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Abstract. Motion and hydroelastic responses of floating offshore vtiimtdines (FOWT) to irregu-
lar waves and wind loads are studied by use of a numericaliog.gpproach in frequency domain.
The hydrodynamic and aerodynamic loads on the structurelsiegned by linear wave diffraction
theory and the steady blade element momentum method, tegheand the structural responses
are computed by finite element method. Rigid body responsasSt?’AR to combined irregular
waves (JONSWAP spectrum) and steady wind are computed amglazed with existing laboratory
measurements. Good agreement between the computed respdtise structure and existing lab-
oratory data is observed. Next, the rigid and hydroelasponses of a new concept of FOWT,
where multiple towers are placed on the floating platfornirregular waves and wind are studied.
The FOWT consists of an equilateral triangular platformt thgports three 5 MW NREL wind
turbines on its corners. The FOWT is attached to the seahibdwviet-bearing system that allows
for the rotation of the structure in response to environ@doads, hence wind-tracing FOWT. It is
found that the hydroelastic motions of the wind-tracing FOWsults in significant changes on its
heave and pitch responses compared with its rigid body m®tio

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

1. Introduction

Determining the complex dynamics of a FOWT due to the enwiremntal loads, namely waves, cur-
rent and wind loads is challenging. The aerodynamic loadk®notor and the tower, the hydrodynamic
loads of waves and current on the substructure and the ngolimigs, and the restoration forces by the
mooring lines on the structure results in coupled motionksdeiormations of a FOWT. For instance, the
aerodynamic load on the rotor of a FOWT is influenced by thdanaif its substructure,.e. the mo-
tions of the platform impacts the direction of the incomirayflto the rotor, hence the power production
and the efficiency of the wind turbine. Furthermore, eld@stiof the blades, tower, and the substructure
can significantly influence the responses of a FOWT to the@mviental loads.

Several numerical coupling approaches have been developgproximate the environmental loads
and the motions of a FOWT. Commonly, the coupling humerigalst are limited to elasticity analysis
of mainly the rotor and the tower, see [1] and [2] among othEl®vever, possible resonant behaviour
of the substructure might occur if the natural frequenciab®floating structure falls near or within the
wave energy spectrum resulting in structural deformatidtrerefore, the coupling between the elastic-
ity of the entire structure and the environmental loads khoel considered. Hydroelastic analysis is also
required when we are interested in structural analysis (etprmining the stress and deformations). A
multi-unit FOWT is an emerging concept in offshore wind gyesee for instance [3], [4] and [5]. The
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multi-unit FOWTSs consist of a large platform that suppodsesal wind turbines on it. Due to the large
size of the substructure, the elastic responses of thetisteuare particularly of significant importance
and must be considered to obtain their motions to the enviemtal loads.

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

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

2. Theory & the numerical approach

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

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

The wave-interaction with the substructure of a FOWT isisthdby linear diffraction wave theory.

In this approach, the total load on the substructure is the sluthe external hydrodynamic pressure
force and the hydrostatic and mooring lines’ restoratiocds. The equation of motion of a floating
structure in the absence of wind is,

é.] [_wQ(MZj + az_]) + ZW( bz]) + ( Cij,moor + CZ_])] = AXZ7 7’7] = 17 27 e 67 (1)

wherew is the wave frequency ary is the complex body response phasor in mgda/;; is the modal
structural mass matrix, and;, b;; andc;; are the added mass, hydrodynamic damping and hydrostatic
stiffness coefficient matrices, respectively; is the amplitude of wave excitation force divided by the
wave amplituded and is presented in complex form. The mooring lines are nedl@ls springs with
restoring coefficients af;; ;noor-

The aerodynamic load on the rotor of a FOWT is computed byebdment momentum method
(BEM). In this study, with a focus on quasi-steady aerodyicdads on the rotor, the wind speed is
constant and the incoming wind is xadirection and axisymmetric with respect to the rotor. Tineist
force on the rotor of a FOWT is a function of the incoming winmksd and the relative motion of the
rotor along the direction of the incoming wind,

1
T(V;“el) = EPATCT(W2|)> (2)
wherep is the air densityA,. is the projected rotor area, ang- is the thrust coefficient. Moreovelre

is the relative incoming wind speed to the rotor and is comgbaisV;e) = 1V — V3, with V andV}, are the
incoming wind speed and thecomponent of the structure velocity at the hub centre,eetdely. In
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frequency domain, assuming that the motion of the structueeto the incoming wind is restricted to the
xz-plane, thex-component of thé’, isiw (&1 +&5 (2, —2¢9) ), Wherez;, andz.4 are the vertical coordinates
at the hub and the centre of gravity, respectively. Equg@)mnvith smalll}, can be approximated with

