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Abstract

The nonlinear coupling effect between DOFs and the influence of vortex induced loads
on the motion of SPAR type FOWT are studied based on an aero-hydro-vortex-mooring
coupled model. Both first- and second-order wave loads are calculated based on the 3D
potential theory. The aerodynamic loads on the rotor are acquired with the blade element
momentum theory. The vortex induced loads are simulated with CFD approach. The
mooring forces are solved by the catenary theory and the nonlinear stiffness provided by
the SPAR buoy are also considered. The coupled model is set up and a numerical code is
developed for calculating the dynamic response of a Hywind SPAR-type FOWT under the
combined sea states of wind, wave and current. It shows that the amplitudes of sway and
roll are dominated by lift loads induced by vortex shedding, and the oscillations in roll
reach the same level of pitch in some scenarios. The mean value of surge is changed
under the drag loads, but the mean position in pitch, as well as the oscillations in surge
and pitch, is little affected by the current. Due to the coupling effects, the heave motion is
also influenced by vortex-induced forces. When vortex-shedding frequency is close to the
natural frequency in roll, the motions are increased. Due to nonlinear stiffness,

super-harmonic response occurs in heave, which may lead to internal resonance.

Keywords: floating offshore wind turbines, coupled model, current, vortex induced
motion, internal resonance, nonlinear stiffness, super-harmonic

1. Introduction

With growing demands, the problem of energy shortage attracts more and more
attention all over the world. Among different technologies, wind turbines convert wind
energy into electricity with no pollution or waste [1]. Because of the greater intensity and
stability of the offshore wind, the capacity of offshore wind turbine usually surpasses that
of the onshore ones [2,3]. With the development of offshore technology, the research on
offshore wind turbines is moving towards the deep-water zone. Compared with the fixed
offshore wind turbine, the advantage of the floating offshore wind turbine (FOWT) is
pronounced in the aspects of economy, convenience of installation and total capacity [4].

At present, the design of FOWT is based on experiences from offshore oil and gas
production platforms [5]. Based on the floating foundations, FOWTs can be divided into
barge, SPAR, semi-submersible and tension-leg-platform (TLP) types. During the past
decades, full-scale prototypes of FOWT have been successfully launched and tested all
over the world, greatly expediting the development of FOWT technologies [6]. Among
those designs, the SPAR-based wind turbine tethered by multiple cables shows robust
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hydrodynamic performance [7].

With incoming currents, vortex induced vibration (VIV) is an important source of
disturbance on offshore structures such as risers, pipelines [8-12], and FOWTs. When the
vortex induced loads act on a rigid body with long and round shape but also large
displacement, it will hardly cause any structural vibration but may induce additional
motion in some degree of freedom (DOF) under specific conditions. This phenomenon is
called Vortex Induced Motions (VIM). Maija and Benitz[13] studied the dynamic
response of DeepCWind semi-submersible FOWT with incoming currents based on
OpenFOAM. They found that the vortex shedding would cause large time-varying load,
which affects the fatigue life of the system. Kokubun et.al. [14] conducted a 1/34.5 scaled
model test, and recorded VIM frequency in sway, roll and mooring tension. Duan et. al.
[15] performed model testing with various current, wind and wave conditions. The
lock-in phenomenon of sway in the cross-flow direction was observed and the remaining
responses, including the other 4-DOF motions, mooring tensions, and turbine bearing
loads, were found to be coupled via sway/surge VIMs.

In previous studies, CFD approaches have been widely adopted in VIV investigations
with slender risers. Li et.al [39] employed a partitioned iterative scheme based on Petrov—
Galerkin formulation to simulate the VIV of an elastically mounted circular cylinder with
2D and 3D models, in which the wall proximity effects were observed. Mitta [40]
examined the VIV of a circular cylinder with a stabilized space—time finite element
formulation and identified three branches in the response. Bourguet et. al [41]
investigated the multi-frequency VIV of a cylindrical tensioned beam under the scenario
of shear flows. They found that the structural responses were determined by the shape of
inflow profile. Wang et.al proposed a 3D fluid-structure interaction model to simulate the
2DOF VIV characters of a vertical riser [42,43], and observed different vortex shedding
modes. Furthermore, a model was developed to simulate the couple VIV effect of two
tandem flexible cylinders [44].

