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Abstract— This paper summarizes the coupled hydro—aero—
elastic analysis behind the modelling of a multi-purpose floating
structure suitable for offshore wind and wave energy sources
exploitation, built to incorporate properly, the solutions of the
diffraction and the pressure— and motion- dependent radiation
problems around the floating structure and the aerodynamics of
the Wind Turbine (W/T) in the frequency and the time domain.
The floating structure, under the action of regular surface waves,
encompasses an array of hydrodynamically interacting
Oscillating Water Column (OWC) devices consisting of
concentric vertical cylinders, moored through tensioned tethers
as a tension leg platform (TLP) supporting a 5 MW WI/T.
Numerical results concerning the motions of the floating
structure are presented for two water depths at 120m and 200m,
whereas, in addition, for the 120m water depth case the mean
second order loads are given as well.

Keywords— Multi-purpose floating structure, Oscillating water
column device, Wind turbine, Second-order wave loads

I. INTRODUCTION

In the last few years growing interest in developing multi-
purpose offshore renewable energy devices is taking place
worldwide. The main challenge for these devices is to absorb
not only wave but also the wind energy ([1], [2]). The main
disadvantage of wave power, as with the wind from which it
originates, is its random variability in several time-scales,
thus semi-submersible platforms for electricity generation
from the combined wind and wave action could be more
effective than wave energy converters (WEC) alone. Due to
technological similarities to onshore wind energy, the offshore
wind industry is developing quickly. Moreover, as far as the
analysis of such multi-purpose structures is concerned, recent
investigations concerning their numerical and experimental
modelling have been presented in the literature ([3], [4]).

In the present contribution we consider a system of three
identical OWC devices which are placed at the corners of a
triangular floater that supports a 5SMW W/T. The geometric
configuration of each OWC device consists of a partially
immersed toroidal oscillating chamber of finite volume that is
formed between an exterior cylindrical shell and a concentric
interior truncated cylinder, where the TLP tethers are mounted
on. (Figs.1,2). The wave action causes the captured water
column to oscillate in the annular chamber, compressing and
decompressing the air above the inner water surface. In the
centre of the platform a solid cylindrical body is arranged in
order to support a horizontal — axis W/T at the top of a tower.
Detailed data are given in [5] and [6]. The tower of the WT is
cantilevered at an elevation of 10m above the sea water level
(SWL) to the top of the main column of the floating platform.

Fig.1. Multi-purpose floating structure with three OWC devices and a W/T
(image above water surface)
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Fig.2. Multi-purpose floating structure with three OWC devices and a W/T
(image bellow water surface)

The floating structure is exposed to the combined wind
and wave action in 120m and 200m depth waters as an
extension of [7] where only the water depth of 200m was
studied. The tendons stiffness is considered different in the
two water depth cases. Furthermore the mean drift forces of
the floating structure are estimated in frequency domain and
the difference frequency quadratic hydrodynamic forces are
introduced in the time domain solution using Newman’s
approximation.

Il. FORMULATION OF THE PROBLEM
A. Calculation of the velocity potential function

We consider that the multi-body system is excited by a
plane periodic wave of amplitude H/2, frequency ® and wave
number k propagating in water of finite water depth. The
distance between each OWC device is L=50m. The outer and
inner radii of each device’s chamber ¢, q=1, 2, 3, are denoted
by aq bg, respectively (aq=14.05m, bg=14m), whereas the
distance between the bottom of the g device and the sea bed is
denoted by hy=112m for water depth 120m and h,=192m for
water depth 200m. The radius of the interior concentric
cylindrical body in each device g, is denoted by b; (=5m and
the distance between its bottom and the sea bed is h; ;=100m
and h; ;=180m for water depth 120m and 200m, respectively.
The radius of the central cylindrical body that supports the
WIT is ¢=3.25m and the distance between its bottom and the
sea bed is h.=100m and h,=180m for water depth 120m and
200m, respectively (Fig.3 & Fig.4).

