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Abstract

Expanding offshore wind energy is essential for achieving global renewable energy targets,
particularly as fixed-bottom turbines are constrained by water depth. Floating Offshore Wind
Turbines (FOWTs) provide a promising solution by enabling the deployment of wind farms in
deeper waters, where wind speeds are higher and more consistent. However, FOWTs bring
additional challenges due to platform motion, which affects the aerodynamics of the turbine
and introduces complex wake interactions. This thesis presents the development of an Actuator
Line Model (ALM) within the Open FOAM framework, designed to simulate the aerodynamic
performance and wake behavior of FOWTs in a Triangular platform.

The ALM offers a computationally efficient method compared to fully blade-resolved
simulations, accurately predicting the impact of wake dynamics on downstream turbines. This
model integrates platform movement and aerodynamic forces, allowing for an in-depth analysis
of critical performance metrics such as power coefficient, thrust coefficient, and wake
distribution. The study focuses on different platform orientations and evaluates the influence
of small angular deviations, which can result in substantial changes in wake behavior and
turbine efficiency. These angle variations play a significant role in determining wake
interference and turbine fatigue.

The results of this study show the critical importance of optimizing rotor orientation in
triangular offshore wind platforms to reduce wake effects and enhance overall rotor
performance. At T0O, T10, and T70 rotor configurations, the downstream turbine is subject to
significant wake-induced fatigue. In contrast, at T20, T30, T80, and T90 configurations the
wake interference is reduced, leading to more uniform aerodynamic loading and better rotor
efficiency. By capturing these dynamics, the ALM provides valuable insights into real-world
conditions and enables better design and operation strategies for FOWTs, improving energy
production and reducing fatigue-related maintenance.

This thesis utilizes a tool to simulate wakes on a triangular FOWT platform and highlights the
importance of optimizing rotor placement and orientation to maximize energy capture, reduce
mechanical strain, and ultimately lower the costs of operating offshore wind farms. The
findings of the study provide a foundation for future research focused on reducing energy
losses, extending turbine lifespan, and lowering the levelized cost of energy (LCOE) for
offshore wind farms.

Keywords: Wind turbine, Actuator line model, FOWTs, Wake, Triangular Configuration
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1. Introduction

Over three decades of research and innovation have driven the success of wind energy
within the EU. By 2022, wind power accounted for 16% of the EU's electricity demand, with
the Statistical Office of the European Union (Eurostat) reporting that it contributed 37% of the
total electricity generated from renewable sources in 2021. Wind energy stands out as a crucial
component in achieving the EU's energy and climate targets. The EU aims to have wind energy
cover more than a third of its electricity demand by 2030, with projections indicating it could
exceed 40% by 2050. Among various energy technologies, wind power has demonstrated one
of the least adverse impacts on both human health and the environment. Over the past decade,

innovations and economies of scale have substantially reduced the cost of wind energy, making

it the most economical electricity source in numerous European regions today [1].
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Figure 1. New Worldwide Wind Capacity Prediction 2020-2030 [2]

Offshore wind energy is a sustainable renewable energy source that is obtained by capturing
the wind energy at sea, where the absence of obstructions allows the wind to travel at higher

and more steady velocities. The first offshore wind turbine was installed in Denmark in 1991.
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Since then, impressive advances have been made, both in terms of size and power.
Development of new technologies and manufacturing systems have allowed the tip height to
grow from 100 m in 2003 (3 MW turbine) to more than 200 m in 2016 (8 MW turbine), and
the swept area to increase by 230%. Development is now focused on 15-20 MW turbines by
2030 (Figure 2) [3]. Net-zero goals for many countries rely on a massive expansion of offshore
wind. According to the Global Wind Energy Council (GWEC), there is an expected surge from
the current global capacity of 35 GW in 2022 to 380 GW by 2030. Currently, most offshore
wind turbines are fixed. Supported by a structure that reaches from the bottom of the turbine
tower to the seabed. Wind energy is stronger and more consistent in deep water areas: with
approximately 80% of the practical offshore wind energy resource suited to water deeper than
60 m [4]. Before the development of floating structures, the placement of wind turbines in deep
or complex seabed locations was impractical due to their reliance on fixed structures. However,
with the advent of floating structures, which are moored to the seabed using flexible anchors,
chains, or steel cables, wind turbines can now be placed far offshore. The utilization of floating
wind turbines in deep waters is encouraged by several benefits, including steadier winds,
reduced visual impact, and flexible acoustic noise requirements. A thorough understanding of
the physical dynamics governing the response of the floating offshore wind turbines, as well
as various design principles and analysis methods, is necessary to fully compete with

conventional energy sources such as fossil fuels [5].
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Figure 2. Installed Capacity (GW) of offshore Wind, 2019, IRENA [6]
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The United Kingdom leads the world in offshore wind power installation with a capacity of
34% of total offshore wind installations, followed by Germany and China with 28% and 20%
of total installations, respectively [7]. Offshore wind deployment is set to expand to Oceania
and North America with the projects that would be built in the forthcoming years. Asia will
become the prominent leader globally in offshore wind power commissioning in the next three
decades, with a total capacity exceeding 100 GW by 2030 and 600 GW by 2050, as shown in
Figure 2. Generally, the number of projects that are working on shifting towards floating
offshore wind energy is increasing [8]. Now, the installed capacity of floating offshore wind
turbines (FOWTs) is 121MW. However, it is projected that this figure will rise significantly to
18.9GW by the year 2030 and further to 264GW by 2050 [9]. The first significant research on
FOWT platforms started in the 1990s, and the prototype of a FOWT was built in 2007. Since
then, there has been a rapid expansion in FOWT research and development. In turn, this has
led to a massive increase in the number of platform designs that are being developed and tested
[10]. The investment growth decreases the Levelized Cost of Energy (LCOE), which is
expected to be 40—60 €/ MWh by 2030 [11]. Such price varies depending on the configuration
and scale; however, the commercialization of FOWTs decreases the LCOE trajectory. The
calculation of LCOE is usually performed based on the simplistic approaches of power
calculation. The impact of turbine aerodynamics and its uncertainty still needs more study to

have a more accurate LCOE [12].

In addition to structure design issues, FOWTs experience more complex aerodynamic
phenomena compared to fixed-bottom HAWTs due to the platform motion [13]. Accurate
prediction of aerodynamic load on wind turbine blades is essential for turbine design. The
velocity experienced by the blade in FOWT varies due to several phenomena. The effect of
blade element movement, the effect of the upstream rotor, and more complex phenomena such
as interacting the blade with their own highly unsteady wake could result in dramatic large
amplitude fluctuations in the aerodynamic load and power production. The flexibility of long
slender blades in FOWTs can cause sudden blade deflections due to the mentioned load
fluctuations. Considering the probable factors changes other turbine design concerns including

lade materials and manufacture and control.
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1.1 Offshore floating wind turbine design concepts

Increasing global offshore wind energy capacity is paramount to achieving Net-Zero goals.
There are predictions that offshore wind will increase from the 2022 global capacity of 56 GW
to 370 GW by 2030 and to 2000 GW by 2050. To accomplish this enormous expansion, wind
turbines must be deployed in water depths at which fixed foundations for wind turbines are
uneconomic or unfeasible as we will mention in the following part, so floating platforms
become necessary. Floating offshore wind is still a relatively nascent technology, with only
121 MW of installed capacity globally as of 2022. However, a rapid scale-up is predicted, to
an installed capacity of 18.9 GW by 2030. Allowing wind turbines to float introduces new
challenges due to the platform moving in response to waves and wind. Wind turbines have
mostly converged in design, but, as identified by Edwards et al. [14], floating offshore wind
turbine (FOWT) platform designs are still evolving and diverging in design. Due to the recent
rapid expansion in the number and diversity of FOWT platforms, an up-to-date review is

needed.

In Edwards et al. [14], the authors reviewed the 22 FOWT platforms that have deployed a
prototype, demonstrator, or farm-scale device at sea. In this work, the review is extended to 86
additional platforms either currently in the early (pre-deployment) stage of development or
which never made it past this stage and are no longer being developed. The analysis of the
platforms that have reached at-sea deployments yielded useful learning, highlighting design
features and philosophies that are relied upon in commercial or near-commercial projects.
However, larger-scale engineering necessarily becomes more risk-averse, and therefore it is
informative to look at the evolution of early-stage devices. Trends in early-stage devices
provide insights into the industry’s past, current, and future priorities which cannot be seen
from solely considering at-sea devices. To better understand these priorities, it is important to
consider past early-stage trends that never made it to a larger-scale device, and how relative
success, or lack thereof, in larger-scale devices has led to positive or negative feedback in early-
stage devices. Furthermore, trends in recent early-stage devices ultimately help to predict future

design directions and priorities.

Floating offshore wind has been studied since the 1990s. There have been a few review articles
on platform designs during this time (e.g., Henderson and Witcher [15], Cruz and Atcheson

[16,17], and Leimeister et al. [17] ). However, there has not been a recent review on this subject,
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and, over recent years, there has been a significant growth in the number and diversity of
platform designs (for example, there have been at least 35 new platform designs in the past

four years).

A balance among the two varying principles (i.e., the requirement for a stable foundation for
the wind turbine’s control and operation and the nature of the substructure being innate, to
respond to environmental forces) is required for the design of the floating platform for wind
energy [18]. As explained in Figure 3, the absence of rigid foundations results in an additional
six degrees of freedom (DOFs) for the platform of floating turbines; three translational (surge
X, sway Y, and heave Z) and three rotational (roll RotX, pitch RotY, and yaw RotZ). For the
platforms of onshore wind turbines and bottom-mounted offshore wind turbines, the effect of
soil-structure interaction (SSI) can be modeled with six degrees of freedom; three translational
(horizontal forces in X and Y and vertical forces in Z), and three rotational (rocking moments

in X and Y and a torsional moment in Z) respectively.

—_—
Wi

Figure 3. Six DOF for a floating platform, 2019, Naval Energies [6]



Introduction

1.1.1. Single FOWT design concepts

The floating conditions require a new design and analysis of the rotor and its platform, which
introduces new challenges. Different types of floating configurations for wind turbines have
been or are being developed [19]. They include three main categories for fixed and floating
support including monopile and tripod for fixed and barge, catenary moored semi-submersible
platforms, the tension leg platform (TLP), and the spar-buoy with different characteristics [20].

These are mainly adapted from the oil and gas industry.

Each configuration has distinct characteristics. For instance, TLPs have smaller and lighter
structures; however, stress on the tendon and anchor system is higher in these designs. Also, it

can be said that the spar buoy is more suited to deeper waters (>~80 m) [21].

Offshore Wind Structures

Monopile Jacket / Tripod Semi-Sub Barge Tension Leg Platform Spar Buoy

\\ \ H‘.\ ﬂ ﬂ
\E'. e - / e C‘i‘
= s = / .

. ) -
/ B / o \ \

Fixed Support Floating

Figure 4. Offshore floating wind turbine conceptual designs [22]
More than 30 platform concepts have been proposed [22,23]. However, based on the
primary mechanism adopted to satisfy the static stability requirements. A stabilization

mechanism can be based on the following main stabilizing mechanisms or a combination.
1. Monopile

The most frequently used foundation type is the monopile. It commonly consists of a
foundation pile and a transition piece, on top of which the turbine tower is placed. Foundation

piles are made from steel plates which are rolled and welded together (as shown in figure 5).
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Figure 5.Monopile foundation of offshore wind Turbine [24]

2. Tripod/ Jacket

A tripod foundation is a structure with three legs that diverge from a single node to their
respective positions on the seabed. A foundation pile is driven into the ground at the base of
each leg of the tripod section. On top of the tripod section, the turbine tower is placed.
Complications with production and installation make it relatively expensive. The main
transition node where the three legs meet the central column is sensitive to fatigue. Stiffness
benefits are only interesting in large water depths, but then the base becomes restrictively large.
The conventional installation method is to load several tripods onto a barge which is towed
offshore. At a predetermined location, a structure is lifted off the barge, using a large crane (on
the barge). Simultaneously, a smaller crane guides the tripod to its final position. The loads on
the tripod structure will be mainly in the axial direction. Therefore, scour protection is generally

not required.

Figure 6. Tripod on a barge, on their way to Alpha Ventus wind farm [25]
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Jackets, also known as spaceframes or truss-towers, are relatively complex steel structures.
Despite a reduction in construction materials (and hence weight), jackets are relatively
expensive. At the water depth where monopiles become uneconomical, jackets take over.
However, due to ongoing developments, the monopile concept is used for increasingly deeper

waters, and the application of jackets is shifted to even deeper waters.

Figure 7. Senvion SMW Turbine on Jacket (Ormonde Project)[26]
3. Ballast stabilized

The center of gravity of the entire system is moved below the center of buoyancy by placing
massive ballast deep at the bottom of the floating structure. When the platform is tilted, this

creates a stabilizing restoring moment that counterbalances rotational displacements.

