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ABSTRACT

This paper presents a fully coupled aero-hydro-servo elastic analysis of a 10MW offshore wind turbine
supported by a tension leg buoy (TLB) platform, with a taut mooring system. The study investigates the
TLB’s dynamic response characteristics under the northern North Sea environmental conditions with wa-
ter depths of 110 metres, comparing the performance of steel, polyester, and nylon mooring line config-
urations. Innovating floating wind turbines requires a cost-effective system that achieves reliable perfor-
mance in operational and survival conditions. The innovative system should compete with other existing
FOWT types and fixed-bottom offshore wind turbines in terms of LCOE. The dynamic responses of the
relatively less complex TLB platform in terms of construction and installation showed small motion and
accelerations for all available mooring materials from the current supply chain, enabling the wind tur-
bine to be installed without significant modifications to their control systems. The mooring materials’

elasticity is essential in the system achieving motion response.

© 2023 Shanghai Jiaotong University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Over the last two decades, the demand for renewable energy,
including offshore wind, has been increasing rapidly because of the
drive to reduce CO2 emission. This demand is expected to continue
accelerating over the coming years even whilst fossil fuels remain
the most significant provider of the world’s energy in the decades
ahead [1]. In the UK specifically, the Committee on Climate Change
has recommended a new emissions target, such that all green-
house gases (GHGs) that contribute to climate change must be re-
duced substantially to meet the Paris temperature goal, to achieve
net-zero GHG emissions by 2050. This means that the UK became
the first major economy in the world to pass laws to end its con-
tribution to global warming by 2050 [2]. Wind energy has been
one of the fastest-growing renewable energy technologies in re-
cent years, and it attracts further attention due to ambitious tar-
gets for renewable energy electricity production in offshore areas
[3]. However, this growth can only be achieved if wind turbines
are deployed into deep-water areas, where vast wind energy re-
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sources with increased energy density are available. Floating off-
shore wind turbines (FOWT) can be the solution to this problem,
allowing more robust wind resources in far offshore deep-water
locations to be harnessed.

There is significant potential and desire for offshore wind en-
ergy market growth in the UK due to the existence of appropriate
locations with extensive wind resources beyond 50 m water depth
suitable for FOWT deployment [4-6]. It is estimated that about 70%
of global wind energy resources are located in areas offshore with
water depths of 50 m or more [7]. The potential for electricity gen-
eration from FOWT in the UK is significant, due to over half of the
North Sea having water depths between 50 m to 220 m, and there-
fore being appropriate for FOWT deployment [8]. Based on predic-
tions by EWEA, most of the developments up to 2030 will focus
in the North Sea and Baltic Sea, with the average water depth and
distance to shore for offshore wind farms increasing up to 215 m
and 200 km, respectively [7].

According to the development history of wind turbines, the
rated power of the turbines has risen from 50 kW with a hub
height of about 25 m, to more than 10MW with a hub height
of 120 m [9]. This is because larger rotors and blades can cover
a wider area, increasing the turbine’s capacity to produce higher
total potential as the blades rise higher into the atmosphere, the
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wind blows more steadily, and the capacity factor of the turbine
increases.

Spar Buoy, Semi-Submersible and tension leg platforms (TLP)
are the current leading technology types for floating offshore wind
power, and have been adapted from the offshore oil and gas in-
dustry [10]. Each of them has its own characteristics, and can
be categorised based on the implemented primary mechanism to
fulfil the static stability requirements [11]. The current key chal-
lenge in the FOWT industry and research is designing economi-
cally efficient floating systems that can compete with other exist-
ing FOWT types and fixed-bottom offshore wind turbines in terms
of LCOE [12]. By comparing the current leading technology types
for floating offshore wind power, it can be observed that current
levelized cost of energy (LCOE) values are strongly dependant on
the type of support structure design, mooring line design, wa-
ter depth and distance from shore [8]. Hence, to reduce the cost,
the design and construction complexity of the platform needs to
be reduced, whilst also introducing an optimum solution for the
mooring system. The critical point for developing concepts within
each form of technology is to consider at an early stage in the de-
sign process that the design capabilities are as flexible as possible,
thus facilitating the platforms adaptation to a range of installation
sites [13].

The tension leg buoy (TLB) platform described in this project is
developed based on the concept proposed by Sclavonous [14] and
later by Myhr [15]. The TLB concept has several design advantages
compared to other floating concepts, first of which is that it is a
simple design, with the possibility of a low draft, therefore reduc-
ing material consumption. Secondly, the motion response charac-
teristics are lower than those of other floating foundation concepts
due to the taut mooring lines. Thirdly, the close anchor spacing
allows for potential anchor sharing between adjacent turbines in
a closely spaced array. However, the technological aspect of TLB
concepts is still facing a challenge due to the relatively high moor-
ing line and anchor loads [16]. As a result, the key focus in recent
years has been to investigate ways to reduce these loads. If suc-
cessful, such a floating system will most likely be cost-efficient at
or beyond 50 m water depth. The TLB design can be constructed
and to be assembled in the port then towed out to the deploy-
ment location and then by de-ballasting, the platform hooks into
the mooring lines. Therefore, the expenditure on the support ves-
sel will reduce.

According to increased rated power over the decade [9], ap-
propriate locations with suitable depth deploying FOWTs [7],
and the advantages of TLB FOWT over those of other float-
ing foundation concepts, the present study considers a 10MW
TLB FOWT to deploy in Northern North Sea with 110 m water
depth.

This study applies frequency domain and time domain anal-
yses to a 10MW TLB FOWT. Aero-hydro-elastic analysis will be
carried within the time domain coupled analysis of the com-
plete turbine-structure-mooring system. The second-order wave
forces and added mass is computed based on potential theory in
the hydrodynamic analysis code WADAM [17], which is integrated
through HydroD into the DNVGL SESAM software package [18].
The coupled motion response of the TLB system under the de-
fined environmental conditions are simulated using SIMO/RIFLEX
in SESAM’s SIMA program [19,20], allowing for excitation force,
motion response and mooring line response calculations, while
considering full aerodynamic effects from the rotating turbine on
the system. The simulations are conducted for three hours dura-
tion, studying the performance of the complete system in design
and extreme conditions. Specifically, motion response of the plat-
form, nacelle movements, accelerations and vibration, tensions on
mooring lines, and system stability with under damaged mooring
system are analysed.
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Floating wind turbine technology requires continued innova-
tion to achieve reliable performance and reduced investment costs
for mass production. As pioneering design concepts are currently
at the initial stages of development, innovation and knowledge
through research are essential to progress in the field. System
design needs to develop tools to predict loads and optimise for
specific conditions, including operational and survival conditions.
Measurement campaigns are required to improve model tools in
the field and controlled test facilities.

An innovative approach presented in this paper lies in the use
of coupled, high fidelity, models to explore the impact that deploy-
ing synthetic mooring lines and innovative material mooring com-
ponents can be a solution for deploying large scale floating off-
shore wind turbines in relatively shallow waters. The analyse aims
to show that the designed TLB platform with mooring system de-
signed would be capable of supporting the static and dynamic op-
eration and survival requirements of a 10MW FOWT with a con-
trol system developed specifically for land-based wind turbines.
By integrating the potential for novel anchor sharing applications
into the mooring design stage, the methodology ensures that mo-
tion, loads and distances between turbines allow industry standard
spacing between adjacent turbines to limit the effects on perfor-
mance when operating in wakes of the upstream turbines. Investi-
gating the feasibility of utilising polyester or nylon based mooring
lines at this scale provides the requirements in terms of elasticity,
minimum loads and safety factors to the developers or mooring
materials for the FOWT industry.

The paper is structured as follows; Section 2 provides the envi-
ronmental conditions and site location, whilst Section 3 describes
the configuration of the 10MW TLB FOWT with mooring system.
Section 4 introduces the methodology and numerical methods
that are used for fully coupled aero-hydro-elastic analysis, before
Section 5 where detailed results and discussions on the findings
presents. Conclusions are presented in Section 6.

2. Environmental condition

Wind turbines are exposed structures subject to various exter-
nal effects and operating in medium to high wind speeds is a func-
tional requirement. Conditions such as steady and turbulence wind
also form a significant source for the loading of wind turbines.

A typical example of a far-offshore FOWT location is Buchan
Deep, 25 km offshore of Peterhead, where Statoil installed a 30MW
wind turbine farm on floating structures (Hywind Spar) to harness
Scottish wind resources. The water depth of these locations was
between 95 m to 120 m [21]. The northern North Sea was cho-
sen in an early assessment, based on the excellent wind resources,
and representative water depth, and distance to shore. The present
study considers a location off the Scottish Coast, with water depth
110 m, comparable to that of the Hywind Demonstrator Farm.

2.1. Environmental design load cases

The load analysis involves verifying the system’s integrity by
considering a series of design load cases (DLCs) to help determine
the extreme and accidental loads expected over the system’s life-
time. The design load cases introduced by DNVGL [22-24] cover
essential design- situations such as normal operation conditions
and parked or idling state. These include appropriate normal and
extreme external conditions and fault scenarios. It is noted that
there is no need for this preliminary load analysis to apply all the
load cases prescribed by the design standard [25]. This study aims
to utilize the ultimate load type during survival and operational
conditions and investigates accidental loads to assess whether the
system will survive under the failure of a set of mooring lines.
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Table 1
Combined Environmental Load Cases [23,24].
Event DLC Wind Wave Current
Power Production 11 NTM Vi, <U1o, Hub<Vout NSS Hs= Hs at Uy, pup Wind Generated Current
1.6a NTM Vip <U1o, pub<Vout SSS Hs= Hss50yr Wind Generated Current
Parked 6.1a EWM Turbulent Wind, Uy b ESS Hs= Hss0yr Vsoyr
6.2b EWM Steady Wind, Uyg, pyp ESS Hs= Hgs0yr Vsoyr
Parked with Fault 7.1a EWM Turbulent Wind, Uyq, gup ESS Hs= Hs 1y, Viyr
7.1b EWM Steady Wind, Ujg, pub =1.4U10,1yr RWH Hs=W Hg 1y, Viyr

For the parked event, the influence of wind turbulence inten-
sity on TLB FOWT motion responses and tension load in mooring
lines is evaluated, as this is varied between a wind model with
and without turbulence for the two design load cases. According to
IEC-61,400-1 & 3 [23,26], wind turbine generator system (WTGS)
classes are defined in terms of wind speed and turbulence pa-
rameters. The extreme wind conditions are used to determine ex-
treme wind loads on WTGS. These conditions include peak wind
speeds due to storms and rapid changes in wind speed and di-
rection. These extreme conditions include the potential effects of
wind turbulence so that only the deterministic effects need to be
considered in the design calculations. By having the characteristic
value of the turbulence intensity at 15 m/s, I;5 = 0.18, designated
the category for higher turbulence characteristics is considered for
DLC6.1a. These wind models are coded in TurbSim.

According to DNVGL-OS-E301 [27], ALS is an accidental limit
state to ensure that the mooring system has adequate capacity to
withstand the failure of one mooring line. Based on DNVGL-ST-
0119 [28] Section 7.4.3, the load pattern of an anchor shared by
two or more mooring lines may change significantly, thus one line
at each mooring cluster sets to be broken for ALS. Therefore, one
mooring line at each cluster is assumed to be disconnected after
100 s of the simulation to represent the ALS scenario for parked
with fault event.

Therefore, six combined environmental load cases are defined
for this study shown in Table 1, based on DNVGL-ST-0437 [24]. The
directionality of the environmental loads considered for this study
is collinear.

3. 1T0MW tlb fowt

The end goal is to have an alternative system with reduced
costs and other complexities in terms of construction, installation,
and transportation compared to the existing types of FOWT. It
is also essential to have a FOWT design with limited motion re-
sponses allow for ease of adoption of land-based wind turbines
without the need to re-develop control systems. It should be con-
sidering at an early stage in the design process that the design be
as flexible as possible to facilitate adaption for different sites.

