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Abstract

In this paper, the performance of offshore wind turbine structures under long-period wave impacts is investigated, and a
numerical model of long-period waves is developed to simulate the wave motion and fluid seepage in the pore medium
by using the VARANS equation with the OlaFlow solver, and various turbulence models such as the model, RNG model,
and the VOF method is applied to capture free surfaces, which can accurately simulate wave generation, propagation,
reflection, breaking, and fluid seepage in the pore medium. These methods can accurately simulate the wave generation,
propagation, reflection, breaking, and fluid seepage in the pore medium, and the accuracy of the numerical simulation is
verified by comparing the results with those of the physical experiment. The results show that the wind farm exhibits
good impact toughness under the influence of long period waves, and its overturning stability and slip stability are better
than the safety coefficient required by the specification.
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1 Introduction

As a kind of clean energy, the proportion of offshore wind power in the global energy structure
continues to rise [1]. However, offshore wind power platforms are exposed to complex marine
environments all year round, especially the long period wave, which poses a serious challenge to their
structural stability [2]. Therefore, an in-depth understanding of the impact and toughness effects of
the period wave on the offshore wind power structure is crucial to guarantee the safe operation of
offshore wind power [3-4]. The impact toughness of long-period waves on offshore wind power
structures is crucial to ensure the safe operation of offshore wind power.

Long-period waves usually refer to waves with a wave period of more than 12 seconds, which have
the characteristics of high energy and wavelength [5]. They have small energy loss when traveling in
the deep ocean, and once approaching the coastline or wind power platform area, the energy is rapidly
concentrated, causing a huge impact on the offshore structure [6]. The impact of long-period waves
on the offshore wind power structure is mainly reflected in the mechanical impact and fatigue damage
on the tower, foundation, and blades [7]. The impact of long-period waves on the offshore wind power
structure is mainly reflected in the mechanical impact and fatigue damage on the tower, foundation,
and blades [8]. The impact on the offshore wind power structure is mainly reflected in the mechanical
impact and fatigue damage on the tower, foundation, and blades [9]. The impact toughness of offshore
wind power structures refers to their ability to resist damage and maintain functionality in extreme
environments such as long-period waves, which not only depends on the physical properties of the
structural materials but also involves the design, installation, and operation and maintenance of many
aspects [10]. Improving the impact toughness of the structure can effectively prolong the service life
of the wind power platform and reduce the maintenance cost [11].

The related research mainly adopts the combination of computational fluid dynamics (CFD)
simulation and actual marine environment testing [12]. Through simulation analysis, the distribution
of the impact force and the possible damage area of the wind power structure by the long-period wave
can be predicted [ 13]. At the same time, combined with the test data of the actual marine environment,
the simulation results can be verified, and the actual impact toughness assessment can be carried out
[14]. By optimizing the tower and foundation structure, the impact toughness of the tower and
foundation structure can be improved, which can effectively prolong the service life of the wind
power platform and reduce the maintenance cost. By optimizing the structural design of the tower
and foundation, such as using more ductile materials and increasing the redundancy of the structure,
the resistance of the structure to the impact of long-period waves can be improved [15]. By selecting
areas with relatively small wave impacts for the installation of wind power platforms or using
topography to reduce the effect of wave energy, the impact of long-period waves can be reduced [16-
17]. At the same time, a real-time monitoring system is established to predict and monitor the long-
period wave activities so that early warning and countermeasures can be taken [18-19], and then
adaptive maintenance strategies are formulated and implemented according to the actual impacts of
long-period waves on the structure in order to maintain the stability and safety of the structure [20].

The study of the impact toughness of long-period waves on offshore wind power structures is of great
significance in ensuring the safe operation and economic benefits of wind power platforms [21]. The
toughness and durability of offshore wind power structures can be significantly improved by
optimizing the design, siting, monitoring, and maintenance strategies.

In this paper, a numerical model of long-period waves is developed, and OlaFlow is used as the solver
to form the VARANS equation with the continuity equation and the momentum conservation equation,
and the commonly used turbulence models, including the model and the RNG model, are investigated,
and the VOF method is used to capture the free surface, and a volume function is introduced to
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determine the free surface, i.e., the fraction of the volume of the water in each cell, to simulate the
wave-seabed-structure interaction process, and the Stokes I and I order wave-making methods are
used to realize the accurate wave-making process. To simulate the wave-seabed-structure interaction
process, the Stokes I and II wave-making methods are adopted to realize accurate wave-making, and
the active wave cancellation method is adopted to offset the waves by applying the corresponding
velocity at the outlet boundary. In the evaluation of wave impact toughness in offshore wind farms,
the wave model is used to check the stability of capsize and slip resistance.