The hydrodynamic significance of VIM was widely studied in slender structures
including the SPAR platform with both numerical methods and experimental approaches.
Hirabayashi[16] numerically analyzed the VIM of 2D circular cylinders by using the
lattice Boltzmann method, and the changing trends of lift load were observed in his work.
Wu et.al [17] employed OpenFOAM to investigate the free vibration of a square cylinder
in transient flow with three hybrid turbulence models. A 3D model was established in
their simulation. The good agreement between their results and experimental data proves
that the CFD approach is accurate enough to handle the vortex shedding problem for the
VIM of a slender body.
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Meanwhile, more work has been performed on the VIM of semi-submersible buoys,
another group of slender structures. Hashiura et.al [18] conducted a series of towing
experiments in water tank to investigate the relationship between the vortex induced force
and the shape of buoy, as well as other parameters. Similarly, Liu et.al [19] carried out a
group of model tests aiming at understanding the fluid physics associated with VIMs of
deep-draft semi-submersibles. They found the wake behind the pontoons has
non-negligible influence on the dynamic behavior of the buoy. Based on their
experimental work, Liang et.al [20] further established 3D numerical models to simulate
the vortex shedding in the wake as well as its effect on the motion of the rigid body.

Among the researches on SPAR platform, the wave-frequency motion and VIM are
usually studied independently. In order to consider these effects simultaneously, Liu [21]
created a coupled model for SPAR platform under the combined action of wave and
vortex shedding caused by current. In his study, a 3-DOF model is developed to simulate
the heave, roll and pitch of a SPAR. First-order wave force, second-order wave force and
vortex induced force are considered in his numerical model, but the influence of mooring
line is not included. Meanwhile, there are few researches on the SPAR-type floating wind
turbine under the combined environmental loads of wave, wind and current.

In the present work, an in-house coupled model for SPAR-type FOWT is developed.
Based on the potential flow theory, both first-order and second-order difference
frequency wave forces are calculated with stochastic waves. The aerodynamic load on the
wind turbine is calculated by the blade element momentum theory (BEM). The
hydrodynamic coefficients of vortex are calculated by CFD approach. By coupling these
modules in time domain, this method is capable of analyzing the dynamic response of
SPAR-type FOWT under complex sea states.

In the following sections, the physical problem, including the configuration as well as
physical parameters of the floating wind turbine system, is defined firstly. Afterwards, the
numerical models (including the nonlinear restoring forces model, the catenary mooring
model, the aerodynamics model, the vortex induced force model and the hydrodynamics
model) are briefly described. Numerical results, including predictions of dynamic
responses under wave, wind and current, are then presented. Finally, conclusions are
drawn.

2. Physical problem

As shown in Fig. 1, the FOWT studied in this work consists of the NREL SMW
baseline wind turbine [22] (see Table 1) and a SPAR-type floating foundation with three
mooing lines [23] (see Table 2). The mooring cables are located around the buoy body of
the SPAR. One of the cables (Line #1) is directed along the positive x-axis in the xz-plane,
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and the other twolines (Line #2 and #3) are distributed uniformly around the platform.
Hereby (x,y,z) is a Cartesian coordinate system with its origin at the mean free surface
and z pointing upward. The x axis coincides with the direction of the incoming wind,
wave and current.

Aerodynamics _»

'\

Hydrodynamics Vortex Shedding

Line#2 4 Line #1

Line #3 T
Mooring Loads "

Fig.1 Definition of the physical problem

Table 1 Parameters of the NREL 5SMW wind turbine

Parameter Value
Rated power 5SMW
Shaft transmission efficiency 0.944
Radius of wind wheel 63 m
Radius of hub 1.5m
Cut-in wind speed 3 m/s
Rated wind speed 11.4 m/s
Cut-out wind speed 25 m/s
Rated speed 12.1 rpm
Hub height(from the bottom of the tower) 90 m
CM location(from the bottom of the tower) 64.0 m
Total mass(including tower) 697,460 kg
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Table 2 Parameters of the SPAR-type floating foundation and the mooring system

Parameter Value
Depth to platform base below the SWL 120.0 m
Elevation to platform top above the SWL 10.0 m
Depth to top of taper below the SWL 4.0 m
Depth to bottom of taper below the SWL 12m
Platform diameter above taper 6.5 m
Platform diameter below taper 94 m
Platform mass, including ballast 7,466,330 kg
CM location below the SWL along platform centerline 89.9155m
Number of mooring lines 3
Angle between adjacent lines 120 deg
Depth to anchors below SWL (water depth) 320 m
Depth to fairleads below the SWL 70 m
Radius to anchors from the platform centerline 853.87 m
Radius to fairleads from the platform centerline 52m
Unstretched mooring line length 902.2 m
Mooring line diameter 0.09 m

3. Methodology
3.1 Dynamic equation in time domain

The dynamic equation is developed to calculate the displacement, velocity and
acceleration of FOWT in time domain. For moored floating offshore structures, the
dynamic response is solved under the effects of wind, wave, current and cable forces.
Considering the 6-DOF motions (see Fig.2), the governing equation can be written in the
time domain as following,

