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Abstract: This paper investigates the dynamic response of a fully nonlinear model of a DeepCWind
floating offshore wind turbine (FOWT) after one of its three-catenary mooring systems is broken.
The drift area of the platform, pitch motion of the wind turbine, and tension on the two ends of the
mooring line are the main dynamic response foci; in addition, a single mathematical formula is pro-
vided in this study to predict the maximum drift in surge direction. After the platform reaches the
new equilibrium position maintained by the remaining two mooring lines, the tower pitch exceeds
20 degrees. The tension change is closely related to the drift motion, necessitating an increase in the
minimum breaking load (MBL) of the mooring line components. The mathematical forecast of the
maximum surge shows good agreement with the numerical results, even with different water
depths

Keywords: FOWT; mooring line failure; drift distance; mooring tension; drift prediction; ALS

1. Introduction

Floating offshore wind turbines (FOWT) have recently shown great potential due to
the considerable wind resources and more flexible installation sites they provide com-
pared to onshore wind turbines [1]. As a result, FOWT capacity has obtained significant
progress in the last decade [2,3]. According to Offshore Wind Market Report: 2021 Edition
ii, in 2020 alone the global floating offshore wind capacity grew by more than three times,
from 7663 MW (2019) to 26,529 MW [4]. This higher wind energy density brings with it
new challenges for the offshore wind industry, particularly the mooring system [2,3]. One
of the main challenges with mooring systems is their high rate of failure, as experienced
in the oil and gas industry with 296 mooring system accidents in a roughly 40-year period
[5], and an annual probability of failure during 2001-2011 estimated at 3.0 x 10-? [6]. Sim-
ilar challenges exist with respect to FOWT, and further comprehensive studies based on
specific FOWT properties are required|[2].

The floating wind industry currently applies three conventional mooring configura-
tions from the oil and gas industry: catenary mooring systems, tension-leg mooring sys-
tems, and semi-taut mooring systems, shown in Figure 1 [7,8]. A catenary mooring system
mainly houses steel chains, and hangs freely between the floating structure and anchor to
form a catenary shape. The relaxed catenary of the system leads to flexible vertical and
horizontal motion of the floating platform [9,10]. The mooring lines of tension-leg moor-
ing systems are pre-tensioned, allowing them to be fully tautened by the floating body
[9]. The semi-taut mooring system combines the taut mooring system and catenary moor-
ing system [9,10]. The advantages and disadvantages of the three mooring systems are
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summarized in Table 1. Current offshore floating wind projects such as the spar type foun-
dation (Hywind Scotland [11], Hywind Tampen [7], TODA Hybrid Spar [12]), semi-sub-
mersible foundation (WindFloat Atlantic [13], Fukushima FORWARD [14], and Voltur-
nUS Aqua Ventus I [15]) all apply a three-leg catenary mooring system due to its simple
design and installation.

I CHE.

Figure 1. Three types of mooring systems: (A) Catenary mooring system, (B) Tension-leg mooring
system, (C) Semi-taut mooring system.

Table 1. Comparison of the three mooring systems [7,9,10].

Types Catenary Mooring Tension-Leg Mooring Semi-Taut Mooring
Item System System System
Platform stability
(without mooring relatively high relatively low medium
system)
Platform perfor-
mance (with moor- acceptable relatively stable acceptable

ing system)
Pre-tension of moor-

. relatively low relatively high medium
ing system
Footprint size of _ . .
. relatively large relatively small medium
mooring system
relatively difficult

relatively simple com- relatively simple com-
pared to a tension-leg

mooring system

Installation of moor-
ing system

compared to catenary
and semi-taut moor-
ing systems

pared to a tension-leg
mooring system

Mooring line failure mechanisms were investigated by Akers [16] and five common
failure mechanisms were summarized: out-of-plane bending of the chain, ultimate load
exceedance, fatigue, corrosion, and abrasion. The first two common failures typically oc-
cur during extreme events such as heavy weather, while the remaining three can be
classed as fatigue failures due to the accumulated load over installation lifetime.