2  Numerical modeling of wave impact problems

Under the basic assumption of incompressibility of fluid, various numerical models of nonlinear wave
deformation and its effect on structures can be categorized into two main types: the potential flow
model and the viscous flow model.

2.1 Potential Flow Model (PFM)

The potential flow model (neglecting viscosity) is mainly used for the calculation of wave loads on
large-scale (ka>O(1) (a is the characteristic scale of the structure and K is the wave number)

oceanographic structures. In the potential flow model, the problem is still accurately expressed in
terms of the laws of conservation of mass (which are transformed into the form of Laplace’s equations)
and momentum (which are transformed into the form of Bernoulli’s equations and are used as
dynamic boundary conditions at the free surface) and boundary conditions. (into the form of
Bernoulli’s Equation and as a dynamic boundary condition at the free surface) and boundary
conditions.

Consider a rectangular wave pool model; the upstream boundary in the X direction is given as an
incident regular wave condition, the downstream boundary is set as an open boundary condition, there
is a fixed structure piercing the water surface in the pool, and the fluid is set to be ideal and
incompressible, and the margin problem on the three-dimensional Laplace equation expressed in
terms of a velocity potential function, ®(X,y,z,t), is to satisfy within the fluid region, Q, the

following:
V2D(X,y,2,t) =0 )

The kinetic and kinematic conditions are satisfied on the free surface boundary I, :

od 1

S 4IVO-VO+gn=0 2

% 2 an 2
od dp
= _ 3
oz dt 3)

Boundary conditions on the poolside interfaces, a bottom surface, upstream wave-making boundary
surfaces, and fixed structural wall surfaces in the pool (these boundary surfaces are uniformly
represented by I',) are:

od
%0 @
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V, Isthe pre-given normal velocity at any point on the boundary plane for the upstream wave-making

boundary; if the cosine wave is given as the condition of the incident wave, then the normal velocity
V,(t) varies according to the given sinusoidal form and V,(t) =0 is generally taken on the other

boundary planes represented by the T'..

Sommerfeld-Orlanski (S-O) radiation conditions are generally given on the open boundary surface
I', downstream of the pool:

oD o0
—+C—=0 5

ot on ®)
In addition, wave attenuation is also carried out in the numerical wave flume (pool) opening boundary
treatment by setting up a sponge layer before opening the boundary so as to minimize the wave energy
reaching the boundary.

The numerical realization of the potential flow model mainly relies on the boundary element method
to numerically solve the boundary integral equation:

1 0P(A) _ gy CRD) |- c
= I{G(p,q) (@) @(q) () }drq C(p)@(p), pel (6)

Here, I'=T", Ul Ul,,p=(x,y,2)el,q= (51, &, 53) eIl,G(p,q) is the Green’s function, and
C(p) is a coefficient related to the unit profile and the shape of the region.

There are many research works on wave-structure interactions applying potential flow models and
BEMs, e.g., the hybrid Eulerian-Lagrangian H-process for solving the boundary integral equation
(BIE) was proposed by Longuet-Higgins & Cokelet, the two-dimensional wave-body interaction
problem was investigated by Clement, and on the 3D side, there is the nonlinear axisymmetric flow
with a free Nonlinear axisymmetric flow with free surfaces, Beck et al. Compared with in-domain
discretization methods (e.g., finite difference), BEM only requires discretization of the boundary of
the computational domain and thus has the advantage of having a small number of discretization
points and directly giving the location of the transient free surfaces; however, the computational cost
of BEM is still quite high, because BEM has to pay high computational costs (in terms of the cost of
the coefficient matrix of unknowns in the linear system of equations and a full matrix at the end of
the system). The size of the computational domain of the BEM model for solving three-dimensional
nonlinear hydrodynamic problems is still severely limited by the fact that the BEM model can be used
to solve the problem in the time domain, and the size of the computational domain of the BEM model
for solving three-dimensional nonlinear hydrodynamic problems is still limited by the fact that the
BEM model can be used to solve the problem in the time domain. Constraints.

