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Abstradd Abundant and consistent wind resource of deep water dF - elemental thrust (BEM based)
ocean have attracted offshore wind energy industry to look for the
possible expansions and adoption of various oil arsl figmting dTCFD - CFD based elemental torque

platform technologies. This has compelled the industry to venture in
to floating offshore installations for wind turbines. The floating dFCFD- CFD basealemental thrust
installations lead to complex rotor motions in 6 degrees of freedom.

F - overall loss factor
The current study focuses on tlynamic effects of the
platform pitching motion on the rotor aerodynamics for OC3 phase Ft - prandl tip loss factor
IV case 5.1 with modified wave height. High fidelity CFD
(Computational Fluid Dynamics) software was employed along with Fh - hub loss factor
semi empirical tool, FAST developed by NREL, AJBy assuming
the wind turbine as a rigid body. FAST - Fatigue, Aerodynamics, Structures,
The hydrodynamic effects leading to the pitching motion of and Turbulence code

the turbine platform are obtained from FAST. These pitching i ) )

motions are coupled with the rotating blades to study transient flow FOWT - floating offshore wind turbine

behaviors ging CFD. The results are compared with the standard ]

BEM based methods having modified Prandtl tip loss factor. The MRF - multiple reference frame

results show that the increased wave height induces very high . .

velocity and acceleration of the platform motion and thereby on the OC3 - Offshore Coé Comparison Collaboration

rotor plare. Morever this confirms that the turbine is operating both .

in windmill and turbulent state under such conditions. BEM validity " - blade element distance from the centre of the rotor
with Glauert correction and validity of tip loss model is to be further
assessed for the application of floating offshore windbihe
performance and design predictions.

TSR - tip speed ratio

U - local wind speed

Index Termsd BEM, Induction factor, OC3 phase IV, FAST, ¢ .
Simulation, NREL 5MW, AeroDyn, turbulent state, CFD, Floating Y P - free stream wind speed
offshore wind turbine.

P - air density
I. NOMENCLATURE q - rotational speed of the rotor

B - number of blades

w - rotational speed of wake
BEM - bladeelementmomentum

@ - local flow angle
C - coefficient of lift g

I .y

Ca - co-efficient of drag 7 - local solidity
Cr - co-efficient of thrust Il. INTRODUCTION
dr - blade element length in radial direction

The commitment to achieve the target inugdg carbon

dT - elemental torque (BEM based) emissions by most countries draws greater interest towards
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carbon freeenergy sourcesRenewable energwgources are height from 6m to 12m andmaintaining thel0-s wave period
expected to occupy a major share in total energy supply dsr the OC3 phase IV case 5.1 dsosvn in Fig 1. Increase in
predictated by UK [1] and EU [2] Of all renewable energy the wave height will intensify the pitch rate of the spar buoy
sources wch as solar, tidal andvave, wind is more floating platform leading to amcreasd angularvelocity and
economically viable as indicated [B]. Most onshore ideal acceleration of the rotor plan€his continuously changs the
locations are exploited to the fullest and hence wied relative wind speed afotor andtheréoy affectingthe various
industry focuses onoffshore locations where wingseed is resultantforces.Whenthe turbine isvorking in differentwind
higher and steadielmstallationcosts of offshore wind turbines turbine operating conditiongor a particular pichingnotion, it
are proportional to the water depth for the conventionalis important toquantfy the error associatedn predicting the
turbines with bottom support strctures suchmamopletowers FOWT performance by BEM methodhich is basically
and are limited by water deptfrloating wind turbines are derived for bottom fixed turbinéis the BEM is mostly used in
indepedant of water depth and hence more studiefoarsed  wind turbinedesigncertification process whemrmally more
towards the development of suchioating designs and than 6000 simulation cas€€FD and FEA tools can not be
associated strcutrgd]. Severalprototypes have beernestedin employed for all simulationgjre to be performed, éhpurpose
the past decadewhich are helpful in migrating from shallow of this research scopg considered as an important. Moreover,
waters to deeper wexs. For example Hywinda spar design the prediction offine variation of rotor power/load due to
floating wind turbinewas deployed in Norwageian watgl§  dynamic pitching of the floating plarm is also equally
and Windfloat a semisubmersible floating wind turbine importantfor an accurate fatigue life assessmdititis leads to
deployed off Portugdb]. the usagef high fidelity CFDtool. As the study is focused on
The floating wind turbines should be economical in bothithe applied forces on the rotor ¢tieck the validity of BEM
capital and operating cosfTher cost per kWh of wind model for an accadamic research purpose FOWT
generated poweshould be comparable tmnventioral energy  applicatiors, no blade control stragy is considered.
sources for a sustainabtearket. Apart from installation cost,
the turbine hasto survive the harsh environments in deep
water.The cost can be substantially reduced by develpoping
numerical model that accourfts all the complex interactions
Currently only prototypes have been deployed and hence costs
are bound to bhigher than more mature technologies. In order
to reduce costs it will be necessary that the designs of floating
wind turbines are not overly conservative. This will require a
numerical model of the design to be created with sufficient .~ *
detail to allow allaspects of the system to be considered. -
Floating offshore wind turbine (FOWT) is a complicated
systemas it has several companswith complex interactios

