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ABSTRACT

Dynamics of the floating offshore wind turbines (FOWTSs) in harsh ocean environments gains increasing attention
due to the high maintenance costs in case of structural damage. The freak wave occurring more frequently than
believed poses a threat to FOWTs, but mechanism and influencing factors of the wave-structure interaction
problem have not been fully explained. In this paper, dynamics of the VolturnUS-S semi-submersible platform
designed for the IEA 15 MW wind turbine under freak waves is studied using a coupled computational fluid
dynamics and finite element mooring line model. First, the hydrodynamic model is validated using the
DeepCwind semi-submersible platform. Then, the validated model is employed for the analysis of the VolturnUS-
S semi-submersible platform under freak waves described as a focused group of waves. Hydrodynamic behaviors
of the semi-submersible FOWT are described in detail, and parametric analysis of the problem including the
effects of focusing crest amplitude, focusing location, incident angle, gravity center location is conducted.
Important results include the dramatic surge motion of the platform and fairlead tension of the upstream
mooring line, and alleviation of these responses by varying the wave angle to 30° and moving the gravity center

to the centroid of the platform geometry.

1. Introduction

The advancement of floating offshore wind turbines (FOWTs) along
with the exploration of offshore wind energy has been ocean engineer-
ing trends for decades due to the demands for clean and renewable
energies. FOWTs are designed to be deployed in deep waters where more
stable wind resources abound in comparison to onshore and nearshore
sites, and have become one of the research focuses in the wind energy
community. One of the challenges faced by the FOWT practitioners is
the accurate evaluation of dynamics of the complete floating system
under wind and wave conditions. The FOWT is a multi-body system
consisting of the wind turbine, the control sector, the tower, the floating
platform for supporting the upper structure and the mooring system for
restricting the drift motion (Liu et al., 2016). The aerodynamics of the
wind turbine is affected by the motions of the supporting platform in six
degrees of freedom (DOFs), having greater uncertainties in power pro-
duction and higher fatigue failure probability of the blades (Liu et al.,
2019; Tran and Kim, 2016a). On the contrary, the hydrodynamics of the
platform is modified due to the wind-induced constant inclination and
variational pitching motion (Antonutti et al., 2016). The addition of the
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mooring systems further complicates the coupled effects between
different components of the FOWTs (Hall et al., 2014).

Methods for assessing the coupled dynamics of FOWTs generally fall
into two classes. One is based on engineering models and the other is
based on the computational fluid dynamics (CFD). The model-based
approach uses empirical formula for the aerodynamic and hydrody-
namic loads, and possesses the feature of fast computation which is
suitable for the preliminary design purpose (Dai et al., 2018; Jonkman,
2009; Robertson et al., 2014). One well-known model-based code is the
open source FAST which can conduct fully coupled time-domain aer-
o-hydro-servo-elastic analysis of FOWT systems. FAST adopts the blade
element momentum (BEM) method with various empirical and
semi-empirical correction models for the aerodynamics and the poten-
tial flow theory augmented with the quadratic damping from Morison’s
equation for the hydrodynamics. Both loading models are low order
with simplification assumptions. While the low order models in aero-
dynamics and hydrodynamics affect the overall accuracy and range of
application of the model-based approach, the structural dynamics can be
directly obtained which can be used for ultimate and fatigue load
evaluations (Kvittem and Moan, 2015; Luan et al., 2017). The CFD
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approach has long been applied in simulating FOWTs (Cheng et al.,
2019; Huang et al., 2019; Liu et al., 2017; Tran and Kim, 2015, 2016b;
Yan et al., 2016). In contrast to the model-based approach, real flow is
inherently considered in CFD so that aerodynamic and hydrodynamic
loadings can be well predicted by integration of pressure and viscous
stress with the accuracy dependent on the fidelity of the numerical
schemes. Particularly for the wave-structure interaction problems, wave
breaking and run-up, vortex generation and shedding are inherently
included in the nonlinear equations. Full-scale modeling of FOWT sys-
tems is possible with CFD, and thus concerns on the scaling effects can be
put aside. It is to note that as the structures are treated as boundaries in
CFD, fluid-structure interaction simulations of FOWTs can be realized
with external codes to account for the flexibility of the structure (Carrion
etal., 2014; Lee et al., 2017; Liu et al., 2019). With the above-mentioned
advantages, there is a rising number of researchers to choose CFD as the
tool for FOWT analyses.

For CFD analyses of FOWTs, one challenge is to incorporate the role
of mooring systems. Plenty of researches used the quasi-static model for
either hydrodynamic-mooring (Lin et al., 2021; Huang et al., 2021; Tran
and Kim, 2015) or aerodynamic-hydrodynamic-mooring (Cheng et al.,
2019; Liu et al., 2017; Liu et al., 2019; Tran and Kim, 2016b) analysis.
The quasi-static model solves for the mooring line profile and tension
analytically with the assumption that the line is in static equilibrium.
The hydrodynamic and inertial forces are neglected in the model which
affects the prediction of the motion response of the moored structure and
the mooring loads. Studies showed that the use of dynamic models is in
many cases necessary for accurately predicting mooring line loads,
which is crucial for designing the mooring system and assessing the
FOWT dynamics. Masciola et al. (2013) compared the response of the
DeepCwind semi-submersible platform in coupled simulations using the
quasi-static mooring model MAP and the finite element model OrcaFlex
against 1:50 scale test, and found that the platform motions are influ-
enced by mooring dynamics only in extreme sea states but the mooring
dynamics is important to the mooring line tensions in all load cases. Hall
et al. (2014) compared quasi-static and finite element mooring models
across three classes of floating platform designs and reached similar
conclusions as Masciola et al. (2013). Thus, a CFD model that in-
corporates mooring line dynamics is essential for the thorough under-
standing of FOWTs’ coupling behaviors. To the authors’ knowledge,
among the four types of dynamic mooring models, i.e., lumped mass
(LM) method, finite element method (FEM), finite difference method
(FDM) and multi-body dynamics (MBD) method, only the LM method
has been used in the coupled CFD simulations of FOWTs (Li et al., 2019;
Zhou et al., 2019). A FDM mooring dynamics model was developed by
Chen et al. (2018) and has been used for the model-based analysis of
FOWTs. In Antonutti et al. (2018), the open source FEM code_Aster was
applied for the dynamic mooring modeling in the model-based FOWT
analysis. It is found that the FEM dynamic mooring model has been
scarcely used in the coupled CFD-mooring simulations of FOWTs.

The dynamics of FOWT systems under freak waves receives rising
attentions due to the high maintenance costs in case of structural
damage. The freak wave which appears as “walls of water”, “holes in the
sea” or several successive high waves (three sisters) is defined as having
a height that exceeds twice the significant wave height, and can induce
large and unpredictable hydrodynamic loadings and damages to marine
structures (Roy et al., 2017). It was reported that 22 supercarriers got
lost after collisions with freak waves from 1969 to 1994 (Dysthe et al.,
2008). Offshore platforms are also vulnerable to freak waves. The
Draupner jacket platform in the North Sea confronted the famous New
Year Wave on January 1, 1995 which was measured at 25.6 m crest to
trough while the significant height was only 11.92 m (Clauss, 2002).
Reports on the terrible damage caused by freak waves urge that a
consideration of freak wave attacks at the design stage of marine
structures is indispensable (Bertotti and Cavaleri, 2008). Moreover, the
Maxwave project of the European Space Agency observed more than 10
giant waves over 25 m high in three weeks, showing that they are a real
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danger to shipping and offshore industries and occur more frequently
than commonly believed (Lehner and Rosenthal, 2006).

