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Abstract

A comprehensive study was performed on the hydro-structural design exploration of
floating platforms for offshore energy systems using shape parameterization and dynamic system
design optimization techniques. The study aims to develop a novel design framework that
optimizes the structure of the platform for stable dynamic responses to ocean waves, ensuring
that the motion of the platform as well as its acceleration are reduced when compared to the
simple designs currently employed, while ensuring satisfactory geometrical constraints. The
study delves into the free-form design of the outer columns of the floating platform beyond
conventional predefined shapes to enhance the overall performance of the system. The design
utilizes a parameterization based on free-form spline interpolation for the outer shape of the hull
and fixed-shaped pontoons to connect to the central structure where the energy-generating device
(e.g. wind turbine) is installed. The study employs hydrostatic, hydrodynamic, and time-domain
structural dynamic simulations within a monolithic multidisciplinary design optimization
formulation to evaluate the overall dynamic responses of floating platforms. Overall, this
study provides valuable insights into the hydro-structural design of the floating platforms for
offshore energy systems. The optimal shape of the outer column suggests that the concave design
enhances dynamic performance by effectively reducing the span-wise footprint of the platform.
The results offer design considerations for floating platform hull developers to create robust
designs that can withstand harsh metocean conditions while also providing more incentive for
increased deployment of offshore energy production utilizing these platforms. Floating platforms
are the most expensive method for providing a platform for offshore energy production, but
the optimization of the shape shows increased stability and a further incentive to deploy this
type of platform. The findings obtained from the optimization solutions suggest the need for
advanced design exploration and shape optimization of the floating platform hull, including the
pontoons and the central structure for optimal performance. The study also suggests employing
manufacturability constraints and wave loadings in all possible directions to reflect real-world

operating conditions of floating platforms.
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Chapter 1

Introduction

As energy demand has increased drastically over the last few decades, the critical
significance of large-scale energy production has become increasingly evident. However, this
growing demand has led to heavier reliance on fossil fuels, exacerbating pollution and waste
problems [1]. While fossil fuel-based energy productions continue to to further debilitate
our planet, they still remain more economical than environmentally friendly alternatives.
Consequently, substantial efforts have been dedicated to lower the cost of renewable and
envirnomentally friendly energy options in order to mitigate the environmental impact [2—4].
These efforts have sparked increased focus on various forms of new renewable energy sources,
and one field among these efforts is offshore energy production [5]. Offshore energy production
capitalizes on the expansive open ocean space to harness Earth’s natural energies, including wind,
wave, tidal, and thermal sources. A key challege shared by across these types of energy sources
is how to deploy them in the ocean. This study aims to cost-effectively deploy these systems,
particularly offshore wind energy systems, which is among the most studied recently [6,7], on the
ocean by emphasizing the development of optimal floating platforms. However, the findings of
this research can be applicable to other ocean surface-based energy production methods.

Wind energy stands as a significant renewable energy sources, second to photovoltaic
systems [8]. While some other offshore energy systems, such as thermal or ocean current energy
systems, can be directly installed on the sea bed, the primary method for deploying offshore wind
energy is on platforms [9]. These platforms may have various forms, but can broadly categorized
into two types: either fixed platforms attached to the bottom of the sea bed or floating platforms.
Each type has distinct advantages and disadvantages [10, 11]. Fixed platforms, requiring
extensive underwater drilling and construction efforts for each installation, are suitable for
areas with shallow water, typically closer to shorelines. In contrast, floating platforms, requiring

significantly higher level of engineering, offer more flexibility as they are not constrained by the



depth of water.

Floating platforms must be secured within designated locations, and this is typically
accomplished through the use of mooring lines anchored to the sea bed. The specific mooring
method varies depending on the type of floating platform used [12]. The variety of floating
platform options encompasses barge, semi-submersible, spar-buoy, tension-leg platforms (TLPs),
among others. Each platform type offers distinct benefits and drawbacks, and comparison among
these options is out of scope, as this research specifically concentrate on the design of TLPs.
Although floating platforms provide much easier deployment, it is by far the most expensive
method for deploying offshore energy systems, due to various technical challenges higher
associated cost factors [13]. One constraint comes in the form of production. These floating
platforms vary in length, spanning from 50 to over 100 meters and weighing approximately 1,000
tonnes or more, necessitating a large-scale production facility (such as a large working deck)
at port locations, significantly limiting the choice of production facilities [14]. The inability to
transport these large-scale structures, along with the limited availability of production plant,
sharply contrasts with the more widespread production for land-based wind turbines in terms
of both cost and availability. Towing platforms to their installation sites demands specialized
vessels for transportation and offshore assembly connecting them to the mooring lines attached
to the anchoring points on the sea bed [15]. The cumulative effect of these factors leads floating
offshore wind energy expensive.

TLPs are often overlooked as potential floating platform options for the offshore
energy systems due to various constraints, which results in a preference for spar-buoy or
semi-submersible counterparts. The primary drawbacks of TLPs stem from their high cost in the
mooring systems compared to other floating platforms. This is attributed to the relatively high
tension force applied to the mooring lines, necessitating larger anchoring mass and a sturdier
fairlead structure [16]. However, TLPs provide key benefits that should not be overlooked
when compared to their counterparts. TLPs offer significantly enhanced stability due to their

constrained pitching and rolling degrees-of-freedom (DOFs), resulting in reduced movement in



unfavorable directions when subject to wind and wave loadings on the floating platform [17].
However, this enhanced stability comes with the caveat of being the most expensive floating
platform design presently in use.

Not only do the floating platforms require towing out to the deployment site, but it also
requires the addition of floating platforms attached to the platform during deployment [18].
Doing this alleviates any loading placed on the floating platform while the mooring lines and
wind tower are being attached. Although they are more expensive, TLPs have even more benefits
[19]. Most floating platforms move around during loading, but TLPs have the benefit of resisting
heave motion far more than their floating platform counterparts [20]. This helps the wind turbine
to harness more of the energy being produced by the wind instead of being pushed around and
converting that energy into motion. They also cut down on a lot of material, being the most
resource efficient floating platform currently used in operation. A few more unmentioned benefits
make TLPs very desirable for this study and will be the focus of our research moving forward
[21].

