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Influence of steady and turbulent
wind on motions, mooring
tension, and fatigue performance
of a steel OO-Star floating
offshore wind turbine

Jiaging Shu* and Xiaoqging Gu

China Energy Engineering Group Jiangsu Power Design Institute Co., LTD., Nanjing, Jiangsu, China

Floating offshore wind turbines (FOWTs) often operate under turbulent wind
conditions. However, to enhance computational efficiency, steady wind is
sometimes used as an alternative to turbulent wind, potentially resulting in
conservative estimates. Assessing FOWT motion and fatigue performance
under both steady and turbulent wind conditions is therefore crucial. This
study focuses on an enhanced steel semi-submersible FOWT, adapted from
the LIFES50+ OO-Star concrete design. The FOWT is modeled using OPENFAST
software under various load scenarios, including steady and turbulent winds with
irregular waves, for time-domain analysis. The results reveal that the FOWT
experiences reduce motion, tension response, blade root loads, and tower-
top loads under steady winds combined with irreqular waves, compared to
turbulent winds with irregular waves. The blade root and tower top loads are
lower under steady winds with irreqgular waves, indicating that steady wind
analysis may yield unfavorable outcomes for FOWTs. The findings in this study
offer valuable theoretical insights and technical support for the design and
evaluation of FOWTs.

floating offshore wind turbine (FOWT), turbulent wind, steady wind, motion,
mooring tension

1 Introduction

Wind energy is a highly promising clean renewable energy resource, with offshore wind
power gaining significant attention for its high wind energy density and consistent wind
speeds. According to a report by the Global Wind Energy Council (Author Anonymous,
2024), offshore wind is projected to grow at a compound annual growth rate of 28% over the
next 5 years. Offshore wind capacity of 138 GW is anticipated globally within 2024-2028.
Offshore wind installations are expected to triple between 2023 and 2028, thereby increasing
the share of offshore wind from 9% to 20% in the overall global capacity by 2028. The
advancement of floating offshore wind turbines (FOWTs) minimizes land use, enhances
energy industry structure, and mitigates energy supply challenges, playing a pivotal role in
the optimization of the energy industry.

Wind loads are a critical design factor for FOWT. Three methods currently exist to
simulate wind loads on FOWTs: 1) Using static wind force based on the rotor thrust curve;
2) Applying steady wind in the form of a time-domain to the rotor; 3) Simulating turbulent
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FIGURE 1
Summary of the OpenFAST architecture and its modules.
TABLE 1 Details of the of DTU 10 MW wind turbine specifications. high and sudden wind speed fluctuations. Previous scholars have
. : explored FOWT motion and fatigue performance under various
Properties Units Values P ) ) A ) gue p :
loads using numerical simulation tools. Yang et al. (2020) examined
Wind speeds at cut-in, rated, and cut-out levels (m/s) 4,114,125 the effects of wind-wave coupling impacts and decoupling methods
Rotor hub diameter (m) 56, 178.3 on platform motion and mooring cable fatigue, concluding that
neglecting coupling effects would overestimate the fatigue damage
Hub height (m) 119 and that the surge, pitch, and yaw motions of the platform were
Rotor, nacelle, and tower mass ®) 229, 446, 433 more sensitive to aerodynamic and hydrodynamic loads. Kvittem
" . e % and Moan (2015) examined the loading conditions leading to
i ti s Lo . . . P
dimam ip spee " significant fatigue damage in FOWTs, identifying blade
Maximum and minimum rotor speed (rpm) 6.9.6 resonance and longitudinal platform motion as major

wind in the form of a time-domain according to the operational
conditions outlined in IEC 61400-3. In engineering practice, the first
two methods are relatively simple to use, while the third one is more
complex and time-consuming. However, the last approach is ideal
for detailed investigations and certification calculations during the
final design process when sufficient design data are available.
Nonetheless, the specified approach is incompatible with the
iterative nature of early design stages. Therefore, substituting
steady wind with turbulent wind is more practical for FOWT
design analysis in the early stages. This study aims to compare
the response characteristics of FOWTs and their mooring system
under both turbulent and steady wind conditions, offering insights
into the design of floating offshore wind turbine.