There have been some explorations of freak wave impacts on
offshore structures to reveal the mechanism and influencing factors of
the nonlinear wave-structure interaction problem. Chandrasekaran and
Yuvraj (2013) simulated the dynamics of a tension leg platform (TLP) in
freak waves, and found that the heave excitation is significant and the
motion responses are sensitive to wave directions. Zhao and Hu (2012)
conducted both simulations and experiments of a two-dimensional
floating object under focused wave conditions, and indicated that the
peak roll and heave motions are affected by the object’s spatial relation
to the wave focusing position. Deng et al. (2014) studied the effects of
freak waves on a semi-submersible platform and found dramatic re-
sponses in the surge motion. This large displacement in surge under
extreme waves can result in high tensions in mooring lines. An example
of accident in this type is the mooring lines of a semi-submersible
platform being exposed to a harsh storm in the North Sea were
damaged in December 1990 (Yilmaz and Incecik, 1996). A study on the
extraordinary surge responses of a semi-submersible platform interact-
ing with the New Year Wave was conducted by Deng et al. (2017), and
sensitivity analysis on the effects of relative phase, crest amplitude and
three sister waves revealed that further enlargement in surge motion
amplitude is obtained in cases of in-phase freak wave action, rise in crest
amplitude and three sister waves. The study of Cleary and Rudman
(2009) considered the effect of wave height on the normal wave
impacting a semi-submersible platform with two different mooring
configurations, i.e., a TLP and one with a taut spread mooring (TSM)
system with untensioned lines making a 45° angle with the seabed. It
was found that the heave and surge responses of the two mooring sys-
tems are expressively different with large heave and small surge for the
TLP and vice versa for the TSM system. Rudman and Cleary (2013)
studied the nonlinear dynamic problem of a large breaking wave on a
semi-submersible TLP using the smoothed particle hydrodynamics
(SPH) approach and analyzed the effects of wave impact angle and
mooring line pretension. They found that the effect of wave impact angle
is to determine the peak tension and slackness of the mooring lines, and
a 45° impact causes the maximum tension in the leading line. In
contrast, the maximum responses in surge, heave and pitch vary slightly
with the wave impact angle. Rudman and Cleary (2013) also found that
with raised pretension, the peak mooring line tension increases slightly
but the incidence of mooring line slack status decreases significantly. In
a subsequent study, Rudman and Cleary (2016) focused on the effects
that the mooring systems with different choices of configuration and line
composition exert on the semi-submersible platform dynamics in rogue
waves. Four mooring systems including the initial TLP and TSM and two
hybrids of them were considered. SPH results revealed that both the
hybrid mooring systems have advantages over the nonhybrid ones, and
the use of polyester ropes in the diagonal mooring lines of one hybrid
mooring system offers advantages in platform responses. Zhou et al.
(2019) examined the wave-wind-structure interaction of both fixed and
floating semi-submersible platforms mounted by a parked NREL 5 MW
wind turbine in severe sea states. Simulation results showed increased
nonlinearity in motion responses and hydrodynamic loadings of the
platform with the wave steepness, and more violent platform dynamics
in a focused wave event than that under a regular wave impact.

Through the above review, it is realized that a detailed description of
the dynamics of the widely adopted catenary moored semi-submersible
platform designed for FOWTs under freak waves has not been reported.
Besides, a parametric analysis on this wave-structure interaction prob-
lem is lacking in literature. Thus, in the present paper, dynamics of the
UMaine VolturnUS-S semi-submersible platform designed for supporting
the IEA 15 MW wind turbine under freak waves is numerically studied
(Allen et al., 2020; Gaertner et al., 2020). As the impact of freak waves
on a floating offshore structure is highly nonlinear in terms of hydro-
dynamic responses of the floating platform and tension loads in the
mooring system, a high order numerical method is required. In this
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study, a fully coupled CFD and dynamic mooring model for FOWT hy-
drodynamics is presented and validated against published experimental
and numerical data. The adopted mooring solver is an in-house FEM
code which uses the local discontinuous Galerkin (LDG) method of
arbitrary spatial order to simulate flexible cables with no bending and
torsional stiffness (Palm et al., 2017). The LDG formulation allows the
solution to be discontinuous over elemental boundaries which are
related by numerical fluxes and is argued to be better suited for handling
shock waves (such as snap loads) than conventional discretization ap-
proaches. The DeepCwind FOWT semi-submersible platform is used for
the validation purpose (Coulling et al., 2013; Koo et al., 2014). The
free-decay tests and motion responses in regular waves of the platform
are conducted to confirm the effectiveness of the coupled CFD and
mooring model. The validated hydrodynamic-mooring model is then
utilized for the dynamic analysis of the UMaine VolturnUS-S semi--
submersible platform under freak waves (Allen et al., 2020). The freak
wave is described by a focused group of waves derived from the
JONSWAP spectrum. Extensive parametric analysis of the hydrody-
namic properties of the 15 MW semi-submersible FOWT including the
effects of focusing crest amplitude, focusing location, incident angle and
gravity center location is conducted to provide a thorough under-
standing of this wave-structure interaction problem.

The remainder of the paper is organized as follows. The viscous flow
model including the rigid body dynamics and the mesh deformation is
given in the next section. Details of the LDG FEM dynamic mooring line
model and its coupling to CFD are presented in section 3. The freak wave
generation and active wave absorption in CFD framework are described
in section 4. Then in section 5, the CFD-mooring and freak wave gen-
eration models are validated. Computational details regarding the
physical model of the UMaine VolturnUS-S semi-submersible platform
and the numerical setup are presented in section 6. In section 7, para-
metric analysis results on the hydrodynamics of the platform under the
impact of freak waves are discussed. Finally, the conclusions are made in
section 8.

2. Viscous flow model
2.1. Governing equations

For studying the hydrodynamics of semi-submersibles in extreme
waves, two approaches have been used, i.e., the mesh free smoothed
particle hydrodynamics (SPH) technique (Rudman and Cleary, 2013,
2016) and the mesh-based CFD (Zhou et al., 2019). Results from Rud-
man and Cleary (2013, 2016) showed how the SPH can be used for
wave-structure interaction problems and platform design, providing an
effective technique for non-linear situations. In the present study, the
mesh-based CFD is used.

For viscous and incompressible two-phase flows, the continuity and
Navier-Stokes (N-S) equations forcing the conservations of mass and
momentum are applied as

V-u=0 @

9

%ﬁ-v Apu—ug)u} = —Vpi—g-xVp+V-{(u+pu)(Vu -+ (Vu)")}
+oxVa

(2)

where u and p are the velocity and pressure of the flow, respectively. ug
is the velocity of grid points. A dynamic pressure py defined as pg = p -
pgx is used in the momentum equation (2) to simplify the definition of
pressure condition at wall boundaries where the normal gradient of
pressure for the air and water phases may be different due to the hy-
drostatic effect (Berberovic et al., 2009). u and y, are the molecular and
turbulent eddy viscosity, respectively. The turbulent eddy viscosity is
obtained by the Mentor SST k -  model via solving two extra equations,
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i.e., transport equations of the turbulent kinetic energy k and the specific
turbulence dissipation w. The use of the Mentor SST k - w model is based
on the knowledge from the previous studies of the authors, e.g., Zhong
et al. (2020a, 2020b), and the literature (Moukalled et al., 2015), which
indicated that the Mentor SST k- model has better adverse pressure
gradient performance than other eddy-viscosity models. Moreover, the
two-equation k-w turbulence model has also been used in the
wave-structure interaction simulations in Ong et al. (2017).

d(pk ™
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where P is the production of turbulent kinetic energy. The constants in
equations (3) and (4) depend on the blending function F; in the form ¢
= F1¢1 + (1 - F1)@2, where ¢; and ¢, are the corresponding constants in
the original k - @ and k - ¢ models respectively. The constants of the
original models are assigned the following values: C,; = 0.5532, Cp; =
0.075, p* = 0.09, ox1 = 2.00, 6,1 = 2.00, C,2 = 0.4403, Cyo = 0.0828,
ok2 = 1.00 and 0,3 = 1.186. The use of equation (5) to calculate the
turbulent eddy viscosity is favorable as it guarantees that Bradshow’s
assumption is satisfied (Moukalled et al., 2015).

