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ABSTRACT

The windturbine bwer causs time-varyingturbine blade loaglandwake behavigrhowever the
interactions of the turbine blades with the tower are not accountedh fetateof-the-art
computational fluid dynamic simulations of wind plartsthis thesisatower model is developed
usingthe body-force methodspecifically, the actuator line mibd. The actuator line methbas
beerwidely used to modetind turbine rotosin flow simulatiors of wind plantsThetowermodel

is implementednto the full-scaleNREL Phase VI turbinsimulationunder uniform inflow and
steady yaw conditionsThe simulation resudf primarily the blade loasl predictionsalong the
turbine blads, are comparedto wind tunnel test data fronthe NREL Phase VI Unsteady
Aerodynamics ExperimentQuantitative comparisons against measured NREL data were
performed for both spanwise and phaseraged sectional blade loads as a function of rotor
azimuth. The proposed tower model is well validated and be easily implementediigd energy
community for use in both actuator line wind plant simulations and other fully-tésdé/ed wind

turbine simulations.
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Chapter 1 Introduction

Mankindhas a long historgf using wind as an energpurce Particularly, windmillswerecreated

to utilize the windresourcefor mechanicalwork and productionsuch asgrinding grain and

pumping wateifor irrigation. After peoplestarted usinglectricity for lightingt he wi nd mi | | ¢
missionshifted toelectricity productiorwith the first one builin 1887[1]. Later on wind energy

has becoman essentiasourcefor electricity, meanwhile the design method and philosophy of

wind turbines have becomimcreasinglysophisticated

1.1Wind Turbine D esign

Early in the windmill history the design of windm# relied mainly on previousexperience. In
1880 John Smeatohecame the first one &tudy andevaluatescientifically the performance of
the wind turbine[2]. One of his finding was that the maximum @wer of a wind turbine is
proportional to the cube of the incoming wind speHus characteristienakes the wind resource
veryvaluablein producingoower becausadoublal wind speedeturrs eight times theamount of
the power The extensive usagé wind turbinesfor electrical poweproduction drives the modern
wind turbine desigrDuringthe 20th centurysmall wind stationas well agargeutility -scale wind
generatorsveredesigned and developed. Especidiy largeutility-scalewind turbines, the size
andratedpower scalareincreasingvery quickly as shown irFigure1-1. The rotor diameter has
alreadyreached the scale aflarge commercial aircrafivingspan,and a typical turbine blade

planformhasa complexshapewith both taper and twist
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Figure 1-1. Evolution of U.S. Commercial Wind Scale[3].

1.2 Wind Turbine Aerodynamic M odeling

The application of advanced aerodynamics plays an important role in the evofutio turbine
designmethod, and itcontinuouslyshapes the geometry of wind turlkémmdoptimizesits power
performance.Poul la Cour of Denmark built the first wind turbir{€igurel-2) based on
aerodynamic design principl¢4]. It had lower solidity but higker rotation speedthan previous
wind turbines. The gain of suckdesignwasthatit operatesloser to the optimum tip spd ratio
suggested earlier by Saton Contrary to modern wind turbine desjgmhich hasa rathersmall
tip chord, hebelieved the blade shoultiave higher solidity at the tifhis isonly true though,if
there is noip vortex andesulting rotationagffecs.

To understand the principle of wind turbine aerodynamtds important tdfirst identify the
flow field around the wind turbiné=rom theprospective of thevind turbine, the turbine blade
rotatesaroundits axis, so the speed varies along the spadthuseach blade section has a different
inflow condition with axial and angular inductiofrrom thepoint-of-view of the surroundirg

environmentthere exists wind gush the atmospheric boundary laygrich make the inflow
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condition much more complexdencethe whole system is timearying andstrongly three
dimensional. To reduce the complexity and derive fundamehtriesfor wind turbine

aerodynamics, some assumptions and simplificatioesieeded

Figure 1-2. La Cour's windmill [5].

