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1.0 FORWARD

TheFAST_AD Codeistheresult of themarriage of threedistinct codes,; the FAST2 Codefor
two-bladed horizontal axiswind turbines (HAWT); FAST3 code for three-bladed HAWT; and the
AeroDyn aerodynamicssubroutinesfor HAWT. Whilecombining thesethree codes, changesweremade
inthe computational loopsandinthekinematic cal culationsof theFAST codes. Thesechangesresulted
inacode, FAST_AD, that runsvery quickly, sothat thecodeisindeed, fast. Thisdocument coversthe
features of each code and outlines the operating procedure for the code.

Section two deals with the kinetics and kinematics for atwo-bladed HAWT. Section three
addressesthe configuration and nomenclaturefor thethree-bladed HAWT operation. Insectionfour, the
AeroDynaerodynamicsasusedin FAST _AD isdescribed. Sectionsfive, six, seven, and eight describe
the program input files, description of code inputs, program output files and example case studies
respectively. In section nine, comparisonsof thesimulation resultsfor two case studies; onewith steady

wind conditions and the other with turbulent wind conditions are shown.
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2.0 KINETICS/KINEMATICSFOR A TWO-BLADED HAWT

The dynamic response of atwo-bladed, horizontal axiswind turbine can be modeled by the
FAST_AD code. Thismodé relatessix rigid bodies(earth, nacelle, base plate, armature, hub, and gears)
andfour flexiblebodies(tower, two blades, and drive shaft) through 15 degrees of freedom. Accounted
forinthedegreesof freedom aretower flexibility (4 DOF), bladeteetering (1 DOF), bladeflexibility (6
DOF), nacelleyaw (1 DOF), nacelletilt (1 DOF), and variablegenerator speed (2 DOF). Thedegrees
of freedom are further described below.

Thefirgt and second degreesof freedom arisefrom thefirst modeflapwise bending motion of each
blade. Thethird and fourth degreesof freedom originatefrom the second bending mode. Bladeedgewise
motion accountsfor thefifth and sixth degreesof freedom. Motion of thebladesisaongthelocal principa
axes.

The seventh degree of freedom accountsfor teeter motion of the bladesabout apinlocated onthe
hub. Teeter motion can be restricted by dampers or springs, or a combination of both.

Theeighth degree of freedom accountsfor variationsinrotor speed. Thisdegreeof freedom can
model amotor for start-up, abrakefor shut-down, or aninduction generator. Theninth degreeof freedom
accountsfor theoptiona drivetrainflexibility associated withtorsiona |oading between thegenerator and
hub.

Thetenth degree of freedom accountsfor the nacelleyaw motion, which canbefreeor fixed with
atorsional yaw spring. A yaw tracking control can beimplemented withthefixed yaw version. Therotor
can beeither upwind or downwindwith therotor providing yaw loads. Tower and nacelleaerodynamic
loads are not included.

Theeeventh and twelfth degrees of freedom originatefromthefirst bending mode of thetower in
thelongitudinal andtransversedirections. Thethirteenth and fourteenth degreesmode the second bending
modeinthesamedirections. Thefifteenth degreeof freedom (themost recent addition) isnacelletilt. The

amount of tilt can be restricted with springs or dampers or a combination of both.
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21 Theory

Kane smethodisused to set up equationsof motionthat can be solved by numerical integration.
Thismethod greatly s mplifiesthe equationsbeforethey areever written by considering componentsof the
eguationswhere many termsdo not show up. Theseequationsareeasi er to solvethan those devel oped
using methods of Newton or Lagrange and have fewer terms, reducing computation time.

Thefollowing sectionscover the stepsthat |ead to the equationsof motion. First, thevariousrigid
bodiesinthesystem aredefined, aswell asthe coordinate systemsusedtorelatethem. Theseareused
toformulateexpressionsfor vel ocity, and then acceleration. Next, aerodynamic, elastic, and drivetrain

loading are described along with the wind model. Finally, the method of solution is outlined.

2.2 Mechanical Elements

FAST_AD moddsahorizontal axiswindturbinewithsix rigid andthreeflexiblebodies. Theearth
isrigidly attached to aflexibletower which can bendintwo directions, described by two modesin each
direction. Thetop of thetower isfixed to abase plate, which supportsayaw bearing and nacelle. The
yaw bearing alowseverything atop thetower to rotate asthewind direction changes. Thenacellehouses
thegenerator and gearbox, and theentireassembly can beallowedtotilt. Thelow speed shaft connects
the gearbox to therotor. Therotor consists of ahub, one or more blades, and possibly tip brakes. A
teeter hinge may beincluded between the rotor and thelow speed shaft, and can be offset by adelta-3
angle. Thehub supportstwo blades, each of which can be coned and can have aerodynamic pitchand
twist. Thebladesareflexibleand have propertiesthat can vary alongtheir length. Each blade can be
structurally pre-twisted, but notorsional freedomisallowed. Bending canoccur intheplaneof therotor
(defined by one vibration mode), or out of the rotor plane (defined by two modes of vibration).

2.3 Geometry and Coordinate Systems
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Coordinate systemsformed by orthogona setsof unit vectorsdefinereferenceframesthat areeach
fixedtoarigidbody. Each system representsachangein angular orientation fromthe previoussystem.
Thesecoordinate systems, along withthebodiesthey arefixedto, arelistedin Table2.1 andillustrated in
Figure2.1. (A body isdenoted by ascript uppercase character, apoint isdenoted by anormal uppercase

character, and avector is represented by a bold character.)

Table 2.1. Coordinate System Locations

Unit Vector Set | Fixed in Body Description of Coordinate System

a E Inertial coordinates, fixed to earth

Tower top coordinates, system, fixed to base plate

Y aw coordinates, fixed to nacelle

Tilt coordinates, fixed to nacelle
Azimuth coordinates, fixed to low speed shaft

Delta-3 coordinates, fixed to rotor assembly

- |Q |Dd|O |Q|T

Teeter coordinates, fixed to rotor assembly

Coning coordinates, fixed to rotor assembly

] Local blade coordinates, fixed to local blade element
_________________________________________________________________________________________________________________|]

nwlon[B|D[|T[|Z2]|Z2

Onceacomplete set of coordinate systemshave been defined, expressionscan betrandated to
any system by coordinatetransformations. Thecoordinatesystemslistedin Table2.1 and showninFigure
2.1 establish several referenceframeswhich can berelated by thefollowing transformations. Most of the
transformation matrices represent arigid body rotation about one of thelocal coordinate axes. For
example, thedifferencein orientation between coordinateseand gisthedeta-3angle. Thetransformation
frominertial (a) totower top (b) coordinates contai nsrotationsin two directions, representing thetotal
tower toprotation. Notethat thecoordinatesystemsarebasicaly in alphabetical order, except that d and

cand g and f are out of order, and thereis no h.
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From Inertial to Tower Top:

where:
c =cosineof angle
s =sneof angle
0, = longitudinal angle of tower top slope

05 = lateral angle of tower top slope

=

\ cq, 0 sq |ldy
From Tower ToptoYaw: b= 0 1 0|, where g5 = yaw angle

s —sq(;Ocq6d3

=2

d1 Cq; —8q; 0 €
From Yaw to Tilt: d,| = sqg; ¢qs 0], where g = tilt angle of shaft
d, 0 0 1|l

¢l oo ok
From Tilt to Azimuth:(e,| = 0 ¢4, —sd,]le, where g, = azimuth angle

c, 0 sq, cq, e,
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Coordinate System Formed by Unit Vector Sets without tilt.

Figure 2.1.
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el 1o o]l

From Azimuth to Delta-3:  [e,| = P cd; - sb, g, where §; = delta-3 angle
0 563 063 g3

2 cq; 0 squ|f

From Delta-3 to Teeter: 0 1 0|f where g; = teeter angle

38
1

f) cf 0 sP
From Teeter to Coning: =10 1 0 where B = coning angle
f| [-sB O cB

From Elastic to Local:

cE 0 st 1 0 O
= 0 1 0f-]0 cn sn
-sE 0 c& 0 -sn cn

where £ = local out-of-plane blade bending angle, and

n = local in-plane bending angle

Of theanglesshownintheprevioustransformations, somearetime-varying degreesof freedom

and somearefixed over time. Thereare 15 degreesof freedom for thetwo-bladed machinewhich are

used informulating theequationsof motion. Table2.2listsall 15 variablesand adescription of each. These

variables are used to describe all of the motion that the wind turbine model exhibits.
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Table2.2. Time Varying Angles and Displacements

Variable Description

(o} Blade 1 flapwise tip displacement for mode 1

(o8 Blade 2 flapwise tip displacement for mode 1

Js Teeter angle

Qs Azimuth angle, rotor side

Os Tilt angle

Os Yaw angle

(o Longitudinal tower top displacement for mode 1

Os Latitudinal tower top displacement for mode 1

Jo Longitudinal tower top displacement for mode 2

Oho Latitudinal tower top displacement for mode 2

Oh1 Blade 1 flapwise tip displacement for mode 2

Orz Blade 2 flapwise tip displacement for mode 2

Ohs Blade 1 edgewise tip displacement for mode 1

Oa Blade 2 edgewise tip displacement for mode 1

Ois Azimuth angle, generator site
|

Blade 1lisat anazimuthangleof g, and ateeter angleof g,. Inorder tolocate blade 2, an azimuth
angleof g,+ misused. However, rotating the azimuth anglea sorotatestheteeter axis, soin order to have
the teeter remain in the proper orientation, the opposite sign is used.

Other important anglesused intheabovetransformationsarelistedin Table2.3. Thetower top
rotationsaretimevarying sincethey arerelated to thetower freedom through the shape of the deflected
tower, asshowninFigure2.2. Thedelta-3 angle, shownin Figure2.3, orientstheteeter hinge so that
teeter isnolonger perpendicular to theunconed bladeaxis. Bladescan be coned, or angled downwind
dightly, asindicated by theconingangle, . Thepreviousthreeanglesareall used to definethegeometry

of thewind turbineand areconstant. Thebladestructural pre-twist isrepresented by 6,and orientsthe
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local axesof flapwiseand edgewisebending. Theout-of-planerotation of thelocal bladeelementisg,
whilethein-planebladed ement rotationism. Thepreviousthreeanglesvary aongthebladesothat each

blade segment has a different orientation. These are shown in Figures 2.4, 2.5, and 2.6.

Table 2.3. Other Angles Used in Program

. ___________________________________________________________|]
Angle Description

0, [Longitudinal tower top rotation angle

0g [Latitudinal tower top rotation angle

d; |Delta-3 angle (teeter hinge orientation)

B [Coning angle

0s | Structural pre-twist angle

13 Local blade out-of-plane rotation

n |Loca bladein-plane rotation
_________________________________________________________________________|]

Note that the coordinate systems are defined to be right-handed and all angular rotations are
positive.

Someposition vectorsare used to definethewind turbinemodel. Themagnitudesand directions
of these vectors are listed in Table 2.4. These distances will be used in the kinematics expressions.

