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Abstract

This paper presents an analysis of the effects of heave plates with large skirts on the dynamics of a semi-submersible FOWT
in waves. The analysis was based on a preliminary hull configuration envisaged for Brazilian waters. A numerical model
based on linear frequency-domain hydrodynamics evaluated with panel methods was used for predicting the effects of the
heave plates on the natural periods of motions. The predictions were compared to the results of model tests conducted in a
wave basin involving ten different configurations of plate diameters and skirt heights. The experimental results confirmed
the validity of the numerical predictions and provided quantitative results regarding the variations in viscous damping asso-
ciated with the dimensions of the heave plates. The data will be used for future calibration of a parametric model for hull

geometry optimization.

Keywords FOWT dynamics - Heave plates - Seakeeping model tests

1 Introduction

Floating Offshore Wind Turbines (FOWTs) are quickly
moving from a stage of “demonstration technology” to wide
acceptance in commercial grid-connected large-scale wind
farms. This movement reflects the fact that, by now, this
technology is unquestionably seen as the main alternative
for rapidly expanding the potential of offshore wind power
generation. At first, the concepts for the floaters that support
the turbine were mainly derived from the offshore oil and
gas field, as spars, semi-submersibles, tension-leg platforms
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(TLPs), or their variations of them. More recently, however,
some new proposals for hull geometry have also been tested
as promising alternatives for reducing the motions of the
turbines induced by waves. An excellent account of the cur-
rent scenario regarding the floater’s design can be found, for
instance, in Ref. [1].

In this continuously evolving scenario of diverse hull
geometries, the semi-submersible concept based on vertical
cylindrical columns, with or without pontoons for additional
floatation, remains one of the most recurrent, a fact illus-
trated by many concepts, such as the well-known Windfloat,
see Refs. [2, 3]. In the context of semi-submersible floaters,
two features always pursued in the FOWT design for reduc-
ing its motions in waves are: first, increasing the natural peri-
ods of motions in the vertical plane (associated to the heave,
roll and pitch motions of the floater); and second, enlarging
the hydrodynamic viscous damping related to these motions.
Both objectives can be targeted by the use of heave-plates
and, therefore, this alternative has become quite standard for
FOWT designs based on semi-submersible hulls, especially
for those that do not adopt horizontal pontoons. Examples
of designs for which the heave plates (or the so-called water-
entrapment plates) are deemed the main devices responsible
for improving the hydrodynamic behavior of the hull are
given in Refs. [4-6].
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Since the sensitivity of the FOWT motions response in
waves with respect to the dimensions of the heave plates
is usually large, many studies evaluating the impact of the
heave plates geometry on this response have been presented
recently, as in Refs. [7-9]. In these works, an account on
the variation in added mass and damping with geometrical
parameters of the plates (including thickness, reinforcements
and the use of skirts on the edges) under different ranges
of Keulegan-Carpenter numbers (KC) can be found. Other
important issues are also discussed in the literature, such as
the possible scale effects involved in the experimental tests
of heave plates [10] and the influence of the proximity to the
seabed on the performance of the heave plates [11].

In the present paper, an analysis concerning the adop-
tion of heave plates with large skirts is presented. The
work was developed in the context of the conception of a
FOWT designed to operate in Brazilian waters, a collabo-
rative research being conducted by the University of Sao
Paulo (USP), Brazil, and the University of Tokyo, Japan,
see details in Ref. [12]. The preliminary version of the hull
consists of four vertical columns of different diameters, and
it was designed to ensure proper hydrostatic stability and
positive floatability in case of hull damage. Heave plates
were positioned at the bottom of each column, and vertical
skirts on the edges of each plate were used to provide a finer
tuning of the natural periods of motions (heave, roll, and
pitch), without the need for further increasing the diameter
of the plates. The final design of the hull will be based on
an optimization procedure involving motion accelerations
of the rotor-nacelle assembly (RNA) and costs, which, in
turn, will rely on a linear (frequency-domain) hydrodynamic
model.

Therefore, one of the main objectives of the current anal-
ysis is to verify whether or not the wave-frequency motions
of the floater (1st order motions) can be adequately predicted
by means of a linear radiation-diffraction analysis, taking
apart the effects of viscous-damping on the resonant ampli-
fications. Another important goal is to provide experimental
data for establishing a procedure for anticipating the viscous
damping levels based on the sea conditions to be analyzed,
something that is also being pursued in other FOWT geom-
etries [13]. To achieve these goals, robust experimental data
are necessary, meaning data that show the trends of varia-
tions in motion response with respect to the heave plates
dimensions clearly. For this reason, small-scale models of
the heave plates were made considering an extensive range
of diameters and skirt heights, including some that are
known to be much larger than the ones that will eventually
be selected for the actual design.

