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In the present paper, the computational fluid dynamics method is used to investigate
the effects of breaking wave loads on a 10-MW large-scale monopile offshore wind
turbine under typical sea conditions in the eastern seas of China. Based on Fifth-Order
Stokes wave theory a user-defined function is developed and used for wave numerical
modeling, and a numerical wave tank with different bottom slopes is developed. The
effects of different types of breaking waves, such as spiling and plunging waves, on
the wave run-up, pressure distribution and horizontal wave force of a large diameter
monopile are investigated. Different numerical and analytical methods for calculating
the wave breaking loads are used and their results are compared with the relevant
results of the developed computational fluid dynamics model and their respective scopes
of application are discussed. With an increase in wave height, the change in the
hydrodynamic performance of breaking waves observed through the transition from
plunging to spilling waves is explored. The intensity of interactions occurring between
the breaking waves and the monopile foundation depends mainly on the form of wave
breaking involved and its relationship to wave steepness is weak. Analytical methods
for calculating the breaking wave loads are preservative especially for plunging breaking
wave loads.

Keywords: offshore wind turbines, large diameter monopile, fifth-order stokes waves, hydrodynamic analysis,
breaking waves, wave loads

INTRODUCTION

Offshore wind energy technologies have experienced rapid development over the past 10 years. At
the end of 2018, 18,499 MW with a total of 4,543 offshore wind turbines were in operation (Europe,
2019). Depending on different water depths and installation capacities, different substructure types
can be used. At shallow and intermediate water depths, bottom-fixed substructures, including
monopiles, gravity bases, tripods, and jackets are the most promising choices (Shi et al., 2011).
At greater water depths, floating platforms, including semisubmersibles, Tension-Leg Platforms
(TLPs), and spar-buoy platforms, can be used. As a bottom-fixed substructure, monopiles used in
the offshore wind industry are typically hollow steel cylinders of diameters larger than 3 m. To date,
the substructure that most commonly is used in the offshore wind industry is the monopile. At the
end of 2018, monopiles represented 81.9% of all installed substructures of OWTs in Europe (2019).
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scheme B.

FIGURE 4 | Comparison of wave elevation measured from the numerical tank and theoretical values: (A) scheme A; (B) scheme B; (C) scheme C; (D) Spectrum of

According to experimental and Morison equations, the US
Coastal Engineering Research Center has developed the Modified
Morison’s equation for calculating the maximum breaking force
(Xu, 2004):

F = 1.5pgDH} (13)

where Hj, is the breaking wave height and D is the pile diameter.

The empirical equation for calculating the breaking force

obtained from Apelt’s equation (Apelt and Piorewicz, 1987) is
written as:

F = 0.41(D/Hy )*>(Ho/Lo )~ ** pgDH} (14)

where Hj is the deep water wave height and Ly is the deep water
wave length.

China’s “Code of Hydrology for Sea Harbor” (Ministry of
Transportation and Communications, 2013) also provides a
means of calculation the maximum breaking force of an upright
pile in a shallow water area:

H\B / D\®
F=A(=2 — DH? 15
<L0> (Ho> P& (19

where A, By, B; is the test coefficient, A and B, are determined by
the bottom slope ratio, and B, equals to 0.35. According to the
specifications, we apply A = 0.48 and B; = —0.44.

The impact-diffraction method provides an equation for
solving the breaking force (Goda et al, 1966; Wienke and
Qumeraci, 2005).

F = Fp + Fy + Fi(¢) (16a)
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FIGURE 5 | OC5 project: (A) Side view of the water tank and cylinder location. (B) Compare numerical simulation results to OC5 model test results.

A=Rm breaking wave force calculated using the impact-diffraction
Fp = / CDED” lul dz (16b)  method (1540.815N) and the modified Morison equation
7 (1523.535N) are relatively close and significantly larger than
the other three. Therefore, the applicability of the modified
Morison equation must be considered when calculating the
breaking wave force of a steep wave. The breaking wave force
Cup—— —dz (16c)  calculated with Apelts equation (823.771N) is less than that
-dy 4 ot calculated from the Code of Hydrology for Sea Harbor and from
CED. Results generated from the Code of Hydrology for Sea
Harbor (1034.530N) and via CFD are basically the same with

Fi)=x-ny-Cs-p-R-C2- (1 . i) (16d) minor differences.