Pressure gradient due to surface tension at the water surface is
accounted for by the fourth term on the right-hand side of equation (2).
The air-water interface is captured with the volume of fluid (VOF) model
(Hirt and Nichols, 1981). In VOF, the surface construction is realized
through the volume fraction which varies between 0 and 1 depending on
the percentage of water phase in the cell volume. A water cell is marked
by @ = 1, an air cell is marked by a = 0, and the air-water interface is
presented where 0 < a < 1. The advection equation of the volume
fraction is given as

g—?-i-v-(ua)-i-v-[u,a(l—a)]:o (6)
where the third term on the left-hand side is an artificial compression
used for sharpening the interface (Berberovic et al., 2009). u, is the
compression velocity defined as the relative velocity between water and
air. In order that the compression acts in the direction perpendicular to
the water surface, the compression velocity is a function of the gradient
of volume fraction. With the introduction of volume fraction, the fluid
properties at a cell are evaluated by the weighted average, e.g., p =
Apwater + (1 - @)pgir- Are solved sequentially in the numerical time
stepping using the finite volume method (FVM). The FVM is imple-
mented by integrating each term in the equations over a control volume
and relating the volume integrals to the surface integrals using Gauss’s
theorem. The surface and volume integrals are both treated with the
mid-point integration approximation which yields second order accu-
racy. The convective and diffusive fluxes at cell faces are evaluated with
second order upwind and central differencing schemes, respectively.
The Euler scheme is used for time integration. The transport equation of
the volume fraction is solved with the multidimensional universal lim-
iter for explicit solution (MULES) (Rusche, 2003).

The multiphase solver in OpenFOAM is adopted in coupling to the
dynamic mooring line model. Details of the solver are referred to Zhong
et al. (2020a, 2020b). The PIMPLE algorithm is used to treat the
pressure-velocity coupling problem. The principal of the algorithm is as
follows: within each time step, both the inner pressure correction loop
(PISO loop) and outer pressure-momentum correction loop (SIMPLE
loop) are executed. In the inner loop, the pressure is recalculated with
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Fig. 1. Discontinuity across segments in the LDG FEM dynamic mooring
line model.

Fig. 2. Demonstration of the DeepCwind semi-submersible platform (Rob-
ertson et al., 2017).

Table 1

Main parameters of the DeepCwind semi-submersible platform.
Parameter Value
Depth of platform base below SWL 20 m
Elevation of central column above SWL 10 m
Displacement 13986.8 m®
Mass (including ballast) 1.3473 x 107 kg
Center of mass location below SWL 1440 m

8.011 x 10° kg m?
8.011 x 10° kg m?
1.391 x 10'° kg m?

Platform roll inertia about CM
Platform pitch inertia about CM
Platform yaw inertia about centerline

Table 2
Main parameters of the mooring system for the DeepCwind semi-
submersible platform.

Parameter Value
Unstretched length 835.5m
Diameter 0.0766 m
Equivalent mass density 113.35 kg/m
Equivalent axial stiffness 7.536 x 10°N
Normal drag coefficient 2.00
Tangential drag coefficient 0.40

Normal Added mass coefficient 0.80
Tangential added mass coefficient 0.25

the new updated flux. In the outer loop, the velocity matrix is first rebuilt
with the new flux, the pressure is then corrected with the new velocity
matrix and the flux is finally corrected with the new pressure. The cal-
culations are repeated until convergence is achieved. The solutions are
regarded as being converged when the residuals of the velocity and
pressure are lower than 1E-06.
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2.2. Rigid body dynamics

The floating platform is treated as rigid body moving with six DOFs,
i.e., surge, sway, heave, roll, pitch and yaw. The listed DOFs follow the
order of linear and rotational motions along or around x, y and z axes.
The structural motion is computed via the rigid body solver in Open-
FOAM that uses an explicit time step marching within PIMPLE loop. The
forces and moments are obtained by integrating pressure and viscous
stress over the structural surface as

F:/S/@n+r)dS+FM )

M:/S/(rch(Pﬂ+T))dS+rCM><FM 8)

where Fy is the restoring force from the dynamic mooring line model.
rcm and res denote the distance vector of the structural mass center to
the mooring attachment point and the cell surface center, respectively.

In the motion solver, the fluid forces and moments calculated with
equations (7) and (8) together with the gravity force are exerted onto the
structure to obtain the linear and angular accelerations with Newton’s
second law. Velocities and displacements of the platform are calculated
with the Newmark method (Belytschko et al., 2014) as

d[+1 :d,‘ + At |:(1 — }’)d, +}/Ji+l:| (9)

di =d; + Atd; + AP {(0.5 —p)d; + ﬂdiﬂ} (10)

where the symbol d denotes the displacement vector, and single and
double dots over d mean its first and second derivatives respectively.
and y are numerical parameters specified to 0.25 and 0.5 respectively
representing the implicit and unconditionally stable scheme.

2.3. Mesh deformation

To accommodate the moving platform in the numerical domain, the
mesh adjusts with the structural motion. The adjustment realizes
through grid deformation governed by the Laplace equation below.

V- (7 Vi) =0 an

where yy is the variable diffusivity based on the inverse square of the
distance between cell centers and moving boundaries as
12)

1
nyer

3. Coupled CFD and dynamic mooring line model

3.1. Mooring dynamics

The mooring dynamics represented with the LDG FEM is used (Palm
et al., 2017). The dynamics of flexible mooring lines is governed by a
vector-valued wave equation formulated in the global inertia frame as
or 10T f

=t 13)
o 1 0s 1,

where y( is the mooring line mass per meter. r denotes the cable position
in the inertia frame and s is the curvilinear abscissa along the
unstretched line. In the mooring dynamics, only the extensional stiffness
is included while the bending and torsional stiffnesses are ignored. Thus,
the internal moment M is simply set to zero in the modeling, and the
axial tension force vector T is always tangential to the cable as
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Fig. 3. Computational domain of the free-decay and dynamic responses under regular waves of the DeepCwind semi-submersible platform: (a) View from top; (b)

View from outlet.

Fig. 4. Mesh arrangement for the free-decay and dynamic responses under
regular waves of the DeepCwind semi-submersible platform: (a) Global view;
(b) Local view; (c) Cutaway view.

q

T=T(e,é) 7~ s 14
or

9=3 (15)

e=|q| -1 (16)

where ¢ is the axial strain. T is the magnitude of tension which contains
the constitutive relation of the mooring line as a function of strain and
strain rate. For a linear elastic cable, the tension force expresses as

T(e) =FEAe a7

The symbol f in equation (13) represents all external forces on the
mooring line (Palm et al., 2017) as

S=fot+fo+fe+Ta (18)

fq includes the inertia force and the added mass force which exist for
structures accelerating in fluids as

Su=pA0(Cuttrs + Contlrn + ) 19)

where C, is the added mass coefficient, and subscripts t and n mean the
tangential and normal directions respectively. a is the acceleration

vector. Ay is the cross-sectional area of unstretched cable line.
fp is the net force from buoyancy written as
Pe =Py

fr= Vo—pf g (20)

where p. and py are the material density of the mooring line and fluid,
respectively.

fc is the contact force between the mooring line and the seabed. The
bilinear spring and damper model is used for the normal force to the
contact plane, and the dynamic friction is implemented for the tangen-
tial force. For a horizontal sea floor, the contact force vector is given as

_ G, +Gyif(zg— 1) >0
fo= { 0 otherwise @D
Gv: (KGdC(ZG _rz) _25Gmmax(imo))z (22)
G, = f,, tanh <nrxy> r,xy (23)
Vu |"x,v|

where 2z is the vertical position of the seabed. K and &g are the stiffness
and ratio of critical damping for the cable-seabed interaction, respec-
tively. u. is the friction coefficient with a user-specified velocity v, for
the maximum friction.

fa is the drag force proportional to the square of the relative velocity
between the structure and fluid as

L= dVTHe(Conlvrelvss + Conlyralvrs) /2 24)

where Cp is the drag coefficient, and v is the velocity vector.

