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Abstract: Following the operational success of the Hywind Scotland, Kincardine, WindFloat Atlantic,
and Hywind Tampen floating wind farms, the floating offshore wind industry is expected to play a
critical role in the global clean energy transition. However, there is still significant work needed in
optimizing the design and implementation of floating offshore wind turbines (FOWTs) to justify the
widespread adoption of this technology and ensure that it is commercially viable compared to other
more-established renewable energy technologies. The present review explores the application of fully
coupled computational fluid dynamics (CFD) modeling approaches for achieving the cost reductions
and design confidence necessary for floating wind to fully establish itself as a reliable and practical
renewable energy technology. In particular, using these models to better understand and predict the
highly nonlinear and integrated environmental loading on FOWT systems and the resulting dynamic
responses prior to full-scale implementation is of increased importance.
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1. Introduction

Over the past several decades, the climate crisis has escalated to an unprecedented
level of urgency, necessitating immediate and decisive action. According to the Intergov-
ernmental Panel on Climate Change (IPCC), due to disruptive human activities, the planet
is facing widespread and sudden changes to the atmosphere, ocean, cryosphere, and bio-
sphere, resulting in significant adverse environmental and humanitarian impacts [1].

Recognizing the urgency of this crisis, the IPCC’s Sixth Assessment Report (AR6) has
called for substantial reductions in GHG emissions, setting a target of a reduction of at
least 43% by 2030 and a 60% reduction by 2035 compared to 2019 levels [1]. A critical
step in reaching these goals—while also increasing energy reliability—is to decarbonize
and diversify the energy sector by transitioning electricity generation towards renewable
energy, which derives from naturally replenishing resources rather than fossil fuels [2,3].
In support of this clean energy transition, the United Nations—in their 28th Conference of
the Parties (COP28) annual climate meeting—agreed to triple renewable power generation
by 2030, necessitating an additional 7 terawatts (TW) of renewable capacity to be added in
the next few years (based on 2023 numbers [4]). Following solar power, the most promising
potential clean energy resource is wind, due to its widespread geographic availability,
seemingly unlimited reserve, and large pollution-free electricity generation capacity via
wind turbines [5-7].

According to the Global Wind Energy Council’s 2024 Global Wind Report, the total wind
energy installations worldwide (see Figure 1) have surpassed 1 TW in capacity, following
the 117 gigawatts (GW) that were added in 2023 alone (a 50% increase from 2022) [8]. Of the
current total wind capacity, the majority of installations are onshore, but the space on land is
limited with regard to the additional 2 TW capacity required to reach 2030 targets. Therefore,
as the technology advances, attention is shifting offshore, where there is more space, fewer
obstructions, and a stronger and more consistent wind resource [9-11]. Additionally, offshore
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wind turbines can be strategically located near densely populated coastal regions, minimizing
transmission losses and providing a reliable power source to areas with high electricity
demand [9,12,13].
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Figure 1. Historic development of total onshore and offshore wind installations (in gigawatts). Data
are extracted from the Global Wind Energy Council’s 2024 Global Wind Report [8].

The majority of commercial wind turbines are horizontal and three-bladed [10],
with the primary distinction between onshore and offshore wind turbines lying in their
support structures. Onshore turbines are supported by a simple concrete foundation, while
offshore turbine support structures are more complex and expensive and can be either
fixed or floating, depending on water depth and seabed conditions [10]. Most opera-
tional offshore turbines are mounted on substructures such as monopiles, jackets, tripods,
and gravity-base substructures, which are all fixed to the seabed, making them suitable
and cost-effective for shallow to intermediate water depths [9,10,14]. However, as water
depth increases, the practicality and cost-effectiveness of fixed-support turbines diminishes,
making floating offshore wind turbines (FOWTs) a more viable option [15]. For example,
in the U.S., waters along the Pacific coast, Gulf of Maine, around Hawaii, and in the Great
Lakes are considered too deep (i.e., greater than 60 m) for fixed-bottom systems, so floating
substructures would be preferred in these areas [16], as shown in Figure 2.

FOWTs are anchored to the seabed with mooring cables, allowing them to harness
wind resources in deeper waters (>60 m), where more than 80% of offshore wind resources
are found [10]. This capability is essential for tapping into the abundant wind energy
potential and flexible site selection available further from the coast, while also minimizing
public concerns for visual, noise, and environmental impacts [9,11,17,18]. These systems
provide a solution for deep-water locations, overcoming the limitations associated with
fixed-bottom turbines. Consequently, FOWTs are expected to play a critical role in the clean
energy transition, significantly contributing to global efforts to mitigate the adverse impacts
of climate change, reduce GHG emissions, achieve sustainable energy goals, and foster a
resilient and equitable energy future.

While other renewable energy technologies are also crucial players in the above efforts,
the present review will focus solely on floating wind energy. Specifically, this paper
includes discussions of (1) FOWT technology and industry outlook; (2) the nature of the
offshore environment and the dynamic challenges associated with FOWT systems under
complex and variable loading; (3) typical FOWT modeling approaches, including their
applications and limitations; (4) the role of fully coupled computational fluid dynamics
(CFD) modeling approaches for FOWT dynamic analysis and the vast decisions involved
in such simulations; and (5) insight into future research directions and opportunities.
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Figure 2. Suitability of fixed and floating offshore wind installations along the U.S. coast. Figure is
borrowed from the U.S. Department of Energy’s Wind Energy Technologies Office [16].

Note that several other reviews have been conducted on modeling techniques for
FOWTs (e.g., recent reviews by Subbulakshmi et al. [19], Otter et al. [20], Chen et al. [21],
etc.), but few have been conducted specifically on the CFD applications of FOWTs. Recently,
Xu et al. [22], Zhang et al. [23] and Haider et al. [24] have conducted reviews on CFD
applications in floating offshore wind, including comparisons between uncoupled, partially
coupled, and fully coupled analyses. The present review builds on these discussions, but fo-
cuses primarily on fully coupled CFD applications in the broader context of FOWT dynamic
analysis and considers the vast parameter space and decisions associated with these models.
This review also identifies common trends and accuracy—efficiency compromises across
recent fully coupled CFD simulations. It also provides a more comprehensive discussion
of key research directions, particularly in terms of increasing the accuracy, computational
efficiency and adaptability of fully coupled CFD models.

2. Floating Offshore Wind: Overview

The concept of large-scale FOWTs (Figure 3) was first introduced by Professor William
E. Heronemus of the University of Massachusetts Amherst in 1972 [25,26]. However, it was
not until the mid-1990s (when the commercial wind industry became more established)
that the broader research community revisited the concept [27].

Figure 3. The original concept of floating offshore wind farms, as illustrated in the 1970s by William
E. Heronemus of the University of Massachusetts Amherst Wind Energy Center [25,26].
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Since then, the floating offshore wind industry has undergone significant growth, draw-
ing inspiration from the marine and offshore oil and gas industries, which have developed
advanced technologies for floating structures over the past several decades [9,28]. FOWTs
now include various support structure designs, as shown in Figure 4, including spar-type
platforms, tension leg platforms (TLPs), semi-submersibles, and barges, each with unique
characteristics and advantages depending on the application (see Section 3.3) [10].

Semisubmersible Spar Tension-leg Barge
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Top-down view
O,
O ®
O O

Figure 4. Common floating wind design concepts, including a top-down view with a red dot at the
tower-platform connection point. This figure is borrowed from Mei et al. [29].

Several pioneering projects have marked the progress of FOWT technology; Beginning
with the deployment of Blue H Technologies” TLP prototype in 2007 [30], and StatoilHydro’s
Hywind Demo in 2009 [31], there have been several single-turbine floating offshore wind
demonstration projects installed around the world [9]. However, the first floating offshore
wind farm, Hywind Scotland, was not installed until 2017, comprising five 6 megawatt
(MW) turbines on spar-type substructures [32]. Since then, three other floating offshore
wind farms have been deployed—WindFloat Atlantic in Portugal (2020) [33], Kincardine in
Scotland (2021) [34], and Hywind Tampen in Norway (2023) [35].

By the end of 2023, a total of 236 MW of floating wind capacity had been installed
worldwide, and this number is expected to grow substantially in the coming years [8].
Although the current floating wind capacity only contributes to about 0.3% of total offshore
wind power, it accounts for 24% of the pipeline for future offshore wind projects. Per
the 2023 Offshore Wind Market Report produced by the National Renewable Energy
Laboratory (NREL) [36], the global pipeline for floating wind energy was around 102.5 GW
(across all stages of development) as of 2022. This capacity increased 69% since the end of
2021, largely attributed to new commercial project announcements, mostly in the United
Kingdom. While the majority of the pipeline is currently in the planning stage (see Table 18
in the report by Musial et al. [36]), the outlook of the floating offshore wind industry
is promising.