The strong inhomogeneity of the wind makes it crucial to
consider the impact of turbulent wind on the kinematics and
mooring fatigue performance of FOWTs. Neglecting this factor
could lead to premature damage before reaching the maximum
design wind speeds and service life. Consequently, it is crucial to
investigate the motion and fatigue performance of FOWTs under
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contributors to short-term fatigue. Accurately capturing resonant
responses is critical when selecting load cases for fatigue analysis. It
is also essential to choose load cases that minimize fatigue damage
for a more realistic estimation of fatigue life. Bachynski and
Eliassen (2019) analyzed the response differences of three 5 MW
FOWT types, namely, semi-submersible, spar, and TLP, under
Mann and Kaimal turbulent wind fields. The study revealed that
floating wind turbines were more sensitive to low-frequency
variations than bottom-fixed offshore wind turbines, with the
most significant differences in motion response and mooring
cable occurring at low frequencies below wave frequency.
Antonutti et al. (2016) examined the coupling effects caused
by changes in the hydrodynamic behavior of a floating wind
turbine under a significant inclination angle due to wind loading.
Time-domain simulations reveal that both the geometrically
non-linear effects of the floater and the variations in viscous
hydrodynamics considerably influence the dynamics of typical
floating wind turbines in wave conditions. Li H. et al. (2024), Li Y.
et al. (2024) studied the transient deformations of the tower and
blades of a spar-type floating wind turbine in extreme wave
conditions.
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FIGURE 2

Overview and key dimensions of the 10 MW steel based on semi-submersible platform (Wang S. et al., 2023).

TABLE 2 The main properties of the main properties platforms.

Parameter Value

Water depth(m) 130

Draft(m) 22

The tower-base interface above mean sea lever (m) 11
Displacement (x1,000 kg) 24,158
Overall gravity, including ballast (x1,000 kg) 21,709

Roll and pitch inertia about the centre of gravity (kg:m?*) 1.4462¢ + 10
Yaw inertia about the centre of gravity (kg?m?) 1.63e+10

Center of gravity height below mean sea level (m) 15.23
Center of buoyancy height below mean sea level (m) 14.236

Taking a simulation time wind series length of 600 s as an
example, For turbulent wind, it will take 15 min. For steady wind, it
only need 50 s, less than 1 min. The simulation time required for
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TABLE 3 Natural frequencies of the 10-MW wind turbine system supported
on the steel platform.

Heave
0.0061 Hz 0.0495 Hz 0.0333 Hz 0.0117 HZ
165s 20.2s 30s 85.55

turbulent wind is 18 times that for steady wind in one case. In
engineering design, thousands of total cases need to be considered.
Therefore, the total calculation time for turbulent wind is much
longer than that for steady wind. However, at the early of the design
process, a lot of parameters need to be iterative and optimized. In
such situations it would be convenient to replace the steady wind
with turbulent wind to carry out the parameter optimization and
iteration. This will save a lot of time. Based on this, we studied
Influence of Steady and turbulent wind on the motions, mooring
tension and fatigue performance of floating offshore wind turbine.

This study introduces a novel methodology for load selection in
the design and optimization of floating platforms and mooring
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FIGURE 3

View from the top (left) and lateral (right), showing the mooring cable configuration.

TABLE 4 Properties of the mooring system for a 10 MW steel wind platform.

Property Unit Unit
Number of lines [-] 3
Angle between adjacent lines [deg] 120
Equivalent total mass in water of the clump mass [kg] 50,000
Unstretched mooring line length, upper part [m] 118
Unstretched mooring line length, lower part [m] 585
Vertical position of fairleads above MSL [m] 9.5
Radius to anchors from platform centreline [m] 691
Anchor position below MSL [m] 130.0
Radius to fairleads from platform centreline [m] 44
Initial vertical position of clump mass below MSL [m] 90.45
Initial radius to lump mass from centreline [m] 148.6
Pre tension [N] 1.67E + 06
Soil stiffness [Pa/m] 3.0 E + 06
Soil damping [PaS/m] 30E+05
Equivalent mass per length in air [kg/m] 375.38
Equivalent weight per length in water [N/m] 3,200.6
Extensional stiffness EA [N] 1.506E + 09
Hydrodynamic added mass coefficient [-] 0.8
Hydrodynamic drag coefficient [-] 2.0
Effective hydraulic diameter of the chain [m] 0.246
Physcial chain diameter [m] 0.137

systems for offshore wind turbines. Numerical simulations are
conducted using the OpenFast software. The study examines the
impact of steady and turbulent winds on the motion and fatigue
performance of a new floating wind turbine, featuring an enhanced
steel semi-submersible with a LIFES50+ OO-Star concrete structure,
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offering valuable theoretical guidance and technical support for the
calculations of floating wind turbine design (Wang Shuaishuai
et al., 2023).

The remainder of this paper is organized as follows. Section 2
presents the methodology. Section 3 discusses the research objective.
Section 4 presents the results and discussion. Finally, Section 5
concludes the study.

