation of
OWC device. Thus, it’s thickness was calculated to 5 mm [9]. The diameter of each of
the circular openings is 5 m.

Diameter of
opening 5m

Figure 9. Conical casing of OWC device

2.1.3 Truss structure

To support the conical casing but also to reduce its weight, a truss structure
has been placed between the conical cup and the upper surface of OWC chambers.
[Figure 10]. It is made up of steel tubular beams with 0.15m diameter, while their
thickness is 0.005m. The truss structure transfers safely the weight of the cup to the
cylindrical body of the OWC device.

12
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Figure 10. Truss that supports the conical casing made of steel tubular members

2.2 Column Cylinders:

Column cylinders are a configuration of hollow cylinders with a very high
diameter over thickness ratio. They act as pontoons because their big volume and
their relatively low mass help the structure to displace more water and therefore
increase its buoyancy force. The 3 circumferential cylinders have a diameter of 14 m
while the central one has a diameter of 12 m. Circumferential cylinders are separated
in two equivalent surfaces with different thickness. The side that is closer to the
central cylinder is thicker than the other one at a value of 35 mm, while the rest part
has a thickness of 25 mm. That variation of thickness is justified as the loads from the
rest of the platform are transferred to the thicker side through the braces that
interconnect each circumferential cylinder to the other ones. The central cylinder has
a constant thickness of 35 mm. Figure 11 depicts the arrangement of column cylinders.
The variable thickness is illustrated with the difference in color. The elevation of
column cylinders is 10 m above SWL. Central cylinder is the one that the tower of the
WT will be attached. Since the draft of the platform is 20 m below SWL, the total length
of each cylinder is 30 m. The basic dimensions of column cylinders are summarized at
Table 3.
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S Central cylinder

Thinner side
25mm 35 mm

Figure 11: Arrangement of column cylinders. CCC = Circumferential Column Cylinder

Those cylindrical columns are reinforced with longitudinal and ring stiffeners
of T profile which are illustrated at Figure 13. 15 ring type stiffeners and 34 longitudinal
have been used in the circumferential column cylinders, arranged with spacing of 2.16
m and 1.30 m respectively. For the central cylinder, 20 ring and 35 longitudinal
stiffeners were attached, positioned with 1.57 m and 1.30 m spacing respectively. [13]
The cross-section dimensions of the stiffeners are depicted in Figure 12.

300 mm 400 mm
<o <
O | O J
40 mm 40 mm
400 mim 500 num
“— ]
40 mm 40 mm
(a) (b)

Figure 12.Cross section dimensions of ring stiffeners (a) and longitudinal stiffeners (b) [12]
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Table 3. Dimensions of column cylinders

Inner diameter | Skin thickness | Total length Draught
(m) (mm) (m) (m)
Circumferential 14 25-35 30 20
column cylinder
Central column 12 35 30 20
cylinder

2\

T —
=

3 A

Figure 13: T-profile longitudinal and ring stiffeners assembled inside column cylinders [12]

2.3 Braces:

Tubular braces are used to join the different components of the platform.
Another function of braces is that they act as pontoons since the submerged ones
contribute to floatation of to the total structure by amplifying the buoyancy force, to
exceed the structure’s total gravity. Braces can be sorted in 3 main categories.

1) Braces that connect column cylinders with each other [ Figure 15]

2) Braces that connect column cylinders with the central one [Figure 16
Figure 17]

3) Braces that connect OWC chambers with the circumferential column
cylinders [Figure 14]

There are 2 sets of 3 horizontal braces which are used to connect the
circumferential column cylinders with each other. Their length is 36 m. [Figure 15]
Similarly, the same number of horizontal braces is used to connect the circumferential
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cylinders with the central one, with length of 15.87 m [Figure 16]. There are also 3
additional cross braces for the connection of circumferential cylinders with the
bottom part of the central. The length of each cross brace is 19.73 m [Figure 17] The
three configurations are shown below. The last type of braces consists of 2 sets of 3
braces in each OWC device, resulting in 18 members in total with 7 m length each.
[Figure 14] All braces have a thickness of 42.2 mm, while their outer diameter is 1.6
m.

Figure 14. Braces that connect circumferential cylinders with OWC chambers. Length: 7
meters

Figure 15. Braces that connect column cylinders with each other. Length: 36 meters
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Figure 16. Horizontal braces that connect circumferential cylinders with the central one.
Length of highlighted braces: 15.87 meters

Figure 17. Cross braces. Length: 19.73 meters

2.4 Mooring line system:

There are several designs of platforms that are already implemented in the
offshore oil and gas industry, that could be used to support floating wind turbines.
They classified by the type of mooring line system used and the way that the platform
is stabilized. Three representative designs are illustrated in Figure 19. Starting from
the left configuration of Figure 19, the design of “Spar-buoy” support structure is
depicted. A Spar type floating structure is a deeply submerged, vertical floating
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structure, most commonly with a cylindrical shape, that supports the tower of the
Wind Turbine and is moored to the seabed. [8] Semisubmersible support foundation
consists of partially submerged vertical cylinders connected with braces. If we focus
on the mooring line systems of Figure 19, we will realize that the above-described
configurations have similar mooring line system. Spread mooring line systems with
catenary lines are used to stabilize the Spar and Semisubmersible structures. Catenary
line system is the most common mooring line system for shallow waters. Catenaries
are used between the floating unit and the seabed, and they acquire that typical
hanging line shape due to gravity. In the last supporting structure of Figure 19 the
Tension Leg Platform (TLP) mooring line system is used, which is the configuration that
has been selected to stabilize the REFOS platform. TLP refers to a platform that is
secured by vertical tensioned pipes (tendons) which are connected to the floor using
a foundation system. Foundation system includes templates that are kept in place by
piles embedded to the seafloor. [8],[4]. TLP foundation is widely used to support
offshore platforms for oil and gas production at water depths greater than 400 meters
and less than 1500 meters. [Figure 18] TLP mooring system for hosting wind turbines,
while having similarities with the equivalent used for oil industry, it differs in many
aspects. A major variation is that conventionally moored platforms are allowed to
perform controlled oscillations about a mean position, while TLP wind platforms must
remain as much as possible still. [8]
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Semisubmersible Tension Leg Platform

Figure 19. Typical designs of support structures for floating wind turbines. [6] Tension Leg
Platform design concept has been employed in REFOS project.