The most classical wind turbine aerodynamic mdgiiat ofthe actuator disk model. The air is
assumedo be steady,-D, inviscid, and irrotational The operation ofhewind turbine istreated
asamomentum extraction and enerlygirvesing processThe dreamubeanalysis of the actuator
disk model is shown ifrigure 1-3. From the actuator disk model, we know there exist&laal

upper limit for the power coefficiemtf Cpnaxd 0.59 known aghefi B2 t Li mi t o .

velocity

&~

Lpressure Keotor

ylf

Xrotor X

o

Figure 1-3. Streamtube analysis of pressure ana@xial velocity in the actuator disk model[6].
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An improved model nametherotor disk modefurther considerghe rotation of the rotor disk

and wake(Figure 1-4). The maximum powecoefficient taking wake rotationinto account;s

shown inFigure1-5. The tip speed ratio is defined A= WR/\,whereW is the rotatiorrateof

the rotor,Ris the radius of the bladandV, is the upstream wind speed.

0.6 —

0.5 —
0.4
03+ |
02 |

—— Betz limit (no wake rotation)
--------- Including wake rotation

Power coefficient, Cp

0.1/

0.0

1 I 1 1 |
0 2 4 6 8 10
Tip speed ratio

Figure 1-5. Maximum power coefficient vs tip speed ratio considering wake rotatior{8].
Thedeficiencyof the above two models thatthey do not account fahe flow details neahe
blade A more advanced model, callBthde Element Momentum (BEM) theomxtend the XD
assumption to-B, while accountingor 3-D effecsby applying root and tip loss correction fastor
In BEM theory,theinflow detaik at eactblade sectiorare studiedwith the incremental torque

and hrustdetermined(Figurel-6) by analyzing the local flovangle b, and using airfoil tabke
4



available fromwind tunnel test or theory At present, the BEM metid is still widely used in wind

turbine design and analysis.

Leos & + D sin ¢ = thrust

(Lsind—Dcos@)-r=torque
T Va @ = Blade Flow Angle

Figure 1-6. Incremental torque and thrust at asectionof bladein BEM theory.

Computational fluids dynamics (CFDbjas gainegopularityin wind turbine desigand analysis
by resolvinglow physics in a higHidelity model environmenBut it is also quite computatiomgal
expensive andequires aomplexrotating mesh near the turbine blade to fully resdhe flow in
thebladeboundary layerToday, thewvind energycommunitycommonly cares increasingpout
analyzing the operation of a large wind famther than a single turbindsing CFD, theaange of
scalegyoes fromamillimeterin thebladeboundary layer to kilometers fire mesoscaléweathey.
A full compuation across all scateis not feasible New computtional methods includeybrid
CFD method, which couplethe nearblade CFD with vortexwake method [9]. For wake
modeling methosl the rotatingresolvednearblademesh is not needestound the bladeyhich
greatly reducethe computational cost. Although the reduced complexity is achieved at an expense
of flow detaik near the turbine blade and wake, it has fidelity in producing the blade tip and root
vortices andis capable of constructingn accuratdar-field wake. Thismakes this approach

scalablefor large wind farm simulatias



1.3Modeling Tower Effect

In thepreviousdiscussion ofvind-turbine aerodynamic model analysisshouldbe noted that the
towerwasnot included and its effect on the turbine rotor is also not considérbd.toweritself
generates a deficih the flow velocity and smabcale turbulence in the downstreflow. When
theblade passes through tligimuthal region, each bladection inflow conditins are changed
and thus the aerodynamic forcasting on the bladare alteredThis is known as bladeiower
interaction.In reality, the towereffect plays an important role in the turbine walteuctureand
alsoblade fatigue. The former influenabpugh is a minor effect foa single wind turbinebutis
significantfor a large wind farnbecause the wake will affect the perfamee of the turbines
downstreamthelatterinfluence, as a-perrev dynamic loading along the spangiste important
for structural health of large utilitgcale wind turbing