The less complex TLB design is aiming to provide a cost effec-
tive, flexible alternative platform solution for large scale FOWT de-
velopment around the UK. By having a simplify the construction
and installation processes, full designs can be towed and connected
to the mooring before being de-ballasted to achieve the required
pretension.

The first design iteration was performed by gradually increasing
the platform excess buoyancy and mooring stiffness through vary-
ing the platform dimensions and mooring line radius to ensure the
coupled system’s proper motion and mooring performance in op-
erational and survival conditions. In the second stage of design it-
erations, the number of mooring lines was gradually increased to
satisfy the ULS and ALS (Fig. 1). Combining a new approach of de-
termining the stiffness matrix for the taut mooring system with
a detailed frequency and time domain analysis to investigate the
dynamic performance of the TLB.

Fig. 1. Floating System Overview.

3.1. Wind turbine

The DTU 10MW RWT wind turbine designed and developed
by Technical University of Denmark [29] is employed for analysis
in this study. This development is originally designed for opera-
tions onshore, and so the tower characteristics need be modified
for application on the floating platform; shortening the total tower
length to fit between the top of the floater (at 20 m above sea
level) to the underside of the nacelle (at about 119 m above sea
level). This can be achieved either by modifying the ratio of the
tower masses or the height ratio [30]. The total tower length was
shortened by the height ratio to reduce the overturning bending
moments.

The present simulation also ignores the blade flexibility which
could influence the system dynamics, particularly the tower elastic
motion response when the rotor experiences severe aerodynamic
loads at which interaction between the blade and tower elastic
motions can be evident.

3.2. TLB platform

The first application of the TLB concept for use as a FOWT
was presented in 2005 as the MIT Double Taut Leg [34,35]. The
floating support platform TLB is composed of a cylindrical shape
to support the tower and the wind turbine. The TLB presented
in this paper is based on the 5MW TLB system designed by An-
ders Myhr [15] but scaled to support the 10MW DTU system. The
most significant consideration in scaling the floating platform from
previous studies (Myhr 2016) is ensuring its excess buoyancy lev-
els remain sufficient for the system to achieve stability. Fig. 2
and Table 2 illustrate the configuration and characteristics of the
platform.
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Fig. 2. TLB Support Platform.

Table 2
Support Platform Specification.

TLB Platform

Draft 52m
Diameter SWL 12.5m
Diameter Bottom 12.5m
Mass 791.0t
COG 40.95m
COB —26m
Pre-Tension 906.8t

Note: water line is used as the reference point.

3.3. Mooring system

Similar to Trolle and Hornbak [31], a taut mooring system is
designed for a TLB FOWT. This design uses fibre ropes which are
tensioned in a taut mooring configuration. Taut mooring is com-
monly used in deep water, where it becomes both a cheaper and
lighter solution while providing a smaller footprint than catenary
mooring. The innovative taut mooring system has advantageous
over the catenary mooring line where long section of lines must
be placed on the seabed in the catenary mooring system, whilst
the taut mooring system doesn’t touch the seabed. Another advan-
tage of small motion responses of the TLB with taut mooring sys-
tem is that more platforms can be deployed in the limited wind
farm area, especially due to the surge motion response from taut
mooring system being considerably less than the platforms with
catenary mooring and TLP type platforms. Two set of clusters of
mooring system designed. The first mooring cluster, the mooring
lines are attached to the TLB 10 m below the SWL and the sec-
ond cluster of mooring lines attached to the bottom of floater. By
attaching the mooring lines to 10 m below SWL, having sufficient
draft which allows any vessel to approach the platform for service
& maintenance operations.

The analysis assumes the line material and cross section are
uniform and the line structural elongation is governed by Hooke’s
law. Quasi-static cable models developed to determine the mooring
lines tensions which ignored the cable inertia forces, external fluid
loads such as drag and added mass forces, and cable seabed inter-
action forces. Quasi-static cable models are often used in dynamic
simulations of offshore structures due to the ease of implementa-
tion.

As in HydroD there is no mooring line presents, hence, the rep-
resentation of mooring system in the hydrostatic evaluation in-
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Fig. 3. Taut Line.

cludes the hydrostatic stiffness matrix calculated for each mooring
material as follows to account for the taut mooring system.

By considering a single mooring line suspended at P, shows in
Fig. 3, Eq. (1) shows the expression of the stiffness matrix of the
cable in the plane of the cable profile [32,33].

doH oH

KP — |:K{)1 K{)2j| — W W (1)
Ky K] (v v
al oh

When the line is taut and no sag exists i.e., 9 ~ % it can be

modelled accurately as a massless linear spring to simplify the
computations. The stiffness of the tether along its chord (L) can
be assumed equal to K; = %, as shows in Fig. 3.

The massless spring assumption dramatically simplifies the
analysis. This simplified analytical approach can provide an ac-
curate approximation of the stiffness for taut mooring system

[34]. Consider the cable shown in Fig. 3 of unstretched length Lo,
stretched length (chord length), L = +/I2 + h? Its configuration is
defined by angles 8 and . When the cable is stretched by AL, the
associated variation of tension is AT = K;AL. The cable tension is
T = K (L — L,). The expressions for H, V, I, and h can be then
written as

H=Tcos o, V =Tsin o, | =Lcos o, h=Lsin « (2)

In contrast to the previous two cases, the elements of K” can
be directly derived as

OH  0(Tcos o) cos aT dL 1 —sina do
ol a aL al ol

a—H = LTCOS *) _ cos aﬂ% + T(—sinaaa>

oh oh oL oh oh

av _ d(Tsin o) —sin oT dL Tcos o

T T e MG T

ov. 9 sina) . 0T 3L oo

F R E— nocﬁﬁﬁ—TcosocW (3)
It is obvious that when the cable is taut, T = f(L) such that

or _ 4T _ g,

oL dL I-

From kinematics we can evaluate the partial derivatives of L,
with respect to [, and h and the final form of the elements of the
cable plane stiffness matrix K” can be obtained as

JoH ) T .,

a3 = cos“akK; + Ism o

av . T

i sin“aK; + Icos o

d0H oV . T

B = 3y = cosasin a(l(, - f) (4)
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The mooring stiffness matrix of the entire mooring system at
equilibrium is symmetric, can be then expressed as

Ki 0 0 0 Ks 0
0 Kp 0 Ku 0 0
0 0 Kgs O 0 o0 5)
0 Kip O Kw 0 0
Ks 0 0 0 Kss O
0 0 0 0 0 Kes

Kin =

The stiffness matrix of a symmetric taut mooring system can
be obtained by Eq. (6) to (13). The restoring matrix is calculated
for one cluster and the complete stiffness matrix is composed of
multiple lines calculated by adding the stiffness matrices of the in-
dividual lines following the procedure presented in [34].

nrT ) 2
Ky = i[f(] + sin’e) + Kjcos Ot] (6)
K T (D+ Dsin? R si
15 = —n i( +Dsin’ar) + R sin « cos )
K., )
+ 5(Dcos o — R sin o cos o (7)
Ky =Ky, Ky =—Kis (8)
T .
K33 = n[zcos o + K;sin oe] 9)

Kas = n{T (Dsina + g cosa)—l—%[(Rcosa+Dsina)2+D2]

+12<'(Dcosoc—Rsinoc)2} (10)
Ky = Kog (11)
Ks; = Kis5, Kss = Kug (12)
I<56=n¥(R+Lcosoz) (13)

In the preceding equations, n is the number of mooring lines, T
is tension per mooring line, « is the angle of mooring line attached
to fairlead, L is the mooring line length, K; = % is the stiffness of
the tether along its chord, D is the fairlead distance to SWL, and
R is the floater radius. The total hydrostatic stiffness matrix Kp
calculated presents in Eq. (14) for the system moored with steel
mooring rope. It should be noted that the Ky, is different for each

mooring material, due to K;.
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Table 3
Mooring System Principal Properties.

Taut Mooring system Characteristics

No. of Lines 2 sets of 6 lines
Angle between Lines 60°

Radius Plat. CL to Anchor 180m

Fairlead below SWL —-10 m & —52m
Angle of attached at top Fairlead 29.92°

Angle of attached at bottom Fairlead 18.46°

Table 4
Mooring Material Specifications.
Diameter (mm) ~ Wig ;e (kg/m)  Wip water (kg/m)  MBF (tons)
Steel 240 221.6 176.6 3000
Polyester 310 64 16.5 2900
Nylon 320 47.8 4.82 2247

The mooring system is defined by the anchor radius (R¢), wa-
ter depth (dy) and depth to both attachment points of the fairleads
for upper (d,) and lower (d;) mooring lines, respectively (Fig. 5(a)).
The mooring system consists of two clusters of six sets of taut
mooring lines, meaning twelves mooring lines in total, distributed
at 60 ° angles (Fig 4 and Fig. 5(b)). The mooring lines are attached
at two heights, one at the bottom of the floater with an angle of
attachment of 18.5 ° and one 10 m below SWL with an angle of
attachment of 30 ° to give sufficient clearance with regards to the
fairlead location and free surface for manoeuvring of vessels near
the platform (Fig. 5). The anchor radius is set to be 180 m, to allow
the novelty of the anchor sharing concept for multiple turbines in-
stalled in an array.

In the taut leg mooring system where the line does not con-
tact the seabed and is taut due to the pretension caused by the
platform excess buoyancy, most of the restoring loads are gener-
ated by line elasticity. The lines are inclined and the anchor expe-
riences both horizontal and vertical loads. While a single attach-
ment point is modelled, a yaw stiffness is included in the global
stiffness matrix that has been approximated based on the method-
ology presented in [34] for an assumed 20-degree spread of the
attachment point, in order to replicate the effects of a bridle/delta
connection to reduce the yaw motion of the platform. Fig. 6(a)
shows the top view of the mooring configuration circumferentially
distributed around the cylindrical floating platform and Fig. 6(b)
shows the influence of the angle y on the mooring system stiff-
ness is investigated at a range of Rc. In this study at Rc=180 m,
y = 20° yield almost 8.5 times the yaw stiffness of that at y = 0°.
as illustrated in Fig. 6(b). The benefit from this configuration is
stiffening the yaw mode without affecting the stiffness of other
directions.

2.59E + 10 0 0 0 _8.05E + 11 0
0 2.59E + 10 0  S8O05E+11 0
~ 0 0 107E+10 0 0
Kin = 0 8.05E + 11 0  965E+14 0 (14)
_8.05E + 11 0 0 0 9.65E + 14 0
0 0 0 0 1.13E + 09

The influence of the VIV which can be considerable when the
substructure is subject to steady current or combined current and
wave loads is also neglected. All simplified assumptions could re-
duce the accuracy of the predicted hydrodynamic loads exerted on
the platform and mooring lines particularly in low and moderate
fluid speeds which may affect the resulting system response.

The mooring system configuration and principal properties are
present in Table 3 and Fig. 4 and Fig. 5.

With increasing numbers of new materials being developed
specifically for marine and offshore applications, three materials
are considered for the taut mooring system design (steel wire,
polyester, and nylon ropes), and their properties are shown in
Table 4 [35].

Four mooring lines of 80 mm are assumed to bound together to
construct the nylon mooring line, whereas for polyester and steel
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Fig. 4. Mooring Lines Top View.
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Fig. 5. (a) Taut-Leg Mooring System Configurations (Al-Solihat and Nahon 2016 [29]) & (b) TLB Taut-Leg Mooring Layout.
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Fig. 6. (a) Top View Taut Mooring System with Bridle Connection Configuration (b) Influence of Mooring System Geometry on the Stiffness (Al-Solihat and Nahon 2016 [29]).
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Table 5
Elongation Value Based on MBF [35].
% MBF 10 20 30 40 50
Polyester % 0.9 2.6 41 5.6 7
Nylon Elongation 5 7.3 8.6 9.6 10.3
Table 6

Polyester & Nylon Axial Stiffness [46].