A SeaStar TLP

Figure 18. TLP platform used for offshore oil and
gas industry.
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The anchoring system of REFOS platform comprises six tendon pipes, two at
each circumferential cylinder that are spread symmetrically along the vertical axis of
the structure. As Figure 21 illustrates, the upper end of those tendons is attached at
the bottom surface of the offset columns, at a 20m depth below the sea water level,
while the lower end is located at the seabed at a water depth of 200m, resulting in a
total tendon length of 180m. Rotating flexibility between both ends of tendon pipes
is beneficial for the structure and for that reason a special connector arrangement
that allows relative rotation of 10 degrees at maximum has been attached between
tendon and hull of platform and between tendon and anchors in the seabed. After
that value is reached, the connection locks disallowing any extra rotation. The tendons
must be subjected to constant tension to limit the vertical platform motion (heave). A
lateral motion of the tendons is allowed, and it is generated from the environmental
loading of the platform (sea currents, waves, wind). The high tension of the tension
legs though, limits horizontal offsets to a small percentage of the water depth. Tension
legs of REFOS platforms have been designed to provide a maximum offset of 5% of
water depth. [8] . Pretension of tendons is a crucial parameter, as it affects the axial
displacement of the platform and thus it determines the stability of the structure
during its operation. A high value of pretension results in stiffer tension legs and
therefore limited axial movement of the platform. Additionally, sufficient pretension
is required to level the large overturning moments, caused mainly by the operation of

WT. [8]

Figure 20. Connectors attached to the top end (part on the left) and to the bottom end
(part on the right) of tendons. [14]
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Diameter 1.2192m

Length of
tension legs
180 m

Thickness 42.2mm

Figure 21. Attachment points of tension legs at REFOS platform (left) and basic dimensions of each mooring line
(right).

In Table 4, an extensive description of the mass of the system is provided. The
total mass of the platform and its components is stated, as well as the mass of the 10
MW Wind Turbine. Ballast is any additional material used to provide stability at the
structure. The mass of ballast has been calculated to make the weight of the platform
equal to its buoyant force, so that the system balances at the desired draught, which
is 20 m below SWL.

Table 4. Mass of each component of the platform

Truss structure 89.43 tons
Conical casing 35.65 tons
OWC chambers with their stiffeners 967.59 tons
Central column cylinder with stiffeners | 816.63 tons
Circumferential column cylinder with 780.9 tons
stiffeners

Each tension leg on mooring line 220.48 tons
All mooring lines 1322.88 tons
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Each brace of OWC 11.68 tons
All braces of the platform 834 tons
Ballast at central cylinder 401.85 tons
Ballast at each of circumferential 196.43 tons
cylinders

Mass of 10 MW WT 1100 tons
TOTAL MASS OF PLATFORM (including 9553 tons
ballast)

TOTAL MASS OF PLATFORM without 8561 tons
ballast

TOTAL MASS OF SYSTEM including 10653 tons
platform, ballast, and the 10 MW Wind

Turbine

2.5 Materials of the parts of the platform

The materials used for the components of the platform are the X70 grade steel and
S355 steel. X70 was used for the tendons, while S355 was used for the rest parts (OWC
chambers, conical casing, truss structure, column cylinders and stiffeners).

e X70 is a premium grade piping material with minimum vyield strength of 485
MPa. It has application on oil and gas transmissions. An elastic modulus of 200
GPa and a Poisson ratio of 0.3 was used for the analysis. The X70 material
density is 7850 kg/ m3

e S355 is a structural grade steel with a minimum vyield strength of 355 MPa. It
has low carbon percentage, approximately of 0.2% and it is used in demanding
environments, such as the offshore industry. The elastic modulus of S355 is
210 GPa, the Poisson ratio is 0.3, and the material density that was used for
the analysis is 7850 kg/m?3.

The general design of the floating structure meets the methodology described in
DNV guidelines about offshore steel structures. (DNV-0S-C101, “Design of Offshore
Steel Structures, General”) The shell components of the platform meaning the central
and circumferential column cylinders, have been checked against elastic buckling of
stiffened shells. In both parts, the design equivalent Von Mises stress was less than
their shell buckling strength, which is the stability requirement for stiffened shells
against axial compression and bending. Thus, the dimensions of those parts yield in
sufficient buckling resistance [9]
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3 Description of the improved numerical structural model

A numerical model that depicts the previously described geometry, was
already developed using a general-purpose finite element software (ABAQUS). At the
improved numerical model obtained in this thesis, the initial geometry and the loading
conditions have remained the same, while extensive modifications on the finite
element mesh quality and on the interactions between the components of the
platform were performed. Those modifications boosted the computational efficiency
of the model and made the solution process to converge. The improved numerical
model is described below.

Every component of the platform, more specifically the OWC chambers, the
column cylinders, the system of braces, the mooring lines, the conical cups, and the
truss structures, were modeled as individual parts which are combined to form the
total assembly of the platform.

3D reduced integration shell elements were used for the column cylinders,
OWC chambers and braces, while 3D beam type elements were employed for the
stiffeners of column cylinders, mooring lines and the truss structure that supports the
OWOC conical cups.

The column cylinders along with their interconnected braces and OWC
chambers were merged, generating a new part that includes the combined geometry
of the individuals Figure 22. Merged structure in the numerical model. It consists of column
cylinders, braces and OWC chambers. The rest components of the total assembly were
attached to that merged part using tie constraints. This practically means that the
nodes existing at the shared boundaries between the different parts forced to have
the same translational and rotational degrees of freedom so that continuity is
established.
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In the context of the specific analysis that will be implemented in our case, the
key components that are required to develop a well-defined numerical model in
ABAQUS, involve the definition of geometry of the structure, the properties of the
materials used, the steps which are associated with loading history, the boundary
conditions, the constraints, and the mesh. More details about those main sectors in
the current model are given below.

Figure 22. Merged structure in the numerical model. It consists
of column cylinders, braces and OWC chambers

3.1 Steps

A basic concept in ABAQUS is the division of loading history in phases, called
steps. In each step a different analysis procedure can be selected, depending on the
nature of the applied loads. The current analysis is comprised of 4 loading steps and
an initial step. During the initial step, the boundary conditions are applied to the
structure. Through the first loading step the hydrostatic loads as well as the
distributed loads that represent the ballast and the weight of the air turbines are
applied to the model. Over the second step, the system is subjected to its own
gravitational force which results in the stabilization of the platform at the desired draft
of 20m below SWL. In those steps static analysis procedure was performed. In steps
3,4 dynamic implicit type of analysis was performed in a quasi-static application, which
means that static loads were used but the moment of inertia of the structure was
added to the solution algorithm. In such manner, higher convergence rates can be
achieved compared to the static procedure and the stability of the solution algorithm
is improved. The loading steps will be further analyzed providing a complete
description of the exerted loads and the sequence which they are applied:
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Loads at step 1:

During the first loading step, hydrostatic pressure is exerted on all surfaces
that are submerged. Additionally, distributed loads that represent the ballast and the
weight of the air turbines are applied. Ballast is any extra mass that is added on a
floating structure to improve stabilization and to facilitate achieving the design draft.
Changes in ballast mass affect the equilibrium between the weight and the buoyancy
force of the structure and the pretension of the tendons. In the specific case of REFOS
platform the ballast was calculated so that the platform is stabilized at the desired
draft of 20 meters below SWL. In the numerical model, ballast is represented as
distributed loads acting on the bottom surface of OWC chambers and as point masses
acting on the bottom end of column cylinders.