The majority of wind turbines are hmontalaxis wind turbine (HAWT), and they can be further
divided irto two groups, thedownwindtype, if the tower isupstreanof the turbine rotgrandthe
upwind type, if the rotor isupstreanof the tower(Figurel-7). Themechanisnof atower effectis
different forthe upwindtype turbine and downwindype turbine.For the upwindconfiguration
the mechanism iguitesimple It is mainly a resulof deflection of the flow upstreaof the tower
[10]. Apparently the strengthof this effectis stronglyaffected bythe distance between the rotor
disk andhe tower and can beegligible if thisdistance is much larger than the towarsssection
diamete. For a downwind turbine configuratiathjs interaction isisuallyc a | loewvce riits had owo .
The bladedirectly interactswith the tower wakewhich contains more flow variabilitghanthe
flow upstreamin the tower wake hie flow speed is reduced atbulenceis generated alongith
vortex shedding induced by the towkaw separatioroff the tower Experience showthat 30%

wind speed is lost after the wind pasthe towerspacg11], which is a significant wake deficit.
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Figure 1-7. Upwind turbine configuration and downwind turbine configuration [12].

There are many ways toodelthe towerin CFD simulatiors. The mostommonway is to use
a bodyfitted conformal mesh around the towéYs discussed previouslthis approach provides
high fidelity at an expense @omplexgrid generation andomputational cosAnotherway isthe
immersa-boundary methada review ofwhich can befoundin [13]. It is compatiblewith the
Cartesian gridwhich reducs the work onmeshgenerationput modifications are needed for the
pressure and veloci@gt the neawall points(or cellg to satisfy theboundary conditin. A third
approach is the bodprce method as discussed in the rotor moll@orks with any type of grid
and is easy tonplementinto the solver Thoughit sacrificesthefidelity in flow detail ofthenear
wake it providesa good representation in the far wakehich is important in large wind farm
simulatiors. Sincethe tawver is stationary ithephysical domain and has a rather simple geometry,
it is possible to improve its neéield performance bydding a bibf complexityto the bodyforce
modelusing the knowledge frorthe flow over a cylindeat representativédReynotls numbes.
Adding auch a tower modelwill not dramaticallyincrease the computational time and cost
compared t@ single turbine simulation.

In this thesisseveral tower modeglare proposed using the befdyce methodThey areapplied

to a NREL Phase Vtotor simulationusing the computational solve@penFOAM The reasosn
7



for choosing the NREL Phase ¥torarethat 1) It isawind turbine which has been extensively
tested andised for scientific researciihe tower geometry iell documented The underlying
NREL Phase VI Unsteadyekodynamics Experiment providdstailed bladdoad measurements

for a range of wind speedsd steady yaw angeThe phaseaveragedlade load measurement
can be used to validate the performance of the rtonaslel 2) The NREL Phase Viotor is an
upwindtype turbine which has a simpler tower effect and mechanism compared with the
downwind typeIn addition, it represents bladewer interactions in modern wind fasn8) The
turbine rotor model for the NREBhase Vlrotor, using the body foremethod, has alrely been

developed and examined in previausrk [14].

1.4 Thesis Qutline

In the second chaptehe CFD methodused in this study is introduced with thlatform and flow
solver, OpenFOAMFollowing that, the rotor bladerepresentation usingbody-force method as
an actuatotine is presentedrhe third chaptepresentshefoundation othetower modes. It starts
with areview ofstudieson flow over circular cylinder, briefly discusseshe analyical solution to
cylinder flow from potential theoryand summarizethe esults of the experimental studies
circular cylinder flow. This chapterendswith proposingthree typs of tower modes that are
implemeneéd and analyzé in the simulatios. In the fourth chapterthe results of the LES
simulationof a single NREL Rase VlIrotoroperating in uniform wind speethdsteady yaw angle
are presented as validation data for the tower modw. derodynamic loadalong the turbine
blades at compare with measureddata of the NREL Phase VEexperiment To explore the
generality of the modetomparisos are made thancludes different wind speednd different

yaw angles. In the last chaptesomeconclusiors are drawrwith some ideasor future work