Purposes Static stiffness ~ Dynamic stiffness (Low and Wave frequency)
Offset 10.MBF 20.MBF
line tension ~ 20.MBF 35.MBF

(Spiral Strand Xtreme 1960 Grade), lines of 310 mm and 240 mm
diameter respectively are selected from the catalogue presented by
Bridon-Bekaert Ropes Group [35]. The stiffness is calculated based
on multiple sections for multiple ropes, which means four moor-
ing lines bonded together as one mooring line. Table 4 shows the
detailed characteristics of the mooring lines. The summary of sim-
plified assumptions is considered for mooring system are including
uniform mooring line material cross section for calculating hydro-
static stiffness matrix, the quasi- static mooring line model, 20-
degree spread of the mooring line attachment point, four mooring
lines of 80 mm are assumed to bound together to construct the
nylon mooring.

However simplified assumptions considered for mooring line,
more detailed description of the mooring line material may reduce
the extent of snap loading or including additional damping would
have similar effect. These aspects could reduce the accuracy of the
predicted hydrodynamic loads exerted on the platform and moor-
ing lines particularly in low and moderate fluid speeds which may
affect the resulting system response.

3.3.1. Tension-Elongation of synthetic fibre ropes

The mechanical behaviour of synthetic ropes is more complex
than the corresponding behaviour of steel wire ropes. The com-
plexity comes from the synthetic rope’s visco-elastic and visco-
plastic properties, which allows it to gradually develop permanent
increases in length depending on the load history. In practice, this
means that a synthetic rope’s length and mechanical properties
may differ prior to and after a severe loading. Synthetic materi-
als such as polyester and nylon are highly nonlinear and time-
dependant load-elongation, which plays an essential role in their
performance [36]. Therefore, relevant tests should determine such
behaviours before designing and applying those fibre rope moor-
ing components. The offshore industry has studied testing and
modelling methods for polyester, and outcomes of several Joint
Industry Projects (JIPs) have been integrated into offshore stan-
dards such as API-RP-2SM [37], DNVGL-RP-E305 [38], and ABS [39],
which methods are perfect examples. However, these methods can-
not be applied directly to nylon due to their highly nonlinear load-
elongation and complex fatigue behaviours. Besides, using nylon
ropes for permanent mooring applications is relatively new to the
offshore industry since conventional nylon has a meagre fatigue
life. Therefore, it is crucial to focus on the mechanical behaviours
of fibre mooring ropes to deal with the modelling concern and ver-
ify the safety and cost-effectiveness of the mooring design. DNVGL-
RP-E305 [38], Falkenberg et al. [40,41] introduced the concept of
the Syrope model (Fig. 7). Falkenberg recommends selecting the
working curve for static mooring analysis to determine the float-
ing structure excursions which could account for the maximum
historical tension that the rope has been through. DNVGL-RP-E305
requires using a correct dynamic stiffness model to calculate the
designed tension responses.
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Fig. 7. The Syrope Model (Falkenberg et al. [36,37]).
Table 7
Dynamic Tension-Elongation Inputs in SIMA.
Polyester Nylon
Elongation (%) Tension (N) Elongation (%) Tension (N)
0 0 0 0
0.9 2.84E+08 5 2.20E+08
2.6 5.69E+08 7.3 4.41E+08
4.1 8.53E+08 8.6 6.61E+08
5.6 9.96E+08 9.6 7.71E+08
7 1.14E+09 103 8.82E+08

Table 8
Platform 6 DOF Natural Period and Damping Ratio.

DOF Natural Period (rad/s) Damping Ratio
Surge 0.7853982 0.009533
Sway 0.7853982 0.009833
Heave 1.2566371 0.090136
Roll 0.7853982 0.023202
Pitch 0.8975979 0.024442
Yaw 1.2566371 0.043466

The non-linear material curve used in static analysis is given
by shifting the working curve by redefining the initial stress-free
length so that the working and original working curves intersect
at maximum tension. On the other hand, the linear material curve
used in the dynamic analysis is given by dynamic stiffness coeffi-
cients using the mean tension of the segment. The initial stress-
free length is then redefined such that the tension is identical be-
tween static and dynamic analysis, given the elongation of static
analysis (see Fig. 7). In SIMA, for fibre rope segments, the average
tension over the elements in a segment is used to compute the in-
tersection between the working curve used in static analysis and
the linear tension-strain curve used in dynamic analysis.

3.3.2. Dynamic stiffness empirical formula

Generally, the dynamic stiffness of fibre ropes depends strongly
on the mean tension, moderately on the tension amplitude and
mildly on the loading frequency. The loading frequency and ten-
sion amplitude impacts are negligible for polyester [42]. Although
Nylon seems to have closely similar behaviours to polyester, its re-
sponses are found to be more nonlinear than the latter. The mean
tension is the main factor that significantly influences the dynamic
stiffness, and the effects of strain amplitude and loading cycles
cannot be ignored [43]. The proposed empirical expression of dy-
namic stiffness for polyester ropes introduced by Fernandes et al.
[44]. is expressed in Eq. (15), where % is specific modulus (N/tex),
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(b)

10 15 20

Load Range (Double Amplitude)

Fig. 8. (a) Polyester and (b) Nylon Dynamic Stiffness Curve (Data obtained from Bridon-Bekaert - The Ropes Group).

Ly is mean load (% of MBL), L, load amplitude (% of MBL), Ty is
the period of loading, and «, B, y, § are empirical coefficients.
Eq. (16) shows the expression of a non-dimensional axial stiffness
of polyester ropes where MBL is minimum breaking load, L, is ten-
sion amplitude, [ is initial length of the rope, and Al is the stretch.

E

» =& + BLm — yLa — 8log(To) (15)
Lql

Kis = ATWBL (16)

Based on dynamic stiffness tests on a wire-lay 3-strand nylon
rope carried by Huntley [45], the dynamic stiffness of the nylon
rope depends strongly on the applied mean tension and the ten-
sion amplitude. Eq. (17) shows expression of dynamic stiffness for
nylon rope where a, b, c¢ are determined from a multiple linear
regression on the nylon dynamic stiffness testing data reported by
Huntley [45].

K.q=alm —bLy + ¢ (17)

This study used the static and dynamic test outputs of quasi-
static and dynamic stiffness for post-installation polyester and ny-
lon ropes provided by Bridon-Bekaert Ropes Group to determine
the dynamic stiffness of polyester and nylon ropes. Fig. 8 shows
dynamic stiffness curve of (a) polyester and (b) nylon ropes. The
dynamic stiffness of nylon rope depending on the tension ampli-
tude, Lq.

The dynamic stiffness of polyester ropes can be two to three
times the static stiffness so this must be considered. The static
stiffness is utilized for the initial region of the loading curve up
to the mean load, followed by the dynamic stiffness which is used
to predict the cyclic part of the loading, including low frequency
and wave frequencies [39,47]. A mooring line under a severe en-
vironment typically experiences a steady mean load and dynamic
loads oscillating around the mean load. Typical static stiffness is in
the range of 10-20 times MBF, and typical dynamic stiffness is 20-
30 times MBF, as shown in Table 6 [39,46]. Ideally, the polyester
rope’s load-elongation properties should be modelled as nonlinear
elastic by expressing the load-elongation relationship [47,48]. This
study considered the upper bound and lowered bound approaches
to deal with polyester and nylon ropes stiffness, mean that at 10%
to 20% of elongation for static stiffness, MBF is multiplied by 10 -
20, whilst at 20% to 50% of elongation for dynamic stiffness, MBF
is multiplied by 20 - 35.

Table 5 shows the elongation vs spliced MBF, tested follow-
ing CI1500B-2015 provided by Bridon-Bekaert The Ropes Group
[35]. Unlike steel wire rope, polyester and nylon ropes exhibit ax-
ial load-nonlinear elongation characteristics (Fig. 8 and Table 5),
depending on loading type and varying with time and loading his-
tory.

In SIMA the average tension over the elements in a segment is
used to compute the intersection between the working curve used
in static analysis and the linear tension-strain curve used in dy-
namic analysis (See Table 7).

The free decay tests were performed to document the natural
period of the system in all 6 DOF using the base floater design and
applying initial displacement in all translational and rotational mo-
tions through specified forces at the beginning of the time domain
simulations.

The natural period and damping ratio of 6DoF are calculated
from free decay test illustrate in below Table 8.

4. Methodology and numerical analysis
4.1. Methodology

SIMA is a workbench software that provides a graphical user
interface for the use of SIMO and RIFLEX. SIMO and RIFLEX mod-
els can be developed and modified without the use of input-files.
SIMA also has a built-in tool for the setup of calculations using
combinations of different variables, and thus a simple way of run-
ning multiple analysis in parallel. Since TD simulations are solved
step-by-step, only a single logical processor can be utilized per
simulation.

The present numerical simulation is based on the potential
flow theory using DNVGL WADAM (Wave Analysis by Diffraction
and Morison Theory) [18,49]. The frequency-domain hydrodynamic
analysis is initially performed without the mooring lines, and the
stiffness for the taut mooring system. Forces and moments are
considered in terms of transfer functions. Added mass and radia-
tion damping as hydrodynamic coefficients, wave excitation forces,
and response operators are calculated in WADAM, solved by po-
tential theory based on the implementation of 3D panel method
and Green’s theorem in WAMIT [18,50]. By using WAMIT to solve
the first-order problem, outputs include added-mass, damping,
and first-order wave excitation force coefficients. The hydrostatic
restoring matrix is a default output, and the motion RAOs were
chosen as an output. The second order mean-drift force is com-
puted as part of the first-order problem because it only depends on
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Fig. 9. Methodology Flowchart.

quadratic contributions from the first-order potential. Solving the
second-order problem with WAMIT provides second-order force
QTFs and second-order motion QTFs. The specific incident wave
frequencies and wave headings for which the radiation and diffrac-
tion problem are solved and specified come from WAMIT. Fig. 9
shows the methodology and flowchart for the numerical simula-
tion [51-53].

Time-domain analysis was performed in SIMA using
SIMO/RIFLEX to obtain the coupled floater and mooring sys-
tem response results. When computing the coupled motion
response and mooring line loads, during time-domain analysis in
SIMA, several factors must be considered: specifically, excitation
forces, resulting added mass, potential damping matrices, and
response amplitude operators up to second order, all in combina-
tion with the wave, wind, and current excitation forces, as well
as the floating platform’s mooring configuration. Results for the
dynamic response in terms of both motion and mooring forces are
calculated in the time domain in SIMO-RIFLEX [54-56].

The aerodynamic calculations are performed using the blade el-
ement method (BEM), considering numerical corrections for stall
and wake effects, including dynamic stall and dynamic wake cor-
rection. This study is used the external code in TurbSim to gen-
erate the Normal Turbulence Wind (NTM) model for operational
conditions and the Extreme Wind Model (EWM) with turbulence
intensity for survival conditions.