Loads at step 2:

Gravitational force of the platform is exerted on all surfaces of the model, at
the 2" loading step. At the end of the 2"9 step equilibrium between the weight of the
structure and the loads that are included in the 1t loading results in the stabilization
of the platform at the desired draft. Thus, the system is stabilized at the draft of 20m
below SWL, and the platform is at the free-floating state.

Loads at step 3:

Loads that emerge from the operation of the WT, including moments come
from rotation of the blades and the weight of the WT tower are applied to the platform
during the 3™ loading step. They are exerted on the connection point between the
platform and the tower, which is the top surface of the central column cylinder [
Figure 23]. Those loads are expressed in terms of three maximum forces and moments
that are transferred from the tower to the platform. They were calculated by the
NTUA and represent the coupled hydro-elastic behavior. Those data represent the
loading case that originates from the most demanding installation location, the region
at the North Sea, in which the tougher environmental conditions occur (higher speed
of winds and more intense waves compared to the locations on the Mediterranean
Sea).
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Figure 23. Maximum loads transferred from the wind turbine to the platform [12]

Table 5. Maximum loads transferred from the tower of WT to the platform

Fx (N) 48000 Mx (Nm) -5.335%108
Fv (N) 5.5%106 My (Nm) -23400
Fz(N) -1.61*106 Mz (Nm) -1.19%107

Loads at step 4:

During 4t loading step the extreme hydrodynamic loads from the combined
action of sea currents and waves occurring during a storm are transferred to the
platform making it the most demanding loading case. The values obtained represent
the location 3, North Sea. Since those loads are greater in L3 due to local
environmental conditions the loading step 4 is the worst-case scenario. Those loads
are the maximum pressures that are exerted on the submerged surfaces of the
platform. The maximum provided pressure was 92.31 MPa. [12]

The extreme hydrodynamic pressures at the inner and outer surfaces of the
OWC chambers and for the external surfaces of the column cylinders were calculated
by NTUA. Those extreme wave states correspond to a 50-year return period duration.
[10], [11]. By using a CFD analysis which simulates the interaction between these wave
states at the corresponding frequencies and the geometry of the platform, the loads
that were generated on the submerged surfaces of the platform were obtained. The
provided data were the pressure at different points with respect to depth and angle,
around of each cylindrical surface (OWCs and column cylinders). More specifically
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those values were evaluated at points of the above surfaces that differ 1m along Z axis
and 1/16 rad in angular direction. Those values are not in the appropriate form to be
directly imported to ABAQUS interface, as they represent point loads that result in a
non-uniform pressure distribution.

DLOAD is a specific type of an external subroutine that is imported to ABAQUS
aiming to describe the variation of a non-uniform distributed load as a function of
spatial and time parameters [2]. In the present case DLOAD subroutine was used to
define the hydrodynamic pressures on the submerged surfaces of the platform as a
function of position.

In the DLOAD subroutine used for the specific numerical model, a simple but
essential methodology is implemented for the conversion of the point loads to
distributed. The previously described data of pressure at the submerged surfaces of
the structure, are contained in tubular form inside the subroutine. By applying linear
interpolation between the values of pressure of successive points in two directions,
along the Z axis and along the circumferential direction, the required pressure
distribution is obtained. DLOAD subroutine is then imported to ABAQUS and the
spatial variation of the maximum hydrodynamic pressure at the surfaces of the
platform is obtained.

3.2 Boundary Conditions:

The main boundary conditions describe the seabed. Seabed and more
specifically the anchors that are attached in the seabed, are modelled using an
‘ENCASTRE’ boundary condition (BC) which means that the translational and
rotational degrees of freedom are fixed. The lower end of the tendons of the platform
is connected to the fixed boundary through the special connector elements that allow
only a maximum relative rotation of 10 degrees before locking, while constraining the
translational degrees of freedom.

A temporary BC is used during the first 2 loading steps that allows only the
vertical displacement of the structure and prohibits rotation about Z axis, so that the
platform will translate only in the Z axis reaching the desired depth of 20 m below
SWL. After the platform stabilizes at the projected draft, those boundary conditions
are deactivated. Thus, during the loading steps 3 and 4 the only active BC is the fixed
connection to the seabed.
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3.3 Constraints

Constraints in general are used in Abaqus to constrain partially or fully the DOF
of a group of nodes of the structure and couple their motion to the motion of other
nodes. There are several types of constraints in ABAQUS depending on the application.
In the current model, the different parts joined together using TIE CONSTRAINTS. A
TIE constraint joins two separate surfaces that are sufficiently close together
permanently, so that no relative motion occurs between them. This is done by

Tie constraints are used to connect the rest of the assembly to the merged
structure that is depicted to figure 1. Therefore, there the following tie constraints
have been used:

e Tie between bottom surface of conical casing of OWC device and truss
structure

e Tie between truss structure and top surface of OWC chambers

e Tie between stiffeners and internal surfaces of column cylinders

Applying the right constraints to a numerical model is crucial for the convergence
of the analysis, since letting a specific part unconstraint could cause unexpected
behavior of the solution. Numerical singularities could occur, meaning that a region of
the structure sustains rigid body motion. This issue causes major convergence
problems and invalid results. To prevent rigid body motion in a static analysis
adequate boundary conditions and constraints should be provided. Additionally,
inadequate definition of constraints could cause penetration between parts of the
model that are initially in contact. Unexpected penetration is another issue that
causes convergence problems.

Special connector elements

ABAQUS interface contains several tools to model, the actual connections
between parts, such as hinges, joints, and springs. Connector elements that belong to
the general category of connections are used to simulate the actual arrangements
described at Figure 20 that are attached to the upper and lower ends of tendons
allowing a relative rotation of 10 degrees. After that value is reached, those
connectors are set to constrain all the available rotational DOF. At Figure 24, the
location of the connector elements in the total structure is illustrated. They have been
employed 2 connector elements for each mooring line, resulting in a total number of
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12. Connector elements are essential for the analysis, as they provide the required
rotational flexibility of the platform.