2 Methodology
2.1 Numerical simulation tool
Recently, the National Renewable Energy Laboratory (NREL)

has developed OpenFAST,
tool,

a fully coupled aerodynamic-
hydrodynamic-servoelastic that utilizes the
element method and potential flow theory (Jonkman J. M.,
2009). Figure 1 illustrates the time-domain coupling process of
OpenFAST. In this study, the hydrodynamic coefficients of the
platform were derived using ANSYS/AQWA, while the inflow wind
module was used to derive the wind loads. The HydroDyn module

boundary

calculates instantaneous substructure displacements based on the
buoyancy at each time step. This module directly captures the
hydrostatic restoring forces using strip theory, eliminating the
need for an additional stiffness matrix (Jonkman et al., 2014).
The Reference Open Source Controller (ROSCO), developed by
Delft University of Technology, was selected as the control system
(Abbas et al., 2020). Aerodynamic efficiency was optimized by
adjusting the pitch angle. Within the wind speed range between
the cut-in and rated wind speeds, the wind turbine operates
at peak aerodynamic efficiency. Above the rated wind speed,
the turbine limits output to the rated power to protect the
blade structure.

2.2 Time domain equation of motion

FOWTs are commonly exposed to complex environmental
loads, including wind, hydrodynamic, and mooring system loads.
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TABLE 5 Environmental conditions.

10.3389/fenrg.2024.1505538

Load cases Wave type Wind speed (m/s) Hs(m) Tp(s)
LC1 JONSWAP 7.1 1.67 8.0
LC2 10.3 2.20 8.0
LC3 114 3.04 8.0
LC4 13.9 3.04 95
LC5 17.9 429 10.0
LC6 221 6.20 120
LC7 25.0 8.31 120
LC8 440 10.90 160

Wind speed/(m/s)

Time/s

FIGURE 4
Variations in the wind field at U,er = 11.4 m/s.

The time-domain coupled dynamic analysis model can be expressed
in Equation 1:

6
Z[Mjk +Ajk,oo)5ék+Bjk5ck+Cjkxk] =Fj, (1)
k=1

where xi, X, X refer to the position, velocity and acceleration
vectors, respectively; M implies the overall mass matrix of the
floating turbine; Ajk o, denotes the additional mass matrix of the
floating body at the infinity frequency; Bj signifies the damping
matrix of the floating turbine; C ik indicates the stiffness matrix of
the floating turbine; F ; represents the wind, wave, mooring, and
gravity loads, respectively, acting along the j degree of freedom to
which the floating turbine is subjected, and j, k signify the ranks in
the matrix, ranging from 1 to 6, respectively.
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2.3 Fatigue damage calculation

The impact of loading on fatigue damage was evaluated by
calculating short-term fatigue damage, focusing on specific load
components, including blades, towers, and mooring cables. A
MATLAB-based program developed by NREL was used to
compute the short-term fatigue damage equivalent load (DEL)
for each component under various environmental conditions.

DEL represents a constant-amplitude fatigue load with a fixed
mean and frequency, causing damage equivalent to variable-
spectrum loading. MLife calculates short-term DELs for each
input time series using the S-N curve method. The rainflow-
counting algorithm identifies cycle counts for different mean
loads and load ranges. Short-term DELs are determined in
Equations 2-5 (Hayman, 2012):
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where DJ-ST refers to the extrapolated damage over the design lifetime
due to the j time-series; nj; implies the extrapolated cycle counts; N j;

represents the cycles to failure; f,, signifies t

he DEL frequency; T';

indicates the elapsed time of j time-series; j, n?Teq denotes the total
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equivalent fatigue counts for j time-series; j, DELS'" indicates the
DEL for j time-series around a fixed mean; and N signifies the
equivalent number of cycles until failure for j time-series, and

solving for DEL?TF yields the desired result.

3 Research objective

3.1 Wind turbine parameters

DTU, in collaboration with Vestas, developed a reference
10 MW wind turbine as part of the Light Rotor project (Bak
et al, 2012). The specifications for the DTU 10 MW wind
turbine are summarized in Table 1.
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FIGURE 5

(Continued). Power spectral distribution of the platform’s heave motion. (A) LC1. (B) LC2. (C) LC3. (D) LC4. (E) LC5. (F) LC6. (G) LC7. (H) LC8.

3.2 Platform parameters

This study discusses a modified steel semi-submersible
floating foundation, with a concrete structure, based on the
LIFES50+ OO-Star design. The sketch and key dimensions of
the 10 MW steel semi-submersible platform are shown in Figure 2
(Berthelsen, 2015) with detailed parameters of the platform
provided in Table 2. The natural period of the platform is
listed in Table 3.

