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Abstract: The present paper deals with the development of a multi-purpose floating tension leg
platform (TLP) concept suitable for the combined offshore wind and wave energy resources ex-
ploitation, taking into account the prevailing environmental conditions at selected locations along
the European coastline. The examined Renewable Energy Multi-Purpose Floating Offshore System
(REFOS) platform encompasses an array of hydrodynamically interacting oscillating water column
(OWC) devices, moored through tensioned tethers as a TLP platform supporting a 10 MW wind
turbine (WT). The system consists of a triangular platform supported by cylindrical floaters, with
the WT mounted at the deck’s center and the cylindrical OWC devices at its corners. Details of
the modelling of the system are discussed and hydro-aero-elastic coupling between the floater; the
mooring system; and the WT is presented. The analysis incorporates the solutions of the diffraction;
the motion- and the pressure-dependent radiation problems around the moored structure, along
with the aerodynamics of the WT into an integrated design approach validated through extensive
experimental hydrodynamic scaled-down model tests. The verified theoretical results attest to the
importance of the WT loading and the OWC characteristics on the dynamics of the system.

Keywords: floating offshore wind turbine; oscillating water column devices; TLP; coupled hydro-
aero-elastic analysis; European coastline; experimental model tests

1. Introduction

Europe added 2.9 GW of offshore capacity during 2020. This brought a total installed
offshore wind capacity of 25 GW, corresponding to 5420 grid-connected wind turbines
across 12 countries. The average size of offshore wind turbines (WT) amounts to 8.2 MW,
0.5 MW larger than in 2019, with an average distance to shore 52 km and an average water
depth of 44 m [1]. According to [2], 323 GW of cumulative wind energy capacity would be
installed in the European Union (EU) by 2030 (i.e., 253 GW onshore and 70 GW offshore)
supplying up to 24% of electricity demand. These trends show that the number of offshore
farms will increase rapidly, installed into deeper waters and further away from the shore.
Concerning the recoverable wave energy exploitation over 0.6 MW capacity installed at the
end of 2019, an increase of 25% compared to 2018 [3], whereas the ocean energy industry
estimates that 100 GW of capacity can be deployed in Europe by 2050 [4].
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Costs for offshore wind and wave energy exploitation continued to fall in 2019. How-
ever, the levelized cost of energy (LCOE) of offshore wave energy remained much higher
(i.e., to a value of around 0.6 EUR/kWh) compared to the corresponding cost of offshore
wind (i.e., 0.115 EUR/kWh) [5]. One promising alternative to reduce the cost and increase
the performance of renewable technologies is the investigation of the technological and
economic feasibility of hybrid systems, combining offshore wind turbines with wave
energy converters (WEC) and/or hydropower plants [6–8] into one hub. Such systems
can represent a cost-effective engineering solution by increasing the anticipated energy
extraction to production cost ratio when compared to the corresponding one applicable
to separate exploitation of offshore wind and wave energy sources [9]. Specifically, as
the wind and wave energy converters can share common infrastructure (the floater, the
electrical cable and the power transfer equipment) costs related to infrastructure, mooring,
foundation, transmission, connection to the grid, operation and maintenance (O&M) are
shared. In addition, the ecological footprint of a hybrid structure is expected to be lower
than that of separate technologies. Also, the hybrid exploitation of offshore wind and
wave energy resources is enhanced since the swells continue after the wind has declined,
reducing the time periods of zero electricity production.

Although this type of hybrid system is still far from commercial use, several concepts
based on the oscillating water column (OWC) principle have been reported in the marine
sector in an early stage of application, e.g., [10–12], to name a few. Furthermore, numerous
studies on hybrid systems capable of harnessing simultaneously the wind and the wave
energy sources have been reported in the literature in the last few years. Aubault et al. [13]
proposed a floating foundation for multi-megawatt WT combined with an OWC device
and performed a numerical analysis validated through relevant experiments. Mazarakos
et al. [14,15] presented a coupled hydro-aero-elastic analysis of a multi-purpose tension
leg platform (TLP), encompassing three hydrodynamically interacting OWCs, suitable for
supporting a 5 MW WT. The analysis concerned numerical and experimental modeling of
the system. Katsaounis et al. [16] presented an experimental investigation of the hydrody-
namic behavior of a TLP triangular platform supporting a 5 MW wind turbine and three
OWC devices. The surge response of the platform was experimentally verified, together
with the resulting pressures and air fluxes inside the OWC chamber and the dynamic
mooring line tensions. Additionally, in [17] a coupled hydro-aero-elastic analysis of the
latter hybrid structure was presented to incorporate properly the solutions of the diffraction
and motion radiation problems around the floater and the aerodynamics of the WT in the
frequency and time domain, whereas in [18] a parametric study in the frequency domain
was conducted concerning the effect that the number of OWCs of the hybrid structure has
on the system’s efficiency. In addition, Sarmiento et al. [19] presented an experimental
work to validate the hydrodynamic performance of a floating triangular semisubmersible
structure combining three OWCs with a 5 MW WT, using a conventional catenary mooring
system. Contrary to the floating hybrid systems, the case of a bottom mounted hybrid
system has also attracted scientists. Specifically, Perez-Collazo et al. [20,21] carried out an
experimental investigation of an OWC attached to a monopile WT support structure. A
mathematical model analyzing the hydrodynamics of a novel OWC consisting of a coaxial
cylindrical structure forming a mono-pile in order to support a WT has been developed
and experimentally validated by Michele et al. [22]. Recently, Zhou et al. [23] investigated
numerically and experimentally the hydrodynamic performance of an oscillating water
column WEC, integrated into a monopile-mounted offshore WT, whereas Cong et al. [24]
presented a detailed numerical analysis for the case of an OWC integrated into a 5 MW WT
in both regular and irregular sea states.

The Renewable Energy Multi-Purpose Floating Offshore System (REFOS) structure
encompasses an array of hydrodynamically interacting OWC devices, moored through
tensioned tethers as a TLP platform supporting a 10 MW WT. The system consists of a
triangular platform supported by cylindrical floaters with the WT mounted on a supporting
central cylinder at deck’s center and the cylindrical OWC devices at its corners. The OWC
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consists of two concentric cylinders, with the water entering through the subsurface
opening into the annular chamber between the two cylinders that contains air. The wave
action causes the captured water column to rise and fall like a piston, compressing and
decompressing the air. As a result, there is an air flow moving back and forth through an
air turbine coupled to an electric generator. In the center of the platform a cylindrical solid
body is arranged to support the WT. The general arrangement of the floating supporting
structure is depicted in Figure 1.
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Figure 1. Renewable Energy Multi-Purpose Floating Offshore System (REFOS) structure suitable
for offshore wind and wave energy exploitation: above (left side) and below (right side) sea water
level (SWL).