Figure 8. Sketch of ballast stabilized floating wind turbine [26]
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4. Buoyancy (or waterplane) stabilized

For this kind of stabilizing mechanism, the waterplane area has a central role in the restoring
moment. A large waterplane area or smaller cross-sectional areas at a longer distance from the
central axis can provide a significant second moment of area concerning the rotational axis.

When a rotational displacement happens, it can create a larger stabilizing righting moment.

5. Mooring stabilized

When the structure is inclined, the restoring moment is generated by high-tensioned

mooring lines.

Even though the floating platforms are utilized in different concepts, they can all be matched
in the modified stability triangle concept that is represented in Figure 9. The position of Spars,
semi-submersibles or barges, and tension leg platforms (TLPs), as three of the main platforms,

are also pointed in this triangle.

A spar buoy is a ballast-stabilized cylindrical steel or concrete structure that resembles a
fixed monopile foundation. Catenaries are usually used to keep it in place, but vertical taut
spread cables are sometimes used to minimize heavy moments. Spar-Buoys are comparatively
long, with lengths of up to 100 meters where most of the structure is submerged, to offer enough
stability. Because of this, the device is often used in waters with a depth of more than 100

meters.

Semi-submersible platforms usually consist of three columns placed on the edges of a
triangle. The wind turbine is either installed on one of these columns or in the triangle’s center
by a fourth one. This floater type involves two hulls; The top hull provides the necessary
buoyancy to keep the platform afloat, while the ballast hull ensures the system’s stability. In
contrast, the waterplane-area stabilizer in the barge system is a plane structure. The semi-
submerged structure protects the lower part from being affected by waves. The platform is held
in place by catenary or taut lines made of wires, ropes, or chains anchored to the seabed, like

Spar-Buoys.

Finally, the tension leg platform (TLP) is a mooring stabilized system. This method has
been widely employed in the oil and gas industry for up to 1,500 meters of depth [23]. They
are held in place solely by their updraft and mooring line tension. They are held in place solely

by their updraft and mooring line tension. The base of tension leg platforms is fully submerged.
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In contrast to semi-submersible platforms, they are kept in place by tensioned tendons rather
than catenary moorings. Tensioned tendons are made up of metal or synthetic wires that are

attached to the seabed using gravity or suction anchors or steel-driven piles.

—25% ballast
(DE) stabilized

125% waterplane s.
serhi-submersible/

0% ballast s. B

S 100% waterplane
stabilized
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Figure 9 Stability triangle for floating structures [27]

The assessment of three main different floater concepts of spar, semi-submersible, and TLP
is presented in Table 1. All the mentioned concepts have their advantages and disadvantages
that need to be chosen based on the demand. The combination of these stability mechanisms
leads to so-called hybrid floating concepts. As a result, the features of several systems can be
merged into a single floating framework. Tension Leg Buoy (TLB) is a common hybrid
floating concept that is a spar floater moored with tendons. For instance, the Floating Haliade
by Alstom in France, the Ocean Breeze by Xanthus Energy in the UK, the TLB series by the
Norwegian University of Life Science, and the SWAY or Karmoy in Norway. Nautica Wind
Power combined a TLP with a semi-submersible to support a two-bladed wind turbine known

as the single-point moored AFT (advanced floating turbine) [28].
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Table 1. Advantages and Disadvantages of the main floater concepts

Disadvantages

Type Advantages
Semi- e  Most viable for deep waters
submersible e Low draft requirements
platform e Low mooring costs [14,34]
e Easy to tow
Barge e  Less complex

Platform e Low anchor costs
Easy decommissioning

Spar buoy e Lower wave-induced motions
platform e Higher stability
e Simpler design

o Lower fatigue loads

TLP platform e Lower wave-induced motions

Higher wave-induced motions
Complex structure

Support structure is relatively
expensive
Large wave-induced motions

High fatigue loads in the tower
Need deeper water

Higher mooring costs
Hard to tow and install

e Simple structure

To achieve the lowest overall cost of the whole platform system for its entire life, it is necessary
to optimize the floaters for wind turbines because as the depth increases, the construction cost
of the wind farm increases due to the floating foundation [29]. The breakup of the total cost of
the system for a typical TLP-type floating offshore wind turbine is shown in figure 10, which

includes the costs of maintenance, decommissioning, and operations.
Decommissioning: 3.1 % Project Development: 1.5 %

Operations and Maintenance: 29.3 %—.__

y

Installation: 9.9 %

Wind Turbine: 33.8 %

Platform: 11.4 %

Inte mal Substation: 5.5 %

Figure 10. Cost Estimation for Offshore Wind Projects based on data from [30]

1.1.2. Multi FOWT design concepts

Wind energy has experienced significant growth over 30 years, becoming a crucial player
in meeting energy needs. Placing wind turbines in deep or complex seabed areas was
impractical due to reliance on fixed structures. However, with the emergence of floating

structures wind turbines can now be situated far offshore. Research into the aerodynamic
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performance of wind turbines has predominantly centered on grid-connected horizontal axis
models. Enhancing the capacity and extending the blades of a single-rotor wind turbine
(SRWT) are commonly seen as ways to boost its ability to harness wind energy [31]. These
methods may create new difficulties in manufacturing and maintenance, such as increased
production costs and higher demands for durable materials. Moreover, effectively coordinating
the aerodynamic performance of each turbine presents a challenge for the development of

multi-rotor designs [32,33].

Recognizing the constraints of SRWTs, attention has shifted to the concept of multi-rotor
wind turbines (MRWTs) for wind energy extraction. Verma's research takes a deep dive into
the past of MRWTs [34], all the way back to Denmark in 1873 when they first appeared with
a twin-rotor design sporting six blades on each rotor [34]. Then, Percy H. Thomas came up
with a clever patent for a two-rotor turbine, aiming to find the spot between efficiency and cost
with each rotor having just two blades [34]. Henk Lagerweij from Lagerwey Wind has put up
MRWT prototypes to tackle engineering problems, like how these multiple turbines interact
with each other [35]. Just a few years back in 2016, Vestas teamed up with the Technical
University of Denmark to unveil a prototype of a four-rotor MRWT, proudly boasting about

how much better it is compared to the old single-rotor models [36].

MRWTS offers distinct advantages over their large-scale SRWTs. MRWTs feature smaller
and medium-sized blades, resulting in benefits such as long blade lifespan, reduced weight,
and faster rotation. Studies have consistently shown that MRWTs, with their smaller blades,
are more efficient at capturing wind energy compared to SRWTs. Research by Laan et al. [37]
Explored the power output of MRWT wind farms and found that they could generate 0.3—1.7%
more electricity annually than equivalent single-rotor wind farms. Zhao et al. [38], Investigated
blade loads in multi-wind turbine wind power systems under varying wind conditions. Their
findings suggested that replacing a single large turbine with multiple smaller ones could
mitigate the effects of wind. While MRWTs offer promising benefits, concerns about their
manufacturing and maintenance persist. Jamieson and Branney analyzed a 20 MW multi-rotor

wind turbine design, finding significant cost advantages over single-turbine designs [39].

A crucial aspect of designing wind turbines is understanding how air flows around them,

known as aerodynamics. This becomes even more important when multiple turbines are placed
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close together, as they can affect each other's performance. Smulders and colleagues conducted
wind tunnel tests with two turbines side by side and found that, together, they produced slightly

more power than expected [40].

Although multi-rotor turbines have many potential benefits, little is known about how
complex wakes and the airflow patterns left behind them affect each other. Understanding
multi-rotor turbine wakes is of both practical and fundamental importance. Several studies have
investigated this matter. Ghaisas et al. [41], Found that the wake behind a multi-rotor turbine
was less turbulent and recovered more quickly than behind a regular turbine, especially when
the rotors were spaced further apart. Speakman's research showed that changing the angle of
the turbine blades could affect how much the wake spreads out, potentially making wind farms
more efficient. [42] Bastankhah et al. [43], Explored the effect of different geometric
configurations on multi-rotor turbine wake characteristics. They found that the recovery rate
in multi-rotor turbine wake increased with an increase in rotor pitch. While the effects of rotor
number and rotation direction on wake recovery were not significant. However, these studies
have their limitations, often using simplified models that may not fully capture the complexities

of airflow near the turbines.

Initially, two concepts for multi-turbine platforms will be examined. Following this, there
will be an overview of the description, status, advantages, and disadvantages of both single and
multiple-turbine platforms. Finally, an innovative idea for a multi-turbine floater will be

introduced.

One multiple-turbine concept consists of a single pontoon-type floater (semi-sub) with
several turbine towers on it to share anchor costs and provide wave stability as seen in the
figure below. Another concept in multi-floating offshore wind turbines is called wind hunter,
the wind hunter concept is a portable system that allows a huge floating platform to travel the
high seas and anchor in a windy spot. This is just in its concept advantages but could have
potential. Most existing sea-based wind turbines are fixed now at an enormous cost and are

only as effective as the wind present in that area as shown in Figure 11.
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Figure 11. A single pontoon-type floater with several turbine towers on it [44]

Figure 12. Wind hunter System[45,46]

The Wind hunter system concept is an offshore, floating system that uses several wind
turbines for power output to produce hydrogen by electrolyzing water. This continuously
manned, safe, and stable system will be easily maintained on board while relocating to the best
wind conditions for the wind turbines. The produced hydrogen gas may be compressed and
stored as gas or liquefied and placed in insulated tanks. The compressed or liquefied hydrogen

may be transferred by helicopter, surface ships, or by other means.

Another multiple-turbine concept is to place an array of smaller turbines on a single tower
and platform. In an analysis of the first concept, it was determined the cost would be very high
and it was questionable whether the large structure could withstand extreme wave loading as

shown in Figure 8, an agreement of SSAB and Hexicon, to develop far offshore platforms. The

14



Introduction

combined technology will offer advantages within the market for renewable energy. A first
demonstration unit is planned for Swedish waters in 2017. Hexicon will together with SSAB
optimize the steel material in the foundation of the wind platforms to ensure functionality and
cost-effective solutions during their complete life cycle. The floating foundations with several
wind turbines enable efficient wind park configuration in locations where winds are stronger

and environmental impact is reduced [47].

Figure 13. SSAB, Hexicon to optimize steel for offshore wind platforms[48]

Because turbine spacing is poorly optimized, both multiple-turbine concepts require the
floating structure to either yaw with wind direction changes or compromise energy production
when the wind shifts off the prevailing direction. Systems consisting of multiple turbines on a
single floater may prove to be more expensive than single-turbine floaters because of the
additional support structure required to connect several rotors or towers. However, for very
large systems (>20-MW per structure) it may be possible to lower overall system weight with

multiple turbines due to cubic mass scaling laws.

In advance the WindSea Project [49] Done by this concept, three turbines on one platform
meant that you could significantly increase the output of each offshore wind turbine platform.
The unit was designed with unique scalability considering the assumed increase in turbine
capacity. The original design had a total capacity of 9,6 megawatts, 300% more than any other
windmill design at the time. The units were made ready at the dock, requiring only an 8-meter

water depth at the dock, allowing for plug-and-play once placed on-site.
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Figure 14. The Wind Sea concept [50]

1.1.3 Single and Multi-Turbine Turbine Comparison

In the past, many windfarms simulations were performed using a single turbine to represent
the entire wind farm, it is like representing a conventional power plant with a single large
synchronous generator, it has been very successful for predicting instabilities, such as sub-
synchronous resonance, in simulating conventional large synchronous generator power plant.
A wind farm is usually very large and there are diversities in the wind farm (wind speed, line
feeder impedance, etc.) that make individual turbines respond differently to the same fault. In
a real wind farm, there are many wind turbines connected to the point of interconnection. Most
of the generators used are induction generators or a combination of generators and power

converters. As shown in Table 2 here is a general comparison between single and multi-wind

turbines.
Table 2. Single and Multi FOWT comparison
Fowr Advantages Disadvantages
e Simplicity
Single-turbine- e Modularity for manufacture e Individual anchor costs
floater e [ower structure requirement
e Standard yaw control options

Multiple-turbine- e  Wave stability e Hight cost §upport structure
floater e Shared anchors e  Wave loading
e  Mass optimization possibilities e  Complex yaw control

16



Introduction

1.2 Analysis approaches

Analyzing and designing Floating Offshore Wind Turbines (FOWTs) presents greater
complexity compared to land-based counterparts and existing offshore structures. This
complexity arises from the multifaceted nature of the involved physics, encompassing
aerodynamics, hydrodynamics, and structural dynamics, including mooring cables analysis.
When selecting a numerical modeling method, there's a crucial balance to strike between
accuracy, fidelity, and computational efficiency, considering the phenomena under study and
the desired data precision. Fidelity pertains to how much simplification is applied to the physics
involved and the level of confidence in the model's accuracy. Computational efficiency, on the
other hand, measures the time required for the model to simulate a problem with standard
computing equipment. Numerical models are categorized into low-, mid-, and high-fidelity,
with higher fidelity demanding more computational resources and potentially compromising
computational efficiency. The choice of fidelity level depends on the simulation's objectives
and the required level of analysis and precision. During the initial phases of Floating Offshore
Wind Turbine (FOWT) design, low-fidelity models are typically employed for sizing analysis
and optimization. As the design progresses, mid-fidelity models, also known as engineering-
level tools, come into play to examine the operational and challenging conditions faced by
FOWTs. High-fidelity models are then often employed for thorough investigations during the
final design stages, particularly for accurately assessing structural stresses. It's common to
adopt a multi-fidelity approach, incorporating elements from each level of fidelity models at

various stages of the design process.
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Figure 15. Basic components of a floating wind turbine along with the key physical effects [51]
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1.2.1 Hydrodynamics

More investigation is required to fully comprehend the interaction of ocean waves and wind
turbines. This interaction is essential for many reasons some of which are mentioned as

follows:

a) Because some of the structures’ natural frequencies may overlap within the bandwidth of

the ocean wave spectrum, this contact might generate resonance.

b) Higher natural frequencies in TLP can be near to sum-frequency wave loading, resulting
in ringing.
¢) In spar buoy and barge systems, the lower natural frequencies can be close to difference-

frequency wave loading and create slow drift motions.