However, at present, FOWTs are not as commercially viable as fixed onshore/offshore
wind and other more-established renewable energy technologies. This is largely attributed
to their technological immaturity, high capital cost (with the largest contribution from the
substructure, i.e., around 40% [9]) and high operation and maintenance (O&M) costs. As a
result, there is still significant work to be done to optimize the design and implementation
of FOWTs, making them economically competitive compared to other technologies and
enabling large-scale commercialization. Specifically, understanding and predicting how
these systems behave in a real-world offshore environment is necessary.
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3. Dynamic Challenges of FOWTs

Floating offshore wind systems are fairly complex, consisting of a wind turbine,
a floating support platform, a control system, and mooring lines anchoring the system to
the sea floor. Unlike fixed-bottom onshore or offshore turbines, FOWTs face six degrees
of freedom (DOF) of platform motion, meaning they can translate in, and rotate about,
all three axes, as shown in Figure 5 [37]. These modes of movement can be excited by
the combined influence of marine environmental loads and system restoring loads (see
Section 3.3) that act on the turbine and support structure [9,38].

heave

Xswayy yaw

pitch

Figure 5. The six-degrees-of-freedom platform motions on a floating offshore wind turbine, borrowed
from Hu et al. [37].

FOWTs are exposed to a harsh and complex offshore environment, characterized
by a multitude of environmental loading sources (shown in Figure 6), with the largest
contributions coming from combined wind and wave effects, which are discussed more
in Sections 3.1 and 3.2 [39]. In addition to typical aerodynamic/hydrodynamic loading,
FOWTs are subject to several other environmental loads, including seismic activity (e.g.,
earthquakes and tsunamis) and extreme weather events (e.g., rogue or breaking waves,
precipitation, and hurricanes) that can contribute to high-impact and destructive forces [40].
Additionally, marine growth (e.g., barnacles and algae) can add weight and alter the
hydrodynamic profile of the structure, thus increasing drag forces [40]. In cold offshore
climates, FOWTs can also be subject to additional damage and loading from ice in two
forms: (1) ice accumulation on blades and other surfaces from precipitation and sea spray,
and (2) collision with sea ice [9,40]. In busy maritime regions, FOWTs are also at risk of
ship collisions [9,41].
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Figure 6. Marine environmental conditions for floating offshore wind, borrowed from Sirinivas et al. [42]
(Mustrated by Al Hicks, National Renewable Energy Laboratory).

Offshore environmental loads can vary in magnitude, position, and direction over
time, and should be considered in combination due to their simultaneous and interacting
dynamic effects on FOWT systems [40,43]. Of particular interest to FOWT designers is the
coupled dynamic behavior between turbine aerodynamics and platform hydrodynamics,
as discussed in Sections 3.1 and 3.2. FOWT systems are also subject to additional coupled
interactions from structural dynamics (e.g., aeroelastic responses due to blade flexibil-
ity and hydroelastic responses due to extreme wave loading), mooring line dynamics,
and servodynamics (controls) [15], though these aspects are not fully addressed in the
present report.

3.1. Aerodynamic Contributions

All wind turbines, onshore and offshore, capture energy from the wind to generate
electricity, where more power is extracted with higher wind speeds [44]. However, the wind
is also a source of aerodynamic loading that occurs due to wind interactions with the turbine
blades and other exposed parts of the structure [39]. These loads are inherently nonlinear
and consist of lift forces on the blades that drive energy production when the turbine
operates. The loads also include drag forces on all exposed parts of the FOWT system,
which dominate when the turbine is parked in high winds [44].

Ocean waves and temperature differences between the sea and air create offshore
wind patterns that are distinct from those over land, so our knowledge of wind loads from
land-based systems is not entirely transferable offshore [39,40,44]. Additionally, while the
wind is generally stronger and more consistent offshore (which is favorable for power
production), this wind—Iike the wind onshore—is still highly irregular and unpredictable
due to its inherent spatial and temporal variability [44]: spatial variability includes changes
in wind direction and differences in wind speed with height (wind shear); and temporal
variability includes long-term changes in mean wind speed from year to year, season
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to season, and day to day, as well as short-term fluctuations such as turbulence, gusts,
and squalls. This variability results in highly complex and unsteady flow conditions,
as listed below, that significantly impact aerodynamic performance of FOWTs [45-47].

*  Yawed/skewed inflow: wind flow and rotor are misaligned, i.e., wind encounters
rotor off-axis (at an angle) rather than on-axis (perpendicular) [23,48].

*  Sheared inflow: wind flow has a vertical wind speed gradient, meaning wind speed
varies with height, as mentioned previously [23,49].

*  Wake inflow: wind flow of low speed and high turbulence coming from the wake of
upwind turbines in a wind farm [23,50].

¢ Turbulent inflow: wind flow from chaotic and irregular changes in wind velocity and
direction [23,51].

These variations lead to fluctuating aerodynamic loading on blade sections, increased
peak forces, blade vibrations and considerable material fatigue, and thus can significantly
affect the turbine’s performance and operational integrity [44]. Additional contributions to
the unsteady aerodynamic environment and performance of FOWTs include blade flapping
and deflection, dynamic stall, rotational sampling, and tower shadow, which are described
more in the literature, e.g., by Manwell et al. [44] and Leishman et al. [45].

A key distinction from fixed turbines is that for FOWTs, these unsteady aerodynamic
effects are exacerbated by platform hydrodynamics. The 6-DOF motion of the floating
platform excited by incident waves alters the turbine’s position/orientation, thus influ-
encing the (already complex) wind inflow conditions faced by the rotor and the overall
aerodynamic performance of the FOWT [11,20,23,40]. The motions transmitted from the
platform to the turbine contribute to the additional mean rotor tilt angle (which causes
significant energy losses), the time-varying geometric angle of attack along the blade sec-
tions, the possibility of occurrence of vortex ring state (VRS) conditions, the time-varying
rotor induction (dynamic inflow), and an increased occurrence of rotor misalignment
(skewed/yawed inflow), and increased blade-vortex interactions, which are all described
in detail by Cruz and Atcheson [40].

Of particular interest is the occurrence of VRS conditions, which arise when the rotor is
forced into and out of its own wake during platform pitch motions. This phenomenon, de-
picted in Figure 7, is further discussed in the literature, e.g., by Matha et al. [52], Xu et al. [22],
Cruz and Atcheson [40],and Sebastian and Lackner [53]. In addition to wake effects at the
individual turbine level, the evolution of the turbine wake and its impact on downwind
turbines and farm layout should also be considered [20].

/
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Figure 7. The unsteady effects of platform pitching on the flow field around the rotor, borrowed from
Tran et al. [54].
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The complicated inflow conditions and unsteady aerodynamic phenomena that FOWTs
face are especially difficult to predict and also contribute to the nonlinearity of overall
system loading and the dynamic responses of the platform.

3.2. Hydrodynamic Contributions

To add to the complexity of the offshore environment, ocean waves create a dynamic
interface for the wind, where surface roughness varies according to wave height and
wind shear varies with surface roughness. The interplay between wind and waves is
further complicated as wave conditions mainly originate from local and distant winds,
and are therefore highly dependent on sea state, which is categorized as either short-term
(reflecting typical wind /wave conditions on an average day) or long-term (encompassing
extreme events like storms and cyclones) [40]. Resulting wave patterns, shown in Figure 8,
include regular waves (mostly sinusoidal, typical of long-distance ocean swell), irregular
waves (formed by the interaction of waves from different directions, lacking a defined
height or wavelength), and random waves (produced by strong, variable local winds,
with unpredictable heights and wavelengths) [55]. Typically, there is also a significant time
lag between changes in wind speed and adjustments in wave height/pattern, making the
offshore conditions—in particular, load determination—even more complex.

wavelength

(e ()] ©

Figure 8. Typical ocean wave patterns: (a) regular waves, (b) irregular waves, and (c¢) random waves.
Borrowed from P.A. Lynn [55].

Hydrodynamic loading on FOWT platforms is generated by a combination of linear
drag, radiation, inertia (added mass), incident wave scattering (diffraction), buoyancy
(restoring forces), sea currents, and changing water level (from tides), which are further
discussed by Barooni et al. [9]. Hydrodynamic loads are highly nonlinear and, as FOWTs
increase in size and spread into deeper waters, these effects become more significant,
especially under extreme conditions that are occurring with increasing frequency due to
climate change [15]. Waves are the main contributor to hydrodynamic loads on FOWTs,
inducing cyclic forces that are critical to fatigue loading, especially if they occur near the
natural frequencies of towers and support structures [55]. Although they do not typically
represent critical loads by themselves, ocean currents are another main hydrodynamic
loading source, which can interact with waves and produce combined load effects that
require careful consideration in the design and analysis of the FOWT system [39].

Most of the hydrodynamic complexities in FOWT analysis are dominated by fluid—
structure interaction (FSI), i.e., the dynamic interplay between the floating platform and
the surrounding water. In FSI, the forces from waves and currents drive platform motions,
and in turn, the platform’s responses influence the surrounding fluid flow, creating a
continuous feedback loop between the platform and the water. Some of the complex flow
phenomena resulting from this interaction include wave diffraction and radiation, wave
run-up and slamming, and vortex shedding [20]. Vortex shedding involves the separation
of flow around structural elements, like heave plates, which causes alternating vortices
that can induce oscillating forces on the platform, known as vortex-induced vibration
(VIV) [56].