2.2 Viscous Flow Model

In the viscous flow model of waves, the fundamental conservation laws that govern real fluid flow -
conservation of mass and conservation of momentum - are described by the following continuity and
Navier-Stokes (N-S) equations, respectively.

Continuity equation.
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V-u=0 (7)
N-S equation.
0 P 2
—+u-V|ju=-V| —+0z |+VV°U
(at j (p gj ®

3 Long-period wave model

The solver used for the wave model is OlaFlow, which was developed by Higuera et al. based on the
standard solver InterFoam in OpenFOAM. OlaFlow is used to control the wave motion and the
seepage of the fluid in the pore medium by solving the VARANS equations, and the turbulence models
are such as the VARANS model and the RNG model, etc., and the VOF method is used to capture the
free surface.

3.1 Control Equation

The controlling Equation is the VARANS equation, which consists of a continuity equation and a
momentum conservation equation and is applicable to most practical offshore engineering problems
using the assumption of an incompressible fluid.

ofu)
W_O 9)

op(u) o1 o(p) f dp 0 o(u,
8<t >+§|:—,O<Ui><uj>:|=—®<a—>+®gjxja_§+a_)(j|:/ueff ;X—R}_[CT] (10)

[CT]:A<ui>+B|<u>|<ui>+C% (11)

The coefficients A and B in Equation (11) are calculated according to the formula proposed by
Engelund and improved by Van Gent as follows.

1-2)° u
A=a~—F—— (12)
@* D}
75\1-2 p
B:[)’(1+ j (13)
KC) &* D,

Where () denotes volume average, p denotes density, U, denotes velocity vector, p* denotes
proposed kinetic pressure, @, denotes gravitational acceleration, X is the position vector, &
denotes the porosity of the pore material, D., denotes the average equivalent particle size of the
pore material, « is the index (VOF) function, and 4 denotes the effective kinetic viscosity,
which takes into account the molecular kinematic viscosity plus turbulence effect 14 =+ pv,, V,

is the turbulence kinematic viscosity and is given by the selected turbulence model.
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3.2 Turbulence models

Commonly used turbulence models include the k—¢& model and the RNG Kk —& model, etc. Among
them, the turbulence model is more widely used in computational fluid dynamics. The detailed
expression of the k—& turbulence model is as follows:

UIU!
k= 14
> (14)
0.75k1.5
8:C”I (15)
ok 1 N
E+V.(ku)—v-[(v+vt)]Vk:vt E(VU +VU ) —& (16)
oe Vv 1 T ‘e C,&?
E+V-(5U)—8V-U—V-Hv+0—lﬂVk:2C1v{E(VU +VU )} P 2k (17)

Where K stands for turbulent kinetic energy, & stands for turbulent dissipation rate, U’ stands

for pulsation velocity, U’ stands for pulsation velocity after averaging at Reynolds time, and the
turbulent kinematic viscosity V, is calculated as:

k2
V'[ = C/u ? (18)

The coefficients C,, C,, C, and o, in the k—& turbulence model are generally based on

empirical data.

k—& turbulence model assumes that the turbulent viscosity is isotropic, which is good at dealing
with the case of small pressure gradient, but for the case of large pressure gradient, the K—& model
is less effective, therefore, some scholars based on the idea of reorganization of the group, the k—&
model is modified, the RNG k —& model, which overcomes the problems of the standard RNG k — &
model, the RNG Kk —& turbulence model is based on the following equations:

ot ox  ox.

1 J

o(pk) O pky, 0 ok
]

= o | ettt 5 1T K (20)

ot OX. OX OX

i i

o( peu. * 2
R AR S

i
The k—& turbulence model was used in the model validation section.

