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Abstract

Floating offshore wind turbines (FOWTS) are a solution to harvest wind energy in deep water
wind farms thanks to higher wind energy potential than onshore configurations. Fast and
effective numerical models explaining the impact of platform motion on viglds are
fundamental to harvesting the potential energy in large offshore wind farms. This project
developed a CFbased ComputationaHfficient approach based on an actuator line model
(ALM) to study FOWTs. A dedicated C++ library was implementedhe ©penFOAM
toolbox to complement reasonable accuracy and affordable computational effort while
investigating the effects of the platform motions on the wake evolution. TweknaNn
turbine cases were studied, including NREL Phase VI with adequatebéeraigperimental

data and NREL BAW being representative of a largeze wind turbine.lt was well
documented that, at the same displacenpétich and surge motions have the most considerable
impact on turbine performance due to their inherent effecDolo&al wind inclination in the
relative frane. The ALM implementation decreased computational cost as just about 400k and
600k grids are necessary for performance assessment of the NREL Phase VI case and NREL
5-MW case with reasonable accuracy. Visualtizihe followed flow fields proved the ability

of the ALM code in capturing vortices trajectory, potential bladdex interactions, vortex
pairing, and vortex ring state phenomenon in FOWTSs. It is shown that a high amplitude or
frequency of motion can rel in the dynamic stall or vortex ring state. Even though a motion
affects the turbine performance marginally, the wake can still be dominated due to complex
flow conditions like vortex interactions or pairing.

Keywords: Wind turbine, Actuator line model, FOWTsWake, Vortex ring state
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1.Introduction

In the European Union, the share of renewable energy in gross final energy consumption
was 18.9% in 2018L] and, among all renewables, wind energy generation in 2019 accounted
for 15% of the EWs electricity demand in 2012]. As a matter of fact, there is an increasing
demand to produce energy in offshore wind farms: new ammstalled offshore wind turbirse
in the EU increased from just 5.61% of total wind installation in 2009 to 27.5% in 2019, i.e.,
3.6 GW new (gross) additional capadi®y3].

Following the extensive exploitation of wind energy in shallow watessyesting wind
energy overdeep wateiis the next energy source to lexplated Floating offshore wind
turbines (FOWTSs) are a solution to harvest wind energy in deep water wind farms thanks to
the availability of higher wind energy potential compared to onshore configurations. Owing to
boththe shear effect and surface roughness, the condition of wind becomes more suitable for
wind turbines by moving away from shorelines. Nevertheless, effective exploitation of offshore
installations requires a more complex plant configuration that can differ diegean several

parameters, among which depth of water plays the cnostalrole [41 6].

The number of projects that are working on shiftogards floating offshore wind energy
is increasing[7]. The investment growtlhdecreases thdéevelized Cost of EnergyLCOE),
which is expected the 40i6 0 0/ MWh [BlySuch @riegeDvaes depenithg on the
configuration andscale however the commerciasation of FOWTsdecrease the LCOE


https://www.sciencedirect.com/topics/engineering/levelised-cost-of-energy
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trajectory[9]. The calculation of LCOEs usudly have performedased on the simplistic
approaches of power calctia. Theimpactof turbineaerodynamics and its uncertainty still

needsnore studyto haveamore accurate LCOE.

In addition to structure design issues, FOWEkperience more complex aerodynamic
phenomena compared to fixedttom HAWTs due to the platform motid@0]. Accurate
prediction of aerodynamic load on wind turbine blades is essential for turbine dEsegn.
velocity experiencetby the bade in FOWT varies due to several pomera. The effect of
blade element m@ment,the effect otheupstream rotqgrand more complex phen@ma such
asinteracting the blade with their own highly unsteady wake coegdilt in dramatic large
amplitude fluctuations in the aerodynamic load and power produdtienflexibility of long
slencer blades in ®WTs can causesudden blade deflections due tee tmentionedoad
fluctuations.Considerirg the probable factorhanges other turbine design concerns including

lade materials and manufacture and control.
1.1 Offshore floating wind turbines desigh concepts

The floating conditionsaguirea newdesign and analysis of the rotor and its platfénet
introduces new challengeBifferent types of floating configurations for wind turbines have
been or are being developgd,[11]. They include three main categories: catenary moored
semisubmersible platforms, the tension leg platform (TLP), and thelspmgr with different

characteristic§l2]. These are mainly adapted from the oil and gas industry.

Each configuration has distinct characteristie®. 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 splawmoy is more suited to deeper waterB88 m) [13].
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a) Semisubmesible b) Spar c) Barge d)Tensionleg platform
(TLP)

Figure 1. Offshore floating wind turbines conceptual desifiis

More than 30platform concepts have been propog#d,15] However,basedon the
primary mechanism adopted to satisfy the static stability requiremAnt&abilization
mecharsm can be based on tf@lowing three main stabiing mechanismar a combination.

1. 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 strudhen the platform is tilted, this
creates a stalizing restoring moment that counterbalances rotational displacements.

2. Buoyancy(or waterplang stabilized

For this kind of stabilizing mechanisrhgiwaterplane arelaasacentralrole inthe restoring
momentA large waterplane area or smaller cresstional areas atl@ngerdistance from the
central axisan provideasignificantsecond moment of area with respect to the rotational axis.

When a rotational displament happenst can create a larger stahilg righting moment.
3. Mooring stabilized

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

mooring lines.

Eventhough the floating platformareutili zed in different conceptghey can all bematched

in themodified stabity triangle concept that is representedrigure2. The position of Spars,
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semisubmersibles or barges, and tension leg platforms (TLPs), a®thhesnainplatforms
arealso pointed in thigriangle.

A spar buoy is a ballastabilizedcylindrical steel or concrete structure that resembles a
fixed monopile foundationCatenaries are usually used to keep it in place, but vertical taut
spread cables are sometimes used to minimize heave moBsrBuUOys are comparatively
long, with lenghs of up to 100 meters where the majority of the structure is submerged, to
offer enough stability. Because of this, the device is often used in waters with ati®joite

than 100 meters.

Semisubmersible platforms usuallyonsist of three columns places the edges of a
triangle.The wind turbine is either installed on one of these columns or in the tGacglger
by a fourth oneThis floater type involveswo hulls The top hull provides the necessary
buoyancy to keep the platform afloathile the ballast hull ensures the sysferstability.In
contrast,the waterplanearea stabilier in the bargesystemis a plane structuréelhe semi
submerged structuggotecsthe lower part from being affected by wavéke platform is held
in place bycatenary or taut lines made of wires, ropes, or chains anchored to the seabed, similar

to SparBuoys.

Finally, thetension leg platform (TLRhat is a mooring stab#edsystemThis method has
been widely employed in the oil and gas industry for up, %0 meters of depth [15They
are held in place solely by their updraft and mooring line ten$toey are held in place solely
by their updraft and mooring line tensidme base of tension leg platforms is fully submerged.
In contrast tasemisubmersible platforms, they are kept in place by tensioned tendons rather
than catenary mooring$ensioned tendons are made up of metal or synthetic wires that are

attached to the seabed using gravity or suction anchors edstesi piles.
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25% ballast s. 75% waterplane s.

r

2% ballast s 50% waterplane s.
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J / / / / /-

0% moor. s. 25% moor. s. 50% moor. s. 75% moor. s. 100% mooring 125% moor. s.
stabilized

Figure 2 Stability triangle for floating structured 6]

The assessment dfree main different floater concepts of spar, seatimersibleand TLP
is presented inTable 1. All the mentionedconcepts hee their own advantages and
disadvantagethat need to behosen based on the demaiide mmbination of thesstability
mechanisms leads to-salled hybridfloating conceptsAs a result, the features of several
systems can be merged in a single floating framewl@ksion Leg Buoy (TLB) is a common
hybrid floating concept that is a spar floater moored with tendesrsinstancethe Floating
Haliade by Alston in France, the Ocean Breeze by Xanthus EnertheibK, the TLB series
by the Norwegian University of Life Science, and the SWAY or Karmoy in Norway. Nautica
Wind powercombineda TLP with a semsubmersible to support a twbaded wind turbine

known aghe singlepoint moored AFT (advanced floating turbirh&}].
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Tablel Strengthsand Weaknesses tiie mainfloater concepst

Type Strengths Weaknesses

spar 1 Excellentinherent stability 0 Rather large motions
T Simple design that can be easi 0 Only suitable fodeepwater
fabricated sites (>80mbecause ofarge draft
i Cheamndstraightforward (0] Assembly in shallow wates
mooringandanchoring system not possible
1 Simplestructure, 0 Massiwe impact on the seabed
manufacturingandmaintenance 0 Long mooring lines (costs)
q Minimum number of welds 0 Assembly in sheltered deep
1 Soil condition insensitivity water .
1 Optionof using concrete insteal o Cha!lenglngandcostly floatout
of steel andinstallation
i Not manyactive systems or gnshoreRSquuéﬁibllarge drafts for
complicated components
1 P Suitableforr) even higher sea 0 L(_)ng & hgavy structgre (costs

tat 9 0 Higherfatigue loads in tower

151 ates Low risk of failure and bladeomparedo TLP
1 Not muchvulnerableto
corrosion

Semi 1 Depth independence 0 larger waveinduced motions

b inl i Onshoreassemblyand towing to | O Lower stability, higher motions

SUbMErsIbIg a4 final position o] Largeseabed footprint
q Towing easy for maintenance | © Complex structure to
1 Reduced heave response manufacture
1 Soil condition insensitivity 0 Requires comparably large
T Cheap mooringndanchoring amounts of steelnd long mooring lines
system 0 Subject to corrosion and ice
q Low overall risk loads since much of the structure is
closer to the water surface

TLP )| Excellent stability low motions | © Thecomplexinstallation

T Lower fatigue loads in tower | Process, due to inherent instability

and blades than sersubmersible
structures and loweafigue loads in the
tower base than Sp&uoys

1 Suitable for intermediate depth
1 Small seabed footprint

1 Short mooring lines (cost)

1 Little vulnerable to corrosion

1 A simple structure to inspect

1 Few moving parts (no active
ballast)

i Low mass andnaterial usage

1 Onshore assembly and towing

the final position

during the towing

0 High loads on the mooring and
anchoring system

0 Concerns about the lifetime of
tendons

0 Improperfor strong tidal
currents or storm surges

0 Improperfor shallow water

0 Improperfor somesoil
conditions

0 Complexandcostly mooring
andanchoring system

0 Less developed concept for

wind energy applications

Data Sourc¢7,14,16 18]
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1.2 Analysis approaches

Analysis and design of FOWTs are more challengiwagtheirland-basedcounterparts and
existing offshore structure¥he multiphysics involved in the topic is one of the challenges in
designing offshore constructionBhe design process involves aeroalyrics, hydrodynamics,
andstructural dynamics that involvaooring cables analysigVith respect to the phenomena
of interest and the acceptabligta accuracythe choice of numerical modeling methedyuires
a tradeoff between accuracy and/or fidelitycdasomputational efficiencylhe fidelity of the
methal refers tothe amountof simplification of theinvolved physics or phenomenas well
as the level of trust in the accuracy gaitgdthe model The time it takes for anodel to
simulate gproblemwith normal computing equipment is commonly stated as computational
efficiency. Numerical models can be divided into three categories:, lovd-, and high
fidelity; overall, higher fidelity requires more computational resources that lower
computaional efficiency.The fidelity level used is a function of the simulat®igoal as well
as the level of analysis and precision necessary.

Low-fidelity models are typically utilized for sizing analysis and optimization during the
early stages of FOWT desigAfter the initial design stage, miilelity models, also known
as engineeringevel tools, are used to stutheoperating and harsh circumstances of FOWTS.
High-fidelity models are commonly utilized for extensive investigations throughout the final
design stages, particularly to properly obtain stresses on the structurdiddiliy models are
commonly utilized for extensive investigations throughout the final design st@agesilti-
fidelity method is also possible, in which elements from each tydielvel model are used at
different stages of the design process.

Hydrodynamics

More investigation is required to fully comprehend the interaction of ocean waves and wind
turbines This interactionis essentiafor many reasamithat some of them ammentioned as

follow:

a) Because some of the structuieatural 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-feguency wave loading, resulting

in ringing.
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c) 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 weresdrpamarily for the
marine and offshore oil and gas industries, but they can also be utilized to FOWT floaters and
platforms. For the computation of firsand seconarder wave excitations, the Potential Flow
technique, the Morison Equation, or a conalion of the two is utilizedThese approaches
provide the necessary accuradgyh a reasonable computing cost, but they can have issues with

complex geometries.

The diffraction/radiation approach is divided into fisstler, seconarder, highefrder,
ard totally nonlinear methodhat arebased on the potential flow theoryo(icerningwave
steepness)The oscillation amplitudes are assumed to be minimal compared to the floating
bodyds crosssectional area, and viscous effects are neglethegifloating body is divided into
panels in thigechnique and hydrodynamic loads are calculated by integrating the dynamic
pressure across the wetted pan€éle submerged geometry is the hydrostatic equilibrium in

still water.

The Morison equation issed for structurethat includeslender cylindrical memberk.can
simulate structures in waves and currents, as it models inertial loads and viscous loads, unlike
the potential flow modelMorison et al[19] developed this empirical equation for infinitely
long cylindrical offshore structureshe Morison equation is limited as it ignores the floating

bodyés effect on the incident wave field.

When either the PF methods or ME is insufficient to captuertain hydrodynamic
phenomenga combination of theran be utilized. This can lsensiderecs a computationally
efficient alternative for CFD modelin@he hybrid methodan be utilized for platforms that
include large columns and slender bracesln the vscous drag effects resulting from severe

sea states are present.