In addition to wave-related effects, viscous forces play a crucial role in the hydrody-
namic behavior of FOWTs. The viscosity of water affects the drag on the platform and
its structural components, leading to energy dissipation and influencing the platform’s
response to waves. Of particular importance are the viscous drag loads on slender platform
components or heave plates that can lead to significant nonlinearities, especially in terms
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of wave-frequency and low-frequency platform responses [15]. Viscous forces are also
important near the surface of the platform, particularly around sharp corners that are prone
to flow separation and vortex shedding [57]. Additional consideration should be given to
nonlinear effects from wave breaking, high-steepness waves, and higher-order waves [23].

Simultaneously, the aerodynamic forces on the rotor contribute to the overall system
loading and induce rotational moments that influence the platform’s dynamic response and
further complicate FOWT analysis [11]. For more information on the dynamic complexities
of FOWTs, refer to other works, including those by Cruz and Atcheson [40], Matha et al. [52],
Xu et al. [22], and Subbulakshmi et al. [19].

3.3. Restoring Systems

In response to the highly coupled and nonlinear loads acting on FOWTs, these sys-
tems also face restoring forces that keep the structure upright and prevent overturning.
For normal motions, these restoring forces are mainly attributed to (1) hydrostatic effects
that are generally assumed to be linear and are dependent on the relative position of the
platform’s centers of buoyancy and gravity [58], and (2) mooring lines, which are anchored
to the seabed and provide nonlinear tension that keeps the platform in position against
environmental loading [9]. FOWTs typically use catenary mooring systems, tension-leg
(taut) mooring systems, or semi-taut mooring systems—shown in Figure 9—all originating
from the oil and gas sector [9,59]. Refer to Rui et al. [60] for an in-depth overview on the
different mooring systems used for FOWTs and other floating offshore structures.

(") ) ® ©

Figure 9. The three types of mooring systems for floating offshore wind turbines: (A) catenary,
(B) taut, and (C) semi-taut, borrowed from Barooni et al. [9].

Together, these restoring forces (from hydrostatics and moorings) are essential for
maintaining the stability and operational integrity of FOWTs, and also help inform plat-
form design. Floating wind platforms can be categorized into three types based on their
stabilization methods under loading: (1) buoyancy-stabilized, (2) ballast-stabilized, and
(3) mooring-stabilized. While different FOWT platform concepts tend towards one primary
method for obtaining stability, they actually combine aspects of all stabilization methods,
as shown in the stability triangle in Figure 10 [27].

Buoyancy-stabilized platforms (e.g., semi-submersible or barge) rely on distributed
buoyancy to achieve stability. These platforms tend to have a small draft (depth from water
surface), enabling flexible deployment in shallower waters and relatively easy installation and
maintenance [30]. However, buoyancy-stabilized platforms (especially semi-submersibles)
are relatively complex compared to other platform types, and their large water-plane area
results in a large structural mass and higher susceptibility to large wave-induced motions,
often requiring more costly design components to mitigate these responses [27].

Ballast-stabilized platforms (e.g., spar buoy) utilize a low center of gravity relative
to their center of buoyancy to achieve stability. These platforms offer high inertial re-
sistance to pitch and roll and are relatively easy to fabricate compared to other plat-
form concepts [30]. However, their large draft requirement makes them relatively heavy
and expensive, poses significant logistical challenges (e.g., during assembly, transporta-
tion, installation, and maintenance), and limits these platforms to deep waters, i.e., over
100 m [30]. Additionally, pitch motions pose a key operational issue for spar buoys, both in
terms of their gyroscopic stability and the turbine’s performance (due to changing inflow
conditions) [58].
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Buoyancy Mooring
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Figure 10. Floating platform stability triangle, with labels of common floating offshore wind platform
types, borrowed with permission from Thiagarajan et al. [58].

Finally, mooring-stabilized platforms (e.g., TLP) utilize mooring line tension to achieve
stability, and are often considered to be the most stable platform type [27]. These plat-
forms do not require a large water-plane area and tend to have a small draft, enabling a
smaller/lighter structure, lower impact on turbine dynamics, and relatively simple assem-
bly and transportation [30]. However, installation is challenging and the dependence on
the moorings to prevent overturning leads to high loads on the tendons and anchors, which
adds significant operational risk if a cable fails [30].

For more comprehensive discussions on the advantages and limitations of different
stabilization methods and their applicability in platform design, refer to other works,
including those by Lamei et al. [61], Butterfield et al. [27], Castro-Santos et al. [30] and
Thiagarajan et al. [58].

The interaction between restoring forces and environmental loads on FOWTs is a
critical player in the complex dynamics of these systems. Therefore, in order to ensure
the safe and efficient design and operation of FOWTs, it is important to mitigate and
understand the loading that they endure. In particular, the accurate determination of
these forces is essential for the dynamic response analysis, design, optimization, control
algorithm development, and structural integrity assessment of FOWT systems [9,44].

4. FOWT Modeling

In the floating offshore wind industry, there is an increasing reliance on modeling
techniques to predict the loads, dynamic responses, and performance of FOWT systems
under various controlled scenarios prior to full-scale implementation [40]. These modeling
techniques include both physical (experimental) and numerical approaches, which are used
at different stages in the design process [19]. Comprehensive reviews of the various floating
offshore wind modeling techniques have been conducted recently by Otter et al. [20] and
Subbulakshmi et al. [19].

The scaled physical modeling of FOWTs is crucial for validating numerical models
and advancing specific platform concepts toward commercialization [20,40]. However,
experimental tests tend to be costly and time-consuming, and additional challenges are
present due to the scaling mismatch between the Froude and Reynolds numbers due to
working in both air and water, as described by Otter et al. [20]. The present review will not
go into any further detail on experimental approaches, but for more discussion, refer to
works by Otter et al. [20], Robertson et al. [62], Muller et al. [63], Stewart and Muskulus [64],
Gueydon et al. [65], and Cruz and Atcheson [40].

Numerical models, on the other hand, offer the ability to test a broader range of design
iterations and environmental conditions at a much lower cost and often shorter time-frame.
According to Cruz and Atcheson [40], these numerical models are generally developed
either by (1) adapting existing onshore wind turbine design codes by adding modules for
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floating platforms and mooring systems, or (2) starting with existing floating platform
modeling codes—i.e., those developed for maritime [66] or oil and gas [67] industries—and
adding modules for wind turbines, including aerodynamic loading and controls.

These numerical models can be conducted either in the frequency or time domain [40],
and can be classified into three levels (low-, mid-, and high-fidelity), where model accuracy
and computational cost increase with fidelity, signifying a clear trade-off between accuracy
and efficiency in FOWT design [19,20]. FOWT modeling approaches can also be classified
as uncoupled (i.e., only considering effects of one environmental condition at a time),
partially coupled (i.e., considering effects of multiple environmental conditions—often
aerodynamics and hydrodynamics—with one simplified to focus on the other), or fully
coupled (i.e., considering combined effects of multiple environmental conditions) [19],
which will be discussed more at the end of this section. Similar to fidelity level, more
coupling is associated with higher accuracy but also higher computational demands. As a
result, models of different levels of fidelity and coupling are often used at different stages
of the design process [19,20], as shown in Figure 11.

'

Stage: Detailed analysis and validation at
component level

High fidelity fully coupled CFD-FEM fluid
structure interaction analysis

Stage: Design validation and optimization

Accuracy

Medium fidelity Aero-hydro-servo-elastic
coupled analysis

Stage: Pre-design and sizing
Uncoupled and low fidelity
coupled analysis

v

Efficiency

Figure 11. Trade-off between accuracy and efficiency for numerical models at different levels of
fidelity, and their application within the floating offshore wind design process. This figure is borrowed
from Subbulakshmi et al. [19], which was adapted from Yu et al. [68].

Low-fidelity numerical models are primarily used during the initial FOWT design
stages to determine the preliminary sizing and configurations of the system, to simulate lin-
ear dynamics, and to reduce the vast design space [19,20]. These models are generally based
on static, quasi-static, or steady-state analyses, and include methods such as hydrostatic
stability and equilibrium assessments, frequency domain hydrodynamic analysis, empirical
methods, and reduced-order state-space models [19]. Some examples of in-house devel-
oped codes for low-fidelity modeling in the frequency domain include those by Hegseth
and Bachynski [69], Karimi et al. [70], Pegalajar-Jurado et al. [71], and Hall et al. [72].

Mid-fidelity models, also known as engineering-level tools, are typically employed
during the design validation and optimization phase for analyzing FOWT loads (both linear
and nonlinear) and dynamic behaviors under operational and extreme conditions [19,20].
However, these modeling tools only capture the most significant behaviors of FOWT
systems, compromising some accuracy for faster simulation times [19]. The most pop-
ular mid-fidelity modeling software packages include OpenFAST [73,74], HAWC2 [75],
SIMA [76], Bladed [77], SIMPACK [78], Orcaflex [79], and Flexcom [80].

