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Abstract: The growing energy demand has increased the consumption of hydrocarbons in developing
countries such as Mexico, which has contributed to accelerating global warming. Although Mexico
has suitable offshore wind energy harvesting sites, technical assessments to identify technologies
to be placed in specific locations are scarce. In Mexico, offshore wind resources are found in depths
larger than 50 m. There, floating platforms are convenient for harnessing wind energy. This work
presents a technical evaluation of offshore wind energy in one of the regions with a higher availability
of wind resources on the Mexican coasts, the Tehuantepec Gulf, in the Pacific Ocean. First, a specific
location is chosen to evaluate its maritime conditions and theoretical wind energy potential. Next, the
performance of a floating offshore wind turbine platform has been investigated numerically using
potential flow simulations. The motions of the platform were analyzed for different drafts when
subjected to different environmental conditions in the evaluated region. These conditions include
wave and wind scenarios with the highest probability of occurrence and the most extreme ones. From
the evaluation of the platform dynamics in these scenarios, it was possible to identify the general
working conditions of the platform. Results showed that the proposed FOWT could be suitable to
be deployed in the region of interest for the most probable environmental conditions, presenting a
possible energy production within 3-4 MW, approximately. However, motion stabilization should be
required when subjected to extreme environmental conditions as the structure could significantly
increase its surge and pitch motions. The simplified approach employed in this work can help
perform the following steps in technical or practical resource assessments of wind energy in other
places in Mexico or similar developing regions.

Keywords: offshore wind energy; FOWT; Tehuantepec Isthmus; Mexican Pacific; technical assessment

1. Introduction

The need for energy provision with the minimum emissions of gases that accelerate
global warming has provoked several developed and developing countries with access
to the sea to be interested in the use of offshore wind energy. This impulse has turned
into rapid technological developments and a diminution in the installation costs in recent
years [1,2].

The present work deals with offshore wind energy in developing countries, in which
technical evaluations of the resource are scarce, and considering the case of Mexico as
representative of such regions. Mexico has a coastline of 11,122 km distributed between
two oceans: the Atlantic Ocean on the east coast and the Pacific Ocean on the west coast [3].
This geographical position provides the country with large extensions of the territorial
sea to harness wind energy. According to [4], there are four zones with wind potential in
Mexico. Two of them are in the Gulf of Mexico, particularly in the coast of Tamaulipas
and in the Yucatan peninsula. The other places are the Baja California Peninsula and the
Tehuantepec Gulf. The latter has one of the highest wind energy potentials worldwide [5,6].
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The installation of wind turbines in the ocean shows significant advantages over
those on land, mainly because wind resources available offshore can be higher and more
persistent since the wind moves on the sea surface without obstacles [7]. Nevertheless,
most wind turbines installed at sea are fixed structures positioned in water with depths
lower than 50 m. Installing fixed platforms at greater depths is not economically viable;
therefore, a convenient technology to harness the wind resource in waters greater than
50 m deep is the floating platforms [8], also known as floating offshore wind turbines. As
the areas with the highest wind energy potential in the Gulf of Tehuantepec can be found
in deeper locations, it is essential to perform preliminary technical assessments to verify
the suitability of this type of technology. In this work, a technical study has been conducted
to build up knowledge about offshore wind energy harvesting possibilities in Mexico.

The installation of offshore wind turbines has increased by around 30% in the last decade.
In 2018, it was documented a production capacity of ~23 GW of offshore wind energy, from
which more than 80% was installed in European countries. Worldwide, there are different
areas with wind potential. Hersbach et al. [9] highlighted thirteen zones with significant wind
speed potential, considering the territorial extension to produce wind energy in the exclusive
economic zone of different countries. Figure 1 illustrates the distribution of the offshore wind
speed in the world within the first to 200 km from the coast [10].
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Figure 1. Distribution of the offshore wind speed worldwide at 10 m above sea water level.

Assessments to evaluate the wind potential offshore have been carried out in several
countries, such as on the coast of California in the United States of America [11]. Addition-
ally, in South Korea, another assessment was carried out in a zone located southwest of
the Korean peninsula [12]. In Turkey, an analysis regarding its wind speed offshore was
conducted to compute the available wind potential [13]. In the same way, a study was
carried out in China to evaluate the wind potential in its exclusive economic zone [14]. A
similar study was carried out to assess the offshore wind potential along the whole coast of
Africa [15]. For updated offshore wind data the reader is referred to [16] (Figure 1).

Floating platforms with wind turbines are excellent options to take full advantage of
offshore wind potential since they can be installed at greater distances and depths from
the coast, where air masses could be more persistent since the wind would tend to flow
over smoother areas in relation to the ones found near the coasts. Furthermore, less social
opposition could be achieved because these technologies may be installed far from coastal
cities [17-19]. Nowadays, there are different concepts of floating platforms to support wind
turbines for offshore applications. These can be classified mainly into spar platforms, tension-
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leg platforms (TLP), and semisubmersible platforms. They are made up of four components:
the floating platform, cables or mooring chains, electrical cables, and anchors [20].

Several institutions from different countries have worked on designing and analyzing
distinct types of floating platform models to obtain information on their dynamics under
wave and wind conditions. Some concepts have reached full-scale construction. In the
following paragraphs, some of the projects that have been carried out in the last years are
described. Table 1 shows a summary of recent experiments with platforms that have been
implemented and information regarding the construction of a prototype, if available.

Table 1. Recent experiments with offshore floating platforms.

Reference Project Scale Type of Platform Prototype
[21] Hywind 1:47 Spar v
[22] SPAR type 1:22.5 Spar v
[23] Windfloat 1:105 Semisubmersible v
[24] OC3 Hywind (2011) 1:128 Spar -
[25] V-shape platform 1:64 Semisubmersible v
[26] Concret star floater 1:40 Semisubmersible -

Spar, semisubmersible, and

[27] Three different floaters 1:50 tension leg platform -
[28] INWIND-EU 1:60 Semisubmersible -
[29] Fukushima Mirai 1:60 Semisubmersible v
[30] Light platform 1:60 Semisubmersible -
[31] SPIC 1:64 Semisubmersible -

In 2005, the concept of a spar-type Hywind platform was used to carry out experiments in
the Marintek laboratory in Norway with a 1:47 scale model. The Hywind platform, designed
for water depths between 200 and 700 m, consists of a metallic structure mounted on a concrete
section to install a 5 MW wind turbine. The positioning of the platform in the place of work
was performed by three mooring lines anchored to the seafloor. The experimental research
aimed to compare the information obtained between the model and the data generated in
the numerical simulation for wind turbines with the Simo/Riflex program to validate the
results [32]. The full-scale Hywind platform was installed in 2009 near Karmoy, in the north
of Stranvanger, 10 km from the Norwegian coast, at a depth of 200 m. The prototype has a
2 MW wind turbine that powers the Norway electricity grid [33].