The purpose for this study is to determine whether or not there is an even more efficient
form of the TLP than those that are currently deployed. TLPs provide so many benefits that
could be further enhanced through a design optimization study to attempt to optimize the outer
shape of the floating platform. In many engineering design problems where simple traditional
shapes are commonly used, creative parameterization to create non-conventional designs without
human-imposed assumptions may enhance system performance by orders of magnitude beyond
what was generally available with traditional forms [22, 23]. This study employs the use of a
design optimization algorithm to model the outer hull of a TLP previously developed by prior
research and attempt to modify the geometry of the outermost points along the frame to minimize
vertical movement of the floating platform during stochastic loading. Load analysis is performed
every time step in a given time frame and analyzed to facilitate the performance of the shape of
the outer face on each of the columns for the floating platform. The design was then modified

and subjected to repeat analysis until a convergent design was reached that exhibited the desired



improvements.

The main body of this thesis is divided into 4 chapters. Chapter 2 covers the literature
reviewed for filling out the design space as well as gaining a good understanding of what has
been developed before. Chapter 3 describes the methodology used in order to perform the
research and analyze the TLP in question. The results and discussion have been relegated to
Chapter 4 with Chapter 5 being the final conclusion of the work as well as a look towards
possible future contributions. Some of the methodologies, results, and findings described in this
thesis were presented at the ASME 2023 International Mechanical Engineering Congress and

Exposition [24].



Chapter 2

Background and Literature Review

Wind turbines are one of the most accepted forms of renewable energy, second to
photovoltaic, used in the United States [25]. This means that the widespread adoption of these
systems has led to various in-depth research particularly on interactions between the rotor blades,
nacelle, and tower and the wind loading experienced during operation [26-28]. Designing
efficient rotor blade design alone requires significant efforts in theoretical, computational, and
experimental research on atmospheric turbulence, aeroelasticity, structural dynamics, materials,
among many others, and considerable advancements have been made through these research
efforts [29,30]. A large majority of the energy calculations behind wind turbine effectiveness are
directly derivative of the size of the blades [31]. Due to the shear effect of wind flow against the
surface (ground or water), larger wind turbines provide enhanced energy generation efficiency
[32]. Figure 1 shows the relationship and the increase in size possible with off-shore wind
turbines. However, with land based turbines are limited in their size, capped at the maximum
of 100 m in blade length with the most recent technical advancements. Due to this limitation,
numerous engineers and researchers sought locations that would not restrict the size of the wind
turbine, such as the Great Lakes and open ocean spaces [33].

Due to the substantial available spatial resources with fewer constraints, designers have
significantly greater freedom in design exploration of new and emerging renewable energy
technologies out on the ocean [34]. This upscaling trend is especially apparent for wind energy,
which has a rotor diameter over 240 m with recently developed turbines with 15 MW scale and
beyond [35]. Deployment of these towers can be done in a variety of ways, although the main
difficulty shared across all deployment methods is construction out on the ocean [36]. Fixed
foundations, such as monopile or truss, can also be considered [37]. These towers provide a rigid
solution to placing wind turbines but only feasible for certain conditions. These foundations

are exclusively designed for use with wind turbines and are confined to shallow water depths,



280

126 m
100 m S

3.6 MW -

8

80m

70m 5 MW

1,500 kW

Hub Height (m)

-
Bt
o

50 m

B 30m 750 kW ) I

T 300 kW — Future
75 kW ~ Wind Turbines

]
(=1

1985 1990 1995 2000 2005 to present

Hub Height (meters) | Wind Turbine (kilowatt/megawatt) 2[}00 2005 201 D 2020 2030

Figure 1: Turbine Height Variation [42]

typically below 30 meters. However, numerous desired locations have water depths that surpass
this limit, which eventually requires introduction of offshore floating platforms [38, 39]. Floating
platforms avoid these limitations and allow much greater flexibility when it comes to deployment
of experimental technologies [40]. Deployment depths for these floating platforms is also
significantly increased compared to their fixed tower counterparts [41].

There are a large variety of offshore floating platform options available [43]. Barges are
ship-like structures that tow out equipment to the desired location [44]. They move with the
waves to avoid over stressing the structure but are typically fitted with heave plates to minimize
the bulk of motion. Spar-buoy platforms have a lengthy cylindrical body submerged in the water
with a ballast mass at the bottom of the platform. The platform is moored with slack or semi-taut
lines connected to the anchoring point of the sea bed [45]. Semi-submersible platforms are the
most commonly deployed design implementing a tactic of minimizing surface area contact with

the water but maximizing the volume [46]. The last type of floating platform is the TLP, which is



the focus of this research study [47, 48]. TLPs are platforms constructed using the least material
and volume possible to provide the most stable platform possible. Unlike the other types of
platforms, once the turbine is installed, the center of gravity rises and this operates in tandem
with the buoyancy center and allows the platform to remain stable. The platform is then firmly
secured to the ocean floor with tight mooring lines [49]. These mooring lines are tensioned cables
that keep the platform mounted in place with a little room for motion as the tension increases

on one leg and decreases on another until a tensile limit is reached and the floating platform is
constrained.

TLPs have had a relatively short history of study compared to the other floating platform
counterparts. However, numerous studies have been conducted to improve their design [50].
Early investigations primarily focused on design development [51]. Some novel design concepts
were initially explored to clearly understand underlying mechanics of TLPs [51-53]. Most
designs developed over time consistently converged to multi-column designs, and among them,
three outer-column TLPs with a central column for payload attachment became the most popular
options for offshore renewable energy applications. This particular configuration provides
outstanding stability and easy mooring line attachment capability within a small footprint [54].