Table 2.4. Position Vectors Used in Program

Variable | Direction Description
H, a, Height of rigid base of tower
Hy a, Height of flexible portion of tower
Dy C Distance from tower top to teeter axis
Daw C Distance from tower top to nacelle center of mass
Dz C, Distance from tower top to nacelle center of mass
Ry -O1 Distance from teeter pin to blade axis intersection
Rum -O1 Distance from teeter pin to hub center of mass
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R I3 Distance from blade axis intersection to local blade element

Figure 2.2.Tower Bending and L ocation of Tower Top
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Figure 2.3.Crientation of Delta-3 Angle

teeter axis
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Figure 2.4.Crientation of Local Blade Structural Twist Angle

Finally, several pointsonthe system areimportant inwriting theequationsof motion. Theseare
listedin Table2.5and defined in Figure 2.1. Thesepointsare attached to arigid body in oneor more
referenceframes. For example, point O isthe origin for both the tower top coordinates and the yaw

coordinates.

Table 2.5. Points on the System

Point Description

Tower top

Teeter hinge

Intersection of blade inertia axes

Location of local blade segment

M ass center of nacelle

O(Olw|O]|T

Mass center of hub
|
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(2) Blade Flapwise Bending Angle

(b) Blade Edgewise Bending Angle
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Figure 2.5.0rientation of Blade Flapwise and Edgewise Bending Angles
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Change in radial component as blade deflects

\

Deflected Blade tip — vy
Id
N7
Blade element at pointS _ ~
e q; + qyq
- - -

-7 iy

—————— Us T - ia
- (Il g .
Hub center at point Q Undeflected blade tip

Figure 2.6.Blade Bending in Flapwise Direction
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2.4 Blade and Tower Deflections

Thetreatment of flexiblebodiesin rigid-body dynamicsrequiresan approximation so that the
general deflection can berepresented by only afew degreesof freedom. Both bladesand tower canbe
treated ascantilever beams, fixed at oneend to either thehub or the earth, and freeat the other end. Both
have point masses attached at the free end, either the tip brakes or the nacelle. The deflection of a
cantilever beam can berepresented asalinear combination of theknown shapesof thefirst several norma
vibration modes. For aflexiblebeam represented by only onevibration mode, the displacement anywhere
ontheflexiblebody isgiven asaproduct of theend displacement and afunction which representsthe
normalized shapeof themode. Thismethod isused to represent bendingintwo directions, and morethan
onemodecan beusedto givegreater accuracy. Specificdly, thetower deflectionin bothlongitudinal and
lateral directionsismodeed by up to two modes, whichrequirestwo degreesof freedomineach direction
to scalethe shapefunctions. Thebladedeflectionintheout-of-planedirectionisaso modeled withupto
two vibration modes, requiring two degreesof freedomfor each blade. Thein-planedeflection of theblade
ismodel ed with only onemodesincetheflexibility inthisdirectionismuchlower. Thisrequiresatotal of
three degrees of freedom (and mode shapes) for each blade.

Thebladesaretreated asflexiblebeamsfixed at the hub and freeat thetip. Becausethebladecan
havesomestructural pre-twist, defining thedeflectionintwo directionswhich changea ong thetwisted
blade can bequitecomplicated. A better methodisto definethetotal blade curvature asthe combination
of curvaturein each direction, oriented by thestructural pre-twist. Thiscurvatureisresolvedintoin-plane
and out-of -plane componentswhich arethenintegrated twiceto get thedeflection shape. Letf, andf, be
theflapwisemode shapesfor the non-pre-twisted blade, and g be the edgewise mode shapefor the non-
pretwisted blade. For thisdiscussion let g, represent thefirst flapwisetip deflection, g, bethe second
flapwisetip deflection, and g; bethe edgewisetip deflection. Notethat for blade 1, g, d,, and g; become
Ch, 011, and g,5; and for blade 2 they becomeq,, 9;,, and g,,. Thelocal curvatureintheflapwisedirection

is
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q,015'@ + 4,05 @ ,
while the local edgewise curvatureis
10e"@ ,

wherezisthecoordinateaongtheblade. If thelocal pre-twist angleis6,(z), thenthelocal coordinate
system can be transformed back to the system fixed at the blade root. The out-of-plane curvatureis

u” = cosB, q,(Of '@+ q,®F (@) - snb, g2 @), ,

while the in-plane curvatureis

v/ = sinB,q,0f '@+ 6, @) + cosb, g, e @), -

These can be represented by twisted shape functions, as follows:

u’ = q b + q, ) + q; ¢
v =+ g+ g
where

d)i/ = cos 0, fI//(z) ,

cl)él = cos 0, f2//(z) ,

¢, = -sinB,g"@ ,

¥, = sin6, '@,

Y, = sin0 £'(2) , and

¥, = cosB g"(2 .
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Thesefunctionscan beintegrated twicewith respect to z, the coordinate al ong the blade, to get the overall
mode shapesfor in-planeand out-of -plane bending. Thedeflection of thebladein each direction canthen

be written as
3
u(zt) = .;1 qi(t) (l)i(Z)
3
vz = s a0%@. Qs 13

Becausethebending blade staysthe samelength, thedistancefrom theroot to thelocal segment dongthe
blade changes. This shortening can be expressed as

1 .
W = - o u')? + v ?ydg

or, in terms of the above functions,

w = -

_ z 4/ 4/ !/ 4/
49 S T B+ b dz

M W

|2
P
2515

The current position of thelocal blade segment asit isvibrating can now be expressed in root-fixed

coordinates as

uz) = uEdi + V@D + )+ Wizt

wherethevector u isthevector position of theloca bladesegment, i;isalongtheblade, i, isinthe out-of -
planedirection, i, isinthein-planedirection, and r(z) isthedistancea ong the undeformed bladeto the
current blade segment.

Componentsof thelongitudinal and lateral displacement of thetower top areshownin Figure2.6.
Thesedisplacementsinclude contributionsfrom thefirst and second mode shapesin both thelongitudinal,

a,, and lateral, a, directions. They arerelated to the tower degrees of freedom as follows:
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u
Uy

9; * 9

9 * qy

where u; is the total tower top displacement in longitudinal direction and ug is the total tower top
displacement in the lateral direction. The corresponding tower top rotation angles are given by:

0, = - Q747 * G dg)
0

g = Ggdg + G50

where0-isarotation about a;, 0gisarotation about a,, andthe o’ sarethefirst derivativesof themode

shapes.
Oy, _ 9b,;
“" @ % T
as - a(I)IT alo - ad)2T
ch ch

where ¢, and ¢, represent the first and second tower bending mode shapes, which are shown in

Appendix C.
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2.5 Kinematics

Oncethedynamic systemisdefined asaseriesof rigid body referenceframesrel ated by several
degrees of freedom, the kinematics of the system can be expressed. Vectors from any of the above
coordinate systemscan be used, sincethey areeasily transformed to acommon coordinate system. The
accd erationsof pointsinthesystem can beexpressed using velocitiesand angular vel ocities, which must
first be computed.

Theangular vel ocitiescan bewritten between neighboring referenceframes and then summed.
Note that the angular velocities are vectors that relate the reference frame represented by the left
superscript tothereferenceframerepresented by theright superscript. Theangular velocity of thebase
plate in the inertial frameis given by

6,a

.8 1 Y193
The angular velocity of the nacelle relative to the base plate depends on the yaw rate and tilt rate
"ot < 4gd, + 454,
The rotor speed relates the nacelle to the shaft reference frame:

Yo'l = q,e,

Therotor isrelated to the shaft reference frame by the teeter rate.

Yot = 4,8,
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Oncetheindividua angular vel ocitiesarewritten, they can becombined to get theangular motion of each

reference frame in relation to the inertial frame.

EwN = BB BN
EpH = BN . N H
EwR = EBH ; HyR

The angular velocity of the rotor in the inertial frame can be expressed by substituting the first two

expressions above into the last one:

Pl = eSal - 97*‘3 t Qed, + 45d; + Gy * Gy 8,

Theseangular vel ocitiescan now beused with thegeometry of the structureto expressthevel ocity
of variouspointsof interest. Velocitiesarea so vectors, but they describethemation of apoint, theright
superscript, inaparticular referenceframe, theleft superscript. Thevelocity of thetower topintheinertia

frameis:

Vo= G+ dga; + gt Ay

Thevelocity of theteeter hingeat theend of thelow speed shaft can berelated to thetower top vel ocity

as follows:
EyP _ E,O , E N, LOP
r°® = D_ ¢

N ™1

wherethepointsO and ParefixedinreferenceframeN, r °"isthevector that connectsthe points, and Dy

is the distance from tower top to teeter hinge.
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The velocities of point Q can be expressed in asimilar manner,

EyQ = ByP . B R o LPQ

P
rfQ —RUg1

where points Q and P are fixed in the rotor frame, separated by the distance R,.
Thevelocity of anindividual blade segment isrelated to the vel ocity of apoint on therotor as

follows

s s
EyS = EyS | RyS . ELR o 95

where S isthelocation of point Sif it werefixedtotherotor (asif thebladewasnot flapping). Effectively,

the motion of the segment away from its current position is added to the motion of the current position.

EyS = EyQ . E R o Q5
r& - ri,
AN
r® = u

wherey isthebladelength from theroot to the corresponding segment, and u describesthel ocation of the
deflected blade segment and as discussed in the previous section.
Theseexpressions can be combined to get thevel ocity of ablade segment intheinertial reference

frame:
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VIS @t A3t gt gt Bya - 073+ god, + 45 dy x Dy,
- (esal_e7a3+q6d2+q5d3+q4e1+q3g2)xRUgl
" (ﬁsal—07a3+q6d2+q5d3+q4e1+q3g2)xri3

* (ésal - 0,8, + gody + G d; + Qe + 38 X u+ @
Many of thetermsinthisexpression containthefirst timederivative of adegreeof freedom multiplied by
avector. Thiscanbemoreeasily expressedintermsof the coefficientsof these degree of freedomrates

and the portion left over.

15
ByS = o By q, + By?
r=1
where&v?isthe coefficient of thetimederivativeof ther™ degree of freedom and v containsall of the
termsthat arenot of thisform. Noticethat these coefficientsarevectorsand can contain the degreesof

freedom but not their time derivatives. In this case,

fv; = g < ~Ryg tripru, and

E_.S
A}

=a;, - 0O,a; X (DN°1 - Ryg +1i+ u .
Thevector coefficientsarecalled partid velocities. Thedot product of these coefficient withtheequations

of motion producesagrestly smplified system of equations, whichisthemain advantage of Kane smethod.

Theeguationfor theangular motion of the

rotor frame can be put into asimilar form: Ewsk - g,
E R
s wg = d,,
E,.R E R E,.R E. R _ _
@ =y 04+t 0, w, = - &a,, and
=1 R
' Fo, = 0
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where

Thevelocitiesof pointsC and D can beexpressed similarly to vel ocitiesof pointsQ and P, respectively;

only the distances are different.

PC _
r- = -Ry,g

r°? = D ¢, + D c

where R, isthe distance from teeter hinge to the mass center of the hub and Dy,,; and Dy, iSthe
distance from the yaw axis-tilt axis intersection in ¢, and ¢, directions to the mass center of the nacelle.
Theaccelerationisthetimederivativeof thevelocity. Thetimederivativeof thevelocity inthe

above simplified formis:

Noticethat the second and third termscontain only first timederivatives of the degreesof freedom, sothis

expression is already in the desired form if

15
E.S _ dES. +
a = - Y4

Vv
It

dopgs
d !