Later, in 2009, the National Maritime Research Institute (NMRI) of Japan carried out a
series of tests with a 1:22.5 scale model of a floating spar type platform. In the upper part of
the platform, a linear force resembling the action of the wind was applied [24]. Additionally,
the Japanese Ministry of the Environment started the project of floating platforms on the
coast in 2010. Firstly, a model with the middle of the full scale was installed. Next, it
was removed, and a full-scale spar-type platform was established in the same place. The
installation place is located 1 km from the coast of the city of Goto on the Kabashima Island,
Nagasaki, Japan. The depth of the site is 97.2 m [34].

In 2010, at the University of California, Berkeley, several experiments were executed
with the concept of a semisubmersible floating platform, named Windfloat, at a scale of
1:105. The floating platform of the Windfloat project is made up of three cylindrical columns
that act as floats and provide stability to the structure. In the lower part of each float, a
horizontal disk was installed to increase the weight and reduce heave, pitch, and roll
motions. In addition, a ballast system was installed to maintain the required draft under
the weather conditions of the place. The model of the Windfloat platform had a foam beam
disk installed on the top of the tower to generate the aerodynamic moment on the structure.
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Similarly, a rotor with an electric motor was installed to generate the gyroscopic effect on
the floating platform.

Additionally, a temporal numerical analysis was performed by coupling the software
TIMEFLOAT and FAST (Fatigue, Aerodynamics, Structure, and Turbulence) software to eval-
uate in detail the platform motions [23]. The prototype of the Windfloat project was built and
installed in 2011, 6 km from Agucada, Portugal. The installation site has a depth of 49 m [35].
The operation of the Windfloat platform has generated fundamental information to analyze
its dynamics and improve the design and construction of semisubmersible platforms [36].

On the other hand, a V-type semisubmersible platform model with a 1:64 scale wind
turbine was tested in a wave basin [25]. The V-shaped structure has a rectangular hull design
without arching surfaces. In the central connection, as in the edges of the platform, there are
three columns. The column located in the central part was designed to mount a wind turbine
of 7 MW. According to depth and weather conditions, the required draft of the platform was
controlled by a system of ballast tanks. The semisubmersible platform has a length of 84.85 m,
a breadth of 149.9 m, a freeboard of 15 m, and a draft of 17 m [25]. A prototype of a V-type
platform with a 7 MW turbine was installed in 2015 in the Japanese sea [37].

Next, scientists from the Maritime Research Institute Netherlands (MARIN) carried
out tests with the three types of floating platforms. In the experimental campaign, where
the dynamics of three platforms were compared, the semisubmersible, tension leg, and
spar types were used on a 1:50 scale. The semisubmersible platform used was the OC4
DeepCwind designed by the National Renewable Energy Laboratory (NREL) from the
United States of America, related to the OC3 project. The column was projected to install a
5 MW wind turbine. Moreover, three external columns provided buoyancy to the structure
and were integrated into the column through nine pontoons [38]. Additionally, a 5 MW
wind turbine model was used from the NREL [39]. The floating platforms were tested
under different maritime conditions, including regular and irregular waves and wind [40].
The main objective of the experiments was to obtain information about the degrees of
freedom (DOF) of the three platforms to improve the numerical analysis. In addition, the
study served to know the advantages and disadvantages of the floating platforms [27].

Finally, in the Akishima laboratory in Tokyo, Japan, the semisubmersible floating
platform “Fukushima Mirai” was tested with a 1:60 scale to know its dynamics under
different wave conditions. This platform was integrated by three external columns con-
nected by three supports to the main column located in the center of the structure. The
central column was designed to install a 2 MW wind turbine. The platform was placed
in position by six catenary mooring lines connected to the bottom of the testing facility.
After the experimental tests, numerical analysis was carried out with BLADED software. A
prototype of the semisubmersible platform “Fukushima Mirai” was installed in 2013 at a
distance of 20 km from the coast of Fukushima, Japan [29].

Research regarding offshore wind energy harvesting technologies has proposed dif-
ferent concepts in the last decade. The knowledge of FOWT concepts in which models
and prototypes have been evaluated could contribute to the performance of technical
assessments in other regions, including those in developing countries in which technical
reviews are in the early stages of planning. In the case of Mexico, the generation of energy
using the wind is a viable alternative to face the climatic change since there are extensive
oceanic areas with wind resources. The Gulf of Tehuantepec is the area with the greatest
wind potential on the coast of Mexico; however, offshore wind energy assessments con-
sidering the implementation of wind energy harvesting devices are scarce. To the authors’
knowledge, the feasibility of a floating platform for wind turbines has not been analyzed
under wave and wind conditions of the region. Considering the Gulf of Tehuantepec as a
study case, the objective of this work is to perform a preliminary technical assessment of
offshore wind energy in Mexico, considering the dynamics of well-known FOWT technol-
ogy. The maritime conditions and the wind energy potential of a prospective place in this
region have been investigated. Then, the technical assessment is performed to analyze the
feasibility of installing the FOWT under maritime conditions (most probable and extreme)
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of the selected area. For this, numerical simulations were performed through potential flow
simulations, verifying the effect of the draft on the platform motions.

This work is organized as follows: Section 2 describes the materials and methods,
including the sources available to obtain wave and wind data, the equations employed to
evaluate theoretical wind power, the properties of the floating platform selected for this
study, and the characteristics of the software used to assess its dynamics. The results and
discussion of the statistical analysis of wave and wind and the dynamics of the platform
are shown in Section 3. Finally, the conclusions and recommendations for future work are
summarized in Section 4.

2. Materials and Methods
2.1. The Study Zone in Mexico: Tehuantepec Gulf

According to the GWA [16], there are four main offshore zones in Mexico with available
and persistent wind resources. This work selected the zone with the highest wind potential
offshore to perform the technical wind energy assessment. The area of interest is in the
Tehuantepec Gulf, located south of the port of Salina Cruz, Oaxaca, as shown in zone 3
from Figure 2.
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Figure 2. Offshore wind speed (WS) resource in Mexico [4]. The figure was used under an authorized
public disclosure; © The World Bank.

The Mexican state of Oaxaca (Figure 3) is located between longitude 93° 52'-98° 35" west
and latitude 15° 39-18° 40’ north. It borders north with the states of Puebla and Veracruz,
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east with Chiapas, west with Guerrero, and south with the Pacific Ocean. The length of the
Oaxacan coast is 568 km [41]. The Gulf of Tehuantepec, located south of the port of Salina
Cruz, Oaxaca, is situated within the meridians 92°-97° west, and its southern limit is the
parallel 12° north. It counts with an area of ~125 000 km? [42]. The Gulf of Tehuantepec area
has an excellent wind potential since it has strong winds for most of the year.
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Figure 3. Geographical location of the state of Oaxaca, showing the Oaxaca’s coast, isthmus of
Tehuantepec, and Gulf of Tehuantepec.