There are multiple types of designs when it comes to these wind turbines, such as
horizontal wind turbines or vertical wind turbines [55]. The differences between these two are
given in Fig. 2. For the purpose of this study, horizontal wind turbines will be the largest focus.
The amount of energy produced by these offshore turbines is highly dependent on the size of the
blades, as mentioned earlier [32]. This means that as the turbines become larger and larger, the
floating platforms being deployed are required to become larger and larger to accommodate them.
The size of the platforms ranges greatly depending on the size of the blades for the turbine which
means that every square inch of the platform needs to be as optimal as possible to further increase

the feasibility of their inclusion in the offshore market [56].
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Tension-Leg Platform Designs

Previous research in TLP designs started with single column designs [58]. Fulton et al.
designed a multi-column floating platform utilizing a self-installing approach [59]. This platform
was constructed using a three column spoke design attached to a center column through the use
of connective tendons. Mooring cables are attached on the underside of each column providing
stability on each of the corners and divides the forces evenly among the three separate columns.
Suzuki et al. also based their research on this three column design for deployment off of Japans
coast [60]. Two tendons were attached to each of the columns to provide even greater structural
integrity. Another three column design was proposed by Zhao et al with the added factor of
the hull structure being flexible [61]. After analyses completed over time, many designs have
converged to the three column design. This not only allows the floating platform to keep the
amount of material down, but with the added benefit of creating more surface area to decrease

motion during wind and wave loading.



Metacenter

Metacentric Height

Ocean Surface

Center of
Gravity

Righting Arm

Center of
Buoyancy

Figure 3: Metacentric Height Illustration [63]

Tension-Leg Platform Dynamics

Although TLPs have the shortest history when compared to other floating platform
designs, much of the dynamics is shared among the many different designs and applications.
Floating platforms also have a long and storied history with offshore oil platforms and a large
portion of the dynamics from those interactions is also applicable in this instance since TLPs are

constrained in place and often operate in a similar capacity to these older floating platforms [62].

Metacentric Height

Since these platforms are deployed in an aqueous body, the system needs to maintain
hydrostatic stability to stay upright during the platform is towed and in operation [53]. As wind
and wave loadings attack the floating platform, the tension in the mooring lines attempts to keep
the body in place. The metacentric height requires calculations for the center of gravity and the

buoyancy center. To ensure the setup remains upright, the metacentric height needs to remain



positive, but not too large. An excessively large metacentric height can adversely affect the
floating platform and cause it to respond too stiffly to the incoming loading. Thus, we have to
ensure our metacentric height remains in an acceptable range during design modification to keep
our floating platform upright. A positive metacentric height means it remains above the surface
of the water. By obtaining the center of gravity and the buoyancy center, we can ensure that

this remains true throughout all of the design process. Figure 3 displays the metacentric height

calculation, given as:

GM = KB+ BM - KG (1a)
BM = Waterplane,:vx/v (1b)
GM = KB + ]waterplane,a:ac/v - KG (Ic)

where G M is the metacentric height, K B is the distance between keel (bottom of the submerged
body) to center of buoyancy, BM is the distance between center of the buoyancy to metacenter,
and K G is the distance between keel to center of gravity. BM is further calculated by taking
division from the area moment of of inertia of the waterplane at the axis of rotation, Iyaerplanc,za

by volume of the submerged body, ¥.

Mooring Lines

As mentioned previously, TLPs are secured in place connecting the floating platform
to the anchoring point installed at the sea bed, which are commonly referred to as mooring
lines. These mooring lines constrain the floating platform in place under tensile force during the
entire operation of the floating platform. To achieve this, the platform is initially towed out to
the deployment location with reusable flotation devices attached to the platform until the wind
turbine is installed. The wires are then tensioned into place and the reusable flotation devices
are removed. The tension in the mooring lines, weight of the platform and payload, along with

the buoyancy force balances to each other on the whole platform, securing the platform body in

10



place. The mooring lines are designed to safely withstand cyclic loadings considering fatigue
damages created by motions of the platform subject to probablistic metocean conditions over the

design lifespan, typically around 25-30 years [12,64].

Capytaine

Capytaine is an open-source linear potential flow boundary element method (BEM)
solver used in obtaining required hydrodynamic coefficients in our study [65]. The code solves
Laplace’s differential equation in frequency domain to obtain velocity potentials on the boundary
elements of the submerged body. The hydrodynamic forces in radiation and incident wave
conditions can then be integrated over the discretized boundary elements. The details are given

in the following chapter.
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Chapter 3
Methodology

Overview

With offshore wind energy becoming a more acceptable and implementable source of
renewable energy production, the design of the platforms used for deploying these turbines needs
to be developed even further to keep up with the ever increasing demand placed on them by
increasingly larger and more efficient designs for wind turbines. The topic of this research is
the examination of a TLP to further iterate upon the design after previous research. To do this,
an iterative optimization method is utilized to modify the outer hull of the floating platform and
attempt to reduce the acceleration experienced in the Heave direction. TLPs naturally resist
motion along the Surge and Sway directions so minimization of the Heave acceleration profile
should provide the largest boost to resistance from incident wave loadings.

Finding the optimal solution requires us to setup the problem as an optimization
problem. Doing this allows us to select specific portions of the floating platform that we would
like to change and utilize them in the analysis. After the program is complete, the floating
platform should result in a shape that combats the oncoming waves in such a way that the forces
experienced in the Heave direction, are either reduced or dispersed into other DOFs.

Optimization problems can be solved in a number of various methods, but the current

study uses the following problem in negative null form:

0

1 6 tr . 2 %
minimize: Cscali =, dt
x tf — to ; scaling,k (/t k )

SUbjeCt to: Aouter—column (X) - Aouter—column,(] =0 (2)

ty ty

subject to: 2(52)1/2 = Z(Eg)m

where: = —f,;(2,x) =0,
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where Ccqing 18 a scaling factor applied to each DOFs seperately that ensures the objective
function is not affected by round-off errors, ? (s) and ¢; (s) are the initial and final times of
the time-domain simulation, = (m/s?) is the acceleration vector for all DOFs, Agyter-column (M?)
is the cross-sectional area of the outer column and is a function of x, Aguer-column,0 (m?) is the
cross-sectional area of the outer column at the baseline design (x = xg), = (m) is the velocity
vector for all DOFs, and E (m) is the displacement vector for all DOFs.