The main objective of the present manuscript is to present in a systematic way a
frequency-domain analysis approach, along with its experimental verification for the
coupled hydro-aero-elastic analysis of the REFOS hybrid structure, taking into account
the prevailing environmental conditions at selected locations along the European coastline
(i.e., Mediterranean and North Sea). Advanced numerical calculations are conducted to
simulate the dynamic response of the floating platform under combined wind and wave
loading conditions. The method represents an effective design tool for the analysis of a
floating WT and multi-purpose floating solutions at the first stages of their development,
offering a fast analysis methodology for the investigation of alternative design concepts.
Furthermore, this work comprises the design of the experiments as well as the selection of
the measuring instrumentation for the scaled down model tests.

The present manuscript is structured as follows: Section 2 defines the characteristics
of the REFOS platform, whereas in Section 3 the wind and wave climate analysis for three
selected potential installation locations in the European coastline (i.e., two in the Mediter-
ranean Sea and one in the North Sea) are presented. Section 4 deals with the hydrodynamic
analysis of the floating structure. The analysis is implemented in the frequency domain,
under the action of regular waves, involving the hydrodynamic modeling of the floater
through an analytical method composing the solutions of the diffraction, motion- and
pressure- radiation problems. In addition, the formulation of the aero-elasto-dynamic
problem due to the WT, and the solution of the coupled hydro-aero-elastic problem of the
floating supporting structure, the WT, the OWCs and the mooring system is performed.
Section 5 stands for the detailed presentation of the experiments conducted for evaluating
the hydrodynamic behavior of the REFOS structure and for validating the numerical results.
Final, the conclusions are drawn in Section 6.
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2. Description of the Renewable Energy Multi-Purpose Floating Offshore System
(REFOS) Platform

The REFOS floating system has been developed for supporting the DTU 10 MW
Reference WT [25]. It encompasses an array of three identical OWC devices, which can
oscillate about their mean equilibrium position moving as a unit in a triangular configu-
ration. Each OWC consists of an annular oscillating water surface enclosed between an
exterior partially immersed toroidal cylindrical body and a concentric interior truncated
cylinder. In the center of the platform, a solid cylindrical body is placed to support the
WT (see Figure 2). A summary of the geometric characteristics of the floater, including
the diameters of each of the members and the mass distribution among the constitutional
parts of the platform is provided in Tables 1 and 2. These properties are all relative to the
undisturbed position of the platform. The mass, including ballast, of the floating platform
is 9550 t. This mass was calculated such that the combined weight of the rotor-nacelle
assembly, tower, platform, plus the applied TLP pretension and the weight of the mooring
system in water, balances with the buoyancy (i.e., weight of the displaced fluid) of the
platform in the static equilibrium position in still water.
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domes; (b) with the conical OWC domes.

Table 1. Floating platform geometry.

Oscillating Water Column (OWC) Devices

Diameter of inner concentric cylindrical body 14.00 m
Draught of inner concentric cylindrical body 20.00 m
Oscillating chamber thickness of each chamber 1.500 m
Outer radius of the oscillating chamber of each device 15.50 m
Oscillating chamber’s draught 8.000 m
Spacing between columns (distance from the center of the bodies) 50.00 m
Elevation of offset columns above SWL 10.00 m
Central cylindrical body supporting WT
Diameter of main column 12.00 m
Draught of main column 20.00 m
Elevation of main column (tower base) above SWL 10.00 m
Depth of platform base below SWL (total draught) 20.00 m
Diameter of pontoons and cross braces 1.600 m
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Table 2. Mass distribution.

Mass of the Floater

Mass of each oscillating chamber (including ballast) 1140 t
Mass of each concentric cylindrical body 828 t
Mass of the central cylindrical body (including ballast) 1218.5 t
Mass of braces 408.6 t
Total mass of the floater 7531.1 t
Mass of the WT
Mass of the 10 MW WT 1100.0 t
Mass of the air turbine
Mass of each air turbine (including generator) 3.3 t
Mass of the mooring system
Mass of each mooring tendon in water (3 tendon pipes) 192 t
Total mass of the REFOS platform 9550 t
Center of mass (CM) location below SWL 3.180 m
Center of buoyancy below SWL 8.651 m
Platform roll inertia about CM 6.385 × 106 tm2

Platform pitch inertia about CM 6.385 × 106 tm2

Platform yaw inertia about CM 1.170 × 107 tm2

To secure the platform, the floating structure is moored with a TLP mooring system of
three tendons spread symmetrically about the platform Z-axis. The fairleads (body-fixed
locations where the mooring tendons attach the platform) are located at the base of the
offset columns, at a depth of 20 m below SWL. The anchors (fixed to the inertia frame) are
located at a water depth of 180 m below SWL. Each of the three tendons has an upstretched
length of 160 m. The mooring system properties are listed in Table 3. The TLP increases
the vertical stiffness of the floating system, which reduces the heave period. Hence, the
heave period can be shifted out of the high-energy region of the sea spectrum. From a
static stability point of view, this pretension can be considered as a point mass located at
the connection point of the tension leg. In addition to the resulting downward shift of the
virtual center of gravity, the center of buoyancy is also moved downward in an absolute
sense since additional buoyancy is required to compensate the pretension.

Table 3. Mooring system properties.

Number of tendons 3
Depth to anchors below SWL (Water depth) 180 m
Depth to fairleads below SWL 20 m
Mooring line length 160 m
Tendon outer diameter (OD) 1.2192 m
Tendon wall 0.0422 m
Equivalent mooring line mass density 104 kg/m
Equivalent mooring line mass in water 888.6 N/m
Mooring line stiffness kxx of each tendon 104.0 kN/m
Mooring line stiffness kzz of each tendon 173,533 kN/m
Pretension of each tendon 18,838 kN
Yeung’s modulus of elasticity 200 GPa
Yield stress 482.5 MPa

As far as the air turbine at the top of the oscillating chamber is concerned, it is assumed
in the present contribution that a same Wells type air turbine is applied in each OWC device
regardless their position to the wave impact. Assuming isentropy so that variations of air

density and pressure are proportional to each other with c2
air =

dpi
in0

dρair
, cair being the sound
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velocity in air and pi
in0 the inner pressure distribution inside the chamber of each OWC,

i = 1, 2, 3, each air turbine can be represented by a pneumatic complex coefficient Λ [26,27]:

Λi =
qi

pi
in0

=

[
KD

ραir N
+ (−iω)

V0

c2
airρair

]
(1)

Here, qi is the air volume flow through the air turbine of the i = 1, 2, 3 OWC device,
whereas N is the rotational speed of turbine blades, D the outer diameter of turbine rotor,
ραir the static air density and V0 the device’s air chamber volume. The empirical coefficient
K depends on the design, the setup, and the number of turbines. The real part of Λ is related
to the pressure drop through the turbine, whereas the imaginary part of Λ is associated
with the effect of the thermodynamics of the compressible flow inside the OWC chamber
and through the air turbine.