Figure 24. Location of special connector elements at the numerical model. Those elements
join tendons with anchors and platform hull, while allowing relative rotation of 10 degrees.

3.4 Mesh

3.4.1 Mesh optimization process

The poor quality of mesh is a main reason for increased computational cost
and divergence of solution process. A large-scaled enhancement of the finite element
mesh of the already developed numerical model was performed, aiming at boosting
its computational efficiency and making the solution algorithm to converge. The
overall phases of the mesh optimization process are described below. The first phase
was to establish a uniform mesh with a reduced number of elements compared to the
initial model. Subsequently, the shape and quality of elements was enhanced in all
surfaces, so that the computational cost diminishes, and a successful simulation is
obtained. By interpreting the first results of simulation, regions that needed a denser
mesh were located. Denser and more detailed mesh was employed in region that
appear to withstand higher stresses while a lighter mesh was applied to surfaces that
contained lower stress concentration factors. Then, again the new generated mesh
had to be verified about the shape and quality of elements and a new simulation had
to be performed to determine if a smoother stress distribution was acquired. This
iterative procedure was followed until the desired stress field was acquired.
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Phase 1

To reduce the number of elements, their average size was increased at all
surfaces of the model. To obtain a discretization with a uniform mesh, the regions with
complex geometry had to be manipulated. Partitioning tools of ABAQUS facilitate the
process of splitting relatively complex surfaces to simpler ones. Furthermore, by
applying mesh controls, meaning that by controlling the way that the elements are
arranged around a surface, discretization became smoother.

Phase 2

The next step was to examine each surface of the total model thoroughly and
locate the elements with poor shape that were distorted. Distortion of elements limits
the computational efficiency, as the solution algorithm struggles to obtain equilibrium
between internal and external forces, when an element has a problematic shape. Local
improvements of mesh quality, especially in regions with complicated geometry were
necessary. In every region that is around a circular surface, like the region of the OWC
chambers which is crossed by the braces, the aspect ratio of elements was bad.
Applying denser mesh and using different type of elements such as the 3D triangular
shell elements (S3) which fit better to more demanding geometries such as the
elliptical openings of the OWC stiffeners illustrated at Figure 25, was a successful way
to limit the distortion. This procedure was done iteratively in all surfaces of the
platform with problematic discretization. Eventually, a much smoother mesh with
elements having the appropriate aspect ratio was acquired. The above changes
boosted the computational efficiency of the model.

Quad elements S4R Triangular elements S3

Figure 25. A part of vertical OWC stiffeners (left configuration) is modelled with quad and triangular elements.
Quad elements are distorted when applied around circular geometries (middle configuration) while triangular
elements fit better to the same geometry (right configuration).

30



Phase 3

Once the mesh quality improved and the simulation was successful, critical
regions of the structure were determined by examining the results of the analysis. In
those areas higher concentration factors with an erroneous stress distribution
occurred and a further optimization of mesh was essential to obtain more reliable
results. Thus, denser mesh was applied to those areas while coarser mesh was
deployed to regions with less interest, meaning those which are loaded less and
subjected to lower stresses. Critical regions were mainly the connections between
braces and cylinders. This procedure has been done progressively with the ultimate
target to achieve mesh convergence. According to that process, the element size is
decreased gradually aiming to establish a more reliable stress distribution. To ensure
mesh convergence to the critical regions of the structure, 3 identical models were
created with a gradually increasing number of elements at the vicinity of critical
regions. The effect of that successive remeshing to the stress field is described in
chapter 4.

3.4.2 Element types that were used for the analysis

All element types that were used in the model account for stress/displacement
analysis. More specifically, 3D reduced integration shell elements (S3, S4R) were used
for the braces, the column cylinders, the conical casing and the OWC chambers, while
3D beam type elements (B31) were used for the stiffeners of cylinders, the mooring
lines, and the truss structure.

The symbol S3 describes a linear 3-node triangular element, while the S4R
stands for a linear 4-node quadrilateral element [Figure 27]. The above element types
define general-purpose conventional shell elements which account for finite
membrane strains and arbitrarily large rotations. Thus, they are appropriate for large-
strain analysis.[1]

The beam type B31 elements stand for two-node linear line elements. They
are depicted at Figure 26. Those elements use linear interpolation and follow the
Bernoulli-Euler approach with the addition that allow transverse shear strain, which is
a characteristic of Timoshenko beam theory. Thus, B31 elements are formulated so
that they are efficient for both thin beams, where the Bernoulli-Euler approach is
more accurate, and thick beams in which Timoshenko beam theory fits better. [1]
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Figure 27. Shell elements. S3 type on the left and S4R Figure 26. Beam type B31 element with
type on the right. Both types of elements have one one integration point. [2]

integration point. [2]

The outcome of the previously described mesh optimization procedure was a
numerical model with an initial mesh containing 148097 elements and 127343 nodes.
More specifically the spectrum of elements consists of 62432 of B31 type, 62845 of
ST4R type and 22820 S3 type elements. In Figure 28 the initial optimized mesh is
illustrated, for the total assembly of the model.

Figure 28. Initial mesh of the model. It consists of approximately 148000 elements in total.
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Considering that the critical points of the structure would be the connections
between cylinders and braces, that initial mesh was successively become denser
around those regions. To illustrate the changes in the mesh density that was
performed, the following figures are provided. In the next figures the central cylinder
has been isolated from the total structure and the gradually denser mesh at the
vicinity of connections between cylinder and braces is illustrated. In Figure 29 the
initial mesh of the model is depicted. The nodes along the circumference of the
connections are spaced with 0.3 meters distance from each other. The next figure,
Figure 31 depicts a denser mesh compared to previous figure and the distance
between successive nodes was reduced to 0.1 meters. The final figure represents the
optimized configuration in which the distance between the corresponding nodes is
0.06 meters. Remeshing was crucial for the course of analysis since not only made the
model functional and computationally efficient, but also it contributed to achieving
more reliable results at the interesting points of the structure. The effect of the
focused remeshing around the connections between cylinders and braces on the
optimization results of the simulation is illustrated on chapter 4.
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Figure 29. Initial mesh around connections of the central cylinder
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4 Results of simulation

Following the basic finite element solution process, ABAQUS computes the
nodal displacements of all nodes of the structure with a specific iteration method.
Starting from nodal displacements, a numerous set of variables can be calculated by
ABAQUS, the most common of which include stresses and strains, reaction forces and
moments, and rotations. In the specific case of REFOS platform, the most
representative results of the global response are the displacement of the platform and
the stress distribution in the critical regions of the model. It is expected that the critical
regions will comprise the sections where a low diameter ratio (minimum diameter
over maximum diameter) is observed. That occurs in the connections between column
cylinders and braces. Indeed, as it will be evident from the graphs below, the highest
local stresses on the structure are detected in those areas.