Numerical modeling approaches for hydrodynamic issues were created primarily for the
marine and offshore oil and gas industries, but they can also be utilized for FOWT floaters and
platforms. For the computation of first- and second-order wave excitations, the Potential Flow
technique, the Morison Equation, or a combination of the two is utilized. These approaches
provide the necessary accuracy with a reasonable computing cost, but they can have issues with

complex geometries.

The diffraction/radiation approach is divided into first-order, second-order, higher-order,
and nonlinear methods that are based on the potential flow theory (concerning wave steepness).
The oscillation amplitudes are assumed to be minimal compared to the floating body’s cross-
sectional area, and viscous effects are neglected. The floating body is divided into panels in
this technique, and hydrodynamic loads are calculated by integrating the dynamic pressure

across the wetted panels. Submerged geometry is the hydrostatic equilibrium in still water.

The Morison equation is used for structures that include slender cylindrical members. It can
simulate structures in waves and currents, as it models inertial loads and viscous loads, unlike
the potential flow model. Morison et al. [52], Developed this empirical equation for infinitely
long cylindrical offshore structures. The Morison equation is limited as it ignores the floating

body’s effect on the incident wave field.

When either the PF methods or ME is insufficient to capture certain hydrodynamic
phenomena, a combination of them can be utilized. This can be considered a computationally

efficient alternative for CFD modeling. The hybrid method can be utilized for platforms that
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include large columns and slender braces or when the viscous drag effects resulting from severe

sea states are present.

The high-fidelity CFD models can capture complex flow problems such as vortex shedding
around heave plates. Due to the high computational cost of CFD, it is usually just employed to
tune model parameters for lower fidelity models. It is complicated to draw direct comparisons
between the accuracy of CFD models and PF + ME models. A variety of parameters are
involved in determining the model’s accuracy. Performing the simulation by steady-state
equations or transient equations, the investigated load cases, tuning the hydrodynamic
coefficients, mesh characteristics, and user competence, and confirming a converged result for
the CFD model are some involved parameters. Also, the calculation of the second-order PF
solution, rather than first-order wave stretching, and the correct viscous damping in the model

are involved in the accuracy of the PF + ME solution [53,54].
1.2.2 Mooring cables

Mooring systems allow floating constructions to be employed in deep oceans where
standard jacket foundations are either too expensive or too difficult to install. The mooring
system, which is normally made up of a series of cables, provides the structure with both
station-keeping and dissipation effects. The design goal is to have a mooring line system with
durability to resist external forces but show stiffness properties for the FOWT platform to work
beyond the wave excitation frequencies. The initial step is selecting the anchor based on a soil’s
holding capacity. The number of anchors required should make a balance against the external
forces applied on the FOWT. The minimum breaking strength, or MBS, of a line, is then
determined by its holding capacity. Following that, mooring properties, including line material,
line length, and clump weights, are chosen based on a desired performance requirement. After

that, iterative simulations are done to see if the line meets the required safety margins [55].

Many factors should be considered in the adopted mooring design, including material
fatigue properties, anchor holding strength, seabed clearance and between other subsystems,
breaking loads, special considerations for fiber ropes (for example, compression fatigue and
creep characteristics), tower and wind turbine motion limitation, and permissible platform

offset. These factors should be balanced with the environmental loads.
Mooring systems usually consist of a combination of the following elements:

e Mooring line: Wire rope or Fiber (synthetic) rope
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e Anchor: Drag embedment anchor, Plate anchor, Suction pile, Pile and screw anchor, or
Gravity anchor
e Clump weights and buoyancy modules.

e Connection equipment and hardware: Triplite, Shackle, or Splices
1.2.3 Aerodynamics

The fluctuation in relative wind velocity caused by platform motions is the most challenging
factor in the aerodynamics of FOWTs. Dynamic inflow, also known as unsteady dynamics, is
a phenomenon that can cause rotor thrust loading to overshoot, resulting in negative damping.
An accurate simulation is crucial for estimating power output. In addition to improving power
generation, the turbine controller should also minimize the consequences of dynamic inflow
[56]. Moreover, an appropriate aerodynamic simulation is vital for assessing fatigue reduction
[57]. And blade lifetime prediction. The evolution of turbine wake and its effects on the turbine
dynamics, downstream turbines, and FOWT farm layout is another important issue that needs

to be investigated.

As previously stated, choosing the appropriate numerical method to utilize within the design
stages is a trade-off between the available time and monetary budget and the required level of
uncertainty and accuracy. The following section presents a review of the conventional method

and prior research.
1.3 Prior works

Nowadays, the wind industry faces challenges in developing wind farms [58]. The wakes
of wind turbines interact with each other in the wind turbines downstream as well as with the
turbulent atmospheric boundary layer (ABL) [59]. The increasing interest in Floating Offshore
Wind Turbines (FOWTs) has triggered numerous research efforts in various directions
including, for instance, floaters, mooring lines, hydrodynamics, aerodynamics, structural
fatigue, and a further interest in upscaling rotors. Now, the main challenge that needs to be
overcome is the high Levelized Cost of Energy (LCOE) as mentioned by Bosch et al. [60] and
Kausche et al. [61]. Improving blade design and performance remains an important topic to
address the LCOE problem [62]. With improved loading predictions, blades can be designed
better, and maintenance schedules can be driven by informed guidelines. Despite the good

knowledge accumulated in the past twenty years or more for the fixed rotor situation, the
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floating rotor exhibits highly complex three-dimensional motions because of the hydro-
aerodynamic interactions acting on the whole structure. The resulting wake flows are,
therefore, increasingly complex because of phenomena such as blade-vortex interaction,
vortex-vortex interactions, blade flow three-dimensionality as well as unsteady airfoil behavior
and dynamic stall. Due to these intrinsic complexities, current research efforts in
hydrodynamics and aerodynamics remain mainly uncoupled, with few exceptions such as
Wang et al. [63] and Liu et al. [64]. Concerning hydrodynamics, full-body Navier-Stokes
simulations have been used to predict loading on both the foundation [65], as well as mooring
lines [66]. More simplified methods based on the FAST (Fatigue, Aerodynamics, Structures,
and Turbulence) code, developed by the National Renewable Energy Laboratory (NREL) [67],
have been used for the analysis of these loads by Roald et al. [68]. Chan et al. [69], also
developed an approach using fluid-impulse theory for load calculation and implemented a
module in FAST. Experimental measurements of hydrodynamic loads have also been carried
out by Shin et al. [70]). Apart from information on loads, better hydrodynamic models allow
for a better prediction of the motion of the wind turbine. With an uncoupled aerodynamic
approach, such motions must be prescribed and therefore this information becomes essential
in the study of FOWTs. The uncoupled high-fidelity aerodynamic analysis of FOWTs, such as
Computational Fluid Dynamics (CFD) simulations, mainly employs prescribed platform
motions obtained from lower-fidelity coupled analysis tools, such as FAST. This uncoupled
approach could already be very insightful concerning elucidating the novel unsteady
aerodynamic phenomena associated with FOWTs and, thus, could be employed to improve the
lower-fidelity models. In addition, these are useful since they provide a quicker alternative to
coupled simulations and can provide an accurate description of the physics (see Sebastian and
Lackner [71]). FOWTs experience various motions of the platform, and they have distinct
effects on the wake aerodynamics. Among the motions, the pitching and surging platform
motions are identified as the two dominant motions for FOWTs [72], therefore, the majority of
the literature has focused on these two motions. The effects of platform pitching motion on
rotor power performance and wake were investigated by several authors such as Fang et al.
[73], Fu et al. [74], Shen et al. [75], and Leble and Barakos [76]. For example, Wen et al. [77]
studied the rotor power for different tip speed ratios and reduced frequency and showed that
the power variation increases with increasing tip speed ratio and reduced frequency. This is

consistent with earlier findings from Sant et al. [78] and Micallef and Sant [79] in independent
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experimental and numerical campaigns, respectively. Alternative approaches such as the use
of vortex lattice methods (VLM) to study the effect of platform pitching were carried out by
Jeon et al. [80], where the presence of a turbulent wake state was also noted under low-speed
inflow conditions. Lin et al. [81] report full-body rotor CFD computations involving both
pitching and surging motion to analyze the unsteady aerodynamics of the rotor. Surging is the
other dominant platform motion for FOWTs and has received attention in the literature and is

also the focus of Rezaeiha et al. [82].

Analytical modeling

In wind turbine modeling, modeling of physical induction inflow near the rotor disk is an
important issue. Even using the elliptic formation of Navier—Stokes equations around a turbine
shows that a disturbance signal downstream affects the flow in the rotor disk and upstream.
However, due to complexity and higher computational cost, elliptic solutions techniques are
not commonly used [83]. Vortex modeling is another method for rotor wind speed calculations

in which lifting lines or surfaces represent the blades and the vortices[84].

The parabolize Navier—Stokes equation, which is more common than the two mentioned
methods, simplifies Navier—Stokes by ignoring the diffusive momentum transport term in the
primary flow direction [85]. This method omits the pressure gradient term along the transverse
direction to have a more straightforward equation that is commonly used in engineering
problems [86]. The actuator disk or 1-D momentum theory is usually applied to calculate

induced velocity components in parabolic flows.

The actuator disk (1-D momentum theory) approach is based on the momentum theory. The
wind turbine is modeled as an actuator disk in this model, assuming an infinite number of
blades. The flow is considered steady, inviscid, non-rotational, incompressible, and
asymmetric with constant pressure profiles. The thrust is also assumed to be uniform over the

disk area and a constant velocity through the disk [87,88].

The inverse 1-D momentum theory approach, as described in[88], is a simple approach for
the estimation of forces applied to the rotor plane. Some researchers have combined it with a
CFD algorithm in which conventional thrust curves are calculated according to induced

velocity, whereas the conventional method was according to U, [89].
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Blade Element Momentum (BEM) theory, introduced by Glauert [90], is one of the most
used methodologies for investigating turbine aerodynamics. BEM depends on blade
aerodynamic characteristics and the Cl and Cd of the blade section. In BEM, two equations for
axial and tangential forces are written, and estimating the induction factor for velocity is solved
by an iterative algorithm [91,92]. This method is beneficial from the computational cost point
of view, compared to numerical methods like CFD or Lattice Boltzmann methods (LBM). In
terms of accuracy, the results of this method are satisfying in the case of the availability of
airfoil data [93]. Nevertheless, its initial formulation had a shortage of modeling phenomena

such as angular movement of the platform and wake.

In general, the turbine wakes are studied in two regions: i) a near-wake region that starts
right downstream of the rotor and extends until about two rotor diameters, and it is followed
by ii) the far-wake region that is developing further away. In region 1), the formation and
development of the flow are mainly influenced by how blade shapes affect the tip vorticities
and can be simulated by using flow field solvers (e.g., CFD or LBM). In the second region,
which is indeed relevant to wind farm design, the wake’s effect is primarily characterized by
growing turbulence intensity and reduced average wind speed [94]. Atmospheric turbulence
also influences the far-wake region, which accelerates wake recovery for velocity deficit and

turbulence intensity [95].

Even by calculating turbine wake using high-fidelity methods, the wake superposition
concept is a source of error in wind farm wake modeling. Geometric sum, Linear sum, Energy
balance, and Quadratic sum are four approaches that are mainly used for this purpose [96]. Van
Leuven considered the effect of the closest turbine in his model. His approach worked well for
the Zeebrugge wind farm [97]. However, for offshore wind farms, where the wake effects can
be more dominant, the importance of the wake superposition method is even greater [98].
Habenicht [99] Compare the mentioned superposition methods for four different offshore wind

farms. His results showed that linear and quadratic methods give less error compared to others.