In the REFOS case, two Wells-type air turbines were installed in each OWC. The
turbines’ pneumatic admittance Λ of each OWC device equals to 343.848 m5/(kN.s) and
125.115 m5/(kN.s), for the installation locations in the Mediterranean Sea and in the
North Sea, respectively. Concerning the air turbine characteristics, these were selected as
presented in [28], without taking into consideration the thermodynamic effects which were
out of the scope of the present contribution. An analytical description of the REFOS air
turbine design is presented in [29].

3. Environmental Conditions and Design Values
3.1. Wind and Wave Climate

Wind and wave climate analysis has been performed for three potential installation
locations, i.e., two in the Mediterranean Sea (one in the Greek waters, L1, with coordinates
35.34◦ N, 26.80◦ E and the other in Italian waters, L2, with coordinates 37.30◦ N, 12.69◦

E) and one location, L3, in the North Sea (Norwegian waters) with coordinates 59.42◦ N,
3.40◦ E (see Figure 3). The examined locations correspond to water depths around 180 m.
The original simulated time series extended to 111-years period (1900–2010). The analysis
is based on atmospheric reanalysis results obtained by the Era-20C data set [30,31]. In
order to avoid non-stationarity issues in the statistical and extreme value analysis, the last
31 years of available time series, i.e., met-ocean data covering the period 1980–2010 have
been considered.
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In Table 4 the basic statistical characteristics (mean value m, minimum min, maxi-
mum max, standard deviation s, coefficient of variation CV, skewness Sk and kurtosis
Ku coefficients, along with the available sample size N), are presented for the significant
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wave height Hs, the spectral peak period Tp and the wind speed Uw, for each examined
location. It can be seen that the most intense sea-state and wind conditions are encountered
in location L3 (mean and overall maximum significant wave height, 1.999 m and 9.774 m,
respectively, and mean wind speed 7.856 m/s). In addition, the overall maximum wind
speed (23.196 m/s) occurs in location L3. The largest variability is exhibited for significant
wave height at location L2 (82.809%) and the minimum for spectral peak period at location
L1 (20.235%).

Table 4. Statistical characteristics of wind and wave time series at the examined locations.

Location L1

N m min max s CV Sk Ku
Hs [m] 90,584 0.948 0.061 5.387 0.602 63.453 1.548 3.499
Tp [s] 90,584 5.466 2.43 11.176 1.106 20.235 0.537 0.464

Uw [m/s] 90,584 6.495 2 18.624 2.661 40.971 0.534 0.076
Location L2

N m min max s CV Sk Ku
Hs [m] 90,584 0.864 0.024 6.49 0.715 82.809 1.835 4.7
Tp [s] 90,584 5.37 2.43 11.066 1.438 26.847 0.571 −0.051

Uw [m/s] 90,584 5.834 2 20.133 3.01 51.591 0.791 0.194
Location L3

N m min max s CV Sk Ku
Hs [m] 90,584 1.999 0.175 9.774 1.184 59.237 1.292 2.126
Tp [s] 90,584 8.417 3.415 1.875 2.017 23.962 0.508 0.013

Uw [m/s] 90,584 7.856 2 23.196 3.589 45.68 0.465 −0.333

3.2. Extreme Value Analysis of Wind and Sea States

Furthermore, the univariate and multivariate design values of the significant wave
height, the wind speed and the wave spectral peak period are estimated. The estimation of
univariate design values of ocean environmental characteristics (significant wave height,
wind speed, etc.), is a well-studied topic based on extreme value analysis principles; see
e.g., [32–35]. In the context of met-ocean extreme value analysis, the directional covariate
(sea-state direction, wind direction) is also of great interest, see e.g., [36–38].

Nevertheless, the assessment of the extreme value behavior of multivariate random
variables is, in principle, an open theoretical field. In contrast to the univariate extreme
case, the theory of multivariate extremes is characterized by theoretical difficulties which
have not been fully resolved yet. For the assessment of this problem some alternative
methods have been proposed by the ocean engineering community. These methods though,
are valid under some important theoretical assumptions; however, in practice they seem to
perform satisfactorily. The most well-known method is based on conditional distributions
and transformations of random variables, which is used in the present manuscript for the
estimation of the trivariate design values for Hs, Tp, Uw. See also [39,40].

Let fUHT
(
Uw, Hs, Tp

)
and FUHT

(
Uw, Hs, Tp

)
denote the joint probability density func-

tion (pdf) and cumulative distribution function (cdf), respectively, of the random variables
Uw, Hs, Tp. Assuming that the Tp is almost independent from the Hs, fUHT

(
Uw, Hs, Tp

)
can be expressed as follows:

fUHT(u, h, t) ≈ fU(u) fH|U(h|u ) fT|H(t|h ), (2)

where, fU(u) denotes the marginal pdf of Uw, fH|U(h|u ) denotes the conditional pdf of Hs
given Uw, and fT|H(t|h ) denotes the conditional pdf of Tp given Hs.

In order to evaluate the joint environmental contours (and therefrom the design values)
of Hs, Tp, Uw, the joint pdf in Equation (2) must be first transformed by implementing the
Rosenblatt transformation in a new non-physical space, where Hs, Tp, Uw will be reflected
into Gaussian and independent variables, U1, U2, U3, respectively, [41]. This approach is



Energies 2021, 14, 3126 8 of 28

also described and applied for the 2-D analysis of met-ocean parameters in [42–45]. To
implement the transformations the following mapping is used:

FU(u) = Φ(u1), FH|U(h|u ) = Φ(u2), FT|H(t|h ) = Φ(u3), (3)

where Φ(x) stands for the standard normal distribution N(0, 1), i.e., the Gaussian distri-
bution with zero mean value and unit standard deviation. For obtaining the variables
U1, U2, U3 the inverse relations of Equation (3) are used. Nevertheless, the estimation of
the environmental contours is a very delicate procedure and depends on many decisions
made by the designer in all stages of the method implementation. In the new non-physical
space U1−U2−U3, the n− year return period is defined as a circle with radius r, provided
by the following relation:

F(r) = 1− 1
Nn−years

, (4)

where Nn−years is the number of met-ocean “states” expected to occur within n-years. In the
present work, the radius r has been calculated for the ultimate limit state analysis, which
corresponds to 50 years. For a sampling period of 3 h, from Equation (4), it is obtained:

r = F−1
(

1− 1
365.25·8·n

)
. (5)

To return back to Uw, Hs, Tp, the following relations are used:

Uw = F−1
U [Φ(u1)], Hs = F−1

H|U=u[Φ(u2)], Tp = F−1
T|H=h[Φ(u3)]. (6)

In general, for the space U1 −U2 −U3 all the possible combinations of u1, u2, u3 with
return periods n-years can be obtained (i.e., the loci of points u1, u2, u3 that have a distance
from the u1 − u2 − u3 axis start equal to the particular r that corresponds to 50-years).
Transformation of Equation (6) provides all the possible combinations of Hs, Tp, Uw with
the same return period.