Small amplitude waves, inviscid, incompressible and
irrotational flow are assumed, so that linear potential theory
can be employed. A global Cartesian co—ordinate system O—
XYZ with origin on the sea bed and its vertical axis OZ
directed positive upwards and coinciding with the vertical axis
of symmetry of the central body is used. Moreover, three local
cylindrical co-ordinate systems (rq, 6y, Z4), 4 = 1, 2, 3 are
defined with origins on the sea bottom and their vertical axes
pointing upwards and coinciding with the vertical axis of
symmetry of the g device.
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Fig.3. Definition sketch of the g OWC device of the array
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Fig. 4. Definition sketch of the central cylindrical body basing the W/T

The fluid flow around the q = 1, 2, 3, 4 device/body (three
OWCs & one solid body) can be described by the potential
function:

CDq(rq,@q,z;t):Re{¢q(rq,9q,z)~e““’t} )

Following [8] the spatial function ¢ can be decomposed, on
the basis of linear modelling, as:
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Here, ¢0‘7is the velocity potential of the undisturbed incident

harmonic wave [9]; ¢7‘7 is the scattered potential around the g

device/body, when it is considered fixed in waves with the
duct open to the atmosphere, so that the pressure in the
chamber is equal to the atmospheric one (for the OWCs);

¢/[-’p is the motion—dependent radiation potential around the

device/body q resulting from the forced oscillation of the p-th
device/body, p=1,2,3,4, moving with unit velocity
amplitude, X?, with x7 = Re{)'(j{ye”"”’}; @7 is the pressure—
dependent radiation potential around the g-th device/body,
due to unit time harmonic oscillating pressure head,
Pl = Re{,o,’-',70 -e”””}, in the chamber of the i=1,2,3 device
which is considered fixed in otherwise calm water.



The velocity potential of the undisturbed incident wave
system, propagating at angle 8, with respect to the positive x—
axis can be expressed in the cylindrical co—-ordinate frame of
the g—th body as follows [9]:
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The symbols used above are defined in Fig. 3. Here J,, is the
m-th order Bessel function of first kind and Z,(2) is defined

by:
Z,(2) = [0.5[1+ sinh(2kd)/(2kd )ﬂ )

with Zé(d) being its derivative at z = d. Frequency ® and
wave number k are related by the dispersion equation.
The diffraction, i.e. ¢f =d¢¢ + ¢/, q=1,2,3,4, the motion-

dependent radiation potentials around the isolated q
device/body and the pressure— dependent radiation potential
around the isolated q device, when it is considered alone in the
field, are expressed in its own cylindrical co—ordinate system
(rq,eq, z) as follows:
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where p is the water densny.

The potentials ¢j~ (I=q, gp;j=D, 1, ...,6,P;p,q=1,234;

i=1,2,3) are solutions of Laplace's equation in the entire fluid

domain and satisfy the following boundary conditions:
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on the outer and inner free sea surface (z= d), and the zero
normal velocity on the sea bed (z=0) . Moreover, the

potentials have to fulfil kinematic conditions on the mean
device/body’s wetted surface. Finally, a radiation condition
must be imposed which states that propagating disturbances
must be outgoing.

The unknown potential functions ¥*!

imo K=1 1M, TV (see
Eq.6- EQ.8) can be established in each fluid region
surrounding the g-th device/body (see Figs. 3 and 4) using the

method of matched axisymmetric eigenfunction expansions.
Next, the potentials, ¢ 7, 2. (=1, ..., 6) around the body q

of the multi- body configuration due to oscillation of body p,
p=1,2,3,4, in otherwise still water (motion—- dependent
radiation potential) or due to inner time harmonic oscillating
pressure head in the air chamber of the device i, i=1,2,3,
(pressure— dependent radiation potential), can be expressed in
the g—th body's cylindrical coordinate system, as:
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In order to express the potentials, ¢ 7, ¢Z’ in the form of Eq10

(11)

and Eql1, the multiple scattering approach [10], [11] is used.
This method has been further elaborated to solve the
diffraction and the motion— dependent radiation problems
around arbitrarily shaped, floating or/and submerged vertical
axisymmetric bodies in [9] and [12] and for the diffraction and
the pressure— dependent radiation problems for an interacting
array of OWC’s devices in [4], thus it will be no further
elaborated here.