_ - “Wave condition for current research

Total loading of the FOWT is a resultant of all interactiolrs. Fig. 1 Comparisonbetween OC®hag IV case 1 wave
order to make more accuratermerical models all aspects of condition and the regular wave condition adopted for this
the wind turbine must be included in the same model. research work

Numerical performance prediction of FOWTaistical and . METHODOLOGYAND APPROACH
challenging toaccuratly assesshe aerodynamic load Most ) ] o ]
of the ®mmercialand open sourcevind turbine softwae The wind loadings and its impaasefunadamental design

employs BEM methods todeterminethe loads. The BEM  Parametersor the overall design of FOWT structureand its
method is well proven as it has been outlined in severalCOmponetsAn acarate prediction of aerodynamic forces is
publications 7] andsuccessfully applietbr bottom fixed wind ~ inevitable forthe design ofeliable and efficient wind turbine
turbineduring its design cyclgg]. As it has beeuliscussedg], ~ Various mathematical models such aBEM methods,
the BEM methd can be extended for FOWAS long as the Prescribed or fresvake vortex methods, acceleration potential

assumptions are valid for a ranglewaveand wind conditions Methods and CFD techniquese commally employed to
to predict FOWT rotor performance predict the aerodynamic loaddor onshoreturbines. Those

The effect of rotor plane pitching motion on the Mmethods areriginally evolvedfrom helicopter aerodynamics

aerodynamic performance BOWT [9] due to tle regularém ~ @ndarebeing applied in wind turbindesign BEM method is
wave hejht and a CFD based inductidactor development Widely used for wind turbine rotor design acah be integrate
methodology [10] arélevelopedor the OC3 phase IV case 5.1 a5 & modulén various serveelasticaerotoolsfor system level
[11]. It was shown thaf9] that 6m, 10s sea statdets the ~ Performance predictions due to its high computational
turbine tooperatein the windmill stateuntil the axial induction ~ €fficiency. SinceB EM ¢ cateenighdy flexibileto include
factor of complee rotor was not exceedg 0.4. In the current Variouscorrective modelssuch asvake expansiogorrection,

studythe thrust loading of the rotdis increased purposelyy ~ Plade root ad tip lossegorrections, ican betweaked with the
varying therotor plane velocity tdorce the turbine to operate 2PPropriate corrective models that are specificFOWT
in turbulent gate or beyond.The forced transition from @application

windmill state to turbwgnt state is to validate tleecuracy of

BEM by comparingwith fine detailsof the flow from CFD

results.The transition can be achieved ibgreaseng the wave
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of the wind turbine during platform pitching motion and the
wind speed Initially, the turbinewill operate inthe windmill
state (A) when the platform pitching motion is minimal
extracting energy from the flowfieldVind turbine rotor may
interact with its own wake during rotor plapiéching alongthe
flow direction whichmayresult in theformationof a turbulent
region (B) predominanatly near tip regianét some point,