High-fidelity approaches are often used in the final verification and fine-tuning stages
of FOWT design for more detailed investigations [19,20]. These tools include finite element
methods (FEM) for structural dynamics and computational fluid dynamics (CFD) for
aerodynamics and hydrodynamics [20]. CFD and FEM tools are sometimes coupled
together in advanced simulations to analyze interactions of both the fluids and structural
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components [19]. In terms of CFD tools, the most common software used for FOWT analysis
is OpenFOAM, which is open-source and forked between the OpenFOAM Foundation [81]
and OpenCFD Limited [82]. Some of the most popular commercial CFD codes are Siemens
Simcenter’s StarCCM+ [83] and Ansys Fluent [84]. A few other CFD codes for FOWT
applications include the commercial codes CONVERGE CFD [85] and Helicopter Multi-
Block Code (HMB) [86], and in-house codes like ReFRESCO [87] and CFDShip-lowa [88].

High-fidelity models implement the basic governing equations with minimal simpli-
fications [19], therefore making them highly accurate and predictive compared to lower-
fidelity numerical modeling approaches. For example, when analyzing the hydrodynamics
of FOWT platforms, mid-fidelity methods like Morison’s equation (ME) and the potential
flow (PF) theory [89] are commonly used but are limited in their ability to capture (1) critical
physical mechanisms such as fluid viscosity, wave diffraction and radiation, (2) nonlinear
interactions like wave climbing and wave slamming, and (3) complex flow patterns like
vortex shedding (especially around heave plates), which are all vital for an accurate analysis
of FOWT systems [20,22,52]. CFD offers a more sophisticated alternative that can model
these intricate flow mechanisms and capture free surface effects with greater accuracy,
providing a more detailed and reliable understanding of the hydrodynamic loads and mo-
tion responses of FOWT platforms, especially in scenarios involving complex geometries
and nonlinear wave-structure interactions [20,22]. Similarly, in the aerodynamic analy-
sis of FOWTs, traditional mid-fidelity approaches like blade element momentum (BEM)
theory [90] cannot accurately represent complex aerodynamic behaviors (e.g., unsteady
aerodynamic effects and blade-wake interactions [53]). This limitation occurs because the
reality of the offshore environment (see Section 3.1) differs greatly from the ideal steady and
on-axis wind inflow assumptions of BEM. Therefore, high-fidelity CFD tools are necessary
to effectively capture these effects as well.

While all modeling approaches play a unique and important role in FOWT design,
the remainder of this review will focus solely on high-fidelity numerical modeling, in par-
ticular CFD approaches. For more information on low- and medium-fidelity numerical
modeling approaches for FOWTs, refer to the literature (e.g., recent reviews by Subbulak-
shmi et al. [19], Fadaei et al. [91] and Otter et al. [20], and other works by Cordle et al. [92],
and Cruz and Atcheson [40]).

FOWT modeling approaches can also be classified as uncoupled, partially coupled or
fully coupled, as discussed in detail in the review by Subbulakshmi et al. [19]. Uncoupled
(or component-level) studies on FOWTs only consider the effects of one environmental
loading condition (i.e., either wind or waves) at a time. For instance, uncoupled hydrody-
namic studies on FOWTs only consider the effects of waves on the floating platform and
neglect the wind acting on the turbine. Meanwhile, uncoupled aerodynamic studies neglect
the wave loads and 6-DOFs of the floating platform, essentially treating the system as a
fixed, land-based case only under the influence of wind loading [19]. Since this approach
greatly simplifies analysis by isolating the effects of each environmental factor, uncoupled
studies are abundant in the literature.

Partially coupled (or system-level) studies on FOWTs consider both aerodynamic and
hydrodynamic loads, but with one aspect simplified to focus on the other. For example,
when studying the aerodynamics of the turbine, prescribed platform motions are typically
used to simplify the hydrodynamics [19,22]. This approach is often used in FOWT research
to investigate the effect of individual platform motions (with most attention given to surge
and pitch) on the unsteady aerodynamic performance of the turbine. When studying the
hydrodynamics of the floating platform, aerodynamic forces on the turbine are approxi-
mated [19,22]. Partially coupled analysis is typically used in initial design stages of FOWTs
for understanding the underlying mechanisms of aero/hydro dynamic interaction and
performance [22].

Examples of uncoupled and partially coupled CFD studies are summarized and
reviewed by Xu et al. [22], Zhang et al. [23], and Haider et al. [24]. In general, uncoupled
and partially coupled studies are relatively simple, computationally efficient, and valuable
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in preliminary design stages, but they do not accurately represent real turbine—platform
interactions. This limitation has shifted research efforts towards fully coupled CFD to
simulate FOWTs under more realistic conditions [19]. A fully coupled analysis takes into
account the combined influence of multiple dynamic effects. At present, the majority of
fully coupled CFD studies on FOWTs focus on aero-hydro dynamic coupling, but research
interests are expanding to incorporate additional aspects of these highly integrated systems,
notably mooring dynamics, structural dynamics, and servodynamics. Although fully
coupled CFD simulations are more complex and computationally demanding, they are
crucial for accurately simulating the interactions between the FOWT and the varying
loading sources it is subject to, enabling a more comprehensive and holistic understanding
of these systems.

The next section of this review builds on discussions by Xu et al. [22], Zhang et al. [23],
Subbulakshmi et al. [19], Amiri et al. [93] and other key studies in the field to explore the
role of fully coupled CFD in predicting FOWT system responses. Specifically, this section
identifies some notable fully coupled CFD studies (particularly, fully coupled aero-hydro
studies) and the key numerical methods associated with this type of modeling.

5. Fully Coupled CFD Approaches

As discussed in previous sections, fully coupled CFD plays a critical role in the design
and analysis of FOWTs. Since these simulations are computationally expensive compared
to lower-fidelity modeling approaches, it is necessary for the research community to be
intentional about the simulations that are conducted.

As a result, FOWT researchers have established multiple representative prototypes,
including comprehensive experimental data, to aid in the advancement of CFD model-
ing approaches [23]. These references provide detailed design parameters and simula-
tion blueprints for CFD researchers to follow, and establish a benchmark for validating
CFD results against experimental measurements. Some key prototypes include those
for specific platforms or turbines, and serve as a basis for many CFD studies. These
prototypes are discussed in detail by Zhang et al. [23], but are summarized here: Repre-
sentative prototypes for floating platforms include the OC3 Hywind [94], COREWIND
WindCrete [95-97], OC4 DeepCWind [98,99], OC5 DeepCWind [100,101], OC6 Phase I-
IIT DeepCWind [102,103], OC6 Phase IV Stiesdal TetraSpar [103,104], VolturnUS-S [105],
COREWIND Activefloat [95,97], 5 TLP Baseline designs [106], and ITI Barge [107,108];
representative prototypes for the wind turbines used in FOWT systems include the NREL
S5MW [109], DTU 10MW [110], IEA 15MW [111], and IEA 22MW [112].

Currently, the majority of fully coupled CFD studies focus on aero-hydro coupling,
as this is the most significant interaction in FOWT analysis and can be addressed solely
within CFD. Many of these studies are summarized in Table 1.

Table 1. Summary of some recent CFD studies on the fully coupled aero-hydro dynamic analysis
of FOWTs.

Author/Ref. Year Software Ref. Turbine Ref. Platform
Renetal. [113] 2014 Ansys Fluent NREL 5 MW TLP

Quallen & Xing [114] 2016 CFDShip-lowa NREL 5 MW OC3 Hywind Spar
Tran & Kim [115] 2016 STAR-CCM+ NREL 5 MW OC4 DeepCWind
Leble & Barakos [116] 2016 HMB2 DTU 10 MW WindFloat

Lietal. [117] 2016 OpenFOAM NREL 5 MW OC4 DeepCWind
Liuetal. [11] 2017 OpenFOAM NREL 5 MW OC4 DeepCWind
Tran & Kim [118] 2018 STAR-CCM+ NREL 5 MW OC4 DeepCWind

Renetal. [113] 2014 Ansys Fluent NREL 5 MW TLP




Energies 2024, 17, 4836 14 of 32

Table 1. Cont.

Author/Ref. Year Software Ref. Turbine Ref. Platform

Zhang & Kim [119] 2018 STAR-CCM+ NREL 5 MW OC4 DeepCWind
Zhou et al. [120] 2019 OpenFOAM NREL 5 MW OC4 DeepCWind
Huang et al. [121,122] 2019 OpenFOAM NREL 5 MW OC3 Hywind Spar
Cheng et al. [123] 2019 OpenFOAM NREL 5 MW OC4 DeepCWind
Zhou et al. [124] 2021 OpenFOAM NREL 5 MW OC4 DeepCWind
Zheng et al. [125] 2021 OpenFOAM NREL 5 MW OC3 Hywind Spar
Zhou et al. [51] 2022 OpenFOAM NREL 5 MW OC4 DeepCWind

Xie & Sadique [126] 2022 CONVERGE NREL 5 MW OC4 DeepCWind
Huang et al. [127] 2023 OpenFOAM NREL 5 MW (x2) OC3 Hywind Spar
Huang et al. [128] 2023 OpenFOAM NREL 5 MW Bionic Fractal Semi-Sub
Yu et al. [129,130] 2023 OpenFOAM NREL 5 MW OC4 DeepCWind

Feng et al. [131] 2023 STAR-CCM+ NREL 5 MW OC4 DeepCWind
Alkhabbaz et al. [132] 2024 STAR-CCM+ NREL 5 MW 0OC4 DeepCWind
Sadique et al. [133] 2024 CONVERGE Siemens 3.6 MW OC6 Stiesdal TetraSpar

Of these coupled aero-hydro dynamic studies, most are conducted using the open-
source OpenFOAM CFD software directly (e.g., studies by Yu et al. [129,130], and studies
by Zhou et al. [51,120,124]) or in a tool that is developed based on OpenFOAM, i.e., naoe-
FOAM-SJTU (e.g., studies by Li et al. [117], Huang et al. [121,122,128], Cheng et al. [123],
Zheng et al. [125], and Liu et al. [11]).