Taylor series,

T(Voat) = 504, Cr(V3) — pA, Cr (Vi il + E(21 — 72y))) ®)

Equation (3) indicates that the total thrust force on a FO¥/fhé sum of excitation force by the incom-
ing wind on a fixed rotor, the first term on the right-hand sidé the harmonic force by the aerodynamic
damping effect due to the relative motions of the structlwagthe direction of the incoming wind, the
second term. The aerodynamic damping force can be rewstien(&; + &5(2n, — 2cq))pCr Vo, Where
pCrVy represents an aerodynamic damping coefficient for a FOW/I,,. 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 windddadrequency domain, the
aerodynamic forces on the rotor should be added to the equatimotion, Eq. (1). Of the two terms
of the total thrust force on a FOWT, Eq. (3), the forces dué&aerodynamic damping are harmonic.
Hence, we need to approximate the aerodynamic excitatiose fon the fixed rotor by a harmonic
function with the same frequency as the incident waves.eSime integrated aerodynamic normal force
over the rotor acts at the hub centre and it is transferreldetdawer top, and the cross-section at the top
of the tower is circular, we can obtain the phase angle ofxb#ation aerodynamic force following the
same approach as presented by MacCamy and Fuchs (1954Qr[@Jave-interaction with a circular
cylinderi.e.

1
Frw = §CTPVO2A7~ cos(wt — Saero), (4)

where F v is the aerodynamic excitation force on a rotor in surge @pf, is the phase angle of the
inline force:

!

Yl(kTO)]
Jy(kro)”’

wherek is the wave number;, is the top diameter of the tower an(kr) andY;(kr) are the Bessel
functions of the first and the second kind of orderespectively.

The excitation aerodynamic load vectdty,, and the aerodynamic damping matrscro mat ON
the rotor are added to the right-hand side and the left-hatea$ the equation of motion of a floating
platform in frequency domain, Eq. (1), respectively. Thetiores of a FOWT to combined waves and
wind loads are determined as,

daerd ko) = —tanfl[

(5)

&j[—w?(M;j +aij) +iw(bij + Baeromat ) + (Cijmoor + ¢ij)] = AXi + Fw, 4,5 =1,2,---m. (6)

For hydro- and aero-analysis of a FOWT, a finite element motithe complete structure is pre-
pared and the mode-shapes of the FOWT are determined. The-shages of the fully flexible FOWT
are added as generalized modes to the rigid-body degree=ediim of the structure. Moreover, the hy-
drostatic restoring coefficients of a flexible FOWT are cotedwvith a complete formulation developed
in [10] and includes the effects of both changes in the hydtimspressure and the structural geometric
stiffness.

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

The hydro-aero-elastic motions of two FOWTs, namely a SPARME and a multi-unit FOWT
to irregular waves, and combined irregular waves and wingl,paesented. The irregular waves are
developed by adopting JONSWAP spectrum with three modakwpariods, shown in Fig. 1. In this
section, first, the significant motions of the rigid SPAR FOWTrregular waves and combined irregular
waves and steady wind are computed with the results of HYDR¥®Nand compared with laboratory
measurements and available numerical results. Next, thg-umit FOWT is described and its rigid-
and flexible body motions to waves (regular and irregulari @@mbined waves (regular and irregular)
and wind loads are provided. The SPAR and the wind-tracing/fF®are with8082 and9792 constant
source fluid panels, respectively. The simulations are wcted on a desktop machine with Intel Core
i5, 3.20 GHz CPU and2 GB memory and took approximately5 hours for the SPAR FOWT antl
hours for the wind-tracing FOWT, respectively.

)
[
S

\
50 1 \,

JONSWAP Spectral density (m?.s
S
o

0 5 10 15 20 25 30
Period (s)

Figure1 The JONSWAP frequency spectrum with three modal peridgss 9.7 s,7, = 11.3 s andl}, = 13.6s
with cut-off frequency ofl .25 rad/s.

3.1. TheSPAR FOWT

In OC3 project [12] a SPAR FOWT supportinggaMW NREL wind turbine [13] is introduced and
studied. Ahn and Shin [14] conducted laboratory measurgsram motions of a model of the SPAR
FOWT with a scaling ratio ofl : 128 to regular and irregular waves with parked and operatingdwin
turbine. In these experiments, the incoming wind speed(87 m/s with operating model rotor at
136.9 rpm corresponding to the rated wind speed ofilMW NREL prototype,11.4 m/s and operating
prototype rotor ai2.1 rpm. The irregular waves are modelled with the JONSWAP spattvith three
modal wave periods];,, = 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 ifsggaaves and rated wind speed, and
computed the responses of the structure to the same endrdalioading by an in-house numerical
model at University of Ulsan, namely the UoU+FAST v8 numafriool.