T Figure 7 shows the flow of the breaking wave along the
monopile foundation for the case of breaking parameter &=
0.178. The figure shows the displacement contour plot of the
vertical direction and demonstrates that the wave is steepen
under these conditions and is more upright and steep when it
breaks. During interactions with the monopile foundation, the
wave around the monopile shows obvious signs of upwelling. In
addition, a long and high water ridge can be clearly observed on
the back surface of the monopile foundation, which has presents
non-linear characteristics.

dy

where dpis the water depth in front of pile, D is the pile diameter,
u is water particle velocity, Cyrand Cp are force coefficients, Ciis
the slamming coefficient, A is the curling factor, Tis the time
duration and 7y, p, R, and t are wave elevation, water density, pile
radius and time, respectively. The solution value of the equation
is related to the selection of those parameters. According to the
range given by the parameter, we select A=0.4, C; = m, T:%
(Goda et al., 1966) and p = 998 kg/m> . The impact velocity
impact elevation 7, is extracted from the CFD simulation.

The maximum horizontal wave force of the monopile . .
foundation is roughly 1030.02 N, and the wave force calculated The Effect of Plunging Breaking Wave on
with the conventional Morison equation according to the water ~ the Monopile Foundation
depth and wave height is only 467.46N. We can conclude  This section mainly explores the influence of plunging breaking
that the conventional Morison equation is not suitable for = waves under different breaking parameters &, on the wave run-
calculating the breaking wave force for those conditions. The  up, pressure and the horizontal wave force around the monopile
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FIGURE 6 | (A) Wave run-up; (B) pressure; (C) wave force (§p = 0.178).

foundation and then studies the influence of plunging breaking
waves on the hydrodynamic performance of the large-scale
monopile OWT.

Wave Load Analysis Based on the Breaking
Parameter & = 1.000
This section extends our simulation by applying LC2 from
Table 1. For model 2 in LC2, the bottom slope ratio equals to
1:5.75, the water depth is set as 1.2m, the wave height 0.1 m
and the period 1.4s. The wave breaking parameter equals to
1.000 and plunging waves are generated. The wave breaking point
coordinate equals to 7.4 m.

The center of the monopile foundation is placed at 7.4 m.
Figure 8A shows the wave run-up in the 0°, 45°, 90°, 135°,
and 180° gauge directions for the monopile foundation surface

along the wave propagation direction. The figure shows that
the surface elevation curve of the plunging wave is more
disordered than that of the spilling wave, and irregularities and
multi-peak phenomena appear in the curves in all directions.
This mainly occurs because under the same load case, as the
bottom slope ratio increases, the non-linear growth rate of
the wave increases, generating a steep front slope, forward
tilting and rapid rollover. A small volume of air is involved in
this process, and interactions occurring between the breaking
waves and the monopile foundation enhance the non-linear
characteristics, which in turn causes the wave surface to become
more disordered.

Figure 8B shows pressure time series of the 0°, 45°, 90°,
135° and 180° gauge directions for the still water surface
of the monopile foundation under the action of a breaking
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FIGURE 7 | Breaking wave (£, = 0.178) flow around the monopile foundation. (A) time = 9's; (B) time = 9.16s; (C) time = 9.48s; (D) time = 9.96s.

wave (£ = 1.000). The plunging breaking wave with breaking
parameter (§) = 1.000) causes the monopile foundation to
generate a much lower pressure value compared with the spilling
wave with § = 0.178. The pressures at 135° and 180° are
significantly lower than 0°, 45° and 90° direction.

