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Abstract. Motion and hydroelastic responses of floating offshore windturbines (FOWT) to irregu-
lar waves and wind loads are studied by use of a numerical coupling approach in frequency domain.
The hydrodynamic and aerodynamic loads on the structure areobtained by linear wave diffraction
theory and the steady blade element momentum method, respectively, and the structural responses
are computed by finite element method. Rigid body responses of a SPAR to combined irregular
waves (JONSWAP spectrum) and steady wind are computed and compared with existing laboratory
measurements. Good agreement between the computed responses of the structure and existing lab-
oratory data is observed. Next, the rigid and hydroelastic responses of a new concept of FOWT,
where multiple towers are placed on the floating platform, toirregular waves and wind are studied.
The FOWT consists of an equilateral triangular platform that supports three 5 MW NREL wind
turbines on its corners. The FOWT is attached to the seabed with turret-bearing system that allows
for the rotation of the structure in response to environmental loads, hence wind-tracing FOWT. It is
found that the hydroelastic motions of the wind-tracing FOWT results in significant changes on its
heave and pitch responses compared with its rigid body motions.

Key words: Offshore wind energy, Hydroelasticity, Aeroelasticity, Float-
ing offshore wind turbines

1. Introduction

Determining the complex dynamics of a FOWT due to the environmental loads, namely waves, cur-
rent and wind loads is challenging. The aerodynamic loads onthe rotor and the tower, the hydrodynamic
loads of waves and current on the substructure and the mooring lines, and the restoration forces by the
mooring lines on the structure results in coupled motions and deformations of a FOWT. For instance, the
aerodynamic load on the rotor of a FOWT is influenced by the motion of its substructure,i.e. the mo-
tions of the platform impacts the direction of the incoming flow to the rotor, hence the power production
and the efficiency of the wind turbine. Furthermore, elasticity of the blades, tower, and the substructure
can significantly influence the responses of a FOWT to the environmental loads.

Several numerical coupling approaches have been developedto approximate the environmental loads
and the motions of a FOWT. Commonly, the coupling numerical tools are limited to elasticity analysis
of mainly the rotor and the tower, see [1] and [2] among others. However, possible resonant behaviour
of the substructure might occur if the natural frequencies of the floating structure falls near or within the
wave energy spectrum resulting in structural deformations. Therefore, the coupling between the elastic-
ity of the entire structure and the environmental loads should be considered. Hydroelastic analysis is also
required when we are interested in structural analysis (e.g. determining the stress and deformations). A
multi-unit FOWT is an emerging concept in offshore wind energy, see for instance [3], [4] and [5]. The
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multi-unit FOWTs consist of a large platform that supports several wind turbines on it. Due to the large
size of the substructure, the elastic responses of the structure are particularly of significant importance
and must be considered to obtain their motions to the environmental loads.

In a common approach for hydroelasticity analysis of FOWTs,the hydrodynamic loads on the struc-
ture are computed with linear potential flow theory and the mode-shapes of the structure are obtained
with finite element method. The mode-shapes represent the flexibility of the FOWT and are added as
generalized modes to the rigid body responses of the structure. The equation of motions of the FOWT
are solved in time- or frequency domain for the rigid-body and generalized modes of the structure; see
e.g. [6] and [4]. A recent review on motion and elasticity analysis of FOWTs is presented in [7] among
others.

A fully coupled aero-hydro-elastic numerical tool is developed to obtain the elastic motions of a
FOWT to the environmental loads. First, the theory and the numerical approach applied in this study are
described. Next, as a benchmark study, the significant motions of a SPAR FOWT to irregular waves and
combined irregular waves and wind are obtained and comparedwith available laboratory measurements
and numerical solutions. Finally, the wind-tracing FOWT isdescribed and its rigid- and flexible-body
motions to waves and combined wave and wind loads are presented. The significant motions of the
structure to irregular wave, and irregular waves and wind are presented for a range of incoming wave
heading angles. Finally, discussion and concluding remarks regarding the presented analysis in this
study are provided.

2. Theory & the numerical approach

The hydro- and aeroelasticity analysis of a FOWT to combinedwaves and wind loads are discussed
thoroughly in [8]. In this section the theory and the formulations are briefly presented and the numerical
solution is described.

An earth-fixed coordinate system is chosen withx- and y-axis on the still water level andz-axis
pointing upwards. The motions in thex-, y- andz-directions are surge, sway and heave, respectively and
the rotations about thex-, y- andz-axis are roll, pitch and yaw, respectively.