20—

pelier

State < mvm// Brake illustrated in the region (C), a toroidal recirculation flonttpa
N N \/ i normal to the rotor disk maglevelopnamed asvortex ring
Momentum A .
Zero Sip Theory Vaiid el N\ 7 oA state (VRS)In the VRSstate, thrust and torque are driven by
Case\ Wake State \_/ © BRC RaM 835

the rate of energy dissipation to the vortex ring andhe
momentum balace equationsmay break down as with
scenario B (moreover, when axial induction factor exceeds
0.4). At extreme pitching motignthe relative wakemay
Fig. 2. Axial induction factor Vs Thrust/thrust co efficient yeyerse and the wind turbinmay impart energy into the
(Eggleston and Stoddad®87). flowfield and behave like a propellein additin to the
periodic changes iaerodynamidoadsduring pitching motion
Previous studies shows thpitching moton of the spar it may also violatehe nmomentum slipstream assumptioi3].
buoy floatingplatform for OC3 phase IV case 5dondtions  The accuracy of wind turbine design tosisch as FASTare
does not influence the wind turbine operatingtate with  questionable which uses AeroDyn which in turn based on
specified wave characteristi¢g]. The induction factor has a momentumbalanceequation for their BEM based calculations
direct correlation with the wind turbine operating statee  [14]. All industrial codes for wind turbine design are developed

preferred windmill state will be retaineds long as the and only applicable for fixed bottom wind turbine for static
induction factor doesiot exceed 0.5 even witthe platform  rotor plane

pitching motion. The relation betweeaxial induction factor The induction factors areincorporated in the BEM

and cefficient of thrustwith the Corresponding wind turbine equations todedice the aerodynamidoacs on the rotor.By

operating stateased on the momentum the@shown in Fig.  accurately predicting the aerodynamic load, the induction

2. Some sector of the wind turbine rotor is expected to operaggctor can be obtained from the BEM equatio®FD

in the turbulent wake state, when the axial induction factor tipgimulations can determine the aerodynamic loads more precise

over 0.5, due to increase in wave height to 12he accuracy than BEM theory for the prescribed conditorAs the axial

of the traditiona BEM can be validated when the FOWT is induction factor is expetected to go beyond, @ED based

operating in the turbulent wake statteough this is impractical jnduction factor derivation methodology atatedin [9][10]

in real world screnario . can not be applied as sudkxial induction factors above 0.4
The default operating state of a wind turbine is windmillhave to be corrected f@lauert correction and accuraie fbss

state when there is a steady flow fieince FOWT is not  model. Outcome of this study is to compare power and thrust

condrained in any of 6 degress of freedom, the continuougalues obtained from traditional BEM theory axial induction

pitching motion at the rotor plane will result in the transientfactor and the CFD based axial induction factor in the turbulent

flow field causing the wind turbine to osciallate betweenyake state.

windmill and propeller state. Wave induced floating platform  The CFD simulation as setup based on chosen sea

pitching motion ceses aapid drop in effective wind speed  scenario from an existing analytical tool called FABT one

the rotor planeesultng in highertip speed ratiasThe BEM  to one comparisarFAST is a modularised software developed

theory is not able to model the constant transitions between tiyg NREL for the design calculations including hydrodynamics,

operating states of the wind turbine accurately. The problem {gerodynamics, structural mechanics, control systems etc.[15]

further compoundedybthe platform surge and high pitch rate. for on aml offshore wind turbine applicationsThe CFD

Thus, the application of BEM method for modelling unsteadysimulations were carried out with known steady state asise

aerodynamics for FOWT is uncertain. the uniform wind speed of 8m/s witivailableANSYS CFD