The rigid SPAR FOWT is modelled with respect to its prototgii@ensions in HYDRAN-XR. The
mass matrix, viscous damping coefficients, and the pragseetnd configuration of the mooring lines
are defined as given in [12]. Shown in Fig. 2, the significantioms of the structure to irregular
waves and combined irregular waves and windllat m/s are computed and compared with laboratory
measurements and numerical results of [14]. The numesgsalts by HYDRAN-XR are in a very good
agreement with the laboratory measurements for combimegdular waves and wind loads. However,
considering the irregular wave loads with wave period/pf= 13.6 s, the numerical results of both
HYDRAN-XR and UoU+FAST v8 are overestimated compared whth laboratory measurements.
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Figure 2 Comparison of the significant motions of the OC3 SPAR FOWTrtegular waves, and combined
irregular waves and wind loads computed by HYDRAN-XR, arimblatory measurements and numerical results
by UoU+FAST v8 of Ahn& Shin [14]. The irregular waves are developed with JONSWAESpmM and modal
periods off,, = 9.7 5,7, = 11.3sandl}, = 13.6 s.

3.2. Thewind-tracing FOWT

In this section, the responses of a multi-unit, wind-trgcFOWT to combined waves and wind
loads are presented. In this study, first, a short discussiprovided on the motions of the wind-tracing
FOWT to regular waves and combined regular waves and wirdslo&lext, the significant motions
of the rigid and the flexible structures to irregular wavegf{dONSWAP spectrum) and combined
irregular waves and wind loads are presented and discu3$edaerodynamic loads on the rotors and
the towers are computed for incoming wind speetilat m/s and rotor operating a.1 rpm.

The wind-tracing FOWT introduced in [15] consists of an daperal triangular platform that sup-
ports three5 MW NREL wind turbines at its corners. The water ballast idriisted within closed
compartments in the columns and at the middle of the pontddimeensions and the wall thicknesses
of the columns and the pontoons are described in [5] and [IB& pontoons ar@.2 D, long, where
D, is the diameter of the rotors. The length of the pontoonsésifipd such that the interaction of the
rear and the front wind turbines on the wind-tracing platfas minimized. The wind-tracing FOWT is
connected to a turret-bearing system, submerged undelatierm. The turret-bearing mooring system
allows the structure to rotate to the direction of the domirincoming wind load with respect to the
turret. Finally, the turret is moored to the seabed with fcatenary mooring lines, see [16] for more
details. The mode-shapes of the wind-tracing FOWT and itkdefastic responses to regular waves,
and aligned and misaligned regular waves and wind loadsinaestigated and discussed in detail in
[17]. In a parametric study, [17] the motions of the windetrey FOWT with several configurations of
the turret-bearing mooring system are investigated. Foptkferred configuration of the mooring sys-
tem, the turret is submerged fér under the platform, wheré = 16 m is the draft of the wind-tracing
FOWT and a distance af/6 L from the rear column, wherg is the horizontal distance between the rear
column and the front pontoon.
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Figure 3 Schematic of the wind-tracing FOW.indicates the wave heading angle.

The finite element model of the wind-tracing FOWT is prepaaad its hydro- and aeroelastic mo-
tions, and significant responses to waves, and combinedsveaawind loads are obtained. The gov-
erning equation of motion, Eq. (6) is solved fdrmodesj.e. six rigid body modes and four generalised
modes representing the first four dry modes of the FOWT. Theidered generalised modes are mainly
dominated by edgewise and flapwise deflections of the blauthe side-side deflections of the towers
where the deflection along the pontoons are very small; s8efgt more details. The dry natural pe-
riods of the model included were betwe&® s and6.5 s. The wet natural periods of the wind-tracing
FOWT at its first four generalised modes occur in short wave@de and arer.208 s, 7.244 s,7.92 s
and7.988 s. In this study, the wind load is orthogonal to the rotor areltbwer, and the wave heading
angle changes to represent misaligned wave and wind logglg:eB 4 and 5 show the comparison of the
response amplitude operators (RAOs) of the wind-tracingVHQo regular waves, and regular waves
and wind loads for wave heading angles- 0° andg = 90°.