4.1.1. Coupled wind-wave simulation tool

SIMA coupled simulation code was developed by linking the
SIMO [19] and RIFLEX [20] hydrodynamic, structural, and control
system computational tools, from SESAM package, with the aero-
dynamic forces and wind field generation capabilities of TurbSim,
from NREL [57]. The simulation tool employs the finite element
solver available in the combined SIMO/RIFLEX tool, passing posi-
tion and velocity information to the aerodynamic code at the first
iteration of each time step. Then returns, lumped forces along the
wind turbine blades. It is assumed that the origin of the body’s
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Fig. 10. Definition of Line, Segment, and Element in RIFLEX (Godg 2013).

fixed rotor coordinate system coincides with the hub centre with
Z-axis aligned in the direction with the rotor (slow speed) shaft,
i.e., from the support to the hub. The wind loads on the blades
are computed based on the load coefficient description in the air-
foil library file together with a double-multiple stream tube blade
element momentum method. The approach includes dynamic stall
effects. The nonlinearity sources considered in this study includ-
ing, nonlinear time domain analysis, nonlinear wave included up
to second order, nonlinear free surface and nonlinear fibre moor-
ing lines material curve.

4.1.2. RIFLEX

A RIFLEX model is built with super nodes and lines, where the
super nodes functions as the connections in the system. They are
position by coordinates and can be given constraints in any of the
6 DOFs as well as prescribed offsets that they are moved to when
RIFLEX runs the static analysis. The super nodes are connected to
each other by lines, which are defined by line types which again
are composites of one or more segments. Each segment can con-
tain a single set of cross-sectional properties, and different cross-
sectional properties can be included by dividing a line into several
segments. Each segment can be split into multiple elements that
are used for the FEM formulation. The relation between line, seg-
ment and element is given in Fig. 10 [58].

4.1.3. SIMO

SIMO (Simulation of Marine Operations) is a software devel-
oped to simulate motions and behaviour of complex floating ves-
sels and suspended loads, such as an offshore crane loading oper-
ation. SIMO uses TD simulation of the motions of SIMO bodies and
the forces that act on these bodies. In addition to response calcula-
tion, SIMO also have the ability of generating time series of wind,
waves and current. For this study, SIMO is used to output the pitch
and yaw motion of the COG as well as the generation of environ-
ment.

4.2. Numerical analysis

By assuming incompressible, irrotational flow, the fluid velocity
vector can be defined as the gradient of the total velocity potential
®, satisfying the Laplace equation, V2® = 0. The boundary value
problem (BVP) will be solved in the following part in both first-
order and second-order to investigate the hydrodynamic character-
istics of FOWT system. By assuming a small wave slop of incident
wave using a perturbation solution, the velocity potential can be

10
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expanded in a form state in Eq. (18) [59].

oy, z,t) =V, y.2.,6) + 9P (x,y.2,t) + ... (18)

When body is not fixed, the first-order motion affects the
second-order solution. By considering the quadratic interaction
of the two linear wave components of the frequencies w; and
wj. The second-order velocity potential, ®®)(x,y,z.t), shows in
Eq. (19) which it is decomposed into sum (@; + w;) and different
(w; — w;) frequency terms where the ¢,~er- and d)l.; are referred to

the sum and difference frequency [59-61].

@(2) (X, ¥, Z, t) = Re Z Z ¢:]r (X, ¥, Z)e_i(wf+wf)t
i

465 (x.y. 2y oo (19)

Taking into account the excitation forces, the resulting added
mass and potential damping matrices and response amplitude op-
erators up to second-order in combination with the wave, wind
and current excitation forces as well as the floating platforms’
mooring configuration allows for computing the motion response
and mooring line loads in the time domain analysis in DeepC. The
total second-order force can be expresses in terms of incident wave
() diffracted wave (D), wave radiation (R), hydrostatic restoring
force (HS), and Fq(z) represents the second-order force caused by

quadratic first-order quantities. whilst FI(Z) + ng) + Fq(z) can be ex-

pressed as FE(f) which is the second-order wave exciting force, The
total second-order force can be also expressed as in Eq. (20) [62].
PO =R B 4 R (20

As the platform motion can be solve using the hydrodynamic
coefficients and wave loads, the equations of motions in frequency
domain for the linear wave structure interaction problem can be
written as in Eq. (21) [63], Where M is the mass, w is added mass,
C is the hydrostatic restoring, and A is damping coefficient which
are 6 x 6 matrices. The frequency-domain motion amplitude & (w)
is the 6 x 1 vector.

[(~0* (M + p) + iw +C) + (-0 i + iwh) |& (@) = Fer(w) (21)

To describe the motion equations in time domain the impulse
response theory [64] is adopted. The motion equation of platform
can be expressed as in Eq. (22).

t
[M + p(c0)]X(t) + / k(t — T)dt [X(T) + Cx(t)

=Fx+ v+ +Fy (22)

The term ffoo k(t — T)dt describes radiation loads where, k(t)
known as the wave radiation retardation kernel and the term
k(t — ) is the convolution term of velocity that represents the
memory effect of the reaction force of fluid dynamics. T is a
dummy variable with the same units as the simulation time, t.

The added mass and damping coefficient are frequency depen-
dant. The radiation loads are obtained in the time domain with
hydrodynamic added mass and damping matrices. In this study
WADAM is used to calculation of hydrodynamic added mass and
damping matrices also excitation forces. According to the impulse
theory [64,65], the wave excitation force in frequency domain can
be transferred to time domain excitation force. The wave excita-
tion force in frequency domain can be obtained according to the
diffraction theory in frequency domain and with multiplying the
wave amplitude time history the wave excitation force in time do-
main can be obtained.

According to the DNV-RP-C205 guideline [66], the wind and
current force are calculated by the wind and current coefficients.
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Fig. 12. Mesh Resolution.

The wind and current force express in Eqgs. (23) and (24) respec-
tively where Gy, is the wind coefficient, p, is the air density, Ay is
the shadow area, U is the relative wind speed on the platform, Cc
is the current coefficient, py is the fluid density, Ac is the shadow
area in current direction, and V is the current speed.

1
E/Vind = ECW,OQAWUZ (23)

FCurrent = %C‘CpWACV2 (24)

The mooring system is very important to keep the floating plat-
form stable under wind, waves, and current effects. Mooring com-
ponents are the number of cables that are connected to float-
ing platform and the anchor is connected to seabed. Mooring sys-
tem cables are made from different materials, and these could be
chain, steel, or composites. The tension on the cables is important
to keep the platform stable under environment conditions and it
is dependant on cable elasticity, location in water, cable weight
in the water, extensional stiffness of cable and number of cables.
The total load on the platform from all mooring lines is defined
in Eq. (25) where Fy is the component of total mooring system,
Fore_tension 1S the pre-tension of lines from the weight of the ca-
ble not resting on the seafloor if the lines are buoyant Fpe_tension
should be zero, and Cggsic siffness 1S the elastic stiffness of the
mooring lines and the effective geometric stiffness by the weight
of the cables in water also depends on the layout of the mooring

1
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system [20].
(25)

FM = FPre—tension - CElastic Stif fness

4.2.1. Non-linear time domain simulation

In the present work, the focus is on the hydrodynamic forces
on the platform and its response which cannot be computed ac-
curately without accounting for static and dynamic effects of the
tower, nacelle and rotor, wind forces, and the forces from the
mooring lines. A fully resolved computational model of the full
platform may be possible but would certainly be very demanding
on computational resources. It is likely, however, that the elasticity
of the tower, for example, plays only a small role in determining
the response of the platform to wave loading. Similarly, using sim-
plified models for other aspects, such as the wind load and the
tethers, is unlikely to change the results we are interested into any
significant degree.

The most important advantage of running a TD simulation is
considering the non-linearities. The step-by-step numerical inte-
gration of the incremental dynamic equilibrium equations allows
for incorporating these non-linearities. The numerical integration is
solved with a Newton-Raphson equilibrium at each time step. The
downside of a TD simulation is that it is time-consuming due to
the repeating generation of the stiffness, mass, and damping ma-
trices. The hydrodynamic loading on the elements is computed us-
ing panel model to calculate the hydrodynamic responses from po-
tential flow and the drag term in Morison’s equation as shown in
Eq. (26). Fy is the total hydrodynamic forces, Fpyeprigr 1S the sum of
potential flow forces, Fpis the drag force, Frx is the potential flow
force contribution from Freude-Kriloff, Fs is the potential flow force
contribution from diffraction, F; is the Potential flow force contri-
bution from added mass and damping.

Fy = Fpotentiat + o =Frxk + s+ R+ B (26)

The method of analysis used in nonlinear dynamic analysis fol-
lows the approach outlined by Langen and Sigbjgrnsson (1978)
[67]. 1t is assumed that the tangential mass, damping and stiff-
ness matrices are recalculated at each iteration cycle, which will
give a Newton-Raphson iteration procedure. A modified Newton-
Raphson procedure can also be included by keeping the matrices
constant over several iteration cycles. Contributions to the external
load vector from prescribed displacements due to vessel motions
are applied at each time step. There are, however, no contributions
from prescribed displacements in the external load vector during
the equilibrium iteration.

4.2.2. Dynamic time domain integration
Eq. (27) shows the expression of the governing dynamic equi-
librium equation.

RI(r,#,t) + RP(r, i, t) + RS(r, t) = RE(r, i, £) (27)

R represents inertia force vector, RP is the damping force vec-
tor, RS is internal structural reaction force vector, RE is the external
force vector, t is the time, and r, 7, # are structural displacement,
velocity, and acceleration vectors respectively. The external force
vector accounts for weight and buoyancy; drag and mass force
from Morison equation; and the aerodynamic force.

The dynamic equilibrium equation is solved in TD using
Newmark-f step-by-step integration. Using a constant time step
throughout the simulation. This method uses relation between dis-
placement, velocity, and acceleration at time t and t + At express
in Eq. (28).

Fepar =T+ (1 =Y At + yiacAt

. 1 . .
Tepae =T+ T (At + (i _,3>rtAt2+.Brt+AtAt2 (28)
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where y and § are parameters that define the functional change in
displacement, velocity, and acceleration in the integration method.
The numerical damping of the method is determined by y. The
integration method is unconditionally stable for y > % and 8 >

(v + %)2. This study has utilized the constant average acceler-
ation method with y =0.256 and S = 0.505, introducing a small
amount numerical damping to the simulation. This numerical
damping does not provide any significant damping to the system
when performing the analyses but avoids numerical instability in
the calculations. The time step utilized is 0.005 s, as recommended
in SIMA for FOWTs. The constant acceleration method is based on
taking the acceleration to be constant in the time step [68] as
shown in Fig. 11.

The sequence of calculations for the nonlinear integration pro-
cedure including equilibrium iteration is summarized in the fol-
lowing:

Establish integration constants based on the integration pa-
rameters.

Establish initial conditions.

Calculate the effective stiffness matrix.

Calculate the effective load vector.

Compute the incremental displacement.

Calculate velocity and acceleration.

Perform the equilibrium iteration.

Establish the effective stiffness matrix based on the tangen-
tial mass, damping and stiffness matrices at iteration i.
Calculate the effective residual load vector.

Compute the additional displacement increments.

Calculate the improved displacement increment.

Calculate velocity, acceleration, and displacement vector.
Test for convergence.

5. Verification and validation
5.1. Verification

Due to lack of field measurement at this stage, laboratory model
tests are planned to verify the numerical modelling for this specific
case. A mesh sensitivity study is carried out to verify the numerical
model including the second-order free surface.
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Table 9
Mesh Options.

NO Element/Quarter Mesh Size (m)

113 3
1009 1
2182 0.7
3200 0.6
4482 0.5
5537 0.45
Table 10
Free Surface Mesh Cell Numbers.
Mesh Case Cell NO
MC1 2000
MC2 2275
MC3 2438
MC4 2460
MC5 2465

5.1.1. Panel model convergence

A mesh sensitivity study for the simulation with different levels
of mesh resolution has been carried out. Table 9 represents six op-
tions for column surface. Fig. 12 shows an example of submerged
columns with a 0.6 m mesh resolution.

The influence of different mesh sizes on the motion response
results for heave, pitch, surge, and yaw motions is shown in Fig. 13.
This indicates that the system motion responses have reached the
stabilised peak amplitude for a mesh size of 0.7 m and below.