In Figure 3, it is possible to identify the Isthmus of Tehuantepec, which is a region
that links the Gulf of Mexico (in the Atlantic Ocean) and the Gulf of Tehuantepec (in the
Pacific Ocean). From October to April, the cold air masses that descend from the north and
the Gulf of Mexico cross the Isthmus and enter the Pacific Ocean, encountering a lower
atmospheric pressure. Therefore, high speed wind flows, usually known in this region as
“Tehuanos”, are produced, which may affect a region of ~200-500 km from the seashore to
the open sea, with an average speed of ~10 m/s with gusts greater than ~20 m/s [43].

The present study considers some locations in the Gulf of Tehuantepec, as shown in
Figure 4. The wave and wind conditions were evaluated at the point with the coordinates
16.0° N, 95.0° W (Figures 3 and 4). This point is 11 km from the position where the
installation of the prototype is proposed (location 15.9° N, 94.9° W and a depth of 200 m).
The wave and wind conditions were assumed valid at the deployment point.

Wave and wind data
® (16°N, 95° W)
[ ]

Platform position
(15.9231° N, 94.931° W)

15.6°
15.4°

15.2° 01020 40
e e KT

-95.8° -95.4° -95° -94.6° -94.2°

Figure 4. Locations in the Gulf of Tehuantepec considered in the present analysis.
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The maritime conditions of the study area were obtained through a statistical analysis
of the wave and wind data obtained from the ERA5 data source between the years 2001 to
2020. With this data, wave and wind roses were drawn and presented in the results section.
Furthermore, joint probability graphs of wave height and period, and wave direction and
height, were also drawn. Additionally, the extreme maritime conditions corresponding to
the most energetic phenomenon during the 20 years of the statistical analysis were acquired.
According to NOAA’s (National Oceanic & Atmospheric Administration) historical record,
Hurricane Barbara, category one on the Saffir-Simpson scale, presented the highest values
of waves and winds (NOAA, 2021).

2.2. Wind Power Energy Assessment

A statistical analysis to represent the maritime characteristics of the Gulf of Tehuante-
pec was carried out with information from the public data source ERA5, which provides
hourly estimates of the different ocean and land atmospheric climate variables from 1979
to five days before its consultation. The European Centre processes this information for
Medium-Range Weather Forecasts, ECMWF [9]. In addition, to know the most energetic
phenomenon in the Gulf of Tehuantepec during the statistical analysis period, the NOAA
website of the historical record of hurricanes was consulted, where meteorological data of
depressions, storms, and hurricanes can be obtained [44].

The mean offshore wind speed from the coast of Mexico was consulted on the public
website Global Wind Atlas (GWA, [10]). This website allows consulting virtually and
interactively in the inshore and offshore areas with wind potential. The offshore coverage
is up to 200 km from the coastline. Moreover, the average wind speed at five heights above
sea level, 10, 50, 100, 150, and 200 m, is available. In the GWA, the calculations of the wind
model employed data from the re-analysis of ERA5 from the period 2008 to 2017 [10].

2.2.1. Wind Power Estimation Theoretical Approach

In this study, theoretical wind power, P, was calculated as:
1 3
P= EpAV 1)

where p is the density of the air, A is the area of the turbine, and V corresponds to the wind
speed perpendicular to the turbine plane [45].

The wind speed varies according to the height; therefore, it is important to know
the vertical profile of the wind speed. To understand this on a homogeneous surface,
Equation (2) was used, which expresses the exponential Hellmann’s law [46]:

U(z z\"

9 (%) @
U(zr) Zy
where U(z) is the wind speed at a height, z; U(z,) is the reference wind speed at a reference
height, z;; and « is the exponent of Hellman’s exponential law.

2.2.2. Methods Employed to Process and Visualize Data

The maritime conditions in the region of interest were characterized using wave
and wind roses. Moreover, joint probability graphs that interpret the correlation between
variables were used (see Results section). The data was processed and analyzed using
MATLAB software [47].

The bathymetry of the Gulf of Tehuantepec was consulted on the GEBCO website,
which includes general ocean bathymetric charts [48]. This site provides information about
the ocean’s depth. The bathymetric data downloaded from GEBCO were used to project the
map of the study area using the SURFER data visualization program [49]. The geographic
visualization maps were prepared using the open-source software QGIS [50].
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2.3. The Floating Offshore Wind Turbine (FOWT)
2.3.1. Geometry and Dimensions

In this study, the semisubmersible platform of the OC4 DeepCwind project from
the NREL was selected [38]. The prototype geometry was designed in the Solidworks
CAD software, as shown in Figure 5a,b. It consists of the main structure that supports
the tower and wind turbine. The main column is attached to three external columns that
act as floats through nine cylindrical supports. Dimensions of the platform are shown in
Figure 5¢,d. The mass of the metallic structure is 3.8522 x 10° kg (density of 7859 kg/m?),
while the ballast mass is 9.6208 x 10° kg. The structure with ballast has a total mass of
1.3473 x 107 kg. The floating platform mass center, excluding the tower and the turbine, is
located at 13.46 m below the floating line, on the central line. A disk is installed at the base
of each outer column to reduce the surge, heave, pitch, and roll motions. The draft and
freeboard measured in the central column are 20 m and 10 m, respectively. More details
regarding the model can be found in [38].

Lk

) B186m rT@7Im
\ ==
“@886m
c) d)

Figure 5. Model of the semisubmersible platform OC4 DeepCwind considered for the technical analysis.
(a) Isometric view. (b) Frontal view. (c) Plan view with dimensions. (d) Profile view with dimensions.

The tower installed on the OC4 DeepCwind platform, designed to support a 5 MW
wind turbine, has an upper diameter of 3.87 m and a lower diameter of 6.5 m, coinciding
with the central column. The tower’s distance from the flotation line to the upper limit
is 87.6 m. The total mass of the tower is equal to 2.4971 x 10° kg, and the center of mass,
considering the length of 77.6 m of the tower, is situated at 43.4 m above sea level [38].

The wind turbine comprises three blades with a length of 61.5 m and a mass of
1.7740 x 10* kg. The hub height is 90 m, and the rotor with a diameter of 126 m has a mass
of 1.1 x 10° kg. The horizontal distance from the center of the rotor to the yaw axis is
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5.019 m, while between the shaft and the tower top is 1.963 m. The nacelle has a mass of
2.4 x 10° kg, and its gravity center is located 1.9 m along the yaw axis in the direction of
the wind and 1.75 m from the yaw bearing [39].