The LDG FEM with Legendre basis functions ¢y of arbitrary order p is
used to spatially discretize the dynamic equation of mooring line. The
discontinuity between elements of the method emerges when deriving
the weak form of the governing equation with the numerical flux rep-
resented by terms with overbar on the right-hand side of equations (25)
and (26). These equations are manipulated on the eth element with the
boundaries denoted by sf and s, as shown in Fig. 1. Note that equations
(25) and (26) correspond respectively to the non-dimensional version of
equations (13) and (15) by scaling r and s with a characteristic length L.
and by scaling the time with a characteristic time t.. ¢ denotes the
nonlinear and non-dimensional celerity of the wave propagation and is
defined in equation (27).

02r h —e\ |5 0
O aﬁl dQ = (p,c’q, ) ‘= / %chzqhd9+ / @uf,dQ (25)
Q° Q° Q°
e [0
/ 00,42 = (07 ) i~ [ i@ 26)
Q° Q°



W. Zhong et al.

Ocean Engineering 283 (2023) 115094

Fig. 5. Mesh convergence study for the dynamic responses of the DeepCwind semi-submersible platform under regular wave with a height of 10.30 m and a period of

12.1s: (a) Surge motion; (b) Heave motion; (c) Pitch motion.

‘ziéEAO e

Ty Tte

(27)

To utilize the finite volume possibility via the numerical flux term in
LDG, the approach in Cockburn and Shu (1998) is used as given by

Fri={r} — plri (28)
cn’qy={ci’a,} — Bler’an] +m il (29)
where $ defined in [—1, 1] controls from which direction to weight the

numerical flux. #; is a case dependent penalty parameter. The trace {x}
and jump [x] operators are given by

1
ot =5 (0l +0 ) i 5=, 30)

5!

1
Y, =3 (th .) if s=s¢ (31)

A x!
1

1
bl =5 (o

PR L;ﬂ) if s =5t (32)

u

fH =g (0wl i 5= 33)

One prominent feature of the high order method is the exponential
convergence in smooth solutions, e.g., hanging catenary, and thus suf-
ficient accuracy can be obtained in engineering applications using only a
few high order elements. The dynamic equation advances in time with
the second order explicit Leap-Frog scheme. The time step size in the
mooring model is restricted by the mesh size and order to maintain
numerical stability. Due to the high stiffness in the mooring line, the
time step size in the mooring solver is in general much smaller than that
of the CFD solver.

3.2. Coupling of CFD and mooring line model

During the coupled simulation, the mooring attachment points on
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Fig. 6. Free-decay motion responses of the DeepCwind semi-submersible platform: (a) Surge DOF; (b) Pitch DOF.

Heave Roll Pitch Yaw

Table 3

Comparison of free-decay motion natural periods of the DeepCwind semi-submersible platform.
Method Surge Sway
Present 118.5 s (+10.7%) 111.6 s (—0.4%)

Experiment (Coulling et al., 2013)

FAST (Coulling et al., 2013)

Simo/Riflex + TDHMILL (Luan et al., 2013)
AQWA (Tran and Kim, 2015)

CFD (Tran and Kim, 2015)

107.0 s

107.0 s (0.0%)
115.9 s (+8.3%)
112.5 s (+5.1%)
108.1 s (+1.0%)

112.0s

113.0 s (+0.9%)
110.8 s (—1.1%)
112.5 s (+0.4%)
114.5 s (+2.2%)

17.6 s (+0.6%)
17.5s

17.3 5 (-1.1%)
17.1 5 (—-2.3%)
17.3 5 (—-1.1%)
17.8 s (+1.7%)

25.9 s (—3.7%)
269s

26.7 s (—0.7%)
26.0 s (—3.3%)
25.4 s (—5.6%)
25.3 s (—5.9%)

25.8 s (—3.7%)
26.8 s

26.8 s (0.0%)
25.8 s (—3.7%)
25.4 s (—5.2%)
25.2 s (—6.0%)

94.1 s (+14.3%)
82.3s

82.7 s (+0.5%)
80.2 s (—2.6%)
83.7 s (+1.7%)
83.3 s (+1.2%)

Table 4

Parameters of the regular waves.
Cases Amplitude Period
1 3.79m 12.1s
2 3.57m 14.3 s
3 3.79m 20.0s
4 5.15m 12.1s
5 5.37m 14.3 s
6 5.56 m 20.0s

the platform are used as Dirichlet boundary conditions for the mooring
solver. Then the resultant force from each mooring line is returned to the
CFD solver for the rigid body dynamics. The force and moment are
represented by the last term in equations (7) and (8), respectively. Since
difference in time step length exists between the coupled solvers,
interpolation in time is required for imposing the boundary conditions.
In the coupling, the mooring solver is lagging a fraction ¢ of the latest
time step in the CFD solver as (e.g., at the kth time step)

=0 —-p)if + 1! 34

where t}‘ and &, denote the kth time in the fluid and mooring solvers,
respectively.

The mooring line boundary conditions at the fairlead are interpo-
lated using the latest mooring attachment point position Px based on
constant acceleration as

re(7) =r(0) + (v(0) + 0.5a47)7 (35)

v (1) =v(0) + a7 (36)

1

=m (Pr — re(0) — v (0)Azy) -

day
where 7 in [0, t’,‘n-t',‘,fl] is the local time in the interpolation interval, and
Aty is the time interval of constant acceleration.

4. Freak wave generation and absorption
4.1. Freak wave modeling

The freak wave is modeled with the NewWave theory which de-
scribes the surface elevation and wave velocity of a focused group of
localized waves derived from a selected spectrum (Ning et al., 2009).
The wave components are brought into phase at specified time and
location, thus generating extreme wave events in an expected way. The
JONSWAP spectrum is employed in the present study (Hasselmann
et al., 1973). The significant wave height Hy, peak frequency w, and
shape factor y are the main parameters to the spectrum as

5
S(w) = T6Hx2a)p4w’5 EXP{

5 EXP{ -4 (“Z;:") }
- Z(w/w,,)"‘}(l —0.287 La(y))y (38)

(39

P 0.07w < wp
710090 > wp

With the spectrum in hand, the amplitude of each wave component is
determined with the following equation.
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Fig. 7. RAOs of the DeepCwind semi-submersible platform under regular waves: (a) Surge RAO; (b) Heave RAO; (c) Pitch RAO; (d) Mooring line 1 fairlead tension
RAO; (e) Mooring line 2 fairlead tension RAO.
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Fig. 8. Comparison of the free surface elevation time history at location x =
300 m of the freak wave with a focusing time of 100s and location of 300 m.

(@) A
A; :AmaxM

ZS,»(a))Aw

(40)

where Aw is the frequency step depending on the bandwidth and wave
component number n. Apy is the targeted crest amplitude of the freak
wave.

The input wave signal for the CFD runs can be first order only or sum
of first and second orders. For details see Westphalen et al. (2012). For
the study here, only first order wave theory is utilized. Formula for the
free surface elevation and wave velocity components are given as

17, =A; cos(kix — w;t + ;) (41)

_ Ajkig cosh ki(z+ h)
g coshkih

cos(kix — wit + €;) (42)

A,‘k,‘g sinh k,’(z + /’l) .
=2’ X — ;t .
Wi s cosh ki sin(k;x — w;t + €;) (43)
Where ¢; is the phase shift for each wave component and is obtained
according to the focusing time tpax and location Xpay as

€ = Ojtmax — KiXmax (44)

Thus, the input data at the inlet boundary is calculated as
A; cos[®; (fmax

n= - t) - kixmax} (45)

i=1

" A;k;g cosh k;(z + h)

u= ; o Wcos[(o;(t‘max — 1) = kiXmax) 46)
v ZA;])C:g %(Zk,—;m Sin[a),-(zmax - I) - kixmax] (47)

i=1
4.2. Active wave absorption

Reflected waves at the wavemaker side and propagating waves at the
outlet are actively absorbed following the strategy in Higuera et al.
(2013). The activeness is in the sense that the wavemaker or the
absorbing boundary adjusts based on real time measurements for target
wave. The wave absorption is based on the shallow water theory which
describes the velocity along the water column height as constant. This is
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viable as experiences with other numerical models have shown that it
works relatively well for waves outside the shallow water range. Thus,
the following equation is derived.