In this formulation, the objective function aims to minimize the sum of time-averaged
platform accelerations across all 6-DOF directions. It is important to note that the acceleration
values in each of the six DOFs have unique and significantly different scales. By summing
the accelerations over these six DOFs, the optimizer is naturally encouraged to prioritize the
design optimization with regard to DOFs characterized by larger scales, while still accounting for
contributions from all directions. This approach ensures a balanced and effective optimization
process that accounts for the varying impact of each DOF on the overall performance of the

floating platform through the use of Cygjing.

Problem Definition

The acceleration profile for the floating platform can be obtained by modeling the system
as a mass-spring-damper system. Dynamic interactions between the waves and the floating
platform can be broken down and solved for the acceleration, velocity, and displacement profiles.

Eq. (3) describes the simple mass-spring-damper system used.

ME+DE+SE=) F 3)

Here, M (kg) is the mass matrix for the floating platform, D (N-s/m) is the damping
coefficient, S (N/m) is the stiffness matrix, and ) | F' (N) is the force total experienced by the
floating platform.

Each of these factors can be more fully defined and specified for the floating platform

13



shown in Eq. (4).
t
M= + / K(t—-m)&(r)dr+(C+T)B=) F 4)
0

The convolution integral in the second term on the left-hand side represents the
hydrodynamic radiation-damping effect. In this convolution integral term, /K represents the
radiation-retardation kernel, which imparts the force with a memory effect from the structure’s
velocity-induced waves. C' and 7' are the hydrostatic restoring coefficient and mooring line
stiffness matrix respectively (N/m).

Now we can expand the sum of external forcesinto it’s subsequent parts. This involves
separating the sum into four distinct forces: Froude-Krylov force (F ), Diffraction force (F'p),
and wind force (F'y). We can also include the modified mass matrix by including the added
mass parameter (A, kg). This adjustment creates a more accurate mass matrix as the floating
platform drags water along during loading. Adding all this to our original equation gives us the

following:
.. t .
0

By solving the derivative of this equation, the acceleration and velocity profiles can be calculated

and input into Eq. (5)

Initial Design

As mentioned previously, the bulk of research involving TLPs designs consist of floating
platforms with a main center column with connective tendons attaching three outer columns to
the center column. This design has been found to provide a high stability after full deployment.
Mooring lines are attached to the underside of each of these outer columns and tensioned directly
to the ocean floor. Pontoons are used for connective tendons that maintain structural rigidity. The
inside of the frame is hollowed out to cut down on as much material as possible. This is also a

large reason behind the three outer column design. An increasing number of outer columns have
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Figure 4: Three Column Tension Leg Platform (TLP) Design [66]

been analyzed such as four outer columns and five outer columns, but these designs require and
equally increasing amount of material as well as increasingly complex moment arm mechanics.
The original design used in this study, shown in the figure below, was first envisioned for research
by Lee et. al and seen in Fig. 4. Their research provided the framework and a solid basis for the

design moving forward and will be modified and attempted to be improved upon in this study.

Mesh

Another positive of this design is that it is easily transferred into a mesh. While Capytaine
and many other software packages provide this ability in their core systems, for this model, we
instead opted to create the mesh for the structure from the ground up [66]. The initial mesh was

created by starting with the bottom of the floating platform shape, and lining that shape with
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Figure 5: Meshed TLP Design [66]

points. The inside of the floating platform was filled out with points after this, with the pontoons
being modeled completely parallel to each other and the center column and three outer columns
being meshed circumferentially. The outer line of the mesh is then used to construct the rest of

the floating platform until the desired height is reached. Upon completion, the meshed model in

Fig. 5.

Mesh Analysis

Since the aim of this research is to optimize the shape of the chosen floating platform
design, all calculations involving the meshed model need to be as accurate as possible. To this
end, a mesh convergence test was performed on the model until an acceptable solution was
found. This was defined as an increasingly small change between the Froude-Krylov forces
produced from the calculations performed by Capytaine. The Tab. 1 outlines the number of mesh
nodes present in each of the following data plots. There is a concern to have a increased error

after making the mesh beyond certain density in the BEM solution of the linear Potential flow.
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Table 1: Mesh Analysis Table

Case Number of Nodes

M1 700
M2 1428
M3 1958
M4 2506
M5 3364
M6 3744
M7 3816
M8 4730
M9 5562
MI10 6520
MIl11 6880
M12 7136
M13 7414
M14 7844
MI5 8578
M16 8922
M17 9576

Thus, we included wide range of mesh density values in our analysis.

Figure 6 represents the Froude-Krylov energy by calculating the forces produced from
Capytaine and integrating over the entire time frequency domain. These forces were obtained
after calculation involving the various different mesh densities in the Surge, Heave, and Pitch
DOFs. Increasing the number of nodes causes the system to follow a typical mesh analysis curve
with diminishing returns occurring as the nodes increase past 3000 nodes. By using this, we can
assume that using 3500 nodes will be accurate enough for the simulation when compared to using

10, 000 nodes.
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Linear Potential Flow Wave Theory

For this calculation, it is assumed that the problem is linear. This makes the calculations
much easier to work out and much easier to interface with Capytaine, which also assumes a linear

problem. We can then write the Laplace equation as seen in Eq. (6), give as:
V=0 (6)

where ¢ is the velocity potential defined as u = V¢ This problem can then be solved for in the

frequency domain since it is linear. Equation (7) shows this transformation, given as:
¢ = Re(Pe ™). (7)

To solve this equation using the BEM method, we can solve the boundary integral problem using

the Green function G((, -), which solves the partial differential equation, given as:
VEG(z:¢) = 0(C — ) ®)

where V is meant as the derivative with respect to . The Green function G allows us to solve for

the potential of the surface of the floating body (I') by rewriting Eq. (8) as a function of a source

/ [ o016 ¢ as(© ©)

for all points z in the fluid or on the hull of the floating body I'. To calculate the integral on the

distribution o

surface of the hull, which is the main interest of this paper, the following formulation of Eq. (9),

given as:

g—i(m) =(u-n)(z) = T) // )(VG(z;¢) - n)dS(C) (10)
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where z is a point on [' and 7 is the vector normal to I' in x. For any vector ¢ tangential to I at z,

we have:

@ = 0w = T+ [[e0v610) 0 as© a

Parameter Calculation

With the governing equation and the TLPs being defined, determination of the various

parameters used in the calculations can be obtained.