For simulation using BEM theory, some models for investigation of the wake are developed.
Frandsen [100] developed an infinite wind farm boundary layer (IWFBL) model according to
the difference in shear stresses above and under the turbine hub height. The Jensen wake model
[101,102] considers a control volume from the rotor plane to the point. It is assumed that wakes

expanded linearly, and flow is axially symmetric, with no rotation, no turbulence, and a conic-
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shaped wake profile. Based on this model, the PARK model was developed to consider the
effect of multiple wakes on the velocity [103,104].

With a simple wake calculation procedure, the Larsen model was introduced first in 1988.
Initially, this model was derived from the axis-symmetric form of RANS equations by
neglecting the pressure term [105,106]. Since this version was derived for considering the
single wake case, it was redeveloped in 2009 to provide a solution for multiple wake situations.
In this version, boundary conditions are defined at the rotor plane and at a distance of 9.6D
downstream [107]. The dynamic wake meandering (DWM) model considers wakes as passive
tracers driven by the large-scale turbulence structures in the atmospheric boundary layer. This
model is based on equations for velocity or wake deficit, meandering of the wake, and rotor-

added turbulence [108,109].

In the offshore application of wind farms, specifically for floating turbines, the dynamic
stall is a potential phenomenon that is due to the turbine's forward-backward motion that leads
to oscillation in the angle of attack. The pitch, surge, and other wind turbine movements can
considerably affect the flow field around wind turbine blades. The mentioned theories have a
fundamental limitation as they are not able to let the 3D flow across various rotor radial
elements. The suitability of models that consider the transient nature of the flow, e.g., dynamic
wake models (see [110,111]), and it was showed for floating configurations, more advanced

approaches are necessary.

Computational fluid dynamics (CFD)

Free Vortex Wake (FVW) models solve the turbine wake in a time-accurate manner; this
allows the vortices to convert, diffuse, and stretch. This model is based on a Lagrangian
approach in which vortex filaments released from the blade are used, whereby the turbine wake
is discretized into some Lagrangian markers, so the unsteady nature of the FOWT wake is
modeled through shed vorticity. Blades are modeled using lifting lines or source/doublet panels
in free vortex methods. As the prescribed load based on tabulated airfoil data is employed for
the lifting lines, the model's accuracy is affected by input data. Unfortunately, the airfoil data
are usually available just for static conditions, and corrections must be employed for modeling

not resolved using this method [112].

In the case of modeling blades by means of panels, additional models are required to

calculate the onset of the stall which makes the model able to consider these separations. Also,
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the lifting line Free-Vortex Wake (FVW) approach is limited to predicting the aerodynamic
loads in large surge movements when there is a dynamic stall. This is because the local flow

around the blade profile is unavailable in this method.

Unsteady Reynolds-Averaged Navier—Stokes equations (URANS) have been
comprehensively used to study wind turbine and wind-farm flows [113]. The fast growth in
computational power leads to important progress in developing, validating, and applying
turbulence-resolving CFD tools. Large-eddy simulation (LES) that is widely applied for wind
turbine applications (e.g., see[113]) needs the parametrization of the smallest scales (sub-grid),
whereas the larger and more energetic scales are explicitly resolved. This is unlike RANS and
other reduced-order models (e.g., linearized Navier—Stokes solvers) that parametrize all scales
of the turbulence [113]. Nevertheless, for complex turbulent flows, the results of LES are
sensitive to the parameterization of subgrid-scale turbulent fluxes and subgrid-scale forces that
include turbine-induced forces. Despite the high computational cost (~ 10°—~10* CPU hours per
simulation) and in the case of appropriate parametrizations, the accuracy of LES was shown to
be high for simulating the turbulent boundary-layer flow around wind turbines and wind farms

[113].

Pitch, surge, and other movements of floating offshore wind turbines can considerably affect
the flow field around the blades. Considering this point, acquiring an accurate prediction of
unsteady aerodynamic loads using the conventional form of BEM approaches is questionable.
Tran and Kim [43], performed a CFD simulation to support this doubt. They used a dynamic
mesh approach mesh for assessing the effects of periodic pitching motion of a FOWT. The
effects of vortex—wake—blade interaction was investigated using three numerical methods, i.e.,
UBEM, FAST with BEM, and GDW (FAST’s AeroDyn with the general dynamic wake
modeling). The result could be compared to two different regions. In the case of only small
pitching motion amplitude, i.e., in the range of 1-2°, the obtained predictions of the BEM
model regarding produced power and thrust showed overall good agreement with CFD. On the
other side, for a higher range of pitching motion amplitude, the BEM model produced results
with lower accuracy than CFD, e.g., FAST-GDW showed a difference of 24% compared to
CFD in power estimation at pitching motion amplitude of 4°. According to the authors, the
conventional form of UBEM is not able to provide sufficiently flawless results in the case of

pitching motions are significant.
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1.3.1. Hybrid BET-CFD

In FOWTs, the pitch and other wind turbine movements can considerably affect the flow
field around blades. Hence, an accurate prediction of unsteady aerodynamic loads calculated

by the conventional form of BEM approaches is debatable for FOWT.

Even though simulation of the flow field is vital for capturing meaningful wake
characteristics, experimental measurements, and fully blade-resolved CFD, either using
URANS or hybrid URANS-LES are computationally expensive and often impossible to use in
a multirotor wind farm. To overcome this shortcoming, hybrid analytical-computational
models could reduce the computational cost order to help fill the knowledge gap about the flow

field [114].

Recently novel approaches combined analytical and computational methods. CFD as a
computational method solves the flow field, and the effect of the rotational turbine on the flow
field is calculated using an analytical method such as Blade Element Theory (BET). Actuator
Line (AL) or Actuator Disc (AD) are among the novel approaches that use CFD for flow field
simulation. In these approaches, BET is used to calculate the loads on the flow, and then it can
be applied using a source term in the momentum equation. The loads in the AD case are
distributed over all the cells in the disc representing the turbine rotor, and for the AL, the loads

are applied at the location of blade elements.

Actuator disk, actuator line, or blade element disk are among hybrid methods that introduce
considerably higher physical fidelity compared to BEM. These methods are often referred to
as “CFD-based computational-efficient” (CFD-CE) models; contrary to BEM methods, CFD-
CE does not rely on BEM theory for calculating the induced-velocity field at the rotor disk. In
these methods, flow velocities are incorporated from the flow solution provided by CFD.
Among the mentioned CFD-CE models, the Actuator disk model is more straightforward in
terms of set-up; nevertheless, it is not capable of considering swirl in the wake. The blade
element disk approach can predict swirl, although the swirl effect is circumferentially averaged,
and the method is not able to capture tip vortex formation [115]. Finally, the actuator line
model provides the means to resolve the tip vortex and the corkscrew wake pattern.
Accordingly, the AL model is by far one of the most promising approaches to accurately predict
the wake behavior while maintaining a relatively cheaper computational effort compared to the

blade-resolved approaches.
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In the developed actuator line model by N. Troldborg et al. [116,117], a rotating line of
momentum sources is utilized instead of each of the blades. Although the fundamental
formulation of ALM is already disclosed, there are still some challenges in choosing its
constitutional working parameters, such as the radius of the body-force projection function (),
the grid spacing along the actuator line (Agid), and the spacing between actuator points (Ap)

which are of most critical ALM parameters.

There is no solid agreement on the projection function because, from one point of view, the
radius should be as short as feasible to have a compact representation of force distribution
along the blades. From the other point of view, the force-distributed region needs to be in
proportion to the real region of force on the blade [118]. As suggested by Troldborg [118],
&/Agric=2 can be considered as a compromise between stability and accuracy. Regarding the
parameter Agrid, 30 to 60 grid points along each actuator line and Ap < Agria¢ Were suggested to
be considered. An ALM simulation performed by Martinez et al. [119], showed that their
model was very sensitive to the Gaussian radius € in a manner that increased this parameter
directed to overprediction of power. A study by Jha et al. [120], showed that a constant
Gaussian radius € along the blade leads to overprediction of blade tip loads. A tip-loss function
is required to deal with this problem, for instance, the Prandtl tip-loss factor [118] or the more
advanced correction offered by Shen et al. [121]. Martinez-Tossas et al. [122], reformulated
the filtered lifting line theory to utilize a kernel larger than the optimal value, which was

advantageous in LES simulations.

Rocchio et al. [123], tried to calibrate the ALM parameters utilizing the data obtained from
the immersed boundaries method to make their simulation practical for the turbulence wake
downstream of a single fixed airfoil. It was showed a considerable boundary layer separation
occurs for high angles of attacks, while ¢/c was a function of the angle of attack, which could
be incorporated by relating €/c to Cp [124]. There are also some other studies devoted to
defining appropriate parameters for ALM [125,126]. In a study by Martinez-Tossas et al. [127],
they coupled actuator line and disk modeling with LES (Large-Eddy simulations); However,

their model did not treat tip loss or downwash effects.

Creech et al. [128], employed the LES actuator line model to investigate the effect of support
structures in a tidal turbine with contra-rotating rotors. It was shown that by disregarding
support structures, the result of the numerical model is doubtful for the interrelated perspectives

of turbine reliability, performance, and fluid dynamics.
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A hydrofoil tip loss correction technique was introduced by Edmunds et al. [129]. By
comparing their result against the IFREMER tidal turbine experiments [130], an improvement
in the accuracy of the model was established. Wimshurst et al. [131] researched the application
of the data from the 3D blade-resolved computations in correcting and modifying the spanwise
loading correction factor in Shen et al.’s [132]tip loss functions. In a further study [133], the
tip correction factor recalibrated individually in the axial and tangential directions for the
MEXICO rotor data. Furthermore, they also employed blade-resolved computations to deliver
a physical explanation of the tip-loss effect [134]. Also, in 2018, they contrasted the results of
four LES codes with the implementation of ALM. The authors indicated the status of the inflow

turbulence that should be considered and characterized based on the real field condition [135].
1.4 Summary and Status

Despite several benefits of the 3D blade-resolved computations in terms of accuracy, its
computational cost is a barrier. While the published papers on ALM are mostly focused on
fixed-bottom wind turbines, there is a lack of sources that investigate the capabilities of the
ALM in the simulation of FOWTs. Given the above, the primary aim of the present work is to
employ an ALM-CFD simulation to investigate the effects of the platform motions on the wake
evolution as well as the aerodynamic performance of FOWTs. Since the ALM-CFD is not
considered a high-fidelity method, this paper shows the abilities and limitations of this method
that help researchers avoid the higher computational cost of blade-resolved CFD according to
their needs. An Open FOAM library is developed to implement the ALM model in floating

conditions.
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2. Computational model

In this project, we implemented a methodology developed by Alireza Arabgolarcheh from
the Industrial Engineering Department at the University of Padova to analyze the behavior of
floating offshore wind turbines (FOWTs). Specifically, we used the actuator line model
(ALM), a computational fluid dynamics (CFD) technique that represents turbine blades as
actuator lines, to study how FOWTs interact with the wind and ocean environment. This
approach allows for a detailed investigation of the aerodynamic forces and rotor wake effects
that impact the performance and stability of these systems. To achieve this, the method
developed a specialized C++ library within the OpenFOAM toolbox, which is designed for
solving partial differential equations. The library utilizes a body forces technique in the flow
solver to simulate the movement of solid turbine components. By analyzing lift and drag forces,
we calculated the forces acting on various turbine parts such as blades, hub, and tower, all
within a Cartesian framework linked to the rotor. We'll start by introducing the Actuator Line
Model used to simulate body forces, followed by an explanation of the flow solver.
Additionally, we'll discuss the methods employed to consider dynamic stall and tip vortex

effects, and finally, we'll present the turbine model itself.
2.1 fvOptions

In recent years, there has been a significant increase in the use of Computational Fluid
Dynamics (CFD) in various industries. More resources have been allocated to the development
of different CFD software. However, a drawback is the considerable investment of time and
money required for the redevelopment of these software codes. OpenFOAM, being one of the
most popular open-source CFD software, has the potential to streamline the development

process. This study focuses on integrating the Actuator Line Model (ALM) into OpenFOAM
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by creating necessary libraries. OpenFOAM includes a feature called fvOptions, which allows
for the addition of various source terms to equations during runtime without altering the source
code. Figure 16 illustrates the flowchart for coupling these components: the left side represents
functionalities handled by existing OpenFOAM libraries, while the right side depicts the main
functions developed in this project. The coupling between these components is facilitated

through the fvOptions framework.

Initialize

Read Data for Turbine, movement,
Read Airfoils data and preprocessing

v

Create Coordinate System
Update Movement/Rotor Speeds

v

Move to new position

Define ALM

[ Read mesh fluid fields & motions ]

4’[ Iteration =+ 1 ]

[ Adantive mesh refinement ] L Set speed of elements )
‘ ] ( )
[ Jump in PIMPLE loop of RANS ) Calculate Inflow Velocity,
* Update Re/Interpolate aero data
( Vol f Calculate Projection Epsilon
|| solve Turbutence & J« | paeeed ok o [ T /
* 4 \
[ Solve 6DOF motion equations ]4_ Calculate volume Force /Turbulence
Aerodynamic forces ~ + d
Force moments and - N\
acting on platforms Find grid cells
Simulation Apply Force/Turbulence Field
\ J/

finished?