3.3 Mooring system parameters

Figure 3 illustrates the mooring system layout, which
includes three chains arranged at a horizontal angle of 120°.
The blocks were attached to each line, dividing it into two
segments. Both sections, lying above and below the bundled

Frontiers in Energy Research

mass, have identical chain parameters, with the upper section
connected to the cable guide, measuring 160 m long. The lower
section measures 543 m. Key mooring system parameters are

summarized in Table 4.,

3.4 Environmental conditions

Table 5 presents the representative set of conditions based on the
sea state in the Gulf of Maine, demonstrating the numerical model,
with the wind turbulence set to level C (Pegalajar-Jurado et al,
2018). LC1-LC7 represent the FOWT operating conditions, while
LC8 denotes the parked state.

The three-dimensional (3D) turbulent wind field was generated
in TurbSim using IEC Kaimal spectra (Jonkman B. J., 2009). This
model, outlined in IEC 61400-1 s (Author Anonymous, 1999) and
third (Author Anonymous, 2005) editions, defines the wind

07 frontiersin.org
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components in three directions, represented by K = u, v, and w, in

_ 40’2Lk 6ka >
.0 = (*8) (188 ©

where f refers to the angular frequency; oy signifies the standard

Equation 6:

deviation (STD); Lk denotes the integral scale parameter; and i,
indicates the wind speed at the nacelle height. The IEC
61400-1

Equation 7:

standard defines the integral scale parameter in

8.10Ay, K = u
Ly =14 2.70Ay, K = v, (7)
0.66Ay, K = w

where Ay indicates the turbulence scale parameter, which is
expressed in Equation 8:

Frontiers in Energy Research

10.3389/fenrg.2024.1505538

35 x102 LC2 ‘
----- Turbulent wind
30t Steady wind
—No wind
E 251
o=
E20}
a
2
o 15}
()]
5
w
0 kY 1 1 1 i
0 003 006 009 012 015
Frequency/ Hz
(b) LC2
" %102 LC4 ' .
----- Turbulent wind
Steady wind
—No wind
N
T1or
N
£
a |
2] i
X |
o] i
o :
S 5
w
obAN . . . .
0 003 006 009 012 0.15
Frequency/ Hz
(d) LC4
Ay = 0.7min (60 m, Hy,;,) (8)

The relationships between the STDs are defined in Equation 9:

o, =0.80,
o, = 0.50,’

)

where 0, denotes the STD of u, ¢, implies the STD of v, and the ¢,
indicates the STD of w.

We present a 3D representation of the wind field time history at
User = 11.4 m/s to highlight wind field variations, as depicted in
Figure 4. The figures provided in this section offer essential insights
for analyzing platform motion and load.

The irregular waves used for the calculations were based on
JONSWAP wave spectra. The wave heights and spectral peak
periods for different wind speeds and sea states are provided
in Table 5.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1505538

Shu and Gu

) x10? LCS .
----- Turbulent wind
Steady wind
15 —No wind
T
=
£
3 1
o
(0]
o
5
n
0.5@
0 - "\";‘5_ i { /-—J‘/\/.""‘/\"‘\..‘L
0 003 006 009 012 0.15
Frequency/ Hz
(e) LCS
) x10° Le7 .
—NO wind
----- Turbulent wind
i Steady wind
N ;
=
E
2 9
o |
[0} it
B i
3 i
0.5 a‘,;'.' -:
AT
| iy
A WA
0 N L e
006 009 012 015
Frequency/ Hz
(g) LC7

FIGURE 6

10.3389/fenrg.2024.1505538

LC6
0.7 , —
----- Turbulent wind
0.6 Steady wind
—No wind
N 0.5
T
=
E04p
50
2
003
2
3
®0.2
0.1
0 ! ! i
0 003 006 009 012 015
Frequency/ Hz
(f) LCo6
2 LC8
gyl —
—NO wind
3 : ----- Turbulent wind
i Steady wind
n 2.5
]
e oft i
a |l f
@ ‘ Iy
o 1571 ”f::
> | R
S i fith
@A A
0.5} | L 1 Y
i) / A
LR / W,
0 AR | | VIMA 8l
0 003 006 009 012 015
Frequency/ Hz
(h) LC8

(Continued). Power spectral distribution of the platform’s surge motion. (A) LC1. (B) LC2. (C) LC3. (D) LC4. (E) LC5. (F) LC6. (G) LC7. (H) LC8.