The highfidelity CFD modelscan captureomplex flow problems such asrtex shedding
around heave plateBue to the high computationebst of CFD, it is usually just employed to
tune model parameters for lower fidelity magldll is complicated to draw direct comparisons
between the accuracy of CFD models and PF + ME modelariety of parameters are
involved in determining the modé accuracy.Performing the simulation by steadtate

equations or transient equatiorthe investigated load casesining the hydrodynamic

8
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coefficients, mesh characteristiesid the user competen@nd confirming a converged result
for the CFD model are sonevolved parameterg\lso, the calculation of the secomtder PF
solution, rather than firstrderwave stretchingandthe correct viscous damping in the model

are involved in the accuracyttfeP F + ME [20,81] ut i on
Mooring cables

Mooring systems allow floating constructions to be employed in deep oceans where
standard jacket foundationseagither too expensive or too difficult to instalhe mooring
system, which is normally made up of a series of cables, provides the structure with both
stationkeeping and dissipation effechedesign goais to have a mooring line system with
the dumbility to resist external forcdsut showstiffness properties for the FOWT platform to
work beyond the wave excitation frequenciBse initial step is selecting the anchor based on
a soil 6s h.orhechumber of archoes cequirsfdouldmake abalance against the
external forces applied on the FOWIhe minimum breaking strength, or MBS, of a Jirge
then determined by its holding capaciBollowing that, mooring propertiegcluding line
material, line length, and clump weightare d¢osen based on a desired performance
requirementAfter that,iterativesimulations are done to see if the line meets the required safety
margins[22].

There are many factors that shouldcbesidered in the adopted mooring design, including
material fatigue properties, anchor holding strength, seabed clearance and between other
subsystems, breaking loads, special consideratiorfétoéarropes (for examplecompression

fatigue and creep characistics), tower and wind turbine motion limitation, and permissible
platform offset.These factors should be balanedth the environmental loads.

Mooring systerausuallyconsistof a combination of the followinglements

Mooring line Wire rope ofFiber(synthetic) rope

Anchor. Drag embedment anchor, Plate anchor, Suction pile, Pile and screw,amchor
Gravity anchor

Clump weights and buoyancy modules

Connection equipment and hardware: Triplate, Shackle, or Splices
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Aerodynamics:

The fluctuation in relative wind velocity caused by platform motions is thechaienging
factorin the aerodynamicef FOWTs.Dynamic inflow, also known as unsteady dynamics, is
a phenomenon that can cause rotor thrust loading to ovérsésating in negative damping.
An accurate simulatiois crucialfor estimatingoower outputin addition to improving power
generation, the turbine controllsehouldalso minimize the consequences of dynamic inflow
[23]. Moreover, an appropriaterodynamisimulation is vital forassessingatigue reduction
[24] and blade lifetime predictioT.he evolution of turbine wakandits effects on the turbine
dynamicsdownstream turbines, and FOWT farm layout is another important issue that needs
to be investigated

As previously stated, choosing the appropmataerical method to utilize within the design
stagess a tradeoff between the availabléme and monetary budgahdtherequired level of
uncertainty and accuracyhe following section presents a review of the conventional method

and prior research
1.3 Prior works

Nowadays, the wind industry faces chadjea in developing wind farnj&5]. In fact,the
wakes ofwind turbines interact with each otherthe wind turbineslownstream as well as
with the turbulent atmospheric boundary layer (AB2§]. One essential factor in designing
wind farms is the accurate prediction of annual energy production iwittte faim. Thus,
realizingthe effect ofvakes anétmospheric turbulence ¢inepower production and transient

mechanical loading is a challenge at the turbine [R&I

There are at least two reasons #rdargethe importance gbrecise characterization of wind

turbine wakeFirstis the calculabn of wind deficitalongthe wake as it develops downstream

of each rotor I's vital f o Mhe pecand one tegartise a d j

considerable effedhatwake hason increasing the turbulentevel, this causes more intense
unsteadyoading onthe downstreanwind turbines[27] [25].

A variety of approachesncluding analyticalcomputational, and experimental methods
have been used in order to stuwgiynd turbine wakes and wind farm floyj5]. Some of the

most relevant are briefly introduced below:

10
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Analytical modeling:

In wind turbine modelingmodeling of physical induction inflow near theopdisk is an
important issue. Even usitige elliptic formation of NaviérStokes equations around a turbine
shows that a disturbance signal downstream affects the flow motitredisk and upstream.
However, due to complexity and higher computational cost, elliptic solutions techniques are
not commonly usg[27]. Vortex modeling is another method for rotor wind speed calculations

in which lifting lines or surfaces represent the blades and the vd@ices

Parabolied Navier Stokes equation, which is more common than the two mentioned
methods, simplifies NavieGtokes by ignoring the diffusive momentum transport term in the
primary flow direction28]. This methodmitsthepressure gradient term alotite transverse
direction to have a more straightforward equation that is common to use in engineering
problems[29]. The actuator disk ot-D momentum theory is usually applied to calculate

induced velocity components in parabolic flows.

The actuator disk €D momentum theory) approach is based on the momentum thidéery.
wind turbine is modeled as an actuator disk in this makduming @ infinite number of
blades. The flow is considered steady, inviscid, -raiational, incompressibleand
asymmetric with constant pressure profiles. The thrust is also assumed to be uniform over the
disk area and a constant velocity through the [B#6K31]

The inverse ID momentum theory approach, as describg82f, is a simple approach for
the estimation of forces applied to the rotor plane. Some researchers have combined it with a
CFD algorithmin which conventional thrust curves are cddded according to induced

velocity, whereas the conventional method was accordifg 33].

Blade Element Momentum (BEM) theory, introduced by Gla{®4t, is of the most
commonly used methodologies for investigating turbine aerodynaatids.depends on blade
aerodynamic characteristics and the Cl and Cd of the blade séctiM), two equations for
axial and tangential forcese written, and estimating the induction factor for velasigolved
by iterative algorithm§35,36] This method is beneficial from the computational cost point of
view, compared to the numerical methods like CFD or LaBickzmann methods (LBM) In
terms of accuracythe results othis methodare satisfyingn the case ofavailability of airfoll
data[37]. Neverthelessits initial formulation had a shortage to model phenomena such as

angular movement of the platforamd wake

11



Introduction

In general theturbinewakes are studial in two regions: i) a neawvake regionthat starts
right downstream of the rotor and extsnohtil about two rotor diameters, aitds followed
by ii) the far-wake regionthat isdeveloping further away. Inegioni), the formation and
development of the flow imainlyinfluenced by how blade shapaf$ectthe tip vorticities and
canit be simulatedby using flow field solvers (e.g., CFD or LBMh thesecondegion,which
isindeedrelevant to wind farms designgh w a k e 6 gprimarily tharacterizedsy growing
turbulence intensity and reduced average wind sp88H Atmospheric turbulence sb
influences the fawake region which accelerates wakeecovery forvelocity deficit and

turbulence intensit{39].

Even by calculating turbine wake usimggh-fidelity methods the wake superposition
concept is a source of error in wind farm wake modeling. Geometric sum, Linear sum, Energy
balanceand Quadratic sum are four approaches that are mainly used forrfosgd0]. Van
Leuven considered the effect of the closest turbine in his model. His approach worked well for
the Zeebrugge wind farfd1]. However, for offshore wind farms, where the wake effects can
be more dominant, the importance of wake superposition methochisrere[42]. Habenicht
[43] compared the mentioned superposition methods for four different offshore wind farms.

His results showed thankar and quadratic methods give les®r compared to others.

For simulation using BEM theory, some models for investigation of the wake are developed
Frandserj44] 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
[45,46] 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 turbulemze conic
shape wake prdé. Based on this model, the PARK model was developed for considering the

effect of multiple wakes on the veloci37,47 50].

With a simple wake calculation procedure, the Larsen mwdslintroduced first in 1988.
Initially, this model was derived from the asgmmetric form of RANS equations by
neglectingthe pressure terrfbl,52] 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 a distance of 9.6D
downstreanj53]. The dynamic wake meandering (DWM) model considers wakes as passive
tracers driven by the larggale turbulence structures in the atmospheric boundary layer. This

12
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model isbased on equations for velocity or wakes deficit, meandering of the wake, and rotor
added turbulencib4,55]

In the offshore application of wind fagnspecifically for floating turbineshe dynamic
stall is a potential phenomenon that is duéutbine forwardbackward motiorthat leads to
oscillation inthe angle of attackThe pitch,surge and other wind turbine movements can
considerably affect the flow field around wind turbine bladése mentioned theories have a
fundamentallimitation as they are not ablego let the 3D flow across various rotor radial
elementsThe suitability of models thabnsidershe transient nature of tifiew, e.g, dynamic
wake models (s€®&6,57]), are investigated by[7], and it was showed for floating
configurationsmore advanced approaches are necessary.

Computational fluid dynamics (CFD):

Free Vortex WakdéFVW) modek solve the turbine wake in a tirsecurate ranner this
allows the vortices t@onvert diffuse andstretch.This model is based on a Lagrangian
approachn which vortex filamentseleased from the blade are useterebythe turbine wake
is discretized intgomelLagrangian markersotheunsteady nature of FOWT walsamodeled
throughshed vorticity Blades are modeled using lifting lines or source/doublet panels in free
vortex method. As prescribed load based on tabulated airfoil data are employed for the lifting
lines, the model's acracyis affectedby input datalUnfortunately the airfoil data are usually
available just fostatic conditionsand correctionmustbe employed for modelingpt resolved
using this metho¢b8].

In the case ofmodeling blades by means of paneadditional models are required to
calculate the onset dfie stall that makethe model able to considdrese separationélso,
the lifting line FreeVortex Wake(FVW) approa@hes is limitedo predicing the aerodynamic
loads in large surge movememtben there i@ dynamic stall This isbecause the local flow

around the blade profile isnavailablein this method.

Unsteady ReynoldsAveraged NaviérStokes equations (URANS) hare been
comprehensivelysedto studywind-turbine and wingarm flows [59]. The fast growth in
computational poweteads toimportant progress imeveloping, validating, and applying
turbulence resolvingCFD tools In particular largeeddy simulation (LES}hat is widely
applied forwind turbine applicationge.g., se¢60]) needs the parametrization of the smallest
scales (sulgrid), whereas the larger and more energetic scales are explicitly resdineds
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unlike RANS and other reducentder moded (e.g., linearized NavieBtokes solvers)hat
parametrize all scales of the turbuleié@]. Neverthelessfor complex turbulent flowsthe
results ofLES are sensitive to the paraneeization of subgridscale turbulent fluxes and
subgridscale forceshat includeturbineinduced forcesDespitethe high computationalost
(D 10% 10* CPU hours per simulatiof25]) and inthe case ofappropriate parametrizatigns
the accuracyf LES wasshownto behigh for simulating the turbulent boundarjayer flow
around wind turbines anglind farms[60].

Pitch,surge and other movemesivf floating offshore wind turbinesan considerably affect
the flow field around the blade€onsidering lis point acquiring an accurate prediction of
unsteady aerodynamic loadsingthe conventional form of BEM approaches is questionable.
Tran and Kim [43]performed a CFD simulatiom tsupport this doubfThey used a dynamic
meshapproachmesh for assessing the effects of periodic pitching motion of a FOWA'.
effects of vortekwake blade interactiomere investigated using three numerical methods, i.e.,
UBEM, FAST with BEM, and GleVgenérdd dydamic svakéd e r o Dy
modeling) The result could be comparéaltwo different regionsin the case of only small
pitching motion amplitude, i.ein the rangeof 1i 2°, the obtained predictions of BEM model
regarding produced power and thrust showedalivgood agreement with CFD. On the other
side,for a higher rang of pitching motion amplitudethe BEM model produced results with
lower accuracy tha@FD, e.g., FASTGDW showed a difference of 24% compared to CFD in
power estimation at pitching motioamplitude of 4°. According tahe authors the
conventional form of UBEM is not able to provide sufficiently flawless results in the case of

pitching motions are significant.
Experimental studies:

Severalvind turbinesexperiments have been carried,oodinly categorized awind-tunnel
experiments anéield experimentsWhile wind-tunnel experimentare mainly performetb
study airflow around wind turbines in freestream (uniform and nearly laminar) iféwthe
aim of field experiments are mainly pyovide annsightinto howthe atmospheric turbulence
affectsthe structure and dynamics of the flawwind farms [25]. During the recent decade
somestudeswere performed to investigatiee interaction between turbulent boundkayer
flows and wind turbines or farm§2i 65]. The valuable data obtained fromthis research
demonstratethe important differences between the flow structure of turbine wakes in

boundarylayer flowsconcering those in freestream flows.
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The measurement of turbulent flow around wind was limitegiog anemometers mounted
on meteorological towers to characterize wintbine wake flows (e.g., Duckworth and
Barthelmie[66]). Recentworks hae attempted to overcome this limitation by empiay
remote sensing technologies, such as scanning wind liglags, Bodini egl. [67]; Fuertes
etal. [68]) and radars (e.g., Hirth et [69,70]. This helps having a better insigimto the
effect of atmospheric turbulence on the structure and dynamics of the flow around wind

turbines and wind farms
Hybrid BE T-CFD

In FOWTSs, the pitch and other wind turbine movements can considerably affect the flow
field around blades. Hence, accarate prediction of unsteady aerodynamic loads calculated
by the conventional form of BEM approaches is debatable for a FOWT.

Despite the facthat simulation of the flow field is vital for capturing meaningful wake
characteristicsexperimental measuremts fully bladeresolvedCFD, either using URANS
or hybrid URANSLES are computationally expensive and often impossible to use in a
multirotor wind farm.To overcome thishortcoming hybridanalyticalcomputationaimodels
could reduce the computational cost order to help fill the knowledge gap about the flow field
[71].