The second most popular CFD software for fully coupled CFD analyses is STAR-
CCM+ (e.g., see studies by Tran and Kim [115,118], Zhang and Kim [119], Feng et al [131],
Huang et al. [127], and Alkhabbaz et al. [132]). Some other fully coupled studies are con-
ducted in other CFD tools including Ansys Fluent [113], CONVERGE [126,133], HMB2 [116],
and CFDShip-lowa [114], for example.

All of the studies listed in Table 1 use the NREL 5 MW reference turbine in their
simulations, with the exception of Sadique et al. [133], who reference the 3.6 MW Siemens
Gamesa wind turbine for OC6 Phase IV, and Leble and Barakos [116], who reference the
DTU 10 MW turbince. For the floating platform, most of the listed studies use either the
OC3 Hywind spar buoy or the OC4 DeepCWind semi-submersible platform, with the
exception of Sadique et al. [133], who reference the OC6 Phase IV Stiesdal TetraSpar
platform, Leble and Barakos [116], who reference the WindFloat, Ren et al. [113], who use a
TLP, and Huang et al. [127], who use a novel bionic fractal semi-submersible.

In order to further advance towards more realistic simulations, there is also an in-
creasing interest in introducing structural models into the current framework through
CFD-FEM coupling to account for the flexible components of FOWT systems and under-
stand their responses under loading. Although both wind and waves affect the elastic
behavior of FOWTs, most CFD-FEM to date only focus on aeroelastic effects on turbine
blades (e.g., [134-136]), often treating the floating platform as a rigid body [23]. How-
ever, as modern FOWTs increase in size, the influence of flexibility of both the blades and
platform will become significantly more relevant and thus need to be incorporated into
the design [23]. These trends introduce more intricate flow interactions and necessitate
integrated approaches in hydroelasticity, aeroelasticity, and structural dynamics. Therefore,
some efforts should shift to the aero-hydro—elastic performance of FOWTs, particularly for
the situations of large-scale blades and extreme weather conditions.

Currently, CFD studies that encompass the full spectrum of aero-hydro—elastic be-
haviors remains scarce due to the high computational requirements of these advanced
simulations, so significant future research and development will be necessary in this
area [23,93].
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5.1. Computational Methods

In order to describe the motion of viscous fluids (e.g., air and water), fluid dynam-
icists utilize a set of partial differential equations (PDEs) that combine conservation of
mass and momentum with body forces, pressure forces, and viscous forces [137]. These
PDEs are known as the Navier-Stokes (NS) equations and for most cases, they cannot
be solved analytically [137]. Instead, numerical approaches, i.e., CFD, are necessary to
obtain an approximate solution to the NS equations; in CFD, this involves the evaluation of
flow variables (e.g., pressure and velocity) at every point in a discretized computational
domain [19,137].

The present review provides an overview of the CFD modeling process for FOWT
applications largely influenced by discussions by Shourangiz-Haghighi et al. [5] and
Zhang et al. [23]. After identifying the problem to be solved—which involves the clear
definition of goals and the problem domain (i.e., whether focused on hydrodynamics,
aerodynamics, or both)—the main steps in CFD modeling include (1) pre-processing,
(2) solving, and (3) post-processing.

Pre-processing involves necessary case setup, including geometry construction, mesh
generation, physics definition, and solver settings, as defined by Shourangiz-Haghighi et al. [5].
In the solving stage, computers are used to carry out the simulation, using specified numer-
ical methods to discretize the NS equations and solve the resulting systems of equations at
each point in the domain [23,137]. Once calculations are complete, the numerical results
are examined and analyzed in the post-processing stage [5,23]. Since the pre-processing
stage is where the majority of the critical decisions are made that influence the accuracy
and efficiency of CFD models, the key components of this stage are further discussed in the
remainder of this section.

5.1.1. Geometry and Mesh Construction

The first step in pre-processing is constructing a digitized model, typically using
computer aided design (CAD) tools, that accurately describes the geometry of the entire
FOWT system, with specific attention to the blades and other complex structural compo-
nents [5,23].

Another crucial step is generating the mesh, which is a discrete representation of the
geometric domain that divides the solution space into finite subdomains, such as elements
or control volumes, at which flow variables are calculated [137]. Note that mesh resolution
(i.e., how spaced out the cells are in a computational domain) has a significant impact on the
accuracy and computational cost of CFD simulations. In most cases, a finer mesh leads to
higher accuracy, which is critical for predicting the critical flow phenomena associated with
FOWT systems. However, increasing mesh density also leads to an exponential increase in
computational demand, which represents the first of many trade-offs between accuracy
and efficiency in CFD modeling.

Types of mesh for wind turbine applications generally include (1) structured mesh,
which is the simplest structure—offering high resolution, easy convergence, and low mem-
ory usage (according to the review by Shourangiz-Haghighi et al. [5])—but is sub-optimal
for complex geometries like highly twisted blades, (2) unstructured mesh, which is the
most flexible structure for complex geometries but has higher computational requirements,
and (3) hybrid mesh, which is widely used in wind turbine modeling as it combines the
benefits of structured and unstructured mesh, employing structured mesh around impor-
tant regions (e.g., the boundary layers of blades) and unstructured mesh in the remainder
of the domain [5].

It is also important to consider how to treat the mesh if the body is moving in the
presence of a free surface (i.e., the air-water interface) [23]. The main approaches include
dynamic mesh techniques—such as remeshing, sliding mesh [113,127] (also known as
arbitrary mesh interface (AMI) in OpenFOAM [11,138]), and deforming mesh [121]—and
overset mesh techniques [114,115,118,119,132], each with their own advantages and lim-
itations. For example, in terms of hydrodynamic modeling of FOWTs, dynamic mesh
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techniques may face reduced accuracy and numerical stability due to poor mesh quality
in scenarios involving significant platform motion, whereas the overset mesh technique
maintains mesh quality even with substantial motion but requires extensive expertise in
mesh generation and higher computational costs [22]. In their fully coupled analysis of a
novel semi-submersible FOWT under wind-wave excitation conditions, Huang et al [127]
utilized both dynamic and overset mesh techniques: overset mesh is used for the 6DOF
platform motion region, and the blade rotation region is realized via sliding mesh with
superimposed motion.

5.1.2. Physics Definition

Also related to the complexities of interface treatment is how the free-surface is
represented, either by interface tracking or interface capturing [93,139,140], as shown in
Figure 12.

Interface tracking (Figure 12a) utilizes a moving (Lagrangian) grid that conforms to
the free surface to follow its position over time, essentially treating it as a boundary [93,137].
While this method is accurate for smooth and well-defined interfaces, larger deformations
(e.g., from ocean waves) require remeshing techniques that are computationally demanding
and prone to numerical errors [93]. Therefore, the interface capturing method (Figure 12b)
is more commonly used in FOWT analysis, utilizing a fixed (Eulerian) grid covering the
fluids on both sides of the interface and capturing the shape of the surface via algorithms
such as volume of fluid (VOF) and level set method (LSM) [93,137]. LSMs represent
the surface as the zero contour of a higher-dimensional level set function [114], while
VOF calculates the fraction of fluid within each computational cell. To date, most of
the fully coupled CFD simulations on FOWT aero/hydro dynamics utilize VOF (e.g.,
see [11,113,115,119,121,122,127,132]).

Free Surface ] "\ =~
h___/ = “—/; 1+
— =TT Iy
e T
\_;__,_//’,’_’7_\\ | T |
(a) (b)

Figure 12. The two main approaches for free surface modeling in CFD: (a) interface-tracking and
(b) interface-capturing. Borrowed from Amiri et al. [93].

In the VOF method [141], the free surface is represented by the volume fraction, «,
as illustrated in Figure 13. For two-phase air-water flow, the volume fraction is distributed
based on the fluid that occupies each near-interface cell: where « = 1 is for water, & = 0 is
for air, and the free surface is where 0 < a < 1.

The respective volume fractions of air and water in each cell of the mesh are then used
as weighting factors to determine the properties (i.e., density, p, and viscosity, y) of the
mixture occupying that cell:

Pcell = & Pwater + (1 — &) Pgir 1)

Meell = & Ywater + (1 - Dé) Hair ()



Energies 2024, 17, 4836

17 of 32

Air-water interface

Figure 13. An example of how the volume fraction, w, is used in volume of fluid methods for
capturing the air-water interface, where a = 1 is water (colored in red), « = 0 is air (colored in blue)
and the range in between marks the free surface. This figure is borrowed from Alkhabbaz et al. [132].