4 Results and discussion

4.1 Effect of different load coupling on
FOWT motion

This section examines the influence of wave loads, turbulent
wind, and steady wind loads on the motion of a floating platform.
The specified platform is defined by the movement and rotation
around its center of mass.

With a load incidence angle of 0° and platform symmetry, only
the power spectral densities of heave, surge, and pitch are evaluated.
Figure 5 presents the power spectral density response of the heave
under turbulent, steady, and no wind conditions for all LCs in
Table 5. As illustrated in Figure 5, the power spectral density peaks
around 0.1 Hz, aligning with the wave frequency. The low-frequency
response is concentrated near 0.05 Hz, corresponding to the heave
natural frequency.

Frontiers in Energy Research

For all LCs, the power spectral density amplitude is
predominantly influenced by the wave loads. Consequently, the
heave motion of FOWT is largely governed by wave loads, with
minimal influence from wind loads.

Figure 6 presents the power spectral density response of
the platform surge motion under steady, turbulent, and no
wind conditions. For LC5-LC8, the surge motion exhibits
multiple peaks, corresponding to both wind and wave
frequencies.

The surge motion is primarily driven by the wind and wave load.
The power density spectrum under turbulent wind spans
0.0001-0.012 Hz, reflecting the low-frequency nature of turbulent
wind. This phenomenon leads to an increased low-frequency
response and an amplified response at the natural frequency of
the platform. In the parked condition (LC8), the power density
spectrum of the platform motion under the steady wind is similar to
that under the no-wind condition. The coupling effect of turbulent
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(Continued).

wind and waves enhances the platform’s response at its
natural frequency.

Figure 7 displays the pitch power density spectra under steady,
turbulent, and no wind conditions, exhibiting different
characteristics. For LC1-LC5, the low-frequency response predominates,
with wave frequency having minimal impact. In contrast, for LC8, wave
frequency, corresponding to 0.0625 Hz, is the dominant factor. For
LC6 and LC7, multi-peaks indicate that the pitch of FOWT is
influenced by both wind and wave loads. Overall, turbulent wind has a
more significant effect on the pitch of FOWT than that of steady wind.

Tables 6-8 present the statistical values—maximum, mean, and
variance—of the platform’s heave, surge, and pitch motions. Table 6
highlights that the maximum, mean, and STD of the heave motions
are similar under turbulent and steady winds. This observation

supports the conclusion depicted in Figure 5 that wave loads

each

primarily govern heave motion. Tables 7 and 8 reveal that the
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maximum values of surge and pitch motions under turbulent
winds occur at rated wind speeds. As low-frequency winds,
turbulent winds cause variations in the maximum values and
STDs of the platform motions, consistent with the power density
spectral responses illustrated in Figures 6, 7. The mean surge and pitch
values show minimal variations between turbulent and steady winds.
Therefore, non-zero mean drift values of surge and pitch under
wind-wave coupling can be derived using steady wind.

4.2 Effect of different load coupling on
mooring line tension and fatigue
performance

The layout of the mooring system is symmetrically aligned with
the wind and wave directions, placing mooring line 1 upwind and
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FIGURE 7
(Continued). Power spectral distribution of the platform'’s pitch motion. (A) LC1. (B) LC2. (C) LC3. (D) LC4. (E) LC5. (F) LC6. (G) LC7. (H) LC8.

TABLE 6 Heave motion statistics.

Value/m Wind type Wave type LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8

Maximum Steady Irregular 0.064 0.096 0.69 0.50 0.94 222 2.95 4.26
Turbulent Irregular 0.073 0.11 0.129 0.52 0.96 225 2.96 3.01

Steady Regular -0.034 -0.043 -0.014 0.227 0.441 1.059 1.486 2.76

Mean Steady Irregular —-0.14 —-0.18 -0.21 -0.16 -0.14 -0.13 —=0.11 —-0.11
Turbulent Irregular -0.14 -0.18 -0.19 -0.16 -0.14 -0.13 -0.11 -0.09
Steady Regular -0.13 -0.18 -0.20 -0.15 -0.13 -0.10 -0.06 -0.18

STD Steady Irregular 0.055 0.072 0.099 0.164 0.255 0.53 0.68 1.25
turbulent Irregular 0.055 0.076 0.1 0.165 0.256 0.53 0.68 0.68

Steady Regular 0.07 0.10 0.13 0.27 0.41 0.82 1.10 1.81
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TABLE 7 Surge motion statistics.