The results of mesh convergence on forces, added mass and po-
tential damping show that the model is converged by 0.7 m mesh
size. Therefore, based on the mesh convergence study, the final
panel model of the TLB floating structure will consist of 3200 ele-
ments per quarter (12,800 in total) minimum panels required, each
of 0.7 m mesh size, therefore keeping computational costs min-
imised as far as possible.

5.1.2. Mesh convergence for free surface

The free surface discretisation is required to calculate the
second-order velocity potential. Mesh convergence is tested for
five different mesh cell numbers, as presented in Table 10, whilst
Fig. 14 shows a free surface mesh consisting of 2438 elements per
quarter (9750 total mesh cells).
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Fig. 14. Free Surface Mesh Resolution.

The effect of various free surface mesh sizes on the pitch, surge
and yaw motion responses is presented in Fig. 15. This shows total
cell numbers beyond 9750 mesh cells has negligible impact on the
amplitude of the forces. The peak values of the second-order force
amplitude for surge, pitch, and yaw shown in Fig. 15 approach
their convergence point with 2438, 2460, and 2465 elements per
quarter, respectively. Hence, a free surface mesh consist of 2438
elements per quarter (9750 total mesh cells) is selected.

5.2. Validation

The validation for the TLB platform was challenging due to a
lack of supporting documents and data. This study validates the
software set up for the TLB platform based on an experimental
study carried out by Berg [16], where three prototype support plat-
forms were investigated experimentally. The TLB 10MW platform
is a simple cylinder like TLB S design. The model TLB S platform
is attached to the tank base using two sets of steel wire ropes.
The mooring system consists of two clusters of three sets of taut
mooring lines, which implies six mooring lines in total, distributed
in two clusters of lines at 120 ° angles.

A regular wave with a significant wave height of 0.5 m and
a period of 2.5 s represented the wave load. The comparison be-
tween the simulated results of the Berg study and the simulated
results obtained from this study is presented in the following fig-
ures. Fig. 16 shows the results of the surge, sway, and heave mo-
tion responses simulated in SESAM by this study (black colour
dotted lines). UX, UY, and UZ are the translational responses and
ROTX, ROTY, and ROTZ are the translational responses results from
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simulation carried out in the Berg study. By comparing the trans-
lational response results present in Fig. 16, however the shapes of
the surge and heave responses are similar to the Berg results, it can
be noted that the magnitude of the surge and heave are greater
than the results from Berg Study simulation. It also can be seen the
phase offset between the Berge simulation and the SESAM simula-
tion. The agreement between results is very good, with only small
differences in the peak responses but very close alignment of the
motion in all three translational motions.

Comparing the rotational responses in Fig. 17, the results of the
simulations in this study display the same trend as the results of
simulations from the Berg study. Similar to the translational re-
sults, however there are slight phase differences, the agreement
between rotational results is very good. The magnitude of the
pitch and yaw motion responses provided by SESAM simulation are
greater than the Berg simulation.

Lower and upper mooring lines tension results are presented in
Fig. 18 and Fig. 19 respectively. Berg Study is used the index 1 to
3 is refer to force on mooring lines. Forcel means force on moor-
ing line 1 and so on. Lines 1 to 3 are the lower lines, and Lines
4 to 6 are the upper mooring lines. The dotted lines representing
the SESAM simulation results which carried out by this study and
solid line is the results from Berg study. It can be seen that the
results of both studies have the same shapes and agree very well
throughout the simulation times. The mooring tension magnitude
provided by SESAM simulation are greater due to having greater
motion responses.

However, a small phase offset was observed, with the phase off-
set occurring in the upper lines more than the lower lines which
could be due to line modelling and data recording differences be-
tween experiment and simulation. The mooring lines cross-section
is assumed to be a beam element, like in the Berg study, but the
number of elements defined for the lines can differ. In this study,
the number of elements defined for upper lines is 28 and for lower
lines is 14.

By comparing the results of TLB S design from SESAM simu-
lation with Berg simulation, the agreement between motion re-
sponse and mooring line loads results are showing very good
agreements.

6. Results and discussion

This section will present and discuss the numerical results of
the coupled system of a 10 MW DTU turbine supported by a TLB
platform moored with the newly designed taut mooring system
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Fig. 15. Second Order Free Surface Mesh Convergence.
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Fig. 16. Comparison of Translational Responses.

0,5

’

Rotations [deg]

- -Roll SESAM

- - Pitch SESAM
ROTY =——ROTZ

RotX

-=-Yaw SESAM -

time [s]

Fig. 17. Comparison of Rotational Responses.

of three different types of materials to the seabed in a systematic
manner.

Numerical results are analysed and presented for all load com-
binations in terms of the motion response of the TLB and the dy-
namic tension characteristics of the most loaded line. For further
design optimisations, the maximum design tension for mooring
lines is based on the results obtained during extensive time do-
main numerical simulations for various environmental conditions
according to DNVGL-0S-J103 & J101 [22,69]. Table 11 shows a sum-
mary of the DLCs.

The results will be evaluated according to the DNVGL-RP-0286
[70] rules and regulations, specifically the serviceability limit state
recommended values for motion responses and nacelle acceler-
ation. The rule-based limitations on response motion as set by
DNVGL-RP-0286 [70], imply that the inclination of tilt is limited
to 5° (mean value) and 10° (max. value) during operational con-
dition and 15° (max value) for the period of non-operational con-

14

dition. According to DNVGL-ST-0437 [28], the angle of inclination
after damage (idling with fault event) shall not be greater than 17°
The assessment of the motion responses will be based on these cri-
teria. Furthermore, following DNV-0S-]J103 [69], the design tension,
T, can be calculated by Eq. (29) where ymean and Ydyn are load
factors given in Table 12, T meqn is the characteristic mean tension,
and T gy, is the characteristic dynamic tension.

Ty = Ymean-Tc.mean + )/dyn-Tc,dyn (29)

For ultimate limit state (ULS), T¢, mean Should be taken as the
maximum loaded line tension and environmental loads with a 50-
year return period. T, gy, should be taken as the worst dynamic
part of the line tension caused by oscillatory LF and WF excitation
with a 50-year return period. For accidental limit state (ALS), the
components are to be found through a similar deduction, but with
a 1-year return period.
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Fig. 19. Upper Mooring Lines Tension Comparison.

Table 11
Summary of Design Load Combinations.

Wind

Wave Current

DLC

Model Speed (m/s) Model Hs (m) Tp (s) Max Speed at SWL (m/s)
1.1 NTM 11.4 NSS 42 9.4 Uwind.s0yr = 0.442
1.6a NTM 18 SSS 8.8 13.5
6.1a EWM, Turbulence 51.6 ESS 16.8 18.7 Uridet,50yr =
6.2a EWM, Steady 51.6 ESS 16.8 18.7 1.42
7.1a EWM, Turbulence 51.6 ESS 1 15.1 Urigetayr = 0.78
7.1b EWM, Steady 50.4 RWH 8.8 13.5

The characteristic capacity of the mooring lines, S, is given in
DNV-0S-J103 [69] shows by Eq. (30) where S, is the minimum
breaking strength (MBS).

Sc = 0.95S,,5 (30)

The design criterion for ULS and ALS is given in DNV-0S-J103
as express in Eq. (31).

SC > Td (31 )

15

6.1. Static positioning

The characteristics of the mooring lines vary according to the
material used. The hydrodynamic coefficients for each system must
be calculated for the correct draft of the floater. To achieve the
same draft regardless of the mooring line material, the pretension
for the lines must be calculated. The static stiffness matrix is calcu-
lated for each mooring material as calculated and referenced previ-
ously (see Section 3.3). The static positioning of the system moored
with three different line materials are listed in Table 13 showing
that all three configurations have the same draft.
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Table 12
Mooring Lines Design Load Factor Requirements.

Limit Load Safety Class

State Factor -
Normal High

ULS Vimean 1.30 1.50

ULS Ydyn 1.75 22

ALS Vimean 1.00 1.00

ALS Yayn 1.10 1.25

Table 13

Static positioning of TLB Attached to Seabed with Three Dif-
ferent Mooring Lines.

X (m) Y (m) Z (m)
Steel 0 0 —0.0018
Polyester 0 0 —0.0016
Nylon 0 0 —0.0015

6.2. Dynamic analysis

The primary objective of this section is to assess the TLB dy-
namic performance under different environmental conditions in-
vestigating how different mooring materials could have impact on
the dynamic performance.

6.2.1. Operational condition

Two design load case representing Normal Sea State (NSS) and
Severe Sea State (SSS) to investigate the TLB system operational
conditions. The primary aim is to investigate whether the TLB
system with three mooring materials will produce power in se-
vere environmental state. The results for steel, polyester, and ny-
lon mooring lines will be compared and discussed. The maximum
load occurred on line 8 (see Fig 4 & Fig. 5(b)) for the three mooring
materials in the normal operation events. By comparing the statis-
tical results presented in Table 14, it can be seen that the tensions
of the three-line materials are closely related to the surge motion,
since a colinear environment with 0° direction caused a maximum
surge and the timing of maximum tension corresponds to the tim-
ing of the maximum surge displacement.

Figs. 20-24 show that the motion responses of the TLB de-
sign when using steel, Polyester, and nylon mooring under DLC1.1.
As anticipated with more elastic mooring material, the platform
with nylon rope achieved significant increasing in peak motion re-
sponses due to nylon’s elongation characteristics.

Table 14
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From Fig. 20(a) can observe that the overall shape and dis-
tribution of surge responses are similar for polyester and ny-
lon ropes. The surge response median of polyester and nylon are
identical, but there are more outliers in the nylon case. The TLB
with nylon experienced more fluctuated in surge direction and ex-
perienced larger maximum and minimum surge amplitude than
the polyester. In terms of heave response Fig. 20(b), the violin
plots corresponding three different distributions regards to steel,
polyester, and nylon show that the means and interquartile ranges
are not very different between three distributions, but the shape
of the distributions are different. This means that TLB with steel
has less oscillating in heave direction and maximum and minimum
heave response are close to mean due to the material rigidity char-
acteristics. Whilst the platform has more freedom with more elas-
tic materials.

The Fig. 20(c) shows that the data is clustered up means that
the pitch response of three mooring materials has skewed up gra-
dient during the simulation length. The pitch response of TLB with
nylon having a high gradient before stabilising, while the pitch re-
sponse of the TLB with polyester and steel ropes rises more grad-
ually, before it stabilises. The slope of the TLB with steel rope
changes minimally, before becoming constant (see Fig. 23). The TLB
with nylon is more oscillating in pitch direction that the TLB with
polyester rope. The oscillation of the TLB with steel wire rope in
pitch direction is the lowest amongst other mooring materials.

The results of yaw response observed from Fig. 20(d) and
Fig. 24 show that the yaw motion amplitude is increased when
changing the material from steel to polyester and nylon. The pat-
tern of yaw motion of the TLB with nylon and polyester is almost
identical; however, the magnitude of the yaw motion response
of the TLB with steel rope is much less than the TLB with fibre
ropes. A possible explanation is the assumption made to have a
20° spread of the fairlead attachment to replicate the effects of
a bridle/delta connection to reduce the yaw motion of the plat-
form where the mooring line material is assumed to be a steel
rope, may not be the most suitable arrangement for the polyester
and nylon lines. Hence, the methodology applied to the stiffness to
model a bridle/delta connection may have to be revised according
to the material to achieve similar motion response.

Fig. 25 shows the most loaded line time history. Although the
pattern of response for three mooring materials almost identical,
the magnitude of the steel is significantly larger than the nylon
rope due to rigidity of the material and the axial stiffness cal-
culated. The axial stiffness of the steel mooring line is constant
through the simulation length whilst the axial stiffness of the fi-
bre mooring lines will varied depend on the line elongations.