: code (Version %) and the rotor power was compared with the

: ; = value given by design curve to igathe confidence on the

}— ] f‘_.’ results as in [9] and [10]. The simulation tgetincluces the

- mesh parameters and boundary conditiatialization as per

[ Tos To

R

[9] and [10] the calculations were carried out for the chosen
c / D turbine motion scenariof 12-m wave height ad 10s wave
period

FAST solver was modified in this study to extend its
applicability to floating offshore wind turbire FAST
_ P - - computes the aerodynamic loads on the wind turbines through
F|g. 3. Extremeplatform pitching motion anthe resulting AeroDyn, a separate module embeddedEAST. AeroDyn is
flow filed an aeroela& simulationmodule to predict the wake behaviour

The hypothetical FOWT12] shownin Fig. 3 (fom A0 f porizontal axis wind turbinesased orBEM theory and the
D) illustrates how this transitionccursbetweerdifferent states generalized dynamiwake theory [16]. BEM theory is
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extensively used bwind turbine designers and generalized Modified Prandtl tip bss factor based on the Navigtokes
dynamic wake (GDW) theory is @eentaddition tomodelthe  solutions of Xu and Sankar (2002§eorgia Institute of

skewed and unsteady wake dynamiehich traditional BEM  Technology:
~0.85

theory lacksBEM theory is opt for this study, asig flexible R ARE for0.7 <v/R <1

in accommodating various neawodelssuch as hub and tipss Foey = z - -

modelsand Glauertcorrectionterm The twotip loss models 1- G) (1 —Fr_.. ),-‘[].?] forrfR = 0.7

(Prardtl and Gergia Tech)embedded in the AeroDyia notso F

accurate compared to CFD results [9] for the chosen scenario. When CT O 0.96F, the stand

As in OC3, 5SMW NREL wind turbine was chosen for this c@lculate the axial induction:
study as required data for comparison are readily available a=[1+ %]‘1 (4)
[17]. To compare and bench mark the results, OC3 Phase IV 7i(Creosy +Casing)
cases (with minor modifications and increased wave height) .
were considered [11][18]. A 3D blade model was created with T Cr > 0.96F, the element is highly loaded and the
chord and twist details obtained from NREL 5MW wind mc_)dlfled Gllauert correction will based to determine the new
turbine using lofting option,sasaid before, the rotor is a rigid @Xial induction factor:
body rotating in a fixed rotor plane. The input for the pitching
motion characteristics is achieved through CCL, a command ,
prompt for CFX tool. The simplified approach enable us to 3= IBF—QU—3.\,"&(50—36F]+12F(3F—‘P] )/(351:-50] (5)
focus on the aerodynamics of the bladesthe objective of the '
current work is to characteristize the induced velocities of Accurate flow physics can be captured by incorporating
FOWT rotor and to compare against BEM results to quantifiadditional loss functions such asesved wake correction etc.
the accuracy. fis will enchance the quality of FAST tool in The axial induction factor will be updated with Glauert
the rotor design process as CFD tools are labsriand correction, whenhe wave induced pitching motion tends to
computationally intensiveBut CFD helps to visulazie and increase the value beyond 0.4.
understand the basic flow phenomena, which FAST is not A. ElementalTorqueand Thrust
capable of (such as turbulence region development, vortex ring The BEM code solves a set of equations iteratij&f} to
sate and propeller state as in Fig. 3). calculate the induction factors atiderebythe forces on the
A. Axial and Tangentialinduction Factorsin BEM blade elements. Torque aflsrust @ the blade elements are
As discussed in detail [10], the axial and the tangentiagiven by the equation§)and ) respectively,
induction factors are two vital most important facttinat a