Mooring line failures studies with publicly available investigations are vital for risk
assessment and rescue, with most of the focus on offshore oil and gas floating platforms
[17]. Sekita and Sakai [18] applied the nonlinear method to analyze a TLP mooring system
under critical sea conditions, and pointed out that snap loads were generated on the moor-
ing lines, resulting in successive breakage of the mooring line. Deb [19] presented an in-
vestigation of the static and dynamic behavior of tension leg platform (TLP) after partial
or total loss of a mooring line at any corner along with the effects of various pertinent
parameters on instability. Yang, et al. [20] considered the transient effect of mooring line
disconnection on the performance of the TLP in a storm. It was noted that mooring line
tension is more significantly affected by the transient mode than by the motions, and that
the vertical motions, especially pitch, are more significantly impacted by mooring line
failure. A new code combining the Boundary Element and Finite Element Methods (BE-
FEM), developed by Kim and Zhang [21], was applied to the transient effects of mooring
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line disconnection on the survivability of a TLP in a typhoon. Yang and Kim [22] indicated
that the inclusion of second-order sum- and difference-frequency wave excitations can
calculate tendon tensions more accurately in the transient effect. Yu, et al. [23] studied
one-time and progressive tendon failure for a TLP under extreme conditions. For the off-
shore wind energy industry specifically, studies are very limited. Bae, et al. [24] used a
numerical tool that combines a floater-mooring-coupled dynamic analysis program
(CHARMS3D) with an aero-hydro-servo-elastic wind turbine simulation tool to model the
failure case of an FOWT and report its dynamic motion during the accident. Their results
suggested the need for a more comprehensive study with additional scenarios. Most of
the above-mentioned previous studies on the effects of mooring failure considered TLP;
however, for semi-submersible floating wind turbines the dynamic response of the plat-
form following mooring line failure and the impact of various incident wind and wave
angles have not been thoroughly discussed in the literature and require dedicated studies.
Furthermore, a non-operational wind turbine as considered in this research compares to
the Bae, Kim and Kim [24] operational model. In the present study, a fully nonlinear nu-
merical model was built with consideration of the Quadratic Transfer Function (QTF),
added mass, and damping matrices of the platform. The hydrodynamic model of an
FOWT [25,26] with the three-leg mooring configuration is investigated under mooring
failure along with the dynamic response in detail, including platform performance, drift
area, and tension in the remaining mooring lines.

The remainder of this paper is organized as follows: Section 2 introduces the analyt-
ical model of the FOWT, floating platform and the mooring system; Section 3 presents the
numerical modelling of the FOWT, including the numerical tools and validation; Section
4 presents the hydrodynamic performance of the FOWT under the mooring filature con-
ditions; Section 5 discusses the main findings and considers potential industrial applica-
tions; finally, the main findings and conclusions are drawn in Section 6.

2. Analytical Modelling
2.1. Governing Equation

The governing equations of the OC4-FOWT are modelled via Newton’s second law.
Fwave+FWLnd+m=M'a D

The external force includes the wave load m on the OC4 platform, the wind load
m on the FOWT, and the mooring force ﬁon the whole system.

The Fyape is calculated via the Potential flow theory, including the wave radiation
force F,. and the exciting force F,.The cases in this study use extreme wave conditions with
shallow water; therefore, the second-order wave force (difference frequency) is consid-
ered. The governing equation is then presented as:

{m + A} () = Fping + F&H(E) + FP() + Fyy (£) — c¢(t) — B|¢(®)]¢(0)
—K{(t)

where m is the mass of the FOWT including the platform, the wind turbine, and the tower;
Fyyina is the aerodynamic load on wind turbine and tower; F*5t(t) is the first order wave
excitation force; F?™4(t) is the second order wave excitation force, called wave drift force
in this study; Fj,(t) is the mooring force; c is the linear damping matrix, including drift
damping effects; B is the quadratic damping matrix; K is the total stiffness matrix; A, is
the added mass matrix at the infinite frequency; and {(t), { (t) and 4 ) represent the dis-
placement, velocity, and acceleration time-series vectors in translational or rotational mo-
tions, respectively. Damping and added mass matrix are frequency-dependent.

The second-order wave excitation force is simulated by the QTF data to all pairs of
the wave components in the sea state, which is a superposition of a number, n, of the
regular wave components present in all the wave trains specified. The wave drift load can
be present as:

@)
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n n
F2nd(t) = Z Re{Qd (B, B, Tj, i) ajay explj(w; — wi )t — (¢; — dr) |} 3)
j=1k=1

where Re. denotes taking the real part of a complex number; Qd (B}, B, Tj, Tx) is wave drift
(QTF) in complex-valued form for the interaction of wave components j and k; ; and S
are direction relative to the heading of the platform; a; and a, are the wave amplitudes;
¢; and ¢, are the phase lags relative to the simulation time origin at the position of the
platform’s QTF origin; 7; and 7, are the wave period of different components; and w; =
2n7j and wy = 21Ty are angular frequencies of different components.