Mass

One key component of the governing equation is the mass of the TLPs. Simple volumetric
calculations are carried out to determine the platform mass as given in Tab. 2 and shown in
Eq. (12), given as:
M = pV¥ (12)

where p is the effective density of the material considering the density of the typical internal
structures and ¥ is the volume of the material. We then use this simple calculation to obtain the

full 6x6 mass matrix in Eq. (13), given as:

M 0 0 0 M-GC 0
0 M 0 —M-GC 0 0
0 0 M 0 0 0
M = . (13)
0 -M-GC 0 I, 0 0
M -GC 0 0 0 I, 0
0 0 0 0 0 Z.

where I, I,, and I.. are the Moments of Inertia in the z, y and z directions and G'C'is the

gravity center.
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Table 2: Mass Analysis Table

Effective density (kg/m®) Volume (m®) Mass (kg)
204 4510 1,326,900

Moment of Inertia

To define the moment of inertia (/), we can start with the basic initial moment of inertia
in the x, y and z directions:

L. =mR2, I, =mR’

Tz vy

I..=mR2, (14)

where m is the mass of the system (kg) and R is the radius of the column (m). After that, we can
iterate over the area of the object to derive the three dimensional moment of inertia equations.

This is done as follows:

0 Hcc_Hdr
Imc,cc = / thm,sm,cc(Acm h) dh + / h2Rm,fb,cc(Acc> dh (153)
_Hdr 0
0 Hoc—Hgy
sz,oc,fr = / hz]Rm,sm,oc(Aoca h) dh + / thmjb,oc(Aoc) dh (15b)
_Hd'r 0
0 m
Ix:p,oc,si == / (h2 + LIZ;OSiHZ(_»Rm,sm,oc(Aoca h) dh
—H,, 3
Hoc*Hdr T
+ (h* + Liosinz(g))Rm thoe(Aoc) dh (15¢)
0
_Hdr"‘Hpo
Lgotr= [ 1Rl ) d (150
_Hdr
~HartHpo 2L 0 Dcc - Doc
Loyt = / (1 + (=2 $in(2))2)Ron o Ay, ) (15¢)
—Hy,
0 ’ Hcc_Hdr
]yy,cc,fr = / hQRm,sm,cc(Accy h) dh + / h2Rm,fb,cc<Acc) dh (15f)
—Hyg, 0
0 ‘ Hoc—Hyg,
Iyy,oc,fr - / (h2 + L?;o)Rm,sm,oc(Aoca h) dh + / <h2 + Lio)Rm,fb,oc(Aoc> dh (15g)
—Hy, 0
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0
[yy,oqsi - / (h2 + Lgocosz(%))Rm7sm7oc(Aoc, h) dh

_Hd'r
Hoc_Hdr
+ﬂ/ (h2+lé£o§(g»RmemQ%9dh (15h)
0
~HartHpo 2L 0 + Dcc - Doc .
Ly po,r = / (h2 + . 4 )2>Rm,po(Apm h) dh (151)
7Hd'r
~HartHpo 2L 0 + Dcc - Doc ™ .
s = [ (0 4 (P s ) 2Ry Ay ) 13)
_Hdr
D2
Izz,cc = 0-5(m5m,cc + mfb,cc)f (151()
Izz,oc - (msm,oc + mfb,oc)Lf,o (151)
2L]oo + Dcc - Doc

)? (15m)

Izz,po = mpo(

4

where h is the height at a certain point of the integral, H is the total height of the object (m), L
is the length (m), D is the diameter (m), cc is the subscript denoting the center column, oc is

the subscript deonting the outer columns, po is the subscript denoting the pontoons, fr is the
subscript denoting front, st is the subscript denoting side, fb is the subscript denoting freeboard,
sm is the subscript denoting submerged, dr is the subscript denoting draft, and R represents the

empirical regression function.

Center of Gravity

The gravity center is important for the metacentric height calculations as well but is
calculated separately from the moment of inertia. Gravity centers for x and y can be equated to

0 since the structure is completely symmetrical:

GChy = GC,y =0 (16)
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We can add up the total mass of the system to calculate this by summing the total mass of the

three outer columns, the center column, and all three pontoons, given as:

m = Mgsm,cc + M fb,ce + 3msm,oc + 3Tnffb.oc + 3Tn'po (17)

The gravity center in the z direction can be found by summing the total gravity centers of the

system, given as:

msm,ccGCsm,cc + mfb,ccGCfb,cc + 3msm,ocGCsm,oc

+3mfb,ocGCfb,oc + 3Tn}ooCTYCVpo
GC, = (18)

m

Each of the separate gravity centers can be found by integrating the area of the object and

dividing by its mass which can be calculated as follows:

1 0
Gcsm cc — / hRm sm cc(Acca h’) dh (19&)
7 Msm,cc —Hy, T
1 Hcc - H T 2
G’thb,cc - m ( 9 ¢ ) Rm,fb,cc(Acc> (19b)
1 7 0
CTYCbe,oc = / hRm,sm,oc<Aoca h') dh (190)
Msm,oc —Hy,
1 H, — H,)?
Gofb,oc = M ( 9 ¢ ) Rmfb,oc(Aoc) (19(1)
1 7 _Hdr+HP0
GCpo = m— / hRmmo (Apo, h) dh (196)
po _Hd’V‘

Hydrostatics

The hydrostatic stiffness refers to the forces exerted on a submerged body due to
hydrostatic pressure, which act to restore the body’s orientation when it is displaced from its
equilibrium position. These forces counteract the effects of both hydrostatic and gravitational

forces to maintain the body’s stability and equilibrium while submerged. Hydrostatic stiffness
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Figure 7: Hydrostatic stiffness DOFs

can be obtained by computing the integral shown in Eq. (20), give as:

Cij = pyg //S(ﬁ - Vj)(wi) dS (20)

where 7 is the surface normal and V; = w;n, + v;n, + w;n, is the DOF vector. This exact
formula can only be calculated while using rigid body DOFs. Since the restoration forces are all
related to DOFs 3 (heave), 4 (roll), and 5 (pitch), the completed hydrostatic stiffness matrix has 9
components, namely C;; where ¢ = 3,4,5 and j = 3,4, 5.