Recently novel approache®mbine analytical and computationalmethods. CFD as a
computational methodolves the flow field and the effect ofotational turbine on the flow
field is calculated usingreanalytical method such &adeElement Theory (BET)Actuator
Line (AL) or Actuator Disc (AD)are amonghenovel approaches that uS&D for flow field
simulation In theseapproachesBET is used to calculate the loads on the flamd therit can
be applied by means of a souteem in the momentum equatiorhe loads in the AD case are
distributed over all the cells in the disc representinduHh@nerotor, and for the AL the loads

are applied at thiecation ofblade elements.

Actuator disk, actuator line, or blade elemeisk are among hybrid methods that introduce
considerably higher physical fidelity compared to BEMesemethodsare often referred to
a s Alasedcomputationafficientd (CFD-CE) models; in factontrary toBEM methods
CFD-CE deesnot rely on BEM tleoryfor calculatingtheinducedvelocity field at rotor disk.
In these methoddlow velocitiesareincorporatedrom the flow solution provided by CFD.
Amongthe mentioned CFECE models, the Actuator disk modelnsore straightforwaran
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terms ofsetup; neverthelessit is not capable ofconsideing swirl in the wake.The Hade
element dislapproacitan predict swirl, although the swirl effect is circumferentially averaged,
and the method is not able to capture tip vortex form&fidh Finally, theactuatorline model
provides the meanso resolve the tip vortex and the corkscrew wake patfacordingly, the

AL model is by far one of the most promising approaches to accurately predict the wake
behaviorwhile maintaining a relatively cheaper computational effort comparéuetblade

resolvedapproaches

In the developed actuator line modsl N. Troldborg et al[73,74] a rotating line of
momentum sources igtilized in lieu of each of the bladeglthough the fundmental
formulation of ALM is already disclosedhere are stillsome challenges in choosing its
constitutional working parametemsych ashe radius ofthebodfy or ce pr oj ecti on f
the grid spacing gid),amdghe sphica gabtedt aveemn lajchea( @
which areof most critical ALM parameters.

There is nesolid agreement on the projection function because, from one point of view, the
radius should be as short as feastbldhave a compact representation of force distion
along the bladedg=rom the other point of viewthe force distributedregion needs tabe in
proportion to the real regioof force on the blade [26]. As suggested byroldborg [26],
U /gigs2 can be consideredls a compromise between stability and accurBegarding the
parametergria, 30 to 60 grid points ahgeacha c t uat o rp Qyic wezesuggested tp
beconsideredAn ALM simulation performed by Martinez et §f5] showed that their model
was very sensiti v enanannerthahcréeadihis paramatedireateti us U
to overprediction of powerA study byJha et al[76] showed that a constant Gaussian radius
U al on g leaddteovebptediatian of blade tip loada. tip-loss function is required to
deal with this problemfor instance the Prandtl tidoss factor[26] or the more advanced
correction offered byhen et al[77]. Mar t 2 ne z T Bkrafansulatedtthdikeled
lifting line theory toutilize a kernel larger than the optimal value, which wdgantageous

LES simulations.

Rocchio et al[79] tried tocalibrate the ALM paameteraitilizing the dataobtainedfrom
the immersed boundariesethodto make their simulatiopracticalfor the turbulence wake
downstream of gingle fixedairfoil. It wasshowed aconsiderabldoundary layeseparation
occursfor high angle of attacksyhileU/ ¢ was a function of the an
be incorpor at e @[80).¥here ardlsot®mecther Studies devoteni@efine
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appropriate parametefer ALM [75,81,82] In astudybyMar t 2 nez T83]stckegs et
coupled actuator line and disk modeling with LES (LaEglkely simulations)However their

model did not treat tip loss or downwash effects.

Creech et al84] emfdoyed the LES actuator line model in order to investigate the effect of
support structures in a tidal turbine with contpéating rotors It was shown that with
disregardingsupport structures, thesultof numerical modeis doubtfulfor the interrelate

perspectives of turbine reliability, performanaad fluid dynamics.

A hydrofoil tip loss correction technigueas introduced by Edmunds et §5]. By
comparing their resuhgainstthe IFREMER tidal turbine experimen{86], an improvement
in theaccuracyof the modelwas establishedimshurst et al[87] researchethe application
ofthedatafom t he 3D bl ade r edrectingandmadifyingghe spantiseo n' s i
loading correction factor in Shent B8] tipdss functionsin a further study89], the tip
correction factor recalibratechdividually in the axial and tangential directions for the
MEXICO rotor dat. Furthermore they alseemployedbladeresolved computations tteliver
a physical explanatioaof the tip loss effecf90]. Also, in 2018, theycontrastedhe results of
four LES codes with the implementation of ALM. The authodscatedthe statusof the inflow

turbulencehatshould be considered and characterizasiel onthereal fieldcondition[91].
1.4 Summary and status

Despite several benedib f t h e 3 Dvedbcbngpdtations ia emdf accuracy, its
computational cost is a barrier. While the publishagerson ALM are mostly focused on
fixed bottom wind turbines, there is a lack of sources in which investigate the capabilities of
the ALM in the simulation of FOWTSs. In view of the above, the primary aim of the present
work is to employ an ALMCFD 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 consided a highfidelity method, this paper showise abilities and limitatios of
this method that helps researchers to avoid the higher computational cost of blade resolved
CFD according to their needs. An OpenFOAM library is developed to implement the ALM

mockl in floating conditions.
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1.5 Present work

The structure of thishesisis organized as follows. In section the detail of governing
equations for the OpenFOAM flow solver, the coupled Alad the turbine movement
equations are presented. In sect®first two fixed test cases are reported to validate the
method. Themnunsteady aerodynamic analysis of thdemensional rotating blades of the 5
MW floating offshore wind turbinés studiedusing the developed ALM code to examine the
effects of the surging and pitching degreéfreedom (DOF) motions of the support platform.
The ability of the model ithestudy of yaw misalignment i;wvestigatedand finally, a FOWT
with multi DoF movement is studieldis then concluded with a summary to highlight the main

conclusion
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2.Computational model

In this project, an actuator line model for the study of floatfighore wind turbines was
developed. A dedicated C++ library was implemented in OpenFOAM (Open Bip&tation
and Manipulation) toolbox for this aim. OpenFOAM package is a set of C++ libraries that are
developed to solve partial differential equatidnsthe developed library in this study, a body
forces approach was applied in the flow solver to modedahid movingparts. The forces of
turbine parts, including blades, hub, and tower forces, were computed based on their lift and
drag forces in a Cagsian frame connected to the rotor. In the following section, the Actuator
Line Model employed to model body forces is first introduced, and then the flow solver is
described. The models applied for consideration of dynamiasidiip vortex effecs are also

described, and then the turbine model is presented.
2.1 fvOptions

During the recent decades, tremendous growth has been seen in the application of CFD in
the industry. A growing amount of funds has been invested in developing different CFD codes.
As a negative aspect, a significant amount of money and time has been spent on redeveloping
these codes. As the most famous epeurce CFD code, OpenFOAM can lead to the more
efficient development of CFD. This study aimed to implement the ALM into OpenFOAM b
the development of theonexistentibraries. There is &nctionality in OpenFOAMhamed
fvOptions, aflexible frameworkthat allows developer® add various source terms to the

governing equationsThis developmentan be manipulated at run timéthout a need to
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rewrite the original source codi. the following, the bwchart for couplings demonstrated

in Figure 3. The left side of this flowchart is the part hagdllby the already developed
OpenFOAM libraries, while on the right half, the main functions of the developed libraries in
the current project are illustrated. Coupling the right and left of this flowchart is performed

through thdvOptionsframework

Initialize

Read Data for Turbine, movement,
Read Airfoils data and preprocessin
J/

v

4 \
Create Coordinate System

Define ALM

[ Read mesh fluid fields & motions]

* Update Movement/Rotor Speeds
| J/
—P[ Iteration =+ 1 ]
# s ‘ N
Move to new position
[ Adantive mesh refinement ] . Set speed of elements )
e N

]

[ Jump in PIMPLE loop of RANSJ

Calculate Inflow Velocity,
Update Re/Interpolate aero data

¢ : CalculateProjection Epsilon
[ Solve Turbul & . Volume forces are \_ Y,
olve Turbulence I projected back to v
* 4 N\

[ Solve 6DOF motion equations]<i

Calculate volume Force /Turbulenc

Aerodynamic forces ~ v g

Force moments and - N
acting on platforms Find grid cells
Apply Force/Turbulence Field

Simulation
finished?

Figure 3. Flowchart forcoupling the OpenFOAM solver with the developed ALM libraries.

Many CFD applications include equation structures staduldbe manipulated at run time
usinguserspecified finite volume options, given by the shorthand fvOpti®hs.fvOptions
is aframewak introduced to allovgelectingany physics that can be represented as sources or
constraints on the governing equations,,@grous media, MRFand body forcesrigure4
shows how iprovides additional source/sink terms or enfaso®nstraintdor the momentum

equation. All other transport equations, including turbulence equations, can be modified in a
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similar way. Hence, the developed code provittes source term to be injected into the
OpenFOAM source through tifeOptionsframework.

// Solve the Momentum equation
MRF.correctBoundaryVelocity (U) ;
tmp<fvVectorMatrix> tUEgn

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

fvOptions (U)
) ;

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

if (pimple.momentumPredictor())

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

I

Figure 4. A part of OpenFOAM solver code that includ&Sptions

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
spanwiseelement points in place @kections, each with a constant airfoil, $tyichord, 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 equatioriBhe aerodynamic forced blades are calculated based on lift and
drag coefficients that are usually obtained from tabulated airfoil data. These forces are

formulated as follow:

O 6| "V OiH 1)

O 6" OEr 2

here| denotes the local angle of attack measured as the angle between the chord and the

local relative flow,0 is the lift coefficient,0 is the drag coefficient that are obtained from
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tabulated airfoil data. The littnd drag coefficients can be interpolated linearly for the local
Reynolds number. Her& indicates the relative velocity, resulting from inflow velocit¥)(

and the element velocity¥). Rotation of the rotor and motion of the platform aneimed in

the element velocity.

VY Y ©)

v Ty 5
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 cemtexwas on the
actuator line. In case the velocity is sampled at the element point, the inflow velocity might not
be influenced by the vorterduced vorticity[92]. Some studies, including Mittal et §3]
and Churchfield et a[92], 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, theflow velocity () 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 ofL6 sampling pointsvere determinedt a distance equal t¥¢  from the
location of elements tmterpolate from thevelocity field resolved by CFD. Considering the
cell center value for the sampling point leads to error hence an interpolation is vital. The flow
velocity at each sampling point is determined using OpenF®AMerpolationCellPoint
class, which provides a linear weighted interpolation to an arbitrary location within a cell. Once
the cell of the sampling point is determined, ¢e8Pointmethod, works by breaking each face
down into triangles, forming tetrahedrons composed of these triangles and the cell center point,

determining which tetrahedra encloses the sampling point, and performing linear interpolation

using inverse distance weighOnce the inflow velocity ¥) is obtained, thé¥ is calculated
based on equatio(8). Determining the relative velocity, the attack angle is calculated

follow:
| OET nawe Q¢i WY i aHa 4)
In ALM, forces are inserted along a edienensional line. In this regard, the most

straightforward way is to apply the forces in only cells through whiclhdtuator line passes.

Nevertheless, making such sharp input steps of force can generate numerical instability.
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Furthermore, given that thectual forces generated by airfoils are not focused at a point and
spread over the surface, the previous approaattighysically realistic.

A 3D isotropic Gaussian function for force projectiwsasproposed by Sgrensen and Shen
[94]. Based on theisuggestionthe aerodynamic forces are calculated and then smoothly

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

3 o hoo i Oy oM DQ - ®)
— “LJ A [%%>) lJ _ (6)
where3q is the volumetric force field at the position of the celf3, is tip correction

function, and®indicates the forces at actuator element points that are calculated based on lift
and drag forcesAlso, 0 is the body index (i.e., blades, hub, and tower), @adeénoteshe

actuator element point index.

The Gaussian function is represented-hyhile - is the projection width, andis adistance
from the actuator point tthe grid cell centerwhere the force projection is appliethe
parameter should beadded as the source term irlee momentum equation through
Y v op Wherebythespread sectional forcd each element is implementesing theGaussian
distribution as additional body force at eam#ll. Decidng on the width of the Gaussian
function is still amarea that requires to be studied mdmnethis regard, somresearch has been
performed that included researchlia et al[26], MartinezTossas et aJ]80], and Churchfield
et al.[92]. From one point of viewas- becomes smaller, tteetuator lingesembles a line and
the results approach reality, on the othideit must be large enougiomparedo thegrids to
preserve numerical stability. Besides, it is known thdllade conforming teré constant
yields improved results. In the current model, the width of the Gaussian function is controlled

by - asthe following

. v @)
T
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C
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- 1 A@h h (10
Utilizing a gaussian function leads to having a negligible value eviar distancs. The

maximum value of in Eq. (6) thatis the radius of the projection spheasdimited, and its

maximumis calculated as follows:

i -iTé%— @
TP

Consequently, the modagation of force field is onlyaccomplishedor cells inside the

(11

projection sphex. This approacks a practicatechnique in order tdecreas¢he 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 wortleytisows
the tip effect caused by the pressure equalization from the suction and pressure sides in the
blade tip crossection. Furthermore, there are rotational effects that are due to Coriolis and
centrifugal forces, particularly for cresgctions neathe blade root. Unlike the BEM, the
ALM can capture these phenomena to some extent. However, it requires a high resolution grids
[95,96] According to Shen97], in ALM, the airfoil data obtained directly from 2D
measurements or computations need to be corrected for rotational effects and the pressure
equalization. Consequently, the tip flow is differémm the corresponding 2D flow at the
same angle of attack. Hence a modification is necessary to take these effects into account and

"O function is applied to the 2D airfoil's lift and drag coefficig®&)].
0 00 (22
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6 Y i
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Herel is pitch angle that includes blade pitch and twist. Thepefficient depends on
different parameters such as the numbeblafies, TSR _(), and chord distribution. For

simplicity, the function is chosen to be only dependent on the vatalds follows:

QW QwnRéd 6_ 6 TP (13
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Coefficientsd andd were determined empirically using data at two different tip speed
ratios(NREL rotor at 10 m/s and WG 500 rotor at TSR=I/Z)]. 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 us@&andd whose values are 0.125 and 21, respectively. Fun€dion
is needed to adjust theflmence of the tip vortices on pressure distribution in the blade tip
region[98. Al t hough Shenés tip correction i s not

it relived a promising result for ALM applications accdoglto the referencg89,98 103].