2.2. Wind Load

Wind load is captured through implementation of the blade element momentum
(BEM) method, adapted from AeroDyn v15.04 [2]. In this study, the wind speeds surpass
a modern utility-scale turbine’s rated wind speed. Therefore, the blades are set to feather
and reduce their surface area, and are locked down to ride out severe gusts. The yaw drive
is stopped to point the wind direction. Hence, the aerodynamic load on the wind turbine
and tower can be described as below:

1
Fyina = EpaCD(a)A(W —v)|lw—v| 4)

where p,, is the air density; Cp(a) is the drag coefficient obtained for the incident wind
angle a using the linear interpolation of the wing type data or tower data; 4 is the element
projective area with load calculated individually on the mid-segment frame of each seg-
ment and the area changed with different incident wind; w is the wind speed in unit meter
per second; and v is the horizontal velocity of turbine moves in unit meter per second.

2.3. Mooring Load

In the static analysis, the catenary equation [27] provides the essential idea of a rela-
tionship between the x-offset and the horizontal restoring force in the static stage:

X=l—da+2m5 + T oen11 4+ 22 5
— a2 T LA ) O

where X is the horizontal projection distance between fairlead and anchor, I is un-
stretched mooring line length, Ty is the horizontal force from mooring line self-weight, d
is the vertical distance from fairlead to seabed, and w is the per meter weight of the moor-
ing line. Once the tension of each line is computed, the overall static force on the floating
structure can be defined.

In the dynamic analysis, a finite element model was used to simulate the mooring
line in Orcaflex [26]. The line is divided into a series of line segments modelled by straight
massless model segments with a node at each end, as illustrated in Figure 2. Line proper-
ties such as mass, weight, and buoyancy are lumped to the nodes. The index value of the
line segment between nodes 0 and 1 is 1/2, and the node at the top of the fairlead node is
N. In this study, there are 84 segments nodes in an 835.5 m mooring line. The mooring
line model combines internal axial stiffness, damping force, buoyancy force, and hydro-
dynamic forces from Morison’s equation.
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Figure 2. Discretized mooring line model.

The equivalent mass of the mooring cable is discretised into point masses at each
node by assigning each node half the combined mass of the two nearby segments. The 3

x 3 mass matrix for node ! can be represented by
T2
m; = 7 dw’lpl (6)

where d,, is equivalent mooring line diameter, p is the density of the mooring cable, and
I is the identity matrix.

The added-mass matrix (which is included in the mass matrix) for node i is expressed
as:

T
a; = @i+ ags = pyd?lCan(l - qifail + Cat(aifai) @)

where a,; is the corresponding transverse, ag; is the tangential added-mass matrix, Can is
the transverse added-mass coefficient, Cat is the tangential added-mass coefficient, and
qil is defined as the tangent direction at each node and can be approximated as the direc-
tion of a line passing between the two adjacent node points.

The internal stiffness and damping force of the line segment i + 1/2 are expressed as
T, @ and C, +(2y respectively. Meanwhile, the weight of the line segment lumped at each

2
node i is denoted as W;, whereas B; is the net buoyancy at node i. D,; and D; are drag

forces in the transverse and tangential directions, respectively. Therefore, the motion
equation of the mooring cable for each node i can be presented as below:

N
Fy =Z(mi +a)i;
v ®
) S;(TH(%) Tl Cu) T G Wt Bt Dot Do)

where r; is the position vector at node i.

3. Numerical Modelling
3.1. Model Set-Up

An overview of the modelling scope is provided in Figure 3. The numerical simula-
tion includes both a frequency and a time domain model. The coefficients of hydrody-
namic forces were obtained by the frequency-domain boundary element method solver
OrcaWave [28]. The diffraction analysis was considered as 31 wave periods ranging from
4 s through to 200 s and 9 wave headings between 0 and 180 degrees, including 0, 45, 90,



Appl. Sci. 2022, 12,1525

6 of 25

and 120 degrees. First, the OC4 floating platform model (Figure 4), with the mesh sensi-
tivity checked by [26], generated the meshes using ANASYS AQWA and imported them
to OrcaWave for diffraction analysis. Then, the OrcaWave-generated data, including first-
order wave load data and second-order drift loads plus stiffness, added mass and damp-
ing data were brought into the Orcaflex model. Then, the other components including the
mooring system and wind turbine were built and connected to the platform. Finally, the
physical properties of the wind turbine, mooring system and floating platform were im-
plemented in a coupled nonlinear time-domain model to estimate the hydrodynamic re-
sponse.

Step. 1 Step. 2 Step. 3
Used AQWA to Diffraction analysis of The OrcaWave-generated
generate the platform the platform in platform data
and edit meshes. OrcaWave import to Orcaflex
Step. 4 Step. 5
Generated the A full coupling model with

—>» mooring/anchor system and
connected to the platform

aero-hydro-mooring for
dynamic analysis

L

Figure 3. The flowchart of the simulation.

Figure 4. The DeepCWind OC4 semi-submersible panel mesh.

As shown in Figure 5, the investigated FOWT houses an OC4 DeepCwind semi-sub-
mersible platform and a 5-MW baseline wind turbine. This selected turbine has been pub-
licly used as a reference in several previous studies. The general parameters of the 5-MW
turbine and the tower are listed in Tables 2 and 3, respectively.