BEM code operates iterativeljAxial induction factorcan be dT = 4mridrpU_ F{1 —a)a’' 0 (&)
defined as the fractional decrease in wind velocity betwesen t
free stream and tHeOWT rotor. It is important to emphasize dF = 4nr drp U F(1—a)a (7)

here that the wake rotation is only important for high torque (or
low TSR) and tangential induction is not usually ver . .
important)for moderngutilityscale turbine rotorgzlow thro)l/Jgh g . dTis the_ ele_mental torquedFis the el_ementahrust_ F
the robr in the axial direction is determined by the axial is the combination of hub loss an@eorgia Tech mod|f|red
induction factor, a, and the rotation of the wake behind the Prandtl tip loss factors is the axial induction factor ariti
turbine is determined by the tangential induction factor, a', is the tangential induction factoThe present work is
expressed as focused on comparing the thrust and rotor power values
between BEM and ED results CFD based induction factor
derivation methodology will be developed for turbulent state

a=1_ 2 (1) by extracting the Glauert correctiofactor and accurate tip
Uz loss model terms from BEMbased equationto compute
w CFD based indiction factorUpon obtainig the validated

1 =3 (2) CFD based induction factor derivation methodology, the

. CFD based results wile comparecgainstBEM prediction
The aerodynamic forces are calculatedsed onthese  to quantify the accuracy levdbr FOWT applications and
parameters along with the empirical coefficientsdachblade control algorithm developement as mentined earlier.

sectiondncluding theadditional loss/correction factors. The tip
IV. FAST SIMULAT ION SCENARIOFORCFDMODEL

Friew) h) -
(fnews and the hub Iosse(g are accounted for loss at tip SETUPAND COMPARISON

and hub. Current study includewodified Prandtl tip loss

functionof Georgialnstitute of Technologyto account for the The basis for the current study BC3 Phase IV FAST
tip lossesThe total loss factor is calculated as model. The modelvasrefined to cover the requirements of
F=Fpy % Fp (3 current simulations as listed below in the FAST model

settings This model includes mooring lin@nd aere
hydrodynamic models to simulate time series of the turbine
and platform responses to environmental and operating

Prandtl tip loss factor
(2 -1 —f 2
F. = {-.) cos™" e~/ conditions.
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In Phase IV of OC3, case 5idjects regular sea wave Fig. 4. Platform motiondfor the simulation scenarias
motions(modified with 12m wave height instead of 6rahd in Tablel
steady wind excitation. The tower is initialized at its static Wave Elevation (m)

position, and wind and waves are introduced with parameters
shown in Tabld.

E
Tablel. E ,
FAST simulation scenario: ¥
H 0
Uniform Sea State  Rigid body Rotor 1,800 1,820 1,840 1,860
wind speed assumption speed 2
(m/s) rpm 4
8 12m wave Yes 9.16 6
height anc Simulation time, sec
10 sec
wave
period V. FIG. 5. WAVE ELEVATION PROFILE FORTABLE 1 CASE

As seen irFig. 4, pitching motion is only considered for the
study as it is dominant when compared to yaw and roll and
hence the later is omitteétor the chosen scenario the mean
otor tilt was found to be 2.5degreesAs thestudy focuses on
latform pitching motions on the rotor plane aerodynamite
platform rotations were transformed in to the rotor plane
motions at the hub height.

FAST model settings are as follows:

-The tower foreaft and sideside DoFs were switched off
to make rigid body

-First and second flapwise blade DoF were switched o
and edgewise DoF was also switched off to makd body.

-An equilibrium BEM inflow model was used along with
Georgialnstitute of Technology orrecedPrandkt tip loss
function(GTECH). V. CFDBASEDNUMERICAL ASSESMENT

'-Blade pitch and generator torque controliers were The CFD simulations were sep for FAST OC3 phase IV
SW'E‘:;:SSC:ILam wind  was defined as constant 5_.1 case for NREL_ SMW, modified to incorporate 12m_

S . 'significant wave heightvhich was used for hydrodynamics
unldlrectlo'nal, and without shear calculations. The resulting turbine motions provided by FAST

-T_he six platform OFs were enabled were ircluded in the CFD simulationSteady state and mean