Figure 16. Flowchart for coupling the OpenF OAM solver with the developed ALM libraries [136]

Many CFD applications include equation structures that should be manipulated at run time
using user-specified finite volume options, given by the shorthand fvOptions. The fvOptions
is a framework introduced to allow selecting any physics that can be represented as sources or
constraints on the governing equations, e.g., porous media, MRF, and body forces. Figure 17
shows how it provides additional source/sink terms or enforces constraints for the momentum

equation. All other transport equations, including turbulence equations, can be modified
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similarly. Hence, the developed code provides the source term to be injected into the

OpenFOAM source through the fvOptions framework.

// Solve the Momentum equation

MRF.correctBoundaryVelocity (U) ;
tmp<fvVectorMatrix> tUEqn

(
fvm::ddt (U) + fvm::div(phi, U)
+ MRF.DDt (U)
+ turbulence->divDevReff (U)

fvOptions (U)
) :

fvVectorMatrixs UEgn = tUEgn.ref ();
UEgn.relax ()
fvOptions.constrain (UEgn) ;

if (pimple.momentumPredictor())

{
solve (UEgqn == -fvc::grad(p)):;
fvOptions.correct (U) ;

Figure 17. A part of the OpenFOAM solver code that includes fvOptions [136,137]

2.2 Actuator Line Model (ALM)

The fundamental philosophy of the actuator Line methodology is to substitute the physical
geometry of the blades with only its impact on the flow field. The ALM uses a chain of
spanwise element points in place of sections, each with a constant airfoil, twist, chord, and
oncoming wind. The volumetric forces made by each blade section are projected into the flow
field, whereby it inserts the same forces on the fluid as the turbine blades through source terms
in the momentum equations. The aerodynamic forces of blades are calculated based on lift and
drag coefficients that are usually obtained from tabulated airfoil data. These forces are

formulated as follows:
o2
F = %Cl(a)plUrell cweé; (M
o2
Fy = %Cd(a)plurell CWéq )

Here a denotes the local angle of attack measured as the angle between the chord and the local

relative flow, C; is the lift coefficient, C, is the drag coefficient that is obtained from tabulated
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airfoil data. The lift and drag coefficients can be interpolated linearly for the local Reynolds
number. Here, U)rel indicates the relative velocity, resulting from inflow velocity (ﬁi) and the

element velocity (ﬁe). The rotation of the rotor and the motion of the platform are involved in
the element velocity.

— —

Urer = U)i + U, + L—iplatform )

Ue = Urotor rotation T Uplatform

The inflow velocity was sampled at the element point (i.e., the applied Gaussian force
center) in the early forms of actuator line modeling. Nonetheless, such Gaussian forces could
create a bound vortex around the actuator line element point as the vortex center was on the
actuator line. In case the velocity is sampled at the element point, the inflow velocity might not
be influenced by the vortex-induced vorticity [138]. Some studies, including Mittal et al. [139]
and Churchfield et al. [138], proposed that the location of velocity sampling should be moved
ahead of the actuator line. In the current project, to address the problem of uncertain velocity
sampling location, the inflow velocity (ﬁi) was averaged over a series of sampling points in
the identical spanwise section with a sampling radius away from the element point. Hence, a
total number of 16 sampling points were determined at a distance equal to 2Ax,.;4 from the
location of elements to interpolate from the velocity field resolved by CFD.

In ALM, forces are inserted along a one-dimensional line. In this regard, the most
straightforward way is to apply the forces in only cells through which the actuator line passes.
Nevertheless, making such sharp input steps of force can generate numerical instability.

Furthermore, given that the actual forces generated by airfoils are not focused on a point and

spread over the surface, the previous approach is not physically realistic.

Once the lift and drag forces are calculated, the total force in the radial direction R, (7) is

obtained by resolving the forces in the plane of a rotor:

R,(r) = Fy(r) cos(a(r)) — Fy(r)sin(a(r)) (5)

This formula combines the contributions of both lift and drag forces projecting them onto

the plane of the rotor where a () is the local angle of attack at the blade element.
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A 3D isotropic Gaussian function for force projection was proposed by Serensen and
Shen[140]. Based on their suggestion, the aerodynamic forces are calculated and then smoothly

projected onto the flow field using a Gaussian function as follows:

2 6
Ffiezd(xc» VerZest) = —ZNZ FN,e(xN,e'yN,e:ZN,e't)ftipnN,e ©)
e

1
1 =7z expl= (/)] @

where Ffieq 1s the volumetric force field at the position of the cells, f;, is tip correction

function, and F indicates the forces at actuator element points that are calculated based on lift
and drag forces. Also, N is the body index (i.e., blades, hub, and tower), and e denotes the

actuator element point index.

The Gaussian function is represented by 1, while ¢ is the projection width, and r is a distance
from the actuator point to the grid cell center where the force projection is applied. The
parameter Fypq should be added as the source term into the momentum equation through
Stoprions Whereby the spread sectional force of each element is implemented using the Gaussian
distribution as additional body force at each cell. Deciding on the width of the Gaussian
function is still an area that requires to be studied more. In this regard, some research has been
performed that included research by Churchfield et al. [138]. From one point of view, as &
becomes smaller, the actuator line resembles a line and the results approach reality, on the other
side it must be large enough compared to the grids to preserve numerical stability. Besides, it
is known that a blade conforming to €/c = constant yields improved results. In the current

model, the width of the Gaussian function is controlled by ¢ as the following:

_c (®)
& = 4
CCd (9)
fa =7
gg = 4‘3 Vceu (10)
E = max[el,ed, Sg] (11)

Utilizing a Gaussian function leads to having a negligible value even at far distances. The
maximum value of r in Eq. (7) that is the radius of the projection sphere is limited, and its

maximum is calculated as follows:
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. (12)
Tmax = € log0001+c

Consequently, the modification of force field is only accomplished for cells inside the
projection sphere. This approach is a practical technique in order to decrease the computational

cost.

It is known that while approaching the tip of the blades, the averaged induced velocity
between two vortex sheets should tend to zero exponentially. In other words, the flow shows
the tip effect caused by the pressure equalization from the suction and pressure sides in the
blade tip cross-section. Furthermore, there are rotational effects that are due to Coriolis and
centrifugal forces, particularly for cross-sections near the blade root. Hence a modification is

necessary to take these effects into account and f;;,, function is applied to the 2D airfoil's lift

and drag coefficients.

2 B(R — 1) (13)
Jeup = 7 4708 exp(=g 27 sin(a + p)

Here S is pitch angle that includes blade pitch and twist. The g coefficient depends on

different parameters such as the number of blades, TSR (4), and chord distribution. For

simplicity, the function is chosen to be only dependent on the variable BA as follows:
g=exp|[—C; (BA — ()] +0.1 (14)

Coefficients Cjand C, were determined empirically using data at two different tip speed
ratios (NREL rotor at 10 m/s and WG 500 rotor at TSR=14). The function is shifted with a
minor value of 0.1 to be consistent for infinite tip speed ratio cases or an infinite number of
blades. The final form uses C;and C, whose values are 0.125 and 21, respectively. Function g
is needed to adjust the influence of the tip vortices on pressure distribution in the blade tip

region.

The determination of the linear and angular velocity vector can be achieved using either a
prescribed movement or the acting forces and moments on the turbine. Likewise, the position
and orientation of the rotating center need to be determined. Subsequently, all elements are

updated at each time step as follows:

55)77}2:1 = J_C)pc + 1})r.c.At (15)
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6rit = 6r, + Q1 At (16)
here X, . is the position of the rotating center of the floating wind turbine structure, and its

orientation is denoted by 5r.c.~ In this equation, 7, . and .(_2;.6. denote the instantaneous linear
and angular velocities of the whole turbine structure around the rotating center, respectively.
When the position of the new-calculated rotation center is determined, the elements position

and orientation are updated utilizing a rotation matrix from axis-angle representation. Vector
)?;l in Figure 12 represents the current element position relative to the rotating center. The
rotation of X o for a finite rotation angle of A6 = |§ |At around the axis of  is expressed by

the following equation:
Xl = X + AX (17)
AX = |XI — X, . |[(cos(AB) — 1)é, + sin(AB) éy] (18)

The unit vectors é, and ég are defined as:

N ﬁr.c. X fe A é@ X ﬁr.c. (19)
€0 =1 _ 3 "= w7
|-Qr.c. X xel eg X -Qr.c.
A=
2

Figure 18. Solid-body rotation coordinates [137]

The rotation is applied using R(¢, u) rotation matrix that is introduced in Eq. (20). The
shorthand notations of Sg = sing, (¢ = cosg and Vg = 1 — cose, are applied.
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Cf + u,ZCVg uxung - uZSg uquVg + uyS€ (20)

Cf + uf,Vf uyuZVsc - uxSf

R(p,u) = [uyu,Ve +u,Se
Cf + ugi

U U Ve — Uy S U uy, Ve + U, Se

The same procedure is applied for all other vectors that need to be rotated, e.g., @. Along

with rotations, the translation of elements is achieved just after updating the rotation center,

which can be expressed as:
Xl = X0 + 9, At (21)

2.3 Definitions

The non-dimensional parameters of the tip speed ratio (1), power coefficient (Cp), and thrust

coefficient (Cr) are defined as the following equations:

A= wR/U, (22)

o __ P _ZuS.orsF, (23)
P 2pUSA B 2pUSA

Cr = Fq _ZNZedFa (24)
T 2PULA 3PULA

where A is the rotor swept area, P denotes the produced power from the product of the radius

and the tangential force (rF;), and F, is the axial force acting on the rotor.

2.4 Governing equations

The finite volume method (FVM) was employed to compute the turbulent flow field around

the wind turbine. The three-dimensional Reynolds-averaged Navier—Stokes equations (RANS)

are formulated as follows [141]:

op , 0 (25)
O ou) +2 (ouw)= -2 4 2 |, (2u 225 0N 4 2 [ (26)
at(pul)-l'axj(pulul)_ axi+ax,-[ (axj ox; 3 Uax}-)]-l'axj[ Pl |+

S k +S fvOptions
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The Reynolds stress term (—pu,u;) was modeled based on the Boussinesq hypothesis

according to Eq. (27), whereby the Reynolds stresses are concerned with the mean velocity

gradients.

— ou; N ou; 2( "+ auk>8 (27)
pulu’] = Ut ax] axi 3 p He axk ij

Ic2

pe = pve = pC, =
The URANS approach is widely used to study wind turbine and wind-farm flows [142,143].
While LES can deliver more reliable results, it involves finer mesh and computational costs
[142]. Given that the main idea behind utilizing of ALM in this project is decreasing
computational cost, the commonly used high Reynolds number model of k — € realizable with
its standard turbulent constants [144] was chosen. It is noteworthy because there is no solid
part while using ALM, the simulation of boundary layer and accurate prediction of the

transition onset on blades is not required [145].

Compared to the standard model, the realizable model includes an alternative formulation
for the turbulent viscosity. Moreover, a modified transport equation for the dissipation rate has
been derived from an exact equation for the transport of the mean-square vorticity fluctuation.
The realizable model has shown substantial improvements over the standard model in the
existence of strong streamline curvature, vortices, and rotation. In computational domains that
contain both rotating and stationary fluid zones (for example, multiple reference frames,
rotating sliding meshes), this model might produce non-physical turbulent viscosities.
However, in ALM, there is just one stationary fluid zone. Transport equations for € and k are

[146]:

D 2 (28)
D_t(pk) =V (p Dka) +pG— §p(v ' u)k —pe+ S+ SfVOptions

? (29)

D €
D—t(Pf) =V-(pDVe)+CiplSle — Czpm + Se + Stoptions

In sum, The finite-volume method was utilized for solving the governing equations. The
incompressible flow approximation was assumed since the concerned Mach number values

remained below 0.1 (conventionally, a Mach number below 0.3 stands for incompressible
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flow). A second-order Crank—Nicolson method was applied for time integration for the

temporal discretization.

Terms Sgoptions 1N Mmomentum, turbulent kinetic energy, and turbulent kinetic energy

dissipation rate equations are calculated by the developed ALM C++ library. The PIMPLE
algorithm was employed for pressure-velocity coupling. This algorithm is a combination of
SIMPLE and PISO algorithms. The matrices are solved by selecting the generalized geometric-
algebraic multigrid (GAMG) for pressure and a preconditioned bi-conjugated gradient
(PBiCQ) for velocity [141].

2.5 Geometric model

This study aimed to adapt the actuator line model (ALM) introduced by Troldborg et
al.[117] for broader applications and to eliminate sensitivity issues related to different cases.
To ensure the current code was accurate, it was tested on fixed-bottom turbines, which avoid
the complications of platform movement and other interferences. Two different test scenarios
were examined. The accuracy of the ALM relies heavily on reliable input data, so the NREL
Phase VI, known for its comprehensive data, was chosen for this purpose. Additionally, the

NREL 5-MW turbine, representing a larger wind turbine, was also included in the study.