3.3 VOF method for tracing free surfaces

The wave model uses the VOF method to capture the free surface. The VOF method determines the
free surface by introducing the volume function « , which is defined as the volume fraction of water
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in each cell. This means that, =1 represents a grid cell filled with water, o =0 represents a cell
filled with air, and 0 < <1, is denoted as the free surface of the fluid. That is:

0 Air
a=10<a <1 Freesurface (21)
1 Water

In this way, it is simple to calculate any property of the fluid in each grid cell by simply weighting
them with the VOF function. e.g., the cell density and the effective kinetic viscosity in a fluid grid
are calculated as follows:

P = OPyaer + (1_ a)pair (22)
Heti = Ot yarer T+ (1_a)lueff air (23)
The volume function needs to satisfy the convection equation:

a_a+£8<ui>a
ot D O

-0 (24)

a_a+16<ui>a+18<uci>a(l—a) 3
ot g ox O X, B

0 (25)

3.4 Numerical wave generation

Accurate wave generation is the basis for modeling wave-seabed-structure interaction, and if the
generated waves are inaccurate, the whole calculation process may deviate completely from the actual
situation. Wave generation methods include Stokes I, II, V, elliptic cosine wave isolated wave, etc.
Here, we mainly adopt the Stokes I and II order wave generation methods.

The wavelength of the Stokes I wave is given by:

L= ng; tanh(thjzo (26)
K = ZT” @7)

0= ZT—” 28)

c= TE 29)
L (30)
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Where T is the period, K is the wave number, h is the water depth, @ is the frequency, C is
the wave speed, and L, is the wavelength of deep water waves?

The solution of the theory is based on a potential function from which the elevation of the free surface
and the velocity field can be obtained. For a two-dimensional wave propagating along the X -axis,
the elevation of the free surface and the velocities in the X- and z -directions can be expressed as
follows:

n= %cos(kx—a}t +y)=0 (31)
H cosh(kz)
U=—awo————=cos(kx—at =0
2 sinh(kn) S +Y) (32)
H sinh(kz)
=—w———=-Cos(kx — wt =0
2 “ sinh(khy CSHxet+y) (33)

Where 7 represents the free surface elevation, H isthe wave height, U represents the horizontal
velocity, W represents the vertical velocity, and ¢ is the phase angle.

Stokes’s second-order wave theory is based on the introduction of second-order terms in the I. The
equations for the free surface elevation 7, horizontal velocity U and vertical velocity W are as

follows:
H 2 3 _ 2

(o2
—_— cos(26 34
o2 Cos(20) (34)

n= %cos(@) +k

_H cosh(kz) . . 3 H?wk cosh(2kz)

=2 “sinnk) Ot 2 sinntkny PO =0 (35)
_H sinh(kz) 3 H?wksinh(2kz) _. _
= @ sinnkh) Ot T asinnt ey e =0 (36)

In which, o = tan(kh) .

3.5 Numerical Wave Dissipation

In the wave field simulation process, the wave will be reflected at the boundary. The reflected wave
and the superposition of the incident wave will change the nature of the wave, so it is necessary to
apply the wave elimination method to eliminate the reflected wave; the main elimination methods are
radiation boundary elimination, artificial sponge layer elimination method, etc. The radiation
boundary condition is through the absorption of wave energy at the boundary to achieve the purpose
of elimination of the wave. In Equation (36), radiation boundary elimination needs to be known to
the wave speed, so it is not suitable for multi-frequency waves.:

op 10o¢p
v _-Zr 37
on c ot (37)
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In order to overcome the shortcomings of the radial boundary condition dissipation method, the
artificial sponge layer dissipation method is proposed, which is based on the addition of a damping

dissipation term, —f(X) <ui > , to the momentum equation, and the dissipation is realized by increasing

the damping dissipation term, and the U, is the velocity component:

(x=x)

1O

(38)

Where £ is the damping coefficient, X, and X, represent the locations of the starting point and
the endpoint of the wave dissipation zone, respectively.

The wave model in this paper adopts the active wave dissipation method in wave dissipation by
applying the corresponding speed on the exit boundary to realize the mutual offset of waves, and the
wave dissipation effect is better.