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

updated akach time step as follows:
gy @gg Wggo (149
By Byg Pggn0 (19

here®@ ggis the position of the rotating center of the floating wind turbine strycame its

orientation is denoted b¥4 In this equation ggand 2 ggdenote the instantaneous linear
and angular velocities of thehole turbire structurearoundtherotating center, respectively.
When the position athe new-calculated rotation center is determined, elements position and
orientation are updated utilizing a rotation matrix from afigle representation. Vect®r in

Figure5 represents the current element position relative to the rotating center. The rotation of

® for a finite rotation angle &— P Ydaround the axis oPis expressed by the following
eqguation:

® ® Yo (16)
Yo s @gs AT V- pQu OEN—QU (17)

The unit vector§Hand'Mare defined as:

D.. ® QU P (19
A 88 : QU - 88
Pgg @ QU Pgg
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(588

Figure 5. Solid-body rotation coordinates

The rotation is applied usinY * O rotation matrix that is introduced in E(L9). The
shorthand notations oY OEJ6 ®é¢ iandw p Al Qare applied.
0 oOw 66w O0°Y 66w 07 (29
Yeld 00w O6°Y 6 o0w® 0606w 067
660w O0°Y 60w 07 0 6w
The same procedure is applied for all other vectors that need to be rotated, Algng

with rotations, the translation of elements is achtejust after updating the rotation center,
which can be expressed as:

@ ® bgyo (20
2.3 Dynamic stall model

Thisstudy utilizes the modified LeishmiaBeddoes dynamic stall (-BS) model by Sheng
et al. [L4]. Snce the LBDS model was proposewiti ally for the helicopter applicationgl04],
Sheng modifiedit to agree with HAWTSs applicationdn this setting, flow is typically
incompressible, and airfoils are considered relatively thick. The main principles of the
mentioned model are described in this sectMore cetails are available ithe references
[105,106] The LB-basednodels contain thensteady attachdtbw, stall onset, and sepaed

flow. The air loads for the attached flow include impulsive and circulatory modules. The total
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normal force coefficient in the unsteady attached flow condition is equal to the sum of

circulatory andmpulsivenormal force coefficienftL06]:

0 0 0 (21
o) ~"0 (22
6 & | (23

whereO is a deficiency function defined based on the LB 3G m@H&r]. 6 is the
normaktforce curve slope, and is an equivalent of incidence calculated by the geometrical

angle of attack ( ) and three deficiency functions @f, & andd® .
| | ® O O (29)

The deficiency functions @b , @, andd are driven empirically based on the flow velocity
and pitch rate. Furthermore, a lag is existed due to leaigg pressure and boundary layer

development, which is implementddough applying a firsbrder lag to
| e (25)

herel is the delayed angle of attack, and the deficiency fun&onis defined as follows

[106]
o o Aegpl | |  Qan> (26)

where”Y is a time constant related to pressure resparskjt is principally independent of

the airfoil geometryThe non-dimensionatime step(¥i ) is definedas:
yi = 27)

Sheng defined a statinset criterion for the angle that the dynamic stall is possible to begin.

This criterion considers a reduced pitch [a@g].
| | O i owaa (28

| (29

Thefollowing equation expresses the reduced pitch rate:
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(30)

The separated flow solution includes two indicial resportsaifingd edge separatiomd
leadingedge vortex shedding. The trailkegige separation module is linked to Aimear
effects of trailing edge flow separation using a dimensionless separaitibpa@meterThis
parameter is achieved by Kirchhoff flow approximation in unsteady conditiassiescribed

as follows[106]:

p ™ AgPD—— (32)

mi¢ ™ A dp——
where| , Y, and"Y are constants that vary withe Reynolds number. In addition to the
pressure response delay, boundary layer (viscous) lag is formulated as fb06yvs
M Q0 (32)
whereO s the deficiency function, and it is defined as folldd86]:
Y

¥ (33

0O O Agb "Q Aob

where"Y is a time constant, which depends on the Mach number.

The normal force coefficient for dynamic separation point is superimposed with impulsive

loading as the followingfL06]:

— (34

An additional overshoot is exited in the normal force during vortex shedding. The-vortex
induced normal force coéffent is expressed as equati@3) [106]:
6 6 Q Qo (35)

here’Q and™Qare the dynamic and static separation points, respecttselya modulation

parameter given by a periodic function that incorporates the track of the concentrated vorticity
location. The above equation increases the vortex lift only in the case thehdiegedge

vortex (LEV) starts convection over the suctgide.
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The total normal force coefficient is obtained by superposition of the loadings as follows
[106]:

6 8 8 (36)

The chordwise force coefficient, pitching moment coefficient, and constants are considered
based on the Sheng guidelij285,106]

2.4 Definitions

The nondimensional parameters of the tip speed rafipgower coefficientd ), and thrust

coefficient 0 ) aredefined as the following equations:

_ 1YY (37)
5 O BB1iY0 (39)
5 O B B70 (39)

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

and the tangential forcé"Q), and"O s the axial force acting on the rotor.
2.5 Governing equations

The finite volume method (FVM) was employed to compute the tenbdllow field around
the wind turbineThe threedimensional Reynoldaveraged NaviéStokes equations (RANS)

areformulated as follow§108]:

1o (40)
TOT(JO (0] Tt

6 — "0 — 4 — — B (4D)

VQ YvOptions

The Reynolds stress term '(0@#)zwas modeled based on the Boussinesq hypothesis

according to Eq(42), whereby the Reynolds stresses are concerned with the mean velocity

gradients
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. . - . 42
ompzt Lo 1O S 10, 42
Tw Tw T®
‘ ” ”672
T

The URANS approach is widely used to study wind turbine and-faimd flows[25,109]
While LES can deliver more reliable results, it involves finer meshcantputational costs
[25]. Given that the main idea behingilizingof ALM in this project is decreasing
computational cost, the commonly used high Reynolds number motiel ofrealizable with
its standard turbulerdonstant§110] 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 requifEtil].

Compared tdahe standard modehe realizable model includes an alternafmenulation
for the turbulent viscosityMoreover, anodified transport equation for the dissipation rate has
been derived from an exact equation fortth@sport of the measqguare vorticity fluctuation.
The realizable modehasshown substantial improweents over the standard modelthe
existence oftrong streamline curvature, vortices, and rotafioecomputational domasithat
contain both rotating and stationary fluid zones (for exampigliple reference frames,
rotating sliding meshes)this madel might produce noephysical turbulent viscosities.
However, in ALM there is just one stationary fluid zof@ansport equations fprand Qare
[112]:

7@ i tion e “9

S”
0 o

rlfl{} TQ ”T v “YvOptions

O|lo

i (44)

C)”T n t "I'erfl 0"§‘I|$ 6"m TY “YvOptions

O|o

In sum, The finitevolume method was utilized for solving the governing equatidhs.
incompressible flow approximation was assumed since the concerned Mach number values
remained below 0.1 (conventionally, a Mach number below 0.3 stands for incomgressibl
flow). A secoodeéer INCrconkon method was applied fo

temporal discretization.

Terms ™Yy op ¢ iNoM@Mentum, turbulent kinetic energy, and turbulent kinetic energy

dissipation rate equations are calculated by the developed ALM C++ liiteeyPIMPLE
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algorithm was employed for presswelocity coupling. This algorithm is a combination of
SIMPLE andPISO algorithms. The matrices are solved by selecting the generalized geometric
algebraic multigrid (GAMG) for pressure and a preconditionedobjugated gradient
(PBICG) for velocity[108].

2.6 Geometric model:

This study aimed to use tlaetuator line model proposed by Troldborg e{&4,113]for
more general use and preventing case sensitiViig. verification of the currentode was
carried out for fixeebottom turbineghat helpto avoid platform motion effectsnd parasite
Two separate test casgsre investigated in thfellowing. Given that the accuracy of the ALM
depends on the reliability of input data, NREL Phaseé Wavingadequatelatai was chosen.
In conjunction with this smalize turbine, the NREL -MW was dso studied being

representative of a largg@ze wind turbine.

The National Renewable Energy Laboratory (NREL) Phase VI reference wind turbine was
modeled based on thestsequence S settings represented ieregicg114]. In this sequence,
an upwind, rigid turbine with a 0° cone angle was widjzand he test was applied for wind
speed, ranging from 5 m/s to 25 m/s. This cadmsed on @onstant speed, constant pitch,
and staHregulated wind turbinelhe rotor isa twobladed rotor with twisted, tapered blades
and shapetbased orthe S809 &foil [115,116] The main characteristics of the turbine are

summarized in Table 1.HE chord and twist distributions are demonstratdelgare6.

Table2: The NREL Phase VI technical data and sequersstiigs [22].

Parameter Parameter

Rotor configuration Upwind Rotating angular velocity 71.63 [rpm]
Number of blades 2 Tip pitch angle 317

Rotor radius 5.029 [m] Air density 1.23 [kg/nT]
Hub height 12.2 [m] Air kinematic viscosity 1.46e5 [?/s]
Cone angle 0[] Blade sectional profiles ~ S809
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Figure 6: Representations dlfie blade(a) S809 airfoil shapg(b) blade shapg(c) Spanwise
distributions fortwist and chord of the NREL Phase VI bla@i#4].

The NREL 5MW wind turbine was designed by the National Renewable Energy
Laboradory to be a representative utiligcale wind turbine suitabl®r a floating offshore
installation This isa conventional threblade upwindurbine with arotor diametef about
126 m andahub heighof nearly 90 mThe blades areomposed o&series of Delft University
(DU) and NACAG64xxx airfoils as shown irrigure7 andTable3. This turbine is designed as

a variablespeed variabkbladepitch-to-feathercontrolled turbine The rated wind speed is
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11.4 m/s and under the rated wind speed, the rotor speed is 12. lampartheproducedoower
is5 MW.

Table3. Blade data for the NREL 5MW reference turbine

Radius  Chord Twist Axial Distance Azimuth Distance Airfoll
[m] [m] [°] [m] [m]
15 3.542 13.308 0.000E+00 0.000E+00 Cylinderl
2.8667 3.542 13.308 8.153E04 3.447E03 Cylinderl
5.6 3.854 13.308 2.484E02 1.050E01 Cylinder1
8.3333 4.167 13.308 5.947E02 2.514E01 Cylinder2
11.75 4.557 13.308 1.091E01 4.612E01 DU40 _A17
15.85 4.652 11.48 1.157E01 5.699E01 DU35 Al7
19.95 4.458 10.162 9.832E02 5.485E01 DU35 A17
24.05 4.249 9.011 8.319E02 5.246E01 DU30_A17
28.15 4.007 7.795 6.793E02 4.962E01 DU25 Al7
32.25 3.748 6.544 5.339E02 4.654E01 DU25 Al17
36.35 3.502 5.361 4.090E02 4.358E01 DU21 Al7
40.45 3.256 4,188 2.972E02 4.059E01 DU21 Al17
44 55 3.01 3.125 2.051E02 3.757E01 NACA64 Al7
48.65 2.764 2.319 1.398E02 3.452E01 NACA64 Al7
52.75 2.518 1.526 8.382E03 3.146E01 NACA64 Al7
56.1667 2.313 0.863 4.355E03 2.891E01 NACA64 Al7
58.9 2.086 0.37 1.684E03 2.607E01 NACA64 Al7
61.6333 1.419 0.106 3.282E04 1.774E01 NACA64 Al7
63 0.5 0 3.282E04 1.774E01 NACA64 Al7
Z
L .5 &8 8 8 8 2
O O 0O &) &) &) ) e
10 - 115
sk = Chord
£ <k \\\ Twist 410 o
o - 7 1)
g 4= //’\\ka ] c E
2 .
O:‘ Ll I N | i I 1 B AV I
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Radius [m]

Figure7. NREL 5 MW Chord and twist design.

Table4 showsthe NREL 5MW wind turbinepropertiesand he rotational speed and tip
pitch angles used for the NREL5MW baselineletedin Tableb.
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Table4. Properties oNREL 5MWwind turbine

Pareatne r Val ue Par ameter Val ue
Rotor conf Upwind Power Outoput 5 MW
Number of 3 Cuitn wind spee 3 m/s
Rotor diaml126 [ m] Rated wind spell. 4 m/
Hub height 90 [ m] Cut out wind s25 m/s
Rot or Mass 53 0 kg Rated Tip Spee80n/ s

22 /
Air densit 1.23 3[ kg/ 1Cuitn rotor spe 6.9 rp
Air kinema 1. 45 €}/ s ] Rated rotor spl2.1 r
Bl ade sect DU and NA(Over 88hgfaPimed 5m582.

fem TS T

Table5. Simulation condition for NREL5MW baseline

Wind Sf Rotor S Tip speeTip pitoc

[ m/ s ] [ rpm] [] [ A]
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.Results and discussion

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

different movements of an offshore floating wind turbine will be investigated.
3.1 Verification and Validation.