The wave-interaction with the substructure of a FOWT is studied by linear diffraction wave theory.
In this approach, the total load on the substructure is the sum of the external hydrodynamic pressure
force and the hydrostatic and mooring lines’ restoration forces. The equation of motion of a floating
structure in the absence of wind is,

ξj [−ω2(Mij + aij) + iω( bij) + ( cij,moor + cij)] = AXi, i, j = 1, 2, · · · 6, (1)

whereω is the wave frequency andξj is the complex body response phasor in modej. Mij is the modal
structural mass matrix, andaij, bij andcij are the added mass, hydrodynamic damping and hydrostatic
stiffness coefficient matrices, respectively.Xi is the amplitude of wave excitation force divided by the
wave amplitudeA and is presented in complex form. The mooring lines are modelled as springs with
restoring coefficients ofcij,moor.

The aerodynamic load on the rotor of a FOWT is computed by blade element momentum method
(BEM). In this study, with a focus on quasi-steady aerodynamic loads on the rotor, the wind speed is
constant and the incoming wind is inx-direction and axisymmetric with respect to the rotor. The thrust
force on the rotor of a FOWT is a function of the incoming wind speed and the relative motion of the
rotor along the direction of the incoming wind,

T (Vrel) =
1

2
ρArCT (V

2

rel), (2)

whereρ is the air density,Ar is the projected rotor area, andCT is the thrust coefficient. Moreover,Vrel

is the relative incoming wind speed to the rotor and is computed asVrel = V0−Vh with V0 andVh are the
incoming wind speed and thex-component of the structure velocity at the hub centre, respectively. In
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frequency domain, assuming that the motion of the structuredue to the incoming wind is restricted to the
xz-plane, thex-component of theVh is iω(ξ1+ξ5(zh−zcg)), wherezh andzcg are the vertical coordinates
at the hub and the centre of gravity, respectively. Equation(2) with smallVh can be approximated with
Taylor series,

T (Vrel) =
1

2
ρArCT (V

2

0
)− ρArCT (V0 iω(ξ1 + ξ5(zh − zcg))). (3)

Equation (3) indicates that the total thrust force on a FOWT is the sum of excitation force by the incom-
ing wind on a fixed rotor, the first term on the right-hand side and the harmonic force by the aerodynamic
damping effect due to the relative motions of the structure along the direction of the incoming wind, the
second term. The aerodynamic damping force can be rewrittenasiω(ξ1 + ξ5(zh − zcg))ρCTV0, where
ρCTV0 represents an aerodynamic damping coefficient for a FOWT,Baero. Note that, the second order
and the higher terms in Eq. (3) are discarded.

To obtain the motions of a FOWT to combined waves and wind loads in frequency domain, the
aerodynamic forces on the rotor should be added to the equation of motion, Eq. (1). Of the two terms
of the total thrust force on a FOWT, Eq. (3), the forces due to the aerodynamic damping are harmonic.
Hence, we need to approximate the aerodynamic excitation force on the fixed rotor by a harmonic
function with the same frequency as the incident waves. Since the integrated aerodynamic normal force
over the rotor acts at the hub centre and it is transferred to the tower top, and the cross-section at the top
of the tower is circular, we can obtain the phase angle of the excitation aerodynamic force following the
same approach as presented by MacCamy and Fuchs (1954), [9],for wave-interaction with a circular
cylinder i.e.

F1,W =
1

2
CTρV

2

0 Ar cos(ωt− δaero), (4)

whereF1,W is the aerodynamic excitation force on a rotor in surge andδaero is the phase angle of the
inline force:

δaero(kr0) = − tan−1
[Y

′

1
(kr0)

J
′

1
(kr0)

]

, (5)

wherek is the wave number,r0 is the top diameter of the tower andJ1(kr) andY1(kr) are the Bessel
functions of the first and the second kind of order1, respectively.

The excitation aerodynamic load vector,FW , and the aerodynamic damping matrix,Baero,mat on
the rotor are added to the right-hand side and the left-hand side of the equation of motion of a floating
platform in frequency domain, Eq. (1), respectively. The motions of a FOWT to combined waves and
wind loads are determined as,

ξj [−ω2(Mij+aij)+ iω(bij+ Baero,mat )+(cij,moor + cij)] = AXi + FW , i, j = 1, 2, · · ·m. (6)

For hydro- and aero-analysis of a FOWT, a finite element modelof the complete structure is pre-
pared and the mode-shapes of the FOWT are determined. The mode-shapes of the fully flexible FOWT
are added as generalized modes to the rigid-body degrees of freedom of the structure. Moreover, the hy-
drostatic restoring coefficients of a flexible FOWT are computed with a complete formulation developed
in [10] and includes the effects of both changes in the hydrostatic pressure and the structural geometric
stiffness.