As a first step in this investigation, the results comprising
viscous damping levels (both linear and quadratic) and natu-
ral periods of motions are presented based on decay tests,
and the linear response amplitude operator (RAOs) of the 6d

of motions of the floater obtained both from regular waves
and white-noise irregular waves. The experimental results
for natural periods and RAOs were compared to those pre-
dicted by software WAMIT®, in which the heave plates with
skirts were modeled using dipole panels. The level of agree-
ment obtained between the numerical predictions and model
tests results showed to be acceptable in general. Particularly,
the results for the viscous damping showed interesting fea-
tures regarding the effects of skirt height and will be used in
the continuation of this research for tuning the prediction of
damping in the context of the parametric hull optimization.

2 Methodology

A numerical model based on the radiation-diffraction code
WAMIT® was adopted to evaluate the impact of the heave
plates on the added mass and natural periods of motions,
after comparisons with the tests of the floater in regular and
irregular waves indicated that the potential flow model was
indeed capable of providing proper estimates of such param-
eters. The following sections first present a brief description
of the FOWT geometry (Sect. 2.1), followed by a discus-
sion of the procedures adopted for the numerical modeling
(Sect. 2.2) and the main aspects of the experimental setup
(Sect. 2.3).

2.1 FOWT geometry
The preliminary version of the FOWT presented a configura-

tion with four columns in a triangular shape, with the center
column being wider than the side columns, Fig. 1. The main

Fig.1 FOWT with heave plates
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purpose of this configuration was to guarantee stability mar-
gins in flooded conditions and also to provide proper hydro-
static lever arm for compensating the rotor thrust. At the
present stage of the research, the adopted benchmark model
of the turbine was the National Renewable Energy Labora-
tory (NREL) 5 MW turbine, considering rotor diameter and
a tower height of the NREL OC4 design, see details in Ref.
[14].

Heave plates were adopted to help detuning heave, roll
and pitch natural frequencies from the wave frequency range
with the highest energy, and also to increase the viscous
damping of the vertical motions. Model tests with paramet-
ric variations in the plate diameters and skirt heights were
conducted in a wave basin aiming at studying the influence
of the heave plates on the FOWT dynamics in waves. For
this, three different widths of the plates were combined
to three different skirt heights, thus comprising a total of
nine different heave plate configurations (including a ver-
sion of the model without heave plates also tested for com-
parison purposes). Table 1 presents the main dimensions
of FOWT, both in full and model scales (1:80). The heave
plates geometry is illustrated in Fig. 2. The width and skirt
height dimensions of the plates were the same for all four
columns. The constructive design of the model maintained a
similarity with the full-scale design, the experimented model
in the reduced scale can be seen in Fig. 3. Ballast weights
were positioned inside the columns to calibrate the center of
gravity and inertia of the model. Aluminum bars connected
the columns on the upper side of the model and to the tower.
At the top of the tower, a mass represented the equivalent
nacelle and rotor mass, although no attempt was made at this
stage to represent the inertia of the rotor-nacelle assembly.

2.2 Numerical model

The numerical evaluation of the FOWT linear motion
dynamics was carried out using WAMIT®, a code that uses

Table 1 Main properties of the FOWT

Full scale Model scale

Diameter of center column 15 m 187.5 mm
Diameter of side column 9m 112.5 mm
Draft 20 m 250 mm
Nacelle weight 150t 0.293 kg
Tower weight 200t 0.391 kg
Displacement 7351t 14.300 kg
KG (from the bottom) 14.00 m 175 mm
Gyradius Rxx and Ryy 25.80 m 322 mm
Gyradius Rzz 20.70 m 259 mm
Heave plates width 4-6 m 50-75 mm
Heave plates skirt height 4-6 m 50-75 mm

@ Springer

Fig.2 Heave plate geometry parameters

panel methods to solve the radiation-diffraction problem.
The hull surfaces were generated using the CAD software
Rhinoceros®. The submerged geometry of the columns was
represented by high-order surfaces, while the heave plates
were modeled as zero-thickness discs utilizing dipole panels
since the actual thickness of these elements was quite small.
For generating the numerical mesh, a characteristic length of
4 m was adopted, resulting in a system with approximately
1400 equations. A prior convergence analysis was made,

Fig. 3 Picture of the reduced scale model
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Fig.4 High-order mesh of columns and heave plates

which ensured that this mesh provided a proper representa-
tion for the first-order hydrodynamic analysis (Fig. 4).