Wind an.d wave data from_ OC3 Phase IV case 5.1 wer§osition simulation were run as per the Tabldata Steady
used to define the sea state in terms of wave height, H, aid,;. power prediction by BEM and CRre 1.659 MW and
wave period, T. The simulated time series was created Wit|1.76 MW respectively The steady stateCFD resultsare the
these parameter§ime domain simulations were performed j.i7lization values fotransient CED simulation.

as per the case described in Tablenith each simulation A. MRF and Slidin ; :
' S . g Mesh Simulation Methodology
lasting 1860secondslhe outputs generated by the initial The pitching motiorand its dynamic effects on the rotor

1800 seconds of each simulation_were omitted in the analysbsrane are well understood by CFD simulatiaristhe NREL
as to make sure all the transientrsiap efiects tobe 5MW turbine. The steady stat¢éMultiple Refernce Frame)
removed._ . . MRF simulationswere carried ouby tilting therotor to mean
The initial run was performgq to extract the motion Ofpitch angleof 7.54 degreeq2.54 mean pitchinganglesalong
the platform for the _above specified .OC3 case. Fhp 4 with a5 degreesmain shatft tilt) The mean rotational speed and
represents the__roll, p|tch_ fan_d yaw motions of the platfmm the wind speeds used inFD simulations are as shown in
the wave condions specifiedn Fig. 5. Table 1. The results of theteady state calculations were used
Roll, Pitch and Yaw Platform Motions to initialise the transient case involving the pitching motion of
the turbine. The pitching motiamethodology was developed
—PtfmRoll (deg) in ANSYS-CFX (Version 15). The domainsare structured in
such a way thaboth the blade rotains and rotor pitching
—PtfmPitch (deg) motions could be handled smoothly by the solv&he rotor
2 domainhad a sliding mesh interfader blade rotationand the
PtfmYaw (deg) mesh motion applied for pitching had an extremely high
stiffness in this domaimvhich was relaxed gradually wards
0 Tttt r+—+ the outer domairto preserve the fine boundary layer sfe
1800 1820 1840 1860 This high stiffnessensure that the mesh in the rotor domain
had almost no relative nodal displacement, as the mesh on the
-2 simulation Time. Sec blade had the first node on the order of microns to yigld a
’ ~3, where y is a nondimensional wall distance for wall
bounded flow.

B (%,

w

Roll, pitch and yaw angles, deg
. (=3
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B. HexaMeshing Strategy wascarried out at 8m/s uniform wind spedd this study, the
The blade geometry was generated\MSYS ICEM CFD  transient simulatiomvas initialised with steadytate results and
(Version 15 by sweeping various cross section of the NRELsimuated for70 secmds, which is7 wave periods
5MW airfoil. The rotor was modelled without hub and the D. Coupled Dynamic Mesh Motion
blades are extended to meet tamtre of the rotor. The inlet The transient simulations were carried out at a single wind
boundary was located at ~3 rotor diameters in front of the rot@peed at 8m/s. The rotor pitching motion starts with the mean
and the domainterminates at-6 rotor diameters behind the rotor tilt of 7.54degrees As the platform and tower emot
rotor. A multiblock meshing strategy was used to createnodelled inthis study, the pure angular motion at the platform
hexahedralmeh i n t he wigoli @ 6d da ma ieis.coeverfd imtathe translational and axis tilting motion at the
created in the blade domains. The geometry and mesh awgor. TheFig. 8 & 9 shows the angular motion cycle at the
shown inFig. 6 andFig. 7 respectively. The blade was meshedplatform (provided by FAST) and the corresponding rotor
to yield ay* of ~3 near the tip and less th8reverywhere else.  motion. It can be seen that, for the chosen pitching motion
case, the vertical displacement is negligible and hence the
horizontal displacement alone is considered in the current
study. The horizontal amplitude is found toZém.

2.0

15

1.0

Rotor Displaggment
'3 e
it # o ~2
LR .