In order to construct the joint pdf fUHT(u, h, t), the estimation of fU(u), fH|U(h|u ),
fT|H(t|h ), is necessary. For the marginal pdf of Uw, the 2-parameter Weibull pdf is adopted
that is provided by the following relation:

fU(u) =
α

β

(
u
β

)α−1
exp

[
−
(

u
β

)α]
, (7)

where α and β denote the shape and scale parameters, respectively.
Weibull pdf has been widely used for the modelling of wind speed. However, let it be

noted that the selection of a (any) particular distribution for the description of the involved
variables may have significant effects on the numerical results obtained by the procedure.

For the estimation of fT|H(t|h ), the two-parameter log-normal distribution is used, i.e.,

fT|H(t|h ) =
1

tσ
√

2π
exp

[
−1

2

(
log(t)− µ

σ

)2
]

, (8)

where µ and σ denote the mean and standard deviation of log
(
Tp
∣∣Hs
)
.
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In this respect, the Hs–sample is discretized to different Hs–classes (with bin size
0.5 m). The parameters mi, si, for i = 1, 2, .., KH , of the log-normal distribution of Tp for the
different significant wave height bins are estimated using the maximum likelihood method
(MLM), where KH denotes the number of Hs–bins. For conditioning spectral peak period
with significant wave height, the parameters of the log-normal distribution for the different
KH bins of Hs should be expressed as functions of the latter variable. Following [45], the
general expressions for the log-normal distribution parameters are the following:

mi = c1 + c2hc3
i , s2

i = d1 + d2ed3hi , i = 1, 2, ...., KH . (9)

In Equation (9) c1, c2, c3 and d1, d2, d3 are the sought-for parameters, mi, s2
i denote

the values of the log-normal parameters for each bin of Hs, and hi denotes the central
bin value. For the solution of the above system, the non-linear least squares method has
been implemented.

The next step is the estimation of fH|U(h|u ). This task is performed by discretizing
the Uw–domain in appropriate cells, where the estimation of the analytic form of fH|U(h|u )
will take place. Since the high values of Hs are the most interest, from [45], fHs |Uw(h|u)
is modelled through a Weibull distribution function. In this regard, the parameters of
the Weibull distribution for the different bins of wind speed are expressed as functions
of the latter variable. The general expressions for the Weibull distribution parameters are
the following:

αi = a1 + a2ua3
i , βi = b1 + b2ub3

i , i = 1, 2, .., KU . (10)

Here, a1, a2, a3 and b1, b2, b3 are the sought-for parameters, αi, βi denote the values of
the Weibull distribution parameters for each bin of wind speed, ui denotes the central wind
speed value of the bin, and KU denotes the number of Uw–bins. For the solution of the
above system the non-linear least squares method has been also implemented.

By applying the procedure described above, the contour surfaces with return peri-
ods of 50 years have been estimated for the corresponding Uw, Hs, Tp combinations. In
particular, from the 3D 50 year contours of Uw, Hs, Tp the Uw, max and Hs, max have been
identified and the corresponding (associated) values of the other two variables (i.e., Hs, Tp
and Uw, Tp, respectively) are provided in Table 5.

Table 5. Environmental conditions on the 50-year contour surfaces with maximum Uw or maximum Hs.

Condition Parameter L1 L2 L3

Conditions with maximum Uw

Uw (m/s) 18.82 21.80 25.44
Hs (m) 5.44 7.46 10.34
Tp (s) 10.20 11.88 13.56

Conditions with maximum Hs

Uw (m/s) 18.76 21.52 25.36
Hs (m) 5.48 7.50 10.36
Tp (s) 10.28 11.90 13.56

Then, for various threshold values of Uw the corresponding 2D 50-year contours of
Hs, Tp are also provided (see Figure 4).
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4. Coupled Hydro-Aero-Elastic Formulation
4.1. Formulation of the Hydrodynamic Problem

The detailed potential theory of the hydrodynamic problem of an array of OWC
devices has been reported extensively in [46,47]. For completeness, a short outline of the
relevant theory is presented herein.

The group of four bodies (3 OWCs and 1 vertical cylindrical body supporting the WT)
is excited by a plane periodic wave of amplitude H/2, frequency ω and wave number
k, propagating in water of finite water depth d (i.e., 180 m). Small amplitude, 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 seabed and its
vertical axis OZ directed positive upwards, coinciding with the vertical axis of the central
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cylindrical body, is used. Moreover, four local cylindrical co-ordinate systems (rq, θq, zq),
q = 1, 2, 3, 4 are defined with origins on the sea bottom and their vertical axes pointing
upwards and coinciding with the vertical axis of symmetry of the q body. The fluid flow
around each body of the arrangement, written as: Φq(r, θ, z; t) = Re

[
ϕq(r, θ, z)e−iωt] can

be expressed as:

ϕq = ϕ
q
0 + ϕ

q
7 +

4

∑
p=1

6

∑
j=1

.
xp

j0 ϕ
qp
j +

3

∑
p=1

pp
in0 ϕ

qp
p (11)

In Equation (11) ϕ
q
0 stands for the velocity potential of the undisturbed incident

harmonic wave, whereas ϕ
q
7 is the scattered potential around the q body, when it is

considered fixed in the wave train, with a zero inner air pressure head (i.e., for the OWCs).
The ϕ

qp
j term denotes the motion dependent radiation potential around the q body, resulting

from the forced oscillation of the p body in the j direction with unit velocity amplitude,
.
xp

j0. Here, the air pressure inside the OWCs is assumed equal to zero (i.e., atmospheric air

pressure). The ϕ
qp
p term denotes the pressure dependent radiation potential around the

q body, with a zero inner air pressure head, due to unit time harmonic oscillating pressure
head pp

in0 in the p device, p = 1,2,3. Here, the q and p bodies are considered fixed in the
wave impact.