Chapter 2 Numerical Methods

In this section, the methodsr the wind-turbine towermodelstudyare presentedlt is a hybrid
CFD approach usingdrge Eddy Simulation (LE®)nda bodyforce methodThe flow solver and
schemearediscussedirst, then theconcept ofthe actuator line methois presentedo modelthe
turbine rotor.In addition a review of theoretad and experimental studies of cylinder flow is

presentegdfollowed by thedevelopment ofthetowermodelusingthe body-force method.

2.1 Flow Slver

The LES solveused in this studgomputes the incompressible filtered Navtrokes equations
built on theOpen Field Operation and Manipulati@penFOAM CFD Toolbox,anopensource
CFD software packagased tosolve partial differentialequationg15]. The governing equations
are solved using the unstructured finfume formulation with secordrder CrankNicolson
scheme in timéntegration and a blending ofentraldifferencingand upwinddifferencingfor the
spatialdiscretizationThe solver is a modified version of pisolrgaa standard OpenFOAM solver.
The eternal bodyforce termis addedo accommodat¢he actuator model for the rotor and tower.
The code is parallelized using the messaagsing interface (MPIY.ime advancement s es | ssab6s
[16] predictorcorrector pressuremplicit splitting operationPISO)with one predictor followed
by three correctorsThe momentum equation is solvesing a Poisson equation for the pressure
as done in classical pressww@rection methodslo avoid the pressuneelocity decoupling, the
velocity-flux interpolation at the cell faces follovthat of RhieeChow [17]. Other interpolation
from cell centers to faces is a mix of linear (seeordkr central differencing) with a small amount
of first-order upwindhg. In this studyupstreanto thetower,a blend of 20% fit-order upwind

and 80%central differencings usedto remove numericabscillationsc aused by the r ot



t o we r 6ferce modely Downstream ofthe tower, a mix o2% upwind and 98%central
differencingis usedio minimize artificial wake dissipatiomMore detait about the solver can be

foundin Churchfieldet al [18].

2.2 Actuator Line Method

The actuatotype aerodynamic method, as stated in the previous chapter, is ebotisgbetween
the lowidelity engineering model arahigh-fidelity fully blade-resolved CFD method. The first
order type of actuator methet the rotor disk modelyhich uses a disk ofazimuthallyaverage
body force to replace the rotor. The body force is treated as an external force term in the momentum
equation of the flow solvgil9]. As arotor disk model,tineitheraccouns for the details of the
rotor bladenor does it capture the blade tip andtreartices.

The next levebf actuatortype method is the actuator line method (ALMIn the ALM, the
turbine bladds modeled bya number ofliscrete actuator points along the blade lifting limat
rotatesin the flow field. The forces at each actuafmoint are projectednto the flow field as a
volume force. Mithematicallythese volume forces are also treatedrsexternal force term added
to the momentum equatiaat respective grid pointghesevolume forcs areindeedthe sectnal
lift and dragforces acting onthe turbine blade The magnitud®f the forces aréoundfollowing
the same process imsBlade Element Momentum (BEM) theoiihe local velocity trianglés first
determinedby the local velocity vectoV.e, andtotal blade twistangle b, at each actuator point
(Figure 2-1). Then the lift coefficientC, anddrag coefficientCy, arefound from airfoil tables.

Finally, the magnitude of the forcescalculated by

10



Qr(1+a’)

A V,(1-a)

Figure 2-1. Blade sectionlocal velocity triangle [20].