B. Volume flow

The time dependent volume flow produced by the
oscillating internal water surface in g OWC device,q=1, 2, 3,

is denoted by Qq(r 0, zt Re[q” z)~ e”""tJ, where:

q’ —”u as? —”—Zr ar,do,
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Here u, denotes the vertical velocity of the water surface, and

S{ the inner water surface in the q device, q=1, 2, 3.

Assuming that the Wells turbine is placed in a duct
between the q device’s chamber and the outer atmosphere and

that it is characterized by a pneumatic admittance A%, then the
total volume flow is equal to [13], [8]:
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with P?(t) being the pressure drop in the turbine of the g

OWC device. Decomposing the total volume flow, g7, of the
g-th device, same as for the velocity potential (see Eq2) into
three terms associated with the diffraction, g7 , and the
motion— and pressure— dependent radiation problems,
g%, g3, respectively, we can obtained:
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Here:

(14)
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where S”is the inner water surface in the p device, p=1, 2, 3.

The pneumatic admittance AY for the OWCs was
considered as a real and positive number equal to the optimum
coefficient A, of the same restrained OWC device but in

isolation condition as in [13].

C. Hydrodynamic forces

The various forces on the q device/body can be calculated
from the pressure distribution given by the linearized
Bernoulli’s equation:
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where ¢‘7 is the g device’s velocity potential in each fluid
domain I, 111, M and 1V (see Figs. 3 and 4). The horizontal and
vertical exciting forces and moments acting on an array of

OWC devices have been presented in [4].
The motion — dependent hydrodynamic reaction forces and

moments F* (t) acting on the device/ body g, 4=1,2,3,4, in

the i—th direction due to the oscillation of device/ body p,
p=1,2,3,4, in the j-th direction, can be obtained by the
linearized Bernoulli’s equation (Eq. (16)) as:

ap —_ ap A-iet ¢ v P aP R4 —iot
Fr@)="~f"e —'a’PonSfﬁ $’n'dS.e
Here, the generalized normal components niq are defined as
' =(n',n),nj) and F¥xi?=(nf,nd,nd) , with F°

being the position vector with respect to the origin of the
coordinate system, while, ¢;" , is defined in Eq. (2).

The complex form f,* may be recast in the form [14]:

7 =@+ J, o) an

Here, a,‘-jp, b,j”’, are the well- known added mass and

damping coefficients.
In the same way, the hydrodynamic pressure forces and

moments f:’, acting on the device/body q in the i-th

direction due to oscillating pressure head in the 1=1,2,3 device
can be written in the form:

= e+ i) o ”
' 1

Here e,q/, a’;” are the pressure-induced damping coefficients.

The total hydrodynamic forces on the entire multi- body
configuration can be calculated by properly superposing the
corresponding forces on each device with respect to the
reference point of motion, G, of the entire structure (for details
see [12]).

D. Mooring system

The floating structure is moored with a TLP mooring
system of three tendons spread symmetrically about the
platform Z- axis. The body- fixed locations (fairleads) where
the mooring tendons attach the platform are located at the base
of the offset columns, at a depth of 20 m below the sea water
level (SWL). The anchors are located at a water depth of
120m/ 200m below the SWL. Each of the 3 tendons has an
unstretched length of 100m (for water depth 120m) and 180m
(for water depth 200m), a diameter of 0.130m, an equivalent
mass per unit length of 104 kg/m and a submerged weight per
unit length equal to 888.6N/m. The pretension of each tendon
is assumed constant for the two water depth cases and equal to
10800kN. The mooring line stiffness of each tendon Ky, =
108kN/m and k,, = 26533kN/m for water depth 120m and Ky
= 60kN/m k,, =14700kN/m, respectively, for water depth
200m. The mooring tendons properties are listed in Table I.