The computatnal domain in this study is in a Cartesian coordinate system. The cuboid
computational domain consists of roonformal hexahedral (cubic) grids, as showRigure
9. This type of mesh makes local refinement possible in the areas of interest that can
significantly reduce the computational resources required for the simulation. The boundary
conditions for the wind turbine simulation are expressdeigare9-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 experimght4], 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 condifitre noslip boundary
conditions were applied for the two lateral walls, the base and the upper sidedofrthie
TheturbulentKE=0.00375andturbulentEpsilon=7.54673€e5 were considered.

The verification examinations for domain size, mesh resolution, and time step size are
described in the following for the NREL PhaseVI case at a wind speed of 7 m/s arektlp sp

ratio (TSR) of 5.4. Prior to any data sampling, the number of time steps necessary for a
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converged solution was revealed.Rigure 8, the time histry of the power coefficient()

and power coefficient change relative to the last rotor revolulén/¢ ; ) were plotted for

the first 30 revolutions of the rotor on normal and logarithmic scales of revolutions,
respectively. Following 20 revdiions, the difference between two consecutive revolutions
was less than 0.3% and the value/6f declined below 1%. Instantaneous values presented
in this work is corresponded to the last revolution (revolution 20), while average values were

calculatedbver the last five revolutions.

0.8
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10° ;\S\&&&E
" |
o S

DC/Cpg [%]
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Figure 8. History of averaged power coefficients (a) and its change relative to the last revolution
of the turbine on logcale (b) vs. the number of revolutions.

The study of NREL Phase VI was sifated by considering a domain that is geometrically
similar to the wind tunnel used in refererj@@4]. Accordingly, the height and width of the
domain section were set to 36.6m and 24.Bue to the selected outlet boundary condition

and inlet boundary condition, the impact of upwind dodnwind distancesC, Q) on the
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produced power of wind turbine was investigated as descril¥&bie6. This assessment was

carried out at the wd speed equal to 7m/s. THemain length was extended according to
Table6, and the mesh size was kept the same. The data were compared with theéendstle

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
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di do

Figure 9: (a) A schematic view for the 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, #section is on the tower axis.
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Table6: Test matrix for the sensitivity study of the domain size.

Case # Distance to Distance to Domain Size  # Cells 0 /0
the inletQ theoutletQ w O 0

1 15 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 off T 0 1 D was used as the computational domain to simulate
the NREL Phase VI wind turbine.

The nonconformal hexahedral (cubic) grids allow the local refinements in areas of interest
utilizing the adaptive mesh refinement (AMR). It should be noted that AMR caukk a run
time penalty in executing the refinement and the processor load bdlkifje Because
phenomena such as wake meandering are present in the flowfield, AMR was used to maintain
mesh resolutionraund the helical wake where wake meandering happens. The AMR was

utilized according to the magnitude of velocity gradient tendr ¢efined as follows:

A g‘n"|§ (45)
Tojtew t1ojtTw 101w (46)
nr 1o T6jTw TO0jTw TOojTw
Tojtw Tojtw 101w
A trial-anderror approach was applied to preserve the distance between a walidase
and the third grid region (séegure9-c). This refinement handled about 0.5% of the domain
volume, resulting in less than 1% difference in roto power output and an increase of about 14%

in the computational time.

Grid sensitivity analysis was organized in two phases. Firstly, the mesh size near the blades
was examinedrigurelOdemonstrates the size ofthemost f i ned gri d near t he
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 computainal cost compared to bladesolved 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,
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shown inFigure9-c. The examined configurations are listedleble 7. Based on this plot,
case D with underlined data was chosen as the optimum case, consisting of around 400,000

cells.
12
I n: 10k
1 / C; Fai | ||
08 | /
° L 22 368 /
0.6 — /
I n: 400k /{
i C:0.37 n: 30k
I i — C:0.51
P
0 0.2 0.4 0.6 0.8 1 12
Mesh x [m]
Figure 10. Mesh independence study near the blades, n is the total number of cells.
Table7. Mesh independence study for mesh size [m] in each region
Region 1 Region 2 Region 3 Region 4
Case# (outer) (Wake) (turbine) (rotor) Co
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 coefficehtas also assessed. The
results of the assessment are presente@able 8. In order to increase the reliability of
assessment and to avoid missing phenomenon that occurs in short periods, the data are obtained
for cases with 0° and 30° of yaw angles. This helpasar involving phenomenon associated
with rotor misalignment. The shortest time step with a valdé-ef 0.216° was considered as
the reference casklence the subscript "ref" refers to castnlorder to make data comparable,
the ratio ofd 0 is plotted inFigure11. Figurell indicatesthat for time steps smaller
thanY—= 0.432°, there was a difference of less than 2% inompared to the smallest time

step that investigated.
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Table8: Test matrix for the study 0t —All sizes are given in turbirdiameters (D).
Case# Y—°] Timestepspe Yo[s] Q[] Q[-] Domain Sizd-]

revolution F] w O 0

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

T

UQ

=

@)

Time step size(s)
Figure 11: Cp independence study for time steps per revolution.
3.2 Validation

Once the independence of results from the numerical factors was verified, the results of
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 cs=avadability
of adequate experimental data. Hence, the ALM result for this case is compared with the NREL
experimental datfl14] in Figure12. The power coefficientd( ) is represented against TSR
and the output rotor torque reported as a function of wind speed in order to have a better
illustration in both high and low TSR reg®rEvaluating 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 12. Comparson of ALM results of NREL PhaseVI wind turbine with experimental ta4a
a) Power coefficient for TSR of the bottéired wind turbine; b) torque out for the investigated wind
speeds.

The largesize wind turbine, NREL®BAW case, is studied iRigurel3. This figure assesses
the capability of the current ALM code in the simulation of lasgee offshore wind turbines.
A domain of 5*5*10D were chosen angetsame procedure was accomplished fesimand
time step size verification. Accordingly, the coarsest cell size in region one was determined as
10 [m]. The refined regions were similarEegure 9, while regions 1 and 2 were expanded
D/8 in wind direction and opposite in order to cover the most extended surge motion. A time
step size of 0.86 ° was also determined based on a verification study. Because the experimental

data for this wind turlsie are not available, the results were validated with several methods,
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including the BEM results obtained using the FAST code from NREIZ], OVERFLOW?2

by Chow et al[109], Overset by Cheng et 4lL18], aeroelastic blade resolved CFD using
OpenFOAM by Liu et a]119], OpenFOAMMRF by Wu et a[120], and EllipSys3D by
Sorensen et dl121] and nonlinear vortex lattiomethod (NVLM) by Lee et a[122]. Design

and simulation parameters were chosen as similar as possible in ALM and FAST simulations.
Figurel3indicates that the regalof ALM code are in perfect agreement with those reported
by Chow; thus, the current developed ALM code is not-dependent and valid for both cases.
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24000
o
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| b ——-2—— Overset by Cheng
2000 ‘ ‘A - - © - - OpenFOAM by Liu
OpenFOAM-MRF by Wy
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Figure 13. Comparison of ALM results with the FAST code and other litex§69,109,118,121,122]
for NREL 5MW wind turbine.
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To evaluate the ALM result in more detail, the calculated angle of attackghan
corresponding lift coefficients along a blade are reportdéigare14 for a high TSR (=7.5)
and a low TSR (=4) caseThe TSR=7.5 was chosen because the maximum gap between the
ALM and FASTresultswas determined at this speed. The attack angle calculated byiALM
computed according to the sampled velocity in the resolved flow field as described in the
preceding section. As expected, the attack angle and consequently the corresponding lift
coefficient decreases by rising TSR. Assessing the ALM results at TSlkowed a very close

consistency with the FAST result.

As it can be seen, there is a sudden ris0 after the root section. A DU40 airfoil used in
this sectiorthatcan provide a high lift coefficient at a high attack angle. There is a spanwise
distak e bet ween the maxi mum values (at rail?2)
chosen by the FAST code and the current ALM code.

While a very close agreement exists for the attack angles, there are slight discrepancies to
ob:

be highlighted. Twommor dr ops for attack angle are
sections (raeo). This is addressed by the
should be noted that while the BEM uses the tip loss correction to calculate induced velocity
factors and subsequently attack angle, the ALM code uses it to correct the lift and drag
coefficient obtained from tabulated 2D airfoil data. This point also answers why th0 used

tip and root is lower than the associad ‘@f FAST. Overall, bdt approaches should have a

similar effect on the final results.

Despite the consistency between the FAST
slight overprediction of 1° by ALM at the middle of blade. Due to the steep sl ebf p | o't
for DU- airfoils, the 1° of difference leads to a noticeable difference betweed twdected
by methods at the middle of blade in for TSR=7.5. However, all the mentioned differences
result in an acceptable difference as less than 5% for power and le3%ianthe calculated
thrust.
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Figure 14. Comparison of ALM results for the NREIVBV wind turbine with FAST data. a)
calculated angle of attack; b) lift coefficient corresponding to the calculated angle of attack

The main benefit of ALM over the other higidelity models is the comparatively low
computational cost. Therefore, the computational cost for the developed ALM dddeaad e
resolved RANS$S2&8dadlU brdees winved L E S 2agriemucl oam pi aorne d
Table9. As it can be observed, even usingnaaller 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 in some minutes. Therefore, the point that
makes ALM favorable oveBEM 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.
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Table9. Comparison of the computational cost of the three models

Model ALM Bladeresolved Bladeresolved
RANS[123] LES[124]

Number of cells ~0.4*10 8.5*10CF° 11*10°

dd [ A] 0.86 2 1

CPU model Xenon41162.1 GHz Xenon41162.1 GHz 2.4 GHz

Core hours fevolution [hr] 0.5 40 266
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Validation with floating movements

In this section, the resultsf current ALM codein floating conditions are compared with
the other available literaturBigurel5 shows how the aerodynamic performance of the NREL
5MW at a wind speed of 11.4 [m/gjérotor speed of 12.1 [RPM] changes under a prescribed
platform surge motion with an amplitude of 2 [m] and a period of 12 [s]. The result of the
current ALM code is compared with FAST v8 and CFD by Liu Bt1dl9] and CFD for a rigid
turbine by Wu et al[125]. To obtain the ALM restilpresented irfrigure 15, the design and
simulation parameters were chosen as similar as possible to LijilH©kand Wu et al[125].

The tower, nacelle, and hub are ignored, and the shathgle was set to zero.

The variation of thrust and power were in order of 10% and 20%, respectively. The effect
of surge motion on the turbine aerodynamics will be discussed more in the following sections,
and this section is just focused on ALM compamisvith other approacheAs it can be seen,
the trends are well reproduced, and the values are relatively close. Generally, a slightly larger
turbine aerodynamic output is predicted by the ALM and FAST codes. While the ALM and
FAST use some empirical gection, the mesh used by the mentioned CFD progks not
appear to be fine enough foapturng all airfoil vortexes In overall although all of the
mentioned methods hateeir limitations, the results are quite close. A noticeable point about
the esults of flexible cases is that there is a time delay of extremum due to the flapwise
deflection velocity[119].
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The gapbetweerrigid and flexible data is different at their maximum and minimum values.
To compare the results of the different analysis tools more practicallygnpétudes of

variation are plotted ifigure16. The amplitude is defined as ¢ @w U "Q§ ¢ for this plot.

It is evident that the difference between rigid case®isparatively larger than the effect
of considering aeroelasticity. In other words, the impact of considering aeroelasticity was
negligible for the thrust calcul atedll®ly FAST
The flexible turbine showed a higher gap for power calculated by FAST andcdalusiated
by CFD[119]. While the maximum difference between rigid and flexible cases was less than
5%, the difference between the two CFD references was more than 10%. According to Liu
[119], considering flexible blades required 2.3 times more computational cost related to the
additional mesh morphing. This result shows that alth@oglkidering aeroelasticity improves
the accuracy of results, it has no significant impact. Hence in the current work, in order to
reduce the involved parameters and focus on the platform motion effect, the aeroelasticity is
ignored. Also, it helps to mak&e results comparable to the available literature that many of
them ignored this effect.
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Figure 16. Variation amplitude of wind turbine thrust and power under prescribed platform surge
motior{119] [125]
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To further compare results at higher surge amplitudderesults for broader surge motion
are also compared with available CFD results. It should be mentioned that although these
amplitudes might be too extensive, it would be interesting to verify how different approaches
result in case of such extreme emosidn the ALM simulation presented iRigure 17, the
tower and hub were considered, and other design and simulation parameters were chosen as
similar as possible ifiran et al[126] and Kim et al[127]. The calculations were made at the
rated wind speed of 11.5 [m/s] and angular velocity of 12.1 RPM, and the surge parameters

were asTablel0.

As it can be seen, thesults of the ALM code are quite similar to the CFD results of Kim
et al.[127]. There is a noticeable difference tae maximum as the oscillation frequency
increased to 0.770 [rad/sec]. Rising the oscillation frequency increases the keladatel
velocity in the flow direction, leading to the stall condition. The plot shows a considerable
difference in posstall conditions. Both mentioned CFD simulations, and the current ALM
code has some limitations. Tr§iP6] and Kim[127] used two equations turbulence models
that have some limitations poststall condition, and the ALM code uses a 2D airfoil database.
However, although the difference is noticeable, such a condition rarely happens as the control

system should avoid.it

Table10. Comparison of the computationalst@f the three models

Model Case 1 Case 2 Case 3
Amplitude [m] 8m 8m 11*106
Frequency 0.246 0.500 0.770
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3.3 Floating movements

The preceding findings give the confidence to extend the developed ALM code to simulate
the unsteadiness of wind turbines with platform motions. In FOWTSs, the platfotranmo
depends on some parameters, including substructure topology and prevailing sg2]state
The current project was focused on the aerodynamic impacts of FOWTs due to specific
displacements and rotations regardless of the mechanisms that lead to the motions.
Nevetheless, to make certain a realistic range, values are gained by consulting the relevant
literature[128,129] In this section, a wind turbine is simulated in floating offshore conditions.
SingleDOF motons were considered rather than combined muiijgdé=, in the interest of

achieving a better understanding and measurement.