[M+A(0) |%+C (o) x+Df (X)+K(x)x =q(t,x,X), (1)
where M is the body mass and inertia matrix, 4 is the frequency-dependent added mass
matrix, and C is the frequency-dependent radiation damping matrix. D is the nonlinear
damping matrix. f is the vector function of X . K is the restoring matrix provided by
buoyancy. X, X, Xrepresent the 6-DOF position, velocity and acceleration vectors of the
body, respectively. ¢ is the exciting force vector, which includes the first- and
second-order wave loads, the nonlinear restoring forces provided by the mooring lines,
the vortex induced loads, and the aerodynamic loads on the rotor.
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Fig.2 Six DOFs of FOWT

The added mass and radiation damping coefficients calculated based on the 3D
potential theory are frequency dependent. With irregular waves, it is difficult to choose
the corresponding added mass and damping coefficients for the time domain equations. In
order to solve this problem, the frequency-dependent added mass and radiation damping
coefficient are transferred into the added mass corresponding to the infinite frequency
and retardation function based on the convolutional method [24]. Thus, the governing
equation can be written as,

(M+A)(t)+ [ h(t-)%(r)dz + DF (X)+ K (x)x =q(t, X, X) )

where h(f) is the retardation function, and A, is the added mass when the frequency
approaches infinite.
3.2 Wave loads

The wave is assumed to propagate along the positive x-axis, and stochastic wave

elevation 7(t) can be decomposed into the sum of N regular wave components as
following,

77('[)=ZN:ah cos(k,x—a,t+¢,). (3)

For each component, a,denotes the wave amplitude, @, is the circular frequency, 4, is
the wave number, and ¢,is the random phase angle. The wave amplitude & can be
calculated by the corresponding wave spectrum S,,.
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To obtain the wave force on the platform in time domain, the load transfer functions
are calculated based on the 3D potential theory in frequency domain by using the
DNVGL software WADAM. Specifically, the hydrodynamic transfer function includes
linear transfer function (LTF) Fi(w), as well as the sum-frequency quadric transfer
function (QTF) Fas(wi,ej) and difference-frequency QTF Faq(wi,j). Based on our
previous analysis on SPAR-type FOWT [25], the second-order sum-frequency wave load
will not significantly affect the dynamic response of the floating buoy due to its low
natural frequencies. It is thus not included in the following simulations.

Afterwards, the random wave forces are transferred into time series by multiplying
these hydrodynamic parameters and specified wave spectrum in the complex domain [26].
The real part of the complex expression will be the corresponding terms of wave loads in
time domain so that we have,

Froe 1 ()= ReLMZlm F(a )} _ Re[iai exp[i(t+4)]F (o )}, @)
Fuae_2a (1) = Re{iimfﬁd (a1, )} = R{iiaﬁ, exp[i(( -, )t+4 -4, ) |Fos (@0, )} ®)

i=1 j=1 i=1 j=1
where 7i and 7% donate the elevation and its conjugation of i-th wave component in
complex domain. a;, @ and ¢ donate the amplitude, frequency and phase of i-th wave
component as mentioned above, respectively.

3.3 Vortex induced loads

A two-dimensional cylinder model was developed to investigate the vortex shedding
and its induced loads on the SPAR buoy. The CFD package Fluent is adopted to calculate
the lift and drag coefficients, as well as the vortex shedding frequency. Based on these
results, the time varying distributed vortex induced lift and drag forces can be obtained as

below,
F (t) = %CL pUZDcos(2rft+a) . 6)
1 2. 1 2
Fo 1) =5 ConpU2D +2 CoupU2Deos(r Tt +a) %

where C; and Cp, are the amplitudes of the lift and drag coefficients, respectively. Cpm 1s
the mean value of drag coefficients. pc is the density of the current. U is the inflow

velocity. D is the diameter of the SPAR buoy. f; is the vortex shedding frequency, and « is
the phase angle. Specifically, the oscillation frequency of the lift force is the same as the
vortex shedding frequency, while that of the drag force is twice the vortex shedding
frequency. [37]

The vortex induced loads act on the wet surface of the SPAR. Thus, the forces and
moments can be calculated by integrating the distributed lift and drag forces along the

8
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depth z. We have

Fa®)=]" Fotaz, (8)
Fo()=[" F Oz, ©)
T =] FL®)E-25)dz, (10)
Ts=[" Fo(z-20)dz. (11)

where Z, is the center of gravity. F, (t) and F, (t) represent the vortex-induced forces
in surge and sway respectively, while T,(t) and Ti(t) represent the vortex induced
moments in roll and pitch.

3.4 Aerodynamic loads

Although it is a quasi-static algorithm, the Bladed Element Momentum (BEM)
method has proven to be a simple but accurate way to calculate aerodynamic forces
acting on the wind turbine blades, [27,28]. In this work, the BEM approach is adopted to
simulate the aerodynamic loads applied on the rotor when the turbine operates.