In Figure 8C the time series curve of the horizontal wave force
acting on the monopile foundation when &, = 1.000 is presented.
The figure shows that the maximum horizontal wave force of the
monopile foundation reaches roughly 31.353 N. Results derived
from CFD and different methods for solving wave breaking
wave forces are compared in Figure 8C. It shows that the wave
breaking wave force, in this case, varies considerably when using
different methods. Since Apelt’s equation (117.071 N) does not
take into account the influence of the slope of the water, the
calculated value is the same as the value of the spilling wave for
the same load case. In this case, the value calculated via CFD is
relatively small, and a certain degree of error may be involved.

The values calculated from Modified Morison’s Equation equals
58.995 N whereas the Code of Hydrology for Sea Harbor gives a
value of 98.126 N, while, the impact-diffraction method predicts
the highest value (163.113 N).

Figure 9 shows the flow run-up of the breaking wave along
the monopile foundation for breaking parameter & = 1.000.
The figure shows the displacement contour plot for the vertical
direction. Compared to the contour plot of the spilling wave,
the displacement contour plot, in this case, is mainly reflected at
the back of the monopile foundation. As is shown in Figure 9C,
after the waves interact with the monopile, the waves continue
to propagate and form two water heads on the back side of
the monopile rather than immediately fusing to form a ridge.
This mainly occurs because, under this combination, the wave
breaking point is positioned rearward and closer to the flat slope
behind. After the wave bypasses the pile, limited by the flat
slope and water depth, after breaking the wave no longer moves
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FIGURE 8 | (A) Wave run-up; (B) pressure; (C) wave force (£ = 1.000).

intensely and cannot converge on the back of the monopile
causing two water heads to form as the wave continues to
propagate. For &y = 1.000 all the analytical equations overpredict
the maximum hydrodynamic load.

Wave Load Analysis Based on Breaking Parameter

& = 0.594

This section extends the simulation by applying LC3. Under this

load case, the bottom slope ratio equals to 1:5.75, the water depth

is set to 1.2m, the wave height 0.3 m and the period 1.4s. The

wave breaking parameter equals to 0.594 and plunging waves are

generated. The wave breaking point coordinate is set to 5.7 m.
The center of the monopile foundation is established at

5.7 m to measure relevant parameters such as the wave loads.

Figure 10A shows the wave run-up for the 0°, 45°, 90°, 135°,
and 180° directions for the monopile foundation surface along
the wave propagation direction. The figure shows that the wave
surface elevation curve in the 90° and 135° directions is still
turbulent and irregular in shape, showing that air is carried as
the plunging wave breaks.

Figure 10B shows the pressure time series in the 0°, 45°,
90°, 135°, and 180° directions for the still water surface
of the monopile foundation under the action of breaking
waves (§9 = 0.594). Under this condition, in addition to a
relatively steep secondary peak appearing in the 135° direction,
small peaks appear along horizontal straight lines of the 90°
and 180° directions as shown in Figure 10B. However, this
phenomenon does not appear during the simulation of the
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FIGURE 9 | Breaking waves (£, = 1.000) flow around the monopile foundation. (A) time = 12.24s; (B) time = 12.4's; (C) time = 12.56's; (D) time = 12.72s.

spilling waves. The presence of this horizontal straight line is
mainly attributed to the fact that as the trough acts on the
monopile foundation, the pressure gauge on the hydrostatic
surface does not come into contact with the water, and the
pressure value is not detected. Thus, the partial value of the
pressure time series at the hydrostatic surface is zero. Under
the action of plunging waves, even when the trough acts
on the monopile foundation, the pressure gauge of the 90°
direction and the 180° direction hydrostatic surface come into
contact with the water and generate a certain pressure value,
showing that the plunging wave has a stronger non-linear effect.
When studying the effects of plunging wave pressure on the
foundation, they cannot be simply calculated from the law of a
traveling wave.

Figure 10C presents the time series curve of the horizontal
wave force acting on the monopile foundation when &
0.594. The figure shows that the maximum horizontal wave

force of the monopile foundation is calculated approximately
with a value equals to 313.446N. The results of different
methods used to solve the breaking wave force in this work
are also compared in Figure 10C. The figure shows that
the breaking wave forces calculated with several methods
(Modified Morison’s Equation gives 331.368N, Apelt’s
Equation gives 381.152N, Code of Hydrology for Sea Harbor
gives 396.790N and the impact-diffraction method gives
533.813 N) under this condition are not considerably different,
showing that the calculation results are more accurate, but
again the analytical solutions overpredict the maximum
hydrodynamic load.