Six degrees of freedom and pertinent motions are studied separately to study the effect of
direction. Operation conditions for tleesimulations were wind speed, rotor speed, and blade
pitch of 8& 7i, 0.481 jQ2and zero degrees, respectively. This betated wind speed was
chosen to ensure that the boundary layer separation from the suction side of the rotor blade will
not occu for the fixed condition. Nonetheless, blade stall is possible for higher oscillation
amplitudes at a part of blade leng# pitch controlbased on wind speed (and not relative
inflow speed)was implemented to capture the phenomena that occur by exgeledistal
onset angle of attack. In order to investigate an absolute pitch motion, the platform rotation
center was positioned under the rotor center at the height of the initial sea level. A prescribed
sinusoidal linear displacement for surge, sway lag@ve motion in the X, Y and Z direction
(Eq.(47)), together with an angular displacement for roll, pitch and yaw motion around the X

axis, Y-axis, andZ-axis (Eq.(48)) were applied.
Q 6 OEq“™ ™ o w ¢®ATOD® b (47)

— 5 O0EF® 5 — B ATO® b (49

HereQdenotes displacement ands the angular displacememt ando are amplitudes, and

"Qs the frequency of oscillations. The tilt angle was ignored in this part to make the incoming
flow purely axisymmetric translation in heave and surge direction. This helps all blades operate
independently of azimuth angle at a specific time. The develap&1 code obtains platform
motion in the form of prescribed velocity and angular velocity or can calculate it corresponding

to Newton's second law.
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Figure 18 demonstrates power in the platform motion of roll, pitch and yaw rotation and
surge, sway and heave translation for the NREMW wind turbine. Data are shown
separately for translational and rotational motion, and the incoming wind speeds abtthe rot
center are the same. For the linear displacement of surge, sway, and headQare equal
to 4 m and 0."Dq respectively. For the cases with rotational movement of pitch, yaw and roll
heaved0 and™Qare considered asléand 0.05°0q respetively. The frequency is chosen
differently for translation and rotation with the idea of making angular and linear movement
more comparable. FroFigurels§, it is evident that the effect of platform pitch motions is more
considerable compared to other angular displacements. Taking the wind turbine velocity
triangle into account, pitch motion is streamwise and has more effect on the relative wind
velocity. It should also be noted that this effect grows from the bottom to the top of rotors.
Among translational displacement, surge motion revealed the most significant change. This is
because surge has the largest impact on the velocity triangle of the viné tioreover, the
frequency of power corresponds to the frequency of platform moversrihe platform
moves in the wind direction, the power drops and vice versa. The peak occurs when the

platform is in its initial position.
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Figure 18. Comparison of power production for every 6 degrees of platform motion

The rotor thrust for the six platform motions and the fixed bottom case are repdtigara
19. It is evident that the trend is similar to the prasthpower trend. Nevertheless, the impact
of yaw motion in the thrust plot is noticeable. These results are important not only for the

investigation of aerodynamic performance of the wind turbine but also, they are essential for

fatigue loading calculation.
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Figure 19. Comparison of thrust in every 6 degrees of platform motion.

The average of powers and their oscillation amplitude are illustratéidune20. The rest
of the motions are omitted due to their negligible effects in the mentioned amplitude and
frequency.Therefore,the data are compared for four different pitch and surge oscillation
amplitudes. As it can be observed, the difference between the maximum and minimum values
tends to rise steadily as the motion amplitude rises. It is also demonstrated as the movement
oscillation amplitude expansions two and three times more, the powdatomtibmplitude
shifts 97% and 197% for pitch and 86% and 180% for surge, respectively. Interestingly, there
is also an insignificant contrast between the averages, and it rises marginally by movement

amplitude expansion.

The average thrust and the redav oscillation amplitude are plotted kiigure 21 for the
corresponding platform movements. A similar trend is also demonstrated by thrust, despite the
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effect on percent being about half as many again as in power. It is visible that as the maximum
power change is 52% for pitch and 66% for surge motion, the maximum thrust variation is just
under half (25%) and just more than half (34%), respectively. Tinasbers are sensible as

they are proportional to the square of inflow velocity.
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Figure 20. The average of power and its oscillation amplitude for pitch and surge with different

amplitude
500
450
= 400
ﬁ = =
7 350 ‘I‘ ‘I‘ mw
S
£ 300
l_
250
200
150
100
50
0
° o~ < © o ~ © N
) ] 1l ] @ Il J i
X < < < X < < u
5§ 5§ § Y & & @
g & £ > 5 €
(7] 0 A

Figure 21. Theaverage thrust and its oscillation amplitude for pitch and surge with different
amplitude

55



Results and discussion

3.4 Study of Surge motion

As it was well documented that the surge motion causes significantly more aerodynamic
effects under the same linear displacement, it wikitbeied more in detail in this section. To
better analyze the following data, the prescribed surge motion applied to the turbine platform
and the corresponding normal velocity are showigure22. The inflow velocity normal to
the rotor planed) is defined as the wind speed minus hub streamwise speed. For this figure,
the amplitude of oscillating surge motion was set @t@nd the frequency wastsas half of
the rotor frequencyo(0763( (I
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Figure 22. Variation of platform surge motion for =8 m

The rotor output power in oscillating surge motion amplitudes of 4, 8, and 16 m and the
fixed-bottom condition are compared Figure 23. According to[102], this is inside the
realistic range for a wind speed of 11.2 m/s. However, this might be unlikely in wind speed of
8 m/s. The investigation was performed at large amplitudes to ensure the occurssvezef
phenomena in the mentioned frequertaigure23-a demonstrates power and thrust variations
during a period of platform surge oscillation (ifsvp rotor revolutions). Remarkably, while
the reciprocating surge motion is symmetrical and accordifggtore22 the normal velocity

is symmetrical, th average produced power is marginally different from the befitaed case.
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As presented for the simulated conditions, the average power amplified by 0.3% and 3.5% for
the amplitude of 4 m and 8 m, respectively, followed by a 2% climb for the amplitd@enof
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Figure 23. The produced power and thrustsurge motion with different amplitudes.
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For having a better illustration, the produced power and thrust corresponding to the axial
displacement in backward and forwamnation are plotted in Fig. 1B. It should be noted that
the surge speed is zero atahd Ts, when the platform is at its maximum displacement. Also,
while the reciprocating surge motion of platform was symmetrical and the inflow velocity is
also symmetdal (see Fig. 8), the effect of surge motion on power is asymmetric in a way that
it is more flattened in the bottom half Figure23-b, related to theackward motion between
Tz and Ts. Remarking the loop trends, the loop is more flattened in the backward half for the
case with of longer amplitud&here is a noticeable flattening for the longer amplitude in the
forward movement (the top half of Fig. -b). Two separate phenomena produce these
flattening in the forward and downward movememespectively, the stall and the turbulent

wake state.

The stall is responsible for the flattening in forwarding motion (top half). As shokigune
22, the streamwise velocity of the platform is about 5 m/s; this leads the turbine to receive a
wind condition like that of a fixethottom case under a wind speed 8fri/s. It is important
to note that in the curresimulations, the blade pitch angle is constrgach wind speed
whereas, in the real NREL 5MW, éan be controlled in surge motion based on the relative

inflow speedThis decision aims to capture theenomena that happen in extreme conditions.

Figure24 illustrates the computed attack angle and its corresponding lift coefficient along
the blade. Data are reported for positions P1, P2, and P3 corresponding to fractions 6/24, 7/24,
and 8/24 of the surge oscillation period. From P1 to P3, the attack angleuously increased
due to the rise in surge velocity. The lift coefficient dropped from the radius of about 12 to 40
m of the blade, where DU airfoil sections were used. Basdelgure 25, it can be revealed
that these sections of the blade are located in the stall region. The straightforward calculation
of attack angle in ALM isdvantageousver the bladeesolved CFD, which could be utilized

in turbine control and design.
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Figure 25. Lift and Drag coefficient of airfoil sections in NREL 5MW

The wake struire is visualized irFigure 26 using the isesurface otthe Q criterion[130]

from the side view (3z plane). The €riterion [54,55] is defined as:

0 gﬁEﬁE AN (49

where andn are the antisymmetric and symmetric parts of the velocity gradient tethssr

follows:
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(50)

(59)

Figure26-a demonstrates that the wake for the bottxed case was developed initially in
the form of welldefined helical geometry with @zimuthal symmetric strengthhis structure
was maintained until about 2D (rotor diameter) downstream and ultimately evolved into a
turbulent wake. Conversely, figures a and b demonstrate that the surge motion cases yielded
more unsteady wake with a petio variation in the wake strength. As it can be observed, due
to the forwardbackward motion, the structure of the wake deformed periodically according to
the phase of the oscillation. BasedFigure22, the relative velocity between the blades and
the incoming wind is periodical because the surge platform motion is streamwise. Therefore,
the surge motion leads to a periodic aerodynamic load and, cemsgqyeriodic vorticity

strength.

In addition to strength, the distance between two successive vortex rings demonstrates a
periodic variation that is correspondent to the turbine surge motion. These variations result in
a highly unstable intermediate wealue to mutual interaction between adjacent vorticities with
different strengths. It should also be noted that the wake was more disturbed for the higher
amplitude case than the case with lower amplitude. The described occurrence is crucial in wind
farmsdesign because the wind flow that the downstream wind turbines receive is unsteady and
varies based on the upstream turbine surge motion. Even though the wake is approximately
azimuthally symmetric here, this can still cause a-awging load on the dovatream wind

turbine. Similar tip vortex breakdown occurrence was also observe8in132]
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Figure 26. Iso-surface of Q=0.001 colored by velocity gradient magnitude for a)-facttbm
case; b) Surge motion with & ; c) Surge motion with p @
Returning to the reason for the flattened area abdtt®m of the power loop iRigure23,

this position corresponds to positiogiif Figure22when the surge velocity is at its maximum
value. At this position, it can be seen that the blade distorts the emitted wake of the preceding
blade. In helicopter studies, this phenomenon isvknas the vortex ring state (VRS). When

the rotor moves fast enough in the backward direction, negative thrust could be produced by
blades that explain the distorted wake. In this condition, the momentum theory is no longer
valid since the axial inducticiactor goes above 0.5; in other words, the thrust coefficient that

is defined based on normal inflow velociby, exceeds unit.
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Rand etal. [133] offered the rate of induced velocity as form(82) that is used to predict
helicopter performance. It should be noticed that this representation canaaot dbsolute
criterion to determine the entrance to the vortex ring state. However, it can give an estimation

for the initiation of the turbulent wake state and vortex ring state.

. (52)
Wc% c% ool Yy
Ly , , )
VR E S T
o GU CL

Here0 denotes the estimated induced inflow velocity ands equal to w. The induced

velocity in hover { "Y¢" §is defined to normalize based on the thrigt (

Figure27indicates for inflow velocity ratioj 0 ) less thar2, , the turbine is in the normal
working state. This is where the thrust coefficién) (s less than one and the induction factor
is between 0 and 0.5; therefore, the BEM theory is valid. Oiténie enters the turbulent wake
state and vortex ring state ag 0 exceeds2. In this conditiong (defined based om)
exceeds unit due to the low amounteef The onset of vortex ring state following turbulent
wake state can be suggestgdifduction factor equal to the unit as 0 . Following the
inflow velocity ratio of zero, the turbine will enter the propeller brake state. The corresponding
inflow velocity ratio calculated based on instantaneous thrust for cases with different
amgitudes is colored to highlight the status of oscillating turbines in this plot. This plot reveals
the case with the amplitude of 16 reaching the vortex ring state and then it followed by rising
into the maximum inflow velocity ratio of abotdt. This occus during its backward motion at

position T.
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Figure 27. The estimated ratio of induced velocity as a function of inflow velocity ratio

The wake behind the turbine under oscillating surge motion is visualiZéidune 28 for
the amplitude of 16 rData are presented for eight positions corresponding fb; Th Figure
22. This figure establishes that the current ALM code satisfies the need for capturing vortices
trajectory, potential bladeortex interactions, and vortex pairing. At the initial positio),iT
can be seen th#tere is an interaction between bladand the wake of the preceding blade
(blade3). Turbine at this position is on its backward motion, and the inflow velocity normal to
the rotor planed)) is minimum. The backward motion in this position haseheugh speed
to move the turbine beyond its wake. Hence, as the {ldgbevortex is emitted downstream
of the preceding vortex, this situation shows the rotor is in the vortex ring state indeed. This
follows by emitting the vortex of blae very closed the earlier double vortex that leads to
vortex pairing. Consequently, the emitted tip vortexes are merged from &dwitd %4 of
the surge oscillation period. Afterward, just before positignalstrong vortex ring emitted,
followed by three vorterings that shed between and T, which rolled around the previous
strong vortex ring. The appeared vortex pairing leads to vortex meandering and, subsequently,

instabilities in the turbine wake.
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Figure 28. Iso-surface of Q=0.01 colored by velocity gradient magnitude for pitch motion with
0 p @ at positions & T+,
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3.5 Study of pitch motion

The prescribed pitch motion given to the turbine platform is showigare 29 prior to
presenting the study of pitch motion. The normal velocity is denoted layd calculated

geometrically as follow:
» Y A9 Y jAT-© (53

Pitch motions are more complex in comparison to surge motion. This is primarily because
the inflow velocity normal to the rotor plane for each blade element varies depending on the
element height, even at a particular timen€§ldering the fact that BEM and ADM discretize
the rotor into annular rings, they are not capable of stimulating angular platform motion like
pitch, at least in their original forfd28,134] In the following section, the amplitudes of at 2,

4, and 8° were set as the amplitude of oscillating pitch motion. The frequency of 0.0763

was set for all cases, whereby each pitch oscillation period lasted two rotor revolutions. As a
matter of fact, the amplitude of 8° may seem beyond the real usual range in FOWTs. However,
it helps explain the occurred physical phenomenon at the smaller amplitudes, even though it

involves excessive boundary layer separation from the blades.
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Figure 30. The produced power and thrust by each blade with an amplitude of 2°.