Since the hydrostatic stiffness and the mooring lines directly impact each other, it is
important for us to specify the specifics of the mooring cables used. There are many different
variations on the model, but the tension leg design shown in Fig. 8 After careful research and
consideration, the following value for mooring line tension was chosen to match all requirements
along with the specified length. Here, T is the tension in the lines due to the gravitational weight
combined with the buoyancy force of the floating platform, S is the stiffness in the lines, L is the

length of the lines, and F is the fairlead depth. Table 3 shows the input parameters for this study.
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Table 3: Mooring Line Parameters

Stiffness (N/m) Length (m) Fairlead Depth (m)
2.11 x 10° 80.0 15.0

Catenary Taut Leg Tension Leg

Figure 8: Mooring Line Variations [59]

These values were then compiled into a mooring matrix to accurately represent the stiffness for

the system in all DOFs. Equation (21) displays this matrix in full form.

_ T 0 0 0 — 3 0 |
0 L0 SLAE 0 0
ML — 0 0o 3L 0 0 0 o
0 LE o LELASLT.F 0 0
s N (N 0 L L 95 4T-F 0
0 0 0 0 0 o
Hydrodynamics

Along with the hydrostatics of the system, the hydrodynamics of the TLP need to be
analyzed to complete the problem definition. This is done in two parts where both are completed

in the frequency domain. The first is analysis of the radiation problem where we can obtain the
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added mass and radiation damping coefficient. Second is the diffraction problem where the
Froude-Krylov and diffraction forces are obtained. The radiation problem is solved for each
radiating 6DOFs and calculated along the influenced 6DOFs. The diffraction problem is solved
to calculate the excitation forces in 6DOFs to obtain the forcing terms.

Added mass is equivalent to the amount of volume of fluid being displaced during motion
of the floating platform. This is due to the platform imparting some energy into the fluid and
attempting to break free from it. This results in an added mass matrix that is 6x6DOF to match
the initial mass matrix. Combining these gives the fully completed mass matrix.

Both diffraction problems and radiation problems are solved by integrating the pressure
field over the entire floating body. The radiation damping forces acting on the body’s surface are
due to the interaction between specified radiating DOFs and the influenced DOFs. The diffraction
forces are calculated from the integration of the diffracted wave field with the floating body
remaining fixed. Froude-Krylov forces are calculated through integration of the incident wave

field pressure created by incoming plane waves.

Convolution Integral

Since the present solution is represented in the frequency domain, the present solution
must be transformed back into the time domain to calculate the acceleration, velocity and
displacement profiles. Solving for the external forces requires use of the convolution integral.
After that is solved, the forces are represented in the time domain and used in the time domain

integration.

Problem Solution

Now that the constituent pieces have been assembled, the acceleration and velocity
profiles can be obtained through time domain integration. This can be done by taking the force
total at the current time step and subtracting the force total from the previous step. Our mass

matrix is then inverted and multiplied on the other side to result in the acceleration profile. We
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Table 4: Brief Summary of the Capytaine Inputs

Frequency (w) 0.5rad/s 1.0rad/s
Wave Direction  Orad
Radiating DOF  Surge Roll Pitch
Water Depth 100.0 m
Time 60 s
Time Step 0.02s

can then substitute this profile back into the previous equation resulting in our displacement

profile.

Inputs

Wave and wind loadings out in nature are incredibly stochastic in nature. Computers,
however, are simply incapable of replicating this stocasticity. That is not to say that it is
impossible to recreate the loading however. With careful consideration for the input parameters,

a size-able amount of the loadings can be replicated for the loadings that would be experienced
by the floating platform during normal operation. To this end the following input parameters were

utilized:

Frequency

For the frequency (in angular velocity, w rad/s) selection, two separate values were
chosen: 0.5 and 1.0 rad/s. This selection was motivated by several factors, primarily for reducing
computational time. With each simulation taking days or even weeks, it was imperative to
maximize the efficiency of the system and cut down on as much computation time as possible.
To do this, originally, a much wider range of frequency values were chosen increasing from the
original 0.1 rad/s to 5.0 rad/s and an even higher 10.0 rad/s. After careful observation of the
resulting analysis, the added number of frequency values did not result in a significantly better

solution. Thus, these larger values were cut in an attempt to reduce the overall computation time
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by a significant margin while not reducing the overall accuracy of the ending results. Analysis of
real life wave loadings show that the majority of wave loadings exist in the 0.5 to 1.0 rad/s range,
adding further credibility to the choice to omit the larger frequency values [67].

These two values define a simple scenario in which several waves appear over the given
time frame. One wave per second is a reasonable approximation to real life stochastic loading
since the majority of ocean currents operate on a wave loading roughly once every second. Not
only does this add even more credence to leaving out higher values for frequency, it also shows
that our approximation is closer to the average wave loading experienced than if the other much

higher frequency values were chosen.

Wave Direction

For wave direction, there were many options to consider, but ultimately, a straight forward
approach of using 0 radians was deemed acceptable [67]. With the common application of these
wind turbines, predictable paths for water current flow and typical wind directional flow are more
commonly known. Current paths have been extensively mapped out and are still continually
being developed to better understand offshore movements. offshore wind patterns are also more
recognizable with the large amount of research necessary before deployment of these offshore
wind turbines. Thus, it is acceptable to assume that the application in which the TLP is placed

will result in the most straightforward approach to maximize wind energy transfer efficiency.

Radiating Degrees of Freedom

For our radiating DOFs, the chosen directions were Surge, Roll, and Pitch. These
directions denote movement of the floater as it is pushed on by the incoming waves as well as
the rotational movement generated by the waves about the central axis of the floating platform.
Radiation in the Surge direction correlates to a wave direction of 0 rad which was the wave
direction chosen for this study. Roll and Pitch also correlate to rotational movement about the

Surge axis, creating slight motions in both the Sway and Heave directions as a response. This
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helps alleviate the need for added radiating DOFs in addition to creating a more realistic wave
profile loading for the simulation and resulting calculations.