In order to simulate the 6-DOF motions of the FOWT platform, these fully coupled
CFD models must also incorporate some sort of FSI model. FSI modeling methods are
categorized as being either monolithic or partitioned [142]. The monolithic approach in FSI
modeling solves the coupled fluid and structural dynamics simultaneously within a unified
framework, treating interfacial conditions implicitly. While potentially more accurate,
this method requires significant computational resources and expertise to develop, as it
requires solving large nonlinear systems of equations. Conversely, the partitioned approach
solves the fluid and structure dynamics separately, using distinct computational fields and
explicitly exchanging information at the interface. This method tends to be more flexible,
allowing for the integration of existing solvers and reducing code development time, so it
is preferred for floating offshore wind applications [142].

For example, many of the fully coupled aero-hydro studies based on STAR-CCM+ use
a partitioned approach known as the dynamic fluid body interaction (DFBI) method to sim-
ulate the 6-DOF rigid body motion of the platform (e.g., see studies by Tran and Kim [115],
Zhang and Kim [119], Feng et al [131], Huang et al. [127], and Alkhabbaz et al. [132]). In the
DFBI method, the governing equations of motion are solved by calculating the resultant
force and moment on the body due to the surrounding fluid flow. This information is then
used to update the body’s position over time [127]. It is important to note that currently,
most FOWT modeling approaches assume the rigidity of the floating platform. However,
as floating turbines (and thus, their platforms) get larger and relatively more slender, this
rigid-body assumption may lead to the overestimation of fluid forces. Therefore, future
research may require the inclusion of hydro-elasticity effects [93].

Establishing suitable boundary conditions is also necessary to describe the surface
treatment of the individual FOWT components and the extent of the computational domain.
Of particular interest is the inlet boundary condition, at which the desired inflow conditions
are established, typically based on specified wind velocity profiles (e.g., logarithmic or
power-law distribution to simulate wind shear [44]) or wave theories (e.g., linear/Airy
wave theory or nonlinear wave theories like Stokes, Cnoidal or Solitary wave theory [57]).

Note that the majority of fully coupled studies are limited to regular wave conditions
in simulations due to the high computational demands of more realistic irregular wave
conditions over an extended duration (which is required to capture nonlinearities) [93].
Exploring another alternative, Zhou et al. [124] assess the applicability of focused waves,
particularly reconstructed focus waves, for capturing nonlinear effects with lower simu-
lation times. Note that focused waves [143] comprise a modulation of a series of regular
wave trains generated from a prescribed wave spectrum and superimposing crests, while
the reconstructed focus wave defined in this study is built up based on the largest wave
generated in an irregular wave simulation. From this study, it was found that the FOWT
hydrodynamic characteristics using unstructured focused waves are very similar to those
obtained with irregular waves, as shown in Figure 14, thus determining that this wave type
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can be a good alternative for extreme wave studies. For more information on how these
waves were constructed and all associated analysis, refer to Zhou et al. [124].
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Figure 14. Example results borrowed from the fully coupled aero-hydro dynamic CFD study
by Zhou et al. [124]. This figure shows the power spectral density (PSD) of the platform surge
response under three different wave conditions: focused waves (LC1.1), irregular waves (LC1.2),
and reconstructed waves (LC1.3).

As identified by Zhang et al. [23], many CFD studies of FOWTs are conducted in
numerical wave tanks (NWTs), which require specific boundary conditions to model
wave generation and propagation. Typical wave generation methods include relaxation
zone, static boundary, dynamic boundary, mass source, and impulse source; and typical
wave propagation methods include relaxation zone, static boundary, dynamic boundary,
numerical beach, geometrically sloped beaches, and cell stretching. Refer to the work by
Windt et al. [144,145] for more information on these wave generation/propagation methods
and their typical application. Once the waves are established in the computational domain,
methods must also be employed to avoid wave reflection at the domain boundaries [93].
According to Amiri et al. [93], typical approaches to dampen the waves include: (1) utilizing
a coarser grid resolution near the boundary, and (2) establishing damping/relaxation zones
near the boundaries in which specific functions are used to force the waves towards the
undisturbed free surface.

For example, the studies by Zhou et al. [51,120,124] use the built-inwaves2Foam tool-
box [146] in OpenFOAM for free surface wave generation and absorption in a NWT. They
also utilize relaxation zones near the inlet (for better wave quality) and outlet boundaries
(to avoid reflection). Most of the other fully coupled aero-hydro dynamic studies from
Table 1 also include damping/relaxation zones to prevent numerical wave reflection back
into the domain (e.g., [11,113,115,119,125,128,132]).

Addressing turbulent flow is another important aspect in FOWT modeling due to the
complexities associated with free-surface waves [15] and the varying size and frequency
of eddies in the rotor wake [19]. Typical turbulence models include direct numerical
simulation (DNS), large eddy simulation (LES), (Unsteady) Reynolds-averaged Navier—
Stokes ((U)RANS) equations, and detached eddy simulation (DES).

DNS models directly solve the full NS equations on an extremely fine computational
grid, capturing all relevant turbulence scales, including the smallest eddies [52,93]. While
this approach is highly accurate, the large mesh requirements make it too expensive and
thus impractical for complex geometries and high Reynolds numbers associated with
FOWT environments [19]. LES approaches are similar to DNS, but rather than directly
solving for all turbulent length scales, LES approaches apply a spatial filter to directly
resolve larger turbulence structures and employ sub-grid scale (SGS) models for the smaller
eddies [52,137]. LES is highly accurate and well-suited for simulating turbulent wakes,
but it requires significant computational resources, particularly when applied near the
boundary layer of turbine blades [23,52].

Rather than directly solving the turbulence, RANS/URANS approaches model turbu-
lent flow by decomposing the NS equations into their time-averaged and fluctuating flow
components via Reynolds decomposition [19,40,147]. Note that URANS extends RANS
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to capture unsteady effects, i.e., URANS averages overensembles, or sets of statistically
identical realizations, rather than over the entire time, in order to remove random ed-
dies [137]. The resulting nonlinear Reynolds stress term from the Reynolds decomposition
requires additional sub-models—including eddy-viscosity models (EVMs) or Reynolds
stress models (RSMs) [148]—to close the (U)RANS equations [93]. The most commonly
used and well-known sub-models are EVMs, particularly two-equation relations, including
k-€, k-w, and k-7, which are defined in great detail by J. Bredberg [148]. As identified
by Amiri et al. [93], (U)RANS is the most widely used turbulence model in FOWT sim-
ulations, typically combined with two-equation models such as k-¢, k-w, and k-w shear
stress transport (SST) for hydrodynamic analysis, and k-w and k-w SST for aerodynamic
analysis [93].

The most common turbulence model used in fully coupled aero-hydro dynamic
simulations is the RANS/URANS based k-w SST model, which utilizes k-w for the inner
region of a surface boundary layer and k-e for the far-field, free shear flow. This method is
also known as Menter’s Shear Stress Transport, as outlined by F.R. Menter [149]. For the
full expression of this model, refer to the original source (i.e., Menter [149]), or to the studies
by Zhang and Kim [119] or Zhou et al [120], as both use the k-w SST turbulence model
and provide a good overview of what this method entails. Some other fully coupled CFD
studies that use this model include those by Huang et al. [121,122,127], Cheng et al. [123],
Tran and Kim [115], Liu et al. [11], and others by Zhou et al. [51,124].

Another option for modeling the turbulence for FOWT applications is DES, which is
a hybrid approach, utilizing (U)RANS to model the small-scale turbulence in near-wall
regions (e.g., around turbine blades), and LES for the rest of the flow field [19,52,93].
Typically, a length scale function is pre-defined to trigger the switch between U(RANS)
and LES [19]. DES is an effective way to reduce the computational demands of full LES
modeling while still capturing critical aspects of the flow field, especially wake dynamics.
For example, Quallen and Xing [114] use a hybrid delayed DES (DDES) approach to predict
unsteady separated flows. This DDES method employs LES in regions of relatively large
turbulent length scale, and and a URANS k-w SST model for remaining regions with
smaller turbulent length scales.

Another key decision in FOWT modeling is how to model the physical rotor; either
using (1) actuator models, which represent the blades by body force, or (2) direct models,
which represent the blades by computational and refined blade-resolved mesh [22]. Actua-
tor models can be categorized as actuator disk models (ADM), actuator line models (ALM),
or actuator surface models (ASM), as shown in Figure 15. For more details on the specifics
of each, refer to Xu et al. [22] or Sanderse et al. [150].
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Figure 15. The image on the far left shows a two-bladed turbine rotor. To the right are three actuator
concepts used in the computational fluid dynamics modeling of wind turbines: actuator disk (AD),
actuator line (AL) and actuator surface (AS). This figure is borrowed from Sanderse et al. [150].

Actuator models are relatively simple and computationally inexpensive, as they do not
model the rotor geometry, thus reducing mesh requirements [19,22]. However, since these
models avoid solving the surface boundary layer of the blades, they are highly dependent
on existing airfoil data, which limits their applicability for novel blade design [22]. In con-
trast, direct blade-resolved modeling, though computationally intensive, is more precise
and suitable for all applications as it provides detailed flow fields on the surface of the
blades [22]. As a result, both approaches are widely used in fully coupled FOWT analysis:
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actuator models (especially ALM) for their simplicity and efficiency in many scenarios,
and direct blade-resolved models for their accuracy and detailed analysis capabilities.