The FOWT mass/inertia matrix was previously evalu-
ated based on a stability model. This model contains all
the data concerning loading, ballast and the lightweight of
the hull, tower, and RNA. The mass matrix (M) was then
used as input in WAMIT for obtaining the motion Response
Amplitude Operators (RAO) for each wave frequency (o)
and direction of incidence (0) (Eq. 1).

Among the several properties that can be evaluated with
the WAMIT® code, in the scope of this study mainly the fol-
lowing properties were analyzed: added mass (A), external
damping (B) and external stiffness (C).

X(w, 0)
(M + A(w)) + io(B*(w) + B) + Chvdo 4 C
(H
Together with the added mass matrix (A), the potential
damping (BP®), the hydrostatic restoring (C"9) and the

RAO(w, §) =

wave exciting forces (X) were all computed by the numeri-
cal method and used by WAMIT® code to generate the RAO
curves.

The mass/inertia matrix adopted in the computations is
presented in Table 2. The same mass/inertia configuration
was representative for all the heave plates combinations,
something that was guaranteed by adjusting the ballasts of
each configuration in the model tests.

The external stiffness matrix was computed to represent
the horizontal mooring system adopted in the model tests,
as in Table 3. More details about the mooring arrangement
will be provided in the following sections.

In addition to the potential damping, the analysis of this
kind of floater requires the inclusion of an external (lin-
earized) damping matrix in the RAO computations. This
procedure is necessary for adjusting the resonant motions
in the degrees of freedom since the viscous effects were not
evaluated by a potential theory, such as those that involve
vertical motions of the heave plates.

A well-known drawback of the linear hydrodynamic
analysis is that, due to the inherently nonlinear nature of the
viscous drag, the external damping matrix will depend on
the amplitudes of body motion. For comparison purposes
only, the RAOs presented in Figs. 5 and 6 were all evaluated
considering a damping ratio of 4% of the critical damping
for the heave motion RAOs and 2% of the critical damping
for all the other motions. The corresponding dimensional
damping coefficients are provided in Table 4.

The results as follows will be restricted to surge, heave,
and pitch motions, for comparison with the tests in bow
waves that will be discussed in Sect. 4. Note that, due to the
hull configuration, the values for roll and pitch were quite
similar. Also, in Table 4, as well as for all the other results
presented next, the width of the heave plates is denoted by L
and the height of the skirt by H, followed by the value of the

Table2 Mass (Kg) and Inertia

(Kgm?) matrix 7.35E+06 0 0 0 0 0

0 7.35E+06 0 0 0 0

0 0 7.35E+06 0 0 0

0 0 0 4.88E~+09 ~ 2.00E+06 1.57E+07

0 0 0 ~ 2.00E+06 4.88E+09 2.42E-+06

0 0 0 1.57E+07 2.42E-+06 3.15E+09
el bt wwren o : : : :
(Nm?) 0 8.80E+04 0 0 0 0

0 0 3.49E+03 0 0 0

0 0 0 1.0SE+08 0 0

0 0 0 0 1.05E+08 0

0 0 0 0 0 4.39E+08
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4 Table 5 Added mass coefficients for different heave plates obtained
from numerical calculations
39 Ay x 10 (kg) Asy x 108 (kg) Ass X 107 (kg)
= 8 LOHO 6.00 1.97 0.35
EZ.S L4H4 7.28 11.90 2.66
<O( » L5H4 7.66 16.60 3.68
o L6H4 8.02 23.20 5.03
% 15+ L4H5 7.83 12.80 2.88
% L5H5 8.37 17.90 397
T L6H5 8.89 25.10 5.39
05 L4H6 8.48 13.70 3.09
L5H6 9.22 19.20 4.25
0 L6H6 9.93 26.90 5.76

Fig. 5 Numerical heave RAO for each heave plate

——No HP
- - L4H4 !
—-=-L4H5

w S

Pitch RAO [degree/m]
N

Fig.6 Numerical pitch RAO for each heave plate

Table4 External damping coefficients for different heave plates
obtained from numerical calculations