Firstly, contour plots displacement at different parts of the structure will be
evaluated, which represent the global response of the structure when it is subjected
only to the static loads (gravity, hydrostatic pressure, and ballast). Subsequently,
equivalent plot states will be presented for the end of the analysis step 4 (end of
simulation) which includes the combined effect of all applied loads, which are
dominated by the extreme hydrodynamic pressures. The upcoming values of stress
will be compared to each other, and they will be interpreted to estimate the location
of critical points of the structure.

4.1 Contour plots of displacement

At this point, information about the general displacement of the total
structure is provided. A design consideration of the platform is to remain still in the
vertical axis (Z axis), while allowing small offsets in lateral motion. The displacement
path of the platform on the course of the subjected loads is illustrated in the following
figures. The values on the legend of the figures are in meters. Initially, the figures focus
on the magnitude of displacement through the steps of the analysis. The magnitude
includes the values of the displacement at all three directions. The maximum value of
displacement magnitude increases constantly, starting from a value of 40 mm after
the hydrostatic loads [Figure 32], to a value of 230 mm after the loads transferred
from wind turbine (step 3) [Figure 33]. Finally, it becomes 930 mm, which is the highest
value of displacement through the analysis, which occurs at the end of the simulation
[Figure 34]. Because of the great dimensions of the structure, even the highest
displacement of 930 mm is not visible from Figure 33. To illustrate the motion of the
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platform during analysis more effectively, the displacement will be scaled with a value
of 60. The following figures [Figure 35, Figure 36] are analogous to Figure 32 and Figure
33, with the difference that the visible displacement is depicted as 60 times bigger.
The initial position of the platform is also visible with grey color, so that the reader
realizes the motion of the platform.

It is necessary for the safe operation and the stability of the WT that the
displacement along the Z axis is close to zero. Even from the figures with the scaled
response, it is visible that the displacement at the Z axis is significantly lower from the
lateral displacement. To have a most quantitative approach about that issue, Figure
37 focuses on the displacement of Z axis or the U3. After the submission of hydrostatic
loads, meaning at the end of analysis step 2, the max U3 displacement is 40 mm. The
overall highest value of displacement at Z axis, is 110mm and occurs after the
submission of maximum loas transferred from the wind turbine, at the end of analysis
step 3. It is emphasized that this value appears at the extreme loading scenario. Thus,
the design requirement of the platform to remain relatively still in vertical direction is
fulfilled. If we compare that value with the maximum corresponding magnitude of
displacement which is 930 mm, we realize that the lateral displacements of the
platform are significantly higher than the vertical.

U, Magnitude

+4.012e-02
+3.678e-02
+3.344e-02
+3.009e-02
- +2,675e-02
+2.340e-02
+2.006e-02
+1.672e-02
+1.337e-02
- +1,003e-02
+6.687e-03
+3.344e-03
+0.000e+00

Figure 32. Magnitude of displacement after the submission of hydrostatic loads. As it is
depicted in the legend, the maximum value is 0.04 meters.
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U, Magnitude

I +2.373e-01
+2.175e-01
+1.977e-01
+1,780e-01

- +1,582e-01

+1.384e-01
+1.186e-01
+9.887e-02
+7.909e-02
+5.932e-02
+3.955e-02
+1.977e-02
+0.000e+-00

z Step; EXTREME_HYDRODYNAMIC
Increment Step Time = O
Pmary V

during which the loads transferred from the WT to the platform are applied. The maximum
value is 0.23 meters.

U, Magnitude
+9.366e-01
+8.585e-01
+7.805e-01
+7.024e-01
+6,244e-01
+5.463e-01
+4.683e-01
+3.902e-01
+3.122e-01
+2,341e-01
+1,561e-01
+7.805e-02
+0.000e+400

7 Step: EXTREME_HYDRODYNAMIC
Increment 22 Step Time =  1.000
Var; U, Magr tude

Figure 34. Magnitude of displacement of the platform after the extreme hydrodynamic
loading conditions, which occur at 4th step of the analysis. The maximum value is 0.93 meters.
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+2.175e-01
+1.977e-01
+1.780e-01
- +1,582e-01
+1.384e-01
+1.186e-01
+9.887e-02
+7.909e-02
- +5.932e-02
+3.955e-02
+1.977e-02
+0.000e+00

z Step: EXTREME_HYDRODYNAMIC
0: Step Time = 0.000

Iricrement. X

Figure 35. Magnitude of displacement after the 3rd analysis step. This figure is analogous with
Figure 33, but the deformation has been scaled with a factor of 60. The grey configuration
represents the initial position of the platform.

U, Magnitude
[ +9.366e-01
+8.585e-01
+7.805e-01
+7.024e-01
- +6.244e-01
+5.463e-01
+4.683e-01
+3.902e-01
+3.122e-01
- +2.341e-01
+1,561e-01
+7.805e-02
+0.000e+00

Step: EXTREME_ HYDRODYNAMIC

Ingement 22 Step Time = 1,000
Primary Var: U, itticle

Figure 36. Magnitude of displacement of platform at the end of simulation. The figure is
analogous with Figure 34, but the deformation has been scaled with a factor of 60. The grey
configuration represents the initial position of the platform

39



u, U3
+4.012e-02
+3.678e-02
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.009e-02
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+1.337e-02
- +1,003e-02
+6.687e-03
+3.343e-03
-4.286e-19

Step: TOWER
incement 0@ Step Tim:

u, U3 Scaled x60

+1.102e-01
+9.725e-02
+8.433e-02
+7.141e

- +5,849%
+4.557e:
+3.264e:
+1.972e-02

§- +6.803e-03
-6,117e-03
-1.904e-02
-3.196e-02
-4.488e-02

Step: EXTREME_HYDRODYNAMIC
I OUSB!ED Time = 0.000

U, U3 Scaled x60

+1.038e-01

-6.536e-02

Figure 37. Displacement along Z axis of the platform during the steps of the analysis. The
maximum value is 0.11 m which occurs at the end of the 3rd analysis step, during which the
loads transferred from the wind turbine are applied.
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Focusing on the maximum magnitude of displacement of the steel tendons
depicted at Figure 38, the maximum value of 837 mm is obtained. The design
requirements of the steel tendons of REFOS platform are to incur a maximum
allowable offset of 5% of the water depth. Considering that the water depth is 200 m
the maximum offset is 10 m. Thus, the value of 837 mm is totally in safe range.
Furthermore, according to the right side of Figure 38, the tendons with the red color
are stretched more the others. This is a consequence of the twisting motion of the
platform which is visible from the Figure 36.