Once the accelerations are expressed, we need to consider the forces acting on the system.
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2.6 Kinetics

Onceexpressionsfor theaccel erationsand externa forcesare determined, these can be combined
to form the equations of motion. These can be put into Newton’s Second Law, F =ma, or F- ma=0.
Kanehassimplified thesevector equationsby taking componentsinthedirection of thepartia velocities
definedintheprevioussection. Eachpartia velocity producesascdar equationrelatedto asingledegree

of freedom of the form

F +F =0, r=12,...15
where
F. =y 5’ F, i = sum over all external forces
i
F' = > By® . - may i = sum over each body in the system with mass

Thesequantitiesare called generalized activeforcesand generalized inertiaforces, respectively. The
generdized activeforcesincludeal externd forcesacting onthebody, such asaerodynamicforces, gravity,
drivetrainforces, and forcesdueto the elastic bending of the bladesand tower. Thesearedetailedin
sections 2.6.1 through 2.6.3.

Thegenerdizedinertiaforcesincludeall effectsof linearly and angularly acceleratingmass. There
will be somecontributionfromall bodiesthat have mass, including thetower, nacelle, hub, and blades.

These can be summed to get the total generalized inertiaforce:

+

* * * * *
Fr |Total Fr |Tower Fr |Nacelle ¥ Fr |Hub ¥ Fr |Blades
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Thehub containsall massintherotor assembly except that contained inthe bladesand tip brakes.
The contribution to inertia forces from the hub mass, m,, is given by:

Fr* |Hub - Evrc " My Fa® - E“’F ) [IHub - P+ Foltx . E“’R]
whereEvCisthepartia velocity of the hub masscenter for ther™ degreeof freedom, EaCistheacceleration
of thehub masscenter, R isthe partial angular velocity of therotor for ther™ degreeof freedom, and EaR
istheangular acceleration of therotor assembly, dl intheinertia referenceframe. Theinertiamatrix of the
hub about its mass center, I, is determined from the inertia of the hub about the teeter axis.

Thenacdlemassincludeseverything ontop of thetower that yawsexcept therotor assembly. The
massof individual componentsisdescribedintermsof thetotal mass, thelocation of themasscenter, and
thetotd inertiaof thecomponentsabout theyaw axis. Therotationd inertiaof thegearsand other interna
mechanismsisneglected. Thegenerdizedinertiaforcesfor thenacelleassembly isgiven by anequation

similar to that for the hub:

*

D E, N E, N E, N

- _ Eg D, E,D _ . . E N
B Ve " Myacelle 3 , [INacelle e’ + “w7x1

R 1))
r |Nacel]e Nacelle |

where&vP isthepartial velocity of thenacellemassfor ther™ degree of freedom, EaP isthe accel eration
of thenacellemasscenter, Ew! isthepartial angular velocity of thenacellefor ther™” degree of freedom,
andFaN istheangular acceleration of thenacelleassembly, all intheinertial referenceframe. Theinertia
matrix of thenacelleabout itsmasscenter, | .41, ISdetermined fromtheinertiaof the nacelleabout the
yaw axis.

Contributionsfromtheflexibletower to thegeneralized inertiaforcesdepend onitsdistributed
mass. Thegeneralizedinertiaforcefor theentiretower istheintegral of theinertiaforcefor eachtower
segment. If pro.e ISthemassper unitlength of thelocal tower segment, thegeneralizedinertiaforcesare
given by

_ _ H ET . E_T
F - jbp'Towervr adZ

*
r |Tower
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where T isthe current tower element, v/ isthepartial vel ocity of the current tower element for the r™”

degreeof freedom, and Ea" istheaccel eration of thetower element. Thevelocity of thetower elementis
given by
. . . . T .
A A Pyr + o bypya; + Gz by * Qo by = x Ve G

so that the partial velocities become

T
Vg = Gra

= ¢, 2,

1
-
© =
[
s

-
o
<
o
[

where ¢’ sarethetower shapefunctionswhich vary with z, thelocation of thecurrentelement, T. The

acceleration of T isjust the time derivative of the velocity,

Notice that the partial velocities are constant over time. Thisexpression can be substituted into the
generalized inertia force equation,

10
* _ H E,T ., E,T =
r |Tower - rg: -&) I‘j'Tower Ve V. 49 dz

When theaboveexpressionsfor the partia vel ocitiesare substituted into thisequation, thetermsinvolving

a, - 83 go to zero. The others are of the form:

F "4 Brover P17 17 424, - b Prover Qi o1 424,

*
7 |Tower

Notice that because of orthogonality of the first two modes the second term will al'so go to zero.
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The flexible blades contribute to the generalized inertiaforces in asimilar manner.

* _ _ RT E. Sl , E_SI _RT E,S2 , E.Q2
Fr |Bladcs h b MBlage Vr a dr1 b HBlade Vr a dI.2

where S, and S, arethelocal blade elementsfor blades 1 and 2, respectively, R, isthedistanceto the
bladetip, and pg . iSthemassof thelocal bladeeement. Thiscanbesmplifiedinamanner similartothe
tower equations, but the equations are still quite lengthy.

All of theabove expressionsare combined to giveacomplete set of expressionsfor thegenerdized
inertiaforces. Oncethegeneralized activeforcesarefound, these can be combined to givethecomplete

equations of motion, which can then be solved numerically.
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2.7 Generalized Active Forces

Thegenerdized activeforcesare composed of several different typesof forcesacting onthewind
turbine. Theseincludeaerodynamicforces, gravity, drivetrainforces, and elastic restoring forcesof the

flexible bodies. The total contribution to the active forcesis given by:

= F + F + F + F
MTotal M Aero 1 Grav ity 1Drive 1Elastic

Each of these forces are described in the sections that follow.
2.7.1 Aerodynamic Loading

Themagjor loading onthewind turbinebladesisdueto theaerodynamicforcesof lift and drag. For

aunit span of the blade, the incremental lift and drag forces are

1
= Epw2ccL

=
[

1
= Epw%cD

w
|

wherep istheambient air density, cisthelocal bladechordlength, C, and C, arethelocal sectional lift
and drag coefficients, and W isthe speed of theair relativeto theblade. Thelocal relativewind speed W
containscontributionsfrom theloca wind, therigid body motion of theblade dueto rotation about thedrive
shaft, teeter and yaw axes, theflexiblebody motion of the bladesand tower, and acontribution dueto
induction. Theinduced velocity isdetermined using strip theory whereinthelocal forceonthebladesdue
toliftisequated to themomentum flux. Thebladeforceisbased ontheflow relativeto the bladeand

containstheinduced vel ocity explicitly inthe W?term and also containstheinduced vel ocity implicitly in
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thelift coefficient and inthevarioustrigonometric functionsthat are used to obtai n the component of the
blade force in the direction of the momentum flux.

Themomentum flux through asegment of therotor disk isobtained using the Momentum Equetion.
Whereasthebladeforceinvolvestheflow relativeto theblade, the momentum flux isdeterminedinan
inertiad referenceframe. Theinduced vel ocity appearsboth explicitly and implicitly inthemomentum flux
aswell asinthebladeforce sothat theinduction must be solved for usingiteration. A significant amount
of computing time is used to determine the local induction at each time step.

Theiteration processcanincludeor neglect theeffectsof thetangential component of theinduced
velocity. The effects of turbulence are included in iteration in the AeroDyn code.

Whentheinductionisdetermined, theaerodynamicforce per unit spantransmitted tothebladeis

f, = Lcosp+ Dsingyi, + (- Lsing + Dcos ¢,i,

where¢ isthereativeinflow angleof theblades. Notethat thereisnoi; component intheaboveequation.

Thetotal aerodynamic generdized activeforceisthen determined fromtheintegra d ongthespan

R S1
1| = Evr ) fA
Aero _{6

wheresubscripts 1 and 2 refer to the blade number. Theaerodynamicforceson thetower and nacelle
could be included in a similar manner, but not have been accounted for in this study.
Thelift and drag coefficientsinthe above equationsarebased onairfoil dataintheform of either
acurvefit or table which gives the variation with the local angle of attack, «, and the thickness.
Dynamic stall can also beaccounted for inthecal culation of aerodynamicforces. Dynamic stall
occurswhentheairfoil sectionisnear stall. A rapid changeinangleof attack causesavortex to beshed

over thetop surfaceof theairfoil, producing an extralift followed by arapid decreaseinlift until thestall

FAST_AD User'sManual OSU/NREL 99-01 30



pointisreached. Inthiscase, thelift and drag arefunctionsof thetimerate of change of angleof attack

aswell asa.
2.7.2 Elastic Restoring Forces

Thebending of flexible, elastic bodiesproducesforceswhich tendto restorethebodiestotheir
undeflected position. Thegeneralized activeforcesbased ontheserestoring forcescan be computed from

the potential energy V, of abent beam as follows:

.
|Elastic aqr

For the tower, the potential energy of bending is expressed as

1 2 2 1 2 2
Viower = E(kﬂ% + kggdg) + 5(1(99('19 * K910 10)

wherek; ;, Kgg Kgg, and ki 1o are tower stiffness terms given by:

|
b
|

H /72 H / 2
k77 T 788 B b 0.Tower(q)lT) dz - b mTowerg(d)lT) dz

H /] 2 H / 2

99 = X010 T ¢ Orover bor) dz - f rower gy} dz
whereoq,, i1Sthelocal tower stiffness, gisthegravitationa constant, and my,, iSthemassof everything
above current tower element, including part of the tower, the nacelle, and the rotor.

For each blade, the potential energy expressionissimilar. Again, let the flapwise modes be
represented by g, and g, and the edgewise mode be gs.

2 2 2
Vowe1 = Kii @i * 2k;,9,9, + K9 + k54
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where

FI - _
_ R PFlap o/ gl 1i=1,2
kij_fozfit}dr j=1,2
EI
k. = R Edge _//2
33 b 2 g’y dr

whereElp,, istheflapwiseblade stiffness, El 4 istheedgewisebladestiffness, andf’ sand g’ sarethe
blade deflectionsdefinedinsection 2.3. Notethat for blade, q,, g,, and g; becomeq;, 9;,, and g,5; and
for blade 2 they become q,, q;,, and q,.

2.7.3 DriveTrain Loading

Therearefour optionsavailablefor modeling variationsin shaft rotational speed. Theseinclude
constant RPM, induction generator, start-up, and shut-down. Eachareavailableby changingthevariable,
1ZD(4),inthemaininputfile. Additionally, driveshaft flexibility may beincluded withall theseoptions
except the constant RPM case.

Significant drivetrainloadscan occur during starting and stopping operations. During start-up, the
rotor startsasaresult of thegenerator acting asamotor. During thistime, thedriveshaft, particularly the
low speed shaft, acts as atorsional spring and may cause large torsional oscillations.

For start-up, the shaft speed and torque can be model ed by three curvefitsover themotor side
of thecurveshowninFigure2.7. Currently, themotor ismodeled asaconstant until theoperating rpmis
approached. Input constantsincludemotor start-up torque, Q,, lopeof linear region curve, C,, andthe
synchronousRPM, Q,, dl of whichareshownfor thegenerator sideof theshaftin Figure2.7. Thecode,
as delivered, has a constant motor start-up torque. Any changes must be recoded in the GNTORQ

subroutine.

FAST_AD User'sManual OSU/NREL 99-01 32



Figure2.7.  Variation of Shaft Speed with Torque

Motor
[¢h]
>
— P
2 RPM
Generator

For shut-down or braking of therotor, thetorqueismodel ed over thenegative, linear region of

Figure 2.7, and is given by:

TBrake - Signf.llS)1 -

where:
sign () = Givesthe algebraic sign of quantity in parenthesis, returnsonly +1 or -1.