TABLE |
Mooring System properties

Number of Tendons 3 3
Depth to Anchors Below SWL (Water {120 m 200 m
Depth)
Depth to Fairleads Below SWL 20m 20m
Mooring Line Length, L 100 m 180 m
Mooring Line Diameter, D 130 mm 130 mm
Equivalent Mooring Line Mass Density [104 kg/m 104 kg/m
Equivalent Mooring Line Mass in Water [888.6 N/m  |888.6 N/m
Mooring Line stiffness k,, of each tendon {108 kN/m 60 kKN/m
=T,/L
Mooring Line stiffness k,, of each tendon {26533 kN/m {14700 kN/m
= EA/, A=nD?/4, E: Yeung’s modulus
Pretension of each tendon, T, 10800 kN 10800 kN
E.A (KN) 2.653.300 2.653.300




E. Aerodynamic loading

In the frequency domain formulation, the contribution of
the W/T is projected on the 6 floater motion. This is carried
out in the context of Hamiltonian dynamics with gravity and
aerodynamics being the external forcing. The Blade Element
Momentum theory defines the aerodynamic loading as a
function of the operational conditions and the motions of the
floater that change the effective angles of attack seen by the
blades. By linearizing all terms with respect to the case of zero
floater motions (static equilibrium), additional mass, damping
and stiffness matrices are defined which contribute the W/T
aerodynamic, inertial-gyroscopic and gravitational loading in
the equation of motion (see below equation 19) [15].

F. The time domain problem

The time domain simulations are carried out using the
fully coupled hydro-servo-aeroelastic model hydroGAST
developed at NTUA [16], [17], [18]. hydroGAST is a multi-
body Finite Element Method (FEM) dynamic model of the
complete system. The aerodynamic loading is based on a
Boundary Element Method (BEM) formulation, the
hydrodynamic loading is based on linear potential theory
including the quadratic viscous drag term from the Morison’s
equation and the mooring tendons are modelled as co-rotating
non-linear truss elements. The drag coefficient for the
evaluation of the quadratic drag in Morison equation was
assumed to be equal to 0.6 for the cylindrical columns and 4.8
for the bottom surfaces. Code-to-code verification of
hydroGAST has been carried out within the context of the
OC4 IEA Annex [19], [20]. In the present work the 2™ order
effects have been added. To this end, the mean drift forces and
moments have been obtained from the frequency domain
solution and the loads corresponding to the frequency
difference quadratic terms as defined in Newman’s
approximation [21] have been added.

I1l. RESPONSE AMPLITUDE OPERATORS (RAQO’S)

The investigation of the dynamic equilibrium of the forces
acting on the moored multi — body system (OWC devices and
W/T) leads to the following well — know system of differential
equations of motions, describing the couple hydro-aero-
elastic problem of the investigated moored multi—-purpose
floating structure in the frequency domain [22]:
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where M, ;and C;; are elements of the (6x6) mass and
stiffness matrices of the entire configuration; A4 ;, 5, ;, are the

hydrodynamic masses and potential damping of the entire
configuration; ~; are the exciting forces acting on the multi-

body system at the i-th direction; F,, are the pressure
hydrodynamic forces acting on the multi-body system at the
i-th direction; X, is the motion displacement of the entire

OWC system at the j—th direction with respect to a global co —
ordinate system G; M"T, B"™ and C"", are the mass, damping
and stiffness which contribute the W/T aerodynamic, inertial-
gyroscopic and gravitational loading respectively, while
Crooring IS the mooring lines stiffness matrix.