4 Validation of numerical simulation against experimental results

In this section, the proposed wave model is applied to establish a numerical wave flume model, and
the numerical simulation of the impact of long-period waves on offshore wind power structures is
carried out, and the numerical results are compared with the actual simulation experiments to verify
the numerical simulation and experimental results are shown in Fig. 1, which shows that, in the set
long-period waves of 15-20, no matter the numerical simulation or the physical experiments, the wave
impact force goes through the following process: firstly, it gradually rises, reaches the maximum
impact extreme value, then gradually falls to 0 value, a relatively stable zero-value moment, and then
it is followed by a relatively stable zero-value moment. It can be seen that, under the set long period
wave of 15~20, no matter the numerical simulation or physical experiment, the impact force of the
wave has gone through the following process: firstly, it rises gradually, reaches the extreme value of
the maximum impact, and then gradually falls to 0, a relatively stable zero-value moment, and then
enters into the next impact. The numerical simulation results of each group can reproduce this process
well, and the numerical results for the simulation of the alternating process of the impact pressure are
also consistent with the experimental values; the numerical simulation results are very close to the
experimental values. The numerical simulation results are very close to the experimental values, and
the oscillations of the impact pressure in the process of rising and falling due to the influence of the
air phase are also reproduced in the numerical results. On the whole, the wave model proposed in this
paper can simulate the long-period wave impacts encountered by the offshore wind turbine structure,
and the simulation of the extreme values of the impact pressures on the offshore wind turbine structure
and the time course of the pressures are in line with the experimental results of the physical model.
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Experimental result
Numerical simulation result

Wave impact
T

15 16 17 18 19 20
Wave period

Figure 1. Numerical simulation and experimental results

5 Evaluation of wave impact toughness in offshore wind farms

In this chapter, the impact toughness of an offshore structure, a 202MW offshore wind farm off the
coast of Langshui, Jiangsu Province, China, is investigated in the context of the wave model proposed
in the paper when it is subjected to long-period wave impacts. The impact toughness consists of two
aspects: overturning stability and slippage stability, which have a direct influence on the operational
performance and safety of the platform and will be analyzed in the following.

5.1 Anticapsizing Stability

The tilting stability of offshore structures is measured according to the tilting moment and overturning
moment of the platform, and the minimum value of the tilting safety coefficient of offshore wind
farms is 1.4. When waves and currents are combined, assuming isotropic action, the five directions
of action are taken as 0°, 64.2°, 90°, 180° and 244.2° respectively, and the tilting moments of offshore
wind farms are shown in Table 1. As shown in Table 1, it can be seen that when the wave period is
12.52s and 13.31s, the overturning moments are maximum at 64.2° in the wave direction, which is
11112.2 and 8572.911, respectively, and when the wave period is 14.72s, the overturning moments
are maximum at 180° in the wave direction, which is 7984.68, while the wave period is 15.68s, the
overturning moments are maximum at 90° in the wave direction, which is 7984.68, respectively. The
tilting moment at 90° of the wave direction is 6890.745, which is the largest among the five wave
directions.

Table 1. Upsetting moment

Upsetting moment
Wave cycle(s)
0° 90° 64.2° 180° 244.2°
12.52 10101.98 10936.2 11112.2 10625.2 10625.2
13.31 8227.634 8406.08 8572.911 8101.815 8184.816
14.72 7628.785 7327.865 7543.255 7984.68 7851.748
15.68 6368.843 6890.745 6513.547 6401.303 6218.393

The tilting moments of offshore wind farms are shown in Table 2, and it is obvious that the minimum
tilting moments of different wave periods correspond to the maximum overturning moments of
different wave periods mentioned above, and the minimum tilting moments of wave direction 64.2°
are 44922.3 and 30406.64 when the wave periods are 12.52s and 13.31s, respectively. At this time,
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for the most dangerous situation of offshore wind farm tilt stability, the tilt stability calibration,
respectively, can get the tilt safety factor, 4.03, 3.55, which are greater than 1.4 and higher than the
norms of the tilt safety factor. When the wave period is 14.72s, the tilting moment in the direction of
the wave 180 ° is the smallest, 21096.03, with a tilting safety factor of 2.74. In the wave period of
15.68s, the tilting moment is the smallest in the wave direction 180 °, 21096.03, and the tilt safety
factor is 2.74. in the wave period of 15.68s, the tilting moment in the wave direction 15.68s, the wave
period is the smallest. In the wave period of 15.68s, the tilting moment is minimized at 90° of wave
direction, which is 20871.79, and the tilting safety coefficient is 3.03.