L= %c:,rv2 c (1)

rel

(2-2)

rel

D =%Cdrv2 c

wherec is the local chord length argid is theincrementalbladesectionspan i.e. the distance
between two adjacent actuator poifiggeneral, &foil tablesareobtainedrom steady windunnel
tess and donotaccountor 3-D effecs alongthe rotating bladsuch asentrifugalpumping effect
and stall delayThis can bepartially accounted foby couplingthe airfoil tablewith 3-D correction
method such as the AirfoilPrep softwadeveloped by NRE[2]]. Sincetheflow field is resolved
threedimensionally, there is no needapplying aroot or tip loss factoasdone inBEM; the root

and tip vorticesarecapturedy the solverA schematiof the ALM is shown in thé&igure 2-2.
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Table Lookup

1 1 Reynolds nuaber fixed Mach nusber fixed

xtxf - 1.000 (top) 1.000 (bottom)

“CFD Solution — RANS or LES gl i

0.013%2 0.00682 -0.0431 0.6141 0.5806
0.0136:2 0.0068% ~0.0447 0.6225 0.5425
0.01387 0.006%6 -0.0461 0.6108 0.5¢45
0.01364 0.00715 -0.0474 0.60%3 0.54M

Drag Thrust

Figure 2-2. Overview of actuator line method[22].

2.2 Actuator Line Methodi Rotor Model

The turbinerotor actuator line modekithin the ALM follows that of $rensen and Shd&3]. The
rotor blades arerepresented brotating actuator ling and eacliine is discretized into a number of
actuator pointsThevelocity vector is sampled #te centerof each actuatopoint, which is also
the center ofhebound vortexThelift and drag forcegenerateat each actuator poiate projected
as volume forceand includedn the momentunequation. The aerodynamic force vector at blade

elementj, located at(xj,yj,zj) at timet is fiA(xj,yj .z ,t) .The projectedforce vector at a location

(x, Y, z) at timet, due to the aerodynamic foroefsall blade elements is

X N 1 €8
Fi(X1yrzlt)=§1f(X’Y’%’)e3ﬁ2§_%r_|e§ (2-3)
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whereHjs the Gaussian spreading wigtthich controls the projection width and peak magnitude

andr isthe vector fromactuator elemen, located afx;, y, z ) to point (%, y, 2) in the flow field.

The Gaussian spreading widtH at each actuator point geterminedollowing the elliptical
distribution conceptproposed bylha et al[24]. It is hypothesized that the Gaussian spreading
width, , should be proportional to the actual magnitude of the sectional blade force rather than the
blade planformThe process of finding the Gaussian spreading widdlfigllows:

1) Find thebladeaspect rati®AR

- 1
c= = N c(rdr (2-4)
R
AR:T (2—5)
C
2) Find a 6fictitiousé ARIiptic planform with
3) Assume that
4 -
¢, =—C¢C (2-6)
p
. 2r
¢ (N =6yl -5 ¥ (2-7)
R
er)/c (r)= gc,= const (2-8)
eO = nmax (2_9)
Exi2 = Npyip D (2-10)

with nmin = 1 @s a minimum discretization threshold on any given gridneed not be an integer.

Also,

n

max

= % °0.08...0.1( (2-11)
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where Dr is thelocal grid size nminand nmax are used to constrain the minimum and maximum
Gaussian spreading widthi Combining the equations abovie expression fothe Gaussian

spreading width becomes

elc =% n.( AR) =cons. (2-12)

2.3 UnsteadyAerodynamics Experiment

A comprehensive test prograthe UnsteadyAerodynamis Experimen{UAE), was conductetly
theNational Renewable Energy Laboratory (NRERJ]. The testaimedat gaining knowledgef
turbinebehaviorunder variousconditions suclassteadyyaw and tower shadow. The lack déta
knowledge andjuantificationconstraiedt he expertsé modeling tool
quality rely on themodeled s s ki | | and eweeaccomplishedsfieldbeasrat y t e st
the National Wind Technology Center (NWTC) with@ndiameterhaorizontalaxis research wind
turbine It was concludedhat the outdoowoperationwas muchtoo complex for model tool
validation