(A) (B)
Blade —>
Wind — +— Wind turbine
oca Tower
DeepCWind
Wave B platform —»
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Figure 5. OC4 DeepCwind semi-submersible system: (A) Side view; (B) Front view.

Table 2. Wind Turbine Data Overview (Adapted with permission from Ref. [25]. NREL).

Property Values Unit
Wind turbine capability 5 MW
Blade quantity 3 -
Rotor diameter 126 m
Cut-in, rated, cut-out wind speed 3,11.4,25 m/s
Rotor weight 110.00 te
Nacelle weight 240.00 te
Tower weight 347.46 te
Table 3. Tower Physical Properties (Adapted with permission from Ref. [29]. NREL).
Property Values Unit
Overall Integrated Mass 347.46 te
CM Location (above GL) 38.148 m
Material Effective Density 8.5 te/m3
Material Young’s Modulus 210 Gpa
Material Shear Modulus 80.8 Gpa
Poisson Ratio 0.3 -
Added Mass Coefficient 1.0 -
Drag Coefficient 1.2 -

The OC4 DeepCwind platform includes a 6.5 m-diameter main column and three
offset columns that are connected to the main column through a series of smaller diameter
pontoons and cross members, and the tower is cantilevered at an elevation of 10 m above
the still water level (SWL) to the top of the main column (MC). The centre of mass (CM)
is located at 13.6 m along the platform centrelineF below the SWL. The draft of the plat-

form is 20 m. Details of the floating platform are presented in Table 4 [29].

Table 4. Properties of the semi-submersible platform (Adapted with permission from Ref. [30].

NREL).
Property Values Unit
Depth of platform base below SWL (total draft) 20 m
Elevation of the main column (tower base) above SWL 10 m
Elevation of offset columns above SWL 12 m
Spacing between offset columns 50 m
Length of upper columns 26 m
Length of base columns 6 m
Depth to top of base columns below SWL 14 m
Diameter of the main column 6.5 m
Diameter of offset (upper) columns 12 m
Diameter of base columns 24 m
Diameter of pontoons and cross braces 1.6 m
Platform mass, including ballast 1.3473 x 107 kg
CM location below SWL 13.46 m
Platform roll inertia about CM 6.827 x 10"  kg-m?
Platform pitch inertia about CM 6.827 x10°  kg-m?
Platform yaw inertia about CM 1.226 x 101 kg-m?
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The configuration and parameters of the three-leg catenary mooring system used in
the FOWT are shown in Figure 6 [29]. Three mooring lines were applied, each with an
unstretched length of 835.5 m; the other properties are presented in Table 5 [25]. The code
comparison of the OC4 DeepCWind model is presented in Appendix A. The hydrody-
namic results displayed good agreement with the other numerical tools [30].

Table 5. Properties of the mooring system (Adapted with permission from Ref. [30]. NREL).

Property Values Unit
Number of mooring lines 3 -
Angle between adjacent lines 120 °
Depth to anchors below sea water level 200 m
Depth to fairleads below sea water level 14 m
Radius of anchors from platform centreline 837.60 m
Radius to fairleads from platform centreline 40.87 m
Unstretched mooring line length 835.5 m
Mooring line diameter 0.0766 m

Equivalent mooring line mass in water 108.63 kg/m
Hydrodynamic drag coefficient for mooring lines 1.1 -
Hydrodynamic added-mass coefficient for mooring lines 1.0 -
Structural damping of mooring lines 2.0 %

Figure 6. Model set-up of the OC4 floating wind turbine and mooring system.

3.2. Load Cases

The non-operational FOWT dynamic response in an accidental limit state (ALS) dur-
ing extreme wind and wave conditions were studied. Mooring line #1 was set to release
at 2000 s to simulate the ALS. The total numerical simulation time of each case was set to
6000 s, with a time step of 0.1 s. A recurrence period of 50-year typhoon condition with
misalignment wind and wave directions, as recommended by the offshore standards [31],
was selected as the extreme environmental load.

Table 6 shows different return periods of typhoon wave conditions from local gov-
ernment analysis of over 20 years of typhoon wave data [32] in offshore Hsinchu, Taiwan,
the site of a potential wind farm. Ts denotes the significant wave period and Hs the sig-
nificant wave height. The wave condition in Hs =9.1 m, Ts =12.7 s and y = 2.08, and the
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spectral density of the sea elevation process is represented by the JONSWAP spectrum
(shown in Figure 7). The wind speed takes the 50-year return period typhoon event at 60
m/s [32]. All of the load cases in this study are provided in Table 7 and visualised in Figure
8. LC 1-5 represent the various incident wind direction situations (Figure 8A), while LC
6-9 represent the different direction conditions (Figure 8B) and LC 10 shows the wind and
waves coming from 180°.