Figure30 compares the power and thrust of blades for the case with an amplitude of 2°. The
figure indicates a periodic variation in power addressed by the retreating and advancing of
blades. Differentrends are followed by each bladéich is due to the discrepancy between
the blade phases. In addition, even the maximum powers of the blades are not the same and a
difference is observable. As it can be seen, the maximum of produced power by blade 1 is
comparably more than the others by about 1105 kW. Baseligure 29, the maximum
forward speed of the rotor takes place atWhere bladel is at 12 @lock position (zero
azimuthal degrees). Consequently, its blade tip receives the maximum velocity caused by the
pitch motion. The maximum power of Bla@eis achieved just after positiors, and this
maximum takes place just before for blade3. It is roticeable that the maximum power of
blade3 is marginally more than the maximum power of blade 2. This can be addressed by the
distance between the blade and the wake of the earlier blade, as expanding this space leads to
less inflow velocity induction.

Compared to the average produced power, the maximum produced power goes up to 43%,
whereas the maximum power of blatieeaches growth of 63% compared to its average.
This point confirmghatthere is a demand for blade simulations. At least in pitch mati
original form of the BEM method is not able to provide these figures. The disagreement

between blades' produced power can lead to an extensive impact on blade vibration,
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deformation, and fatigue. Nonetheless, it is highly subject to the pitch nmio&dquency

concerning the phase of blades and the rotor spBeel.rotor and platform frequency
coincidence maximized this effect in the current csaugh it rarely occurs in real operation
conditions. Here, the oscillation amplitude is expanded tdiroorthe physical phenomena

occurring under a pitch motion of.4

Figure 31. The produced power and thrust by the turbine in pitch motion with different amplitudes.
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Figure 31 compares the produced power of the fekedtom case with the corresponding
produced power in pitch motion with amplitudes of 2, 4, and 8°. The produced power is plotted
as a function of the rotor azimuthal positionFigure 31-a. It is noticeable thahe mean
produced power is also affected due to the pitch matimahis slightly different from that of
the bottorfixed case. While the average powertloé bottomfixed case is 2013 kW, this
figure is around 2031 kW, 2074 kW, and 2051kW for the pitching cases with amplitudes of
2, 4, and 8, respectively. In other words, the mean power increases by 0.8% and 3% for the
amplitude of 2° and 4°, respectiyeand then with less growth of 1.9% for the amplitude of
8°. It should also be noted that due toithainedrotor, the frontal area changes insignificantly,
(cos 8=0.99).

Figure31-b shows the produced power against the angular displacement. Along with data
for the bottordafixed case and pitching cases, the result of six cases with pitch misalignment of
+2°, +4°, and +8° are presented. The producedgpat the extrema pitch angles of oscillating
cases agrees with their corresponding static pitch cases. The angular pitch velocity is zero while
the turbine is at its maximum displacement in positions T2 and T6. As a result, their

circumstances are compate to the static pitch misalignment cases.

The loop is more flattened in the backward half for the case with a longer amplitude, as
shown in Figure 1&. As explained in the preceding section, this flattening is associated with
the turbulent ring statéAside from the flattening, the loop is marginally asymmetric as the
right half looks sharper than the left half. The curve value on the right side is higher both in the
backward and forward quarters. The right side is where the turbine is upstreamy@itsigydi
was not observed or at least was negligible for the surge case, indicating a relation to the impact

of turbine pitch and the attack angle.

In Figure 19, the issurface of Q=0.005 illustrates the wake structure from the side view
(x-z plane). In tk case of pitch motion, the wake is more unsteady than the other motions, and
there are also periodic strength variations. The wake structure deforms periodically based on
the oscillation phase in the forwab@ckward direction. Because the distance betvwe®
subsequent vortex rings is determined by azimuth, the intermediate wake is considerably more
unstable than surge motion. For the cases that just the upper half of the rotor moves fast enough
in the backward direction, the blade tip can distort thétedhwake of the earlier blade and

consequently makes distortion. As a result, the rotor produces negative thrust and enters the
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vortex ring state. The momentum theory is no longer valid there as the thrust coefficient, which
is defined based an, exeeds the unit.

a Il ] (.

UGrad: 0 02 04 06 08 1

UGrad: 0 02 04 06 08 1

Figure 32 Iso-surface of Q=0.001 colored by velocity gradient magnitude for a)-fpatbm
case; b) Pitch motion with 1 ;Jc) Pitch motion withd g J
Figure 20 illustrates the rate of inducedoeity, which can be used to estimate the point
that the turbine goes into the turbulent wake and vortex ring states. Once the case with the
maximum amplitude od =8° catches the maximum inflow velocity ratio-6f75 during the
backward motion at poifitO, it goes into the vortex ring state zone. The two smaller amplitudes

of 0 =4° and 4° do not meet the inflow velocity ratio-®f and therefore do not enter even the
turbulent wake state.

69



Results and discussion

Of 2
1< B >
@] \ Ed \ ’
= , . -
§ -2 S \\ 7 1 \ _/'/
- 3:—~>§'\_‘§ —’_/l’/—/:/——:“:\\"§ ‘/_},/——'15
S =5 NI ST,
8 . ’ N 7 o
i SR J
% '5; /.’/'/\'d__ \.,—\; l_,-/\/’f_ﬁ,'\— ~ 1
S | P TN
= -6 #— = # A
£ - iz BN i N~
- .7 AN PR
= 7 ~ /4 \ L Bt 1 _\ N -
2, F VN o5
> -8 ’ \ ! LW
S Ep——— Pitch A =2A" L v
OF S Pitch Aq=4A ! " '
F .l -- - - Pitcha’=8A ‘.- ]
10— . L T L 0
6480 7200 7920
Azimuth [A

Figure 33. VRSidentification of Pitch motions

The wake of turbine under the pitch motion with an amplitud€ o 8isualized inFigure
34. Data are presented fogat positions corresponding to identified positiong (%, ..., T7)
in Figure 22. The interaction between blades and their emitted vortex is depictddsi
illustration. The trajectory of vortices, potential blad®tex interactions, and vortex pairing
are all properly represented once again. When comparing the pitch motion to the surge motion,

the pitch motion reveals more aerodynamic interactions.

Figure 34. Iso-surface of Q=0.01 colored by velocity gradient magnitude for pitch motion with
0 Y &tpositions T, Ty, ..., Tr.
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Noteworthy, the blade vortex interaction occurs mostly on the rotor's top, where the body's
speed is higher due to the angular motion. This separates the top and bottom halves of the
helical vortex wake. Pitch motion, unlike surge, is not a simple tramslagnd the
displacement at the top is not the same as the displacement at the hub center. An interaction
between bladéd and the wake of the earlier blade (bi&Jean be noticed at position TO. The
distinction here is that this contact is limited te tbp of the turbine rotor, whereby just the tip
of bladel is beyond its wake since the tip vortex is emitted downstream of the preceding
vortex. Following that, the blae tip vortex is emitted near this double vortex, resulting in
vortex pairing. As a&onsequence, the strength of the vortex ring shed right bejorariés
based on azimuthal position. This can cause vortex meandering in the wake, causing wind farm

flow instabilities.
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3.6 Study of Yawed case

Based on the results shown in secad) the occurred yaw angle in a floating condition of
the wind turbine has a marginal effect on the turbine performance.udowe a real floating
wind farm, the turbine goes under yaw misalignment due to variation in wind direction. This
misalignment is usually comparatively much more than those that happen based on a floating
platform. Hence, instead of investigating yaw afignment due to floating platforms, higher
yaw angles due to variation in wind direction in real floating wind farms are investigated in
this section. Being most of the publications on yaw misalignment for the NREL PhaseVI case,
the test case was chosaerthis section in order to make the output data more comparable with

available literature.

Figure 35 demonstrates the used symbolization for yaw misaligmt. In this section, the
direction of positive yaw angle was chosen in a way that reduces the inflow angle at the blade
azimuth angle of 0° (12 o'clock). The rigiinded Cartesian coordinate system is shown

whereby theower is in thei-direction andY is in thecdirection.

wi nd
Z\»

Figure 35 The employed notation for yaw angles.

Figure36-a compares the produced aerodynamic torque as a function of azimuth angle for

three different yaw misalignments b®°, 20°, and 30. Data are reported fo¥ =10 m/s. As
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it can be seen yawmisalignment leads to an oscillating produced torque assing the yaw
misalignmento 1C°, 20°, and 30, the amplitude of oscillating torque expands 5%, 18%, and
20% of their corresponding average, respectively. This fluctuation is due to the angle of attack
variation caused by the turbine yaw misalignment. Whigewind speed is almost constant
during the rotor revolution, the angle between the chord and wind flow varies during a rotor
revolution in yaw conditions. Subsequently, both relative velocity and attack angle oscillate

due to the yaw misalignment.

The magitude of the geometrical relative velocity) ¢ 4, ) and the geometrical angle

of attack [( ¢ 4 7) £an be calculated as folloyks35]:

(54)

W geom Y AifO 1 OERBI-O
(55

- Alr
Al
|ge°mAOA%ﬁ‘T" ERT-5 ATTHE

Air0O OET_ ORMRIO
herer ande refer to theyaw angle and thazimuth angle, arid denoted the blade pitch angle
that includes the twist angle. This is noteworthy that the equatioas fof. 4 yand| ¢ 4 ;are

derived geometrically, which means the effect of turbine on the flow field is absent.

The oscillatinggeometrical angle of attack during a rotor revolution is plottétgnre36-
b for the mentioned yaw angels. It should be noted that whenblexigerences its maximum
angle of attack, the second blade is at its minimum and vice versa. Although increasing the
yaw misalignment boosts the torque oscillation amplitude, the average toque declines.
Simulation of the phenomena that occur when the turbioadsr yaw condition is a crucial
problem in wind turbine design. Simulation of this situation using BEM methods is

challenging, especially for higher wind speed that appears in floating offshore wind farms.
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3 ool A

Figure 36: a) Aerodynanic torque of rotor b) Geometrical angle of attack for blddender
different yaw angles if¥ =10 m/s calculated using the current ALM code.

Figure37-a compares theepmetric angle of attack at the blade tip for different wind speeds.
The data are presented for the turbine under a yaw angle of 30°. It is evident that by raising the
wind speed, both the amplitude and the averagecqf; increase. The minimum angle of
attack is at the azimuth angle«o£0° and then it flowed by a continuing rise until reaching its
maximum ate =180°. In case with negative yaw direction, the opposite is Higere 37-b
demonstrations the geometrical relative velocidy, ¢ 4 i,@s a function of azimuth angle. It
can be observethat the variationof geometrical relative velocity changes Inversely in
conjunction wih the geometrical angle of attack. The geometrical relative velocity achieves its

maximum and minimum at azimuth angles of 0° and 180°, respectively, contrary to the trend
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Figure 37: a) geometical angle of attack b) geometrical relative velocity for different wind speeds
under yaw angle of 30°.

Based on Figure 8, it was established that while turbines undergo a yaw misalignment, it
causes a variation in the angle of attack. Here before applying the Sheng DS model in the study
of yawed cases, the validity of the Sheng DS model results was adsgsssdparing to the

experimental measurements reported166]. For this assessment, the investigation was
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accomplished for just an isolated airfoil, while in the rest of study an entire turbine has been

simulated utilizing the ALM.

Figure38shows the ramypip and oscillatory test results for a single S809 airfoil. The+amp
up test was performed at a reduced pitch rate |(6) ¢'Y ) of 0.005. InFigure 38-a the
calculated normal force coefficient is compared with available data in the literature. The
obtained results show a good agreement with the experimental data in terms of the normal
force. As observed, the stall onset was predicted just 2° earlier, and the effect of the vortex
emitted was predicted at 27°, with less power though. In addFigaye 38-b reports the
results of single oscillatory aerofoil compared with the experimental data. The test
accomplished for an oscillating aerdfoil Wi
1 @®¢°Y =0.074. From the calculated hysteresis loop, it can be seestahdnitial was
predicted slightly earlier. It is worth noting that the applied DS model was developed initially
for helicopter purposes. Still, the version modified by Sheng uses the main characteristics of
the initial model, for example employing tKérchhoff equation, while it is more applicable
for thin aerofoils. Nonetheless, applying the Sheng DS model proved its ability to model the

delays and downstroke movement in dynamic stalls.
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Figure 38: Comparison of the DS modelstdts with experimental results for an S809.
(a) Rampup test of =0.0169, (b) oscillatory te$t=15+10°,11=0.074.
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The aerodynamic torque predicted using the present ALM algorithm is compared to UBEM
and CFD results in Figure 10. The details of the UB&M CFD simulations are available in
[134] and[123]. The results of simlations are reported for three different wind speeds of
10m/s, 13m/s, and 15 m/s that are equivalent to TSR equal to 3.8, 2.9, and 2.5, respectively.
These simulations were performedtieeNREL PhaseVI wind turbine under 30° of yaw angle.
Overall, the &D results confirm the accuracy and reliability of the current ALM code as the
difference between the average aerodynamic torque obtained by CFD and the ALM calculation
tools is very limited.The data can be compared in terms of the amplitude and phase of

oscillating torque for further evaluation

It can be noticed that the UBEM code underestimated the output torgiye$@0 m/s and
overestimated the value fo¥ =15 m/s. employing the ALM code established an outstanding
improvement in themplitude. Itis notable thaUBEM applies yaw models to reflect the
nonorthogonality of flow to the turbine rotor plafe836], whereas the current ALM code
interpolates the inflow velocity from the flowfield CFD solver. In other words, all flow angles

are inherently concerned in the ALM.