Uh=cn (48)

where U is the vertically integrated horizontal velocity. c is the wave
celerity which can be approximated by

ap + ay (kh)*
=\/gh ———~
cTveE 1 + by (kh)* “8)

where the coefficients ay, a; and b; are respectively set to 1, 0 and O for
the present absorption theory in consideration of shallow water
assumption although improvements could be obtained with digital filter
coefficients.

The correction velocity U, which opposes the incoming one can then
be arranged as

- _ /8
U.= \/; . (49)

where 7, is obtained by subtracting the measured free surface elevation
from the target one for free of reflection.

For true 3D wave absorption considered in the present study,
correction velocity can only be applied on the direction perpendicular to
the boundary rather than formulating a quasi-3D absorption as the
nearby wave directionality is distorted due to continuously velocity
correction. In this case, the velocity component perpendicular to the
boundary is resolved from equation (49). The tangential component of
the velocity is left unmodified so that it can be measured. For occasions
when the tangential velocity is greater than the total velocity modulus, a
correction value of zero is used as no absorption takes place.

5. Model validations
5.1. Coupled CFD-mooring model

To demonstrate the validity of the coupled CFD-mooring model, free-
decay and dynamic responses under regular waves of the DeepCwind
platform moored by three catenary lines are simulated (Robertson et al.,
2017). The semi-submersible structure has been extensively studied in
the FOWT community, e.g., Coulling et al. (2013), Liu et al. (2017) and
Tran and Kim (2015). The platform consists of three offset columns with
larger diameter base columns functioned as heave plates, one central
column connecting to the tower base, four sets of level pontoons and
three cross braces as shown in Fig. 2. The three mooring lines are evenly
distributed around the platform with the fairleads attached at the top of
base columns, i.e., 40.868 m from the centerline and 14 m below the still
water level (SWL), and the anchors 837.6 m away from the centerline at
a water depth of 200 m. Gross properties of the platform and mooring
systems are shown in Table 1 and Table 2, respectively. For details see
Robertson et al. (2017). The mass property of the structure has been
adjusted in the present numerical study to account for the mounted wind
turbine and is kept in line with the 1:50 scale model test by Coulling
et al. (2013). A full-scale DeepCwind platform is modeled in the simu-
lations as was used in Huang et al. (2019) and Tran and Kim (2015). The
computational layout with a total dimension of 900m x 500m x 300 m
is shown in Fig. 3. For the mesh convergence, the platform response
under regular wave with a height of 10.30 m and a period of 12.1s is
simulated, and three grids with total cells of 1,269,560, 1,998,118 and
3,461,799 are compared. Fig. 4 shows the views of the generated mesh
with medium density. Note that to reduce the computational costs, the
pontoons and cross braces are not included in the modeling (Huang
et al., 2021). The convergence results are visualized in Fig. 5. It is seen
that the medium mesh which has a minimum cell side length of 0.5 m
near the free surface and the structure can be a proper choice for the
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Fig. 9. Schematic of the IEA 15 MW wind turbine mounted on the VolturnUS-S semi-submersible platform: (a) Front view; (b) Side view; (c) Top view; (d) Plan view
of the mooring system.

present simulations. The calculated y™ values over the platform hull are platform is released from an initial position away from the equilibrium
between 150.0 and 200.0 which stay in the range of the inertial state. The initial offsets for surge, sway, heave, roll, pitch and yaw DOFs
sublayer. are 22 m, 20 m, 4 m, 15°, 8° and 10°, respectively (Tran and Kim, 2015).

The free-decay motions in six DOFs are considered. In the test, the The free-decay motion responses of the platform in surge and pitch are

10
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Table 5

Main parameters of the VolturnUS-S semi-submersible platform.
Parameter Value
Depth of platform base below SWL 20 m
Elevation of central column above SWL 15m
Displacement 20206.0 m®
Mass (including ballast) 1.7854 x 107 kg
Center of mass location below SWL 1494 m

1.251 x 10'° kg m?
1.251 x 10'* kg m?
2.367 x 10'° kg m?

Platform roll inertia about CM
Platform pitch inertia about CM
Platform yaw inertia about centerline

shown in Fig. 6. The predicted results are compared with existing nu-
merical results obtained by the potential flow model-based and CFD
methods. As shown in Fig. 6, the present results show generally similar
variation trend with the published data, but there exist some discrep-
ancies in the time history responses especially in surge DOF. The reason
for this may be the introduction of mooring dynamics in the simulations
while either spring or quasi-static mooring model was used in Tran and
Kim (2015). It is also observed that the CFD simulations predict the
lowest magnitude of surge response during each free-decay circle, which
is regarded as the effect of the inclusion of fluid viscosity compared to
the potential flow model-based approach. The calculated periods of the
free-decay motions are compared to the experimental and numerical
results in Table 3. Relative errors with respect to the experimental data
are shown in parentheses. It is seen that the results obtained by the
present CFD-mooring model exhibit a good agreement to the MARIN test
data (Coulling et al., 2013). The perfect match of FAST results to the
experiments is due to the tuned drag and added mass coefficients used in
the hydrodynamic module HydroDyn which adopts the potential flow
theory (Coulling et al., 2013). Except for the FAST results, the present
model gives lower error in motion period than other numerical results
(Luan et al., 2013; Tran and Kim, 2015). It is noted that a simplified
semi-submersible platform with no pontoons and cross braces is used in
the present simulations, which contributes to the deviations in results.
Furthermore, considering the scale effect, structural flexibility of the
platform, and uncertainties in the experiments, the errors in free-decay
period for the present model are acceptable.

The dynamic responses of the moored semi-submersible platform
under regular waves are simulated with the coupled CFD-mooring
model. Parameters of the waves are given in Table 4. The response
amplitude operator (RAO) defined as the response amplitude of a field
variable per amplitude of the regular wave is used to evaluate the
platform hydrodynamics. The motion responses in surge, heave and
pitch are analyzed herein due to the symmetry of the flow field around
the platform as indicated by Fig. 3.

The RAOs of motions and mooring line fairlead tensions are plotted
in Fig. 7, in which the experimental data and FAST results from Coulling
et al. (2013) are used for comparison. The x-axis label in the figure is
related to the case order in Table 4. It is seen that the RAOs obtained by
the CFD-mooring model show better agreement with the experiments
than FAST. The large discrepancy for FAST computation is likely due to
its quadratic damping model which depends on empirical coefficients

Table 6
Main parameters of the mooring system for the VolturnUS-S semi-sub-
mersible platform.

Parameter Value
Unstretched length 850.0 m
Volume-equivalent diameter 0.3330 m
Equivalent mass density 685.00 kg/m
Equivalent axial stiffness 3.270 x 10° N
Normal drag coefficient 1.11
Tangential drag coefficient 0.20

Normal Added mass coefficient 0.82
Tangential added mass coefficient 0.27
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Fig. 10. Mesh arrangement for the dynamic responses under freak waves of the
VolturnUS-S semi-submersible platform: (a) Global view; (b) Local view; (c)
Cutaway view.

for estimating hydrodynamic loads. It is shown in Fig. 7 that the plat-
form motions when the wave period equals 20.0s are evidently larger
than those at the values of 12.1s and 14.3s. It means that the hydrody-
namics of the platform is more sensitive to low-frequency waves than
high-frequency waves. This is consistent with the OC5 project phase II
group which states that the ultimate and fatigue loads of the floating
platform under wave impacts are severely underpredicted in the
low-frequency region (Robertson et al., 2017). Fig. 7 also shows that the
RAOs rise with the wave amplitude at the same wave period which is in
contrast to the linear theory. It implies the nonlinearity in the response
of the platform associated with the fluid viscosity which is ignored in the
potential flow model.