2.3.2. Anchoring Lines

Following NREL specifications [38], a catenary mooring line system was employed to
position the OC4 DeepCwind platform, as shown in Figure 6. The main system properties
are shown in Table 2. The anchoring is composed of three catenary lines with a length of L
= 835.5 m and angular separation of 120°. In each lower external column and under the
flotation line, there is a hawsehole with a radial distance, Dh = 40.87 m, from the central
line of the platform. The anchors are located at a depth of 200 m with a radial distance of
Dr = 837.6 m from the central line.

2
R
|
120° } 1
L L 120°
503 Da

Figure 6. Catenary mooring lines system to position the OC4 DeepCwind semisubmersible platform.

Table 2. Mooring lines properties [38].

Name Value
Mooring lines 3
Angle between mooring lines 120
Anchor depth 200 m
Ratio from centerline to anchors 837.60 m
Ratio from centerline to hawsehole 40.868 m
Length of mooring line without tension 835.50 m
Mooring line diameter 0.0766 m
Mooring Line Mass Density Equivalence 113.35 kg/m
Equivalence mass in water of mooring line 108.63 kg/m
Rigid Extensional Mooring Line Equivalence 753.6 MN
Hydrodynamic coefficient of mooring line resistance 1.1
Hydrodynamic coefficient of added mass of mooring lines 1

Coefficient of resistance of the seabed for mooring lines 1
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2.4. Methods to Evaluate FOWT Dynamics

In this study, a numerical analysis of the OC4 DeepCwind semisubmersible platform,
presented in the previous subsection, was performed to evaluate its dynamics when submitted
to environmental conditions representative of the place of interest in the Gulf Tehuantepec.

The numerical analysis was carried out with the ANSYS AQWA software, which allows
analyzing the behavior of maritime structures in the time and frequency (period hereafter)
domain using the potential flow theory [51], i.e., disregarding viscous flow effects.

ANSYS AQWA comprises two modules: the Hydrodynamic Diffraction and Hydrody-
namic Response modules. The former enables analysis in the period domain, providing
an integrated environment for the study of primary parameters necessary for motion and
Hydrodynamic Response analysis. The latter permits the analysis of the movements of
the floating structure in the time domain, where additional effects can be considered, in-
cluding the mooring line system configuration and constant wind loads over the maritime
structure [52].

The numerical simulation setup for the OC4 DeepCwind semisubmersible platform is
illustrated in Figure 7. Notice that waves travel from right to left at an angle 0 1, over a
constant depth, h. Likewise, at a distance z above sea level, there is the wind speed, U(z),
which comes to the left with an angle 6 2. The waves interact with the semisubmersible
platform, which has a tower with height, r, where a turbine with a diameter D is installed.
In addition, it has a distance, a, from the keel to the upper deck of the external floats that are
ballasted with water to achieve a required draft, d, and a position of the center of gravity,
CG. Three catenary mooring lines are used to position the platform and limit its motions,
which are anchored to the seabed at a depth h.

BC OPEN otor
Heave
Pitch
a) Tower D b Surge
i~ Wind speed U(z)
r 1
MWL CG Wave
< X 7 _ﬂ ¥
U sl t o~
: nxy.t)

LSemisub
Platform

<+— Mooring lines

BC OPEN

b)
Wind angle
02

Wave angle

Figure 7. Sketch of the setup used for the numerical simulations. (a) Front view. (b) Top view.
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The numerical analysis was performed for different ballast conditions. Therefore, the
effect of varying the draft (d = 16, 20 and 24 m) in the surge, heave, and pitch motions of
the OC4 DeepCwind semisubmersible platform were analyzed. The platform conditions
were classified according to the draft to the external column height ratio (d/a). This yielded
three dimensionless parameters, d/a = 0.5, 0.625, and 0.75, representing platforms with
drafts equal to 16, 20, and 24 m, respectively. The period analysis range is from 5 to 25 s,
which is considered normal as a wave period range and where the natural period of the
heave motion of the OC4 DeepCwind platform is present [53].

2.4.1. Numerical Test Cases

In the dynamic analysis of the OC4 DeepCwind semisubmersible platform, surge,
heave, and pitch motions were analyzed, considering two different excitation conditions
generated with regular wave parameters. Table 3 summarizes the wave and wind param-
eters used in the two excitation scenarios. For case A, the incident waves employed in
the numerical simulations consider the wave parameters with the highest probability of
occurrence in the selected region. On the other hand, case D is the most extreme natural
phenomenon in the 20-year statistical analysis. Information regarding conditions A and D
can be found in Section 3.2, specifically in Tables 4 and 5. A brief description of the methods
employed to obtain and use the wind speed values, U(90), is presented in Appendix A.

Table 3. Test matrix.

Case Period Frequency = Wave Length Wave Height ng (Sg)eed
T (s) f (Hz) A (m) H (m)
(m/s)
A 9.75 0.102 148.4 1.125 13.25
D 7.11 0.141 78.9 2.28 53

2.4.2. General Considerations

In this work, a potential flow solver was employed to analyze the dynamics of the
FOWT. Thus, some considerations were made for the numerical analysis. First, the incident
wave and wind come from the same direction with an angle equal to zero. The wind speed
effect on the structure is represented as a resultant force applied at the center of the rotor.
The rotation of the turbine is neglected, so the position of the turbine is maintained. In
addition to this, the aerodynamic effect on the tower and the part of the platform above
sea level are disregarded. Another important aspect is the free surface effect of ballast
water, which occurs when a partially full ballast tank and the floating structure incline.
This may cause significant changes in the center of gravity of the ballast and a possible loss
of stability [54]. Given this, in this study, a non-deformable static ballast was considered.
Additionally, the ends of the mooring lines are fixed points on the prototype and the seabed,
while the rest of the mooring line is slack.

Appendices B and C include complementary analyses of the numerical research. In
the former, the mesh convergence study is shown. In the latter, the methods and results of
the validation of the numerical approach considered in this work are presented.

3. Results and Discussion
3.1. Wawve Statistical Analysis in the Selected Location

As mentioned in Section 2.1, one of the regions with the most significant offshore
wind potential in Mexico could be found offshore the coast of Oaxaca state, specifically in
the area corresponding to the Gulf of Tehuantepec [4]. The results of the wave statistical
analysis with data from ERAS5 at the place selected for this work (see location in Figure 3)
are shown in this section.

Figure 8 shows the annual wave rose. The statistical analysis results from 2001 to
2020 indicate that around 51% of the waves come from the south-southwest (SSW), where
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39.4% have a significant wave height (Hs) of 1-2 m. In addition, more than 33% of the
waves come from the north, where 14.7% have a wave height of 2-3 m. The waves from
the north can be influenced by strong winds called “Tehuanos”, which are generated due
to the difference in atmospheric pressure between the Gulf of Mexico (high pressure) and
Gulf of Tehuantepec (low pressure) [42,43,55].