As the waves attack the floating platform, the water level rises in response to the
amplitude of the wave, thus moving the platform up and down without the need for specification
of radiation in the Heave direction. The same method applies for Sway except the reason
for Sway being omitted from the radiating DOFs is that the wave loading is, again, applied
in the direction perpendicular to the from face of the floating platform. This means that any
translational motion along the Sway direction will be due to motion induced in the Heave

direction causing it to not be a necessary inclusion in the calculations.

Infinite Response Problem

There is one more very specific case that needs to be added to the calculations in order
to provide an accurate simulation of the problem. As mentioned previously, the mass of the
system is not only comprised of the mass of the floating platform and the turbine components, but
also the amount of mass of water that is dragged around with the floating platform in response
to the wave loading. This mass is represented as the added mass of the system and is vital for
calculations involving the acceleration profile of the floating platform.

To determine this added mass, the radiation problem needs to be solved at an infinite
response frequency, or w — oo rad/s. This correlates to an infinite amount of waves impacting
the floating platform per second. Not only does this provide the most extreme case, it also
provides the most accurate added mass for the system since it is attempting to push an infinite
amount of water past the platform per second causing it to have the largest amount of mass being
pushed around with the floating platform. Using this, we can more accurately construct our mass
matrix and calculate a more accurate acceleration profile for the floating platform.

It is also important to validate the adequacy of time step, set at 0.002 s, for resolving the
problem in time marching simulation. This verification involves a time advancement simulation

of the dynamic problem with a simple circular shaped geometry. The determination entails
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calculating the total displacement and velocity of the system in all DOFs by integrating the
velocity or acceleration vector of the platform over the entire time span. The results, as presented
in Fig. 9, reveal that increasing the time step size over 0.01 s rapidly increases the error in

the solution. The difference in results between 0.001 s and 0.002 s is relatively smaller when
compared to the total solution. Consequently, the utilization of a time step of 0.002 s was deemed

adequate for the time domain accuracy in the simulation.

Floating Platform Design Optimization

This study is interested in the optimization of the floating platform through changes
incurred in the outer hull shape and the responding acceleration profile. Because the outer shape
is defined by a mesh lining the outer wall and the outer columns are meshed circumferentially,
our focus will be on adjusting the outer nodes on the three outer columns and running the model
through the simulation repeatedly until the most optimal shape is reached. Due to the mesh being
created in this way, each of the three outer columns is created identically to the others. We can
use this to our advantage in the design by choosing multiple points along the outer shape and
choosing them to be the basis for the design optimization. By doing this, we can contort the mesh
circumferentially along the outer column shapes and gain the desired shape without excessive
modification to the mesh. We can also define several points on the inside of the outer columns
to ensure rigid connection to the pontoons connecting the platform. These pontoons provide
a large portion of the structural rigidity of the system so keeping their attachment as rigid as
possible will prove vital in ensuring the design remains structurally sound even after excessive
modifications. Seven nodes were selected on the outside columns of the floating platform and
five nodes were constrained near the pontoons to ensure rigidity while also allowing for dynamic

modification of the structure.
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Chapter 4

Results and Discussion

Initial calculations for the TLP were done on the base design outlined in Chap. 3. Results
from these calculations were used as the basis for the constraints of the floating platform in the
optimization method. Along with this, two arbitrarily chosen shapes were analyzed alongside the
initial shape to analyze the design space. These shapes violated the area constraint but presented
different geometries that can be seen in Fig. 10. The results from these simulations can be seen
in the Tab. 5. These shapes overall performed significantly worse than the original design,
increasing the heave acceleration. Because the shapes were designed manually using intuition,
the area was not kept constant, but similar to the original. After analysis, it was clear that the
increase in area caused an increase in all DOFs motions. The pointed shape also caused the water
to divert from the outer columns and attack the center column, increasing stress on the floater
overall.

Optimization of the TLP was performed a number of times from various starting
positions until the max allowable iterations were completed or convergence was found. A
summary of these shapes and results are shown in Tab. 5. Figures 11 and 12 showcase the system
displacement and acceleration trajectories in the surge, heave, and pitch DOFs for the Analysis 1,
2, 3 and the Optim 2 cases.

When compared to the baseline case (Analysis 1), the arbitrary irregular shapes utilized in
the Analysis 2 and 3 cases demonstrate higher amplitudes in both displacement and acceleration
trajectories across all DOFs. However, the optimized solution provided by the Optim 2 case
exhibits notably reduced amplitudes in both displacement and acceleration trajectories for the
heave DOF motion, albeit at the expense of slight increase in the amplitudes of the pitch DOF
motion.

Figures 13 and 14 depict the time-averaged displacement and acceleration magnitudes

within the surge, heave, and pitch DOFs for the instances of Analysis 1, 2, 3 and the Optim 2
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Table 5: Analysis and Optimization Cases, Initial Conditions, and Solutions

Initial condition Numerical solution

Shape and Objective  Constraint
Case radius function violation

Analysis 1 Circular, 3.5 m  1.374377  0.000 x 10°
(Baseline)

Analysis 2 Trregular #1 1.402011  1.564 x 10°
Analysis 3 Irregular #2 1.473139  6.281 x 10°

Optim 1 Circular, 3.5 m  1.316513 5.332 x 1073
(Baseline)

Optim2  Circular, 3.4 m 1.313484 2.194 x 1074
Optim3  Circular, 3.8 m  1.320251 2.499 x 1074
Optim 4 Irregular #1 1.331540 2.549 x 1074

cases. The bar graphs are normalized to the results of the baseline case. Thus, the baseline case
magnitudes are 1.0 for all DOFs. These figures clearly displays the average magnitude relative
to the baseline case. Arbitrarily-created irregular shapes (Analysis 2 and 3) exhibit inferior
performances in all DOFs in terms of both displacement and acceleration. However, Optim 2
result exhibit a significantly reduced displacement and acceleration in the heave DOF, with a
slightly increased acceleration in the pitch DOF, as we discussed above.