By, x 10° (kg/s) By; X 10° (kg/s) Bss x 10°

(kg m?/s)
LOHO 1.08 3.48 1.23
L4H4 1.13 7.49 0.74
L5H4 115 8.37 0.79
L6H4 1.16 9.45 0.85
L4H5 1.15 6.83 0.75
L5H5 1.17 8.60 0.80
L6HS 119 9.73 0.86
L4H6 118 6.98 0.76
L5H6 1.21 7.84 0.81
L6H6 1.23 11.11 0.88

@ Springer

Table 6 Surge, heave, and pitch natural periods obtained from numer-
ical calculations

Tnl (s) Tn3 (s) Tn5 (s)
Model 0-LOHO 77.52 10.10 21.31
Model 1-L4H4 81.16 14.50 25.63
Model 2-L5H4 82.21 16.18 27.27
Model 3—-L6H4 83.19 18.28 29.34
Model 4-L4H5 82.65 14.86 25.97
Model 5-L5H5 84.12 16.63 27.72
Model 6-L6HS5 85.50 18.83 29.88
Model 7-L4H6 84.43 15.19 26.32
Model 8-L5H6 86.38 17.06 28.16
Model 9-L6H6 88.21 19.35 30.40

respective dimension in meters (thus, as an example, L4H5
denotes the model with heave plate width of 4 m and skirt
height of 5 m in full scale).

Table 5 presents the values of the added mass for each
heave plate configuration. In these results, it is worth observ-
ing that the increase of the plate width was more effective in
augmenting the added mass if compared to the skirt height,
something that could be anticipated. However, the variations
in skirt height still resulted in changes in the added masses
which were not irrelevant and, therefore, they can be envis-
aged as a possible alternative for a finer tuning of the natural
periods, as can be seen in Table 6.

The natural periods listed in Table 6 were all estimated
from the numerical model. The values for heave and pitch
must be properly tuned based on the metocean conditions
of the operation site in order to keep the accelerations of the
rotor and nacelle within reasonable limits. The natural peri-
ods of surge reflected the stiffness of the mooring arrange-
ment adopted in the model tests and their correct predic-
tion was of utmost importance for the analysis of slow-drift
motions, as observed by [15].
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Figures 5 and 6 show a graphical representation of the
RAOs obtained by numerical calculations. In these fig-
ures, it is possible to evaluate the effects that the changes
in the heave plates dimensions had on the FOWT first-order
dynamics. At this point, note that, for the FOWT design, not
only was proper calibration of the natural periods important,
but also the adjustment of the RAO minima, which happens
within the wave frequency range.

2.3 Experimental setup

The experimental model tests were conducted in the Ocean
Basin of the Numerical Offshore Tank Laboratory (TPN) of
the University of Sdo Paulo, Brazil, as shown in Fig. 7. The
facility consists of a squared 14 m X 14 m X 4 m (length,
width, depth) basin, equipped with 152 active-absorption
wave generators. The equipment can generate the incident
waves and absorb waves diffracted and radiated by the
model, following specific control algorithms, see details
in Ref. [16]. The limits for wave generation comprise a
peak period range from about 0.8 s up to 2.5 s. Therefore,
to achieve the intended peak periods, the model tests were
designed in 1:80 scale. At this stage of the research, no con-
siderations were made about the water depth (corresponding
to 320 m in this scale, much larger than the one expected for
the real design) and wind effects.

The offsets of the model were restricted using a horizon-
tal mooring system composed of three lines with springs
attached to the tank borders, as in Fig. 8. Each line con-
nected to fairleads on the side of the model columns. The
vertical position of the fairleads was close to the vertical
position of the center of gravity of the model. Since the
campaign also comprised tests for investigating the drifts of
the platform, the equivalent stiffness in the horizontal plane
was chosen to be the representative of the one expected for
the final design. The adjustment was driven by the springs

! /Z(ln ‘:‘)

Fig.7 Ocean basin of TPN

195
e
:
ég §§ 210°
& o S
E H
I I~
e

Fig.8 Wave basin anchor and model arrangement

characteristics and the angles of the lines, which was always
120° between each line. The stiffness of each spring cor-
responded to 56.32 kN/m in full scale. In the real scale, the
vertical elevation of connection points at tank borders cor-
responded to 66 m above the waterline.