The numerical solution of the formulations discussed aboveare obtained in HYDRAN-XR (see
[11]), a potential flow solver that is integrated with finite element analysis. HYDRAN-XR is modified
to include the aerodynamic analysis of one or multiple wind turbines on a floating platform. The total
aerodynamic excitation load vector consists of aerodynamic loads on the rotor and the tower. The
aerodynamic loads on the tower are computed with an empirical relation for the drag force with respect
to the incoming wind Reynolds number. The aerodynamic excitation and damping forces are distributed
as nodal forces on the front face of the rotor rather than integrated forces at the hub centre. Similarly, the
aerodynamic load on the tower is distributed on the front face of the tower. In the end, the elastic motions
of a FOWT to combined waves (regular and irregular) and wind loads are obtained in HYDRAN-XR.
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3. Results & discussion

The hydro-aero-elastic motions of two FOWTs, namely a SPAR FOWT and a multi-unit FOWT
to irregular waves, and combined irregular waves and wind, are presented. The irregular waves are
developed by adopting JONSWAP spectrum with three modal wave periods, shown in Fig. 1. In this
section, first, the significant motions of the rigid SPAR FOWTto irregular waves and combined irregular
waves and steady wind are computed with the results of HYDRAN-XR and compared with laboratory
measurements and available numerical results. Next, the multi-unit FOWT is described and its rigid-
and flexible body motions to waves (regular and irregular), and combined waves (regular and irregular)
and wind loads are provided. The SPAR and the wind-tracing FOWTs are with8082 and9792 constant
source fluid panels, respectively. The simulations are conducted on a desktop machine with Intel Core
i5, 3.20 GHz CPU and32 GB memory and took approximately4.5 hours for the SPAR FOWT and11
hours for the wind-tracing FOWT, respectively.

Figure 1 The JONSWAP frequency spectrum with three modal periods,Tp = 9.7 s,Tp = 11.3 s andTp = 13.6s
with cut-off frequency of1.25 rad/s.

3.1. The SPAR FOWT

In OC3 project [12] a SPAR FOWT supporting a5 MW NREL wind turbine [13] is introduced and
studied. Ahn and Shin [14] conducted laboratory measurements on motions of a model of the SPAR
FOWT with a scaling ratio of1 : 128 to regular and irregular waves with parked and operating wind
turbine. In these experiments, the incoming wind speed is1.007 m/s with operating model rotor at
136.9 rpm corresponding to the rated wind speed of the5 MW NREL prototype,11.4 m/s and operating
prototype rotor at12.1 rpm. The irregular waves are modelled with the JONSWAP spectrum with three
modal wave periods,Tp = 9.7 s, 11.3 s and13.6 s. Ahn and Shin measured the significant motions
of the model SPAR FOWT to irregular waves and combined irregular waves and rated wind speed, and
computed the responses of the structure to the same environmental loading by an in-house numerical
model at University of Ulsan, namely the UoU+FAST v8 numerical tool.

The rigid SPAR FOWT is modelled with respect to its prototypedimensions in HYDRAN-XR. The
mass matrix, viscous damping coefficients, and the properties and configuration of the mooring lines
are defined as given in [12]. Shown in Fig. 2, the significant motions of the structure to irregular
waves and combined irregular waves and wind at11.4 m/s are computed and compared with laboratory
measurements and numerical results of [14]. The numerical results by HYDRAN-XR are in a very good
agreement with the laboratory measurements for combined irregular waves and wind loads. However,
considering the irregular wave loads with wave period ofTp = 13.6 s, the numerical results of both
HYDRAN-XR and UoU+FAST v8 are overestimated compared with the laboratory measurements.
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(a) (b)

(c) (d)

(e) (f)

Figure 2 Comparison of the significant motions of the OC3 SPAR FOWT to irregular waves, and combined
irregular waves and wind loads computed by HYDRAN-XR, and laboratory measurements and numerical results
by UoU+FAST v8 of Ahn& Shin [14]. The irregular waves are developed with JONSWAP spectrum and modal
periods ofTp = 9.7 s,Tp = 11.3 s andTp = 13.6 s.

3.2. The wind-tracing FOWT

In this section, the responses of a multi-unit, wind-tracing FOWT to combined waves and wind
loads are presented. In this study, first, a short discussionis provided on the motions of the wind-tracing
FOWT to regular waves and combined regular waves and wind loads. Next, the significant motions
of the rigid and the flexible structures to irregular waves (with JONSWAP spectrum) and combined
irregular waves and wind loads are presented and discussed.The aerodynamic loads on the rotors and
the towers are computed for incoming wind speed at11.4 m/s and rotor operating at12.1 rpm.