5.2. Freak wave generation

The freak wave modeling is realized utilizing the OpenFOAM irreg-
ular wave generation library with the wave properties imposed at the
inlet as Dirichlet condition (Wang et al., 2019). The focusing time and
location are predefined and then manually embedded into each wave
component description according to the wave spectrum and frequency
range and step before setting up the input dictionary. The wave
considered for the validation has a focusing time of 100s and location of
300 m. The computational domain is a 2D version of that used for the
coupled CFD-mooring model validation shown in Fig. 3 with the plat-
form removed. The settings guarantee that as least 10 cycles of the wave
component with the smallest length pass the focusing point before the
focusing phenomenon occurs. The simulated free surface elevation time
history recorded at the location x = 300 m as well as the theoretical
value is shown in Fig. 8. It is observed that the present results agree
generally well with the theoretical ones. It is noted that the small

Table 7
Parameter range for the hydrodynamic study on the VolturnUS-S semi-sub-
mersible platform under freak waves.

Parameter Value

Focusing crest amplitude

Focusing location relative to the
platform center

Wave incident angle

COG of the platform

8m,10m, 12 m

—51.75 m, —34.50 m, —17.25 m, 0.00 m,
17.25 m, 34.50 m, 51.75 m

0°, 15°, 30°, 45°, 60°

(-0.2 m, —2.2 m), (0.0 m, —1.0 m), (0.0 m,
—2.2m), (0.0 m, —3.5 m)
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Fig. 11. Mesh convergence study for the dynamic responses of the VolturnUS-S semi-submersible platform under freak wave with a focusing crest amplitude of 12 m:

(a) Surge motion; (b) Heave motion; (c) Pitch motion.

discrepancies at the times around focusing may be due to the numerical
errors associated with CFD and are regarded as acceptable for the pre-
sent investigation purpose.

6. Computational details
6.1. Physical model

The present study aims to investigate the hydrodynamics of the
UMaine VolturnUS-S semi-submersible platform under the impact of
freak waves (Allen et al., 2020). This floater structure is designed for
supporting the IEA 15 MW wind turbine which indicates the trend of
large-scale wind turbines (Gaertner et al., 2020). As shown in Fig. 9, the
reference platform consists of one main column on which the wind
turbine tower is mounted, three offset columns radially placed sur-
rounding the central tower, and three rectangular bottom pontoons
connecting offset columns to the central one. The whole FOWT is
deployed in a water depth of 200 m and the draft of the platform is 20 m
under SWL. A ballast system including an iron-ore-concrete ballast fixed

12

at the bottom of the offset columns and seawater ballast contained in the
pontoons and the central column is used to maintain the designed draft.
Three catenary mooring lines equally arranged around the
semi-submersible platform is used for keeping the structure in place (See
Fig. 9(d)). Parameters of the complete system are depicted in Fig. 9 and
the gross properties are presented in Table 5 and Table 6.

6.2. Numerical setup

The numerical setup for the UMaine VolturnUS-S semi-submersible
platform is the same as that for the DeepCwind platform shown in Fig. 3.
The computational domain is sized to 900 m, 500 m and 300 m in the x,
y and z coordinates, respectively. The freak wave propagates from the
leftmost boundary to the outlet at the rightmost boundary as indicated
by Fig. 3, and the platform locates 300 m downstream of the wavemaker.
A medium density mesh is generated as plotted in Fig. 10. The regions
near the structure and the free surface are refined for better flow
capture.

For the present investigation, the irregular wave with a significant
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Fig. 12. Visualization of the VolturnUS-S semi-submersible platform dynamics
under freak wave with a focusing crest amplitude of 12 m: (a) 3D and (b) side
views at t = 82.50s; (c) 3D and (d) side views at t = 89.75s; (e) 3D and (f) side
views at t = 96.50s; (g) 3D and (h) side views at t = 104.00s; (i) 3D and (j) side
views at t = 112.25s.

height of 6 m and a peak period of 15s is used. Frequency range between
0.04 Hz and 0.20 Hz is discretized into 32 pieces for demonstrating the
characteristics of the JONSWAP spectrum. The amplitude of each wave
component is defined according to equation (40). The focusing time and
location are 100s and 300 m, respectively. The phases are obtained for
each wave using equation (44). Numerous test cases presented in Table 7
are carried out for the parameter study on the hydrodynamics of the
UMaine VolturnUS-S semi-submersible platform under freak waves.
Specifically, four factors, i.e., focusing crest amplitude, focusing loca-
tion, angle of the platform relative to the incoming wave and location of
center of gravity (COG) of the platform, are considered. The 0° angle is
shown by Fig. 9(c) and (d) with the mooring line 1 aligned with the x
axis. Positive angles are denoted by anti-clockwise rotation. The range of
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angle from 0° to 60° is investigated due to the symmetry of the platform.
6.3. Mesh convergence study

For the mesh convergence, three grids with total cells of 1,270,137,
2,674,663 and 3,794,245 are generated and the simulated results are
shown in Fig. 11. The selected freak wave has a focusing crest amplitude
of 12 m and the focusing occurs at the central column center at t = 100s.
As shown by the figure, the medium and fine meshes give almost
converged motion responses in heave and pitch. For the surge motion,
the results with the three grids are generally identical before 120s but
diverge after that time. Since only the platform responses near the
focusing time t = 100s are concerned, the medium mesh which has a
minimum cell side length of 0.5 m near the free surface and the structure
is considered as sufficient for the present investigation purpose and is
thus used for all the simulations. The calculated y* values over the
platform hull are between 160.0 and 200.0 which stay in the range of the
inertial sublayer. Note that the simulations are all performed in super-
computers, and each case demands about 200 h of computing time with
80 processors. Although CFD simulations demand significantly more
computational cost comparing to the engineering models, the motion
properties of structures as well as the flow characteristics can be well
reproduced within CFD modeling which fulfils the purpose of the pre-
sent investigation. Moreover, to study the effect of using the Mentor SST
k - @ model for the turbulence modeling, the simulation with no tur-
bulence model has been conducted. In Fig. 11, the curve marked with
(Y) means that the turbulence model is used while the curve marked
with (N) shows results obtained with no turbulence model. It is seen in
the figure that almost identical results are obtained between the simu-
lations with and without turbulence model.

7. Results and discussion
7.1. Description of the basic case

In the basic case, the focusing crest amplitude is 12 m which occurs
at the centerline of the central column with an incidence angle of 0°. The
dynamics of the VolturnUS-S platform under the basic loading is visu-
alized in Fig. 12, and the motion responses and mooring line fairlead
tensions are plotted in Fig. 13. The times in Fig. 12 correspond to the
instants when the pitching angle reaches local maxima or minima,
which are also highlighted by black vertical dash lines in Fig. 13(a) and
(d) and red circles in the trajectories in Fig. 13(b) and (c).

Fig. 12(a) and (b) show that the platform positively pitches to a local
peak when a wave crest arrives at the front column at around t = 82.50s.
This wave impact leads to continuous rise in surge of the structure as it
moves across the platform while the heaving motion first increases and
then decreases with the local peak occurs later than that of the pitching
motion (see Fig. 13(a)). The pitch of the platform reduces to a local
minimum when the wave crest passes to the rear columns at t = 89.75s,
and meanwhile, a wave trough approaches the front column as shown in
Fig. 12(c) and (d). Fig. 13(a) indicates that the platform surges to the
maximum horizontal position of the cycle at this moment. As the new
wave trough propagates through the semi-submersible platform, the
structure reverses motion in surge and continuously moves back till
another wave crest reaches the front column at t = 96.50s when the
pitch rises to local maximum again (see Fig. 12(e) and (f)). During this
time, the structural elevation first lowers bottoming out as the wave
trough arrives somewhere amid the platform and then rises along with
the positive pitching motion. The roughly periodic motions repeat as
new wave crest and trough propagate through the structure from t =
96.50s to t = 112.25s shown by Fig. 12(e)—(j). As the focusing phe-
nomenon occurs during this period at t = 100.00s, the wave-structure
interaction behaves the most severe. Local wave splashing around col-
umns can be evidently observed in the subfigures. The motions in all the
three DOFs undergo the largest variations as indicated in Fig. 13(a).
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Fig. 13. Dynamic responses of the VolturnUS-S semi-submersible platform under freak wave with a focusing crest amplitude of 12 m: (a) Motion responses; (b)
Trajectory in the surge and heave plane; (c) Trajectory in the surge and pitch plane; (d) Mooring line fairlead tensions.