Notably, Cheng et al. [123] develop a fully coupled aero-hydro dynamic model for
FOWTs in OpenFOAM, called FOWT-UALM-SJTU. This solver combines an unsteady
actuator line model (UALM) for turbine aerodynamics and the two-phase CFD solver naoe-
FOAM-SJTU for platform hydrodynamics. Since then, other researchers have also used
this tool to investigate the aero-hydro coupling of FOWTs (e.g., Huang et al. [121,122,128],
Cheng et al. [123], and Zheng et al. [125]).

Meanwhile, some studies that utilize blade-resolved modeling approaches for the
turbine rotor include those by Quallen and Xing [114], Ren et al. [113], Liu et al. [11],
Zhou et al. [120,124], Tran and Kim [115,118], Zhang and Kim [119], and Feng et al. [131],
for example. These blade-resolved calculations are extremely expensive. The work of
de Oliveira et al. [151] examines the cost of these high-fidelity simulations and offers
recommendations for solver settings.

Aeroelasticity is another important factor in wind turbine design and is discussed
further in Xu et al. [22], requiring both aerodynamic models in CFD to determine the
forces exerted on turbine blades and structural models (e.g., 3D FEM and 1D equilibrium
beam model (EBM)) to determine the structure dynamics [22]. For example, Yu et al. [134]
introduce a new elastic actuator line model (EALM) integrated within OpenFOAM to
analyze the aeroelastic performance of the NREL 5 MW wind turbine, focusing on blade
deformation effects. The study demonstrates that blade elasticity amplifies tower shadow
effects, leading to decreased and unstable power and thrust, especially in the wake of
upstream turbines, which is critical for offshore wind farm applications.

Additional consideration should be given to the mooring lines, which are typically
represented using either quasi-static or dynamic models, each suited for different stages
of design according to Cruz and Atcheson [40].Quasi-static models, which assume the
lines are in a state of equilibrium between the anchor and platform attachment point, are
computationally efficient and useful for early-stage design but typically underestimate
mooring tension and neglect dynamic effects like fluid drag, added mass, and nonlinear
boundary interactions [40]. Dynamic models, though more computationally intensive,
address these limitations and achieve greater accuracy by treating the mooring line as
a series of kinematic elements that respond to varying loads, making them essential for
detailed analysis in later design stages, especially under extreme conditions [40]. Specific
dynamic models used in FOWT analysis include the finite difference model, finite segment
model, finite element model, and lumped mass model [22]. Although dynamic models are
more accurate, many fully coupled aero-hydro CFD simulations employ simpler mooring
line models (i.e., quasi-static) to reduce computational costs and focus more on turbine—
platform interactions (e.g., [11,115,118,119,123,127,132]). For a more accurate representation
of the full system’s dynamic responses, additional research should find ways to include
more accurate mooring models.

5.1.3. Solver Settings

To set up the solver for the CFD model, the discretization method for approximating
the derivatives in the NS equations must be specified. Typical methods include (1) the finite
difference method (FDM), which uses approximations for the derivatives at the grid points;
(2) the finite volume method (FVM), which uses approximations for the surface and volume
integrals; and (3) FEM, which uses shape functions (elements) and weighting functions,
more commonly used in structural analysis [5,23,137]. FVM is most commonly used in
FOWT applications, since it can be applied to any type of grid and is most suitable for
complex geometries. For more details on each of these methods, refer to Ferziger et al. [137].
Within the CFD solver, a scheme for imposing incompressibility (i.e., pressure-velocity
coupling algorithms) is also necessary for these applications. The main pressure-velocity
coupling schemes used in FOWT applications include SIMPLE (i.e., Semi-Implicit Methods’
Pressure-Linked Equations) [115,127,132] and PISO (i.e., Pressure-Implicit with Splitting
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of Operators) [113,122,123] schemes. These two methods can also be merged to form the
PIMPLE scheme, which is used by Zhou et al. [120,124] in their fully coupled analysis of
the OC4 DeepCWind semi-submersible.

Finally, the solver requires the identification of the specific advection scheme, which
identifies how information is transferred across the domain. Refer to Ferziger et al. [137]
for definitions of the possible options and the applicability of each.

The decisions of which numerical methods to use play a key role in the accuracy and
computational cost of these fully coupled CFD simulations, and there is often a significant
trade-off between the two. This necessitates future research in improving CFD modeling
techniques to maintain accuracy, while also increasing computational efficiency so that
these models can reach their full potential. Uncertainty and sensitivity studies are also
necessary to test the effects of changing different model parameters [93].

6. Future Directions and Research Opportunities

As the reliance on floating offshore wind energy increases and the industry evolves,
the application of CFD faces increasing challenges and opportunities. Based on combined
findings from the literature, there are three main research areas that require attention in
order to overcome the limitations of CFD: (1) improving model accuracy, (2) reducing
computational expense, and (3) adapting models for new technological advancements.

6.1. Improving Model Accuracy

Developing accurate models is necessary to fully understand the loads and dynamic
behavior of FOWT systems under the various hazards of the offshore environment. While
CFD techniques are already the most accurate of the various FOWT modeling approaches,
there is still room for improvement.

For example, uncertainty and sensitivity analyses are crucial for improving the accu-
racy of CFD models [15]. Sensitivity analyses help identify the most influential variables
and their effects on the simulation outcomes. Notably, mesh sensitivity studies can be
conducted by starting with a relatively coarse mesh and observing the impact on the results
as the mesh density increases. Following sensitivity studies, the most relevant uncertainties
can be quantified. Wang et al. [152] highlight three primary sources of uncertainty in CFD
simulations: numerical uncertainties (e.g., round-off errors, iterative errors, and discretiza-
tion errors), modeling uncertainties (e.g., turbulence model and boundary conditions),
and statistical uncertainties (e.g., fluctuations from environmental loads). Among these,
spatial discretization, i.e., mesh resolution, is often the dominant factor affecting the accu-
racy of CFD predictions. By understanding the inherent uncertainties and incorporating
them into the optimization process, more reliable and robust CFD models can be devel-
oped that can accurately predict FOWT loads and system responses, even under varying
environmental conditions [19,93].

The need for rigorous model validation and code-to-code comparisons is also critical
for enhancing the accuracy and reliability of CFD modeling approaches [52]. As CFD
models become increasingly complex, the reliability of their predictions hinges on thorough
verification and validation processes. This involves using representative prototypes and
respective experimental data as a benchmark, as discussed in Section 5. These datasets
are essential for assessing the accuracy of CFD models and ensuring the applicability of
prototypes in real-world scenarios; however, full-scale experimental data is still scarce and
difficult to obtain [93]. In addition to experimental validation, code-to-code comparisons
offer another critical method for verifying the predictive accuracy of numerical simulation
tools. For example, collaborative efforts like the Offshore Code Comparison (OCC) projects
have been instrumental in advancing offshore wind energy technology by enabling direct
comparisons between different modeling approaches [92]. This project series began with
the OC3 [94] and OC4 [153,154] projects, under IEA Wind Tasks 23 and 30, respectively.
These projects ran from 2005-2013 and focused on verifying modeling tools via a code-to-
code comparison of simulated responses from several different models. Following this
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work, the OC5 project [101,155-158] was also created under Task 30. This project ran from
2014-2018 and focused on validating simulation results against real test data from the Alpha
Ventus offshore wind farm. As an extension of previous Task 30 research, the OC6 project
was conducted throughout 2019-2023. This project consists of four phases, focused on dif-
ferent aspects of FOWT design: phase I [102,159,160] considers the hydrodynamic response
of floating support structures, especially the nonlinear low-frequency responses; phase
II [161] considers soil/structure interaction; phase III [103,162] considers aerodynamic
loading on a wind turbine rotor under motion; and phase IV [163] considers full-system
hydrodynamic and aerodynamic interaction. Currently, the OC7 project is underway for
a planned time-frame of 2024-2027, as part of a new Task 56. The main focus of this
project includes (1) hydrodynamic modeling evolution, (2) the incorporation of structural
flexibility, and (3) wind farm wake effects [164]. The ongoing process of validation and
comparison is crucial for the continued development of reliable CFD models capable of
accurately simulating the complex dynamics of FOWTs.

In improving CFD modeling techniques, additional consideration should be given to
the availability and quality of metocean data (i.e., wind, wave and current information),
which can heavily influence the accuracy of CFD simulations [165]. These data are crucial
for understanding and predicting the complex environment that FOWTs operate under, es-
pecially during more frequent extreme weather events [165]. Thus, accurate metocean data
are essential for optimizing the design, site selection, and operational planning of FOWTs,
as it directly informs CFD models and thus the calculation of design loads. The integration
of enhanced metocean data collection methods can therefore play a critical role in refining
CFD models and improving the reliability of FOWT designs in diverse ocean environments
and extreme conditions. [19,165].