Rotor Displacement

o | e T
Zos (Jo gy
2- é E :n: / } Displacement in Surge Direction, m
] -
800 E
E 1 3 5 7 9
g -0.5
a

VI. FIG. 6. NREL 5MW ROTOR WITH THE BLADE ROOTS 1o ‘. hm

EXTENDED AT THE HUBCENTER s H \ o

008

Displacament in Surgs Diraction, m

-2.0
Wave Period, sec

VIII. FIG. 8. PLATFORM PITCHING MOTION: ANGULAR
DISPLACEMENTFOR 12V WAVE HEIGHT CONDITION WITH
ROTOR POSITION

Rotor Displagement

Rotor position

2

w

¢
g
g e
T 0.04
t 0.05
U
5 -0.06
B 0.07
& 0.08
a 0.09

VII. FIG. 7. STRUCTUREDO-GRID MESH IN THE BLADE CROSS 0.1

SECTION Displacement - Surge, m

C. Rotor PlanePitching Motion Simulation Scheme

The CFD calculations wer@erformed for steady and
uniform wind. Atmospheric boundary layer cdti@hs were
not used. The KOmega SSWas chosen as the solvdihe air
is considered to bancompressiblenir at 13C. A high order
advection scheme and first ordammerical method was used The wind speeth the vicinity ofthe rotorfluctuatesdue to
for turbulence solutionsin order to understand the dynamic the pitching motion of the piorm. In order to calculate the
flow behaviour around the rotor and near wake field due to theduction factors, the wind speed at any point on a pitching
platform pitching motion, the transient pitching motion studyrotor is obtained using thexjuationdelow,

IX. FIG. 9. TRANSLATIONAL DISPLACEMENTS AT THE ROTOR
FOR12M WAVE HEIGHT CONDITION
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8 = A w. t.coslwt) =)
8
Vtaﬂg - T'?ICUS(B} Yplus
00,
Vi = = 90 (tower height) 2

Ve = Viun- cas(ﬂsin(mt}]

wind speed = V + Viang + 8..cos (7.54 =) (9
0.00

Wher e, 0AD i s a ragplitude at thd i spl acement
pl atform, 6r 6 tothebladeelemertfiomdhe di st ance
hub, 6Vhuboé i s t hheeiwgéltgcidtWx 8atG B4 OREFOEMDISBLAYING THE Y+ VALUES ALONG

horizontal velocity o f t he rotor, 6Vtangé i s t hdHERLAPI gent i al
velocity due to rotor pitching motion.
VI. RESULTSAND DISCUSSION A. Transient Pitcting Motion Results

The transient pitching motion study provides msight
The blade was divided in to71segments @per FAST  apout transient wake effects on every time step for one pitching

softwarewith thetorque and the thrust values corresponding teycle Elemental thrust, power and induction factors are

each segmenfirst three sectioslementsare in the root of  optainedfor a set of element8) at8m/s wind speed with2m

the blade with circularcross sectionsand hence will not wave heightfor 10 equa"y Spaced time steps in one cyc|e

contribute to the power productiddence each element frof1 ~ (from 41-50 sec of 70sec simulatiom Figs 14 to 21Results
to 17 are compared with the corresponding elemnts in BEMare obtained for botBFD results and BEM theory to compare
on the same substrate

model

The flow pattern on the bladésr steady statsimulation
was comparedvith previous studyf19][20] to make sure that
boundary layewasresolved. Theléw separation region near
the bladeroot is shown instreamline and the vector plots in
Fig. 10 and 11 respectively. Also, thg+ contour plot, inFig.
12, shows that the/+ values of the most of sections dhe
bladeareless thar? and close to 3 near tips.

e <LLUUHTTI MO OR BT O 2

o 10. 20.000 (m)
[ S— S—

Fig. 10. Streamline plot shoing the flow separation near
the blade roywmdfayhat UD = 8 m/ ¢