Table 6. Return periods of the typhoon wave conditions at Hsinchu offshore.

Return Period (Year) 10 20 50

Wave Directions Hs(m) Ts(s) Hs(m) Ts(s) Hs@m) Ts(s)
North-East, NE

! . 10. 7.7 11.7 1 12.7

(33-45 degrees) 66 08 ?

North-Northeast, NNE 6.1 10.4 73 11.3 8.7 12.4
(12-33 degrees)

North-Northwest, NNW 45 8.9 55 9.8 6.7 10.9

(327-348 degrees)

Source: Planning of environment protection and promotion on Kang-Nan coast HsinChu City.

Table 7. Load cases for multi-directional incident wind and waves.

Load Case @ Wave Incident Directions Wind Incident Directions

Symbol ©) ©) Symbol
LC1 0 0 V0DO
LC2 0 45 V0D45
LC3 0 90 V0D90
LC4 0 120 V0D120
LC5 0 180 V0D180
LC6 45 0 V45D0
LC7 90 0 V90DO0
LC8 120 0 V120D0
LC9 180 0 V180D0
LC10 180 180 V180D180

250
200+
150+

100+

Spectral density (m"2 / Hz)

50+

Frequency. (Hz)

Figure 7. JONSWAP spectrum for 50-year return period wave conditions.
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Figure 8. Multi-directional incident wave and wind directions: (A) LC1 to LC5. ;(B) LC5 to LC9.

Notably, the design water depth for the OC4 DeepCwind platform is 200 m; however,
the water depth in Hsinchu offshore is 50-100 m. To mitigate the differences in water
depth, a simple mathematical theory to predict maximum surge drift distance in water
depths of 200, 100 and 50 m is provided and discussed in Section 5.

4. Results

When mooring line #1 fails, the floating platform experiences a major drift motion in
the x-direction (or surge direction) which induces a slight motion in the y-direction; the
platform trail process is shown in Figure 9. To identify the characteristics of the dynamic
platform in different situations the whole simulation is separated into three stages, as il-
lustrated in Figure 10. The first stage is the normal scenario, that is, the floating platform
with complete mooring system. The second stage shows the platform drifting process,
while the third stage presents the floating platform reaching a new balance in the x-direc-
tion with the two remaining mooring lines. Notably, the time taken by the second stage
differs with each load case because of various environmental loads. The main topics in
this section are the drift area and stability of the floating platform, the tension force on
mooring line’s two ends, and the mathematical formula of maximum drift prediction. The
following subsections provide the results on each topic in detail.

Figure 9. Motion trails in the numerical model: (A) Plan view and (B) side view.
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Figure 10. Description of the three stages.

4.1. Drift Area and Velocity of the Platform

The incident wave and wind directions have an influence on the drift process (Figure
11). Most of the cases reached the new balance at a position around 800 m in the x-direc-
tion. By contrast, the surge drift distance was significantly reduced when the wind inci-
dence angle was over 90° or when the incident wave and wind were both set at 180°.
During the drifting process, the obvious sway motion was mainly caused by incident
wave angle cases such as LC 6-9.

100 —

50 —

-50 [—|

-100 —

= | 0ad case 1. VODO

=== L 0ad case 2. V0D45
Load case 3. VOD90

=== 0ad case 4. VD120

=== 0ad case 5. VOD180
Load case 6. V45D0

we= = |oad case 7. VO0DO

== =load case 8. V120D0

== = |oad case 9. V180D0
Load case 10. V180D180

T

-100

0

100 200 300 400 500 600 700 800 900

X-Position (m)
Figure 11. Floating platform drift trails during the entire simulation in the X-Y plane in ten load
cases; the solid lines present the incident wind changing cases and the dotted lines are the incident
wave changing cases.

To clarify the maximum drift area in X-Y plane, Table 8 presents the highest/lowest
values in each load case for all three stages. The maximum range is given by the highest
value minus the lowest value. Considering all load cases, the suggested alert area is a
rectangle 830 m long and 192 m wide once mooring line#1 is broken.