The wind-tracing FOWT introduced in [15] consists of an equilateral triangular platform that sup-
ports three5 MW NREL wind turbines at its corners. The water ballast is distributed within closed
compartments in the columns and at the middle of the pontoons. Dimensions and the wall thicknesses
of the columns and the pontoons are described in [5] and [16].The pontoons are2.2 Dr long, where
Dr is the diameter of the rotors. The length of the pontoons is specified such that the interaction of the
rear and the front wind turbines on the wind-tracing platform is minimized. The wind-tracing FOWT is
connected to a turret-bearing system, submerged under the platform. The turret-bearing mooring system
allows the structure to rotate to the direction of the dominant incoming wind load with respect to the
turret. Finally, the turret is moored to the seabed with fourcatenary mooring lines, see [16] for more
details. The mode-shapes of the wind-tracing FOWT and its hydroelastic responses to regular waves,
and aligned and misaligned regular waves and wind loads, areinvestigated and discussed in detail in
[17]. In a parametric study, [17] the motions of the wind-tracing FOWT with several configurations of
the turret-bearing mooring system are investigated. For the preferred configuration of the mooring sys-
tem, the turret is submerged for4 d under the platform, whered = 16 m is the draft of the wind-tracing
FOWT and a distance of1/6L from the rear column, whereL is the horizontal distance between the rear
column and the front pontoon.
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Figure 3 Schematic of the wind-tracing FOWT.β indicates the wave heading angle.

The finite element model of the wind-tracing FOWT is preparedand its hydro- and aeroelastic mo-
tions, and significant responses to waves, and combined waves and wind loads are obtained. The gov-
erning equation of motion, Eq. (6) is solved for10 modes,i.e. six rigid body modes and four generalised
modes representing the first four dry modes of the FOWT. The considered generalised modes are mainly
dominated by edgewise and flapwise deflections of the blades and the side-side deflections of the towers
where the deflection along the pontoons are very small; see [17] for more details. The dry natural pe-
riods of the model included were between3.9 s and6.5 s. The wet natural periods of the wind-tracing
FOWT at its first four generalised modes occur in short wave periods and are7.208 s, 7.244 s, 7.92 s
and7.988 s. In this study, the wind load is orthogonal to the rotor and the tower, and the wave heading
angle changes to represent misaligned wave and wind loads. Figures 4 and 5 show the comparison of the
response amplitude operators (RAOs) of the wind-tracing FOWT to regular waves, and regular waves
and wind loads for wave heading anglesβ = 0◦ andβ = 90◦.

Shown in Fig. 4, the surge RAOs of both rigid and flexible structures are comparable for both wave
heading angles. The surge motions of the structure is largerto the incident waves with zero wave heading
angle compared to those withβ = 90◦. Furthermore, the flexible structure undergoes some small peaks
for 7 s≤ T ≤ 10 s, where the four generalised wet natural periods of the wind-tracing FOWT are. The
heave RAOs of the rigid and flexible wind-tracing FOWT are in agreement for wave periods smaller than
approximately17 s. The heave responses of the rigid structure for both wave heading angles undergo
three peaks at approximately20.44 s, 21.42 s, 27.78 s where they are the pitch, roll and heave natural
periods of the rigid wind-tracing FOWT. However, the coupling between the heave and roll and pitch
in heave motions of the flexible wind-tracing FOWT is not observed and the flexible body heave RAOs
experience only a peak at26.74 s, the heave natural period of the flexible wind-tracing FOWT. The pitch
RAOs of the structure forβ = 90◦ are slightly smaller than the pitch motions for headseas. Similar to
the heave motions of the rigid structure, the rigid-body pitch RAOs show two peaks at20.44 s and21.42
s. In contrast, the flexible wind-tracing FOWT undergoes a peak at21.10 s, the pitch and roll natural
periods of the flexible wind-tracing FOWT.

The surge motions of the flexible wind-tracing FOWT due to combined waves and wind loads are
larger compared with its rigid-body counterparts, see Fig.5. Furthermore, the peaks of the flexible wind-
tracing FOWT in surge at the vicinity of its generalised wet natural periods are slightly larger compared
with the rigid body. Moreover, the addition of the aerodynamic forces on the rigid and flexible FOWTs
results in larger peaks in pitch for both wave heading angles.