Overall, Fig. 13(a) manifests that the platform oscillates about the
mean position in heave and pitch following the wave with the amplitude
dependent on the wave motion, while in the surge DOF, the platform
oscillates with net shift over each cycle to move forward in the wave
propagating direction. It is seen that the net shift in surge is positively
related to the wave amplitude. Moreover, as already described on the
platform dynamics in each oscillation cycle in Fig. 12, the heaving
motion lags in phase comparing to the pitching motion, and there is a
rough 180° phase difference between surge and pitch DOFs and a rough
90° phase difference between surge and heave DOFs. In specific, when
the motion in surge reaches a local maximum, the pitch DOF is in its
local minimum and the heave DOF is at around its mean position moving
toward to its minimum. These features are intuitively demonstrated in
Fig. 13(b) and (c), in which the times when the pitching motion is
maximum or minimum are marked with red circles corresponding to the
time sequence in Fig. 12. Fig. 13(c) reveals that the rotational recovery
from minimum pitch is sharper than that from maximum pitch during
each oscillation cycle for the surge-pitch coupled movement. These
coupled motion characteristics between DOFs should be considered for
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wind turbine aerodynamic designs.

The fairlead tensions at the three mooring lines are drawn in Fig. 13
(d). The numbering scheme for the mooring system is shown by Fig. 9. It
is seen that the fairlead tensions at all mooring lines oscillate with the
platform motions. The fairlead tensions at the mooring line 2 and 3 are
generally identical due to the symmetry of the configuration, and
decrease to lower values than the initial values after the wave focusing
occurs. In contrast, the mooring line 1 which links to the front column
increases significantly in fairlead tension due to the dramatic forward
surge motion of the platform. This boosts requirements for the mooring
line ultimate strength to bear the loading under freak waves.

7.2. Effect of focusing crest amplitude

Freak waves with three different amplitudes impacting on the
VolturnUS-S platform are simulated to assess the effect of focusing crest
amplitude (See Table 7). The amplitudes of wave components are
computed by equation (40) according to the desired crest value while
the phase shift values are the same as the basic case for consistent
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Fig. 14. Dynamic responses of the VolturnUS-S semi-submersible platform under freak waves with different focusing crest amplitudes: (a) Surge motion; (b) Heave

motion; (c) Pitch motion; (d) Mooring line 1 fairlead tensions.

temporal and spatial focusing. The platform motion and mooring line 1
fairlead tension results are shown in Fig. 14. It is shown that the dynamic
behaviors of the structure have similar features across the three wave
conditions, and enhance in magnitude with the focusing crest ampli-
tude. This is consistent with Deng et al. (2017). Moreover, the
enhancement from A,y = 8 m wave case to Apax = 10 m wave case is
greater than that from Ap.x = 10 m wave case to Apax = 12 m wave case
especially in surge motion and mooring line 1 fairlead tension. This
implies the nonlinearity of the system resulted from the wave-structure
interaction and mooring dynamics. Apparently, with higher mooring
line tension under stronger wave impact, the ease to move the platform
is weakened leading to increasing nonlinearity in the wave-structure
interaction. It is also noted that the maximum focusing crest ampli-
tude considered in the present study is 12 m which is close to the free-
board length (15 m) of the VolturnUS-S platform (See Fig. 9(b)). Due to
the heave motion which reaches about 5 m under wave impact, the
platform deck is well safe from wave slamming. It is anticipated that as
the focusing crest amplitude rises to a sufficiently high value, the plat-
form with motion restricted by the mooring system would be submerged
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during wave crest passage, and in this case, different characteristics in
wave-structure interaction will be demonstrated.

7.3. Effect of focusing location

The effect of focusing location of freak waves on the dynamics of the
platform is analyzed. Seven focusing locations are considered, including
—51.75m, —34.50 m, —17.25 m, 0.00 m, 17.25 m, 34.50 m and 51.75m
from the platform initial position. Fig. 15 shows the simulation results of
the motion and mooring line fairlead tension responses. It is seen that
changing the focusing location affects both the variation amplitudes and
phases of the structural dynamics. Comparing to the effect of focusing
crest amplitude illustrated by Fig. 14, the change in focusing location
has smaller effect on modifying the platform motion amplitude. This
means that when a freak wave occurs nearby, its effect on the dynamics
of the structure will always be significant regardless of the exact
focusing location. Moreover, the change in structural motion phase with
the focusing location reflects the change in spatial relation between the
wave and structural components of the platform. It is also observed in



W. Zhong et al.

Ocean Engineering 283 (2023) 115094

Fig. 15. Dynamic responses of the VolturnUS-S semi-submersible platform under freak waves with different focusing locations: (a) Surge motion; (b) Heave motion;

(c) Pitch motion; (d) Mooring line 1 fairlead tensions.

Fig. 15 that with the focusing relocated, the phases of all dynamic
quantities vary in the same manner.

7.4. Effect of incident angle

The behavior of the wave-structure interaction under freak waves
changes with the wave as well as the structural configuration. Cleary
and Rudman (2009) found that the characteristics of the
semi-submersible platform motion responses under extreme waves are
affected by the type of the mooring system. For the TLP system, the surge
motion is small but the heave motion is significant, while for TSM with
lines angled 45° against the ocean floor, the reverse is true. Rudman and
Cleary (2013) gave detailed analysis on the effects of incident angle and
mooring line pretension on the dynamics of a semi-submersible platform
under rogue waves. In this section, the effect of freak wave incident
angle on the platform dynamics is analyzed. Five angles of attack, i.e.,
0°, 15°, 30°, 45° and 60°, are considered due to the symmetry of the
platform column arrangements (see Table 7). The positive rotation di-
rection is anti-clockwise when looking from top as seen in Fig. 9(c). The
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motion and mooring line fairlead tension results are shown in Figs. 16
and 17, respectively.

It is seen in Fig. 16(a) that the surge response reduces significantly as
the wave incident angle increases from 0° to 30° and varies slightly
between 30° and 60°. The reduction in surge is somehow compensated
by increase in sway. As seen in Fig. 16(b), the least sway motion is
present when the incident angle is 0°. Significant increase in sway is
obtained as the wave incident angle varies from 0° to 30°. Different from
surge responses which oscillate with the wave, the platform sways in a
simple movement. The sway motion is considered as due to the unbal-
anced forces on the three corner columns in the cross-flow direction and
restoration from the mooring lines. Since the rotation angle
30°corresponds to the maximum unbalance where the mooring line 2 is
aligned with the y axis, the surge and sway motion variations as the
wave incident angle changes from 0° to 30° are the most significant. It is
noted that the sway motion reaches high values even when the platform
configuration is symmetric at the wave incident angle of 60°, which is
contributed by the offset mass center of the whole FOWT system toward
the mooring line 1. Fig. 16(c) shows that the heave motion varies
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Fig. 16. Motion responses of the VolturnUS-S semi-submersible platform under freak waves with different incident angles: (a) Surge motion; (b) Sway motion; (c)
Heave motion; (d) Roll motion; (e) Pitch motion; (f) Yaw motion.