The velocity potentials ϕ
q
j (j = 0, 7; q = 1, 2, 3, 4), ϕ

qp
j (j = 1, . . . , 6; q, p = 1, 2, 3, 4) and

ϕ
qp
p (q = 1, 2, 3, 4; p = 1, 2, 3) satisfy the Laplace equation in the fluid domain, whereas,

additionally, they are subjected to the corresponding linearized boundary conditions at the
outer and inner free surface, the seabed, the mean body’s wetted surface [46]. Furthermore,
a radiation condition must be imposed stating the outgoing propagating disturbances.
In order to evaluate the ϕ

q
j , ϕ

qp
j , ϕ

qp
p potentials, the method of matched axisymmetric

eigenfunction expansions is applied. Hence the flow field around each body of the hybrid
platform can be subdivided in coaxial ring-shaped fluid regions in which different velocity
potential expansions are made. The latter are then matched by continuity requirements of
the velocity potentials and their radial derivatives along the vertical boundaries shared
by adjacent fluid regions. The diffraction ϕ

q
D = ϕ

q
0 + ϕ

q
7, the motion-radiation ϕ

qp
j and the

pressure-radiation ϕ
qp
p , potentials in each fluid domain of the q body, q = 1, 2, 3, 4, expressed

in its co-ordinate system can be written as:

ϕ
q
D
(
rq, θq, z

)
= −iω

H
2

∞

∑
m=−∞

imΨq
m,D
(
rq, z

)
eimθq (12)

ϕ
qp
j
(
rq, θq, z

)
= −iω

∞

∑
m=−∞

Ψqp
m,j
(
rq, z

)
eimθq (13)

ϕ
qp
P
(
rq, θq, z

)
=

1
iωρ

∞

∑
m=−∞

Ψqp
m,P
(
rq, z

)
eimθq (14)

Here, the functions Ψq
m,D, Ψqp

m,j, j = 1, 2, . . . , 6, P are the principal unknowns of
the problem.

In order to evaluate the velocity potentials as expressed in Equations (12)–(14) the
multiple scattering approach is implemented. The method accounts for the hydrodynamic
interaction phenomena among the bodies of the hybrid structure by superposing to the
isolated body potential flow solution various orders of scattered/radiated wave fields
emanating from the rest of the bodies. The implementation of the multiple scattering
formulation for the solution of the diffraction, the motion- and the pressure-radiation prob-
lems around arbitrary shaped floating vertical axisymmetric bodies has been extensively
reported in the literature [44,47–49]. Hence, it is not further elaborated here.

Having determined the velocity potentials in each fluid region, the hydrodynamic
forces on the hull of the REFOS floater (exciting forces at the i-th direction, f T

i , i = 1, . . . , 6;
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hydrodynamic added mass and damping coefficients, Ai,j, Bi,j; pressure hydrodynamic
forces at the i-th direction, f T

P,i, i = 1, . . . , 6) can be calculated [50,51].

4.2. Formulation of the Aero-Elasto-Dynamic Problem

The aero-elasto-dynamic problem is formulated in the context of Hamiltonian dy-
namics. The Lagrange equations describe the behavior of mechanical systems in terms
of generalized degrees of freedom (dofs) and loads. Specifically, appropriate generalized
coordinates of degrees of freedom qj are selected that define the position r of any material
point. Hence, following the formalism of analytic mechanics, the system equations take
the form,

d
dt

(
∂L
∂

.
qj

)
−
(

∂L
∂qj

)
= Qj =

6

∑
i=1

∂( firi)

∂qj
(15)

In Equation (15) the Lagrangian L = T – U, where T is the kinetic energy and U the
potential or internal energy. Term Qj stands for the generalized loads corresponding to
the external loads fi (assumed as concentrated forces and moments). The external loads
include: (a) the aerodynamic loading on the rotor; (b) the gravitational loading; and (c) the
hydrostatic/hydrodynamic loading on the floater.

In the followed analysis, dofs are introduced for all the components of the REFOS
structure. Specifically, the considered dofs are: two rotation dofs per blade at the root
corresponding to the two bending directions; two dofs at the drive train for the torsion
deformation and for the rigid body rotation respectively; three dofs at the tower base
corresponding to the two bending directions and the torsion in yaw; and six dofs for the
floater’s rigid body motions.

Furthermore, the examined system (i.e., the floater, the mooring lines, the blades,
the drive train and the tower) is considered as a collection of concentrated masses. Each
component is considered at most as a 1-D structure either modelled as rigid or as flexible
beam undergoing bending, tension and torsion. Mass as well as stiffness properties can
be locally integrated and concentrated properties (i.e., concentrated masses, inertias, and
linear or rotation springs) are defined, which are important for simplified modelling. Their
definition should ensure accurate prediction of the first natural frequencies of the system.

The aerodynamic loading is defined within the context of Blade Element Momentum
theory [52,53]. Hence, two nonlinear equations are applied for the induction factors a and
a′ that specify the effective angle of attack a and the effective relative velocity Ue f f (see
Figure 5), i.e.,:

N(CL(a)cosϕ + CD(a)sinϕ)c =
8πU2

W
U2

e f f
a(1− a)r (16)

N(CL(a)sinϕ− CD(a)cosϕ)c =
8πUWΩr

U2
e f f

a′(1− a)r (17)

Here, N denotes the number of the blades (i.e., 3 for the considered 10 MW WT);
CL, CD are the lift and drag coefficients provided in tabulated form as a function of the
effective angle of attack; UW is the magnitude of the undisturbed wind velocity; ϕ is the
angle between the effective velocity and the rotor plane, r is the radial position of each
blade element, c is the local chord length and Ω the rotational speed.
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For the effective relative velocity Ue f f and the angle ϕ, it holds that:

Ue f f =

√
(Uw(1− a))2 + (Ωr(1 + a′))2 (18)

tanϕ =
UW(1− a) + δua

Ωr(1 + a′) + δuc
(19)

In Equation (19) the terms δua, δuc correspond to additional velocity contribution due
to deformation and rigid body motions (i.e., floater’s motions) in the axial and circumfer-
ential direction, respectively.

The angle of attack a, needed to define the coefficients CL, CD equals:

a = ϕ−
(
θt − βp

)
(20)

where θt, βp denote the local twist and blade pitch angle, respectively.
Once the solution of Equations (16) and (17) converges, the lift and drag forces, FL, FD

along the blade span are determined by:

Fi(r, a) =
1
2

ρairCi(r, a)U2
e f f cdr, i = L, D (21)

Here, ρair denotes the air density and dr the length of the annulus tube per blade
element strip.

Equations (16) and (17) that determine the induction factors a and a′, are nonlinear and
should be solved with the rest of the dynamic equations, namely the structural equations of
the complete system and the equations of motions for the floater. Hence, linearization of the
problem is introduced by considering a reference state with respect to which all additional
perturbations are considered small and eliminating part of the problem by assuming all
relevant dofs fixed (i.e., the elastic dofs of the WT).

A static solution can be formed by defining the position of the floater from the mass
distribution of the system, the thrust and moment at the rotor hub, the buoyancy and the
stiffness that are associated to the 6 dofs of the floater. In the latter, all components are
assumed rigid, the wind uniform and steady, the yaw misalignment and the inclination are
zero and the rotational speed and blade pitch are fixed.