The National Renewable Energy Laboratory (NREL) Phase VI reference wind turbine was
modeled based on the test sequence S settings represented in reference [147]. In this sequence,
an upwind, rigid turbine with a 0° cone angle was utilized, and the test was applied for wind
speed, ranging from 5 m/s to 25 m/s. This case is based on a constant speed, constant pitch,
and stall-regulated wind turbine. The rotor is a two-bladed rotor with twisted, tapered blades
and shaped based on the S809 airfoil [148,149]. The main characteristics of the turbine are

summarized in Table 1. The chord and twist distributions are demonstrated in Figure 19.

Table 2. The NREL Phase VI technical data and sequence S settings [22].

Parameter Value Parameter Value
Rotor configuration Upwind Rotating angular velocity 71.63 [rpm]
Number of blades 2 Tip pitch angle 3[°]
Rotor radius 5.029 [m] Air density 1.23 [kg/m?]
Hub height 12.2 [m] Air kinematic viscosity 1.46e-5 [m?%/s]
Cone angle 01[°] Blade sectional profiles S809
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Figure 19. Representations of the blade. (a) S809 airfoil shape. (b) blade shape. (c) Spanwise
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distributions for twist and chord of the NREL Phase VI blade [147].

The NREL 5-MW wind turbine was designed by the National Renewable Energy
Laboratory to be a representative utility-scale wind turbine suitable for a floating offshore
installation. This is a conventional three-blade upwind turbine with a rotor diameter of about
126 m and a hub height of nearly 90 m. The blades are composed of a series of Delft University
(DU) and NACA 64xxx airfoils, as shown in Figure 20 and Table 3. This turbine is designed
as a variable-speed variable-blade-pitch-to-feather-controlled turbine. The rated wind speed is

11.4 m/s, and under the rated wind speed, the rotor speed is 12.1 rpm, and the produced power

is 5 MW.
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Table 3. Blade data for the NREL 5SMW reference turbine

Radius Chord Twist Axial Distance Azimuth Distance Air foil
[m] [m] [°] [m] [m]
1.5 3.542 13.308 0.000E+00 0.000E+00 Cylinderl
2.8667 3.542 13.308 8.153E-04 3.447E-03 Cylinderl
5.6 3.854 13.308 2.484E-02 1.050E-01 Cylinderl
8.3333 4.167 13.308 5.947E-02 2.514E-01 Cylinder2
11.75 4.557 13.308 1.091E-01 4.612E-01 DU40 A17
15.85 4.652 11.48 1.157E-01 5.699E-01 DU35 _Al7
19.95 4.458 10.162 9.832E-02 5.485E-01 DU35 Al7
24.05 4.249 9.011 8.319E-02 5.246E-01 DU30_A17
28.15 4.007 7.795 6.793E-02 4.962E-01 DU25 Al7
32.25 3.748 6.544 5.339E-02 4.654E-01 DU25 Al17
36.35 3.502 5.361 4.090E-02 4.358E-01 DU21_Al17
40.45 3.256 4.188 2.972E-02 4.059E-01 DU21_Al17
44.55 3.01 3.125 2.051E-02 3.757E-01 NACA64 Al17
48.65 2.764 2.319 1.398E-02 3.452E-01 NACA64 Al7
52.75 2.518 1.526 8.382E-03 3.146E-01 NACA64 Al7
56.1667 2.313 0.863 4.355E-03 2.891E-01 NACA64 Al17
58.9 2.086 0.37 1.684E-03 2.607E-01 NACA64 Al7
61.6333 1.419 0.106 3.282E-04 1.774E-01 NACA64 Al17
63 0.5 0 3.282E-04 1.774E-01 NACA64 Al7
3
g 5 2 3 5 S
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Figure 20. NREL 5 MW Chord and twist design [136]

Twist [°]

Table 4 shows the NREL SMW wind turbine properties and the rotational speed and tip
pitch angles used for the NREL5SMW baseline are listed in Table 5.

40



Computational Model

Table 4. Properties of NREL SMW wind turbine

Parameter Value Parameter Value
Rotor configuration Upwind Power Output 5 MW
Number of blades 3 Cut-in wind speed 3 m/s
Rotor diameter 126 [m] Rated wind speed 11.4 m/s
Hub height 90 [m] Cut out wind speed 25 m/s
Rotor Mass 53220 kg Rated Tip Speed 80 m/s
Air density 1.23 [kg/m3] Cut-in rotor speed 6.9 rpm
Air kinematic viscosity 1.46¢-5 [m?/s] Rated rotor speed 12.1 rpm
Blade sectional profiles DU and NACA series Overhang—Shaft Tilt—  5[m]—5°—2.5°
Precone

Table 5. Simulation condition for NREL SMW baseline

Wind Speed Rotor Speed Tip speed ratio Tip pitch angle
[m/s] [rpm] [-] [°]

6 7.92 8.71 0
8 9.16 7.55 0

11.2 12.1 7.1275 0

15 12.1 5.32 10.45

20 12.1 3.99 17.47

25 12.1 3.19 23.47
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3. Validation and Verification

3.1 Computational Domain and Boundary Conditions

The computational domain in this study is in a Cartesian coordinate system. The cuboid
computational domain consists of non-conformal hexahedral (cubic) grids for three rotors in
triangular configuration from a top-down view shown in Figure 21 in a specific configuration
(T00) which they are placed at each vortex, the upstream one (rotor A) in TOO configuration is
perfectly align and positioned over the rotor C and for this specific configuration the wake of
rotor B is not effecting on downstream rotor (rotor C). Generally, this type of mesh makes local
refinement possible in the areas of interest that can significantly reduce the computational
resources required for the simulation, also we considered the fixed structure for turbines
regardless of structure motion, but as this configuration is just used in offshore windfarms, we
refer it as an offshore platform, considering the wind direction along the x-axis. The boundary
conditions for the wind turbine simulation are expressed in Figure 22-a. A uniform freestream
velocity boundary was applied for the inlet condition. The inlet velocity magnitude was set to
the examined velocity at the NREL experiment [150], and the direction was set in the X-
direction. A pressure outlet boundary condition was set for the outlet condition, and the
reference pressure was considered the standard atmospheric pressure. Consequently, the
dynamic pressure field is determined considering this condition. The no-slip boundary

conditions were applied for the two lateral walls, the base and the upper side of the domain.

The multi-view representation as shown in Figure 22 can ensure the accurate simulation
of the aerodynamic forces, wake interactions, and overall rotor performance. Subfigure (a)
provides a 3D view of the computational domain, highlighting the boundary conditions
essential for simulating the airflow around the rotors. Subfigure (b) shows the front view of the
computational grid, where the rotor cross-section is located, illustrating the grid's resolution

necessary for capturing rotor-induced flow disturbances. Subfigure (c) presents the side view
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along the tower axis, emphasizing the vertical grid refinement needed to capture the

interactions between the turbine tower and the airflow.

Figure 21. The computational grid for three turbines in a triangular configuration from the top-
down view

Figure 22. (a) A schematic view for computational domain and boundary conditions. (b) The
computational grid from the front view, the section is on the rotor. (c¢) The computational grid from
the side view, the section is one the tower axis.

The verification examinations for domain size, mesh resolution, and time step size are
described in the following for the NREL Phase VI case at a wind speed of 7 m/s and tip speed
ratio (TSR) of 5.4. Prior to any data sampling, the number of time steps necessary for a

converged solution was revealed.
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3.2 Averaged power coefficient

In Figure 23, the time history of the power coefficient (Cp) and power coefficient change
relative to the last rotor revolution (ACp /C (p30)) were plotted for the first 30 revolutions of the
rotor on normal and logarithmic scales of revolutions, respectively. Following 20 revolutions,
the difference between two consecutive revolutions was less than 0.3% and the value of ACp
declined below 1%. Instantaneous values presented in this work correspond to the last

revolution (revolution 20), while average values were calculated over the last five revolutions.

0.8
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Figure 23. History of averaged power coefficient (a) and its change relative to the last revolution
of the turbine on log-scale (b) vs. the number of revolutions.

3.3 Sensitivity Study of Domain Size

The study of NREL Phase VI was simulated by considering a domain that is geometrically
like the wind tunnel used in reference [150]. Accordingly, the height and width of the domain
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section were set to 36.6m and 24.4m. Due to the selected outlet boundary condition and inlet
boundary condition, the impact of upwind and downwind distances (di, do) on the produced
power of wind turbines was investigated as described in Table 6. This assessment was carried
out at a wind speed equal to 7m/s. The domain length was extended according to Table 6, and
the mesh size was kept the same. The data were compared with the most extended domain
(case 7). The results showed that for cases longer than case 1, the difference was less than
0.1%. A compromise was achieved between accuracy and computational cost, and therefore

case 2 was selected for this study.

Table 6. Test matrix for the sensitivity study of the domain size

Distance to Distance to  Domain Size

Case # the inlet d;  theoutletd, W XH XL # Cells Co/Co—res
1 1.5 7.5 79 395k 1.0140
2 2.5 7.5 88 400 1.0033
3 4.5 7.5 106 409k 1.0021
4 8.5 7.5 141 427k 1.0014
5 2.5 5 66 389k 1.0139
6 2.5 9 102 407k 1.0031
7 8.5 9 154 434k 1.0000

Accordingly, a cuboid of (10x3x4) D was used as the computational domain to simulate the

NREL Phase VI wind turbine.
3.4 Grid Sensitivity Analysis

Grid sensitivity analysis was organized in two phases. Firstly, the mesh size near the blades
was examined. Figure 24 demonstrates the size of the most refined grid near the elements (AX).
It is clear from this plot that the size of grids should be less than 0.25 m in the blade region
while coarser grids cause an unacceptable error or simulation failure. As the idea behind the
ALM is reducing the computational cost compared to blade-resolved CFD approaches, a
second analysis was accomplished to assess the effect of grid size in areas far from the blades.
The computational domain was divided into four zones to have coarser grids in the far region,
as shown in Figure 22-c. The examined configurations are listed in Table 7. Based on this plot,
case D with underlined data was chosen as the optimum case, consisting of around 400,000

cells.

45



Validation and Verification

1.2
I )n:lOk
1 Cp:Fail

0.8
o |
I n:2M
I Cp:0.368

0.6 ‘ /
I n:400k
C :0.37 n:30k
i — C :0.51
04 | g :
0 0.2 0.4 0.6 0.8 1 1.2
Mesh x [m]

Figure 24. Mesh independence study near the blades, n is the total number of cells.

Table 7. Mesh independence study for mesh size [m] in each region

Casett Region 1 Region 2 Region 3 Region 4 C
(outer) (Wake) (turbine) (rotor) v
A 1 1 1 1 fail
B 1 1 0.5 0.25 0.44
C 1 0.5 25 0.25 0.45
D 1 0.5 0.25 0.125 0.37
E 1 0.25 0.125 0.125 0.37
F 0.5 0.5 0.125 0.05 0.368

The effect of time step size on the produced power coefficient (Cp) was also assessed. The
results of the assessment are presented in Table 8. To increase the reliability of the assessment
and to avoid the missing phenomenon that occurs in short periods, the data are obtained for
cases with 0° and 30° of yaw angles. This helps to ensure involving phenomenon associated
with rotor misalignment. The shortest time step with a value of A@ = 0.216° was considered as
the reference case. Hence the subscript "ref" refers to case 1. To make data comparable, the
ratio of Cp/Cp_rey 1s plotted in Figure 25. Figure 25 indicates that for time steps smaller than
AB= 0.432°, there was a difference of less than 2% in Cp compared to the smallest time step

that investigated [151].

46



Validation and Verification

Table 8. Test matrix for the study of A8. All sizes are given in turbine diameters (D).

Time steps per Domain Size [-]
(o] . - -
Case#t A0 [7] revolution [-] At [s] di [/ do [] W xHXL
1 0.216 1667 0.0005 2 8 88
2 0.432 833 0.001 2 8 88
3 0.864 417 0.002 2 8 88
4 1.728 208 0.004 2 8 88
5 3.456 104 0.008 2 8 88
6 6.912 52 0.016 2 8 88
7 13.824 26 0.032 2 8 88
22 ¢ ‘
| |
2’777777777%—9—Yawed 77777777 _

T
[
[
[
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| |
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[

C/C, s

Time step size(s)

Figure 25. Cp independence study for time steps per revolution [151]

3.5 Validation

Once the independence of results from the numerical factors was verified, the results of the
current code were validated against other methods that are available in the literature. As
mentioned before, the reason behind choosing the NREL Phase VI test case was the availability
of adequate experimental data. Hence, the ALM result for this case is compared with the NREL
experimental data [147] in Figure 26. The power coefficient (Cp) is represented against TSR
and the output rotor torque is reported as a function of wind speed to have a better illustration
in both high and low TSR regions. Evaluating the power coefficient showed a good general
agreement with experimental measurements; likewise, the computed aerodynamic torque was

consistent with the experimental data at the tested wind speeds.
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Figure 26. Comparison of ALM results of NREL Phase VI wind turbine with experimental data
[147]. a) Power coefficient for TSR of the bottom-fixed wind turbine; b) torque out for the
investigated wind speeds.