The RAQ’s can be estimated from time series data from
the following equation:

Pxy (@)|

Pxx (@)

where P, is the auto power spectral density and Py, is the
cross spectral density. x refers to the input (wave elevation)
and y to the output (each motion). Py, Py, are calculated using
Welch’s method [23] with a sufficient number of data split
and 50% overlap between the split data parts. The time
domain simulations lasted 3600sec - the first 600sec are
excluded — assuming a uniform wind speed and white noise
waves of 1m significant wave height.

RAO(w) = (20)

IV.MEAN AND SLOWLY - VARYING SECOND -
ORDER WAVE LOADS

By making use of the momentum conservation principle
the expressions for both horizontal and vertical mean drift
forces and the corresponding pitching moments are given by
[24]:
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Here, time averages over right hand side of the above
equations are understood, k, i and j are the unit vectors in z—,
x— and y-axes respectively, n is the unit normal vector
oriented outwards from the fluid control volume, x is the
position vector of a point on the control surfaces with respect
to the coordinate system of the examined device and the
assumption was made that the sea bottom is horizontal.

Moreover, Sg is the sea bottom, Sgs the portion of the free
surface enclosed between S, and the fixed vertical cylindrical

control surface Sg surrounding each device/body of the array,
which in the present contribution it is assumed to coincide in
the radial direction with the mean wetted surface of each
device.



The complete representation of the velocity potential
around the device/body has to be taken into account by
including both wave-like and evanescent wave modes [24].
Drift loads on the individual devices are properly
superimposed with respect to a global co-ordinate system in
order to evaluate the drift loads on the entire multi-body
configuration considered as a unit.

Having calculated the mean second-order drift loads in
regular waves, the time history of the slowly-varying second-
order force FX(Z) (t)can be approximated using the Newman’s

relation [21]:

FO (1) ‘L(+)(tx2 _‘LH (t)12 (23)
where:
L®(t)= Re{i Ane' o)1 2R (a, )];} (24)

The signs in (24) have been introduced for the case that the
quantity under the square root is negative. Moreover,

Ay = 25 (0 Moz

where S; (w) is the wave spectrum at the installation site, gp,
arbitrary phase angle associated with the wave frequency wp

and R(®, )= F(z)Xo (o, )/(H /2) is the mean drift force

in regular waves, see Egs. (21) — (22), pro square of wave
amplitude for a wave frequency wy,.

(26)

V. NUMERICAL RESULTS

A. Eigen values

In Table Il the first 12 eigenvalues of the coupled system
are presented, as provided by hydroGAST for both water
depths. In the flex case, the flexibility of the W/T’s members
(tower, shaft, blades) is considered, while in the rigid case the
members are stiff.

As expected, the frequencies of the floater’s rigid motions
are higher at the water depth of 120m compared to the depth
of 200m, due to the increased stiffness of the tendons (see
table I).

The main differences, between the rigid and the flex case
for both depths, are: the reduction of the roll/pitch natural
frequencies from 0.42Hz to 0.3Hz at 120m and from 0.3Hz to
0.25Hz at 200m, as well as the presence of the tower fore-aft
and side-to-side frequencies at ~1.02Hz and ~0.85Hz
respectively. Flexibility is important in the TLP case due to
the strong coupling between the roll/pitch motion and the
side-to-side/fore-aft bending moments of the tower. The
modes of the blades and of the drive train (shaft) are not
coupled with the motions of the floater, so they remain almost

unchanged in the two water depths and not expected to appear
in the RAOs of the floater motions.

It is noted that for stable TLP design, the surge, sway and
yaw natural frequencies should be less than 0.05Hz and the
heave, roll and pitch frequencies should be above 0.2 to
0.25Hz, which is the frequency range of a common wave
spectrum.