Choosing as reference state the static positioning of the system at the specific wind
speed without wave loading, linearization consists of assuming:

Q = Q0 + ∂qQ0q f l + ∂ .
qQ0

.
q f l + ∂ ..

qQ0
..
q f l (22)
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The derivatives ∂iQ0, i = q,
.
q,

..
q define in fact the additional stiffness, damping and

mass matrices in the floater equations. It should be also noted that ∂iQ0 depends on the
static position of the floater as well as the reference operation conditions of the rotor (i.e.,
the wind speed, the rotational speed, and the blade pitch).

Let a0(r) denote the effective angle of attack of the reference state at a specific radial
position r. The corresponding lift and drag coefficients CL0(r), CD0(r) for this angle are
obtained from the tabulated polar input. Linearization of lift and drag coefficients gives:

Ci(r, a) = Ci0(r) + ∂Ci0δa, i = L, D (23)

where δa = a− a0 corresponds to a small perturbation of the angle of attack due to the
floater’s motion, so that: δa = δa

(
q f l ,

.
q f l

)
. Hence, from linearization of δa it holds that:

δa
(

q f l ,
.
q f l

)
= δaq·q f l + δadq·

.
q f l (24)

Similarly,
δui

(
q f l ,

.
q f l

)
= δui,q·q f l + δui,dq·

.
q f l , i = a, c (25)

The overbar in the above expressions denotes that the derivatives are estimated at
the reference state. By introducing the above expressions in Equation (15) and eliminating
higher order terms, a linearized expression of the aerodynamic loading with respect to the
floater dofs derives.

Finally, by integrating along the blade span and applying Coleman’s transforma-
tion [54] the loads are expressed in the coordinate system of the floater. The resulting
dynamic equations are provided for the six dofs of the floater xj0, i.e.,

6

∑
j=1

[
−ω2

(
MWT

i,j +
i
ω

BWT
i,j

)
+ CWT

i,j

]
xj0 = Q (26)

The right hand side contains gravity, buoyancy and aerodynamics that correspond
to the reference state, while the mass matrix MWT

i,j includes the WT inertia (including

the gyroscopic effects due to the rotation), the damping matrix BWT
i,j includes the WT

damping due to rotation and aerodynamics and finally the stiffness matrix CWT
i,j includes

the contribution from both aerodynamics and gravity.

4.3. Coupled Hydro-Aero-Elastic Formulation

The investigation of the dynamic equilibrium of the forces acting on the REFOS
structure leads to the following system of differential equations of motion, describing the
couple hydro-aero-elastic problem in the frequency domain:

6

∑
j=1

[
−ω2

(
Mi,j + MWT

i,j + Ai,j +
i
ω

Bi,j +
i
ω

BWT
i,j

)
+ CT

i,j + CWT
i,j

]
xj0 − f T

P,i = f T
i , i = 1, . . . , 6 (27)

Here, Ai,j, Bi,j are the hydrodynamic mass and potential damping coefficients of the
platform; f T

i and f T
P,i, are the exciting- and the pressure hydrodynamic- forces acting on

the platform; xj0 is the motion component of the REFOS system in the j-th direction with
respect to a global co-ordinate system; Mi,j is the platform’s mass matrix; whereas CT

i,j is the
total restoring stiffness matrix, which for a TLP type mooring arrangement consists of three
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parts [47,55], namely, the conventional mooring line stiffness; the platform hydrostatic
restoring stiffness and the tendon geometric stiffness, i.e.,

CT
1,1 = CT

2,2 =
3
∑

n=1

Tn
L , CT

3,3 = ρgAWL +
EA
L ,

CT
4,4 = ρgIWLX + UzB −QzG −

3
∑

n=1
Tnzn +

EIxx
L

CT
5,5 = ρgIWLY + UzB −QzG −

3
∑

n=1
Tnzn +

EIyy
L

CT
6,6 =

3
∑

n=1

Tn
L
(

x2
n + y2

n
)
, CT

1,5 = CT
5,1 = −CT

2,4 = −CT
4,2 = CT

1,1zn

(28)

In Equation (28) AWL, IWLX , IWLY, are the platform’s water plane area and its moments
of inertia about x and y axis, respectively; U and Q are the buoyancy and weight of the
platform, respectively; zB, zG are the vertical coordinates of buoyancy and gravity center,
respectively, which for the REFOS design are equal to zB = −8.651 m; zG = −3.180 m,
respectively; ρ is the water density and g the gravitational acceleration constant. The Tn are
the tendon pretension forces and xn, yn, zn are the horizontal and vertical coordinates of
the attaching point of the tendon with respect to the platform’s global reference point of
motion and L is the tendon’s length. The zB, zG have negative values denoting those that
are placed below the free surface. The mass moments of inertia are depicted in Table 2.

The elements of the (6 × 6) square stiffness matrix CT
i,j, are depicted in Table 6.

Table 6. REFOS stiffness coefficients, CT
i,j, in [kN/m; kN.m].

312 0 0 0 −6240 0
0 312 0 6240 0 0
0 0 530,573.4 0 0 0
0 6240 0 2.214 × 108 0 0

−6240 0 0 0 2.214 × 108 0
0 0 0 0 0 259,992.4

The hydrodynamic analysis of the bodies in the REFOS structure is conducted in the
frequency domain, applying the HAMVAB software [56] based on the above analytical
computation procedure. The software does not require a large RAM or computation
time. Specifically, the central processing unit (CPU) time for each wave frequency related
to the overall problem solution (diffraction, motion- and pressure-radiation) is about
56 s (i.e., for 7 interactions between the bodies of the structure and azimuthal modes
m = ±7), hence representing an efficient alternative tool in the early design phases of such
floating structures.

5. Wave Tank Experimental Analysis
5.1. Model Scale

For the simulation of the seakeeping performance of the platform, a 1:60 scaled down
model of the real structure has been constructed according to the Froude scaling law (see
Figure 6). The model is composed of: (a) three vertical cylinders at the corners of the
triangular platform, forming the main buoyancy hull; (b) a cylinder at the center of the
triangle supporting the WT; (c) horizontal and diagonal bracing elements; (d) the cylindrical
OWC chamber walls; (e) the OWC air chamber conic domes; (f) the WT tower and the
tower base; (g) the WT nacelle assembly; (h) the WT rotor; (i) TLP tendons and (g) a bottom
base for the tension leg connections see Figure 7.
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Froude similitude law, requires preservation the following parameter (i.e., Froude
number Fn):

Fn =
UF√
gLF

=
UM√
gLM

(29)

where subscript F denotes the full scale and subscript M the model scale. The term
U denotes the characteristic velocity (i.e., velocity of the platform motion or of the sea
surface elevation in seakeeping) and L being a characteristic length and g the gravitational
acceleration.