The large-size wind turbine, NREL 5-MW case, is studied in Figure 27. This figure assesses
the capability of the current ALM code in the simulation of large-size offshore wind turbines.
The same procedure was accomplished for mesh and time step size verification. Because the
experimental data for this wind turbine are not available, the results were validated with several
methods, including the BEM results obtained using the FAST code from NREL [152],
OVERFLOW?2 by Chow et al. [143], Overset by Cheng et al. [153], Open FOAM by Liu et al.
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[154], Open FOAM-MRF by Wu et al. [154], and EllipSys3D by Sorensen et al. [155] and
nonlinear vortex lattice method (NVLM) by Lee et al. [156]. Design and simulation parameters
were chosen as similar as possible in ALM and FAST simulations. Figure 27 indicates that the
results of the ALM code are in perfect agreement with those reported by Chow; thus, the

currently developed ALM code is not case-dependent and valid for both cases.
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Figure 27. Comparison of ALM results with the FAST code and other literature [143,153-156],
for NREL 5-MW wind turbine.
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The main benefit of ALM over the other high-fidelity models is the comparatively low
computational cost. Therefore, the computational cost for the developed ALM code, a Blade-
resolved RANS simulation [157], and a Blade-resolved LES simulation [158] are compared in
Table 9. As can be observed, even using a smaller time step, the ALM code is significantly less
expensive in terms of computing. It is worth noting that the computational time for delivering
results using BEM codes such as FAST is some minutes. Therefore, the point that makes ALM
favorable over BEM is the shortcoming of BEM in capturing wake geometry, 3D inflow
distribution, and weakness in skewed flows, yaw condition, and the vortex ring state. These

occurrences are even more important in floating offshore wind farms than onshore wind farms.

Table 9. Comparison of the computational cost of the three models

Blade-resolved RANS  Blade-resolved LES

Model ALM [157] /158]
Number of cells ~0.4 *10° 8.5%10° 11*10°
do [°] 0.86 2 1
CPU model Xenon4116-2.1 GHz Xeon4116-2.1 GHz 2.4 GHz
Core hours / revolution [hr] 0.5 40 266
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4. Results and discussion

This section uses the developed actuator line model to study floating offshore wind turbines.
After verifying the results and comparing the results with available data in the literature,

different movements of an offshore floating wind turbine will be investigated.
4.1 Platform Layout

In this study, we are analyzing the spatial arrangement of three offshore wind turbines
configured in a triangular formation. The rotors are strategically positioned to optimize energy
capture while minimizing wake interference. The analysis focuses on specific angular positions

that are critical for understanding the dynamics of the rotor’s layout.

The results indicate that in 40°, 50°, 60°, 100°, 110°, and 120°, the changes in rotor
positioning and overlap are like those observed in 0°, 10°, 20°, 30°, 70°, 80°, 90°. As a result,
analyzing the first group angles would likely repeat the same patterns due to the Chiasmus
patterns of Turbines. Therefore, we focus only on the key angles (main 7 angles), as they
provide a complete understanding of the rotor configuration without unnecessary repetition as

shown in Figure 28.

30°

20°

40°

90°

80° £

1000 X

Figure 28. Triangular Offshore Wind Turbines Layout with 10 degrees of rotors Rotation
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The rotors labeled A, B, and C in the vertex of the triangle (Figure 29) [159], are arranged at
the vertices of an equilateral triangle. This geometric layout ensures that each rotor is
equidistant from the others, providing a balanced distribution of aerodynamic forces. The
triangle rotates, with critical data points recorded at specific angles to assess the impact on

energy efficiency and wake interactions.

Figure 29. Schematic of the wind Turbines rotor on triangular platform

As shown in Figure 29, the structural layout of a triangular platform supporting three
floating offshore wind turbines. The rotors are positioned at each corner of the triangular
framework, which is held in place by mooring lines that anchor it to the seabed. This
configuration is optimized for shared infrastructure, reducing anchor costs and potentially
enhancing stability in oceanic conditions. The platform's triangular shape is designed to
minimize wave-induced motion and improve overall efficiency, while the mooring system
ensures that the structure remains securely anchored in place despite the dynamic forces acting
upon it. This innovative design helps improve the deployment of floating offshore wind
turbines in deeper waters, where wind speeds are higher and more consistent. Figure 30
illustrates the rotational pathways of three offshore rotors arranged in a triangular
configuration, with positional analysis conducted at key angular intervals (0°-360°). Each line
represents the direction and movement of the rotors at specific angles, showcasing how their
spatial arrangement shifts as the triangle rotates. The chart highlights the changes in positioning
at different angles, with arrows indicating turbine alignment at intervals such as 0°, 10°, 20°,
and 30°, as well as 40°, 50°, 60°, 100°, 110°, and 120°. This visual representation demonstrates

the symmetrical nature of the turbine positions as the angles progress, revealing patterns of
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alignment and overlap that are essential for understanding aerodynamic interactions and wake

effects.
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Figure 30. Rotational Pathways of Offshore Wind Turbines in a Triangular Configuration:
Positional Analysis at Key Angular Intervals (0°-360°)

Table 10 provides a detailed analysis of the positional coordinates and overlap values for
three rotors (A, B, and C) arranged in a triangular configuration at key angular intervals. The
coordinates for each turbine are listed at various angles. The table highlights the overlap values
between the rotors, with positive values indicating overlap and negative values representing a
reduction in overlap. For instance, at 0°, the overlap is 2, but as the rotors rotate to 30°, the
overlap becomes -1, and further reduces to -3.90 at 80°. Additionally, the minimum lateral
distance between the rotors is presented, revealing key intervals where the rotors are closest
(0° and 70°) or farther apart (30°, 90°), which directly impacts wake interactions and energy
efficiency. In this study, avoiding overlap in the wake of rotors is crucial because when one
rotor is positioned in the wake of another, it receives lower wind energy due to the drop in wind
speed behind the first rotor. This wake interference not only reduces the power output but also
increases the mechanical stress on turbines, decreasing their efficiency and lifespan. Figure 31

visually complements the data in the table by illustrating the changes in the overlap between
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rotor A and B as the angular configurations shift. As a result, we have overlap on wake till 20°
and after that as the overlap on rotor A and B is almost eliminated, thus, which means the

turbines are positioned with minimal wake interaction.

Table 10. Positional Coordinates and Overlap Values for Offshore Wind Turbines in a Triangular
Configuration at Key angles

Angle Turbine A Turbine B Turbine C Minimum
. . . Overlap Lateral
(degrees) Coordinates Coordinates Coordinates .
Distance
0° (0.00, 218.24) (-189.00, -109.11) (189, -109.11) 2 0
10° (-37.90,214.92)  (-167.18,140.28)  (205.07, -74.64) 0.95 66
20° (-74.64,205.08)  (-140.28,-167.18)  (214.92, -37.90) 0.05 129
30° (-109.12, 189.00)  (-109.12, -189) (218.23, 0.00) 1 189
70° (-205.07,74.64)  (37.89,-214.94)  (167.18, 140.28) 3.63 66
80° (-214.92, 37.90) (74.64, -205.07) (140.28, 167.18) -3.90 129
90° (-218.24, 0.00) (-109.11, -189) (109.11, 189) 4 189
Overlap

140

Figure 31. Overlap between Turbines A and B changes in different configurations.

Generally, adjusting the angles between rotors can improve the efficiency of an offshore wind
farm. By placing the rotors in a way that reduces overlap, wake losses are minimized, and
energy output increases. The key angles in the table highlight points where small changes in

rotor layout can make a big difference in performance.
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4.2 Power and Thrust Coefficients

Figure 32 illustrates the Mean Power/Thrust Coefficient for three turbines on a triangular
platform at different rotational angles. Each bar represents the mean power coefficient of the
rotors, with orange for the rotor B (the one facing the wind directly), blue for the A, and green
for the rotor C as downstream turbine, which is typically affected by wake effects from the
others. Across the angles, rotor B consistently has the highest power coefficient, as it receives
the direct impact of the wind. Rotor A shows relatively stable performance, while rotor C

exhibits the lowest values at most angles due to reduced wind exposure from wake interference.

As the platform rotates through various angles, performance shifts occur. Rotor C improves
significantly at angles like T20, T30, T80, and T90 where wake effects are minimized, allowing
it to capture more energy. The highest overall efficiency is observed around the T30 and T90
configurations, where all three rotors exhibit relatively balanced performance. This suggests
that rotation can optimize energy generation by mitigating aerodynamic interference between
the rotors, particularly by improving the downstream turbine's output. The standard deviation
for all rotors is relatively low, indicating more stable and consistent power/thrust output across
those orientations. However, at T10 and T70, the downstream rotor shows the highest
variability, indicating that this angle produces significant fluctuations in wind energy capture
due to complex aerodynamic effects, particularly wake interactions. The relatively low
standard deviation at T90 indicates more balanced and stable turbine performance at this

orientation, where wake effects appear to be minimized.
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Figure 32. Average and standard deviations of the power and thrust coefficients for different
configurations.

4.3 Out-of-Plane (OOP) Bending Moment and Angle of Attack (AoA)

The OOP bending moment is a critical structural parameter that measures the stresses on
the turbine blades due to aerodynamic forces. In the Mean OOP Bending Moment graph as
shown in Figure 33, Rotor B and A consistently show high bending moments across all angles,
as they directly face the wind and experience the strongest forces. Rotor C generally sees lower
mean bending moments but peaks around T20, T30, T80, and T90, indicating reduced wake
effects and more evenly distributed aerodynamic loads also illustrates the variability in bending
moments across different angles. T10 and T70 exhibit significant fluctuations, suggesting that
these angles create unstable aerodynamic conditions and strong wake interference.
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Figure 33. Average and standard deviations of OOP bending moments for different
configurations.
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Figure 34 illustrates the variations in the angle of attack (AoA) for rotor C under different
angular configurations, highlighting the impact of wake interactions at specific angles. At T0O,
T10, and T70, rotor C experiences significant wake interference, as shown by the dark blue
regions in the plots. These regions indicate areas of reduced blade velocity caused by the wake
of upstream rotors. At T0O, the two rotors are aligned in a straight line, causing the wake from
one turbine to directly pass over turbine C, reducing its aerodynamic efficiency. Similarly, at
T10 and T70, although the turbines are slightly offset, the wake still affects rotor C due to the
proximity and alignment of the turbines in these configurations. The disturbed airflow at these
angles leads to reduced energy capture and lower AoA values, showing the detrimental effects

of wake interactions.

In contrast, at angles like T20, T30, and T80, rotor C operates in relatively clean airflow,
with minimal wake interference from the other turbines. The AoA variations in these
configurations are much more uniform, and the absence of dark blue regions indicates that rotor
C is not significantly affected by the wake. These angles result in more optimal aerodynamic
conditions for rotor C, allowing it to maintain higher efficiency. The comparison between these
configurations emphasizes the importance of turbine positioning and angular arrangement in
mitigating wake effects and maximizing overall energy capture. By selecting angles where
rotors are not directly aligned, such as T20, T30, and T80, the wake interaction can be

minimized, leading to improved performance across the wind farm.

Understanding these patterns is crucial for identifying optimal rotor configurations that
enhance performance while minimizing aerodynamic stress. By analyzing the Angle of Attack
(AoA) over time and across the blade’s span, engineers can identify areas where turbulence,
wake effects, or flow disturbances occur. Higher fluctuations in AoA indicate regions where
the turbine may experience inefficiencies or mechanical stress, leading to performance loss or
potential structural issues. Thus, these graphs help in optimizing turbine design and selecting

configurations that reduce aerodynamic stress and improve efficiency.
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Figure 34. The angle of Attack (AoA) variations over time for turbine C in different platform
configurations
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4.4 Power Spectral Density (PSD) and Wake Dynamics

The AoA of each spanwise location varies as the rotors rotates. The AOA variation range

and its main involving frequencies provide valuable information for turbine designers. Hence,

the spanwise distributions of the AoA histogram are presented in figure 35, providing insights

into the dynamic behavior of wind turbine blades under different conditions. As shown in these

plots, the PSD of AoA for various turbine configurations.
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Figure 35. The spanwise distributions of the AoA histogram for the blade-1 of the turbine C
mounted at various locations.

The AoA variation across the blade’s span is shown, with higher PSD values (in warmer
colors) indicating more significant fluctuations, which may lead to aerodynamic inefficiencies.
Configurations like T20, T30, T80, and T90 display more stable aerodynamic performance,
with fewer fluctuations and smoother AoA distributions, indicating minimal turbulence and

better flow control.