TLB Motion Responses and Maximum Loaded Line (Line 8) Tension Characteristics of Steel, Polyester, and Nylon Mooring

Lines for DLC1.1.

DLC 1.1 (NTM), Viying=11.4 (m/s) Hy=4.2 (m) T,=8.3 (s)

Time (s) Max Min Mean Std. Dev.
Steel Surge(m) 10,227 1.21 —0.42 0.52 0.22
Heave(m) 9678 0.38 -0.52 —-0.06 0.12
Pitch(deg.) 10,794 0.46 —-0.01 0.36 0.12
Yaw(deg.) 10,438 0.59 -0.50 -0.12 0.32
Tension(tons) 10,227 871 510 727 43
Polyester Surge(m) 10,227 2.09 -0.77 0.84 0.39
Heave(m) 9677 0.62 -0.83 -0.04 0.20
Pitch(deg.) 10,794 0.62 —-0.01 0.45 0.17
Yaw(deg.) 10,440 0.68 —-0.65 -0.16 0.41
Tension(tons) 10,227 752 435 613 41
Nylon Surge(m) 10,227 2.51 -1.06 0.92 0.49
Heave(m) 10,238 0.92 -1.16 0.01 0.25
Pitch(deg.) 10,794 0.95 —-0.01 0.62 0.26
Yaw(deg.) 10,273 1.00 -0.94 -0.21 0.47
Tension(tons) 10,227 669 353 525 42

16
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Fig. 20. Violin Plots of the Platform (a) Surge, (b) Heave, (c) Pitch, and (d) Yaw When Using Steel, Polyester, and Nylon Mooring Materials Under DLC1.1.
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Fig. 21. DLC1.1 Time History of Surge Response for TLB with Nylon, Polyester, and Steel Wire Mooring Lines.

Fig. 26 shown that the surge responses pattern of the TLB
with fibre mooring lines are similar whilst the TLB with nylon
rope has higher magnitude due to nylon tabular stiffness elonga-
tions inputs. Although the TLB moored with the steel mooring line
has experienced smaller surge amplitude than polyester and ny-

17

lon ropes, it exhibited the highest tension, as would be expected
due to the increased axial stiffness of the material. The polyester
material is more rigid than the nylon material, thus, the TLB is
seen undergoing the highest surge motion while using nylon rope
due to the elasticity of the nylon material. Comparing the elon-
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Fig. 22. DLC1.1 Time History of Heave Response for TLB with Nylon, Polyester, and Steel Wire Ropes.
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Fig. 23. DLC1.1 Time History of Pitch Response for TLB with Nylon, Polyester, and Steel Wire Ropes.

gation characteristics of the nylon and polyester ropes presented
in Table 5 showed that the nylon rope is elongated 73% and 42%
more in the calculated static and dynamic stiffness respectively,
compared to the polyester rope at the same percentage of MBF.
The performance of the TLB under DLC1.6a event was consid-
ered to determine the operational performance boundaries of the
system with three mooring materials. The primary objective of 3-
hour environmental conditions defined for DLC1.6a was to inves-
tigate whether the TLB with three mooring materials would oper-
ate in power generating phase safely up to which significant wave
height represents severe sea state and, second, satisfy rule base
limitation. Similar to the results obtained for DLC1.1, surge mo-
tion response and dynamic tension occurred concurrently for the
three-line materials, indicating that the surge motion of TLB and
dynamic tension of the most loaded mooring line are strongly cou-
pled, and dependant on environmental condition. The fluctuations

18

around the mean offset position of the TLB are reduced with steel
mooring lines compared to nylon and polyester (see Table 15).

According to Fig. 27, the fluctuations around the mean offset
position of the TLB are reduced with steel mooring lines com-
pared to nylon and polyester. Further indicating that the elastic-
ity of the mooring line significantly affects the dynamic behaviour
of the platform. The fluctuations in load however are more signif-
icant for the steel mooring line with an increased standard devia-
tion compared to the other two mooring systems. It is noted that
the TLB with steel mooring line has less surge oscillation than that
with fibre mooring lines, likely due to the mooring line material’s
elasticity whilst the dynamic tension in the maximum load steel
mooring line is the highest, and the lowest is the nylon mooring
line.

The increased pitch motion of the TLB with Nylon mooring lines
compared to the other two configurations, across both operational
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Fig. 24. DLC1.1 Time History of Yaw Response for TLB with Nylon, Polyester, and Steel Wire Ropes.
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Fig. 25. DLC1.1 Time History of Tension Response for TLB with Nylon, Polyester, and Steel Wire Ropes.
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Fig. 26. Surge Response and most loaded line Tension characteristics of the TLB with Steel, Polyester, and Nylon mooring lines.

load cases. The TLB with the steel mooring line is reaching a stead
mean pitch angle faster than the platform with polyester and nylon
mooring lines for both DLCs. The pitching continuously increases
for the TLB with the nylon mooring rope throughout the dura-
tion of the simulation due to its low stiffness. On the other hand,
since steel is a very rigid material with high axial stiffness, the

19

TLB with steel mooring lines is seen reaching the pitching equilib-
rium quicker. As the nylon elongates 80% more than the polyester
for 20% MBF load and 100% more for 30% MBF load respectively
(see Table 4). The elasticity of the nylon is the primary reason
that the TLB takes longer to settle at its mean offset for pitch
motion.
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Compliance with DNV regulations is investigated through the
requirements given in Section 6. Using the MBL of the mooring
materials showed in Table 4 that the characteristic capacity of
the mooring lines, Sc for each mooring material calculated using
Eq. (30). The design tension is calculated using the results for mean
and maximum line tension in Table 14, Table 15, and Eq. (29) to-
gether with the ULS safety factors for normal safety class, given
in Table 12. The calculations for each mooring material show in
Table 16.

Comparing the results satisfy the Eq. (31) which means that all
mooring lines are in compliance with DNV regulation for mooring
of FOWTs. The utilization factors and safety factors calculated using
Eq. (32) and (33) are show in Table 17.

e . T; (N)
Utilization Fator = 32
Sc (N) (32)
Sc (N)
Safety Fator = 33
fety T, () (33)

The results obtained for the TLB with three mooring materials
from 3-hour environmental conditions were used to determine the
maximum motion response and mooring line tension for opera-
tional conditions (DLC1.1 & DLC1.6a) are satisfied
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Yaw When Using Steel, Polyester, and Nylon Mooring Materials Under DLC1.6a.

o The rule-based limitations on response motion as set by
DNVGL-RP-0286 [70]
o The design criterion for ULS as given in DNV-0S-]J103 [69]

In summary, the TLB with steel mooring line has experienced
smaller motion responses compared with fibre ropes and motion
responses obtained from TLB with polyester are smaller compared
to results from TLB with nylon mooring wire rope.

Analysis of the performance of TLB in normal and severe sea
state while being operational has shown that the proposed design
is capable of power production in higher sea states while allow-
ing little motions of the nacelle and floater. Tensions are withing
manufacturer described limits, the rule-based limitations, and the
design criterion for ULS. The requirement to significantly alter ex-
isting control systems may even allow use of land-based systems
for a TLB structure.

A critical consideration should therefore be the maximum al-
lowable load and offset for a TLB, especially when thinking about
closely spaced wind farm arrays. The results presented here show
that all three turbines are operating and maintaining acceptable
motion in relatively severe sea states, showing the strong advan-
tages the TLB design has over the conventional floater and mooring
types.

20
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Table 15

TLB Motion Responses and Maximum Loaded Line (Line 8) Tension Characteristics
of Steel, Polyester, and Nylon Mooring Lines for DLC1.6a.
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Table 18

TLB Responses Characteristics of Steel, Polyester, and Nylon Mooring Lines for
DLC6.1a with Turbulence EWM and DLC6.2b with Steady EWM.

DLC 1.6a (NTM), Vying=18 (m/s) Hs=8.8 (m) T,=12(s) Time (s) Max Min Mean SD
Motion Response & Tension DLC6.1a  Steel Surge(m) 6094 2.9 -2.1 0.7 0.6
- - Heave(m) 6771 1.4 -16 0.0 0.4
Time (s) Max Min Mean  Std. Dev. Pitch(deg.) 10796 1.8 0.0 13 05
Steel Surge(m) 10,224 2.22 -123 072 0.43 Yaw(deg.) 9369 1.1 -1.6 -01 03
Heave(m) 6144 0979 -1.03 0.01 0.30 Tension(tons) 6094 1448.9 355.3 908.7 147.5
Pitch(deg.) 10,794 0956 —0.01 0.74 0.25 Polyester Surge(m) 6094 3.6 -1.7 06 0.6
Yaw(deg.) 8587 1.024 -098 024 052 Heave(m) 6771 1.9 -22 -01 05
Tension(tons) 10,224 1089 500 831 73 Pitch(deg.) 10,794 2.6 0.0 1.7 0.7
Polyester  Surge(m) 10224 260 -151 0.79 0.51 Yaw(deg.) 6094 13 -20 -01 04
Heave(m) 3433 1.38 15 ~0.02 038 Tension(tons) 6094 1308.5 221.2 759.5 144.6
Pitch(deg.) 10,794 129  -0.02 0.93 0.35 Nylon  Surge(m) 6094 4.6 -22 08 08
Yaw(deg.) 9475 124 -119 -026 063 Heave(m) 6771 2.2 -32 -01 07
Tension(tons) 10,224 943 297 611 70 Pitch(deg.) 10,797 3.3 0.0 21 ‘09
Nylon Surge(m) 10224 316 -1.82 086 0.63 Yaw(deg.) 8783 1.7 -28 -01 05
Heave(m) 6771 1.61 _227 —0.05 047 Tension(tons) 6094 10742 1679 6149 118.1
Pitch(deg.) 10,793 216  -001 140  0.61 DLC6.2b  Steel Surge(m) 6094 2.5 -13 05 05
Yaw(deg.) 10232 169 -147 -038 0.71 Heave(m) 6772 1.4 -1.5 -01 04
Tension(tons) 10,224 774 259 525 60 Pitch(deg.) 10,796 1.5 00 11 0.4
Yaw(deg.) 9369 0.9 -14 00 03
Tension(tons) 6094 1332.5 3383 8414 134.1
Table 16 Polyester Surge(m) 6094 2.7 -15 0.6 0.6
Characteristic Capacity of The Mooring Lines and The Design Tension Calculations Heave(m) 6771 17 -20 00 05
for Each Mooring Material under Operational Conditions. Pitch(deg.) 10,797 2.0 00 13 05
Yaw(deg.) 5929 1.0 -15 -01 03
Ty (N) Tension(tons) 6094 1139.7 1402 625.1 1234
Nylon Surge(m) 6094 33 -1.6 0.7 0.7
Sc (V) pLctd bLcl6a Heave(m) 6771 22 -28 00 06
Steel 2.80E+07 1.17E+07 1.50E+07 Pitch(deg.) 10,796 2.4 00 15 07
Polyester 2.70E+07 1.02E+07 1.35E+07 Yaw(deg.) 8783 1.1 -20 -01 03
Nylon 2.09E+07 9.17E+06 1.10E+07 Tension(tons) 6094 861.7 1347 4932 948
Table 17
The Utilization Factors for Each Mooring Line under Operational Conditions.
Utilization Factor SF rigidity. The polye'ster rope has recorded further tension thar} for
the nylon rope. Wind turbulence has considerable effect on pitch-
DLCL1 DLC1.6a DLCL1 DLCl.6a ing of the TLB moored with nylon rope, indicating that line mate-
Steel 42% 54% 1.86 2.38 rial’s elasticity is crucial for the TLB motion response in turbulent
Polyester 38% 50% 2.00 2.65 wind events. The fluctuations with turbulence that cannot be seen
Nylon 44% 52% 1.91 2.28

6.2.2. Parked (Idling) event

The Parked (Idling) Event condition analysis represents a harsh
sea state event under which the turbine is typically switched off.
For the North Sea region, significant wave height can reach above
16 m, and an extreme wind model with high turbulence intensity
representing the wind profile with 50-year return period was used.
The primary objectives are to investigate first the TLB with three
mooring materials will survive in such environmental conditions
and second analysis the induced effect of wind turbulence inten-
sity on motion responses of the TLB with each mooring material.
Table 18 shown the summary statistics of motion responses and
loaded line maximum tension for TLB with three mooring mate-
rials under parked (Idling) event. To compliance with DNV regu-
lations the design tension is calculated using the results for mean
and maximum line tension of mooring lines presented in Table 18.
Fig. 28 shows the motion responses obtained under DLC6.1a and
DLC6.2b, and Fig. 29 shows the percentage differences of the wind
turbulence intensity effect on each mooring line. Both figures in-
dicate that the turbulence wind model affects six-degree motion
responses consequence of impact on mooring line tension. The TLB
with nylon mooring rope is significantly affected due to the influ-
ence of the wind turbulence intensity, and the effect of the turbu-
lence on the TLB with steel mooring line response is the lowest
impact. The highest motion responses shown for nylon fibre rope
are caused due to the elasticity of the nylon material, and the high-
est tension recorded for steel wire rope is due to the steel material
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in the simulations without turbulence specifically for the TLB with
nylon mooring lines.