Thus, we should ensure that the global response of the system yields in the
desired stress distribution around the critical regions of the structure. Global model is
vital for the optimization procedure, but when it comes to the basic aim of this project
which is the estimation of lifetime period of the structure, the local model must be
formed since the failure mechanisms that will define the operation period of the
platform is a local phenomenon that occurs at the vicinity of the critical regions.
Therefore, the local model will provide a clearer interpretation of those issues. In the
next figures, the stress contour plots are focused on the connections between braces
and cylinders to illustrate the effect of optimization of mesh on the stress distribution.

U, Magnitude Scaled x60 U, Magnitude Scaled x60
+1.521e-01 +8.376e-01
+1,394e-01 +7.680e-01

- +1.267e-01 ‘ +6,981e-01
+1.1408-01 46.283a-01
_ 4+1.014e-01 +5.585e-01
+6.870e-02 i +4,887e-01
+7.603e-02 | +4,189e-01
- 4+6,336e-02 +3.491e-01
+5.069a-02 ‘ 42.7938-01
+3.802e-02 +2.094a-01
+2.534e-02 +1.396e-01
+1,267e-02 +6,981e-02
L +2.1478-19 L 46,324e-19

, Stap TOWER

Figure 38.Maximum magnitude of displacement in tendons of the platform, after analysis step 3 (left) and after
analysis step 4 (right) .The overall maximum values is 0.837 meters
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4.1 Contour plots of stress

The provided values of stress at the legend of following figures are in Pa. To
have a quantitative interpretation of the emerging values of stress, they are compared
to the yield strength of the material which is 355 MPa for the S355 steel. It should be
emphasized that linear analysis is performed, so the yield strength and the plastic path
of each material has not been included in ABAQUS solver. The only material data that
are provided is the mass density, the Poisson ratio, and the elastic modulus.

Stress distribution at stiffeners of column cylinders

As it is depicted in Figure 39 a) and b) the maximum stress at stiffeners starts
at 28.56 MPa after the static loads and climbs to the value of 197.6 MPa after the
extreme loading scenario, at the end of simulation. In terms of yield strength of the
material this is translated to 8 % of oyieiq in the first occasion and to 55% of oyield at the
extreme conditions.
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Figure 39. Stress field at stiffeners of column cylinders. a) After static loading b) After extreme loading

Stress distribution at OWC devices

As mentioned in previous chapters, OWC devices are comprised of the OWC
chambers, the conical cup, and the truss structure. Stress distribution of all subparts
of OWC devices is illustrated in the contour plots below.

Conical cups
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As Figure 40 represents the stress generated at conical casings of the OWC devices are
insignificant compared to yield stress, as the maximum value of 34.68 MPa is only the

9.7% of oyield.
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Figure 40. Stress field at conical casings. a) after static loading b) after extreme loading

Truss structure

About the truss structure, the maximum induced stress is 86.7 MPa, value which is
minor compared to the yield strength of the material. The stress contour plot of the
truss structure is illustrated in Figure 41. The left part depicts the induced stress field
after the static loading, while the right part shows the response at the end of
simulation, after the extreme loading case scenario.
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Figure 41. Stress distribution at truss structure a) after static loading b) after extreme loading
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+3.747e+08
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4+3.065e+408
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+1.022e+08
+6.812e+07
+3.406e+07
+9.700e-17

Step: EXTREVE HYDRODYNAMIC
Increment 21 Tin

Figure 42. Mises stress on the triangular floater after the course of step 2 (top side)
which includes the hydrostatic loads and after the step 4 (bottom side) which
includes the extreme loading case scenario. OWC chambers are subjected to low
values of stress on both occasions.
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Examining the contour plot that is depicted at Figure 42, relative low values of
stress are generated at OWC chambers. Thus, the OWC chamber, truss structure and
conical cup of OWC device are structurally safe against yielding since they are in the
elastic region of stress.

S, Mises
Multiple section points
(Avg: 75%)
+ 408.718E+06
~ 374 658E+06
340.599E406
- 306.539E+06
272.479E+06
- 238.419E+06
204.359E+06
170.299E+06
- 136.239E+06
102.180E+06
I L 68.120E+06
! & 34.060E+06
—— 97.002E-18

Figure 43. Connections with high concentration factors

At this point, having a clear depiction on how the stress is distributed on the
whole structure, the location of critical points can be determined. As it is depicted in
Figure 43. The regions where high stress concentrations are observed, constitute the
critical regions of the platform, which are mainly the connections between braces and
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cylinders. The stress field around those regions is important for the next phase of the
analysis, which is the development of a local model that will include only the geometry
around critical points. To achieve that, the stress field at the vicinity of those
connections should be extracted and converted by integration to a 3D vector of forces
and moments that will be used as the loading condition of the upcoming local model.
This is the reason why several attempts for an optimized stress distribution around
those areas of the model have been conducted, mainly by improving the mesh quality
and mesh density at these points, as it was described in the «Mesh» paragraph of
chapter 3. As smoother the stress field around the critical regions is, the loading
condition and by extension, the results of the upcoming local scale analysis will be
closer to real behavior.

4. 3 Focus on critical regions of the structure

From the Figure 43, it is visible that the connections in the central cylinder
contain high concentration factors. Indeed, as it was stated at the beginning of the
chapter, the critical regions of the structure are mainly the connections between
cylinders and braces. To examine that issue more thoroughly a contour plot for the
triangular arrangement of cylinders at the end of simulation is presented. By
examining the Figure 44, stress concentration appears not only to the connections of
central cylinder, but also to specific connections of the circumferential cylinders. It is
evident though from the same figure that the side of CCC2 (Circumferential Column
Cylinder 2) is less loaded that the others. This happens because the loads that came
from the extreme hydrodynamic step have a certain direction since the waves cannot
hit the structure from all sides simultaneously. There will be always one side that will
be subjected to lower loads. In real conditions though, all connection points will be
critical since the direction of the waves is not predetermined.
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SNEG, (fraction = -1.0) | CCC2
(Avg: 75%)
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233.794E+06
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Connection that
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Y

z
( Step: EXTREME_HYDRODYNAMIC
X |Increment 21:Step Time = 1.000
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 44. Stress distribution at the triangular arrangement of cylinders (floater). CCC>
circumferential column cylinder.