In terms of oscillating torque phasmtween UBEM and CFD resultsphase shift error of
about 30° at 10 m/s and 18f13 m/s was reported. By increasing the wind speed, the phase
error was reduced to zero. The plotted attack andkégure37-a helps texplain the reason.
At a wind speed of 10m/s, in some portions of a revolution, the blades are subjected to dynamic
stall, and by increasing the wind speed to 13m/s, the blades suffer from the dynamic stall almost
during the entire revolution. The resaftthe ALM code shows a remarkable advancement in
reducing the phase shift error compared to UBEM. The phase was predicted precisely for the
case with a wind speed ©0 m/s in which the rotor suffered froapartial dynamic stall. For
the medium wind speeof 13 m/s, the accuracy slightly decreased, andncremental
oscillation after = 90° was captured that is due to the delay in predicting the second blade's
dynamic stall. Increasing the wind speed to 15 m/s causes a higher angle of attack during the
revolution, leading to complete flow separation and TEV forma@amsidering the point that
the ALM utilizes the tabulated airfoil data, this kind of 3D phenomenon that impacts the inflow

produces a slight inaccuracy in ALM predictions.
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Figure 39: Comparison between the aerodynamic torque of 30° yawed turbine at a wind speed of
(a) 10 m/s, (b) 13 m/s, and (c) 15 m/s with 30° yaw angle predicted by the ALM modeBEhs U
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Figure 40. Produced power as a function of yaw angle.

Figure4Oillustrates the simulation results for the NREL PhaseVI reference wind turbine at
ten different static yaw misalignments. The test case was examined at yaw anglhesfranyi
0° to 30° in negative and positive yaw directions. The average produced powers are presented
by square symbols and error bars indicating the revolution's minimum and maximum values.
The results for negative and positive yaw angles are symmetigallustrated. The data

indicates a 25% drop in average power due to maximum yaw misalignment of 30°.

The literature suggested the variation of power with yaw angle, can be approximated

by the following equatiofil37]:

or 0 mJAITO (56)

The..exponent of hasbeenproposed; although it has been shown that it is only accurate
if the axial induction distributions small againsfY A 17 (137]. The measurements that
includewi nd tunnel mo d el s a ngdestéduhatithe sexpamdnieould ur bi n
vary between 1.88 and 5.1438]. Based on the simuian of the studied yaw misalignments

by the ALM, .. =2 appears to be in good agreement, at least for the current case.

The amplitude of oscillations exhibits a consistent upward trend until 30°, after which there
is no discernible trendhe angles of attack can address this as for yaw misalignments more

than 30°, and the blade suffers stall situation in a fraction of retmlution. Because the
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blades are stalling, there are some instabilities that require further investigation. In other words,
because these conditions are caused by two stalled blades, the amplitudes for these conditions

can be casdependent.

In Figure41andFigure4?2, the wake structure is visualized by the sswface of Q critéon,
which is defined as followid 30]:

1 -mME £ A (57)

here andr denote the symmetric and antisymmetric parts of the velgaitdient tenscn I,

as foll ow:
—nonT (58)

Ao (59

Figure4lillustrates the flow field around a floaligned turbine, an&igure42 illustrates
the flow field aroud 30° yawed case both in wind speed of 10m/s. The-&logned turbine's
wake was first formed as a welefined helical geometry. The wake structure was preserved
until about four rotor diameters downstream and flowed by evolving into the turbulent wake.
Since the helical wake vorticities' strength was azimuthally symmetric, the contour in Figure

12-b was only shown for one timestep.

In Figure42-b.x) the contours fothe yawed case are illustrated on the blade sections at
each 30° of revolution. The yaw misalignment produced dramatically different wake evolution
compared to the flovaligned example. The wake strength demonstrated a periodic change in
relation to theazimuthal angle. The fluctuation of AOA and relative velocity during revolutions
addresses the periodic deformation of the wake vorticity strength. The corresponding AOA and
relative velocity are illustrated in Figure 8. A stronger wake was emitted wadxetthes were
at 0° azimuth, as illustrated in Figure-tk3 During a revolution, this location corresponds to

the highest relative velocity.
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Figure41l. (a) Instantaneous vortices visualized with thesadace of Q =0.01 colorebly the
magnitude of velocity gradient, (b) contour of velocity gradient magnitude and therfsge of Q
=0.2, for the aligned case

Figure42. (a) Instantaneous vortices visualized with thesadace of Q =0.01 colored by the
magnitude of velocity gradier(tl-XIl) contour of velocity gradient magnitude and the sswoface of
Q =0.2, for each 30° of revolution in 30° yawed case

82



Results and discussion

b
y/iD

Figure43. (a) Instantaneous vortices visualized with thesigdace of Q =0.01 colored by Axial
velocity, (b) contour of axial velocity afO = 1, 4 and 8 for the aligned case
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Figure 44. (a) Instantaneous vortices visualizeihwihe isesurface of Q =0.01 colored by x
velocity, (b) contour of x velocity efO = 1, 4 and 8 for the 30° yawed case
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The downstream axial velocity distribution enormously impacts the inflow condition of the
downstream wind turbines, which is impaot in wind farms. The inflow condition is critical
in determining the downstream wind turbine's aerodynamic and fatigue stressésqaf.
43 andFigure44 show the streamwise velocity contours behind the aligned and yawed wind
turbines, respectively, to determine the impact of the produced waketusér on the
downstream velocity fieldrigure43-a andFigure44-a show the data for x/D = 1, 4, and 8,
where X represents the downstream distance and D represents the rotor diathetease of
the aligned rotor, simulations revealed that the wakeggaion persisted longer. As can be

seen in contours at x/D = 8, the part of the contour in dark blue is wider for the aligned turbine.

For the aligned turbine, the wake took the shape of a helical geometry with identical
strength, as illustrated in Figutd-a. Hence, the velocity deficit distribution is axisymmetric
in terms of wake aged-igure 44 shows that a highly skewed deformed wake structure was
developed for the case with a 30° of yaw angle. It was also established thathsincake
vortices oscillated periodicallythe axial velocity distribution was no longexisymmetric
regardinghe wake age; the fluctuating AOA and relative velocity addits.A high induced
velocity area emerged at a 240° azimuth angle as strong wake vortices passed through the
downstream region. This is consistent with the findings of Bastankhah[289]. that the
wake center, defined as the point at which the velocity deficit is maximum at each downwind
location, changes based on yaw angle. As a result, the downstreanturbing experiences
highly unstable and asymmetric intake, and the blades experience dleperdent

aerodynamic load.
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3.7 Study of multi DoF motions

During the past decade, a particular interest in the unsteady aerodynamics of FOWT has
been drawrj7]. Complex rotor motions and the subsequent local aerodynamics have become
more prevalent, but they are still not as developed as fixed rotor aerodynamicfideligh
studies like CFD have rarely been utilized for the hydrodynamic simulation of FQMUs
Although they provide practical data, their computational cost is a drawback. Médeality
approaches, particularly CFBD, were dominantly limitedo the study of surge motion
[141,142]due to their inherent weakness in simulating skewed fliwest of the studies on
FOWTs were performed on the NREL 5MW case. However, different operation conditions
result in distinct rotor motions. Being subject to these motions avoids focusing on the effect of

platform motion on local aerodynamics.

Three wellknown platforms were selected to study the NREL 5MW wind turbine. The
OC3-Hywind spar buoy platform proposed by the Offshore Code Comparison Collaboration
(OC3) project (IEA)[143], the MIT/NREL TLP platform developed by the Massachusetts
Ingtitute of Technology (MIT)[144], and the ITI Energy barge platform developed by the
Universities of Glasgow and Strathclydel5] are three welknown floating platform models
that were studied in several aerodynatmydrodynamic analyses. The physical properties of
the mentioned platform models are summarizetaile5.

Tablel1l. Description of properties for the three floating platforms
OC3/Hywind spatbuoy ITI energy barge  MIT/NREL TLP

Diameter or width x length [m] 6.5t09.5 45.14 (40x40) 18
Draft [m] 120 4 47.89
Water depth [m] 320 250 200
Displaced volume of water [fh 8029.21 6000.0 12179.6
Mass [16 kg] 7466.33 5452 8600.41
CM location belowSWL [m] 89.92 0.28 40.61
Roll inertia about CM  [19kg-m?] 4229.23 726.9 571.624
Pitch inertial about CM [10kg-m?] 4229.23 726.9 571.624
Yaw inertia about CM  [10kg-m?] 164.23 1453.9 361.408
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The current study is focused on the aerodynamic effects caused by fidatfogn motions
regardless of the mechanisms generating the motions. The impact of riddpl@otions on

the aerodynamic load and wake structure is studied in the current section.

Sebastian and Lackngr46] proposed a power spectral density (OSD) approach that was
followed by other researchers, including Lee and Dprty,148] They utilized a power
spectral énsity (PSD) analysis to determine the main platform DoF contributing to inflow
velocity variation and attack angle. In this way, only primary platform modes are imposed
rather than applying the actual time series of platform motions produced by hydraclynam
codes. Classifying the aerodynamic contribution of a platform motion mode from other modes
is complicated in the presence of many platform modes that reveal similar spectral peaks.
Sebastian and Lackngr46] showed that most of the energy in each mode is attributed to two
peak frequencies associated with the 1P rotor rate an@ahstate. They modeled the actual

time series using a linear superposition of two sinusoidal functions as follow:
® O 0 OEF W % 6 OEJ QW %o (60)

Table 12 lists a set of synthesized parameters that were fitted to the -Bd&ilated
responses of each platform under the mentioned operating conditions. Utilizing this approach,
besides making it ps#le to analyze the aerodynamic consequence of motion, provides a

structure for crossode comparisofi47,148]

Tablel12. Platform motion parameters for the NREL 5 MW turbine with different floater types at three
operating conditions.

Oper. Floating platform Mode @ o} Q %o o} Q %o
[mor°] [mor°] [HZ] [rad] [mor°] [Hz] [rad]
1 ITI Energy barge Heave 7T 0. 1 0.318 0.078 1.303 0.254 0.108 2.702
Surge 13.602 0.725 0.007 1 1. 171 0. 4 0.078 2.609
Pitch 0591 1475 0.078 1 0. C 1.630 0.083 1.816
OC3-Hywind sparbuoy Pitch 1580 10. 0 0.066 1930 1 0. 1 0.077 3.113

Yaw T 0.0 0091 0.108 1983 1 0. 0 0.120 3.429

MIT/NREL TLP Surge  1.206 0436 0016 1T 0. €1 0. 2 0.077 3.018

ITI Energy barge Pitch 1722 -0.637 0.065 -0.381 1.677 0.077 1.835

3 ITI Energy barge Pitch 0.939 1518 0.066 2.132 2979 0.078 6.863

OC3Hywind sparbuoy Pitch 3.324 11961 0.029 0.420 0.000 0.000 0.000
Yaw -0.222  2.000 0.029 -0.359 3.185 0.058 3.385
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The operating and environmentainditions in this table are as follow:

1. Belowrated:'Y = 6. 0 [ m/ $Q=183[mpY=1292[4;3,

2. Rated: Y 11. 4 [ m/Q3254[m),"¥=18.394:,

3. Aboverated:"Y 18. 0 [ m/G3F4.09 ] ¥=13%g+—=15]

Figure45 compares the side view of visualized wake for the monopile platform under the
three operating conditions. The wake visualization was performed using therfgoe of Q
criterion equal to0.001and 0.000Icolored by velocity gradient magnitudeThe helical
geometries of the wakes are well captured in all three conditions. Increasing the wind speed
leads to expanding the distance among the helical rings. The helical geometry disappears
sooner fo cases with a higher tip speed ratio since dtmaller gap between vortex rings
Moreover, the wake expansion in the radial direction for the higher wind speed is less due to

the higher flow momentum in this operating condition.
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Figure 45. Iso-surface of Q=0.004nd 0.000Xolored by velocity gradient magnitude for
Monopile in a)Belowrated b) Rated c) Aboverated

The effect of remarked platform motions on the thrust force and power output of the NREL
5MW rotor ae presented ikRigure46 andFigure47. The rotor's thrust force and power output
variation undergoing individuaranslational and rotational motions are evaluated tima
domain Data of monopile condition is compared with six modes of movement mentioned in
Table 2 for belowrated operating conditions. The datdicatesthat the rotor thrusts fluctuate
around tleir mean values after an initial transition. The initial transition is addressed by the
wake development around the rotor that causes a blockage effect in front of the rotor by
decreasing the inflow speed. It is apparent that the pitdH &nhergy bargeand pitch ofOC3
Hywind sparbuoy resulted in the most significant variations while the other motions had
relatively little effect on the output.
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Figure 46 Variation in the rotor thrust in different platform motions

Figure 47 Variation in the rotor power in different platform motions

Figure48 compares the effect of each of tleenarked platform motiwsfor thel Tl Energy
barge Figure a) represents the stated Heave, b) represents the surge, and c) represents the pitch
motion inTable12 The combination of these three motions is demonstratédguare48-d.
As it can be sen inFigure48-a, the wake shape is similar toramkshaftdue to the vertical
movement of the platfornkigure48-b shows the horizontal movement of the platform leads
to pairing rings into one and shaping new rings with different strengths. The pitching case

revealed a more perturbed and complexdaékhape among the three separate motions. The
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