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INTRODUCTION

The offshore wind turbine industry has been actively
working toward the goal of carbon neutrality by 2050.
Technological advancements in large-scale fixed-bottom
offshore wind turbines (OWTs) have significantly
improved power generation and economic efficiency.
However, the dynamic response characteristics of these
turbines in coastal waters, especially in the presence of
waves, remain largely unknown. In this study, we
conducted a series of numerical simulations using a wind-
wave load coupled analysis method to investigate the
impact of waves on the dynamic response of a 15MW
monopile-type OWT in wind and waves.

OUTLINE OF METHOD

We selected a 15 MW monopile-type OWT model
[Gaertner et al., 2020], which was adopted for analysis
code comparison and validation within the framework of
the International Energy Agency Wind Technology
Cooperation Program (IEA Wind TCP) as shown in Figure
1. This OWT model is a three-bladed upwind type with a
variable-speed wind turbine featuring pitch control. Its
operational wind speeds include cut-in at 3 m/s, rated at
10.6 m/s, and cut-out at 25 m/s. In our study, we assumed
that the OWT model is situated in coastal waters at a water
depth of 20 m. The analyses were conducted using
OpenFAST, a time-domain solver developed by the
National Renewable Energy Laboratory (NREL) in the
U.S., which serves as a wind turbine load analysis code
[NREL, 2021]. This code is a comprehensive coupled
wind-wave-structure  analysis code, encompassing
aerodynamic analysis based on blade elementary
momentum theory, hydrodynamic analysis employing the
modified Morison equation, and structural analysis for
both the wind turbine tower section based on the modal
method and the monopile section based on the finite
element method. It is important to note that, In the
hydrodynamic analysis, wave breaking forces were not
considered; only drag and inertia forces were considered
to calculate wave forces. Therefore, our focus in this study
was on understanding the impact of non-breaking waves
on the dynamic response of the OWT. For our input data,
we characterized fluctuating winds using a Kaimal
spectrum (mean wind speed at the hub height ranging
from 4 to 24 m/s, wind direction at 0 deg), and uni-
directional irregular waves using a JONSWAP-type
spectrum (wave height ranging from 2 to 8 m, period from
6 to 16 s, wave direction at 0 deg). The data was sampled
at a frequency of 20 Hz, and the analysis spanned a period
of 600 s.

RESULTS AND DISCUSSION

Figure 2 shows the relationship between the hub-height
mean wind speed uUmean and the time-maximum bending
moment Mmnax at three different altitudes: mudline (z=-20
m, represented in red, tower base (z= 15 m, represented
in blue) and tower top (z= 144.5 m, represented in green).
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Figure 1 - Schematic view of the 15MW monopile-type OWT

700 w w
O mudline (wind) mudline (wind+wave)
600 - O  tower base (wind) tower base (wind+wave) | -
O tower top (wind) tower top (wind+wave)
500 r
—_
é 400 f @O0
< 3007 O o-q
5 5 e
<7 200 o OO0
o) OO o)
100 r O
0 9
6. 0000000000
-100 1 I 1 1
0 5 10 15 20 25
¥ ean (T5)

Figure 2 - Relationship between the hub-height mean wind
speed and the bending moment at the three altitudes

The marks indicate the time-maximum bending moments
under fluctuating wind loads only, and solid lines indicate
the time-maximum bending moments under both
fluctuating wind and wave loads. In the case of fluctuating
wind loads only, the bending moment at the top of the tower
is the largest at the cut-out wind speed, while at the
mudline and the base of the tower, the bending moment
increases with increasing wind speed, reaching a peak
around the rated wind speed, and decreasing towards the
cut-out wind speed. These results are consistent with
previous study, such as that by Yamaguchi et al. [2014].
This is due to the difference in the source of the bending
moment acting on the OWT. At the top of the tower, the
predominant moment stems from the rotor surface of the
OWT, remaining consistent in the vertical direction and
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Figure 3 - Relationship between the wave steepness, relative
water depth, and amplification ratio of bending moment due
to wave loadings for the case of tUmean = 6 m/s.

peaking at the cut-out wind speed. In contrast, at the
tower's base and the mudline, the primary moment is
generated by the thrust force acting on the OWT’s rotor
surface. This force increases towards the tower’s base,
reaching its maximum near the rated wind speed.
Moreover, it can be seen that wave loading substantially
enhances the bending moment at the mudline in
comparison to the bending moment at the tower’s base
and top. Depending on the wind speed, the bending
moments can be more than twice as large. Therefore,
these results emphasize the significant influence of wave
loading on the dynamic response characteristics of the
OWT at the mudline.
Figure 3 shows the relationship between wave steepness
ka, relative water depth kA, and the amplification ratio of
bending moment due to wave loading Aw. Awis defined as
the ratio of the bending moment corresponding to each
individual wave in wind and waves to the bending moment
in wind only. The response of the OWT can be amplified
due to wave action, wave by wave, and this amplification
effect is particularly pronounced in shallow water wave
conditions when the relative water depth is small, and the
wave steepness is large. Therefore, when constructing
monopile-type OWTs in coastal waters, it is essential to
thoroughly understand the impact of wave loads on wind
turbine responses.
To investigate the impact of swell on the dynamic
response of the OWT, we separated the wave field into
wind wave and swell using the wave age [Tamura et al.,
2020], and evaluated the wind turbine response to each
type of wave event. Figure 4 shows the relationship
between wind, waves, and bending moments for wind
wave and swell events. The horizontal axis is the wind
speed at hub height corresponding to each individual
wave undv, and the vertical axis is a wave characteristics
parameter derived from the wave steepness and relative
water depth, given by the following equation.
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Figure 4 shows a comparison of the dynamic response of
monopile-type OWT to wind waves and swell. These
suggest that bending moments can be locally amplified
due to wind waves and swell under specific conditions
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Figure 4 - Difference in dynamic response of OWT to wind
waves and swell.

during strong winds and high waves, such as in typhoons
and strong low-pressure systems (undav > 20 m/s and WP>
0.2). Similarly, swell can lead to bending moment
amplification under weak wind conditions (tinav < 10 m/s).
The detailed dynamic response characteristics of
monopile-type OWT under wind and wave loads in coastal
waters will be presented at the conference.
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