S

Figure 8. Annual wave rose for the selected place in the Gulf of Tehuantepec (16° N, 95° W).

Figure 9 shows the annual joint probability of the peak period (Tp) and significant
height (Hs). Firstly, it is observed that ~46% of the waves range between 0.5 to 2 m, with a
peak period between 8 to 12 s. In turn, 28% of the waves show heights of 1.5 to 3.5 m, with
peak periods in the range of 5 to 7 s.
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Figure 9. Joint probability of significant height (Hs) and peak period (Tp) of the waves for the selected
place in the Gulf of Tehuantepec (16° N, 95° W).

On the other hand, the joint probability of significant height and direction of the waves
is shown in Figure 10. This figure indicates that about 50% of the waves come from the
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direction between 175-210 degrees with a significant height that varies from 0.5-2.0 m.
Furthermore, about 25% of the waves come from 345-0 degrees with significant heights
between 1 and 3.8 m.
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Figure 10. Joint probability of significant height and direction of the waves for the selected place in
the Gulf of Tehuantepec (16° N, 95° W).

3.2. Theoretical Wind Energy Assessment in the Region of Interest

Figure 11 shows the nautical wind rose at 100 m over the sea water level for the study
place in the Gulf of Tehuantepec, which shows that the wind mostly comes from the south.
Specifically, about 56% of the wind comes from the south, where the more predominant
wind speed is 12-15 m/s (14% of wind). Conversely, 7.6% and 11.2% of the wind come
from the N and NNE, respectively, with a wind speed variation between 3-12 m/s.

N

Wind speed (m/s)

Figure 11. Annual wind rose for the selected place in the Gulf of Tehuantepec (16° N, 95° W).
Reference wind speeds were taken at a height of 100 m over the sea water level.

Figure 12 shows the theoretical wind energy potential (i.e., power, in MW) for different
wind speeds that would be available in the study place (16° N, 95° W). These results
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were calculated with Equation (1), considering only the swept area of the 5 MW wind
turbine. The theoretical power was observed to increase exponentially between the range
of 428 m/s.

180.0

) Wind power
160.0 <

140.0 H
120.0 H

100.0

Power (MW)

80.0 —
60.0 —
40.0

20.0
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0 4 8 12 16 20 24 28

Wind speed (m/s)
Figure 12. Theoretical power for different wind speeds in the selected place (16° N, 95° W).

Figure 13 shows the wind potential in the Gulf of Tehuantepec, considering the
power curve for the 5 MW NREL wind turbine [27]. The wind condition with the highest
occurrence probability in the 20 years of statistical analysis corresponds to southern winds
(170°-190°). In this condition, the wind has a speed from 9 to 24 m/s, representing a
theoretical wind energy production between 2 to 5 MW. Likewise, winds come from
the north (with directions between 345°-30°) with speeds between 3 and 10 m/s. This
phenomenon is commonly known locally as “Tehuanos” [56].

0 1 2 Mw 3 4 5

30 60 90 120 150 180 210 240 270 300 330 360
Degrees

Figure 13. Offshore wind potential (in Megawatts, MW) matrix in the study place in the Gulf of
Tehuantepec (16° N, 19° W). The numbers in the cells indicate the hours of occurrence per year of the
wind speed (WS) with their respective direction.

Figure 14 shows the resultant vertical profile of the wind up to 120 m. It was obtained
with Equation (2), considering a value of « = 0.14, which is characteristic of the sea surface,
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and according to the average wind speed of 9.75 m/s at 10 m above sea level of the World
Wind Atlas [10]. From this figure, it can be determined that the wind speed at 90 m height,
where the rotor is located, is ~13.25 m/s.

120

—&—\Vertical profile of wind

100 —

80 -

Height (m)

60 |
40

20 +

Wind speed (m/s)
Figure 14. Variation of the wind speed for different heights (16° N, 95° W).

The natural phenomenon with extreme conditions in the period of the statistical
analysis was Hurricane Barbara, category one. In this phenomenon, the maximum wind
speed at 10 m above sea level was equivalent to 36 m/s [57]. According to the vertical
profile of the wind speed, it corresponds to 53 m/s at 90 m height, where the rotor center of
the turbine is located. From the linear regression applied to the wind thrust force shown
in Appendix A, a wind speed of 53 m/s would produce a thrust of 2000 kN, according to
Figure 15.
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Figure 15. Linear regression analysis for the wind thrust force for different wind speeds.

The data obtained from the statistical analysis of waves were used to prepare Table 4,
which shows the three-wave conditions with the highest recurrence in the study place.
Likewise, the average speed equal to 13.25 m/s in the three cases corresponds to the vertical
wind profile at the height of 90 m. Case A is the one with the highest probability. Thus, it
was chosen to analyze the platform dynamics of Section 3.3.2.
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Table 4. Average annual wave height with most recurrent associated values.

Wave

Wind

U(9o)

Case Hs (m) Tp 6 Direction Direction (m/s) Probability (%)
A 1.125 9.75 SSW SSE 13.25 3.06
B 1.125 10.25 SSW SSE 13.25 2.79
C 1.125 9.25 SSW SSE 13.25 2.73

The extreme conditions of waves and wind of Hurricane Barbara used in this study,
are described in Table 5 with data from ERAS5 [58]. This case was employed for the analysis
of the platform dynamics in Section 3.3.3.

Table 5. Maritime conditions of Hurricane Barbara.

uU(90)
Case Hs (m) Tp (s) (/s)
D 2.28 7.11 53

3.3. Dynamics of the FOWT
3.3.1. RAO Analysis

Firstly, a period domain analysis of the FOWT platform was conducted with the
Hydrodynamic Diffraction module of ANSYS AQWA. Notably, the Response Amplitude
Operators (RAOs, i.e., primary dynamic parameters of the platform) of surge, heave, and
pitch for different floating conditions, defined by the d/a ratio described in Section 2.4,
have been analyzed (Figure 15). The reader is referred to Appendix C for information
regarding the validation of the numerical approach.