Shown in Fig. 4, the surge RAOSs of both rigid and flexible stutes are comparable for both wave
heading angles. The surge motions of the structure is l&mghe incident waves with zero wave heading
angle compared to those with= 90°. Furthermore, the flexible structure undergoes some sreakgp
for 7s< T < 10 s, where the four generalised wet natural periods of the swaxing FOWT are. The
heave RAOs of the rigid and flexible wind-tracing FOWT aregneement for wave periods smaller than
approximatelyl7 s. The heave responses of the rigid structure for both waadihg angles undergo
three peaks at approximate.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 conglibetween the heave and roll and pitch
in heave motions of the flexible wind-tracing FOWT is not afved and the flexible body heave RAOs
experience only a peak 26.74 s, the heave natural period of the flexible wind-tracing FOWe pitch
RAOs of the structure fof = 90° are slightly smaller than the pitch motions for headseamil&i to
the heave motions of the rigid structure, the rigid-bodgipRAOs show two peaks 20.44 s and21.42
s. In contrast, the flexible wind-tracing FOWT undergoes akpet21.10 s, the pitch and roll natural
periods of the flexible wind-tracing FOWT.

The surge motions of the flexible wind-tracing FOWT due to borad waves and wind loads are
larger compared with its rigid-body counterparts, see Fid-urthermore, the peaks of the flexible wind-
tracing FOWT in surge at the vicinity of its generalised watunal periods are slightly larger compared
with the rigid body. Moreover, the addition of the aerodymaforces 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 irregueaves (JONSWAP spectrum) and
combined irregular waves and steady wind loads are comgatealigned and misaligned waves and
wind loads with0° < 8 < 180°. The significant motions are presented as a function of tive Wwaading
angles and for three modal wave peridds= 9.7 s,T,, = 11.3 s and7,, = 13.6 s, in Figs. 6 and 7
for waves and wave-wind combined conditions, respectivéymmonly, the significant motions of the
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Figure 4 Comparison of the wave-induced RAOs of the rigid and fullyifde wind-tracing FOWT for two wave
heading angleg = 0° and90°.

structure in surge, heave and pitch increase as the moda& peniod increases. The motions of the
flexible FOWT in surge are slightly larger than the rigid witndcing FOWT at the three modal wave
periods. Similarly as shown in Fig. 4, at the modal wave pisjo.e. 7, = 9.7s,7, = 11.3 s and
T, = 13.6, the surge RAOs of the flexible structure to wave loads agetahan the rigid wind-tracing
FOWT. Regarding the heave significant motions, the diffeedretween the flexible and rigid structures
is the largest &I, = 13.6 s, where the flexible structure shows larger significant omsti Moreover, the
pitch significant motions of the rigid and the flexible windding FOWTs agree well fof < 60° and

B > 110°, while for 60° < 8 < 110° the flexible structure undergoes smaller significant pitciioms
compared with the rigid structure.

Shown in Fig. 7, due to the addition of the aerodynamic lo#ttks significant motions of the rigid
structure in surge are slightly smaller than its countdspay the flexible wind-tracing FOWT. Since the
aerodynamic forces on the structure are parallel wigtxis, and act irxz-plane, the significant heave
motions of the structure experience very small changesotitree modal wave periods compared with
the heave motions due to wave loads, presented in Fig. 6.aMerethe pitch significant motions of the
rigid wind-tracing FOWT are smaller in comparison with thextble structure for modal wave periods
T, =9.7sandl, = 11.3s.

4. Concluding remarks

In this study, the significant motions of a single- and a rautit FOWT to irregular waves and
combined irregular waves and wind loads are presented. Aerivah coupling approach is described
to obtain the hydro- and aeroelastic motions of FOWTs to waared wind loads. The numerical ap-
proach is implemented in a potential flow solver integratdti finite element analysis, HYDRAN-XR.
HYDRAN-XR is enhanced to include aerodynamic analysis of\F(3.
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Figure 5 Comparison of the RAOs of the rigid and fully flexible windting FOWT to combined waves and
wind loads for two wave heading anglés= 0° and90°.

First, the rigid body significant motions of a SPAR FOWT tegular waves, and irregular waves and
wind loads are presented and compared with laboratory msasumts and existing numerical solutions.
Very good agreement between the numerical results by HYDR&\and the laboratory measurements
is observed. Next, the rigid- and flexible-body motions of @tirunit FOWT, the wind-tracing FOWT
to regular wave and combined regular waves and wind loadsrasented and discussed. It is shown that
the flexible structure experiences slightly smaller anddanatural periods in heave and pitch modes,
respectively. Next, the significant motions of the rigid dtekible wind-tracing FOWT to irregular
waves (JONSWAP spectrum) and aligned and misaligned ilaeguaves and wind loads are presented.
It is shown that the significant motions of the flexible wimdeing to irregular waves, and combined
irregular waves and wind in surge and heave are larger teaoitnterparts by the rigid structure.

Determining the complex motions of multi-unit FOWTSs to thevieonmental loads is challenging.
This study indicates that the responses of a rigid multi-B@WT to irregular waves and combined
irregular waves and wind loads might be substantially cffie while considering the flexibility effects
of the entire structure.
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