Each blade is discretized into seventeen parts along the span. Within each part the
blade elements have the same airfoil shape. The axial induction factor @ and tangential
induction factor a’ can be calculated by iterations at each blade element based on the
parameters of the airfoil, such as chord, local pitch angle etc. Then, thrust and torque at
each element are determined. After the local aerodynamic loads for all control volumes
are obtained, we can get the normal and tangential load distributions. The general thrust
and torque on rotor can be acquired by integrating along the span. With these
distributions, the aerodynamic performance of the rotor, such as thrust on rotor, power
output and bending moment at the root of blade, could be analyzed. A tip loss model, hub
loss model and Glauert correction are also adopted to fix the induction factor due to finite
blade number vortex shedding from the hub, and turbulent wake. Besides, the
motion-induced and vortex-induced velocities of the floating foundation are also
considered. Further details on the BEM approach could be found in [29].

In this study, the airfoil data of the NREL-5MW wind turbine are adopted [22]. Both
the lift and drag coefficients are corrected for rotational stall delay and the drag
coefficients are also corrected using the Viterna method. The detailed correction progress
could be found in [22]. To validate our aerodynamic model, the thrust on the rotor as well
as the output power is calculated. These results are then compared with the data in [22]
(Fig.3). 1t is shown that the accuracy of our model meets the requirement of the
simulation.
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Fig.3 Validation of the aerodynamic model

3.5 Restoring forces

The nonlinear restoring forces of SPAR-type FOWT is composed of two parts. One
part is provided by the mooring system, and the other is the hydrostatic force of the SPAR
buoy. A separate module was programmed to calculate the tensions in each cable
according to the catenary theory, a quasi-static algorithm to predict mechanics of the
mooring system [30]. On the other hand, previous studies on SPAR show that the
nonlinear restoring forces of this type floating foundation are mainly reflected in heave,
roll and pitch [31,32]. Based on the geometric characteristics of SPAR platform, the
additional restoring forces/moments in heave, roll and pitch can be expressed as

1 : 1 2
S R T 12
M,= - Epg (V + 2A, x GMA) XX, + Epg (V + 2A, x GM4)'7X“ (13)
M=~ pg (V 27, x GM5) X% + 2 PO (V + 2A, x GMS)’?XS, (14)

where p denotes the density of water, g denotes the gravitational acceleration, 4, is the
area of water line, V is the displacement volume, GM, and GMs are the initial
metacentric heights in roll and pitch, respectively, 7 denotes the elevation of wave, Hg
denotes the height of center of gravity, x3, x4, and x5 denote the heave, roll and pitch of the
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SPAR buoy as shown in Fig.2. More details of derivation could be found in Refs. [31,32].
In our simulation, the nonlinear restoring load is a part of the external loads ¢ in Eq. (2).

3.6 Flow chart of simulation

Based on the algorithms above, a coupled aero-hydro-vortex dynamic simulation tool
for SPAR-type FOWT is developed in the time domain. The basic procedure of this
coupled numerical simulation is shown in Fig. 4.

Before the time domain simulation begins, the initial conditions, hydrostatic and
hydrodynamic coefficients are pre-generated. At each time step, the motions of COG are
numerically calculated from Eq. (2) using the 4th order Runge-Kutta method. For
simplicity, structural flexibility is not included in this model so that the wind turbine and
floating platform are modeled as a rigid body. The motion of fairlead and rotor could also
be calculated. Thus, the right-hand side of Eq. (2) could be updated for each module and
integrated to the next time step.

Compared with the other existed codes, our simulation tool is specifically developed
for the purpose of investigating the motion of SPAR-buoy FOWT under the complex sea
states, specifically the VIMs caused by currents. Moreover, we take the nonlinear
coupling effect between DOFs of SPAR buoy into consideration, which is usually not
considered in other studies.

11
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4. Results

The coupled model is adopted to analyze the dynamic response of the SPAR-type FOWT
under combined loads from wave, wind and current. Firstly, the vortex shedding phenomenon is
simulated based on 2D CFD model, and the coefficients of vortex induced loads are presented.
Then, free-decay tests are conducted to show the natural characteristics of FOWT. Afterwards,
four different scenarios under the rated sea state are considered, referred to as cases 1 to 4 (see,
Table 3). The details of environmental parameters can be found in Table 4. In the results, the
focus is on motions of the platform, including the transverse, longitudinal and vertical motions.
Furthermore, some nonlinear internal resonance phenomena are observed and discussed.