Qg = Mechanical brake torque (specified by user in main input file).

I nduction generatorsarecommonly used inwind turbinesbecause of their ability to control therotor

during start-up and shut-down. For the induction generator option, the torque is given by:
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TGen * TElectrical + TLosses
where:
— 2 .
TElectrical - Cn (qlS - Q0)
. . 2
I I T
Losses Fixed Qo Variable QR _ Qo
T. =f 1 1 PRated (Trixea 1S Specified in main input file by QFL.)
Fixed
nGen nQR

1 Prated
TVariable = (1 B t) ( ,nGen B 1) nQ;

f = Fixed loss factor
Neen = Maximum generator efficiency (specified by user in main input file)

Praea = GeNerator rated power output

(Tyaiane 1S SPecified in main input file by QVL.)

For casesinvolving aflexibledrive shaft, thedrivetrain between therotor and generatorismodeled

asasingleequivalent shaft characterized by alinear torsiona spring, k, and alinear torsiona damper, cp.

Theequivaent drive shaftismasd essandismodel ed asan equival ent | ow speed shaft asshownin Figure

2.8. Thetorque isthen given by:

Thate = Kps ~ sy + Sp s ~ i)

where;

kp and ¢, are constants (specified by the user in the main input file)
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Figure 2.8.Turbine Drive Train asModeled in FAST_AD
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Thegenerator armature, rotor brake, and other significant rotational inertiason the high speed shaft
arelumped together inthesum of inertias, | ,. Theequation for thefifteenth degreeof freedomisthengiven

by:

T,

Mot Tshatt = TGen

q =
15 n2 IA

where:
Nes = gearbox efficiency (specified by user in main input file)
n = gearbox step-up ratio (specified by user in main input file)
|, = overall generator inertia (specified by user in main input file)

Teen = takes on value appropriate to motor start-up, induction generator, or shut-down
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2.8 Wind Modd

Thewind appliedtotheturbineismade up of adeterministic portion and astochastic part. The
mean windisuniform and steady, coming from aprescribed directionwhich canvary over time. This
steady windinputisthen modified toincludetheeffectsof tower shadow, if therotor isdownwind from
thetower, and wind shear, to account for theearth’ sboundary layer. Finaly, if turbulenceisconsidered,
itisaddedtothissteady wind. Thefinal local wind vector isused to determinetherel ativevel ocity over
aparticular blade segment.

If thetower isupwind of therotor, itswake affectstheaerodynamicloadsontheblades. Thewind
velocity seen by the bladesisreduced asthey passthrough thewakeonce per revolution. Thisactsasa
forcing functionwith aonce per revol ution frequency, which may excite any component of thesystemthat
hasanatural frequency near this. Thetower shadow or wakeistreated asareductioninwind vel ocity of

theform:

V = V (1 - gcos(my/L),

whereV isthelower velocity inthewake, V, isthefreestream vel ocity, e isthevel ocity deficitin the center
of thewake, y isthehorizontal distancefromthecenter of thewake, and L isthewidth of thewake. The
shapeof thewakeisshowninFigure2.9. Theparametersare determined by equating thedragforceon
thetower with themomentum loss between the uniform upwind stream and the deficit inthedownstream
wind. Thecenter velocity deficitisbased onthetower diameter, d, and thedrag coefficient of thetower,

Cp, as.

3C,d
e= 2|1- |1- 220
3 L

This expression for the velocity deficit is only applied when the blade isin the wake region.
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Figure 2.9.Tower Shadow

Wind shear occurswhen thewind vel ocity decreaseswith height near the ground because of the
earth’ sboundary layer. Thevelocity profileof thewindinsidethisboundary layer isassumedto havea
shapegiven by apower law expression, with themean wind vel ocity at the hub height specified. Thewind
speed at the current location is given by

vV + V [1+zH]"

whereV,isthemeanwind velocity a thehub height, zisthevertical distancefromthehub (upispositive),
H isthehub height, and n isthe power law component, usually between 0.1 and 0.2, with 0.2 indicating

rougher terrain. The velocity profile of the wind is shown in Figure 2.10.
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Turbulence in the wind can be accounted for by one of two different methods. First, atwo-
dimensional turbulencemodel canbeused, suchastheVeersFull Field Turbulence Code. Thisgivesa
rotationally sampled turbulence component for each blade at onepoint ontheblade. Eachvauerepresents
thechangeinwind velocity duetoturbulence. Theseva uesare superimposed onthe steady component
of thewind which accountsfor thetower shadow and wind shear. Inorder to account for varyingwind
direction, aspecified wind direction can be combined with thetwo-dimensiond turbulencesmulation. This
isshown in Figure 2.11.

Another method of account for wind turbulenceisto generateafull three-dimensional field of
turbulent wind valuesand i nterpol ate betweenthemto get valuesat aparticul ar location. Inthiscase, the
array of turbulencevaluesisreadininitialy andinterpol ated to give three componentsof wind oncethe
current blade segment locationisknown. Theturbulencefiled accountsfor varyingwind directionand can

aso include wind shear.
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2.9 Numerical Solution Technique

The numerical solution to the equations of motion is computed at each time step. Oncethe
equationsof motion for the 15 degreesof freedom areformulated fromF, + F, =0, they can beput into

theform

yC.4. + £449 =0

S

where Caretheknown coefficientsof theacce erationsandf, arefunctionscontaininglower order terms.

This can also be expressed in amatrix form:

Cll C12 Cl 15 ql - fl (qp ql)
C : 5 4, - G
. Crs : A qs =y f; (qr’ qr)

Ay -f, @14’ Qy4)

_(3151 TR O 15] i, s _f15 ("115"115)

Thismatrix equation can be solved for theaccel erationsusing amatrix inversion method, inthis
case Gausselimination. Theresulting differential equationscan be solved with afourth-order Adams-
Bashforth predictor and an Adams-M ounton corrector. Sincethismethod isnot self-starting, afourth-
order Runge-K uttamethodisusedfor thefirst four timesteps. Thepredictor method isusedto estimate
thelower order termsthat make up thefunctionson theright side of theequations. Theseareusedtoform

theabovematrix equationwhichissolved for theaccelerations. Theseareusedtoimprovetheestimate

FAST_AD User'sManual OSU/NREL 99-01 41



Hiub N

P

7777777777777 77 7 7 7u77zg07 272 A

madeby thepredictor. After several iterations, the corrector isused to makeafinal estimate, and afinal

determination of the acceleration is made. This givesthe final solution for this time step.

Figure 2.10.Wind Shear
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Figure 2.11.Variable Wind Angle (Top View of Turbine)
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3.0 CONFIGURATION AND NOMENCLATURE
USED FOR A THREE-BLADED HAWT

3.1 Overview

TheFAST_AD code canmodel athree-bladed horizontal axiswind turbine(HAWT) with 16
degreesof freedom (DOF). Thefirstthree DOF arethebladeflapwisetip motionfor thefirst mode. The
fourth DOFisfor therotor azimuth angle, while DOF fiveisthe generator azimuth angle. TheseDOF
account for variablerpm and drive shaft flexibility, respectively. ThesixthDOFisyaw. Thesevenththru
tenth DOF account for tower motion, two longitudingal modes and two lateral modele el eventh,
twelfth, and thirteenth DOF givethetip displacement for each bladefor the second flapwisemode. The
last three DOF, fourteen, fifteen, and sixteen arefor the blade edgewisetip displacement for thefirst
edgewise mode.

Table 3-1 below comparesthe degreesof freedom and their identification for thetwo and three
blade operation of FAST_AD. Itistobenoted that nacelletilt and teeter areavailable only during two
blade operation.

Table3-1 Comparison between Two and Three Bladed Models

Two Three Description
Blades | Blades
(o} (o} Blade 1 flapwise tip displacement for mode 1
(o (o Blade 2 flapwise tip displacement for mode 1
Js Blade 3 flapwise tip displacement for mode 1
ds Teeter angle (only available for two bladed turbines)
d4 Ja Azimuth angle, rotor side
Js Nacelletilt angle
Os Azimuth angle, generator side (three blades)
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Js Js Yaw angle
Two Three Description
Blades | Blades
g, g, L ongitudinal tower top displacement for mode 1
Js Js Latitudinal tower top displacement for mode 1
Jo Jo L ongitudinal tower top displacement for mode 2
J1o J1o L atitudinal tower top displacement for mode 1
(o P71 J11 Blade 1 flapwise tip displacement for mode 2
(o P (o PP Blade 2 flapwise tip displacement for mode 2

J13 Blade 3 flapwise tip displacement for mode 2
J13 O14 Blade 1 edgewise tip displacement
J14 Jis Blade 2 edgewise tip displacement

(o P Blade 3 edgewise tip displacement
Jis Azimuth angle, generator side (two blades)
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4.0 AeroDyn AERODYNAMICS

4.1 Theory

Striptheory, modified toincludetheeffectsof wakeexpansion, tiploss, yaw and dynamicstal is
usedinthe AeroDynsubroutine. Striptheories, invariousforms, have been the standard method of design
anddesignanalysis. Thereasonsareboth positiveand negative. Onthepositiveside, striptheoriesare
easy to program, inexpensiveto run, and readily adaptableto any sizecomputer. Strip theorieshavealso
met with modest successinload prediction. Onesourceof error inload prediction hasbeenairfoil data,
andtheuncertaintiesinairfoil dataarefrequently largeenoughto mask theinaccuraciesof thetheory. The
lack of measurementsof flow field variablesis, infact, oneof thenegativereasonsfor useof striptheory.

With an almost complete lack of flow field measurements, thereislittle datato evaluate the
shortcomingsof striptheory. Vortex anayss, both fixed and freewake, havebeen devel oped for research
applications; however, the complexity, cost, and runtimes have prevented any wide-scal e depl oyment of
more sophisticated analysis methods.

Theforemost assumptionin strip theory isthat individua streamtubesor stripscan beanalyzed
independently of therest of theflow. Such an assumptionworkswell for caseswherethecirculation
distribution over thebladeisrelatively uniform so that most of thevorticity isshed at thebladeroot and the
bladetip. Theuseof partia span pitch control onHAWT sintroducesadiscontinuity inthecirculationand
appreciablevorticity can be shed near thejunction betweenthemain bladeandtip. For such geometries,
strip theory may not be ableto account for theinteraction between the shed vorticity and adjacent blade
sections. Fortunately, partial span pitch control isemployedto spill power when operating aboverated
wind speed. At highwind speeds, theinduced velocity isrelatively small. Thus, whilecaculationerrors
will exist when using strip theory methodsto analyze partia span pitch control sections, theerrorswill occur
whentheinduced velocitiesaresmall. Theultimateeval uation of theaccuracy of strip theory will depend
upontheacquisition of flow field and loading datafor abladewith partia span pitch control under operating

conditions that include large pitch deflections of the tips.
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The second assumption associ ated with the devel opment of strip theory isto neglect spanwiseflow.
Strip theory doesnot predict any induced flowsal ong the blades; however, whenthebladesareinclined
to the plane perpendicul ar to the axisof rotation such asoccurswhen the blade hasaconing angle, the
wind hasacomponent whichisdirected a ong the span of theblade. Thiscomponent isneglected and two-
dimensional flow isassumed to occur over thebladesection. Airfoil dataistakenfrom two-dimensional
sectiontest data. Figure 4.1 showsthe geometry to be used. Notethat r is measured along the blade
rather than radially.