TABLE II
Coupled system eigen values [Hz]

Depth 120m Depth 200m
Mode description flex rigid flex rigid
Platform Surge 0.042| 0.042| 0.026| 0.026
Platform Sway 0.042| 0.042| 0.026| 0.026
Platform Yaw 0.044| 0.044| 0.028| 0.028
Platform Roll 0.294| 0.419| 0.244| 0.301
Platform Pitch 0.296| 0.420| 0.245| 0.301
Platform Heave 0.821| 0.824| 0.569| 0.569
1st Drive train Torsion 0599| - 0.585| -
1st Blade Flapwise Yaw 0.635| - 0.634| -
1st Blade Flapwise Pitch 0.665| - 0.653| -
1st Blade Collective Flap 0.708| - 0.702| -
1st Tower Fore-Aft 1.016| - 0.854| -
1st Tower Side-Side 1.024| - 0.861| -

B. RAO’s

In previous works [25], [7] it was concluded that the
RAQ’s were consistently predicted by the frequency and time
domain methods. The main difference was observed in the roll
and the pitch RAO’s which was attributed to the absence of
coupling between these two motions with the tower bending
modes in the frequency domain method, as long as the
flexibility of the system is not included. In the present paper,
the RAQO’s predicted by the time domain method are presented
for two water depths at zero wind speed (and no rotation) and
at the rated wind speed of 11.4m/s for zero wave heading
angle.

The change in depth leads to different stiffness of the
tendons and by that to frequency shifts in the RAOs. The
natural frequencies of table Il are clearly depicted in figures 5
to 10. Since the wave is considered propagating along the
longitudinal (surge) direction, the lateral motions sway and
roll are less excited and only through couplings. The
aerodynamic influence is clearly seen in the reduction of the
pitch motion at the natural frequency (Fig. 9) and in the
increase of the yaw motion due to the gyroscopic effect (Fig.
10). At 120m depth the heave amplitude is reduced and in turn
the OWC is expected to produce more energy (Fig. 7), while
the roll and the pitch natural frequencies are well above the
wave frequency range.
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C. Mean surge and sway drift forces and yawing moment

The steady drift forces are plotted in Figs. 11 to 13 as a
function of the incident wave frequency (rad/s) and are
rendered dimensional for atmospheric air pressure inside the
air chambers. Each graph includes results for the surge, sway
and yaw motions for four wave headings, 0, 30, 60 and 90
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Fig. 8. Roll RAO for 120m and 200m water depth at Om/s and 11.4 m/s wind
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Fig. 10. Yaw RAO for 120m and 200m water depth at Om/s and 11.4 m/s

wind speeds.

degrees respectively. The water depth is 120m. The surge drift
force in Fig. 11 increases when the wave heading decreases.
The opposite happens for the sway drift forces in Fig. 12. In
Fig.13 it is depicted that the yaw moments for 30 and 90
degrees are symmetrical, due to symmetry of the floating
structure every 120deg.
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D. Linear vs Newman’s approximation

In order to identify the importance of the 2™ order wave
hydrodynamic loads on the behaviour of the present TLP
floating wind turbine designs, two normal turbulence load
cases are simulated, corresponding to wind speeds 11.4m/s
(rated) and 18m/s respectively. Newman’ approximation for
the evaluation of the second — order forces has been used. The

runs correspond to cases with the 2" order loads (Newman)
and without (linear). By anticipating that differences will
appear in case of high wave amplitudes, in both simulations
the sea state is defined by a Jonswap wave spectrum with
significant wave height equal to 9m and peak period equal to
12sec with wave heading angle 30°, at 120m water depth.

As expected, the consideration of the second - order
difference frequency loads increases the mean values of the
surge and the sway motions, as presented in table Il for both
wind speeds. The similar standard deviations justify that the
general behaviour of the floating structure is not affected by
the inclusion of the 2" order hydrodynamic loads and also
explain the increase of the maximum values, caused by the
increased mean positions. The heave, roll and pitch motions
remain almost unchanged and so are not presented.