Tab.3 Definition of load cases

Load _
Current Wind Wave
Case
1 Uniform - -
2 - Steady Irregular
3 Uniform  Steady Irregular
4 Shear Steady Irregular

Tab. 4 Environmental parameters

Parameter Value
Wind speed 11.4 m/s
Surface velocity 0.6 m/s
Wave spectrum JONSWAP
Significant wave height 6 m
Spectrum Peak Period 10s
Spectrum Peak Factor 33
Direction of wind, wave and current Aligned,0°

Once the relative wind speed at the rotor exceeds the rated speed due to the induced velocity,
the output power and aerodynamic force will increase rapidly. In order to keep the output power
stable (and also for structural safety), a blade-pitch control system is necessary. In this study, a
simplified quasi-static model is adopted [30]. The pitch angle is obtained via interpolation using
the instantaneous wind speed with respect to the rotor, whose speed remains constant.

4.1 Vortex shedding induced loads

The configuration of our computational domain is sketched in Fig.5. According to previous
research about the SPAR platform [21,38], the computational domain is a rectangular box with
-5D <x < 20D and -5D <y < 5D, where D is the diameter of the SPAR centered at (0,0). The left
side of the flow area is the inflow boundary and the right side is the outflow one. Considering the

13
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infinity of the flow, the upper and lower sides of the area are the symmetric boundary, and the
surface of SPAR is set as non-slip boundary. The quadrilateral mesh is applied in the flow area
and mesh refinements are performed in the area near the SPAR and the wake area. In the present
work, we use 18250 elements in the flow field. The RNG k-& model is chosen as the turbulence
model, and the standard wall functions are adopted for enhancement. Based on previous
assessments on the vortex shedding effect of rigid cylinder between 2D and 3D CFD approaches,
it shows that the amplitude results of 2D model are about 10% lower than the 3D model results,
but the vortex shedding frequency of 2D model results shows a good quantitative agreement with
the 3D one [50]. Thus, in present study, the 2D CFD approach was adopted to simulate the vortex
shedding around the cylinder.

Fig.5 Mesh of the flow area
a b
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Fig.6 Hydrodynamic Coefficients and vortex-shedding frequency of SPAR buoy
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The results under different current velocities are shown in Fig.6. From the results, it can be
seen that both coefficients of lift and drag loads decrease with the increasing current velocity. On
the other hand, by comparing the results of C; and Cps, it is found that the amplitude of lift is
almost 10 times as that of drag, but the mean values of drag load are about 60% of the amplitude
of lift. That is the reason why the drag loads are often neglected or treated as steady loads in most
studies on VIV or VIM.

In the following simulations, both the harmonic lift and drag loads will be taken into account.
According to the shape of wet surface, both SPAR buoy and flow are discretized along the depth.
Specifically, the profile of the current in LC4 decreases linearly with the depth, and the velocity
at the seabed is assumed to be 0. At different depths, the vortex induced loads are calculated by
using different velocity and vortex induced hydrodynamic coefficients based on the CFD results
in Fig.6.

4.2 Free-decay tests

In order to investigate the natural frequencies of the FOWT, a series of free-decay tests are
conducted. In each simulation, an initial displacement was prescribed for the corresponding DOF
(1m for translational motions and 0.1rad for rotational motions) before the FOWT was released.
The time histories of the motions in 6 DOFs were then recorded. According to the Fast Fourier
Transformation of the time histories, the natural frequencies are shown in Table 5.

Tab.5 Natural Frequencies of FOWT

DOF Natural Frequency (rad/s)
Surge 0.050

Sway 0.050
Heave 0.207

Roll 0.163

Pitch 0.163

Another phenomenon observed during the free-decay tests is the coupling effect between
heave, roll and pitch. Fig.7 presents the results with initial heel/trim angle. The time histories of
heave and roll/pitch are shown in Fig.7(a) and (b), and the response spectra of heave and
roll/pitch are presented in Fig.7(c). There are 2 peaks in response of roll/pitch and 3 peaks in
heave (see Table 6). According to the natural frequencies of each DOF in Table.5, we find that
the frequencies of roll mode correspond to the natural frequencies of sway and roll, respectively.
That is to say, roll is coupled with sway. Similarly, pitch is coupled with surge.
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Fig.7 Coupling effects in free-decay tests of roll

Tab.6 Peak Frequencies of FOWT
DOF Frequency (rad/s)
Ist 2nd  3rd
Heave  0.113 0.207 0.326
Roll/Pitch  0.050 0.163 -

On the other hand, the response in heave is much more intriguing. Among the 3 peaks, the

second one corresponding to the largest amplitude is the natural frequency of heave itself, and the
other two correspond to super-harmonics of peak frequencies in roll. According to the nonlinear
restoring force in Eq. (12), the heave mode is coupled with both roll and pitch. Based on the
nonlinear dynamic theories, the second-order term of roll will induce these
two-time-super-harmonic responses in heave, as the results show. The coupling effect between
the DOFs will increase the response in some scenarios, and it will be further discussed later.