Froude law dynamic similarity (i.e., geometric similarity and similarity of forces)
satisfies also the correct simulation of the ratio between the inertial and gravitational
forces, since:

Inertial forces
Gravitational forces

=
Fi
Fg

∝
ρU2L2

ρgL3 =
U2

gL
= F2

n (30)

Hence, equality in Fn between model and full scale ensures the correct modeling of
the gravitational forces and, consequently, of the surface wave forces, which are gravity
driven. Moreover, the inertial components of the loads are also correctly scaled, including
the inertial loads of the WT. To this end, and especially for the modeling of the gyroscopic
loads due to the rotational inertia of the WT rotor, it should be noted that the angular
velocity of the rotor combined with the yaw velocity will produce a pitch moment (and
similar when combined with pitch):

Mgyr = IRωΩ (31)

In Equation (31) the IR term denotes the moment of inertia of the rotor, ω is the
angular velocity of the rotor and Ω is the angular velocity of yaw.

The relation between the induced moments at the model scale and full scale is:

Mgyr
M = Mgyr

F
1

λ4 (32)

Here, λ is the scale factor. Applying Equation (32) at the model scale and considering
the Froude scaling of the rotational inertia and the angular velocities, it results in:

Mgyr
M = IR

MωMΩM =
IR
F

λ5 ωMΩF
√

λ = Mgyr
F

ωM
ωF

√
λ

λ5 (33)

Fulfillment of both, Equation (32) requires that the rotor angular velocity at the model
scale should be:

ωM = ωF
√

λ (34)

For the considered 10 MW WT (9.6 rpm max rotor speed, scale factor 1:60), it holds
that ωM = 74.4 rpm.

It should be noted that full aerodynamic simulation of the WT operation is not carried
out, since this requires equality of the pertinent Reynolds numbers (Re) of the air flow.
However, maintaining equality of both Re and Fn numbers at the same time was not
possible. Thus, for the simulation of the aerodynamic thrust, only the steady value was
accounted for, by applying a pulling force, through a horizontal string attached to the
nacelle height at the one end, while at the other end a weight equal to the nominal air
turbine thrust load was suspended, using a suitable pulley.

Concerning the experimental simulation of the OWCs air turbines, perforated carpets
have been used to create a filter plug at the top of the chambers. The filter plug diameter,
the thickness and the porosity of the carpet were calibrated to achieve the linear pressure-
air flux response of a Wells-type air turbine. For this reason, the perforated carpets were
selected instead of simple orifices, which are known to have a quadratic response. Based
on the full-scale air turbine particulars (see Section 2) the characteristics of the scaled down
perforated filter plugs were properly selected, i.e., a carpet of 100 mm was used for the
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North Sea location, L3, whereas 150 mm was used for the Mediterranean Sea locations L1,
L2. Totally open diaphragms were used for the examination of non-operating conditions of
the OWC, during extreme sea states.

The targeted constant for the linear relation between pressure drop across the blade
and airflow rate, which is a main characteristic of the behavior of Wells turbines, was
determined by using CFD simulations. These calculations verified also the linearity in
the pre-stall flow regime between volumetric flow rate and pressure drop. Prior to the
wave tank experiments, the porous diaphragms had been calibrated by using a special
air chamber, equipped with a reciprocating piston for the simulation of the oscillatory air
flows in the range of the examined frequencies and air flow oscillatory amplitudes. Using
this device, several configurations of the diaphragms (i.e., porous material, thicknesses,
and membrane diameter) were tested and their performance, in terms of pressure drop
versus flow rate, was compared against the target values.

Furthermore, the performance was also compared against the target values in the
wave tank experiments. Figure 8 depicts the relation between Q and dp amplitudes for the
case of the North Sea in model scale. Although these measurements include experimental
inaccuracies, mainly due to the volumetric flow rate measurements on the basis of the
wave gage readings inside the air chamber, the linear performance of the selected porous
diaphragms can be concluded for the examined air flow ranges resembling similar graphs
obtained by CFD methodology in [57].
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It should be clarified at this point that in the instantaneous Q-dp curves a sort of
hysteresis was depicted, due to a phase lag between the two parameters. It is well known
that such hysteresis (i.e., different behavior during compression and inhalation phases) is
a result of pertinent thermodynamic phenomena at the full and model scales, and of the
inherent turbine behavior [58–60]. However, neither in the full-scale numerical analysis
these thermodynamic phenomena have been taken into account in defining the full-scale
turbine characteristic Λ, as commended in Equation (1), nor during the scaled down
experiments have been specifically investigated as they were out of the scope of the present
work. For this reason, elsewhere, as far as the scaling of the chamber volume is concerned,
geometric similarity is used [61], instead of schemes that are proposed to account for
compressibility/thermodynamic processes similitude [58].

5.2. Instrumentation of the Model

An extensive set of experiments were conducted in the wave tank of the Laboratory for
Ship and Marine Hydrodynamics (LSMH) of the National Technical University of Athens.
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A wide range of incident harmonic waves of a zero angle of impact (see Figure 6), was
simulated considering the wave periods the REFOS structure is expected to encounter
in the Mediterranean and the North Sea (see Section 3). The amplitudes of the waves
generated by the wave maker of the tank were measured by two standard wave probes of
wire type, one located near the wave maker while the other located in front of the platform.
For the measurement of the wave elevation inside the OWC device, three wave probes were
used, located radially in the toroidal space of the OWC air chamber, spaced 120o apart. On
the basis of these measurements, the air volume flux was computed by time differentiation,
taking also into account the area of the OWC net cross section. All signals were sampled at
a rate of 100 Hz and subjected subsequently in digital filtering and recording.

For the measurement of the exerted loads on the base of the tower of the WT, a
6-dof load cell was inserted between the tower base and the platform (see Figure 9a).
Furthermore, the accelerations of the platform were captured by accelerometers installed
on the platform deck. The static and dynamic tensions along the legs of the mooring system
were recorded by underwater load cells. These instruments were inserted into each anchor
branch and were placed at the bottom part of them, in order to minimize their impact to
the leg motions.
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(b) air pipes for OWC pressure measurements; (c) optical targets of the motion capture system.

The pressures inside the OWC domes were measured by differential pressure gauges.
The gauges were connected to the chambers using a circular end-tube averaging the air
pressures of four equally spaced points located at the perimeter of the OWC dome (see
Figure 9b).

The motions of the floating platform were captured by tracking the positions of eight
point-targets through an optical motion capture system. Their motion was continuously
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monitored by infrared cameras as a rate of 500 fps. By comparing the positions of the
targets in successive shots, taken from each camera, the system correlates the images
and calculates the motion of the targets. Three cameras and eight targets were used for
the present experiment. Four of the targets were placed in a standard “L” layout for the
calibration of the system. In addition, three targets were mounted in the middle of each of
the three upper peripheral tubes of the space frame and one in the middle of the WT tower
(see Figure 9c).