A new set of fullscale testwas designed and cdunctedin theNASA-Ames24.4m by 36.6n
wind tunnel[26]. Thegoalof thistest was tdaveaccurae quantitative aerodynamic asiuctural
measurements on a wind turbimedercontrolledconditions An overview of all the test sequersce
is shown in Figre 2-3. Some tests aimed at emulating field operatignile most focused on
collecting data to study specific flow phenomena. The test sequence used in this study is Sequence
S. The NREL Phase Viotor is an upwind, rigid turbinéFigure 2-4(a)), its towergeometry is
shown in Figure&-4(b). The NREL Phase Vrotor has two blades equipped with the S&@%oil

and is stall regulated.he blade geometry is shown in Figu2es. Measurements of blade surface

14
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pressurs, angle ofattack and inflowdynamic presse at five span locations, i.e. 30%, 47%, 65%,

80%, and 95% were performed. Turbine yaw angle was precisely controlled by a servo.

Table 1. Test Matrix Overview

Ordinal Test Sequence Upwind/ | Rigid/ Cone Yaw Slow Blade Parked/ | RPM | Blade | Probe | Blade Day NASA Run
Number Downwind | Teetered | Angle Angle Yaw Tip Pitch | Rotating Press. | Press. Tip Number
(deg) (deg) Sweep (deg)
B Downwind Baseline (F) Downwind | Teetered 34 Locked 3.0 Rotating | 72.0 X X Baseline 14 11-14
C Downwind Low Pitch (F) Downwind | Teetered 3.4 Locked 0.0 Rotating 72.0 X X Baseline 14 11-14
D Downwind High Pitch (F) | Downwind | Teetered 3.4 Locked 6.0 Rotating | 72.0 X X Baseline 1-4 11-14
E 'Yaw Releases (P) Downwind Rigid 3.4 |Locked/Free 3.0 Rotating | 72.0 X X Baseline 5 15, 16
F Downwind High Cone (F) | Downwind [ Rigid 18.0 Locked 3.0 Rotating | 72.0 X X Baseline 6 17
G Upwind Teetered (F) Upwind | Teetered 0.0 Locked 3.0 Rotating 7-2.0 X X Baseline 8-9 34,38
H Upwind Baseline (F) Upwind Rigid 0.0 Locked X 3.0 Rotating | 72.0 X X Baseline | 9,11,12,15 |39, 41-43, 50
] Upwind Low Pitch (F) Upwind Rigid 0.0 Locked X 0.0 Rotating | 72.0 X X Baseline [ 9,11,12 39, 41-43
J Upwind High Pitch (F) Upwind Rigid 0.0 Locked X 6.0 Rotating | 72.0 X X Baseline | 9,11,12 39, 41-43
K SteE AOQA, Probes !P! Ugwind Rigid 0.0 Locked at 0 SteE & ramp Rotating 72.0 X X Baseling 15 50
L Step AOA, Parked (P) Upwind Rigid 0.0 Locked at 0 Step & ramp | Parked 0.0 X X Baseline 13 48
M Transition Fixed (P) Upwind Rigid 0.0 Locked X 3.0 Rotating | 72.0 X Baseline 16 52
N S_in AOA, Roﬂng (P) Upwind |__Ri d 0.0 Lock_ed at 0 Sinusoidal | Rotating 72.0 X X Eﬁne 14,15 49, 50
[¢] Sin AOA, Parked (P) Upwind gid 0.0 Locked at 0 Sinusoidal | Parked 0.0 X X Baseline 13 44-47
P (Wake Flow Vis. Upwind Upwind Rigid 0.0 Locked 3.0,120 Rotating 72.0 Visualize 10,11 40, 41
(P)