4.3 VIMs under the current loads (LC1)

To test the accuracy of our numerical model in simulating the VIM of SPAR-type FOWT, the
responses under the current-only case (LC1) are calculated. The trajectories in the horizontal
plane are shown in Fig.8 with different current velocities. It is seen that the VIMs display the
figure-eight shape. These trajectories are qualitatively similar to the observed ones in model tests
[15].
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Fig.8 Trajectories of VIMs

Fig.8 indicates that the mean displacement in surge increases with the growing current
velocity, but the amplitude of oscillation remains almost unchanged. The amplitude of sway is
about 0.5m, much larger than that of surge. According to the results of model tests acquired with
a 1/50 model [15], the oscillation in surge is in the range from 0.015m to 0.1m, and that of sway
is from 0.015m to 0.15m. The oscillations in our numerical simulations are smaller than the
results in the laboratory test. In fact, the model in our simulation is based on the full-scale model.
While in the model tests, both the geometric parameters and current velocity are in small-scale,
in order to meet the similarity of Froude number. Thus, the Reynolds number in the test is 1/354
of that of the full-scale prototype. Moreover, the configuration of mooring system and the water
depth in the model test are also different from the model in our simulation. All these differences
cause quantitative difference, whereas the trajectories of VIMs in the model test are
quantitatively similar to results from our numerical simulations.

4.4 Motions under wind, wave and current

In this section, the effect of vortex induced force on the overall responses of the system is
examined. The chosen load cases are LC2(No current), LC3(Uniform flow) and LC4(Shear flow).
In LC4, the current profile is discrete into several parts along the depth, and the current velocity
is assumed to be uniform in each part [45]. At different depths, the vortex induced loads are
calculated by using the corresponding velocity and hydrodynamic coefficients. The coefficients
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of vortex induced load are shown in Table 7.

Tab. 7 Vortex induced hydrodynamic coefficients in LC3 and LC4

Current Upper Lower )
Diameter s

Velocity Bound Bound Ci Cim  Caa
(m) (rad/s)
(m/s) ~ (m) (m)

LC3 Uniform Flow
0 -14 6.5 0.988 0.616 0.137 0.182
-14 -128 9.4 0.983 0.623 0.141 0.129
LC4 Shear Flow
0.587 0 -14.00 6.5 0.985 0.621 0.145 0.177
0.562 -14.00 -21.33 9.4 0981 0.623 0.141 0.122
0.550 -21.33 -40.00 9.4 0.983 0.627 0.140 0.119
0.500 -40.00 -66.67 9.4 0.993 0.639 0.142 0.106
0.450 -66.67 -93.33 9.4 0.998 0.647 0.147 0.098
0.400 -93.33 -128.00 9.4 0.999 0.663 0.148 0.085
The proposed 2D approach to calculated the vortex shedding in both uniform and shear is

0.600

based on previous researches [46-49], and the approaches are verified with 3D simulation in
those work [46,47]. Specifically, in Ref. 46, a 1/100 scale model of cell-SPAR platform with a
diameter of 0.368m is chosen to perform the validation with Fluent. Both model tests and
numerical simulations (including 2D and 3D) are conducted with the case where the current
velocity is 0.1 m/s, including uniform and shear profile. Because of the physical limitation, the
case with shear current profile is only simulated numerically. According to the results, although
the 2D results are slightly larger than the 3D ones, 2D simulation meets the requirements of
accuracy and efficiency. It is true that 3D-based models are physically more accurate, especially
in cases with shear current profile and turbulence effects. However, these models are still too
expensive. On the other hand, the results of natural period, which is one of the key mechanism to
the nonlinear analysis, are more accurate in 2D simulations. Hence, this approach was adopted in
our simulation.

In the following simulations, the overall time is 3600 and the time step is 0.1 sec. After the
first 500 sec, the initial start-up transient effect has faded and the FOWT is oscillating around its
dynamic equilibrium position, so the rest samples (31000) are used for statistic and FFT analysis.
The results are shown in Fig.9. Among these results, three different topics are majorly discussed
in the following sections, which are transvers longitudinal and vertical motions, respectively.
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Fig.9 Statistic results of motions and mooring tensions

4.4.1 Transverse Loads and Motions

The results of sway and roll are shown in Fig.10 and Fig.11. To distinguish the curves clearly,
the logarithmic scale is adopted for the response spectra in the following subsections. Since the
value of transverse loads and motions in LC2 keeps zero, they are not shown in the logarithmic
spectra. Based on the time histories of lift loads in Fig. 10a and Figlla, multi-frequency vortex
induced loads are applied on the transverse DOFs of FOWT when the current is present. Among
the components in the spectra of lift loads (Fig. 10b and Fig. 11b), the responses whose
frequencies correspond to the part of the buoy with a diameter of 9.4m are larger than others
(Table. 7). It is attributed to the longer wet buoy of the 9.4-meter-diameter part.