Figure 4.1.Rotor Geometry and Coordinates, for a 'Y awing, Non-Tilting Rotor
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Thenext assumptionisakey totheuseof striptheory inload andysis. Thisassumption isthat flow
conditionsvary inthedirection of bladerotation (Figure4.1). Withthisassumption, the“strip” tobe
analyzedisapolar segment positioned at distancer from the axisof rotation. Thewind speed, V,,, is
assumed to bevariableintimeand space and thewind isnot assumed to bealigned with theaxisof rotation
sothat theyaw angle, 8, must beincludedintheanalysis, however, thefor theinitial analysis, weshall
ignore the yaw angle.

Momentum and moment of momentum control volumere ationsareused to obtain relationsfor the
induced axial and tangential velocities.

For the streamwi seforce, themomentum flux in adirection normal to thebladethroughapolar
segment is

C pVZ2rcos® PC dr dy 4.1

T

D | =

L

Here C, istheloca thrust coefficient.
L
The normal force dueto lift on arotor with B blades of chord cis
21

Bc % pW2C, cosd)dr( ﬂ) (4.2)

where the last factor is the fraction of time spent in the polar segment.

Equating the momentum flux to the blade force

2 C, cos
o (2)[3) 522
L r V) 2ncos® PC

Figure 4.2 illustrates the velocity components for a blade element with coning.

The moment of momentum for a polar segment can be expressed as
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pV(l - a)a’ Q*r? cos* PC dr F dy (4.4)

whereFisthetiplossfactor. Thetiplossfactor Fistheratio of theaveragevaueof circulationtothelocal
value of circulation at the blades. The blade torque dueto liftis

Bc % pW? C, sind rcosPC dr( %) (4.5)
T

Equating these two expressions and expressing W in terms of ¢ one obtains

(4.6)

V(l-a)cos PC

rQ (1+a') cos PC
WIND
DIRECTION

Figure 4.2.Velocity Diagram for a Blade element with Coning

FAST_AD User'sManual OSU/NREL 99-01 50



For values of a < 0.2 the thrust coefficient iswritten CTL: 4aF(1-a)" so that Eq. (4.4) becomes

C, cos
a_ _ Bce L ¢ 4.7)

1-a 8mE  sin? eosPC

Dividing Egs. (4.6) by (4.7) showsthat theinduced vel ocity isperpendicular totherelativevel ocity at the
rotor. Accordingly we can replace Eqg. (4.6) with

a/l+a’y = a(1-a) v?, (iQy (4.8)

whichissimpleto program and retainsthe proper orientation of theinduced vel ocity. For valuesof a>

0.2, thelocal thrust coefficient is given by

0 CTL|
CTL = CTI.Ja + | @a-a, (4.9
where a, = 0.2. Figure 4.3 shows the thrust coefficient theory and data.
The equations used to determine the induced velocities are
a’1+a’) = a(1-a) (V/Q) (4.10)
2 C, cos
C, = Be (E) L—d) (4.11)
L 2w\ V) s dpeosPC
4a(l1-a) a<02
C; = (4.12)
t 0.16 + 2.40a a> 02
C, = C.(» (4.13)

“The current AeroDyn code uses 4aF(1-aF).
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¢ = ¢-p + Ao,

V(l1-a)

tan =
I’Q(1+ a/)

An expression for the tip loss factor, F, is needed to solve Egs. (4.10) through 4.15).
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Figure 4.3. ldeal Thrust Coefficient vs. Axial Induction.
Free Wake Calculations Obtained from MIT.
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4.2 Kinematics

Theveocitiesusedinthe AeroDyn aerodynamicscodeasprogrammedinthe FAST _AD code
aretheresult of resolving dl vel ocitiesinto normal and tangential components. Thesecomponentsincludes

contributions from:

1 the wind, including tower shadow, wind shear and turbulence
1 rigid body motion of the nacelle (due to tilt, yaw and tower motions)
1 rigid body teeter motion (for two blade machines only)

1 flexible body motion of the blades with edgewise and flapwise directions

Theauthorsof thereport believethat whilethe effects of blade motion should beincludedinall
calculationsof thebladeforcesduring iteration for induced vel ocities, the effectsof blademotionshould
not beincluded inthemomentum of thewindinthestreamtube. Astotheinclusion of theturbulencein
thecal culation of induced vel ocities, we bdlievethat the turbul ence shoul d not beincluded inthecal culation
of induced vel ocity for either the bladeforce or the stream tube momentum. Thereasonfor thisbelief is
that theturbulencethat producesthe cyclicloadsisnot coherent over therotor with ascalelessthan arotor
radius, and the fact that acontinuous wake on the order of rotor diametersisrequired to produce an
equilibriumwake. Thuswe believethat the actual effectsof turbulence are closer to thefrozen wake

situation and hope that future versions of AeroDyn contain a frozen wake option.
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43 Yawand Tilt

Whentherotor yaws, theaxial inductionisaffected by both thechangeinflow velocitiesrelative
tothebladesand thefact that therotor wakeisdeflected. Theformer changesare accountedforinthe
kinematicsof theflow, thelater change, the so-called skewed-wake correctionisaccounted by multiplying

the axia induction factor by 1 + e where

e =0.7363(r / R)cos *(d / 2)sind siny

where d isthe yaw angle and y isthe blade azimuth angle.

Itisnoted that the correction changeslinearly with thedistancefrom theyaw axis(rsiny ) and
linearly withyaw angle (at small angles). Thecos?(d/2) term could bedeleted asit hasasingularity and
doesnot contributesignificantly until theyaw angleiswell beyond therange of application. Uptoyaw
anglesof 45°, thevariation of thecorrection factor with yaw angleislinear with amaximum error of 5%.
Theuseof theskewed-wake correctionisquiteprevalent and hasbeentested extensively in comparisons
withtest databy the devel opersof the AeroDyn code. At thistime, the skewed-wakecorrectionisthe
most accurate method available for the modeling of ayawed flow.

Inthe caseof thetwo-bladed rotorinthe FAST _AD code, thenacellemay tilt aswell asyaw. For
thetilting rotor, the aerodynamic restoring moment arisesfrom the use of the skewed-wakeapplied at an
anglebetweentherotor axisand theincoming flow, rather thantheyaw angle. Althoughlesstested than
theuseof the skewed-wakefactor for yawed flow, theuse of thisfactor asemployedinthe AeroDyn code

isthe best available method for analysis of tilting rotor aerodynamics.
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4.4 Dynamic Stall

Thelift coefficient, C,_, to be used in determining the axial and angular induced velocities
isnorminally afunction of theangleof attack. Assuch, thelift coefficientisobtained frominterpolationin
atabular array of lift coefficientsasafunction of theangleof attack. The AeroDyn coderequiresatabul ar
input of lift and drag coefficientsfor stationsalong theblade. Wind turbinesoperate at high anglesof
attack, well beyondthelinear range usually associated with aircraft. Additionally, theeffectsof wind
variation dueto turbulence, tower shadow, wind shear aswel | asrel ativevelocity changescauseby yaw,
tilt, tower motion andteeter, blade motion can causelargeand rapid changeintheangleof attack. Under
such conditionstheaerodynamic forceshave been observed to vary with therate of change of theangle
of attack and the history of thelift. Using the response of airfoil circulation to step inputs (actually
approximated by an exponential ), the AeroDyn code usesaconvolutionintegral to determinethelift and
drag coefficientsinacontinuously changing flow field. The AeroDyn code permitstheuser to havethe
dynamic stall calculations either on or off.

Thedynamic gtal subroutinesof AeroDyn have been extensively tested viacomparisonswithfield
data. Thelisted referencesin section 4.5 document the devel opment and validation of the AeroDyn code,

particularly the dynamic stall portion of the code.
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5.0 PROGRAM INPUT FILES

The code usesamaininput fileto describethewind turbine's operating parameters and basic
geometry. Depending on the optionschosen inthemaininput file, additional input datafilesmay be
necessary. Sampleinput and datafilesare providedin Appendix A for the sample casesdescribedin
Section 8. Descriptions of the individual inputs to the main input file are provided in Section 6.0.

Themaininput filehasasimpletext format that can beread by most editorsand imported into
many word processing applications. Eachlineintheinput fileisdividedintothreesections: number,
variable, and description. Thenumber section containsthevalue assignedtothevariable. Numbersof up
to seven significant digits can beinput, and must be separated from other sections by aspace, tab, or
comma. Thevariablesection containsthe nameof thevariableassigned tothenumerical valuewhichis
used by theprogram. Thedescri ption section of theline containsabrief description of thenumerica vaue
asareminder totheuser of itspurpose. Thissection a so containsthephysical unitsof thenumerica vaue,

where appropriate. A sample line from the input file divided into its sections is shown below.

10. VWIND -MEAN WIND VELOCITY UPSTREAM AT HUB HEIGHT (m/s)
Number Variable Description

Note that only the number isread by the computer, the rest of the line is only a comment.
Near theend of theinput file, therearetablesthat describetheblade characteristics. Six columns
of dataarerequiredin this section, each of which must be separated from the other by aspace, tab, or

comma. Thereisalso atable for the tower characteristics which requires four columns of data.
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Notethat therearenoblank linesintheinput file. Theprogramreadseachlineof theinputfilein
sequential order, andif any linesareinserted or del eted, datawill bereadincorrectly. Thisshould never
be done unless the code is changed to accept such aformat.

Notea sothat linescontaining section or filetitlesmay beatered to suitetheuser. Theselinesare
ignored by the program when the input dataisread in, but should not be del eted for the same reasons

mentioned in the previous paragraph. Two examples title lines from the input file are shown below:
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6.0 DESCRIPTION OF CODE INPUTS

Thedefinitionsand physical locationsof someof theinputstothemaininput filearenot asobvious
asothers, soabrief description of eachisgivenbelow. For inputsthat requireonly aoneor zero, avalue
of oneindicatesthedesireto havethat option and avalueof zeroindicatestheopposite(i.e., 1L=yesor
0=n0). A sectionof theinput calledY AWDY N/AERODY N parameter inputsusestheinputs TRUE or

FALSE. Units and reference to descriptive figures are also given where applicable.

6.1 General Inputs

NRSTRT (dimens onless) - Number of revol utionsbeforeturbulenceand recording. Thistellsthe
program how many revol utionsto wait before outputting datatofiles. It also causesadelay in
includingtheeffectsof turbulence. A delay of at least threerevol utionsisadvisableto allow the
transient effects associated with starting from rest to become steady state.

TMAX (seconds) - Theprogram stopsrunningwhen TMAX hasbeen exceeded. If turbulence
effectsareincluded, theprogramwill terminateat theend of theturbulencefileif therearelesslines

of datain it than the maximum time that is set by this parameter.

DT (seconds) - Stepfor numerical integration. Care should betakeninchoosingasmall enough
vauefor DT, asthenumerica solutionwill becomeunstableand causeanoverflow errorif DT is
toolarge. Typical vauesof DT arelessthan 0.01 seconds. If two dimensional turbulenceeffects

areincluded, DT should agree with the time incrementation in the turbulence file.