Three wave probes (WP0O1-WP03) were employed to
measure the waves during the tests, and their positions are
indicated in Fig. 8. A fourth wave probe was positioned at
the model location during wave calibration as wave reference
and later removed for the model tests.

The model motions were measured by a Qualisys®
optical tracking system positioned above the model in the
instrumentation bridge. Four tracking cameras with five
passive markers on the base of the model tower were used
to provide accuracy and reliability for the motion measure-
ment. Because of the redundancy of cameras on tracking
each marker, the position error measurement was less than
1.0 mm. The tracking system measures the six degrees of
freedom of the model (surge, sway, heave, roll, pitch, and
yaw) with the center of coordinates corresponding to the
platform center of gravity. The sampling frequency adopted
during the measurements was 100 Hz.

Wave tests were designed to verify the numerical RAO
predictions including irregular white-noise waves and regu-
lar waves with selected periods and amplitudes. The white
noise wave was employed to evaluate a wide range of fre-
quency response of the model. The white noise wave is a
low-steepness irregular wave with constant energy in the
frequency span and random phases. The wave adopted in
the tests comprised a period range between 6.5 s and 25 s
(full scale), thus covering important RAO resonances and

@ Springer
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Fig. 9 White noise wave: wave elevation (above) and PSD (below)

points of minima (see Figs. 5 and 6). Figure 9 presents the
white noise wave recorded and the power spectrum density
(PSD) obtained from it.

In addition to the white-noise wave tests, a set of 12 regu-
lar waves with periods coincident with the heave resonance
and some selected minima of the RAOs were tested with at
least three different wave heights to verify nonlinear hydro-
dynamic effects on the model response.

3 Results
3.1 Natural periods and heave plates damping

The first quantification of natural periods and damping was
obtained by means of decay tests executed in still water in
the neutral position of the mooring arrangement. These
tests allowed verifying the numerical predictions of natu-
ral frequencies. It was also possible to analyze the linear
and the quadratic coefficients of hydrodynamic damping of
the floater for the different combinations of heave plates.
At least three repetitions of each decay test were carried
out to reduce the statistical uncertainty associated with the
experiments.

Tables 7, 8 and 9 show the average values of natural
periods obtained from the tests for heave, pitch, and surge,
respectively.

From the records of motion in the decay tests, it was
also possible to evaluate the linear and quadratic damping
coefficients for each model configuration. By comparing
the results obtained for the different heave plates, the lin-
ear damping was presented as a percentage of the critical
damping for each motion. Tables 10, 11 and 12 show the
linear damping ratios for heave, pitch, and surge, respec-
tively. For analysing the quadratic damping, however, the

@ Springer

Table 7 Heave natural periods from decay tests (s)

Model ID Width (m)

LO L4 L5 L6

Skirt height (m) HO 9.8

H4 14.4 16.6 18.6
H5 15.2 16.8 19.2
H6 15.5 17.1 19.7

Table 8 Pitch natural periods from decay tests (%)

Model ID Width (m)

LO L4 L5 L6

Skirt height (m) HO 21.0

H4 25.4 27.2 29.2
HS5 25.9 27.6 29.9
H6 26.0 27.8 30.3

Table 9 Surge natural periods from decay tests (%)

Model ID Width (m)

LO L4 L5 L6

Skirt height (m) HO 77.9

H4 82.7 84.4 85.6
H5 84.6 86.2 88.3
H6 86.8 89.5 90.8

Table 10 Heave linear damping from decay tests (%)

Model ID Width (m)

LO L4 L5 L6

Skirt height (m) HO 2.5%

H4 1.1% 0.3% 0.0%
H5 0.2% 0.1% 0.0%
H6 0.3% 0.7% 0.0%

Table 11 Pitch linear damping from decay tests (%)

Model ID Width (m)

LO L4 L5 L6

Skirt height (m) HO 1.7%

H4 2.6% 1.1% 0.9%
H5 1.6% 1.7% 1.4%
H6 1.5% 1.4% 1.3%

damping coefficients were presented as a percentage of the
mass/inertia of each motion and, therefore, the ratios for
pitch were nondimensional, but those for surge and heave
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Table 12 Surge linear damping from decay tests (%)

Table 16 Comparison of pitch natural periods (s)

Model ID Width (m)