According to the statistic results of sway in Fig.9b and roll in Fig.9d, as well as the time
histories in Fig.10c and llc, it can be seen that the amplitudes in sway and roll increase
significantly with the vortex induced load taken into consideration, but the mean positions keep
unchanged. The response spectra of these motions are presented in Fig. 10d, 11d. It shows that
the frequencies of sway and roll are in agreement with the corresponding frequencies of lift loads.
These are also the vortex shedding frequencies.

Moreover, the effect of flow profile can be seen by comparing the results of LC3 and LCA4.
On one hand, there exists significant difference in the lift force between LC3 (uniform current)
and LC4(shear current). The difference in the lift moments on roll is smaller than that on sway.
With these differences, both the roll and sway amplitudes in LC4 are smaller than those in LC3.
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This is caused by the decreasing flow velocity with the increasing depth in LC4, which reduces
the amplitudes of lift loads. On the other hand, the frequencies of vortex shedding in LC4 are
more complicated because of the variation of velocity on different layers (Table. 7). This leads to

438
439
440

441  the occurrence of more frequencies in the transverse motion.
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Fig.10 Time histories and response spectra of sway and lift force
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Fig.11 Time histories and response spectra of roll and lift moment

4.4.2 Longitudinal Motions

To examine the effect of the time-varying drag loads on the longitudinal motions, in Fig.12
we show the vortex shedding loads and dynamic response in surge, and those results in pitch are
presented in Fig.13. It is seen from the time histories that the mean position in surge is enlarged
when the drag force is applied, while the trim angle of FOWT keeps unchanged. On the other
hand, both the time histories and spectra show that the oscillations in surge and pitch are almost
the same in these three cases. It leads to the graphically indistinguishable curves in the response
spectra of all cases, even though the logarithmic scale is used. To summarize, unlike the
transverse motions, only the mean position in surge is significantly affected by the current, other
features of longitudinal motions are little changed.

The explanation of these phenomena lies in the characteristics of the drag loads. From
Fig.12a and 13a, it is seen that there exists significant difference in the mean values of drag force
in different cases, and it causes the difference in the mean position under different currents. On
the other hand, due to the similarity in the drag moments in pitch, the mean position in pitch is
less affected. Moreover, according to the spectra, the frequencies of drag loads in LC4 is more
spread than those in LC3. The oscillatory amplitude of drag is an order of magnitude less than the
one of lift. As the frequencies of drag are two times those of lift, they are thus far away from the
natural frequencies of surge and pitch, the oscillations in these modes are less affected.
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468 On the other hand, the magnitude of drag and wave loads on the platform are displayed in Fig.
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469  14. According to the time histories, we found that the mean level of wave loads in surge and pitch
470  are much larger than the vortex induced loads. In other words, the longitudinal oscillations are
471 mostly determined by the wave forces.
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474 4.4.3 Vertical Motions
475 Small difference is found in terms of the statistical results and time histories of heave in these

476  three scenarios. Similar to the longitudinal motions, the response spectra in heave are almost
477  identical in these cases. According to Fig. 15, although no additional load is applied on heave, the
478  response slightly changed when the vortex excitation load is considered. This is due to the
479  nonlinear coupling effect between heave and pitch modes. However, because the frequency of
480  vortex shedding at the selected flow velocity is much higher than the natural frequency in heave,
481  the current does not cause significant change in the response spectrum in heave.
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484  4.4.4 Tensions
485 According to the statistic results in Fig.8 and the time histories in Fig.16a, the effect of vortex

486  shedding on mooring tension is similar to that on the longitudinal motions. That is to say, the
487  mean tensions are significantly increased by the current due to the increasing surge displacement.
488  On the other hand, we found that the oscillations are similar among 3 scenarios, based on the
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response spectra in Fig. 16b. The most significant responses are in the wave frequency, and the
natural frequency (in surge). Therefore, the mooring tension is determined by the surge motion
and incident wave, while the current has little effect on it.
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Fig.16 Time histories and response spectrum of tension in Line #2

5. Resonance and nonlinear coupling effect

According to the free-decay test, there exists nonlinear coupling effect among heave, roll and
pitch. This effect, however, was not seen in the scenarios of rated sea states. This is attributed to
the fact that the wave frequency is far from the natural frequencies in these DOF so that no
resonance is excited. To further study the dynamic resonance and nonlinear response of the
FOWT, two additional load cases (hereafter referred to as cases RU and RS) in which vortex
shedding frequency is close to the natural frequency of roll, is examined. Based on the results of
free-decay tests in Table.7 and vortex shedding frequencies in Fig.6b, the current velocity is
chosen as 0.75m/s, corresponding to a vortex shedding frequency of 0.163 rad/s (same as the
natural frequency in roll). In case RU, for simplicity, the frequency is applied to both parts of the
buoy, and the flow is assumed to be uniform. On the other hand, a shear profile is used in case
RS, which means that a portion of the profile has the current velocity corresponding to the
shedding frequency close to the natural frequency in roll. Case 3 is chosen for comparison.