Table 8. Maximum range for x-direction and y-direction.
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Load Wave Wind X-Direction (m) Y-Direction (m)
Cases ©) ©) StI:;les Stage 1 St;ge Stage 3 Sﬁ:\l;e Stage 1 St;ge Stage 3
1 0 0 814.23 8.88 814.23 10.43 -6.25 0.16 -6.25 0.10
2 0 45 805.27 9.94 805.27 11.08 89.09 1.40 89.09 1.33
3 0 90 161.23 10.54 161.23 12.46 67.39 2.84 67.39 3.10
4 0 120 18.02 12.30 18.02 11.84 7.10 3.64 7.10 2.11
5 0 180 -13.02 -13.02 -11.26 -10.71 0.02 0.02 0.02 0.02
6 45 0 809.95 6.91 809.95 6.98 -94.49 8.95 -94.49 8.90
7 90 0 804.22 0.82 804.22 1.81 —45.08 10.61 —-45.08 10.83
8 120 0 807.63 5.73 807.63 6.33 91.70 10.06 91.70 10.85
9 180 0 809.49 11.19 809.49 10.66 -99.49 0.20 -99.49 3.71
10 180 180 10.33 10.33 10.02 9.66 0.14 0.12 0.12 0.14
Maximum Range 82725 2532 82550 2317 19119 1059 19119  10.83

(Highest-Lowest)

The platform takes less than 10 min to reach the new balance position after the moor-
ing line failure occurs (Figure 12). In some extreme cases, it even immediately reaches
stage three. The maximum velocity of the platform in the surge and sway directions is
presented in Figure 12. The highest velocity occurred in LC1 in the surge direction; on the
other hand, the highest sway velocity appeared with the lowest surge velocity in LC7.

[ Platform to the new balance time  es=@s=== Maximum velocity in X-direction —essis== Maximum velocity in Y-direction

12.0 45
4.0
10.0 —
_ — 35
80 3.0
= z
£ _ 25 E
~ 6.0 z
g 20 8
= 2
40 N 15
H Al 1.0
20 A S P
A \ / |
\_//;i‘i/ H N / \;\\\\ 0.5
A LT \f'i»,l. = & \\ A
0.0 ) - 2= 0.0
1 2 3 4 5 6 7 8 9 10
Load Case

Figure 12. Maximum velocity of the floating platform and the time to new balance after the failure
of mooring line #1.

4.2. Floating Platform Dynamic Response

For the safety of a floating platform, the maximum permissible tilt at the tower top
should be less than 15° for a non-operational scenario [33]. Most of the load cases fulfilled
the critical limitation, except for the LC1 condition where highest pitch was over 20°. With
a wind incident direction over 120° (LC4-5 and LC10), only small responses in x-axis drift
and pitch were under 10°. The largest sway occurred in LC2, LC6, LC8 and LC9, and the
maximum pitch was only 7-8°. Generally, the maximum pitch appeared in stage three
instead of during the drift process in stage two. The figures for each case are shown in
Appendix A, Figure A2.
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4.3. Mooring Line Tension
4.3.1. Tension on Top End (Fairlead)

The incident wind-wave misalignment influenced the fairlead time-series tensions.
Three modes illustrate the tension variation before and after mooring line failure on line#2
(blue line in Figure 13; the unit is kN in y-axis):

e  Mode A: line #2 mean tension in stage one lower than stage three.
e Mode B: line #2 mean tension in stage one higher than stage three.
e  Mode C: line #2 mean tension in stage one and stage three have no obvious change.

0

|

Line 1 Fairlead Tension

Line 2 Fairlead Tension |

Load Case 1

5000

P isapobteplontiod

Load Case 6

0 2000 4000 6000 0 2000 4000 6000
Time (sec) Time (sec)
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oeeeent O L e s s
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TR VAP !I
Nee o5, 0 1S -
0 2000 4000 6000 0 2000 4000 6000
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5000 k 5000
0 0

0 2000 4000 6000 0 2000 4000 6000
Time (sec) Time (sec)

Figure 13. Mooring line #1 and line #2 tension change in time series; the tension unit is kN.

LC 1-2 and LC 6-9 are in Mode A; the time-series tension immediately drops after
the mooring line is broken, then increases slowly and reaches a higher tension than in
stage one. LC 34 and LC10 are in Mode B, while LC5 is in Mode C.

4.3.2. Tension on Bottom End (Anchor)

In Figure 14, LC 1-2 and LC 6-9 have the horizontal anchor force changed from a
positive to a negative value. This change phenomenon shows that the anchor was pulled
in opposite directions during the simulation. On the other hand, the mean tension pre-
sented a slight decrease in stage three in LC 34 and LC10. All load cases have a slight
vertical force (black dotted line in Figure 14; the unit is kN in the y-axis) acting on the
anchor.
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Figure 14. Horizontal and vertical tension in mooring line #2 anchor point (the x-axis is time in sec,
y-axis is tension in the unit kN).