More specifically, the existence of the wind turbulence is seen
resulting in approximately 16%, 33% and 38% increase in maximum
surge motion response for steel, polyester, and nylon mooring line
materials respectively; approximately 19%, 32% and 39% increase in
pitch motion for steel, polyester, and nylon line materials respec-
tively; and up to 15% in yaw motion for steel, 31% for polyester,
and 39% for nylon mooring lines.

In addition, the wind model with turbulence also tends to in-
crease maximum tension by approximately 9% in the steel mooring
line, 15% in the polyester, and 25% in the nylon mooring materials.

Wind turbulence has considerable effect on pitching of the TLB
moored with nylon rope (39% increase), indicating that line mate-
rial’s elasticity is crucial for the TLB motion response in turbulent
wind events. The fluctuations with turbulence that cannot be seen
in the simulations without turbulence specifically for the TLB with
nylon mooring lines.

According to Sc of each mooring line which are already calcu-
lated, the design tension T; is calculated using the results for mean
and maximum line tension in Table 18 and Eq. (29) together with
the ULS safety factors for normal safety class, given in Table 12.
The calculations for each mooring material show in Table 19.

Comparing the results satisfy the Eq. (31) which means that all
mooring lines are in compliance with DNV regulation for mooring
of FOWTs. The utilization factors and safety factors are show in
Table 20.

The rule-based limitations on response motion as set by
DNVGL-RP-0286 [70], imply that the inclination of tilt is limited
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to 5° (mean value) and 10° (max. value) during operational con-
dition and 15° (max value) for the period of non-operational
condition.

The results obtained for the TLB with three mooring materials
from 3-hour environmental conditions were used to determine the
maximum motion response and mooring line tension for parked
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(Idling) event are satisfied the rule-based limitations on response
motion as set by DNVGL-RP-0286 [70]. All obtained results imply
that the inclination of tilt is limited to 15° (max value) for the
period of non-operational condition. The mooring tensions of all
three mooring materials implied with the design criterion for ULS
as given in DNV-0S-J103 [69].
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Table 19
Characteristic Capacity of The Mooring Lines and The Design Tension Calculations
for Each Mooring Material under parked (Idling) event.

T, (N)
Sc (N) DLC6.1a DLC6.2b
Steel 2.80E+07 2.09E+07 1.92E+07
Polyester 2.70E+07 1.91E+07 1.68E+07
Nylon 2.09E+07 1.57E+07 1.26E+07
Table 20
The Utilization Factors for Each Mooring Line under parked (Idling) event.
Utilization Factor SF
DLC6.1a DLC6.2b DLC6.1a DLC6.2b
Steel 75% 69% 1.34 1.46
Polyester 71% 62% 1.41 1.61
Nylon 75% 60% 133 1.66

6.2.3. Parked (Idling) & fault event

As with floating offshore structures for oil and gas production,
the survivability of FOWT under extreme conditions is a critical is-
sue in design and installation. This study will now investigate the
scenario of the system under broken two most loaded mooring
lines in parked (idling) condition. Two most loaded lines will as-
sume to break, and subsequently detach from the FOWT. Fig. 30
shows lines 7 & 8 are modelled to be detached from the fairlead
at 100 s of the simulation for both DLCs 7.1a &7.1b. DLC7.1a. The
primary objective is to investigate that the TLB with disconnected
mooring lines first will survive and second the motion responses
do not exceed the limitations set by DNVGL-ST-0437 [24] and
DNVGL-RP-0286 [70].

Table 21 summarise the results obtained for parked (Idling) &
fault events, where the tension magnitude provided is for the line
which experienced the highest load. In this case, line 6 carried
the maximum tension amongst the still-connected lines for both
DLCs. The most striking observation for the broken line scenario
is that surge and yaw motion of TLB, and dynamic tension of the
most loaded mooring line, line 6, are strongly coupled following
the lines has disconnected.

Figs. 31-34 show the surge, heave, yaw, and the maximum
loaded line (line 6) tension for three mooring line materials un-
der DLCs 7.1a & 7.1b. As anticipated, a significant peak in response
and a robust change of frequency and amplitude in the motion
responses behaviour shortly after disconnecting the mooring lines
occurred. It can be noted that a sudden shift of mean offset (dotted
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Fig. 30. Disconnected lines 7 & 8 at 100 S Representing Line Broken Scenario.

line) after disconnecting the most loaded two lines. The sway and
roll motions are small purely due to the symmetric configuration
of the TLB and the incident direction of the environment. To have
a clear observation for the system behaviour at the time of moor-
ing lines broken, the first 200 s of the responses also presented
in more detail. Comparing the behaviour of the three mooring
materials before, during and after disconnecting the most loaded
lines showed that the initial unsteady transient phase ended af-
ter the first approximately 30 s, with the system allowed to reach
a steady state response before disconnecting of the lines This be-
haviour has been observed for all materials and is presented for
the main parameters of surge, heave, yaw and the maximum dy-
namic tension. The sudden shift observed in motion responses af-
ter disconnections lines are higher for the TLB with nylon rope
than the polyester and steel mooring lines. The platform’s response
with polyester and steel mooring lines is similar, with higher am-
plitude in the transient phase followed by separate lines from fair-
lead for TLB with polyester rope. The elasticity of nylon material
caused higher amplitude.

The systems experienced transient phase after disconnected
lines. The platform with nylon rope shown higher responses than
platform with polyester and steel. For TLB with nylon a sharp
high amplitude of surge and heave responses occurred in transient
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Table 21
Responses Characteristics of the TLB with Steel, Polyester, and Nylon Mooring Lines for Parked (Idling) & Fault Events.
Time (s) Max Min Mean SD
DLC7.1a  Steel Surge(m) 611 391 -0.55 1.59 0.60
Sway(m) 10,462 0.25 -1.19 -0.59 0.27
Heave(m) 6728 2.19 0.09 1.20 0.29
Roll(deg.) 10,667 1.17 —-0.06 0.71 0.36
Pitch(deg.) 10,800 2.47 -0.03 1.56 0.70
Yaw(deg.) 611 2.14 1.81 1.97 0.03
Tension(tons) 611 1637.70 416.10 1101.80 156.30
Polyester  Surge(m) 6724 4,93 -1.12 1.96 0.73
Sway(m) 9003 0.40 -1.45 —-0.63 0.30
Heave(m) 6731 3.05 0.13 1.62 0.39
Roll(deg.) 10,662 1.51 —-0.04 0.84 0.45
Pitch(deg.) 10,800 2.72 —-0.02 1.62 0.78
Yaw(deg.) 6725 2.51 2.01 2.23 0.04
Tension(tons) 6724 1448.6 429.9 922.1 136.0
Nylon Surge(m) 6725 5.68 -1.27 2.09 0.92
Sway(m) 10,663 0.27 -1.71 -0.74 0.40
Heave(m) 6729 417 -1.29 1.99 0.66
Roll(deg.) 10,663 1.86 —-0.05 0.90 0.55
Pitch(deg.) 10,800 3.42 —-0.01 1.86 0.98
Yaw(deg.) 6725 2.86 2.28 2.58 0.06
Tension(tons) 6724 1248.3 280.8 769.1 126.5
DLC7.1b  Steel Surge(m) 6728 3.30 -0.45 135 0.45
Sway(m) 6747 0.15 -0.98 —0.46 0.17
Heave(m) 4550 1.71 0.21 0.94 0.19
Roll(deg.) 10,771 0.98 —-0.01 0.66 0.28
Pitch(deg.) 10,793 213 —0.05 1.34 0.61
Yaw(deg.) 6728 1.77 1.43 1.56 0.02
Tension(tons) 6728 1584.4 582.9 1095.9 122.9
Polyester  Surge(m) 6496 3.98 -0.69 1.66 0.59
Sway(m) 6746 0.05 -1.23 -0.59 0.24
Heave(m) 6731 2.64 0.11 1.40 0.34
Roll(deg.) 10,758 1.31 0.00 0.80 0.38
Pitch(deg.) 10,793 249 —0.03 1.48 0.71
Yaw(deg.) 6496 2.21 1.67 1.85 0.03
Tension(tons) 6496 1356.5 439.9 921.9 120.9
Nylon Surge(m) 6728 4.79 -0.86 1.69 0.72
Sway(m) 10,663 0.19 -1.57 -0.77 0.36
Heave(m) 6732 3.57 —-0.60 1.69 0.50
Roll(deg.) 10,662 1.70 0.00 0.92 0.49
Pitch(deg.) 10,793 3.10 -0.02 1.69 0.89
Yaw(deg.) 6727 2.85 2.04 2.36 0.06
Tension(tons) 6727 1204.5 327.6 768.6 113.4

Table 22
Mean Offset Comparison of Responses under DLC7.1a & 7.1b Beforehand and Afterward Disconnected Lines.

Average of Responses

Mooring Material DLC Line Status Surge (m) Heave (m) Yaw (deg.) Tension (ton)
Steel DLC7.1a Before Failure 0.076 —-0.085 0.048 618.68
After Failure 1.592 1.195 1.959 1104.03
A 1.516 1.280 1.911 485.35
DLC7.1b Before Failure 0.065 -0.022 0.080 747.89
After Failure 1.353 0.931 1.556 1097.55
A 1.287 0.953 1.476 349.66
Polyester DLC7.1a Before Failure 0.117 —0.056 0.151 535.13
After Failure 1.968 1.609 2.214 923.88
A 1.851 1.666 2.063 388.76
DLC7.1b Before Failure 0.085 —-0.049 0.189 535.69
After Failure 1.665 1.393 1.841 923.66
A 1.580 1.442 1.651 387.97
Nylon DLC7.1a Before Failure 0.134 -0.156 0.290 464.25
After Failure 2.096 1.975 2.564 770.46
A 1.962 2.130 2.273 306.21
DLC7.1b Before Failure 0.096 —-0.082 0.024 464.82
After Failure 1.702 1.677 2.351 769.97
A 1.606 1.760 2.327 305.15

24
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Table 23
Characteristic Capacity of The Mooring Lines and The Design Tension Calculations
for Each Mooring Material under Parked (Idling) & Fault Event.