From Figure 16a, the surge motion of the three platforms has a similar trend in the
RAOs. For 5 < T <85, d/a = 0.5 presented the greatest amplitude (~0.23 m/m). For
T > 8 s, all amplitudes increased, but d/a = 0.625 had the highest values. In general,
d/a = 0.625 presented amplitude differences of ~3.2% and ~4.5% with respect to d/a = 0.75
and d/a = 0.5, respectively.

a) Surge b) Heave

@
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5 N = B
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)
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Figure 16. Comparison of Response Amplitude Operators (RAOs) of the semisubmersible platform OC4
DeepC wind for different d/a parameters. (a) Surge motion. (b) Heave motion. (c) Pitch motion. The effect
of the mooring lines and wind is disregarded. The incident wave direction, 61, is 0°, and the working
depth, h, is 200 m. Data were obtained with the ANSYS AQWA Hydrodynamic Diffraction module.
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Figure 16b shows the heave RAOs’ comparison, whose curve shapes are similar.
Initially, for 5s < T < 15 s, two humps are identified in the curves, where d/a = 0.5 reached
the maximum amplitudes of ~0.11 m/m and ~0.33 m/m for5s<T<8sand 8s<T<15s,
respectively. At T = 15 s, amplitudes of all d/a are close to zero, probably due to wave
cancellation. Next, for T > 15 s, all RAOs increased, and the maximum amplitudes of
~1.75 m/m were obtained by d/a=0.75at T =18.5s.

Figure 16c compares RAOs of the pitch for the different d/a parameters. The RAOs
in this comparison presented more significant differences for each d/a, particularly in
d/a = 0.5, which showed the first hump with a maximum amplitude of ~0.55 deg/m. Then,
a peak value of ~0.58 deg/m is seen at T = 17 s, corresponding to the natural heave period.
Next, pitch amplitudes for this d/a presented a continuous decrease. On the other hand,
d/a =0.75 and 0.625 have a similar trend, showing a first hump whose peak amplitudes
of 0.19 and 0.29 deg/m, respectively, occurred close to T = 10 s. Later, their amplitudes
decreased to close to zero at T values close to 15 s and 18.5 s, respectively. After the two
mentioned periods, the RAO values rose exponentially.

3.3.2. Case Study A

This subsection presents the results of the platform dynamics subject to the wave and
wind conditions defined in case A of Table 3, which represents the event with the highest
probability of occurrence (Table 4). It is important to mention that the analysis conducted
in the previous section was performed with the ANSYS AQWA Hydrodynamic Diffraction
module of the employed software to obtain the response operators of the platform. For
the analysis of this section, these operators were needed to implement the ANSYS AQWA
Hydrodynamic Response module, which allowed the effects of mooring lines distribution
and wind to be considered in a simplified way:.

Figure 17a—-c show the comparison for the RAOs of the surge, heave, and pitch,
respectively, for different floating conditions (d/a = 0.5, 0.625 and 0.75), with and without
wind speed representative of the most probable maritime condition (U(90) = 13.25 m/s).

Overall, the comparisons for all the events with and without wind show similar RAO
curve trends, despite small differences at some wave periods. Most significant amplitude
differences are observed at the period intervals 5s < T <7 sand 15s < T < 17 s for surge, 11
s<T<15sand 17s < T <20 s for heave, and 12 s < T <17 s for pitch.

For the case of the surge, results obtained by [59] presented a similar behavior despite
employing different maritime conditions. For heave, the maximum values are due to
resonance, coinciding with [60]. For pitch, it is observed that a first hump is followed by a
greater increase in magnitudes after T = 20 s. This increase is related to the natural pitch
period, located after T = 25 s. A similar analysis was performed in [61], which indicates
that the natural period for d/a = 0.625isin T = 26.8 s.

In general, when adding the aerodynamic force produced by the wind speed, the
surge, heave and pitch motions presented some changes, similarly to the results in [27].
Table 6 summarizes the Mean Square Error (MSE) [62] of the RAO with and without the
wind effect. For all the floating conditions (d/a), the MSE of the surge RAOs was 0.002
m/m. For heave and pitch, the greatest MSE variation was 0.034 m/m and 0.032 deg/m,
respectively, corresponding to the platform with d/a = 0.625. In this floating condition, the
wind had a more significant influence.

Table 6. Mean square error (MSE) between the RAOs with and without wind.

d/a Surge (m/m) Heave (m/m) Pitch (deg/m)
0.500 0.002 0.005 0.017
0.625 0.002 0.034 0.032

0.750 0.002 0.017 0.020
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Figure 17. Comparison of Response Amplitude Operators (RAOs) for case A. The analysis include the
comparison of results with and without wind, as well as different floating conditions defined by the
parameter d/a. Wave and wind incidence angle is 0°, the working depth is 200 m, the wave amplitude
is 0.5625 m, and U(90) is 13.25 m/s. Results were obtained in the ANSYS AQWA Hydrodynamic
Response modulus. (a) Surge, (b) heave, and (c) pitch.

3.3.3. Case Study D

This subsection shows the results of case study D, defined in Table 3, which considers
the most extreme maritime conditions in the location of interest. As shown in Table 5, these
correspond to marine conditions of hurricane Barbara category one [57].

Time-domain analysis of surge, heave, and pitch motions of the platform for different
d/a conditions were analyzed during 3000 s with the ANSYS AQWA Hydrodynamic
Response module.

Figure 18 shows the comparison of the time series of surge (Figure 18a), heave
(Figure 18b), and pitch (Figure 18c) for different floating conditions defined by the d/a
parameter, whose maximum amplitudes are summarized in Table 7.

Table 7. Maximum platform motions in the extreme maritime condition for different floating scenarios.

d/a Surge (m/m) Heave (m/m) Pitch (deg/m)
0.500 0.170 0.081 0.272
0.625 0.142 0.055 0.168
0.750 0.120 0.039 0.122
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Figure 18. Comparison of time series of motions of the platform during under extreme maritime
conditions of Hurricane Barbara category one for d/a = 0.5, 0.625, and 0.75. Water depth, h, is 200 m;
wave amplitude, A, is 1.14; wave period, T, is 7.11 s; and wind speed, U(90), is 53 m/s. (a) Surge,
(b) heave and (c) pitch.

For surge, it is observed that the largest horizontal displacement from the initial
position to the midpoint on the horizontal is presented by d/a = 0.75 with x = 15.95 m. For
d/a=0.625 and 0.5, it moved up to x = 14.975 m and 14.05 m, respectively.

Regarding the heave motion, the greatest vertical displacement was experienced by
d/a=0.75(z = —14.925 m), while d/a = 0.75 and d/a = 0.5 presented z = —10.837 and
z = —7.175 m, respectively, probably due to the draft of the platform.

For the pitch motion, the largest average inclination value, am, is observed ind/a = 0.5
(i.e., 9.65°). Considering this d/a condition, the motion with d/a = 0.625 had a difference
of —7.3%, and the one with d/a = 0.75 showed a reduction of 20.2% of the inclination. This
occurs because, for the same excitation conditions, the platform with a lower draft has a
weaker restoring force since it displaces less mass than that with a higher draft. Thus, as
the draft increases, the inclination of the platform tends to decrease.