4.4. Mathematical Method to Maximum Drift Prediction

A mathematical method based on a trigonometric function was proposed for the pre-
diction of maximum drift in a range of water depths. The geometric configuration of the
mooring system is shown in Figure 15 and its side-view layout in Figure 15A, where [ is
the length of the mooring line (835.5 m), d is the vertical distance from the platform fair-
lead to the seabed, and X, is the horizontal distance between the fairlead and the anchor.
From the top view in Figure 15B, X is the maximum drift distance in the surge direction
and V12 — d? is the orthographic distance between the anchor and fairlead, assuming that
the mooring line was strained in the second position.
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Figure 15. Geometric configuration of the mooring system and floating platform layout: (A) Side
view and (B) top view.

Based on the cosine law, the connection between X, X;, and VI? — d? can be de-
scribed as Equation (9), and following mathematical deduction we obtain the simple
Equation (10):

WE=@)? = X, + Xz + 2XoXac05(60°), )

X, = /12 —d? —2X,* +2X,. (10)

In order to focus on the influence of various water depths in the prediction of maxi-
mum drift, the length of the mooring line is kept the same in the three water depths. Fur-
thermore, the mooring restoring forces were set similarly in order to confirm the dynamic
response of the platform was kept the same in the different water depths, as shown in
Figure 16. The 50 m water depth restoring force (yellow dotted line in Figure 16) did not
match well with the others restoring curves, as the shallow water effect allows a rapid
increase in the restoring tension with respect to increased displacement. For example, the
restoring force in 50 m of water depth is smallest before the platform moves to surge +20
m; however, the restoring force rises rapidly when the platform continues moving, and
the curve matches the other two water depths.
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Figure 16. Horizontal load—displacement relationships for three water depths.

5. Discussion
5.1. Drift Area and Velocity of the Platform

Figures 17-20 present stage three's mean and trend charts on the surge and sway
directions along with the dynamic response influenced by the changing incident direction
from waves or wind. Figures 17 and 18 depict the platform response, which is mainly
impacted by wind direction rather than waves in surge; when incident wind angles are
over 90° there is a significant decrease in the surge drift.
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Figure 17. Surge motion with different incident wind angles.
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Figure 20. Sway motion with different incident wave angles.

The largest sway drift occurred with the incident wind from 90°, as seen in Figure 19.
In addition, Figure 20 shows that an incident wave direction of 45°, 90°, and 180° induced
negative motion because the incident waves forced the platform to rotate to face them and
this rotation process led to a slightly negative value in the sway. For the same reason, in
the 0°and 120° incident wave cases the platform already faced the waves and did not have
any evidently rotational motion.

5.2. Floating Platform Dynamic Response

The largest tilt pitch occurred with wind and waves from the same direction (the LC1
condition), which did not satisfy the safety standard [33]. Somewhat surprisingly, the new
balance position (stage three) could be the riskiest stage as it faces fatigue issues from
tower bending. Compared to stage one, the two remain mooring lines had limited restor-
ing force to stabilize the platform in stage three, causing an unstable pitch degree. Alt-
hough stage two had the same number of remaining mooring lines as stage three, the
environmental loads on the platform induced a large surge motion rather than the plat-
form tilt observed in stage three.

5.3. Mooring Line Tension

The drift process is highly related to the time-series tension variation. In Mode A, the
stage two time-series tension showed that the horizontal distance from the platform fair-
lead to the mooring anchor point decreased and then increased during the drift process,
as shown by the curve in line #2 tension (Figure 13, blue line). On the contrary, Modes B
and C did not have obvious tension variety as the surge drift was less than in the Mode A
cases, although in some cases the platform position changed only slightly after line#1
broke (for example, with the incident wind at 180°).

To check the range and the average of the tension in each case, Figure 21 shows the
boxplot of the tension on line #2 in the first and third stages, respectively. On each box the
central mark indicates the average and the bottom and top edges of the box indicate the
25th and 75th percentiles, respectively. The two extended ‘whiskers” indicate the maxi-
mum and minimum values.
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Figure 21. Boxplot of mooring line#2 fairlead tension in stages 1 and 3.

In stage one the average fairlead tension of line #2 grew with an increase in the wind
direction. However, changes in wave direction had no impact on the mean tension in line
#2. The same trend was apparent for surge drift (Section 4.1).

Notably, the remaining mooring lines induced extreme tension after the mooring line
disconnect with certain load cases exceeding the minimum breaking load, as seen in Fig-
ure 21, potentially leading to a series of mooring line failures with very serious conse-
quences. It is suggested that designers select a strong enough grade of chain to endure the
worst-case situation.

The stage one trend of anchor force (Figure 22) is similar to trend of fairlead force.
The stage three negative tension cases explain that the pull directions are opposite from
those in stage one. On the other hand, the maximum vertical force on the anchor is small,
which means there may not be a lifting anchor issue in this condition; however, more
study in needed.