NTSKIP (dimensionless) - Number of timestepsto skip for output (O =none). Allowsuser to

pre-filter thedataand save only aportion of theoutput. Useful if avery small timestepisrequired.
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VWIND (m/s) - Mean wind velocity upstream of the rotor at the height of the hub.

ETA (dimensionless) - Wind shear power law exponent used to describe theroughnessof the
surroundingterrain at thewindturbinesite. Typical valuesrangefrom0.1to 0.2 withthehigher
vaueindicating rougher terrain. ETA isusedin ca culating theincreaseinwind speed with height

due to the planetary boundary layer.

RHO (kg/m?®) - The ambient air density at the site elevation.
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6.2 Degree of Freedom Switches

1Z(1) (yesor no) - Switch for including the first flapwise blade bending mode.

1Z(11) (yesor no) - Switchfor including the second flapwise bladebending mode. Includingthis
gives more accurate predictions of the blade vibration. This should not be used without 1Z(1).

1Z(13) (yes or no) - Switch for first edgewise bending mode.

1Z(3) (yesor no) - Switch to includerotor teetering. If thisoptionisoff, teeter canbesettoa

non-zero, fixed angle.
1ZD(4) (yesor no) - Switchtoincludetheeffectsof avariablerotor rotational speed. 0= constant
RPM, 1 =induction generator, 2 = start-up, 3 = shut-down. Note that the two-dimensional

turbulence option and the variable speed option can't be used together.

|ZD(15) (yesor no) - Switchtoincludeflexibility of thedrivetrain. Thismodelsthedrivetrain

between the generator and rotor as alumped torsion spring.

1ZD(5) (yes or no) - Switch to include nacelle tilt.

IZ (6) (yesor no) - Switch for yaw degreeof freedom. If thisoptionisoff, yaw canbesettoa

non-zero, fixed angle.

1Z (7) (yes or no) - Switch for first tower bending mode. All mode shapes are in Appendix D.
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1Z (9) (yesor no) - Switch for second tower bending mode. This should not be used without
1Z(7), and used only when added accuracy is required for tower motion.

ISHAD (yesor no) - Switchfor tower shadow. Thismodelsthelossinwind speed at therotor
duetotower interference. Notethat tower shadow isapplicableonly toturbineswhosebladesare

down wind of the tower.

ISHR (yesor no) - Switchfor wind shear. Thismode stheeffectsof the planetary boundary layer

on the mean wind.

ITRB2D (yesor no) - Switchtoincludetheeffectsof two dimensional turbulence. Thismodels
theeffectsof turbulence onthelocal wind and requiresaturbulence datafile generated by the
Veers TurbulenceCode[3]. Thetimeincrement of thedatafileshould bethesameasDT. Note

that this turbulence option and the variable speed option can not be used together.

ITRB3D (yesor no) - Switchtoincludethreedimens onal turbulencefield. A binary turbulence

datafileisrequired for each velocity component.

IDYNST (yesor no) - Switch for dynamic stall. Thismodelsdynamic stall with the Gormont
Model. This option can not be used with the airfoil datafile.

IWNDIR (yesor no) - Switchfor varyingwind directionfor 2D turbulence. Thisoptionrequires

aninput datafileand canonly beusedwithITRB2D = 1. A sampledatafileisshownin Appendix
A4,
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6.3 Initial Conditions

Z(1) (m) - Initial flapwisebladetip displacement (see Figure 2.1). Notethat by specifying vaues

forinitial conditionscloseto the steady state conditions, the numerical solutiontechniquewill

convergeFAST _ADer and shorten computational time. Thisisespecially useful when making

repetitive runs.

Z(13) (m) - Initial edgewise blade tip displacement (see Figure 2.1).

Z(3) (deg) - Initial or fixed teeter angle (see Figure 2.1).

Z(4) (deg) - Initial azimuth angle for blade 1 (see Figure 2.1).

ZD(4) (RPM) - Steady state angular velocity (see Figure 2.1).

Z(5) (deg) - Fixed or initial tilt angle (see Figure 2.1).

Z(6) (deg) - Initial or fixed yaw angle (see Figure 2.1).

Z(7) (m) - Initial longitudinal tower displacement (see Figure 2.1).

Z(8) (m) - Initial lateral tower displacement (see Figure 2.1).
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6.4 Machine Parameters
RT (m) - Blade tip radius (see Figure 2.1).

RH (m) - Blade hub radius (see Figure 2.1).

THETA (deg) - Blade collective pitch for partial-span aileron control devices (see Figure 2.1).

RRGA P (dimensi onless) - L ocation of end of gap between blade and partial-span aileron control

devices (see Figure 2.1).

RLU (m) - Underslung length (see Figure 2.1).

RLUM (m) - Distance to hub mass center from teeter pin (see Figure 2.1).

DN (m) - Distance from yaw axis to rotor/teeter pin (see Figure 2.1).

DNM1 (m) - Distance to nacelle mass center from yaw axis d1 (see Figure 2.1).

DNM2 (m) - Distance to nacelle mass center from yaw axis d2 (see Figure 2.1).

HH (m) - Hub height above ground level (see Figure 2.1).

HS (m) - Tower rigid base height (see Figure 2.1).

DELTAS3 (deg) - Teeter pin orientation angle (see Figure 2.1).
BETA(1) (deg) - Blade one coning angle (see Figure 2.1).

BETA(2) (deg) - Blade two coning angle (see Figure 2.1).
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6.5 Massand Inertia

XMNAC (kg) - Nacelle mass.

XMHUB (kg) - Hub mass.

TIPM(1) (kg) - Blade one aerodynamic tip brake mass (see Figure 2.1).

TIPM(2) (kg) - Blade two aerodynamic tip brake mass (see Figure 2.1).

HTINER (kg - m?) - Nacelle moment of inertia about tilt axis.

HSINER (kg - m?) - Generator moment of inertia.

HYINER (kg - m?) - Nacelle moment of inertia about yaw axis.

HINER (kg - m?) - Hub moment of inertia about teeter axis.
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6.6 Drive Train Parameters

ETAGB (dimensionless) - Gearbox efficiency.

ETAGEN (dimensionless) - Generator efficiency.

OMEGR (RPM) - Rated speed for induction generator (see Figure 2.7).

OMEGO (RPM) - Initia induction generator speed for producing electricity (see Figure 2.7).

CINGEN ((N-m)/(r/s)) - Induction generator slope constant for generator side of turbine (see
Figure 2.7).

YN (dimensionless) - Gearbox ratio.

QFL (N-m) - Fixed loss constant.

QVL (N-m) - Variable loss constant.

QBRAKE (N/m) - Mechanical brake torque value.

QMOTOR (N-m) - Motor start-up torque for generator side of turbine (see Figure 2.7).

ZKDRYV ((N-m)/rad) - Drive train torsional spring constant.

CDRYV ((N-m)/s) - Drive train torsional damper constant.
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6.7 Tower Parameters

CTWR (%) - Tower structural damping in percent of critical.

EL (dimensionless) - Tower shadow width/rotor radius. Tower shadow widthisL inFigure2.9.

EPP (dimensionless) - Tower shadow vel ocity deficit. Thisvariesfrom0to 1andisshownase

in Figure 2.9.

TWRMT1 (dimensionless) - Tower mass tuner for 1% mode.

TWRMT?2 (dimensionless) - Tower mass tuner for 2" mode.

TWRST1 (dimensionless) - Tower stiffness tuner for 1% mode.

TWRST2 (dimensionless) - Tower stiffness tuner for 2 mode.

NXTWR (dimensionless) - Number of tower increments.

N2 (dimensionless) - Number of input stations to specify tower geometry.

AMSTWR (dimensionless) - Factor to adjust tower mass.

STFLNG (dimensionless) - Factor to adjust longitudinal stiffness.

STFLAT (dimensionless) - Factor to adjust lateral stiffness.
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6.8 Tower Distributed Parameters

RAD (dimensionless) - Fractional height along tower of the following parameters:

MASS (kg/m) - Mass per unit length of tower section.

LONG STIF (Nm?) - Longitudinal tower stiffness.

LAT STIF (Nm?) - Lateral tower stiffness.
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6.9 Tilt, Yaw and Teeter Parameters

ZKYAW ((N-m)/rad) - Yaw spring constant.

ZCYAW ((N-m)/(rad/s) - Y aw damper constant.

ZKTILT ((N-m)/rad) - Tilt spring constant.

ZCTILT ((N-m)/(rad/s)) - Tilt damper.

TILTSTOPL (deg) - Tilt soft stop angle.

TILTSTOP2 (deg) - Tilt hard stop angle.

QKTSTOP1 ((N-m)/rad) - Nacelle soft stop stiffness.

QKTSTOP2 ((N-m)/rad) - Nacelle hard stop stiffness.

COULMB (Nm) - Coulomb teeter damping moment at teeter hinge.

ITSPDM (dimensionless) - Teeter damper type. Choicesare: 0=noteeter damper, 1=linear

damper, 3 = user’sfunction. Option 3 requires modification of the source code.

CTEET ((N-m)/(rad/s)) - Teeter damper constant.

ZKTEET(1) (N-m) - First teeter spring coefficient for cubic curve fit.

ZKTEET(2) ((N-m)/rad) - Second teeter spring coefficient for cubic curve fit.
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ZKTEET(3) ((N-m)/rad?) - Third teeter spring coefficient for cubic curvefit.

QCTEET (deg) - Angle where teeter damper begins (see Figure 2.1).

QKTEET (deg) - Angle where teeter spring begins (see Figure 2.1).

TSTOP (deg) - Teeter stop angle (see Figure 2.1).
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6.10 Blade Parameters

CBLDF (N-sec) - Flapwise blade structural damping.

CBLDE (N-sec) - Edgewise blade structural damping.

CDATIPN (m?) - Drag due to tip brakes at normal operation (Cd * flat plate drag area).
CDATIPB (m?) - Drag dueto tip brakes at braking (Cd * flat plate drag area).

IAIRFO (0, 1, 2, or 3) - Blade airfoil choice. Choicesareasfollows: 0= Tablelook up, 1=
NASA LS-1laminar flow airfoil, 2= NACA 23000, 3=NACA xxxxx experimental. Option0
requires aairfoil datafile. Anexample of thisfileis provided in Appendix A.5.

NR (dimensionless) - Number of incrementsalong bladefor integration of forces. Themore
increments, themoreaccuratetheintegra, but longer the computationa time. A good compromise
for NRis 20.

N1 (dimensionless) - Number of rows of datain blade sectional data per blade.
STFFAC(1), (2) - Factor to adjust blade flapwise stiffness in blade sectiona data.
STEFAC(1), (2) - Factor to adjust blade edgewise stiffness in blade sectiona data.
AMSFAC(1), (2) - Factor to adjust blade mass per unit length in blade sectional data.
CHDFAC(1), (2) - Factor to adjust blade chord in blade sectional data.

TWIFAC(1), (2) - Factor to adjust blade aerodynamic twist angle in blade sectional data.

TWSFAC(1), (2) - Factor to adjust blade structural twist angle in blade sectional data.
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6.11 Blade Sectional Data

RAD (dimensionless) - Fractional location along turbine blade of following parameters:

CHORD (m) - Length of airfoil section from the leading edge to trailing edge.

THICK (dimensionless) - Maximum thickness of the airfoil/chord length.

AERO TWIST (deg) - Blade aerodynamic twist angle.