Aiming to obtain a smoother stress field around the critical regions, the size of
elements around the connections was successively reduced. The outcome of these
actions in the local stress distribution at one specific connection is depicted in the
following figures. One among the critical regions of the structure, more specifically
the joint between the upper part of circumferential cylinder 3 (CCC3) with the central
cylinder [Connection [A],Figure 44], was isolated and the stress field in the vicinity of
the connection was examined. As it is visible from the Figure 45, the induced stress
field is relatively rough and the stress transition between consecutive elements is
steep. This issue could be tackled by applying a denser mesh in that region. Two
consecutive remeshings were established for that reason, and the acquired results are
presented below. The following figures illustrate the effect of an increasingly
improved mesh around the connection [A].
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“. x Step: EXTREME_HYDRODYNAI
Increment 21: Step Time =

Primary Var: S, Mises
Deformed Var: U Deformation S

Figure 45. Stress field around the connection [A], obtained from the initial mesh. (Connection
between central cylinder and circumferential cylinder 3)

The results of simulation after the 15 remeshing are presented in Figure 46.
The initial mesh of Figure 45 has been improved yielding to an enhanced stress field.
The stress distribution is smoother than the corresponding distribution of Figure 45,
but there is still room for further improvement, as in the highlighted element of Figure
46, the transition of stress is quite steep making the stress field less reliable.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
528.539E+06
484.853E+06
6 ar

Figure 46. Stress field around the connection [A] after 1% remeshing.

Further increasing of mesh density was performed during the 2" remeshing,
and the stress distribution of Figure 47 was obtained. It’s evident that the stress field
is much smoother than both previous cases. Additionally, as it is depicted in the
highlighted elements of Figure 47, the transition of stress values between consecutive
elements is reasonable.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
577.996E+06
30.185E+06

Figure 47. Stress field around the connection [A] after 2" remeshing.

Despite that a sufficient stress distribution was obtained around the critical
regions, if we focus on the magnitude of those stresses on the course of the above
figures, we will realize that it develops an increasing tendency. The maximum values
of stress field in the vicinity of connection [A] start from 255 MPa at the initial mesh
and jump into the value of 578 MPa after the final remeshing. Thus, as the number of
elements increases, the value of induced stress escalates. That occurs though only for
the points very close to the connection. As it will be clarified in the next paragraph,
this is an expected issue, and doesn’t necessarily mean that plastic failure will occur.
To proceed with the next phase of the analysis, we don’t need the values of stress
exactly at the connection, but the stress distribution in the region around. Thus, the
escalating values of stress at the connections, doesn’t affect the reliability of the
analysis.
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4.4 Interpretation of the obtained results

An important phase of the postprocessing of a numerical model is the
interpretation of the acquired results. Most of the above presented results appear to
be reasonable, with a major exception. The values of stress at regions that include
intense changes in geometry, like the connections between braces and cylinders. The
reason that lies behind that issue is the nature of the analysis that is performed. Elastic
analysis is implemented for the simulation of the platform. An elastic analysis assumes
that there is always a linear dependence between stress and deformation. This
analysis while being computational effective it has certain limitations, especially when
it comes to calculation of stress field between boundaries of connected parts. By
increasing the number of elements, their average size and therefore their area
decreases. Thus, an asymptotic rise of the computed stress occurs, and the
corresponding values tend to infinity. Hence, this justifies the successive upsurge off
stress values. If an elastic-plastic analysis was used, the same values of the stress
would be much lower, since they would be limited from the plastic path of the
material, which is not linear like the elastic analysis.

It should be emphasized though, that the values needed to proceed with the
interpretation of the results and the next phase of the analysis, which is the future
development of the local model, are not the stress exactly at the connections, but the
stress distribution around them. This upsurge of the local values of stress despite
being inevitable, it doesn’t affect any part of the analysis.

When it comes to designing, the peak values of stress at the connections are
never used. In fatigue analysis for instance, when it comes to the calculation of the
geometric or hot spot stress at the weld toe, which in our case is represented by the
connection between cylinders and braces, the exact values on the weld toe are never
used. The value of stress in the zone outside of the influence of the connection
geometry but inside the zone of the stress gradient, caused by the geometric effect of
the connection is used, and it is extrapolated at the specific point of the weld toe.
Thus, referring to the figure below, the design stress is the maximum geometrical peak
stress and not the asymptotic value exactly at the connection. [3]
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Figure 48. Stress distribution around a weld toe. The exact
peak stress at the connection is not used. Instead, geometrical
stress or hot spot stress is used.[3]

Despite mentioned before it is stated again for the shake of completeness, that
the specific analysis is a multiscale structural mechanics problem. All the above results
describe the global response of the structure. Despite being such a large-scale
structure, failure would occur at the vicinity of the connections between braces and
cylinders which is a very specific region of the structure. Thus, there is also a local scale
of the problem that contains those specific regions. Due to the complexity of the
problem, it is very hard to ensure satisfactory results in global and local scale at the
same time. That’s why the formation of a local model is necessary. The global response
of the system is fundamental for the development of the local model, since the
boundary conditions of the local problem will be the equivalent loads that will be
extracted from the stress distribution on the same regions of the global model. The
constant focusing on the enhancement of the stress field near the critical regions of
the structure is justified, since its essential to make a more effective transition from
the global model to the local. That way, more reliable information about the possible
failure mechanisms could be obtained and the appropriate redesign to ensure that the
structure will have the desired durability, could be implemented more directly. This
will be part of the future work presented in chapter 6.

5 Conclusions

Starting from a basic numerical model of the REFOS platform, developed during
the execution of the project and implementing a structural model enhancement,
especially in terms of computational efficiency, an improved version was eventually
obtained. Refining the finite element mesh of the structure and performing a
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continuous troubleshooting at different aspects of the model, the following targets
were achieved.

e Computational efficiency was substantially ameliorated. To have a quantitative
example, the specific simulation of REFOS platform with the improved
numerical model, requires only 60-90 minutes of computation time.

e Smoother mesh transitions were developed in critical regions, while the shape
of finite elements was improved. The final mesh includes elements with the
optimum shape and almost zero distortion ratio.

e An effective remeshing process was established so that denser mesh is applied
to the critical regions and coarser mesh on the less critical areas. That gave the
appropriate flexibility to the model, since it gives more detailed results at
critical areas, while experiencing relatively low computational cost.

e The remeshing on the critical regions of the structure, improved the global
response of the system and makes the transition from the global to the local
model more effective.