Figure 19a—c shows the trajectory of the platform, at every 0.25 T (where T is the peak
wave period of 7.11 s, starting at time t; = 2130.8 s), which is represented by a rectangle
in scale 1:150 on the X-axis and 1:1 on z the axis, during the surge, heave, and pitch
motions, respectively. CG, on the plane x-z, has been denoted as the center of gravity.
Furthermore, Figure 19d shows the theoretical free surface at x = 15 m during the time
interval 2130.8 < t <2130.8 + T to analyze the points of the free surface that interact with
the platforms at different drafts. Tables 8-10 summarize the motions of the platform in the
x—z plane of Figure 19 for each d/a floating condition. It is important to mention that when
a period, T, is completed, the CG returns to its initial position in t;.
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Figure 19. Representation of the temporal motion of platform CG of the prototype during a
wave period T=7.11 s during extreme maritime conditions of Hurricane Barbara, in the x-z plane.
(a)d/a=0.5. (b)d/a=0625. (c) d/a=0.75. (d) Theoretical free surface at x =15 m.

Table 8. Platform motions for d/a = 0.5 every 0.25 T.

Time (s) X (m) Z (m) o (deg)
t; 14.24 —-7.15 9.82
t;+025T 14.00 —7.26 9.88
t+050T 13.86 —7.18 9.46
t+075T 14.09 —-7.07 9.38

Table 9. Platform motions for d/a = 0.625 every 0.25 T.

Time (s) X (m) Z (m) o (deg)
t; 14.97 —10.77 8.80

t;+025T 15.15 —10.81 9.06

t+050T 15.01 —10.89 9.15

t+075T 14.82 —10.85 8.88
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Table 10. Platform motions for d/a = 0.750 every 0.25T.

Time (s) X (m) Z (m) o (deg)
t; 16.08 —14.91 7.79
t;+025T 15.91 —14.96 7.78
t;+050T 15.82 —14.92 7.59
t+075T 15.98 —14.87 7.59

Results in Table 8 show that after t; for d/a = 0.5, the CG of the platform moves from
the origin to x = 14.24 m, z = —7.15 m, and inclines 9.82°. At t =t; + 0.25 T, it moves
—0.24 m in x, —0.11 m in z, and the inclination increases 0.06°. Then, at t; + 0.5 T, there
is a displacement of —0.14 m in x, 0.08 m in z, and a reduction in inclination of 0.42°.
By t=1t; + 0.75T, it stands at x = 14.09 m, z = —7.07 m and has an inclination of 9.38°.
Moreover, the displacement with the greatest horizontal distance, x; vertical distance, z;
and inclination, &, between two positions of the CG is equivalent to 0.38 m, 0.19 m, and
0.5°, respectively.

Table 9 shows that for d/a = 0.625, the platform CG initially moved at x = 14.97 m
and at z = —10.77 m and inclined 8.8°. After 0.25 T, the displacement increased 0.18 m in
x, 0.04 m in z, and the inclination rose to 9.06°; after 0.5 T there is an increase in distance
and in inclination of —0.08 m and 0.09°, respectively; however, the motion in x decreases
to 15.01 m. Then, at t = t; + 0.75 T, the CG position is x = 14.82 m, z = —10.85 with an
inclination of 8.88 °. Likewise, x; = 0.33 m, z; = 0.12 m, and oy = 0.34°.

In Table 10, for d/a = 0.750, it can be seen that at t;, CG moved to x = 16.08 m,
z=—14.91 m and inclines 7.79°. After 0.25T, the x value and inclination decreased to
15.91 m and 7.78°, respectively, while z increased to —14.96 m. At 0.5 T, the three motions
decreased, presenting x = 15.82 m, z = —14.92 m and an inclination of 7.59°. Then, at 0.75 T,
x increases 0.16 m, z decreases 0.05 m, and the inclination remains the same with 7.59°. The
values x¢, ¢, and & are 0.26 m, 0.05 m, and 0.2°, respectively. Overall, the greater motions
and inclination is presented by the platform d/a = 0.5, followed by d/a = 0.625 and 0.75.
This is due to the platform draft since as it decreases, the structure is going to bear a greater
motion. On the other hand, if the draft increases, the motions are reduced.

3.4. Joint Assessment: Wind Potential with Different Platform Inclinations

From the three floating conditions defined by the d/a parameter investigated in case
studies A (most recurring maritime conditions) and B (most extreme conditions), the one
with the highest RAOs values is d/a = 0.5, as shown in Figure 19 for t; = 2132.57 s. This
figure illustrates the maximum displacements of both platform conditions in an x—z view.
Initially, the CG is at position x = —0.08 m and z = —6.29 m. In the prototype, under more
recurring maritime conditions, the CG has a horizontal displacement equal to 2.69 m and
a vertical motion that reaches —7.05 m and an inclination of 1.06 °. On the other hand,
the prototype under extreme maritime conditions showed more significant motions. The
horizontal displacement increased ~423 %, whereas the vertical displacement incremented
~3%, and the inclination presented a greater difference with a value of ~832% higher than
presented in the more-often recurring maritime conditions. The rise of the motions is due
to the increase in wave height, a decrease in the associated period, and a ~670% increase in
horizontal thrust because of wind speed, originating a considerable inclination.

The wind potential in more-often recurring maritime conditions to produce energy
would be within 3-4 MW, considering the wind direction coming from the south, as shown
in Figure 20. On the other side, the wind speed in extreme conditions exceeds the power
production capacity of the 5 MW wind turbine presented in [39]. Hence, it is necessary to
limit the effect of wind loads on the turbine. As indicated in [63], this could be completed
by applying the following methods: by changing the yaw angle of the rotor, the attack
blades’” angle, or the generator torque.
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Figure 20. Maximum displacement scenarios of the platform with the floating condition d/a = 0.5,
considering the more recurring (case A) and extreme (case D) maritime conditions at t;.

4. Conclusions

This paper presented a technical assessment of offshore wind energy in Mexico. The
Gulf of Tehuantepec is considered a prospective place in the Mexican Pacific that could
be suitable for wind energy harvesting using floating offshore wind turbines (FOWT).
The most probable and extreme maritime conditions at this place were evaluated using
databases available in the literature, and the dynamic behavior of a well-known FOWT
platform technology was tested to understand some possibilities for deployment. This
seems to be the first study on assessing offshore wind energy involving the possible
behavior of floating harvesting devices in Mexico. The main conclusions are listed as
follows:

1.  Along the coast of Mexico, the area with the most significant offshore wind potential
corresponds to the Gulf of Tehuantepec.

2. The direction of the waves in the Gulf of Tehuantepec comes mainly from the SSW.
The highest percentage of swell in the study area has a height that varies from 0.5-2 m,
with an associated period of 8-12 s. Hurricane Barbara category 1 presented a wave
height equivalent to 2.28 m with an associated period equal to 7.11 s.

3. The wind was mainly from the south, specifically from the SSO and SSE. The average
wind speed at 90 m above sea level is 13.25 m/s, while in Hurricane Barbara, it was
53 m/s.