Ty (N)
Sc (N) DLC7.1a DLC7.1b
Steel 2.80E+07 2.33E+07 2.24E+07
Polyester 2.70E+07 2.08E+07 1.92E+07
Nylon 2.09E+07 1.80E+07 1.73E+07
Table 24
The Utilization Factors for Each Mooring Line under Parked (Idling) & Fault Event.
Utilization Factor SF
DLC7.1a DLC7.1b DLC7.1a DLC7.1b
Steel 83% 80% 1.20 1.25
Polyester 77% 71% 1.30 1.41
Nylon 86% 83% 1.16 1.21

phase after lines disconnected due to elasticity of the material. At
50% of the MBF, the nylon material has 31% more elasticity than
the polyester. The high rigidity with higher axial stiffness for steel
material caused lower magnitude. The platforms with fibre moor-
ing lines are oscillating more after lines are disconnected.

The motion response in yaw between the three different mate-
rials shows similar response in the mean rotation before and af-
ter the lines are disconnected. The mean position in yaw after the
lines are broken again is similar across all these cases. The graph
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DLC7.1a & 7.1b Surge Response Motion Full Time History (Top) and First 200 s (bottom) for TLB with Steel, Polyester, and Nylon Mooring Lines.

shows the differences in response is strongly linked to the vary-
ing stiffness elongation characteristics between steel, nylon, and
polyester. The nylon system shows significant oscillations around
the mean compared to steel and polyester. In the current model,
all three mooring systems are modelled to assume a delta connec-
tion, to improve the response of the nylon system the design pa-
rameters for this could be revised to be specifically designed for a
less stiff system.

Surge and yaw motion responses occurred concurrently with
dynamic tension for steel line materials, indicating that the surge
and yaw motion are strongly coupled with the dynamic tension re-
sponse of the most loaded mooring line. On the other hand, con-
sidering DLC7.1a, for fibre mooring materials, surge, heave, yaw,
and dynamic tension of most loaded line occurred at same time in-
dicating that the dynamic tension of the platform is coupled with
surge, heave, and yaw motion responses. the maximum tension of
the most loaded line for polyester rope is 14% and 9% higher than
for nylon under DLC7.1a and DLC7.1b respectively indicating that
polyester elongates less than nylon while reaching to 50% of its
MBL.

The difference of mean offset before and after disconnected
lines for surge, heave, and yaw motion responses, and dynamic
tension of three different line materials under DLCs 7.1a & 7.1b, are
shown in Table 22.

The sudden shift of mean offset for surge response after dis-
connecting the two lines most heavily loaded under the parked
(Idling) observed, especially for the TLB moored with nylon, with a
spike peak of 1.96 m and 1.61 m compared to those of steel lines,
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Fig. 32. DLC7.1a & 7.1b Heave Response Motion Time History for TLB with Steel, Polyester, and Nylon Mooring Lines.

1.52 m and 1.29 m, and polyester lines, 1.85 m and 1.58 m, re-
spectively. The heave mean shift values for TLB moored with steel
and polyester are smaller than with nylon. TLB with nylon expe-
rienced maximum sudden shift in heave amongst other mooring
line materials with experiencing more oscillating. In terms of yaw
response, the mean response of the TLB moored with nylon before
lines failure raised from 0.3° to 2.6° under DLCs 7.1a and similarly
from 0.02° to 2.4° under 7.1b event. amongst the three different
mooring line materials, the steel mooring line recorded the highest
sudden shift of mean offset under DLC7.1a (A = 485.4 (ton)) and
similarly sudden shift of mean offset of 349.7 tons under DLC7.1b.

The TLB design using three mooring lines survived in extreme
sea state with wind turbulence while two loaded lines from parked
events are disconnected. Base on the motion responses illustrated
in Table 21, TLB with three mooring line materials satisfied the
rule-based limitations on response motion as set by DNVGL-RP-
0286 [70] and the design criterion for ULS as given in DNV-0S-
J103 [69]. By comparing the capacity of the mooring lines and the
design tension calculations (see Table 23), Table 24 shown the uti-
lization factors for each mooring line.

6.3. Nacelle accelerations

The nacelle of the wind turbine is often undergoing cyclic
movements during operations because of dynamic tower bend-
ing. These movements shall be monitored by reviewing the nacelle
acceleration continuously in translational directions. According to
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DNVGL-RP-0286 [70] which provides guidance on limitations, the
maximum nacelle acceleration should be 0.3 g (2.943 m/s?) in the
time series for the operational load cases, and should have a limit
of 0.6 g (5.886 m/s?) in the time series for the survival events.

Fig. 35 shows the maximum nacelle accelerations including
translational and resultant for three mooring materials under all
DLCs. By considering the absolute values present in Table 25,
Fig. 36 shows the comparison of the maximum nacelle in x, y, z di-
rections and the maximum resultant acceleration of the TLB with
three mooring materials under DLCs. Fig. 36 shows the percent-
age of the induced effect of wind turbulence intensity on the TLB
with steel, polyester, and nylon mooring lines. It observed a clear
link between the maximum resultant acceleration (R) and a sin-
gle motion where the resultant acceleration is higher at time steps
relating to individual maximums. The resultant acceleration is the
highest when x direction is the highest for three mooring materi-
als under operational conditions. The resultant acceleration of the
TLB moored with nylon is 2.45 m/s* under DLC1.6a which is the
highest acceleration amongst other mooring materials for both op-
erational events.

In both DLCs which are representing the parked (Idling) event
condition, the TLB with nylon again has the highest nacelle resul-
tant acceleration than the TLB moored with polyester and steel
materials. The maximum resultant nacelle acceleration has a link
to the maximum nacelle acceleration in z direction for all three
mooring materials under DLC6.1a event. The TLB with nylon moor-
ing line experienced the highest nacelle acceleration in x, y, and
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Table 25
Maximum Translational and Resultant Nacelle Acceleration.
DLC1.1 DLC1.6a
X_ACC Y_ACC Z_ACC R X_ACC Y_ACC Z_ACC R
Steel -0.83 -0.09 —0.06 0.83 -1.20 0.11 0.12 1.21
Polyester -1.08 -0.13 0.05 1.08 -1.82 -0.19 0.11 1.82
Nylon 1.26 0.05 0.15 1.26 -2.45 0.09 -0.47 2.45
DLC6.1a DLC6.2b
X_ACC Y_ACC Z_ACC R X_ACC Y_ACC Z_ACC R
Steel 1.18 -1.41 1.68 1.80 1.13 -1.27 1.57 1.70
Polyester —1.49 2.36 1.82 2.64 -1.37 2.06 1.55 2.19
Nylon -1.94 2.71 -2.72 3.27 -1.74 233 -2.28 2.53
DLC7.1a DLC7.1b
X_ACC Y_ACC Z_ACC R X_ACC Y_ACC Z_ACC R
Steel -1.52 2.74 3.37 3.71 1.04 213 3.28 3.53
Polyester 2.03 2.97 3.63 4.11 -1.07 291 3.35 3.48
Nylon 2.56 3.11 4.01 4.49 2.10 2.94 3.77 4.00

z directions than the TLB with polyester and steel mooring lines.
As there is an EWM with existence of turbulence in DLC6.1a, the
nacelle acceleration is higher than the one for DLC6.2b. The TLB
moored with nylon lines has experienced 8% and 83% more nacelle
acceleration than the TLB with polyester and steel mooring lines
respectively. The TLB with polyester has 69% more nacelle accelera-
tion than the one with steel mooring line. The maximum resultant
nacelle acceleration has a link to the maximum nacelle accelera-
tion in y direction under DLC6.2b for the TLB with polyester and
nylon mooring lines and has a link to the maximum nacelle accel-
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eration in x and y direction for the TLB moored with steel mooring
material. The TLB with nylon mooring lines has highest nacelle ac-
celeration under DLC6.2b event. The TLB moored with nylon has
15% and 48% more acceleration than the TLB with polyester and
steel mooring lines respectively. There is a strong link between
the maximum resultant acceleration and the maximum accelera-
tion in z direction for all mooring materials under both DLC7.1a
and DLC7.1b events. As DLC 7.1a represents a harsher environmen-
tal condition than the DLC7.1b, the nacelle acceleration is higher.
Similar to operational and parked events, the TLB moored with ny-
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lon experienced higher nacelle acceleration in X, y, and z directions
than the TLB with polyester and steel mooring line materials under
the parked with fault event.

Fig. 36 shows the induced effect of wind turbulence inten-
sity on nacelle acceleration of the TLB with steel, polyester, and
nylon mooring lines (percentage difference between DLC6.1a and
DLC6.2b maximum translational accelerations). The effect of the
wind turbulence on the resultant nacelle acceleration for the TLB
with nylon mooring lines is higher than for the TLB moored with
polyester and steel mooring lines. This is also true for nacelle ac-
celeration in x, y, and z directions. The induced effect of wind tur-
bulence intensity on the resultant nacelle acceleration of the TLB
with steel mooring line is 6%, with polyester mooring line is 21%,
and for the system moored with nylon rope is 29%.

The TLB moored with the taut mooring system of all three
different line materials satisfy the DNVGL criteria for nacelle ac-
celeration for the system in both operational (<0.3 g) and non-
operational conditions (<0.6 g). It is further noted that the wind
turbulence intensity and the significant wave height defined by the
load cases have significant impact on the nacelle acceleration. In
addition, for all load cases, it is evident that the benefits of a stiffer
mooring system include the reduction of nacelle acceleration for
the FOWT system.

7. Conclusions

The study demonstrates the feasibility of using a TLB FOWT sys-
tem to support a wind turbine capacity of 10 MW moored by a
novel taut mooring system with three different line materials avail-
able on the market. The TLB FOWT system proposed in this study
is less complex, with a clear advantage in construction and instal-
lation over current leading technology FOWT types. The TLB design
could be ready built in the port, ballasted and then towed out to
the deployed location, and by de-ballasting, the TLB can hook into
the mooring lines and achieve its design pre-tension. The expendi-
ture on support vessels will be reduced. Therefore, the TLB design
will provide a cost-effective, flexible alternative platform solution
for large-scale FOWT development around the UK.

Results of the extensive time domain coupled simulations have
shown that all TLB designs can operate safely in typical North Sea
field conditions. Steel, Nylon and Polyester mooring lines achieve
comparable motion and force responses and comply with govern-
ing regulations. The dynamic response of the floater obtained for
all DLCs showed slight motion and nacelle accelerations, enabling
the wind turbine to be installed without significant modifications
to its control systems. Therefore, the TLB design will allow for the
simplicity of adopting land-based wind turbines without needing
to re-develop control systems to cope with the increased motion
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and accelerations. All mooring line materials considered can op-
erate and maintain acceptable responses in relatively severe sea
states producing power and can survive in extreme sea states with
extreme turbulence wind model tested in the full time domain
simulations.

In addition, the design was shown to survive in extreme sea
states, even with the most loaded mooring lines broken and de-
tached from the floater. More rigid mooring lines in the taut
mooring system are advantageous in maintaining the TLB’s stabil-
ity whilst exhibiting high line tension compared to elastic moor-
ing line materials. The taut mooring system designed for the TLB
FOWT can maintain positive tension in all DLCs assessed. All three
mooring lines can be utilised to moor a large-scale TLB structure
due to providing a sufficient safety factor under all considered en-
vironmental conditions.

Overall, TLB designs satisfied the rule-based limitations on mo-
tion response, the design criterion for ULS and ALS and the criteria
for nacelle acceleration.

Further, more detailed study should be carried out to inves-
tigate the system performance, under non-collinear environmen-
tal conditions and integrating some of the simplified modelling
in terms of mooring line composition and delta connection to re-
duce yaw motion. A detailed cost analysis study should also be
performed, to allow a precise comparison to other popular con-
cepts for floating foundations. A laboratory experimental model
test is essential (and planned) for further validation, to improve
the model tools in the next stage of this study.
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