Considering again the large dimensions of the platform depicted at Figure 3 one
can realize that the only way to conduct real experiments is to develop a sufficiently
scaled down model. Prior to that though, the development of a reliable numerical
model that could predict the global response of the structure to a variety of different
load cases, especially for such large-scale structures, is crucial. As mentioned before,
the effective calculation of the stress field around the critical regions of the structure
is appropriate to make the transition from the global to the local scale. Working on
the local scale, different configurations at the critical regions could be developed and
tested more directly, until the desired results are obtained. The development of such
model is a powerful tool for structural optimization and redesign, which is the ultimate
target of the project. In the context of the current thesis, the most demanding part of
the procedure, was the process of troubleshooting, required to obtain the desired
computational efficiency for the global model, has been achieved. To investigate the
possible failure mechanisms on the critical points of the structure and be able to have
an estimation about the strength of the platform, the transition from the global to the
local model is essential. This will be the main context of the future work.

The loads of the structure describe the extreme condition and there is a possibility
that plastic strain could occur at specific regions of the structure. Therefore, to make
a more realistic analysis, elastic-plastic analysis could be implemented instead of
elastic. In the following chapter an approach to implement elastic-plastic analysis is
described.

The overall target of REFOS project involves the structural and economic feasibility
of the platform. Therefore, improvement of the initial design in terms of geometry, as
well as reduction of the total weight of the platform in terms of fabrication cost are
proposed. The above ideas are contained in the future work chapter, but their
implementation will be straightforward given the fact that an efficient numerical
model that effectively describes the global response of the system is now available.
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6 Future Work/ldeas

So far, the major outcome of this ‘numerical model optimization’ procedure
was the improvement in computational efficiency. To predict more effectively the
response of the critical regions of the structure, and thus investigate further the local
failure mechanisms that could occur, a new model focusing on those specific regions
must be formed. Despite having a global response of the system, only the critical
regions will determine the strength and the life cycle of the total platform. Therefore,
the design of a scaled down model is a major asset future work. Subsequently, to
achieve a more realistic behavior, especially for the surfaces of the model that carry
the greater loads, elastic-plastic analysis should be performed.

6.1 Design of a local finite element model that includes only the areas of most
interest.

Since the transition from the global scale to the local scale is critical for the
accurate depiction of stress field around the critical regions of the structure, a local
model that will contain only those regions should be created. This could be done for
all connections between cylinders and braces, but it would be more beneficial if the
most demanding connections will be modeled which are those on the central cylinder.
The method to develop the local scale model, is to extract the stress field values from
the vicinity of the critical region that will be used as boundary conditions of the local
model. That way the analysis will be focused on the most interesting locations. A major
benefit is the ability to manipulate the selected area and make changes in mesh
quality without having to simulate the whole model response. Thus, the results will be
obtained in less time. Furthermore, since the simulation would last only several
minutes, structural optimization becomes more straightforward, as new design ideas
could be tested immediately without severe computational cost. The analysis in the
local scale would yield in a more effective prediction of structure’s life cycle.

Besides the development of the local numerical model, the equivalent loads
that emerge from the stress field of global response of the system, could be used to
conduct a scaled down laboratory physical experiment at a specific connection on the
central cylinder of the structure. That way, we could compute the strains and estimate
the stresses in the laboratory and compare with the results from the corresponding
numerical analysis.
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6.2 Elastic-Plastic Analysis

All the simulations conducted with the present model, assumed only the
elastic response of the system. This is the main reason why at the points that
geometrical discontinuities exist, unbounded stress values occur. The implementation
of elastic-plastic analysis, by providing to ABAQUS solver information about the plastic
response of the steel material, will limit those values to a realistic level. Apart from
that issue though, since the simulation of the platform is performed against the
extreme loading case scenario, there is the possibility that some points of the
structure will undergo plastic deformation. Thus, the elastic-plastic analysis will result
in more reliable and realistic stress distribution, at those specific regions.

A set of new ideas and alterations of the current geometry that could hopefully
optimize further the global structural response of the structure would be beneficial
for the sustainability of the project. Specific adjustments have been proposed which
are analyzed further below.

6.3 Brace Connection

An improvement in geometry of the structure has been proposed and that
includes extending the braces that connect the circumferential cylinders to the central
one and forming a Y-connection inside the central cylinder. The existing design and
the addition of the extension of braces is illustrated in Figure 49. This change in the
design may be crucial, aiming at relieving the high stress concentration factors that
occur in the connections between braces and central cylinder. In this case, the
structural strength of the connection may be higher during the operational period of
the WT.
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Figure 49. Platform with the current design (top picture) compared to the
platform with the extension of braces (bottom picture).
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6.4 Model without OWCs.

OWCs while important to produce wave energy, they make the structure
heavier and more expensive to construct. In REFOS project it has been shown that
they improve the energy output of the system by producing wave energy equal about
to 6-8% of the wind energy output of the WT. So, a possible idea to be implemented
is to simulate the structure without the OWCs. That way, the model will be more cost-
efficient as its weight will be significantly reduced. One may argue that, in this new
configuration, without OWCs, the structure may need a global redesign. But this is out
of the scope of the present study. The current structure without OWC devices is
illustrated in Figure 50. The total mass of the platform reduces to 5043 tones which is
almost the half of the original design’s mass. A basic question that arises is if the
presence of OWC is a benefit that overcome the deficiencies described above in order
to payback the investment used for their construction and operation. On the other
hand, removing the OWCs besides decreasing the energy output of the total
configuration, it may negatively affect the rigidity of the structure and cause structural
instability, since the OWC chambers were protecting the column cylinders from the
extreme hydrodynamic loads. Therefore, it is quite important to investigate the
possibility of removing the OWCs proposal and answer whether this might be better
from a structural and economical point of view.

Figure 50. Platform without OWC devices.
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6.5 Reduction on thickness of the components of the platform.

A smaller thickness can be applied in specific parts of the model, especially
those that are subjected to lower loads. Based on the results of the structural analysis,
no significant stress concentration is observed at the OWCs. Thus, a reduction on
thickness could be implemented and simulated to examine how that change affects
the global response of the system. Furthermore, a thickness reduction could be
implemented on the braces. If the emerging stress magnitude is within acceptable
range, this solution will result in less material used for braces, reducing significantly
the production cost, the weight of the structure and the welding process.

6.6 Fatigue analysis at connections.

The present model can be used for simulating the structure response against
multicyclic fatigue. The environmental loads that are exerted to the platform are
dynamic and their frequency changes over time. Thus, the platform will be
continuously subjected to cyclic loads during its operation. To conduct a fatigue
analysis to the structure, both the global(present) model and the local model must be
employed. Thus, the global response of the system against multicycle fatigue should
initially obtained and subsequently the equivalent loads for the critical regions of the
structure need to be calculated. The fatigue life of the total structure depends
primarily on the fatigue life of connections between cylinder and braces. Thus, the
fatigue life of connections should be higher than 20-year design life of the wind
turbine. In case that this criterion is not met, redesign should take place.
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