4. The effects of different floating conditions (i.e., varying the drafts through the d/a
parameter) of the platform were investigated. The draft variation influences the center
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of gravity position, moments of inertia, natural periods of the degrees of freedom,
and the RAOs under the influence of the wind and waves.

5. Numerical analysis with three different d/a cases showed that with d/a = 0.5, the
platform had the highest RAO values for the surge. For heave motion, from wave
periods 5 < T <155, d/a = 0.5 presented the RAO with higher values. However, for
T > 15 s the higher RAO value was obtained with d/a = 0.75. Finally, in the wave
period range 5 < T < 18.5 s for the pitch motion, the largest RAO value appeared at
d/a = 0.5; however, after T = 18.5 s, d/a = 0.75 had the largest RAO value.

6.  The three degrees of freedom surge, heave, and pitch varied when adding the effect
of the wind and to a greater extent for the pitch rotation.

7. Inmore recurring and extreme maritime conditions, the platform d/a = 0.5 experi-
enced the highest displacements.

8.  Inthe case of extreme wave and wind conditions, it would be necessary to apply safety
and stabilization methods to avoid damage to the OC4 DeepCwind semisubmersible
wind turbine and platform.

Future work could validate the results obtained in this study through laboratory tests,
considering maritime environmental conditions of the region of interest in the Gulf of Tehuan-
tepec, Mexico. In addition, it is recommended to investigate the dynamics of the platform
with oblique waves experimentally and numerically, in conditions with a higher probability
of occurrence and considering waves and extreme winds.
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Nomenclature

FOWT Floating Offshore Wind Turbine

TLP Tension Leg Platform
NMRI National Maritime Research Institute
FAST Fatigue, Aerodynamics, Structure, and Turbulence

MARIN  Maritime Research Institute Netherlands

NREL National Renewable Energy Laboratory

DOF Degrees of freedom

GWA Global Wind Atlas

ECMWEF  European Centre for Medium Range Weather Forecast
NOAA National Oceanic & Atmospheric Administration
GEBCO  The General Bathymetric Chart of the Oceans

Tp Peak wave period

Hs Significant wave height

WS Wind speed

RAO Response Amplitude Operator
MSE Mean Square Error

CG Center of Gravity
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Appendix A

This appendix briefly describes the methods used to calculate the wind speed that
was used in the numerical simulations. The wind speed at 90 m above sea level, U(90), was
represented as a force applied at the center of the rotor. To know the force generated by
different wind speeds, the graph in Figure A1 was consulted [61].
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Figure A1l. Wind thrust force at different speeds.

Regarding the wind speed in extreme conditions, a linear regression was calculated
for Figure A1 to know the relationship between the wind speed and the thrust that it would
produce on the platform. Equation (A1) expresses the linear regression model that was
used [62].

Ey, = Bo + B1U(z), (A1)

where E, is the thrust generated by the wind, U(z) is the wind speed at a distance, z (m),
above sea level, and By and B are constants called regression coefficients.

Appendix B

This appendix presents the mesh independence analysis. The selection of the mesh for
the numerical simulation is important, since it influences in the accuracy of the software
results [64]. Thus, a mesh independence study was carried out in the Hydrodynamic
Diffraction module, considering different mesh sizes. The simulation values were from
5 < T <25 s with an increment of 0.5 s and with wave direction equal to 0°. The results of
the maximum RAOs of pitch were chosen for comparison, to find an appropriate mesh size
for simulations.

In the mesh independence study, was found that the appropriate mesh for the present
work is made of 14,906 nodes, since the results have little variation with respect to the
previous mesh. The study information is shown in Figure A2, where the number of nodes
that make up the mesh and the maximum value of the RAO pitch were plotted.
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Figure A2. Mesh independence study.



Energies 2022, 15, 4367

25 of 28

Appendix C

This appendix includes the methods and results related to the validation of the numer-
ical approach.

Appendix C.1. Description of Data Used for Validation

Surge, heave, and pitch data from the experiments carried out in [27] with a 1/50
scale model of the semisubmersible platform OC4. DeepCwind was used for the numerical
validation of ANSYS AQWA software. The waves used during those experiments are
representative of maritime conditions offshore the state of Maine, USA, while the wind
speed values correspond to the NREL power curve for a 5 MW wind turbine [61]. In the
validation, the results WN1 (White Noise 1) without wind and WN1 with steady wind are
compared. The sea conditions WN1 and WN2 are shown in Table Al. The thrust force
generated by the wind speed of 21 m/s in the wind turbine is ~700 kN [61].

Table A1l. Wave and wind speed conditions used for validation analysis.

Wave Condition Hg (m) Tp (s) U0
(m/s)

WN1 7.1 5-25 0

WN1 with steady wind 7.1 5-25 21

There are several factors from the experiments that can influence the comparisons
with numerical simulation results. The following factors are not included in the ANSYS
software validation: the weight and motion of the cable connected in the tower top rear,
rotation of the rotor, an increase in the tension of the mooring line one (bow) to counteract
the weight of the wiring, and the rotor gyroscopic effect on the structure that affects the
pitch motion [61].

To quantify the error between the values of the three motions of the numerical analysis
with ANSYS AQWA used in this study and the experiment, the Mean Square Error (MSE)
was calculated as shown in Equation (A2).

N 72
MSE = \/ Lama (0 = 1) (ml\f] i) (A2)

where m; is the value of the motion in ANSYS AQWA, 7; is the motion in the experiment,
and N corresponds to the total amount of data.

Appendix C.2. Validation Results

In Figure A3a—c, the comparison between the results of the numerical analysis in AN-
SYS AQWA and the experiments performed in [27], in the wave period interval 5 < T < 25s,
for surge, heave, and pitch motions, are presented, respectively.

Overall, surge and heave motions presented close agreement with experiments. For
surge, an excellent agreement was seen, whereas for heave, small differences at minimum
and maximum displacements were observed. For pitch, the best agreement was observed
in0<T<13s.

Table A2 presents the mean square error, MSE, between the experiment and the
numerical results. Pitch motion presented the highest value of MSE, equal to 0.37 with
WN1, followed by the surge and heave, which had lower MSE values, 0.11 and 0.09,
respectively. Regarding to WN1 with steady wind, the order of the MSE value is analogous
since the pitch motion had a value of 0.36, while surge was equal to 0.09, and heave
presented 0.07.
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Figure A3. Comparison of RAO numerical results obtained with ANSYS AQWA and experimental
tests in [27]. (a) Surge, (b) heave, and (c) pitch.

Table A2. Mean square error between the experiment made in [27] and ANSYS AQWA.

ECM-WN1 with Steady

Motion ECM-WN1 Wind
Surge 0.11 0.09
Pitch 0.37 0.36

Heave 0.09 0.07
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