MASS (kg/m) - Mass per unit length of blade section.

FLAP STIFF (Nm?) - Blade flapwise stiffness.

STRUC TWIST (deg) - Blade structural twist angle.

EDGEW STIFF (Nm?) - Blade edgewise stiffness.
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6.12 Mode Shapes

PC(1,1-6) (dimensonless) - Coefficientsof polynomia equationusedto modd first flapwisemode
shape of blade.

PC(2,1-6) (dimensi onless) - Coefficientsof polynomial equation used to model second flapwise
mode shape of blade.

PC(3,1-6) (dimensionless) - Coefficientsof polynomial equation used to model first edgewise
mode shape of blade.

PC(4,1-6) (dimensi onless) - Coefficientsof polynomia equation used to mode first mode shape

of tower.

PC(5,1-6) (dimensionless) - Coefficientsof polynomial equation usedto model second mode
shape of tower.
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6.13 Format of Output File

NC(1-30) (dimensionless) - Choiceof variablesto output tofiles. Thereare 30 avail able spaces
for output data, tenin each of threefiles. Thelist of dataavailablefor output isincluded at theend

of thisinput file for reference use. It isnot read by the program.

NCMAX (dimensionless) - Maximum number of variablesto output. Not all of the spaces
availableinoutput filesmust beused. If lessthan 30 columnsof output isdesired, NCMAX may
besettolessthan 30. It should not be set to morethan 30. If thisnumber islessthan 10, only one

output file will be created. If this number islessthan 20, only two output files will be created.

By varyingthevaluesinthearray NC( ), theform of the output filescan be changed. For example,
if theonly output desired istime, azimuth angleof therotor, and teeter angle, thenthefirst three
elementsof NCwouldbe0, 13,9,and NCMA X would besetto 3. Only oneoutput filewill be

created, and it will have only three columns of data.
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6.14 YawDyn/AeroDyn Parameter | nput

WAKE (dimensionless) - Thisflag parameter determineswhether theinduced vel ocites (induction
factors) will becalculated. (True) Normal iterationfor inductionfactors, (False) Ignorewake. This
parameter should normally be set TRUE.

ATOLER (dimensionless) - Tolerance(convergencecriteria) for iterative solutionto determinethe
inductionfactor. A good default valueto useis0.005. Thisvaluemay be changedto avoid

convergence problems or to speed the calculations.

SWIRL (dimensionless) - Thisparameter determineswhether to caculatetheangular or tangential
inducedveocity a . (True) includetangential induced velocity &, (False) tangential induced vel ocity
a =0. Thisparameter should normally beset TRUE. If theWAKE parameterisset (False)

then & is set to zero independent of this parameter.

DY NINFL (dimensionless) - Thisflag controlswhether afirst-order lagisapplied totheinduction
factor. Theparameter limitstherateat which theinduced vel ocity can changeto smulatethetime
required for the wake to adjust to a new operating state. A (False) value sets the wake in
equilibriumwith theblade e ement forces (* quasi-steady” or equilibriumwakeassumption). (True)
usedynamicinflow inductionlag, (False) usequasi-steady. At thistimeit isrecommended that

a FAL SE value be used for the dynamic inflow option.

WINDFIL (dimensionless) - A flagtoindicatethe source of wind speed and directiondata. (True)
read wind filedatawhose nameisenter by the next parameter WNDFILNAME, (False) don't
readwindfiledata. Thisalowstheprogramto usetest dataor synthesizedtimeseriesof wind

conditions.
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WNDFILNAME (dimensionless) - Wind datafilename. Thisname can beupto 100 characters
long and can include the path specification for the file. Leading and trailing spaces are ignored.

TURBLNT (dimens onless) - Thisflag determineswhether to read wind datawill be obtained from
turbulencefiles. (True) read turbulence datafilesfor windinput, (False) don’ t read turbulencedata
files. Theturbulencedatafilescontainwind shear and all three componentsof windspeed. A
(False) flagindicateswind information will befound either inthefile WNDFILNAME or other
inputed values.

TURBFILE (dimens onless) - Turbulencedatafilestring that determinesthefilenameswherethe
turbulencedataarefound. Thisstringisthe prefix thatiscommonto al threefilenames. 1t canbe
upto 100 charactersinlengthwith the path specificationfor thefiles. Thefilenamesmustendin
u_cmp.dat,v_cmp.dat,andw_cmp.dat. Eachfilecontainsonecomponent of thewind vector. EX.
Enter aname awt9msand theprogramwill look for 3input fileswiththenameawtOmsu_cmp.dat,

awtOmsv_cmp.dat, and awt9msw_cmp.dat.

Thenext threeinteger valuescontrol the creation and contentsof afilecontaining blade element

aerodynamic data (file ‘'ELEMENT.PLT’). The blade element data are written by a loop

controlled by these integer values.

IPRFRST (dimensionless) - First element to write data.

IPRLAST (dimensionless) - Last element to write data.

IPRINC (dimensionless) - Element increment to write data.

Ex.If youentered 1, 10, 3for theseval ues, then datafor elementsnumber 1,4,7, and 10will be
written to the ELEMENT.PLT file.
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SIUNIT (dimensionless) - (True) SI unit system, (False) Englishunit system. Thismust be set
to (TRUE) for FLAP_AD.

VZ (m/s) - Vertical component of wind speed. (Thisisthez-component of wind speed, thusa
positivevalueisawind blowing upfromtheground.) For flat terrain, thisisnormally O, but can
besignificantincomplex terrain. Thisvalueisignored when WINDFIL or TURBLNT equal
TRUE.

HSHR (dimensi onless) - Horizontal wind shear coefficient acrosstherotor disc. Thisparameter
should normally haveavalueintherangeof -1to +1. and representsthewind speed at the blade
tip on one side of the rotor, minus the wind at the blade tip on the opposite side of the rotor,
divided by thehubwind speed. Theshear isinthedirection perpendicular to themean, hub-height
wind vector (the+y directionwhenthewinddirectioniszero). A linear variation of wind speed
across the disc is used for shear in the horizontal direction. Thisvalueisignored when

WINDFIL or TURBLNT equal TRUE.

NOIECEWS (dimensionless) - (True) power law vertical shear used, (False) IEC Extremewind
shear linear vertical shear isused. If WINDFIL is(True), then avaueof truea so meansthat the
VGD columnof that fileisan IEC gust velocity. Thisflagisignored when TURBLNT equal
TRUE.

NUMPFOIL (dimensionless) - Thenumber of different airfoil tablesthat will beread to describethe

blade elements. A maximum of 20 files can be used.

FOILNM() (dimensionless) - Airfoil tablefilenames. Number of airfoil filenamesmust equal
number specified by NUMFOIL. Thefilenamesarelimited to 30 characters. Trailingandleading

blanksin the filename are ignored. Only one filename is entered on each line.
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NFOIL (dimensionless) - Airfoil ID number for each element. The number of elementswas
specified by N1 parameter. If N1 =12, thentheremust be 12 1D numbers. If avalue of NFOIL
=1, thenthebladeeement will usedatafromthefirst airfoil file. NFOIL =3, then thebladeelement
will used datafromthethirdairfoil file. Each bladeelement will haveaairfoil datafileassociated

with it.
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6.15 Possible Output Quantities

This part of the input file is not used by the program. It isincluded to facilitate the output
specification part of the input.

0) = Time, sec

1) = Blade 1 out-of-plane tip deflection, cm

2) = Blade 1 in-plane tip deflection, cm

3) = Blade 2 out-of-plane tip deflection, cm

4) = Blade 2 in-plane tip deflection, cm

5) = Blade 3 out-of planetip deflection, cm

6) = Blade 3 in-plane tip deflection, cm

7) = Hub height wind speed, m/s

8) = Hub height wind direction, deg

9) = Teeter angle, deg

10) = Yaw angle, deg

11) = Longitudinal tower top deflection, cm
12) = Lateral tower top deflection, cm

13) = Rotor azimuth angle, deg

14) = Generator azimuth angle, deg

15) = Shaft rotational speed, rpm

16) = Generator rotational speed, rpm

17) = Nacdlletilt angular acceleration, deg/sec2
18) = Nacellerelativetile angle, deg

19) = Nacelle absolute tilt angle, deg

20) = Nacellettilt angular velocity (deg/s)

21) = Blade 1 out-of-plane bending moment at root, KNm
22) = Blade 1 in-plane bending moment at root, KNm
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23) = Blade 2 out-of-plane bending moment at root, KNm
24) = Blade 2 in-plane bending moment at root, KNm

25) = Shaft torque, kKNm

26) = Generator torgque brake, kNm

27) = Undefined

28) = Undefined

29) = Blade 1 out-of-plane bending moment at 60% radius, KNm
30) = Blade 1 in-plane bending moment at 60% radius, KNm
31) = Rotor torque, kKNm

32) = Power, KW

33) = Rotor thrust, kN

34) = Tower yaw moment, KNm

35) = Tower longitudinal pitch moment, KNm

36) = Tower lateral pitch moment, kKNm

37) = Shaft bending moment, aligned with blade, KNm

38) = Shaft bending moment, 90 deg from blade, KNm

39) = Generator torque, KNm

40) = Undefined
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7.0 PROGRAM OUTPUT FILES

Theprogram storesfour output datafilesbased on cal culationsfromtheinput files. Theoutput files
are named by the user when prompted at the beginning of arun. The name provided by the user is
combined with an extension designating the number of the output file. For example, if theuser desiresto
nametheoutput filesbased ontheword"AWT", The programwill createthreefilesnamed AWT.SUM,
AWT.OUT, and GFOSUB.OPT.

Thefirst output datafile(AWT.SUM) containsthebasicinput file parameters, and computed
frequenciesfor thebladesandtower. The*.OUT’ output file contain datachosen by theuser inthemain
input file. The available output variables are shown in Table 7.1.

If theuser desiresoutput of other variablesnot includedin Table 7.1, the code must be changed
andrecompiled. Thearray variablesZMOTN and ZLOAD areprinted directly to the output filesand can
be changed in Subroutines Motion and Loads. ZMOTN isaone dimensiona array that contains 20
displacementsand angles. ZL OAD isthesamesizebut containsloadingterms. To changetheheadings
printed in the output files, the text fields in Subroutine Setup should be changed.

Notethat the power and generator torquewill beoutput aszero inthefileswhenthe constant RPM
optionintheinputfileissettozero[i.e., 1ZD(4) =0]. Thisdoesnot mean that theturbineisnot capable
of generating el ectricity, but reflectsthat the generator isnot connected tothedrivetrain. Calculations
involving power must include 1ZD(4) options 1, 2, or 3.