Table 2. Tipping moment

Tipping moment
Wave cycle(s)
0° 90° 64.2° 180° 244.2°
12.52 533745 83106.6 44922.3 58187.4 483763.1
13.31 38714.15 40901.39 30406.64 33298.46 48043.76
14.72 40562.24 50722.29 34698.97 21096.03 27559.64
15.68 28760.52 20871.79 32816.79 37895.71 45856.27

Overall, under the influence of long-period waves, the minimum tilt-resistant safety coefficients of
offshore wind farms are higher than the standardized tilt-resistant safety coefficients in different wind
and wave directions, and they have good overturning resistance.

5.2 Slip Resistance

The anti-slip stability of offshore structures is measured according to the slip resistance and slip force
of the platform, and the slip safety coefticient regulated for offshore oil wells should be not less than
1.6. The five directions of action selected for the combination of waves and currents are the same as
those above, and the slip force of offshore wind farms under the influence of waves with five different
directions of action is shown in Table 3. When the period of the waves is 12.52s and 14.72s, the slip
force is maximum at 180° in the wave direction, which is 389.6 and 315.3, respectively. When the
wave period is 12.52s and 14.72s, the slip force is maximum at 180°, which is 389.6 and 315.3,
respectively, and when the wave period is 13.31s and 15.68s, the slip force is maximum at 90° and
64.2°, which is 281.9 and 259.9, respectively.

Table 3. Skid force

Skid force
Wave cycle(s)
0° 90° 64.2° 180° 244.2°
12.52 237.3 368.5 208.1 389.6 187.4
13.31 277.6 281.9 226.5 232.1 270.2
14.72 286.7 223.8 129.8 315.3 155
15.68 142.1 232.6 259.9 119.2 222.4

The anti-slip resistance of offshore wind farms is shown in Table 4. The minimum anti-slip resistance
of different long-period waves in five wave directions corresponds to the maximum slip force when
the wave period is 12.52s, 14.72s, the minimum anti-slip resistance in the wave direction of 180 °,
respectively, 2036.28, 761.2. Slip force is at its maximum; the anti-slip resistance is at its minimum,;
offshore wind farms are in the most dangerous situation; the anti-slip calibration, respectively, can
get the anti-slip safety coefficient, 5.23, 2.41, are greater than 1.6, are greater than 1.6. In addition,
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when the wave period is 13.31s and 15.68s, the slip resistance is the smallest at 90° and 64.2° in the
wave direction, which is 895.04 and 643.43, and the corresponding slip resistance is 3.18 and 2.18,
which is the smallest at 180° in the wave direction. The safety coefficients are 3.18 and 2.48, which
are higher than the standardized safety coefficients.

Table 4. Anti-skid force

Anti-skid force
Wave cycle(s)
0° 90° 64.2° 180° 244.2°
12.52 2640.71 1936.94 2409.95 2036.28 2204.98
13.31 799.48 895.04 1889.01 1838.472 1613.09
14.72 1126.73 1855.3 1768.41 761.2 1071.05
15.68 1050.11 976.86 643.43 1399.32 858.46

Under the influence of long-period waves, the minimum slip-resistant safety coefficient of offshore
wind farms is higher than the standardized tilt-resistant safety coefficient in different wind and wave
directions and has a good performance in slip-resistant and stable mobility.

6 Conclusion

This

paper establishes a numerical model of long-period wave impact on offshore wind power

structures, then compares the numerical simulation and experimental results with the actual analysis
of the impact toughness of offshore wind farms, and draws the following conclusions: (1) A numerical
wave flume model is established, and the numerical results are compared with the actual simulation

tests.

1)

2)

A numerical wave flume model is established to simulate the impact of long-period waves on
offshore wind power structures, and the numerical results are compared and verified with the
actual simulation experiments. The numerical simulation results can reproduce the wave
impact process of the physical experiments, and the numerical results of the alternating
process of the impact pressure are also consistent with the experimental values so that the
long-period waves encountered by offshore wind power structures are simulated well.
Structure encountered by the long-period wave impact.

Evaluation of impact toughness of offshore structure example - 202MW offshore wind farm
in Jiangsu, China, offshore Langshui, in terms of tilt stability, an offshore wind farm in the
long-period wave impact, the tilt safety factor in different directions of the wave is greater
than 1.4, higher than the normative tilt safety factor, and in terms of slip stability, an offshore
wind farm in the long-period wave impact, the tilt safety factor is greater than 1.4, higher than
the normative tilt safety factor. Overall, offshore wind farms have good impact toughness in
the face of long-period wave impacts.
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