5.3. Validation of the Numerical Models with the Experimental Results

In the present subsection the outcomes of the experiments carried out with the REFOS
scaled down model are presented. The experiments include measurement of: (a) the
platform’s surge motions, (b) the platform acceleration, (c) the tendon tensions, (d) the
WT base loads, and (e) the air pressures in the WEC domes. The obtained outcomes
are compared against the results of the numerical hydrodynamic analysis presented in
Section 4.

In Figure 10 the platform’s surge motions are presented for the two installation location
cases i.e., Mediterranean and North Sea against the wave frequency. The figure depicts
the comparisons between the measured outcomes and the numerical results. A very
good agreement can be concluded between experimental and numerical results for all the
examinedω in both installation locations. Although the experimental wave frequencies
are in the range of (0.4–1.1 rad/s) the figures have been extended to higher frequencies (i.e.,
up to 2 rad/s), in order to enlighten the surge motions of the structure in this regime.
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Figure 10. REFOS surge response amplitude operators’ (RAOs) comparisons for the: (a) Mediterranean and (b) North Sea
installation locations.

Figure 11 deals with the mooring line tension of the structure for the two installation
location cases i.e., Mediterranean Sea, L1, L2, and North Sea, L3 (see Section 3). It is
depicted in the graphs that the numerical results are, in general, in a good agreement with
the experimental ones, with the exception of a part of the forward tendon response, namely
in the range of frequencies above 0.75 rad/s. This is probably due to the performance of
the WEC carpet, which was found to produce larger pressure in this area, as shown in
Figure 12. In any case, this discrepancy does not influence the area of the lower frequencies,
which is more important for the tendon response since it corresponds to the larger sea
states. Furthermore, it is worth noting that the numerical results predict accurately the
peculiar drop in the dynamic tensions in the back tendons, at frequencies above 1 rad/s.
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In Figure 12 the inner air pressure head of the three OWCs is presented. A good
agreement between the experimental and the numerical results can be concluded on the
basis of the above figures. The results indicate a pressure drop above 1 rad/s, which is
accurately captured by the numerical results.

Figure 13 depicts the comparisons between the numerical and experimental results
concerning the platform’s surge accelerations. The results were recorded in a frequency
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range from 0.4 to 1.1 rad/s (periods 6–14 s). An overall good agreement can be observed in
this wave frequency range. It is noticed that the graph with the numerical data has been
extended to higher frequencies, in order to enlighten the complex nature of the accelerations
in this regime.
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Figure 13. REFOS surge acceleration comparisons for the Mediterranean installation location.

In Figure 14 the shear forces and the bending moments at the tower base for the North
Sea installation location are presented. A good correlation between the numerical and
the experimental results is also observed herein. It is worth noting that the numerical
results predict accurately the increase of the shear forces and bending moments at wave
frequencies above 1 rad/s, which is also validated by the experimental data.
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Figure 14. REFOS shear forces (a) and bending moments (b) comparisons for the North Sea installation location.

Following the experiments with harmonic waves, the REFOS platform was subjected
to the action of irregular sea states, simulating the real wave environment. A range of
International Towing Tank Conference (ITTC)-type spectra (Bretschneider) were simulated
by the wave-making facilities of the experimental flume. The parameters of the spectra,
namely the significant wave height and the peak period, were properly selected, covering
of the range of the most probable wave sea states prevailing at the installation locations
under examination. Both operational and extreme conditions were considered. During
the first, the air turbines of the OWC devices were simulated as operational, and also the
nominal thrust coming from the WT was applied to the platform. The extreme conditions
corresponded to the extreme wave heights expected in the design life of the structure (see
Section 3). During these conditions the OWCs were assumed to be non-operating (i.e., not
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producing pressure inside the devices’ domes), and the WT was also non-operating. The
focus of the experiments was on the dynamic tensions produced on the tendons of the
TLP system.

In Figures 15 and 16 the experimental results concerning the dynamic tensions on
the tendons are indicatively presented for the North Sea installation location. The results
include also the corresponding numerical predictions for comparison and validation of the
pertinent software tools, which were developed in the framework of the REFOS project.
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Figure 15. REFOS mooring dynamic tensions comparisons for operating conditions at the North Sea location: (a) forward
tendon; (b) backward left tendon; (c) backward right tendon.

Summarizing from the validation of the numerical models with the experimental
results it can be concluded that:

(a) For the case of the harmonic waves, a wide range of exciting frequencies was exam-
ined, and the corresponding response amplitude operators (RAOs) were derived (the
sea keeping response of the platform in surge motion; the platform’s accelerations; the
dynamic tendon loads; the OWC air chamber pressure and the WT tower base loads).
The obtained RAOs were found to be in very good agreement with the numerical
hydrodynamic analysis presented herein. This verifies the software tools developed
in the context of the project.

(b) Following the harmonic waves, irregular sea states were analyzed. A wide range
of productive (i.e., permitting the operation of the WT and OWC) sea conditions
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foreseen for the three REFOS installation locations was experimentally simulated,
with the focus being at the performance of the mooring system. The experimental
results verified the dynamic loads on the tendons of the mooring system. This is of
great importance, considering the critical role of this system, as regards the safety of
the platform.
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6. Conclusions

The present paper summarized the theory behind the modelling performed to incor-
porate an array of OWC devices with a floating WT into the REFOS hull. The REFOS is a
floating platform which encompasses an array of three hydrodynamically interacting OWC
devices, moored through tensioned tethers as a TLP platform supporting a 10 MW WT.
Environmental conditions for three installation locations (i.e., two in the Mediterranean
Sea and one in the North Sea) were presented. Furthermore, an analytical model was
developed to integrate properly the solutions of the hydrodynamic diffraction and the
pressure- and motion-dependent radiation problems around the floating structure and
the aerodynamics of the WT. Details on the modelling of the system were discussed and
hydro-aero-elastic coupling between the floater and the WT was presented. Moreover, a
scaled-down physical model of the REFOS structure was constructed and an experimental
campaign was conducted in order to validate the presented theoretical formulation.
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The present investigation can be extended by coupling appropriately the hydro-aero-
dynamic problem of the REFOS structure with the mooring dynamics of a different type
of mooring system (i.e., a conventional mooring system), aiming at examining the effect
of the mooring system on the structure’s seakeeping characteristics, mooring line loads,
OWCs inner air pressure, etc.
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Abbreviations

TLP Tension Leg Platform
OWC Oscillating Water Column
WT Wind Turbine
LCOE Levelized Cost of Energy
WEC Wave Energy Converter
O&M Operation & Maintenance
DTU Technical University of Denmark
SWL Sea Water Level
CM Center of Mass
OD Outer Diameter
pdf Joint Probability Density Function
cdf Cumulative Distribution Function
MLM Maximum Likelihood Method
dofs Degrees of Freedom
BEM Blade Element Momentum
Fn Froude Number
Re Reynolds Number
LSMH Laboratory for Ship and Marine Hydrodynamics
ITTC International Towing Tank Conference
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