10.3389/fenrg.2024.1505538

Value/m Wind type Wave type LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8
Maximum Steady Irregular 11.62 18.82 21.31 17.34 16.4 17.45 19.87 9.06
Turbulent Irregular 19.38 27.23 26.05 23.81 17.26 16.93 19.33 8.79
Steady Regular 10.99 18.01 20.88 16.25 14.51 14.34 14.95 0.021
Mean Steady Irregular 10.82 17.78 20.27 15.93 14.14 13.38 14.33 1.08
Turbulent Trregular 10.7 17.11 17.9 15.78 14.05 13.26 14.21 2.79
Steady Regular 10.80 17.76 20.55 15.66 13.61 12.44 12.39 —4.32
STD Steady Irregular 0.27 0.33 0.48 0.45 0.69 1.01 1.4 23
Turbulent Irregular 2.47 345 3.44 2.17 0.92 1.08 1.45 1.55
Steady Regular 0.13 0.17 0.23 0.40 0.63 1.33 1.80 3.06
TABLE 8 Pitch motion statistics.
Value/® Wind type Wave type LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8
Maximum Steady Irregular 221 4.45 5.56 3.78 3.22 4.15 4.81 6.19
Turbulent Irregular 3.58 7.27 8.07 7.65 5.1 4.24 4.88 237
Steady Regular 2.089 4.275 5.393 3.464 2.69 2.851 3.057 3.809
Mean Steady Irregular 2.0 4.16 525 3.42 2.67 2.43 2.34 0.097
Turbulent Irregular 1.99 4.03 4.374 3.432 2.65 2.39 2305 -0.25
Steady Regular 1.99 4.15 523 3.42 2.66 2.38 2.29 1.37
STD Steady Irregular 0.051 0.072 0.116 0.09 0.148 0.33 0.47 1.21
Turbulent Irregular 0.48 1.01 1.25 1.12 0.56 0.43 0.52 0.52
Steady Regular 0.06 0.08 0.11 0.03 0.02 0.34 0.55 1.87
maximum and average tension values. Therefore, this study
B Turbulent wind+Irregular wave emphasizes the tension and fatigue performance of mooring line 1.
35:10°4 [l Steady wind+Irregular wave Wang and Xing (Li H. et al., 2024) found that the mean values of
B Steady wind+Regular wave platform mooring line tension were nearly identical, while the STDs
3.010° o

2.5%10° o
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1.5¢10°
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Mooring linel tension(N)
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FIGURE 8
Average mooring tension with error bars based on STD.

mooring lines 2 and 3 downwind. These results indicate that
mooring line 1 experiences greater tension than lines 2 and
3 under wind and wave conditions, exhibiting the greatest

Frontiers in Energy Research

varied under different environmental conditions. This finding aligns
with the conclusion reached in Figure 8. The study investigates the
effects of turbulent and steady winds, coupled with waves, on the
new FOWT mooring system. The tension in mooring line 1 was
compared between steady and turbulent winds, both coupled
with waves.

Table 9 presents the maximum and STD values of mooring tension
under various operating conditions. For LC1-LC5, using steady winds
for FOWT mooring analysis yields overly conservative results, with the
maximum tension reduced by 2%-26%, and the STD of tension atop
the mooring cable decreased by 22%-88%. This discrepancy
significantly impacts the fatigue life of the mooring system.
Figures 8, 9 presents the short-term DELs of the mooring system
under various operating conditions to examine the impact of both load
types on fatigue life. Under operating conditions, the short-term DELs
derived from the steady wind analysis are 7%-76% lower, whereas
under parked conditions, they are higher. When evaluating the fatigue
life of the mooring system, steady state wind analysis under operating
conditions presents a dangerous estimate, while steady wind analysis
under parked conditions ensures higher safety levels.
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TABLE 9 Mooring tension statistics.