Horizontal (boxplot) and Vertical (star point)

3000 T T
Stage 1
1 Stage 3
2000 % Maximum Vertical Force |
T
4 T
1000 |- %. %_ :
2 + I 1
< - = + + +=
c
oF * * * * * * * * ]
AESRRREYS
) | |
" 1000 | | | %
- + | T |
é | L 1
: 1
-2000 | .
L
_3000 1 1 1 Il 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10
Load Case

Figure 22. Boxplot of mooring line #2 anchor tension in Stage 1 and Stage 3.
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5.4. Mathematical Method for Prediction of Maximum Drift

The maximum drift results for different water depths are shown in Table 9. The max-
imum forward and backward surge in stage one at three different water depths is similar,
confirming that the initial mooring system setups are mostly the same. The water depth
impacted the drift distance slightly in the surge direction, indicating that water depth can-
not be a dominant parameter. Overall, after breaking the mooring line the maximum surge
drift in the simple method has more than 97% similarity to the simulation results for all
water depths.

Table 9. Drift of the floating platform in different water depths.

. Water Depth (m) 200 100 50
Properties Item

Vertical distance from the fairlead to the anchor, d (m) 186.00 86.00 36.00

Radjius to fairlead from anchors, X, (m) 796.73 81350  816.50
Orcaflex-Surge+ in stage 1 in Orcaflex (m) 3.30 3.37 3.54
Orcaflex-Surge- (m) in stage 1 in Orcaflex (m) -5.58 -5.49 -5.30

Maximum Surge after line breakage in Orcaflex (m) 814.23  833.76  833.62
Maximum Surge after line breakage from Equataion (10)
(m)

Orcaflex/Equation (10) result (%) 97.95 98.37 97.86

831.24 84758  851.83
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6. Conclusions

In this paper, a fully nonlinear model was built to integrate an OC4 DeepCwind semi-
submersible FOWT. The coupled effects of failure on this FOWT system, including the
drift response of the platform, the pitch motion of the turbine, the tension on the mooring
line, and the prediction of maximum drift distance method have been explored in detail
in this study.

When mooring failure occurs, it is almost impossible to rescue the platform during
the drift process. The platform takes less than 10 min to attain a two-mooring-line bal-
anced position, which means that the design of the mooring system should carefully con-
sider survival of the incomplete mooring system . Although the large drift distance means
that the platform might not immediately hit neighbouring FOWTs (the normal distance
between FOWTs is about 7D-10D, which is 882-1260 m for NREL 5MW wind turbines),
there is a potentially significant risk to nearby offshore structures.

In the pitch motion section, the maximum pitch with incident wind and wave both
from 0° is over 20°, which is unacceptable {DNV, 2019 #253;Robertson, 2014 #256}. In ad-
dition, the highest pitch in each case generally appeared in stage three. In the other words,
the third stage is potentially more unstable than stages one or two.

The mooring line tension and drift distance are closely related; for example, in cases
where platform drifted over 800 m the anchor suffered opposite horizontal forces in stage
one and stage three, respectively. In addition, the material strength of the chain is im-
portant for avoiding a series of breakages in the mooring line after the first line broken.
The choice of an R4 or stronger level mooring line could prevent potential disasters. Alt-
hough the vertical force on anchors is not as large as the tension on the fairlead, it could
nevertheless pose a risk to the drift anchor.

The mathematical formula proposed here for predicting the maximum drift has high
consistency with the numerical results and can assist wind farm managers by providing
a quick picture of the failure impact area when an accident happens, or alternatively help
wind farm designers to organize emergency standard operating procedures (such as the
urgency area for mooring line failure) well in advance.

It must be borne in mind that this study focused primarily on the dynamic response
of the platform following mooring line disconnect. The mechanical causes of broken
mooring lines, such as fatigue issues, as well as risk to the drift anchor and power cable
components, are not included in this research. Thus, further research is needed to consider
the impact of drift anchor or the power cable breakage before any generalised risk assess-
ment of FOWT failure can be drawn.
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One way to verify the response characteristics of an FOWT covering a range of wave
periods is to verify the response amplitude operators (RAOs) using various numerical
tools. In the NREL report [30], nineteen institutions compared the hydrodynamic results
for an OC4 DeepCWind platform. Figure Al provides the RAO comparison for surge,
heave, and pitch. Both the response frequency and the amplitude have good agreement
with other numerical tools.
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Figure A1. Code comparison in (A) surge, (B) heave and (C) pitch. Adapted with permission
from Ref. [31]. NREL.

Figure A2 illustrates four items for each load case: the drift area, maximum pitch in
each position (the numbers shown in the figures), location of the maximum pitch in each
load case (red markers), and color definition, in order to show whether the degree is over
the critical level of 15°. The orange-red indicates that the maximum pitch in the particular
position is close to or over critical, while the green—yellow indicates that is well under 15
o
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