In Fig. 14 the Power Spectral Density (PSD) of the first-
order exciting force is compared against the PSD of the
second-order difference-frequency load from the Newman’s
approximation in the surge direction. Although the 2" order
wave force in the wider range of wave frequencies is 3 to 4
orders less compared to its first-order counterpart, in the low
frequency regime becomes higher than the 1% order force.
That is why the surge and the pitch motions at low frequencies
are increased when 2" order hydrodynamic loads are included
(Figs. 15 and 16). As far as particularly the pitch motion is
concerned (Fig.16), it has to be pointed out that the second
order contributions are solely due to surge-pitch couplings, i.e.
no mean second-order pitch moment has been considered in
the present formulation. The yaw motion is less affected by
the 2" order yawing moment as shown in Fig. 17. However,
the differences in the PSD’s of the surge and pitch motions at
low frequencies due to second — order wave effects seem to be
not important in calculating the total induced loads on the
WIT, as the latter differ by less than 0.5% when compared to
their counterparts obtained on the basis of linear wave loading
(not presented in the paper for the sake of space economy).
This behaviour can be traced back to the fact that the low-
frequency spectral wave energy content is approximately two
orders of magnitude lower than its maximum at ~0.08Hz. The
latter however, dictates the dynamic loads on the W/T due to
the wave action.

TABLE Il
Statistics comparison of surge, sway and yaw motions.
11.4 m/s
Linear Newman
max mean std max |mean std
Surge [m] 12.24 2.13 410 12.94 2.81 4.13
Sway [m] 6.47 0.23| 245 672 0.50| 2.46
Yaw [deg] 7.46 0.14 2.42 7.26 0.23 2.44
18 m/s
Surge [m] 11.77 1.41 410 12.38 2.09 414
Sway [m] 6.46 0.21 2.47 6.71 0.48 2.48
Yaw [deg] 7.17 -0.03| 242 7.06 0.06| 243
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Inclusion of the full difference-frequency quadratic terms
could further increase the differences, as is also indicated in
[26], for a spar buoy floater though. Also the sum-frequency
second — order terms could be of significance in the TLP case
in studying especially the tendons fatigue life.
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Fig. 17. PSD comparison of the yaw motion with and without the inclusion of
the 2" order difference frequency force from Newman’s approximation for
11.4m/s wind speed. Note that above 0.06 Hz the two PSDs are identical.

VI.CONCLUSIONS

A TLP floater supporting the National Renewable Energy
Laboratory (NREL) 5MW WT and 3 OWC devices has been
analyzed. If the flexibility of the tower is considered the roll
and the pitch natural frequencies are reduced and the tower
mode is also depicted in the corresponding RAOs. For this
design, RAQO's of the complete system have been calculated
using time domain simulations for water depths of 120m and
200m at zero and rated wind speed. The aerodynamic
damping reduces the pitch RAO, while the gyroscopic effects
increase the yaw RAO. Differences with respect to the water
depth are linked to the different stiffness of the tendons.
Moreover numerical results concerning the mean drift loads
exerted on the floating structure for the 120m water depth case
are calculated in the frequency domain using the momentum
conservation principle. The mean drift loads are then used by
the time domain method in order to include the 2" order
difference frequency loads using Newman’s approximation.
The influence of the second-order loads is visible in the PSD
of the surge and the sway motions for low frequencies from 0
to 0.06 Hz. In most of the relative figures, the first-order
results (linear - black solid line) are below the ones obtained
by including the second-order difference-frequency wave
excitation (Newman - red dashed line). However, the effect of
the low - frequency second-order motion components on the
induced loads on the W/T seems to be not important in the
particular design as the latter differ by less than 0.5%
compared to their linear counterparts. Thus, the consideration
of the 2" order hydrodynamic difference — frequency loading
terms in evaluating the coupled dynamic behavior of the
proposed TLP design seems to be not important.
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