Fig. 13. Wake patternat 70th Sec during &msient pitching
motion-CFD (at UBb = 8m/ s)
The comparison oflemental power anchtust values obtained
with CFD simulations and BEM based equations are given in
Fig 14 to 21 selectivelyfor 8 differentelementsin the below
fugures, BEM (GT) refers tEM model with modified

e prandtl tip loss model of Georgia Institute of Technology.
Fig. 11 Vector plot showing the flow separation at a radial
di stance of 8m from the root (at Ub = 8m/ s)
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Fig. 14. Comparison of elemental power over a complete

pitchi

Fig. 19. Comparison of elemental thrust over a complete
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Fig. 15. Comparison of elemental power over a complete

Fig. 20. Comparison of lemental thrust over a complete

pitchingmot i on cycl e at UDb = 8m/mi t(EHieme nmo t8i &n 99y clk&13at UD
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Fig. 16. Comparison of elemental power over a complete

Fig. 21. Comparison of elemental thrust over a complete

pitching motion cycle at UDbpFtthinhg MbBItémaentcytlb&&N)Nal13UD
250 Bement 16 200 Eement 1 It is observed fronthe aboveplots that theslementapower
valuescalculated with the BEM equatiorand CFD results
200 -=-Power-CFD . . . .
= = agreequalitativelywell with each other fomostsectionof the
2 a . S
g1 '/"\ $ 0 Power - EEM(GT) blade except near the tipThought the trend is similar the
3100 +inerCFD\/./ 3 '/L\ values are different at largéelhe variation in the power
& o * prediction ishigher close tothe tip andtis is mainly due to the
Power - BEM (6T) effect of tip loss models used in BEM as reportednCFD
0 0 predicted values are accurate th8EM for high rate of
s T?me[: rEsn tees T?mel‘z] 78 9 0 platform pitching motionsAs seen in thé&ig. 2 and 3, validity
Fig. 17. Comparison of elemental power over a complete of BEM method is gestionable when the atiinduction factor
pitching motion cycl6&l1®dt UD exceetis%!}nqn% be ogqth%gp?ﬂﬁ)lggh the model is with
2 o Glauert correction ence ased axial and tangential
Element 4 Element 5 induction factors are obtaineffom FAST simulationsare
15 2 comparedbetween elements for one wave ipdrand it is
515 shown in theFig. 22-24.
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Fig. 18. Comparison of elemental thrust over a complete

pitching moti on

cycle at Ub = 8m/s (El ement 4 & 5)
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obtained as shown iRig. 25-27. Fom the axial and tangential
induction factors plobne can observe significant variation
betweeneach elementand also a non uniform pattern in
relation to the wave peroidhe substantiabariations are due
to bladewake interactios during the platform pitchingin
order to make sure the validity of BEM, all the empirical
equations are to be further studied and compared ageithst
CFD and experimental simulatians

Fig. 22. Comparisonof axial induction factor for the
elemens from 48 over a complete pitching motion cycle at
Ub = 8m/ s

Fig. 25. Comparison b tangential induction factor fothe
eement4-8over a complete pitching
8m/s

Fig. 23. Comparisonof axial induction factor for the
elemens from 913 over a complete pitching motion cycle at
Ub = 8m/ s

Fig. 26. Comparison of tangential induction factor fthre
elemens 313o0ver a complete pitchin
8m/s

Fig. 24. Comparison of axial induction factdior the
elements from 147 over a complete pitching motion cycle at
Ub = 8m/ s
From the plé shown inFig. 22-24, it can be concludethat
50% of the rotor sections aat 0.5 induction factor or beyond
for 25% of a wave period (approximately)his confirmsthe
assumptionthat FOWT s operatingi n tulrdbud ent wakeod
state.This leads to an action to further assB&M equations
and Glauertcorrection terms for FOWT applications as these
are based on analytical approatd it is builtupon withsome
basic assumptiong he tangentiainduction factors were also
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