In contrast, configurations such as T00, T10, and T70 show higher PSD concentrations,
particularly toward the blade tip, which suggests increased turbulence and wake effects. These
configurations could face aerodynamic inefficiencies due to excessive AoA variations, which
would lead to performance losses. The analysis of these graphs helps identify optimal

configurations that offer better flow stability and minimize the risk of performance degradation
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due to wake interactions and turbulent conditions. This figure also represents the superior
capability of ALM with respect to ADM, where the variation of AoA at different spanwise
blade locations is presented. In this figure, the corresponding performance of NREL single
wind turbine is also given (denoted by single rotor), as a result, one can compare the spanwise
variation of AoA for rotor C in a triangular structure with single rotor wind turbine in the same
altitude. The blade designer needs to account for the AoA variations at each spanwise location
of the turbine blade, so that the blade thickness can be adjusted accordingly, leading to
enhanced structural durability with minimum weight, to identify the involved frequencies and
the sources of fluctuations at each spanwise location, the corresponding PSD of the spanwise

AoA are depicted in figure 36.
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Figure 36. PSD of the spanwise AoA histogram for the blade-1 of the turbine C mounted at
various locations.

Figure 36 represents the Power Spectral Density (PSD) distribution for the blade root of
rotor C at different configurations. Peaks near 0.2 Hz in T00, T10, and T70 indicate potential
resonant frequencies, which could lead to dynamic stresses at the blade root. These peaks
suggest increased vibrational power near the root, indicating areas of potential concern for

mechanical stress and turbine stability.

On the other hand, configurations T20, T30, T80, and T90 exhibit much lower power across
all frequencies, suggesting more stable performance with minimal vibration-induced stress.
These configurations are likely more efficient in reducing the dynamic loads on the turbine,
particularly near the root, where mechanical stresses are typically higher. The PSD analysis is
critical in identifying optimal configurations that minimize resonance and vibrational stress,

improving the overall efficiency and durability of the turbine.
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Figure 37. Polar distribution of AOA of one blade for the wind turbines A, B, and C at different
platform configurations.

Contour plots shown in Figure 37 illustrate the flow dynamics of rotors A, B, and C (velocity
distribution) for different platform configurations labeled from T0O0 to T90. The plots provide
a visual representation of how different angles impact the pressure distribution and the wind
velocity, especially of rotor C. The plot shows the intensity of the flow with warmer colors
representing higher velocity and cooler colors showing lower values. The third plot helps to

identify the wake effects of rotor C in different platform configurations.

64



Results and discussion

In the TOO configuration, the flow appears symmetrical and balanced for the rotor A and B,
with minimal wake disturbances as we do not have wake interaction but for rotor C, we have
maximum wake interaction and the warmer color in the plot indicates this. In T10 and T70 also
we can see wake interaction on rotor C. These configurations reveal more turbulence, which
can disrupt energy capture and result in mechanical stress. In contrast, configurations such as

T20, T30, T80, and T90 offer more efficient aerodynamic performance for rotor C.

This analysis is critical for optimizing turbine positioning, blade design, and overall energy

capture by minimizing turbulence and improving airflow around the blades.

(a) TOO (b) T90

Figure 38. Iso surface Q-criterion (Q=107 and 10™) colored by velocity gradient magnitude for a)
T00 configuration, b) T90 configuration

In this section, the detailed aerodynamic analysis of wake propagation and interaction with
turbines are studied to identify the sources of power and thrust variation. Figure 38 shows the
top view of the visualized wake for the TOO and T90 configurations. The wake visualization
was conducted using the iso-surface of the Q-criterion [160] at values of 107 and 10™*, with
color indicating the magnitude of the velocity and has been calculated using the following

relation:

N| =

Q = S[lall* - lIsI?] (30)

Where ||| and ||S]|| are the antisymmetric and symmetric sections of the velocity gradient

tensor, which can be calculated as:

N =

0= =[Vu- (Vu)T] (1)
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S =

N =

[V + (V)] (32)

This equation implies that positive Q-criterion iso-surface isolates the regions where
vorticity over weights the strain rate. This figure illustrates how the motion of the upstream
rotor influences the inflow of the downstream rotor. In the left image (a), corresponding TO0O,
the wakes are aligned directly behind the rotors, the three-dimensional view shown in Figure
39, shows significant wake interactions for the downstream rotor as you can see three-
dimensional. This alignment leads to a reduction in wind speed and increased turbulence for
the downstream rotor, diminishing its performance due to the lower energy content in the
incoming wind. The visualized wake patterns show a concentrated area of reduced velocity,
meaning that the downstream rotor in this configuration is likely to experience higher

aerodynamic loads and reduced efficiency.

__Bb I
UGrad 0 0.1 0‘_2,.»0’.5 04 05

Figure 39. Iso surface Q-criterion (Q=107 and 10) colored by velocity gradient magnitude,
Three-dimensional view for T00

In contrast, Figure 38-b, T90, shows the wake spreading in a different pattern, with less
direct wake interaction between the rotors. The separation of the wake regions indicates less
interference with the downstream rotor, allowing it to operate in a higher-velocity wind field
with less turbulence. This results in better performance for the downstream rotor, as it is not as

severely affected by the disturbed airflows from the upstream rotors (A and B). Thus, T90
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would be more favorable in terms of minimizing wake effects and maximizing the efficiency

of the entire turbine array.

The discrepancy observed in wake structures is of paramount importance in wind farm design.
Especially from the perspective of a downstream rotor, the axial velocity distribution directly
shapes the inflow conditions. These conditions play a key role in determining the aerodynamic
and fatigue loads experienced by the downstream rotor. Consequently, the formation of the
flow received by the downstream directly influences its power output. A crucial question in
wind farm design is determining the configuration at which the inflow received by the
downstream rotor sufficiently recovered. The term "recovery" can be defined based on different
criteria, like the mean velocity over the rotor disk, the mean velocity at each point, or the
instantaneous velocity at each point considering the oscillations in flow velocity. From Figure
38-a and Figure 39, the wake patterns reveal a new consideration in determining the optimum

configuration for rotors. In T0O, rotor C is significantly affected by upstream wake.

CaseT00 RotorC
CaseT10 RotorC
CaseT20 RotorC|_|
CaseT30 RotorC
CaseT70 RotorC
CaseT80 RotorC
CaseT90 RotorC| |

1
i
-

-

PSD (Power)

10

10" 10
Frequency [Hz]

Figure 40. Power Spectral Density (PSD) of rotor C in different configurations.
The PSD graph in Figure 39 helps evaluate how much power is concentrated at specific
frequencies, revealing key vibrational modes that affect turbine performance. Configurations
T00, T70, and T10 exhibit higher power levels across a broad frequency range, indicating

greater dynamic loading and resonance, which could cause stress on the turbine structure.

In contrast, T20, T30, T80, and T90 demonstrate lower power distributions, indicating more

stable dynamics and reduced mechanical stress. This analysis is crucial because it helps identify
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critical frequencies where turbines may experience resonance, which could lead to fatigue and

performance degradation. By minimizing the power at these frequencies, engineers can ensure

better turbine longevity and operational efficiency.

(a) TOO (b) 12.5

(e) TI2.5
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(g) T20

Figure 41. Iso surface Q-criterion (Q=10" and 10”) colored by velocity gradient magnitude for
different configuration

Due to uncertainties in wind direction, small changes in the rotor's angle can occur, which
affects the wake dynamics. To evaluate these effects, simulations were reducing the
performance of the downstream rotor. As the rotor angle increases, the relative positioning of
the rotor changes, leading to a reduction in wake overlap and interference between rotors B
and C. At higher angles, such as T10 and above, the wakes become more staggered, and the
wake from rotor B moves away from rotor C, reducing direct wake interaction. By T20, the
wakes are sufficiently separated, minimizing the negative effects of wake interference on rotor
C. This comparison across different angles shows that even small changes in rotors orientation
can significantly alter the wake dynamics and improve turbine performance by reducing wake-

induced power losses in the downstream rotor.
4.5. Fatigue and Aerodynamic Load Distribution

Another important parameter to evaluate in different configurations is Fatigue (tiredness) of
the Turbine, R, represents the radial distribution of aerodynamic forces (such as pressure or
lift) acting on the turbine blades. Which includes pressure, lift, and drag forces.
Mathematically, this can be expressed as the radial coordinate along the span of the blade,

where R, refers to the distance from the center of rotation to the point on the blade where forces
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are being measured. The distribution of these forces influences the blade’s loading and is

critical for assessing fatigue and performance.

This would help analyze how the turbine's blades experience loading from the wind. It
directly contributes to the fluctuating aerodynamic forces F; and Fq computed at each radial
point Rn, resulting in cyclic loading that causes fatigue, acting on the turbine and plays a critical
role in determining how those forces are distributed, which these forces repeatedly stress the
blade structure at different radial locations over time, especially at points closer to the root

(higher bending moments).

By analyzing the radial distribution, engineers can identify areas of high stress and work to
mitigate them, potentially prolonging the turbine's operational life. Turbine fatigue is caused
by cyclic loading due to aerodynamic forces acting on the blades, tower, and other structural
components over time. If R, represents conducted at minor angles TOO to T20 as shown in
Figure 40. As discussed before, in TOO the wake of rotor B fully impacts rotor C, resulting in
significant wake interference, in which aerodynamic forces like pressure or wind load

distributed around the turbine, can influence how the turbine components experience stress.

Figure 42, shows the wake effects at different rotor configurations, focusing on how wake
interacts with rotor C. At T0O (0°), the dark blue and purple colors indicate significant wake
interference, with rotor C fully exposed to rotor B’s disturbed flow. This results in high
turbulence and unsteady aerodynamic forces on rotor C, increasing cyclic loading and
contributing to accelerated fatigue on its blades and structure. The strong wake presence at this
configuration makes T0O the most problematic in terms of structural wear and fatigue for the

downstream turbine.

As the configuration changes to T2.5 and T7.5, the blue regions around rotor C start to
diminish, showing that rotor C is experiencing less wake interference. While some wake effects
remain, especially in T2.5, the shift in wake position reduces the aerodynamic loading
compared to TO0, though moderate fatigue stress is still present. By T7.5, the wake is
significantly shifted away, leading to more stable flow conditions and lower cyclic loading on
rotor C. At these angles, while fatigue is reduced, rotor C still experiences some stress from

the remaining wake.
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Figure 42. The wake interaction and fatigue load on the downstream turbine in different
configurations
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At configurations like T10, T12.5, and T15, the wake interference becomes minimal, as
indicated by the predominance of green and yellow colors around rotor C. This suggests that
rotor C is nearly free from wake, and the resulting aerodynamic loads are much more uniform
and stable. This leads to a significant reduction in cyclic stress, minimizing fatigue and
allowing rotor C to operate more efficiently. In the T20 configuration, the wake effects are
almost entirely gone, as the uniform distribution of green in the plot shows. This is the optimal
configuration where rotor C experiences minimal fatigue and the most favorable operating

conditions, with negligible wake-induced stresses.
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5. Conclusions

This thesis presents the development and implementation of an Actuator Line Model (ALM)
within the OpenFOAM framework, tailored specifically for simulating Floating Offshore Wind
Turbines (FOWTs). The primary goal was to evaluate the acrodynamic performance and wake
interactions under various platform motions and configurations. Through detailed simulations,
the model successfully captured the wake behavior and its effect on downstream turbines,
providing a practical and computationally efficient alternative to fully blade-resolved models.
The incorporation of platform movement was particularly essential, as FOWTs introduce
complexities related to their dynamic response to wind and wave forces. The model accurately
predicted wake dynamics, power coefficients, and thrust coefficients, offering critical insights

into turbine performance under varying conditions.

Key findings from the results indicate that small angular deviations in rotor orientation,
which are common due to uncertainties in wind direction, have significant effects on wake
interactions and rotor efficiency. At T00, rotor C was heavily impacted by the wake from rotor
B, resulting in lower power output and higher fatigue loads due to intense aerodynamic
interference. As the higher configuration such as T10 and T20, the wake from rotor B shifted
away from rotor C, reducing wake interference and improving overall rotors performance. The
study found that at these optimized angles, aerodynamic loads became more evenly distributed,
minimizing fatigue and enhancing efficiency. These results demonstrate the importance of
optimizing rotor orientation to reduce wake-induced power losses and fatigue effects in

downstream rotor.

The study’s findings have important implications for the design and operation of FOWTs.
By optimizing configurations, operators can mitigate the negative effects of wake interaction,
prolong turbine lifespan, and enhance energy production. The Actuator Line Model developed
in this thesis provides a robust and scalable tool for understanding and optimizing wake

dynamics in floating wind farms. This work contributes significantly to the growing body of
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research on FOWTs by offering a more accurate method to predict real-world performance,
laying the groundwork for future studies aimed at reducing energy losses, improving turbine

reliability, and lowering the levelized cost of energy (LCOE) in offshore wind energy projects.
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