LO L4 L5 L6

Skirt height (m) HO 1.1%

H4 1.4% 1.1% 2.6%
H5 1.6% 2.0% 1.8%
H6 1.1% 1.7% 2.0%

Table 13 Heave quadratic damping from decay tests (%)

Model ID Width (m)

LO L4 L5 L6

Skirt height (m) HO 2.6%

H4 13.1% 17.8% 22.8%
H5 14.7% 18.8% 21.0%
Ho6 13.8% 14.0% 18.8%
Table 14 Pitch quadratic damping from decay tests (%)
Model ID Width (m)
L0 L4 L5 L6
Skirt height (m) HO 0.4%
H4 1.7% 3.9% 4.8%
HS5 2.7% 3.5% 4.1%
H6 2.5% 32% 3.9%
Table 15 Surge quadratic damping from decay tests (%)
Model ID Width (m)
Lo L4 L5 L6
Skirt height (m) HO 1.5%
H4 4.8% 6.1% 5.6%
H5 5.3% 6.2% 8.1%
H6 6.4% 7.6% 8.6%

were not nondimensional form (values of the damping ratios
were computed in full-scale). Tables 13, 14 and 15 show the
quadratic damping ratios for heave, pitch, and surge, respec-
tively. The method employed for evaluating the damping
values is detailed in Ref. [17].

Concerning the natural periods of motion, it is possible to
observe a clear increasing trend the natural periods of heave
and pitch with the increasing width of the heave plates. For
the ranges tested, the impact of the heave plate width was
more pronounced than the one obtained when changing the
skirt height, except for the surge motion. In this case, as
could be anticipated, the skirt height had a more significant
effect.

Model No ext stiff-  With ext Experimental Difference (%)
ness stiffness
LOHO 24.31 21.31 21.00 1.45
L4H4 29.23 25.63 25.40 0.90
L5H4 31.10 27.27 27.20 0.26
L6H4 33.46 29.34 29.20 0.48
L4HS5 29.61 25.97 25.90 0.27
L5SHS 31.62 27.72 27.60 0.43
L6HS 34.07 29.88 29.90 0.07
L4H6 30.02 26.32 26.00 1.22
L5H6 32.12 28.16 27.80 1.28
L6H6 34.67 30.40 30.30 0.33

For the natural periods of surge and heave, the agree-
ment between the values obtained from the decay tests
(Tables 7, 9) with the predictions of the numerical model
(Table 6) was good. The comparison indicated that the
linear hydrodynamic analysis performed with the panel
method was indeed capable of providing fair computations
of the added mass. However, a more detailed analysis must
be conducted for the pitch motion because, in this case, the
effects of the horizontal mooring arrangement on the natu-
ral frequencies could not be ignored. Table 16 shows the
differences observed between numerical and experimental
predictions, and it is possible to note that a good agree-
ment could only be obtained when properly considering
the external stiffness matrix.

Regarding the damping, the linear damping of heave
motion (Table 10) decreased with the size of the heave
plates, while the quadratic damping (Table 13), increased
quite strongly due to the dominating effects of viscous
drag. Comparing the variations in damping with the heave
plate width and skirt height, one may note that the higher
damping did not occur for the larger skirt. Indeed, con-
figuration H4L6 presented the highest damping coeffi-
cient among all the tested ones. In fact, when increasing
the skirt heights above a certain threshold, the values of
damping started to decrease. This behavior was due to the
changes that the skirt produced in the vortex shedding pat-
tern around the plate edges, and the same sort of trend had
already been observed in the literature, as in [2]. The same
trend was observed for the pitch damping (Table 14), and
this behavior could be anticipated since the pitch damping
was also dominated by the viscous drag associated with
the quasi-vertical motions induced on the columns and
heave plates.

For the surge motion (Table 15), the increase in the quad-
ratic damping with the heave plates was not as pronounced,
and it was more strongly related to the skirt heights. In
this case, the largest damping values were obtained for the
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largest width and height (H6L6), due to the largest projected
area of the skirts in the surge direction.