Q Dynamic Inflow (P) Upwind Rigid 0.0 Locked at 0 Step Rotating 72.0 X X Baseline 15 50
R Step AOA, No Probes (P) | Upwind Rigid 0.0 Locked at 0 Step & ramp | Rotating | 72.0 X Baseline 16 52
S Upwind, No Probes (F) Upwind Rigid 0.0 Locked X 3.0 Rotating | 72.0 X Baseline 16,18 52, 54
T Upwind, 2 deg Pitch (F Upwind Rigid 0.0 Locked at 0 2.0 Rotating 72.0 X Baseline 16,18 52,54
U Upwind, 4 deg Pitch (F Upwind Rigid 0.0 Locked at 0 4.0 Rotating | 72.0 X Baseline 16,18 52, 54
v Tip Plate (F) Upwind Rigid 0.0 Locked at 0 3.0 Rotating | 72.0 X Plate 18 54
W Emended Blade (F) Upwind Rigid 0.0 Locked at 0 3.0 Rotating | 72.0 X Extended 18 54
X Elevated RPM (F) Upwind Rigid 0.0 Locked at 0 3.0 Rotating | 90.0 X Baseline 19 55
3 [Tower Wake Measure (P) | Downwind Rigid 34 Locked 53-79 Parked 0.0 X X Baseline 6 18
4 Static Press. Cal (P) Downwind | Teetered 3.4 Locked at 0 3.0 Rotating | 72.0 X X Baseline 4 14
5 Sweep Wind Speed (F.P) Upwind Rigid 0.0 Locked 3.0,6.0 Rotating | 72.0 X Both | Baseline 11,19 43, 55
6 Shroud Wake Measure (P)| Downwind Rigid 34 Locked 61-74 Parked 0.0 X X Baseline 7 19
7 Shroud Operating (P) Downwind | Rigid 3.4 Locked 3.0 Rotating | 72.0 X X Baseline 7 20
8 Downwind Sonics (F,P) Upwind Rigid 0.0 Locked 3.0 Rotating | 72.0 X Baseline 17 53
9 Sonic Validation (P) Upwind Rigid 0.0 Locked 3.0 Rotating | 72.0 Baseline 17 53

(F) - Test conditions representative of field operation
(P) - Test conditions designed to explore specific flow physics phenomena

Figure 2-3. Overview of all testcasegUnsteady Aerodynamics Experiment, NREL Phase VI Rotor)25].
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Figure 2-4. (a) NREL Phase VI wind turbine (b) NREL Phase VIwind turbine tower [26].
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In test sequence ®jnd speed rangal from 5m/s to 25mj/sand yaw angkerangedrom O'to
180. Table2-1 gives an overview of the flow conditions considered in this et Table2-2
shows the Reynoldsumberwith respect to the tower diameter at each wind speed.

Table 2-1. Summary of flow conditions for simulations of NREL Phase VI Rotor.

Yaw angle
0° 10° 20°
Wind speed(m/s
5 X x
7 X X X
9 X x

Table 2-2. Tower Reynolds rumber at different wind speed(NREL Phase VI Rotor).

Wind speed(m/s) Rep

5 1.11x106
7 1.56x10
9 2.00<10°

2.4Cylinder Flow

To developthe tower model using the bodlgrce method, a basic knowledgécylinder flow is
reviewed inthis sectionCylinder flow is oneof the most fundamentdlows in fluid mechanics.
Neglectingviscous effed, a well-known analytic solutiorhas been derivefiiom potentiaiflow
theory with the absence of flow separatidhe flow speedrecoverdo its upstream valuat the
rea part of the circular cylindetJsing cylindrical coordinatg the stream function for theon

rotatingcircular cylinder flow is
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2

y =Ur(L %)sinq (2-13)

wherea is the radius of the cylinder,is the radialcoordinate andd is the azimuth anglélhe
normal and tangential velocitiadongthe surface of the cylindarefound as
v, =0 (2-14)
Ve = 2U, sing . (2-15)

The pressurdistributionalong the cylinder surfaaan beexpressed as

2-16
p. = p. %rui(l 4sirt g (2-16)

Accordingly, the pressure coefficie@p becomes
C,=1 -4sirfg . (2-17)

Attached is plotted as a function of the azimuth angle in Figiire 2

-0.5 N

-25F N

-3 r r r r r r r r r

0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuth angle, degree

Figure 2-6. Cp distribution along a non-rotating circular cylinder .