17
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Fig. 17. Mooring line fairlead tensions of the VolturnUS-S semi-submersible platform under freak waves with different incident angles: (a) Mooring line 1; (b)

Mooring line 2; (c) Mooring line 3.

slightly with the wave incident angle. For the roll motion shown in
Fig. 16(d), the least response amplitude occurs at the wave incident
angle of 0°, and the largest response amplitude occurs at the wave
incident angle of 30° when the platform is the most unbalanced relative
to the wave. At the wave incident angle of 60°, the roll oscillation is
more significant than that of 0° angle which is due to the offset mass
center. Fig. 16(e) indicates that the pitch response is the most dramatic
at the wave incident angle of 0° and reduces to a low level at wave
incident angles from 30° to 60°. This is due to the restoration from
mooring lines since there is only one upstream mooring line at the wave
angles from 0° to 30° and one more mooring line joins the upstream
region when the wave incident angle exceeds 30°. The yaw motion
response shown in Fig. 16(f) increases with the wave incident angle
which is again due to the unbalanced forces from the wave. A visual
comparison of the platform motion responses with different incident
angles at around the time of maximum positive pitch is shown in Fig. 18.

Fig. 17 manifests that the most benefit from the platform rotation is
the extreme fairlead tension reduction in mooring line 1. This only up-
stream mooring line reduces significantly in extreme fairlead tension as
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the wave incident angle varies from 0° to 30°. After that, one more
upstream mooring line joins, and the fairlead tension in mooring line 1
continues to decrease from angle 30° to angle 60° but with smaller ef-
fect. In contrast, the fairlead tension in mooring line 2 continuously
increase in oscillation amplitude as the wave incident angle varies from
0° to 60°. The fairlead tension in mooring line 3 varies relatively gently
among the incident angles.

7.5. Effect of gravity center location

In the above sections, the COG of the complete FOWT system is set at
(—0.2 m, —2.2 m) which considers the effect of the mounted wind tur-
bine and reflects an inherent mass center offset toward the mooring line
1. In this section, three preset COG locations along the centerline of the
central column are examined to reveal its the impact. The motion and
mooring line fairlead tension responses of the platform are presented in
Fig. 19.

Itis seen in Fig. 19(a) and (d) that moving COG to the centroid of the
horizontal geometry of the platform configuration drastically reduces
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Fig. 18. Visual comparison of the VolturnUS-S semi-submersible platform dynamics under freak waves with different incident angles at around the time of maximum
positive pitch: (a) a = 0° (t = 96.50s); (b) @ = 15° (t = 96.50s); (c) @ = 30° (t = 96.00s); (d) @ = 45° (t = 95.50s); (e) a = 60° (t = 95.50s).

the extreme surge displacement and upstream mooring line fairlead
tension while its impacts on the variation amplitude over each oscilla-
tion cycle are relatively small. In other words, large net shift in surge
over each oscillation cycle is eliminated for a completely axisymmetric
FOWT system. It is expected that with an offset mass center, the platform
inclines to obtain equilibrium from the initial vertical gesture causing
the restorative forces of the three mooring lines unbalanced in the
horizontal plane, which is the reason for the negative surge motion
during the first 75s of the simulation for the basic case. Fig. 19(a) shows
that during the wave focusing event, the semi-submersible platform with
offset mass center gains more forward momentum via interacting with
the freak wave while modest wave-structure interactions occur for other
configurations. This is regarded as the results of different spatial re-
lations between the crest of the focused wave and the platform. For the
case with offset mass center, the platform is situated in a more prefer-
rable way, i.e., having a distance from the wave crest, for the focused
wave to push it forward, while for the other cases, the platform oscillates
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to near the wave crest when the wave focuses. The offset of mass center
also affects the pitching responses. It is seen in Fig. 19(c) that with the
mass center moved upstream, the platform pitches back and forth once
the simulation starts, and the mean orientation tilts negative. The
amplitude of the pitching response during the wave focusing varies
slightly with the COG relocation. Fig. 19(b) indicates that the effect of
changing the COG location on the platform heave motion response is
small.

In addition, it is seen in Fig. 19 that when COG is placed along the
centerline of the central column, modification of its elevation causes
small variations to both the motion and mooring line fairlead tension
responses of the platform. No obvious variation trends of the responses
in surge and heave DOFs and mooring line 1 fairlead tension with COG
height are demonstrated. But the response in pitch DOF enhances as
COG lowers its vertical position. It is due to the shortened distance be-
tween COG and center of buoyancy (COB) as COG goes down which
leads to reduction in the restoring moment contribution from buoyancy.
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Fig. 19. Dynamic responses of the VolturnUS-S semi-submersible platform under freak waves with different COG locations: (a) Surge motion; (b) Heave motion; (c)

Pitch motion; (d) Mooring line 1 fairlead tensions.

This reflects the design philosophy of semi-submersible type floating
structures which gain stability through distributed buoyancy taking
advantage of weighted water plane area for righting moment.

8. Conclusions

In this study, a coupled CFD and dynamic mooring line model for the
hydrodynamics of FOWTs was presented. The mooring line module
adopts a dynamic approach with LDG FEM discretization. Details of the
models used in the coupled hydrodynamic-mooring analysis and the
coupling schemes between CFD, rigid body dynamics and mooring
model were described. To validate the coupled model, free-decay tests
and motion responses under regular waves of the DeepCwind semi-
submersible platform were simulated. Results show that the coupled
CFD and mooring line model is accurate with respect to the experiment
data and exhibits greater reliability than the model-based approach. The
CFD-mooring model was then used to study the dynamics of the UMaine
VolturnUS-S semi-submersible platform designed for supporting the IEA
15 MW wind turbine under freak waves. The NewWave theory which
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describes the surface elevation and velocity of a focused group of
localized waves was used for wave generation. A detailed parametric
analysis on the wave-structure interaction problem has been conducted.
The main conclusions are summarized in the following.

1. Under the freak wave, the semi-submersible platform oscillates
about the mean position in heave and pitch DOFs with the amplitude
dependent on the wave motion, while in the surge DOF, the platform
oscillates with net shift over each cycle to move forward a long
distance away from the initial position. The heaving motion lags in
phase than the pitching motion, and there is a rough 180° phase
difference between surge and pitch DOFs and a rough 90° phase
difference between surge and heave DOFs. The fairlead tensions in
all mooring lines oscillate with the platform motions. Particularly,
the fairlead tension in the upstream mooring line soars due to the
dramatic forward surge motion of the platform.

2. For the three focusing crest amplitudes considered, the dynamic
behaviors of the semi-submersible platform show similar features,
and enhance with the amplitude. The nonlinearity of the system
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resulted from the wave-structure interaction and mooring dynamics
shows stiffer effect with higher focusing crest amplitude especially
demonstrated by the surge motion and upstream mooring line fair-
lead tension responses.

3. Comparing to the effect of focusing crest amplitude, the change in
focusing location has smaller effect on modifying the platform mo-
tion amplitude. Relocating the focusing event also alters the spatial
relation between the wave and structural components of the plat-
form, leading to variations in the phases of the structural dynamics.

4. The surge response of the semi-submersible platform reduces
significantly as the wave incident angle increases from 0° to 30° and
varies slightly between 30° and 60°. In the sway DOF, the least
motion is present when the incident angle is 0°, and significant rise in
response is obtained as the wave incident angle varies from 0° to 30°.
The heave motion varies slightly with the wave incident angle. For
the roll motion, the least response amplitude occurs at the wave
incident angle of 0°, and the largest response amplitude occurs at the
wave incident angle of 30° when the platform is the most unbalanced
relative to the wave. The pitch response is the most dramatic at the
wave incident angle of 0° and reduces to a low level at wave incident
angles from 30° to 60°. The yaw motion response increases with the
wave incident angle which is again due to the unbalanced forces
from the wave. The most benefit from the platform rotation is the
extreme fairlead tension reduction in the upstream mooring system
as the wave incident angle varies from 0° to 60°.

5. The extreme surge displacement and upstream mooring line fairlead
tension of the semi-submersible platform reduce drastically when
COG is moved to the centroid of the platform horizontal geometry.
The upstream offset of mass center causes the platform to pitch back
and forth from the beginning of simulations, and the mean orienta-
tion to tilt negative. The effect of changing the COG location on the
platform heave motion is small. When COG is placed along the
centerline of the central column, lowering COG enhances the motion
response in pitch DOF.
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