The motions in heave and roll are presented in Fig.17. Large amplitude of roll occurs in case
R at the vortex shedding frequency (same as natural frequency in roll). Besides, a new peak at
0.3243 rad/s appears in the response spectrum of heave (Fig.17b). It is twice the vortex shedding
frequency. This super-harmonic response is caused by the nonlinearly coupled restoring forces in
heave and roll. Compared with the uniform flow case (Case RU), the resonant shear flow (Case
RS) induces multi-frequency responses in roll, but the amplitude is much less than that of Case
RU. On the other hand, the super-harmonic effect is not pronounced in the heave response of
Case RS. This is due to the small amplitude of resonant response in roll.
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Fig.17 Resonance in roll and nonlinear coupling effect in heave

Therefore, when the wave, wind and current are all considered, the motion of SPAR-type
FOWT may be affected significantly by vortex induced loads, especially in cases with resonance.
In these cases, the amplified motion becomes a source of parametric excitation to affect
responses in other DOF. For example, as illustrated above, due to the nonlinear coupling between
heave and roll, resonance in roll induces super-harmonic (twice the vortex shedding frequency)
response in heave. If this super-harmonic frequency happens to be close to the natural frequency
in heave, it will in turn generate large response in heave. This is the internal resonance scenario
found in SPAR-type offshore platforms [33].

6. Conclusions

A coupled dynamic model has been developed in time domain to investigate the dynamic
responses of SPAR-type FOWT under the combined sea state of wind, wave and current. It
includes a blade-element-momentum model of rotating blades, a nonlinear coupling hydrostatics
model of floating structure, a three-dimensional nonlinear model of the free-surface effects on the
SPAR buoy, a mooring model based on catenary theory, and a vortex-shedding model using
computational fluid dynamics.

Based on this model, the motion of FOWT under the combined effects of vortex shedding,
wave excitation, aerodynamic load and mooring load is calculated in time domain. The influence
of both uniform current and shear current is analyzed. After the current is included, the vortex
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shedding will induce both lift loads and drag loads. The lift force and moment act directly on the
sway and roll, causing transverse motions with the vortex shedding frequency. The drag force
and moment are applied on the motions in the longitudinal direction. The mean position of surge

is increased by the drag force. The oscillation in surge and the pitch motion are not significantly
affected.

Compared with the uniform current, depth-dependent velocities of the shear current lead to
variations of vortex shedding frequencies along the platform, which makes the frequencies of
transverse motions more diversified. With the water depth increasing, the flow velocity decreases
gradually, so do lift and drag. Therefore, the transverse motion caused by the shear current is
smaller than that caused by the uniform flow with the same surface velocity. However, the flow
profiles have no significant effect on longitudinal motion.

Due to the nonlinear coupling effect, the resonant lift load may affect not only roll but also
other DOFs. For example, when the vortex shedding frequency is close to the natural frequency
in roll, in addition to large resonance response in roll, large motion may also appear in heave at a
super-harmonic frequency.

Although our simulations are conducted by using a specific design as an example, the results
may have much broader implications. Firstly, these numerical studies suggest that the effects of
current could be important for the response of FOWT. Therefore, such environmental condition
should be taken into account during the design process. Moreover, both the lift and drag loads
may cause responses in all DOFs. Neither of them should be neglected in the simulation. Finally,
the coupling effect may create super-harmonic responses in heave mode, even leading to internal
resonance at certain ratios of frequencies. These issues may cause potential dangers or damages.

It 1s necessary to point out that in the present work the interactions between wind and blades
are modeled via the BEM theory. Though this classical algorithm has been widely used, the
dynamic and unsteady effects are not included. To accurately simulate these effects, a dynamic
model (e.g. three-dimensional potential theory [34,35]) may be adopted in the following study.

Besides, the vortex shedding is calculated via a 2D CFD model without considering the 3D
effect. This may lead to inaccuracies in the prediction [36]. Future investigations about the 3D
effect are required. Moreover, in this work we focus on resonance in roll, whereas the potential
resonance in sway is not considered (as illustrated in our CFD simulation, in our particular case
the vortex shedding frequency is much larger than the natural frequency in sway). However, in
certain scenarios resonance in sway is observed [15]. Further study on this issue is also needed.

In reality, structural vibrations may affect the dynamic response as well as the environmental
loads on the structure, especially for slender bodies such as mooring cables, blades and the tower.
In the present study, the flexibility of these structures is not included. To analyze these issues
more thoroughly, further simulations about the aero-elastic or hydro-elastic effects are needed.
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