Figure 11 presents a displacement contour plot of the flow
around the breaking wave when &, = 0.594. The figure shows
that the forward deflection and curling of the breaking wave are
more severe in the case of large and steep wave. Moreover, the
breaking point is located far from the rear flat slope and without
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the influence of the flat slope; a water ridge appears at the back of
the monopile foundation.

Analysis of Changes in Breaking Forms
Observed Through the Transition From
Plunging to Spilling Waves

When the slope of the base remains unchanged with an increase
in wave height the breaking parameters of the wave changes
and the breaking form transits from plunging to spilling waves.
In view of this physical condition, this section extends the
simulation by applying LC4. Under this condition, the bottom
slope ratio is 1:5.75, the water depth is set as 1.2 m, the wave
height is set as 0.6 m and the period is set as 1.4s. The wave
breaking parameter is set as 0.438 and plunging waves are
generated. The wave breaking point coordinate is 1.2 m.

The center of the monopile foundation is defined at 1.2m
to measure relevant parameters such as wave loads. Figure 12A
shows the wave run-up in the 0°, 45°, 90°, 135°, and 180°
directions for the monopile foundation surface along the wave
propagation direction. The figure shows that while the wave
steepness increases in this section, the wave surface elevation
curve is not more disordered but is instead more consistent
than that described in the above section. This shows that the
intensity of interactions occurring between the breaking wave
and monopile foundation mainly depends on the form of wave
breaking involved while the relationship to wave steepness
is weak.

Figure 12B shows the pressure time series of the 0°, 45°,
90°, 135°, and 180° gauge directions for the still water surface
of the monopile foundation under the action of breaking
wave (& = 0.438). The figure shows that the pressure time
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FIGURE 11 | Breaking wave (£, = 0.594) flow around the monopile foundation. (A) time = 10.68s; (B) time = 11s; (C) time = 11.08's; (D) time = 11.32s.

series curve observed under this condition is much smoother  solving breaking wave forces are also compared in Figure 12C.
than that of the plunging wave with no sharp peak. We It shows that values of the breaking force calculated from
also find that the rapid drop in pressure observed under this  Apelt’s equation (823.771N), the Code of Hydrology for Sea
condition occurs during the propagation of waves from 45°  Harbor (980.405N) and the CFD are relatively close. However,
to 90° while the maximum pressure values at 90° and 135°  as the value calculated from the impact-diffraction method
are not much different. These patterns are the same as those  (2153.844 N) and the modified Morison equation (1338.725N)
observed from the spilling waves with breaking parameter &,  are large, it is necessary to consider its applicability in the midst
= 0.178 described above. We further observed that the steeper  of large and steep waves.

the waves become the more non-linear the waves are, and Figure 13 presents a displacement contour plot of the
the impact on the back of the monopile becomes larger as  breaking wave flow observed around the monopile foundation
a result. with a breaking parameter of §; = 0.438, The figure shows that

Figure 12C shows the time series curve of the horizontal  the wave flow around the monopile foundation is similar to that
wave force acting on the monopile foundation when & =  observed from the spilling wave of breaking parameter & = 0.178

0.438. The figure shows that the maximum horizontal wave  described in combination two. The incident wave height and
force of the monopile foundation is roughly 878.367N. The  period are the same, and both are breaking forms of spilling
comparative results of this work and different methods for  waves, exhibiting certain similarities.
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CONCLUSIONS