In reality, thecylinder flowis muchmore complexhanthe result obtained using pot&l theory

The flowphenomenoiasa strongdependence atne Reynolds numbefhe Reynolds number is
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a dimensionless parameter that is relatedthe ratio of inertiaforces toviscousforcesand is

definedby

u.L (2-18)

o

u

Re=

whereU,, is the velocity of the object relative to the fluldjs a characteristic legth, and3 is

thekinematic viscosityof the fluid. Numerousexperimental studiebave been conducted on
cylinderflow. These studiesan be divided into two categori@sthose directed at treteadystate
propertiessuch as drag coefficient and static pressure,iianitdose concerned witthe dynamic
propertiessuch asinsteadyortexshedding andeparationf27]. For the steadystde phenomena,

a number ofwind tunnel tests werperformedat different Reynolds numbgf{28]-[29]. These
experimentatesults define three majoegimes in nonrotatingcircular cylinder flow The firstis

the subcritical regiméor a Reynolds numbswvarying approximatelyfrom 10° to approximately

3x1(. The drag coefficient of the circular cylindaariesbetweenl.0and1.2. Laminarturbulent
transitionoccursat a Reynolds numbef about 3x1®wherethe mean drag coefficient drops to
approximately0.2-0.35,as shown irFigure2-7. Then, he flowentersthdi s uper cr i ti cal 0o
When the Reynolds numbirraised taabout 3x16, the mean drag coefficient increasgainto

0.4upto 0.7 The lastregimea bove this Reynol ds theumébms criist ircex
regime.The rootmeansquare variation of circular cylinder drag coefficiandifferent Reynolds

number is shown in thBigure 2-8. The drag coefficient variation is about 10% for Reynolds
numbes around 18, so it is sufficienmost of the timéo use the steady mean drag coefficient to

represent the drag characteristic of the circular cylinder.
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Figure 2-7. Drag coefficient and Strouhal number ofa non-rotating circular cylinder as a function ofReynolds
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Figure 2-8. Root-mean-square variation of drag coefficientfor non-rotating circular cylinder [30].

The mean pressure distribution around the circular cylinder is a reflesftisaparation. A

sample pressure distributiandifferent Reynolds numbgis shown inFigure 2-9.
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Figure 2-9. Cp distribution along a nonrotating circular cylinder as a function of Reynold number[31].

Unsteady flow phenomersach as vortex shedding and the waka wiwer flow (or cylinder)
are also of importancé dimensionlesparameter called Strouhal number can be used to describe

thedimensionless frequency of flow sheddifidne Strouhal number is defined as

2-19
e e
U

o

whereL is the chaacteristic lengthHerethe towerdiamete), U, is the flow velocityand f is the

vortex shedding frequency.

Figure 2-7 alsoshows the mean drag coefficiemtd Strouhal number variati@as a function of
Reynolds numbeiExperimenal resuls showthat the periodicity starts &t = 0.12 ata Reynolds
numberof about 50. It riseso 0.2 ata Reynolds numbeof about 300In the Reynolds number
rangebetweer300and100,000 it has been verifiedy Roshko, Kovasznaynd Relf[33] that St
4 0.2. After transitionfor higher Reynolds numbgrexperiments shows tiperiodicity doeshave

asingle appearancand the dominant frequencieary substantiallyFor example, Reff34] found
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