3.2 Motion RAOs

Figure 10 illustrates the behavior of the pitch RAO for dif-
ferent stiffness configurations for the example the case of the
model without heave plates (LOHO). The blue line with circle
markers corresponds to the RAO obtained from the analysis
of the white-noise wave test. The red line corresponds to the
one predicted without considering the effects of the mooring
arrangement and, in this case, one may note that the natu-
ral period of motion is clearly shifted. When considering
the stiffness matrix computed in the model neutral position
given in Table 3 (here denoted by Pre-tension 1), the natu-
ral period shifted and matched the experimental one quite
well. However, with this change, the numerical model was
not yet capable of providing a good prediction of the pitch
motions in the most important wave frequency range (below
15 s). In fact, in this range the numerical predictions tended
to overestimate the response observed in the experiments
(Pre-tension 1). Adjustments of the stiffness matrix based
on both the offsets of the platform and the levels of vertical
motions of the fairleads were required to generate a new
stiffness matrix able to represent the behavior of anchoring
more faithfully (as in Pre-tension 2). Obviously, this is an
evidence of the limitations of the linear analysis.

Contrary to the pitch, for the heave motions, the effects of
the external stiffness were negligible and did not impose any
notable changes on the RAO, as presented in Fig. 11 for the
same model without heave plates (LOHO). The main issue
involved in the proper calibration of the heave RAO was the
prediction of a proper linearized external damping, which
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Fig. 10 Effect of the stiffness of anchoring lines on the pitch RAO.
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(as mentioned before) changes with the motion amplitude. In
this case, besides the results from the white-noise tests, the
RAOs predicted from regular wave tests with different wave
amplitudes were also presented represented by the markers
in the graph. In this case, the RAO variations obtained for
the different wave amplitudes were relatively low because
the model without heave plates presented low damping.

Figure 12 shows the pitch RAOs obtained for the model
without heave plates, the same already discussed in Fig. 10,
but now also with the markers of the results from the regular
wave tests. In this case, since the wave frequency range was
very far from the resonant frequency, the wave amplitude
had no influence on the RAOs obtained experimentally.

An illustrative example of the effects of the heave
plates on the motions can be given considering the model
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Fig. 12 Comparison of pitch RAOs for model LOHO
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Fig. 14 Comparison of pitch RAOs for model L4H5

configuration L4HS5. Figures 13 and 14 present the heave
and pitch RAOs for these cases, respectively. Concerning the
heave RAOQ, it is possible to observe that the resonant period
of the heave motion was well predicted, but the cancellation
point around 13 s was not observed in the experiments due
to viscous drag effects. It is also possible to verify the vari-
ations of damping levels in the resonance from the results
of regular waves with different amplitudes. The resonant
amplification was remarkably reduced for the higher waves.

The pitch RAO of model L5H4 presented a somewhat
different pattern if compared to the pitch response of model
LOHO. There was a minimum amplitude of motion around
the period of 18 s for LSH4 that was not observed for LOHO.
In this case, the agreement between numerical and experi-
mental values was quite reasonable up to this period, and

discrepancies seemed to intensify for larger ones. However,
it must be observed that, due to the shift of the natural period
to a higher value imposed by the heave plates, the white-
noise results above 20 s may be inaccurate.

4 Conclusions

The paper presented the first set of results concerning the
effects of heave plates with large skirts on the motions of
a semi-submersible FOWT. The motions were computed
in the frequency domain by means of the panel code using
WAMIT®, as the heave plates modeled by dipole panels. The
numerical predictions were compared to a set of experimen-
tal results from model tests comprising decay tests, regular
and white-noise waves.

The results confirmed that the variations in plate diam-
eter and skirt height allowed for significant changes in the
motions of the floater in waves, indicating that a parametric
optimization of these dimensions may be a valuable tool for
the design of the hull.

A reasonable prediction of the first-order motions could
be obtained in a conventional frequency domain analysis, but
the results showed that special care must be taken when con-
sidering the mooring stiffness for pitch (or roll) motions and
also regarding cancellation points in the numerical RAOs
since, for the latter, viscous drag effects may impose signifi-
cant discrepancies on this range.

For the set of heave plates tested, the results showed that,
although the plate width was the dominating dimension con-
cerning added masses and viscous damping, variations in the
skirt height can contribute to a fine tuning of the motions.

A preliminary analysis of the nonlinear viscous damping
was obtained from the results of decay tests, showing that
an increase in the skirt height did not always lead to a cor-
responding increase in the viscous damping.

The results will be used in the next steps of the research
in the pursuit of a proper parametric model for predicting
damping based on the characteristics of the incoming waves.
For this, the experimental data will be complemented with
a set of irregular wave tests. The final goal is to calibrate
a parametric model based on pre-computed hydrodynamic
coefficients for optimizing the hull geometry.
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