Figure 15 shows the optimal cross-sectional shapes of the outer column for the Optim 1-4
cases, contrasting them with the baseline design (Analysis 1). Although the objective function
values for all four cases are remarkably similar, optimal solutions in terms of the cross-sectional
shapes exhibit notably different designs. However, it is evident that the optimal solutions tend
to converge toward concave shapes at the outermost location of the platform. Generally, longer
pontoons are more susceptible to wave loadings, but they also offer improved hydrodynamic

rigidity at the same time. Nonetheless, considering the relatively smaller pitching DOF motion in
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—— Shape One
Shape Two
—— Shape Three

Figure 10: Varied (Circular and Irregular) Cross-Sectional Shapes of the Outer Column

comparison to other two major DOFs due to the characteristics of the TLP, one can hypothesize
that the concave and wider outer column shapes may effectively provide benefits similar to those
offered by a shorter pontoon design.

Optim 2 showed the most significant performance out of the optimization runs and was
thus chosen for further study into the cause of the indented heart-like shape. Figures 16 through
23 show the panel meshes for the original circular design and the indented heart design and the
visualized pressure field due to incoming waves on the body in surge and heave DOFs.

With the meshes being changed and distorted during analysis, we can take a closeup
view of the Optim 2 mesh compared to the original circular floater shape shown in Fig. 18 and
a closeup view in Fig. 24. The two meshes display significant distortion of the outer nodes of the
mesh, squashing in the triangular nodes on the outer edge. Our primary focus does not involve
calculating shear stress of the fluid element; therefore, abrupt changes in mesh size do not raise

immediate concerns. Our approach involves surface integration within each boundary element
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cell, making highly skewed elements undesirable. Nonetheless, despite some distortion in certain
squares within the mesh’s interior, they maintain a reasonable skewness considering the overall
shape. While the triangular elements largely retain their shape within acceptable skewness limits,
some squares exhibit a relatively greater level of distortion, albeit within reasonable limits.
Given that the meshing software was originally tailored for circular columns, employing a more
versatile meshing software could result in a more consistent mesh compared to what we obtained
in this study.

From the models, we can see that the pressure field in the heave direction for the
optimized design is indeed lighter than that seen on the original design. This appears to be due
to the increase in distance from the center for a large majority of the heart shape with the outer
sections providing increased reduction to the overall pressure field. We can also see a slight
increase in the pressure on the outer columns and a decrease in pressure on the center column
in Fig. 22(b). Even though the heart shaped design on the outer columns is absorbing much
more of the impact from the waves approaching the floating platform, it is reducing the overall
pressure and hence force on the center column. Earlier analysis showed confusing results with
the heart shape due to it being a stagnation point for water, and theoretically increasing the
forces experienced by the TLP, but this had the unforeseen effect of reducing loading on the
center column, likely due to the outer column taking more of the force. The outer columns can
endure much more of the load than the center column of the structure due to the mooring lines
being attached at this point, but the center column relieves the forces through bending of the
central tower. Not only does the optimized shape reduce the overall heave motion of the floating
platform, but it simultaneously relieves some stress from the most critical part of the platform and
redistributes it among the outer columns.

To further analyze the changes in acceleration caused by the floating platform, we can
look to the added mass of the system since it plays such a vital role in direct calculation of the

acceleration profile. Equations (22a) and (22b) display the added mass matrices for the original
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circular floating platform design and the heart shaped optimal design, respectively, given as:

2.865et06

-4.547e-10
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-9.823e-08
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By looking at the diagonal terms from elements A, 1; to A, 33 from Eq. (22a) and from As 1,
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(22a)

(22b)

to Aj 33 from Eq. (22b), increased values in added mass directly affect as significant increased

moment of inertia values of the body in surge (11) and sway (22) DOFs, with minimal decrease

in heave (33) DOF. Furthermore, diagonal terms from elements A; 44 to A, g5 from Eq. (22a) and

from Ay 44 to Ay 6 from Eq. (22b) shows the increased values in added mass, directly affecting

rotational DOFs of the body in roll (44), pitch (55), and yaw (66) directions. These clues suggest

that we can understand improved stability in accelerations subject to the same amplitude and

profile of incident wave in the way that overall increased mass has caused less overall motion

due to effectively larger moment of inertia experienced by the hydrodynamic interactions.
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Figure 11: Displacement of Floating Platforms With Varied Designs
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Figure 12: Acceleration of Floating Platforms With Varied Designs
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Figure 14: Time-Averaged and Normalized Accelerations for Floating Body Surge, Heave, and Pitch DOF
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Figure 15: Optimal Cross-Sectional Shapes of the Outer Column
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Chapter 5

Conclusion

In this research, the primary objective was to minimize the acceleration profile of a TLP
through the use of optimization technique. To do this, the shapes were analyzed over a given
time frame to determine the effect of varying loadings placed on the TLP during deployment out
on the ocean. This analysis was then repeated for varying shapes by the optimization software
to arrive at a more efficient design. After several runs of analysis and varying starting points, a
similar shape was reached. All optimization solutions converged to a heart shaped design that
created a caved in section for the center with the sides slightly bulging outwards. Because of this
unique geometry, the underside of the outer columns reduced the effective heave force due to it
mainly being concentrated on the center. By ballooning outwards, this created more area where
the TLP was unaffected by heave and thus reduced the overall heave direction. This shape also
created the benefit of reducing the pressure field around the center column and focusing it near
the outer platforms, reducing the overall stress on the center platform due to loading.

Further studies could employ a full, three dimensional analysis of the TLP by taking
into account every node along the outer column individually as it moves up the height of the
system. Further refinement to the loadings on the platform could be performed with an increased
number of wave loading frequencies and directions. With production playing a vital role in the
deployment of TLPs and could be given greater importance during the optimization phase.

Although the data supports all the claims made in this paper, experimental determination
of the data had not been performed as of the time of this research. This leaves plenty of room for
experimental determination of the physical properties of the heart shaped floating platform and
directly comparing it to the original circular floating platform.

The data gained from this analysis had helped to form a more cohesive understanding of
overall loading on a TLP and how to further increase their effectiveness when deployed in the

field. The decreased heave motion and acceleration profile shows that the new TLP design can
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endure harsher loadings while maintaining directional stability while the wind turbine generates
power. With this increase there is a larger incentive for TLPs to be adopted in the industry and

further incentive to further analyze the floating platform shape.
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