In this paper, we developed a numerical wave tank that can
explore the effect of breaking waves of different type on
the foundation of a 10 MW monopile OWT. In order we
to model the wave propagation a user-defined function was
developed, validated and used for the numerical modeling of
the waves within the tank based on Fifth-Order Stokes wave
theory. Moreover, the developed numerical wave tank has been
validated for ensuring its effectiveness for producing correct
results. Spilling and plunging breaking waves were generated
in the numerical wave tank with different bottom slopes. The
effects of spilling and plunging breaking waves on the wave
run-up height, pressure and horizontal wave force on a 10
MW monopile foundation are investigated. Different analytical
methods for calculating the wave breaking loads are compared
with the developed computational fluid dynamics model and

their differences are quantified and discussed. The main findings
of our study are as below:

(1) The maximum wave run-up peak caused by a breaking
wave represents a large proportion of the whole wave height, and
especially for the wave front surface of the monopile foundation,
the performance is more pronounced. The reverberating side
wave generated by a breaking wave will create a secondary peak
or even a tertiary peak around the monopile foundation. Because
plunging wave breaking is accompanied by the entrapment of air,
the surface elevation curve of a plunging wave is more disordered
than that of a spilling wave, and irregularities and multi-peak
phenomena appear in curves in all directions. In addition, we use
control variables to explore factors that affect the non-linearity of
the surface elevation around the monopile foundation. We find
that the intensity of interactions occurring between the breaking
wave and the foundation depends mainly on the form of wave
breaking involved and the relationship to wave steepness is weak.
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FIGURE 13 | Breaking wave (£, = 0.438) flow around the monopile foundation. (A) time = 95; (B) time = 9.48's; (C) time = 9.85s; (D) time = 10.12s.

(2) Pressure acting on the foundation obtains its largest values (3) The wave load created by a breaking wave is larger
along the front surface (0° gauge direction). For less steep  than that created by a traveling wave under the same load
waves, a sudden drop in pressure occurs between 90° and 135°  conditions. Using the conventional Morison equation to calculate
direction. For steeper waves, a sudden drop in pressure value  the breaking force will generate a smaller value. In shallow water,
occurs between 45° and 90°, and pressure levels are basically  the conventional Morison equation should be used with caution
the same or undergo minor changes between 90° and 180°. This  to calculate the breaking force acting on the foundation. The
shows that for a less steep wave, the non-linear effect of such  modified Morison equation increases the accuracy of calculation
a wave is mainly reflected in the front of the pile. A steeper  results to a certain extent, but the calculation of the breaking
wave instead has a stronger influence on the back of the pile. ~ wave force under a steep wave will still produce a large error
In addition, due to the high degree of non-linearity of breaking  value. In addition, the bottom slope ratio has a certain influence
waves, a steep secondary peak appears in the pressure time  on the calculation of the breaking wave force, but the effect is
series curve, exhibiting highly non-linear characteristics. Under =~ minor. Apelts equation does not take into account the influence
the action of a plunging wave, even when the trough acts on  of the bottom slope ratio, and the coeflicient can be corrected
the monopile foundation, the pressure gauge at the hydrostatic = accordingly to different situations. In this paper, the breaking
surface also come into contact with the water and generates a  wave force calculated by CFD is generally reasonable, but the
certain pressure value, indicating that the non-linear effect of  calculated value is relatively small for less steep waves.

the plunging wave is strong. The effect of pressure from the (4) For spilling breaking waves, modified Morison equation
plunging wave on the pile cannot be simply calculated from basic ~ is giving 1.48 times (§y = 0.178) larger maximum value of the
analytical solutions. impact load compared to the CFD; Apelts Equation gives 0.80
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times (§ = 0.178) larger maximum value of the impact load
compared to the CFD; Code of Hydrology for Sea Harbor gives
1.0 times (&) = 0.178) larger maximum value of the impact load
compared to the CFD.

(5) For plunging breaking waves, modified Morison equation
is giving 1.88 times (§y = 1.000) and 1.05 times (§y = 0.594)
larger maximum value of the impact load compared to the CFD;
Apelt’s Equation gives 3.73 times (§yp = 1.000) and 1.22 times (&,
= 0.0.594) larger maximum value of the impact load compared
to the CFD; Code of Hydrology for Sea Harbor gives 3.13 times
(&0 = 1.000) and 1.26 times (£9=0.594) larger maximum value of
the impact load compared to the CFD.
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