10.3389/fenrg.2024.1505538

Value/N Wind type Wave type LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8
Maximum Steady Irregular 2.15E6 2.73E6 3.12E6 2.56E6 2.50E6 2.98E6 3.66E6 2.15E6
Turbulent Irregular 2.65E6 3.68E6 3.76E6 3.35E6 2.56E6 2.98E6 3.60E6 2.65E6
Steady Regular 2.08E6 2.59E6 2.89E6 2.41E6 2.25E6 2.18E6 2.18E6 1.53E6
STD Steady Irregular 1.74E4 3.56E4 6.41E4 3.96E4 5.33E4 9.15E4 1.58E5 1.74E4
Turbulent Irregular 1.29E5 2.89E5 3.01E5 1.63E5 6.82E4 9.48E4 1.58E5 1.29E5
Steady Regular 7.34E3 1.73E4 3.26E4 421E4 5.99E4 1.27E5 2.14E5 L71E5
wind speeds. The low-frequency response of turbulent winds
B Turbulent wind+Irregular wave causes variations in both the maximum values and STDs of
I Steady wind+Irregular wave these moments, significantly affecting the fatigue life of the
a0<10° 1[I Steady wind+Regular wave blade root. Figure 11 presents the short-term DELs under
e different operating conditions to assess the impact of these
= load types affecting the blade root’s fatigue life. Under
& 3.0+10° 1 operating conditions, short-term DELs derived from steady
= . . .
= 2 5010° - wind analysis are 10%-27% lower, whereas they are higher
= under parked conditions. This finding indicates that when
%D 2.0<10° 1 analyzing the fatigue life of the blade root, the steady wind
B | 5104 analysis under operating conditions suggests a higher risk to
=1 : . . . . .
< fatigue life, while the steady wind analysis under parked
1.0<10° conditions offers greater safety. The mean values of the blade
A root moment show no significant differences between turbulent
and steady winds. This observation suggests that, although
0.0 turbulent winds increase peak moments and variability, the
LCl LC2 LC3  LC4 LCS LC6  LC7T  LCS : .
overall average load remains unchanged across both wind
FIGURE 9

Comparison of DEL for mooring line 1.

4.3 Effect of different load coupling on the
load and fatigue properties of blade roots
and tower-top/yaw bearing

Tables 10 and 11 display the statistical values of the mean
and STD of the edgewise and flapwise moments at the blade
root. Figure 10 illustrates the maximum bending moment at the
blade root. The maximum values of the edgewise and flapwise
moments at the blade root, under turbulent winds, occur at rated

TABLE 10 Blade 1 edgewise moment at the blade root.

conditions. Resultantly, the average load values of the blade
root under wind-wave coupling can be derived using steady
wind conditions.

Tables 12 and 13 display the mean and STD of the roll and
pitch moments at the tower top/yaw bearing. Figures 11, 12
shows the maximum bending moments at the tower top/yaw
bearing for both roll and pitch. Under operating conditions,
the maximum and STD values vary due to directional shifts of
turbulent winds, significantly impacting the fatigue life of the
tower top/yaw bearing. Figures 13-15 presents the short-term
DELs under different conditions to assess the impact of these
two load types on the fatigue life of the tower top/yaw bearing.
During operation, the short-term DEL obtained from steady

Value kN-m Wind type Wave type LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8
Mean Steady Irregular 1,306 2,880 3,322 240 -324 -306 -157 —481
Turbulent Irregular 1,323 2,648 2,380 442.2 =230 -240 —48 —414
Steady Regular 1,306 2,879 3,316 3,294 3,254 3,197 3,155 2.59
STD Steady Irregular 7,540 7,506 7,468 7,436 7,232 6,997 6,830 1,174
Turbulent Irregular 7,569 7,579 7,599 7,463 7,246 7,045 6,924 829
Steady Regular 7,541 7,507 7,469 7,582 7,517 7,365 7,219 18.1
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TABLE 11 Blade 1 flapwise moment at the blade root.

10.3389/fenrg.2024.1505538

Value/kN-m Wind type Wave type LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8
Mean Steady Irregular 13,221 24,595 30,432 19,639 13,738 10,248 8,532 0.83
Turbulent Irregular 13,355 24,371 25,365 19,663 13,607 10,032 8,320 0.08
Steady Regular 13,221 24,600 30,429 19,358 13,331 9,719 7,904 718.73
STD Steady Irregular 456.96 850.33 1,010.8 2,102.7 3,150.5 3,974.7 4,494.9 355
Turbulent Irregular 2,488 4,898 5,492 4,597 4,522 5,505 6,109 425
Steady Regular 504.17 906.97 1,097 1,648 2,600 3,852 4,548 1976

FIGURE 10

5x10* 7

4x10* 4

3x10" 1

2x10*

110*

Blade 1 flapwise moment at the blade root(kN-m)
o

B Turbulent wind+Irregular wave
I steady wind+rregular wave
[ steady wind+Regular wave

LC1 Lc2

LC3

LC4 LGS

LC6

Lc7

Lcy

(a) The bending moment in the flapwise

direction at the root of blade 1.

B Turbulent wind+Irregular wave
I steady wind +Irregular wave
[ steady wind+Regular wind

= 1.6%10* o

o

o

X

<
1

4.0410° o

2.0410° o

=3
=3
1

LC1 LC2 LC3 LC4 LCS LC6 LC7 LC8

(b) The torsional moment in the edgewise
direction at the root of blade 1.