The significant motions of the wind-tracing FOWT to irregular waves (JONSWAP spectrum) and
combined irregular waves and steady wind loads are computedfor aligned and misaligned waves and
wind loads with0◦ < β < 180◦. The significant motions are presented as a function of the wave heading
angles and for three modal wave periodsTp = 9.7 s, Tp = 11.3 s andTp = 13.6 s, in Figs. 6 and 7
for waves and wave-wind combined conditions, respectively. Commonly, the significant motions of the
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(a) (b)

(c) (d)

(e) (f)

Figure 4 Comparison of the wave-induced RAOs of the rigid and fully flexible wind-tracing FOWT for two wave
heading anglesβ = 0◦ and90◦.

structure in surge, heave and pitch increase as the modal wave period increases. The motions of the
flexible FOWT in surge are slightly larger than the rigid wind-tracing FOWT at the three modal wave
periods. Similarly as shown in Fig. 4, at the modal wave periods, i.e. Tp = 9.7 s, Tp = 11.3 s and
Tp = 13.6, the surge RAOs of the flexible structure to wave loads are larger than the rigid wind-tracing
FOWT. Regarding the heave significant motions, the difference between the flexible and rigid structures
is the largest atTp = 13.6 s, where the flexible structure shows larger significant motions. Moreover, the
pitch significant motions of the rigid and the flexible wind-tracing FOWTs agree well forβ < 60◦ and
β > 110◦, while for 60◦ < β < 110◦ the flexible structure undergoes smaller significant pitch motions
compared with the rigid structure.

Shown in Fig. 7, due to the addition of the aerodynamic loads,the significant motions of the rigid
structure in surge are slightly smaller than its counterparts by the flexible wind-tracing FOWT. Since the
aerodynamic forces on the structure are parallel withx-axis, and act inxz-plane, the significant heave
motions of the structure experience very small changes for the three modal wave periods compared with
the heave motions due to wave loads, presented in Fig. 6. Moreover, the pitch significant motions of the
rigid wind-tracing FOWT are smaller in comparison with the flexible structure for modal wave periods
Tp = 9.7 s andTp = 11.3 s.

4. Concluding remarks

In this study, the significant motions of a single- and a multi-unit FOWT to irregular waves and
combined irregular waves and wind loads are presented. A numerical coupling approach is described
to obtain the hydro- and aeroelastic motions of FOWTs to waves and wind loads. The numerical ap-
proach is implemented in a potential flow solver integrated with finite element analysis, HYDRAN-XR.
HYDRAN-XR is enhanced to include aerodynamic analysis of FOWTs.
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Figure 5 Comparison of the RAOs of the rigid and fully flexible wind-tracing FOWT to combined waves and
wind loads for two wave heading anglesβ = 0◦ and90◦.

First, the rigid body significant motions of a SPAR FOWT to irregular waves, and irregular waves and
wind loads are presented and compared with laboratory measurements and existing numerical solutions.
Very good agreement between the numerical results by HYDRAN-XR and the laboratory measurements
is observed. Next, the rigid- and flexible-body motions of a multi-unit FOWT, the wind-tracing FOWT
to regular wave and combined regular waves and wind loads arepresented and discussed. It is shown that
the flexible structure experiences slightly smaller and larger natural periods in heave and pitch modes,
respectively. Next, the significant motions of the rigid andflexible wind-tracing FOWT to irregular
waves (JONSWAP spectrum) and aligned and misaligned irregular waves and wind loads are presented.
It is shown that the significant motions of the flexible wind-tracing to irregular waves, and combined
irregular waves and wind in surge and heave are larger than its counterparts by the rigid structure.

Determining the complex motions of multi-unit FOWTs to the environmental loads is challenging.
This study indicates that the responses of a rigid multi-unit FOWT to irregular waves and combined
irregular waves and wind loads might be substantially different while considering the flexibility effects
of the entire structure.
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Figure 6 The significant motions of the rigid and flexible wind-tracing FOWT to irregular waves with wave
heading angles0◦ < β < 180◦. The irregular waves are developed with JONSWAP spectrum and modal periods
of Tp = 9.7 s (left column),Tp = 11.3 s (middle column) andTp = 13.6 s (right column).

(a) (b)

(c)

(d)

(e) (f)

(g) (h) (i)

Figure 7 The significant motions of the rigid and flexible wind-tracing FOWT to combined irregular waves and
wind loads with wave heading angles0◦ < β < 180◦. The irregular waves are developed with JONSWAP
spectrum and modal periods ofTp = 9.7 s (left column),Tp = 11.3 s (middle column) andTp = 13.6 s (right
column).
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