6.2. Increasing Computational Efficiency

Despite the high accuracy and advanced capabilities of high-fidelity CFD modeling,
their low computational efficiency (corresponding to high cost and time requirements)
remains the largest drawback, especially for the extensive and long-duration simulations
that are often necessary for realistic FOWT modeling. Therefore, a major research effort
within the FOWT modeling community is in reducing the computational requirements
of these simulations without compromising accuracy. Zhang et al [23] identify some
innovative methods that have been developed to support this effort, including (a) multi-
fidelity modeling, i.e., incorporating high-fidelity models earlier in the design process,
(b) parallel computing and GPU acceleration, (c) reduced-order modeling (ROM),
(d) adaptive mesh refinement, and (e) Lattice-Boltzmann methods, which are all described
in more detail in their review.

In addition to these approaches, integration with machine learning (ML) techniques
can also play a major role in increasing the computational efficiency of CFD models, par-
ticularly for highly turbulent flow and large computational domains [166]. Note that ML
algorithms are a subclass of artificial intelligence (AI) with the ability to learn by extract-
ing underlying patterns within a dataset without being explicitly programmed [167,168].
The learning process—which involves data collection and preparation, training, evaluation,
and tuning—enables predictive modeling that can be leveraged in CFD simulations. Thus,
research in this area has been growing rapidly in the last decade for general CFD applica-
tions (e.g., see reviews by Wang et al. [169], Vinuesa et al. [170], and Panchigar et al. [166])
and is gaining traction in the offshore wind research community as well [167,171], for a
variety of applications.

Typical approaches for using ML for CFD applications include data-driven surrogates
(which rely solely on observed data for training), physics-driven surrogates (which in-
tegrate physics-based priors to inform the model), and ML-assisted numerical solutions
(which replace certain aspects of the numerical solver with ML models). These models
are discussed in more detail by Wang et al. [169] and each have their own advantages
and trade-offs.
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Data-driven surrogates can either be dependent on discretization (i.e., the data domain
is divided into a specific regular grid, irregular mesh or Lagrangian particle structure
prior to design of the model architecture) or independent of discretization (i.e., it directly
learns the solution in a continuous space) [169]. Based on the review by Barooni et al.,
common data-driven methods that can be used for dynamic analyses include Gaussian
processes, support-vector networks, Wiener chaos expansion, decision networks, radial
basis functions, dynamic mode decomposition, and neural networks (NNs) [9]. Data-
driven models tend to be fast and efficient once trained, making them suitable for real-time
predictions and optimization, but they require large, high-quality datasets to generalize well
in unseen working conditions and may struggle with extrapolating beyond the training
data [170]. On the other hand, physics-driven surrogates implement prior knowledge
(such as initial conditions, boundary conditions and conservation laws) into NNs, and are
categorized as either physics-informed (i.e., uses physical knowledge to constrain a NN)
or constrained-informed (i.e., integrates inspiration from traditional PDE solvers into the
NN training process) [169]. As identified by Vinuesa et al. [170], physics-informed neural
networks (PINNSs) are increasing in popularity, e.g., for turbulence modeling (solving
RANS equations without a Reynolds stress model [172]), the development of ROMs [173],
dealing with noisy data [174], and accelerating traditional solvers (such as obtaining a more
efficient solution of the Poisson equation [175]). The integration of prior knowledge enables
physics-driven surrogates to generalize better with less data while preserving physically
consistent solutions, but they tend to be limited in terms of flexibility and scalability for
large simulations.

In recent years, surrogate models have seen significant potential for advancing CFD
simulation, but are still not as accurate as full numerical solvers and have limited applicabil-
ity [166,169]. As an alternative, ML-assisted numerical solutions employ a hybrid approach
that offers a balance between speed, accuracy and generalization. According to the review
by Wang et al. [169], one application of these hybrid models involves learning discretization
schemes and fluxes by generating space- and time-varying finite difference/volume coeffi-
cients that serve as corrections to the original coefficients to enable coarser mesh resolutions
without compromising accuracy (note that normally, discretization errors increase as mesh
resolution coarsens) [176-179]. While ML-assisted models offer great potential, ensuring
stability and maintaining accuracy when integrating ML into established solvers remains a
challenge and a source of future research.

Additionally, further exploration in how various ML approaches can be applied specif-
ically for CFD simulations of FOWTs (e.g., for improved turbulence modeling) is necessary.

6.3. Adapting to New Technological Advancements

As FOWTs continue to scale up in size and complexity, adapting CFD models to keep
pace with technological advancements is also crucial. The shift towards larger turbines
with capacities exceeding 20 MW (e.g., the IEA 22 MW turbine [112]) and more complex
floating platforms [28] introduces new challenges that existing CFD models must address.
For instance, large rotor diameters bring about significant structural deformations that are
not fully captured in current high-fidelity CFD frameworks [22].

Therefore, more research is needed in advancing fully coupled CFD models to accu-
rately capture the complex interactions between aerodynamics, hydrodynamics, and struc-
tural dynamics, as introduced in Section 5. This can be achieved by integrating structural
dynamic effects with aerodynamics and hydrodynamics via coupled CFD-FEM models [93].
These fully coupled CFD-FEM models are still in the early stages of development and
require significant advancements before they can become more widely adopted in the
industry, especially in addressing the computational inefficiencies associated with such
complex simulations [23].

As turbines increase in size and slenderness, the reliance on control algorithms will
also continue to grow. Controls play a crucial role in FOWT dynamic analysis for reducing
structural vibrations, which mitigates unwanted stresses and fatigue, thus extending
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turbine lifespan and lowering maintenance requirements [9]. Thus, another point of future
research is in control co-design approaches [180], in which controls and the structure are
designed simultaneously [19].

Moreover, as the floating offshore wind industry grows, extending CFD modeling
capabilities from individual turbines to entire wind farms becomes essential, especially
with innovative efforts towards larger wind farm layouts [181,182] and shared mooring
systems [183,184]. Expanding CFD to model floating wind farms involves simulating inter-
actions between multiple turbines, assessing the impacts on energy yield, and optimizing
turbine placement to minimize wake effects [22]. In particular, multi-turbine CFD investi-
gations need to be developed further in order to understand the physical mechanisms of
wake interactions on downwind turbines and how it affects performance [22]. Additionally,
the increased scale of FOWTs necessitates more accurate modeling of atmospheric inflow
conditions, particularly through LES, to account for wind shear, turbulence, and wake
effects, which are critical for predicting turbine performance and fatigue loads [22,185].

The integration of innovative multi-turbine floating platforms [19,186,187] and hybrid
wind-wave platforms [19,188,189] also demand advancements in CFD models. In summary,
the evolving floating wind landscape requires models that not only accommodate the
growing scale and complexity of FOWTs but also incorporate new design innovations,
ensuring the accuracy and reliability of fully coupled CFD simulations.

7. Conclusions

Floating offshore wind is expected to play a critical role in the global clean energy
transition and contribute towards reaching necessary sustainability goals. Despite the
remarkable progress made in developing new floating platform designs and advanced
numerical models to simulate the complex dynamics of FOWTs, the technology is still
in its nascent stages. Most notably, the dynamic challenges posed by the harsh offshore
environment necessitate continued research and innovation.

Fully coupled CFD modeling plays a key role in achieving the cost reductions and
design confidence necessary for floating wind to fully establish itself as a reliable and
practical renewable energy technology. In particular, FOWT designers are increasingly
turning to these advanced numerical tools to (1) reduce reliance on expensive and time-
consuming physical model tests, (2) minimize uncertainties inherent in simpler, lower-
fidelity, numerical models, and (3) achieve more accurate predictions of FOWT behaviors
under realistic conditions, especially under isolated extreme weather events.

While fully coupled CFD has the opportunity to offer highly accurate and predic-
tive results for FOWT applications, these simulations require significant computational
resources and are quite comprehensive compared to simpler models, so researchers must be
intentional about the simulations that they conduct. In particular, the pre-processing stage
of the CFD modeling process involves a plethora of decisions for which numerical methods
to employ, including how the mesh is constructed and treated in the presence of the free
surface, how to define key physical aspects (e.g., boundary conditions, turbulence, interface
treatment, moorings, rotor, etc.), and which solver settings to employ (e.g., discretization
method, advection scheme, pressure-velocity coupling scheme, etc.). These decisions have
a large influence on the accuracy and efficiency of CFD simulations and there is often a sig-
nificant trade-off between the two. In many cases, accuracy is compromised for simplicity
and lower computational costs, identifying a major barrier for CFD simulations.

Therefore, in order for fully coupled CFD modeling to reach its full potential, it is
necessary to increase research efforts in improving the efficiency of these models without
compromising accuracy. In particular, there is increasing interest in (1) uncertainty and
sensitivity analyses to test the effects of changing different model parameters, and (2) the
implementation of machine learning methods to reduce simulation time. Additionally,
adapting CFD models to keep pace with technological advancements (e.g., larger turbines,
more complex platforms, larger wind farm layouts, shared mooring systems, etc.) is
also necessary.
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Advanced research efforts in these areas will play a crucial role in overcoming existing
limitations and ensuring reliable, predictive, and cost-effective FOWT modeling capability
as the industry continues to evolve.
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