Peak moment at the root of blade 1. (A) The bending moment in the flapwise direction at the root of blade 1. (B) The torsional moment in the
edgewise direction at the root of blade 1.

5x10*

m)

4x10*

3x10*

2x10*

1x10* A

Blade 1 flapwise moment at the blade root(kN
(=}

FIGURE 11

Comparison of the short-term DEL at the blade root.

Peak moment at the root of blade 1.

R Turbulent wind-+Irregular wave
B Steady wind+Irregular wave
I steady wind+Regular wave

LC1

LC2

LC3

Frontiers in Energy Research

LC4

LCs

LC6

Lc7

LC8

14

wind analysis is 70%-80% lower, while under parked conditions,
it is higher. The mean moments at the tower top/yaw bearing
exhibit no significant difference between turbulent and steady
wind conditions. This observation suggests that, while turbulent
winds increase peak moments and variability, the overall average
load remains unchanged across both wind conditions.
Consequently, steady winds can be used to determine the
overall average load on the tower top/yaw bearing under
wind-wave coupling conditions.

5 Conclusion

This study presents a fully coupled simulation of a 10 MW
floating wind turbine subjected to varying wind and wave loads.
The study examines the platform motion, dynamic response, and
fatigue loading of the mooring system and blade root under
turbulent and steady wind conditions. The key conclusions are
as follows:

The mean motions of the FOWT, derived from steady winds,
and the dynamic response of the mooring system do not
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TABLE 12 Tower-top/yaw bearing roll moment.

10.3389/fenrg.2024.1505538

Value/kN-m Wind type Wave type
Mean Steady Irregular 4,274 9,384 10,816 10,814 10,821 10,814 10,797 1.72
Turbulent Irregular 4,329 9,077 10,185 10,801 10,805 10,816 10,773 0.395
Steady Regular 4,275 9,386 10,815 10,813 10,820 10,814 10,798 4.85
STD Steady Irregular 89.04 70 30.66 37.77 58.64 84.48 101.5 45.78
Turbulent Irregular 1,229 1,511 1,087 335.96 436.77 559.16 692.12 57.13
Steady Regular 122.0 90.2 334 40.5 68.2 106.9 129.2 39.0

TABLE 13 Tower-top/yaw bearing pitch moment.

Value/kN-m Wind type Wave type
Mean Steady Irregular -1944 1,020 2,157 1,658 2,380 3,636 4,631 -5,760
Turbulent Irregular -1929 755 1,342 1,576 2,290 3,610 4,510 -5,883
Steady Regular —-1947 1,017 2,152 1,657 2,380 3,642 4,657 5,327
STD Steady Irregular 372 530 730 681 871 1,297 1715 2045
Turbulent Irregular 2082 2,961 3,273 3,454 4,094 5,168 5,530 1,446
Steady Regular 450 655 917 661 789 1,595 2,237 3,510
NN Turbulenf wind+Irregular wave B Turbulent wind+Irregular wave
20104 I Steady wind+Irregular wave ® 3.0<10" 7 Bl Steady wind+Trregular wave
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FIGURE 12

Peak moment at the top of the tower/yaw bearing. (A) Roll moment at the tower top/yaw bearing. (B) Pitch moment at the tower top/yaw bearing.

significantly differ from those under turbulent winds. For LC1-LC5,  turbulent winds on the motion performance and mooring tension
of FOWTs.
The average values of blade root and tower-top/yaw bearing

calculated under steady wind conditions exhibit little variation

using steady winds to analyze the floating wind turbine motion and
mooring system dynamics reveals notable differences, with
maximum tension reduced by 2%-26% and the STD decreased

by 22%-88%. This discrepancy highlights the significant impact of =~ when compared to those computed under turbulent wind
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conditions. However, under operational conditions, the analysis
of steady wind reveals significant differences between the
maximum values and the STD of moments at both the blade
root and the tower top. Consequently, the fatigue loads at the
blade root and tower top are decreased by 10%-27% and 70%-
80%, respectively. In contrast, under parked conditions, short-
term fatigue loads at both the blade root and tower top increase,

Frontiers in Energy Research

highlighting the significant effect of turbulent wind on fatigue
durability. However, for the preliminary design phase, it is
suggested to
computational efficiency.

to use steady wind simulations improve
Considering the requirements of practical design work,
it is recommended to adopt different approaches for the

design of floating wind turbine mooring systems at various
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design stages. During the initial design stage, the steady wind
method can be employed to enhance efficiency. At the detail
design stage, a turbulent wind model should be used to review
critical operating conditions and adjust the design parameters
accordingly.
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