Thethirdfilehasafixed output name GFOSUB.OPT. It writesblade element geometry data,
airfoil datafilesat the corresponding bl ade element, and the summary of combined FAST/AeroDyninput

parameters.
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Table7.1. Output Variablesfor “.OUT” File

Index
Number Description
0 ' Time' Time, sec
1 'Bldlout Blade 1 out-of-plane tip deflection, cm
2 'Bldlin Blade 1 in-planetip deflection, cm
3 'Bld2out Blade 2 out-of-plane tip deflection, cm
4 'Bld2in Blade 2 in-plane tip deflection, cm
5 'Bld3out’ Blade 3 out-of-plane tip deflection, cm
6 ‘Bld3in Blade 3 in-plane tip deflection, cm
7 'HH_Wsp Hub height wind speed, m/s
8 'HH_Wdir [ Hub height wind direction, deg
9 Teeter Teeter angle, deg
10 "Yaw ! Yaw angle, deg
11 'TwrLng Longitudinal tower top deflection, cm
12 ‘TwrLatr Lateral tower top deflection, cm
13 'RtrAzm' Rotor azimuth angle, deg
14 'GenAzm' | Generator azimuth angle, deg
15 'RotRPM" | Shaft rotational speed, rpm
16 'GenRPM' [ Generator rotational speed, rpm
17 TItAccl Nacelle tilt angular acceleration, deg/sec?
18 |'RITilt Nacelle relative tile angle, deg
19 |'AbTilt Nacelle absolute tilt angle, deg
g‘l’ ,TI\'AT;‘J‘;F Nacelle tilt angular velocity (deg/s)
.  M1inRt Blade 1 out-of-plane bending moment at root, kNm
3 ' M20URt Blade 1 in-plane bending moment at root, kNm
o1  M2inRt Blade 2 out-of-plane bending moment at root, kNm
, , Blade 2 in-plane bending moment at root, kNm
25 TODshaf Shaft torque, KNm
26 |'GQbrake e
, o Generator torque brake, kKNm
27 Undefin Undefined
28 'Undefin :
20 |M1iourep |Yndefined . .
30 M1inRE0 Blade 1 out-of-plane bending moment at 60% radius, kNm
31 RotrTra Blade 1 in-plane bending moment at 60% radius, kKNm
, q Rotor torque, kKNm
32 Power Power, KW
gi ?'mr\l;:/v Rotor thrust, KN
35 TLnaPely Tower yaw moment, kNm
36 TL atchh' Tower longitudinal pitch moment, kNm
37  Shafto Tower |ateral pitch moment, kNm
38 Shaftoo Shaft bending moment, aligned with blade, kNm
29 GenTord Shaft bending moment, 90 deg from blade, KNm
, ; q Generator torque, KNm
40 Undefin Undefined
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8.0 EXAMPLE CASE STUDIES

Toprovideinsghtintothe operation of the program, samplerunsareincluded for aturbineunder
steady wind conditionsand for turbulent wind conditions. Theturbinehastwo blades, atilting nacelle, and
other specifications givenin Tables 8.1, 8.2, and 8.3.

Thissamplerunincludestheeffectsof two-dimens ond turbulence, which meansthat an additiond
input datafiledeveloped withtheVeers Turbulence Codeisrequired. Thisfileaswell asthemaininput
file and resulting output files, are included in Appendices A and B. The CD also includes files

representative of typical runs.

Table 8.1. Turbine Specifications

Parameter Specification

20.3 m/s (45 MPH)
Rotor diameter 27.44 m (90 feet)
Rotor orientation Downwind
Rotor airfail NASA LS(1) 04xx
Tip speed 77 m/s (171.3 MPH)
Rotor RPM 53.3 RPM
Generator type Induction
Hub Height 42 m (137.8 feet)
Pitch Fixed
Yaw Passive
Coning angle 7

Natural Frequencies

Teeter 0.9Hz

Tower 121Hz
First Flapwise 2.32Hz
Second Flapwise 6.91 Hz
First Edgewise ~4.7Hz
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Table 8.2. Blade Parameters

Radius | Chord | Thick | Aero. Mass | Flapwise | Struct. | Edgewise

% Chord | Twist Stiffness | Twist Stiffness

m t/c (deg) | (kg/m) | (N-m? (deg) (N-m?)
0.0000 0.772 26 6.10 90.37 44200000 10.50 117000000
0.0242 0.843 26 5.85 93.89 43600000 10.44 140000000
0.0606 0.869 26 5.69 4391 21000000 10.40 64000000
0.0949 0.960 26 5.69 46.82 20200000 10.40 79400000
0.1139 0.987 26 5.39 4822 18000000 10.20 90700000
0.2182 1.128 26 4.93 50.78 11700000 9.46 111000000
0.3224 1.142 26 4.01 44.66 7530000 841 96400000
0.4267 1.070 26 2.88 37.38 4870000 6.32 71500000
0.5309 0.991 26 1.76 31.32 3050000 4.09 48700000
0.6352 0.899 20 0.82 25.59 1800000 2.33 28900000
0.739%4 0.785 20 0.25 21.41 938000 1.17 19100000
0.8436 0.655 20 0.08 16.62 400000 0.48 10100000
0.9479 0.486 20 0.03 9.68 103000 -0.20 2780000
1.0000 0.399 20 0.00 3.90 103000 -0.22 2780000

Table 8.3. Tower Parameters

Radius | Mass Longitudinal Lateral Stiffness
Stiffness

% kg/m Nmn~2 Nmn2
.000 492.86  71900000000. 71900000000.
119 363.45  51400000000. 51400000000.
.238 343.77  36400000000. 36400000000.
357 291.85  22500000000. 22500000000.
476 281.77  12900000000. 12900000000.
595 266.66 5900000000. 5900000000.
715 253.23 2150000000. 2150000000.
834 251.86 1360000000. 1360000000.
953 248.13 745000000. 745000000.

1.000 248.13 551000000. 551000000.
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Upon running the code, thefollowing appearson thecomputer screen (programtextisinplaintype,

user entry is bold, and explanatory comments are in italics):

Enter Name of Input File-> awt.inp
Enter Prefix of Output Files (no extension) -> awt
Select Screen Option:

Option Number
Simulation Status Only 0
First Group of Output Quantities 1

Second Group of Output Quantities
Third Group of Output Quantities

w N

Select Option -> 0

Bladel Blade2 Tower Top

Weight (kg) 441289 441.289 6540.577
FIRST BLADE MODE:

Natural Frequency (Hz) 1.619 1.619
Freg. w/ Centrifugal Stiff. (Hz) 2.669 2.669
SECOND BLADE MODE:

Natural Frequency (Hz) 5212 5212
Freg. w/ Centrifugal Stiff. (Hz) 7.829 7.829
EDGEWISE BLADE MODE:

Natural Frequency (Hz) 4575 4575
Freg. w/ Centrifugal Stiff. (Hz) 4.937 4.937
TOWER

Tower First Mode Frequency (Hz) 1.192 1.220
Tower Second Mode Freguency (Hz) 6.708 6.861

Reading 6x6 grid of 14 mps u-component turbulence data.
11999 records processed. Turbulencerateis20 Hz.
599.9 seconds total time duration in thisturbulencefile.

Reading 6x6 grid of 14 mps v-component turbulence data.
11999 records processed. Turbulencerateis20 Hz.

599.9 seconds total time duration in thisturbulencefile.
Reading 6x6 grid of 14 mpsw-component turbulence data.
11999 records processed. Turbulencerateis20 Hz.

599.9 secondstotal timeduration in thisturbulencefile.
Timestep: 4.455 of 335.000 seconds. Completion at 12:18:38 on 05/26/1999.

Thisrundid not useavariablespeed drivetrainor variablewind direction. If theseoptionswere

desired, theappropriate"”switches" intheinput file should beturned on. Inthecaseof avariable speed
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drivetrain, theuser would haveto changethevariablel ZD inthemaininput file (induction generator, start
up, shut down, or variable speed generator).

Another useful feature of the programistheavailability of anautomaticinput file. Becauseit
becomestediousto typethe programinputswith each new run, an automaticinput filecanbeused. To
dothis, theuser must createatext filenamed USER2.INP. Theprogram automatically looksfor thisfile
beforecalingfor themanual input prompts. If thefileispresent and containsthe appropriateinformation,
theuser will not havetoinput any of theinformation showninthe previousexample. A sampleautomatic
input fileisshown Appendix A. ThisfileMUST containninelinesinthecorrect order showninTable8.3.

If there are less than nine lines, an error will result and program execution will stop.

Table 8.4. Line-by-Line Description of Automatic Input File

. ___________________________________________________________________________________________________________|
Line Description

[EEN

Name of main input file

Prefix name of output files (e. g. AWT was used in the previous example)
Choices of output viewing on screen during run are 0, 1, 2, or 3

Name of turbulence input file-only used if ITURB =1 in main input file

Name of variable wind direction input file-only used if IWNDIR and ITURB =1
Name of airfoil look-up datafile-only used if IAIRFO =0

Name of binary input file for u-component of 3D turbulence

Name of binary input file for v-component of 3D turbulence

Name of binary input file for w-component of 3D turbulence
______________________________________________________________________________________________________________________|

©CoOoO~NO O~ WwWDN

Lines4-9will beignoredif their switchesareoff inthemaininput file. Theprogramwill still read them, but

not use them.
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9.0 CALCULATED OPERATIONS
OF THE AWT-27 USING FAST_AD;

The FAST_AD code has been created by the National Renewable Energy Laboratory by the
marriage of the FAST codeand AeroDyn aerodynamicssubroutines. Thiscoderunsrapidly; however,
it hasnot been comparedto thetest dataor otherwisevalidated. Inthispaper the AWT-27 two-bladed
teetering wind turbineismodeled and results are compared to test datafor operation at variouswind
speedsand with variousin-flow conditions. Start-up and shut-down cal culationsfor timehistory of rotor

rpm and torque were made.

9.1 Introduction

Duringthepast year the National RenewableEnergy Laboratory (NREL ) hasproduced anew
code which is a streamlined version of two existing codes, FASTY? and AeroDyn,® which is an
aerodynamicssubroutinepackage. Thisnew code, FAST _AD,*isusedinthisstudy to comparecal cul ated
loadstotest datafor the AWT-27p4, atwo-bladed horizontal axiswindturbine. Thisstudy dealswith
modelingthe AWT-27p4, start-up and shut-down; and with fatigueloadsfor variousinflow conditions
using avariety of delta-3 angles on the teeter hinge.

Thestreamlined code, FAST _AD, operatesconsiderably faster thanthe FAST codeandisfeltto
beauseful tool inwindturbinedesign, designanaysis, and certification. Retainingthestructural analysis
of the FAST code but rearranging someof the kinemétics, the hybrid code pushesthesimulationratio,

calculation time over real time, closer to unity.

9.2 FAST_AD Code

Thedynamicresponseof ahorizontal -axiswind turbine(HAWT) hasbeenmodeledinthe FAST
codeusing both rigid body and flexiblebody motion. Thereare15 degrees-of-freedominthesystem, as
showninTable9.1. Themodd accountsfor bladeflexibility, tower flexibility, yaw andtilt motion of the

FAST_AD User'sManual OSU/NREL 99-01 90



nacelle, variationsin both rotor and generator speed, bladeteetering, and bladebending. By selecting

various physical constants, a variety of different configurations may be simulated,

Table9.1. FAST_AD Degrees of Freedom, 2 Blade Option

Degrees of Freedom

Type of Motion

Nacelle Yaw

Nacelle Tilt

Rotor Teeter

Rotor Angular Velocity

Shaft Angular Velocity

Blade 1, Flatwise, 1st Mode

Blade 1, Flatwise, 2nd Mode

Blade 1, Edgewise, 1st Mode

Blade 2, Flatwise, 1st Mode

Blade 2, Flatwise, 2nd Mode

Blade 2, Edgewise, 1st Mode

Tower Windwise Deflection, 1st Mode
Tower Windwise Deflection, 2nd Mode
Tower Lateral Deflection, 1st Mode
Tower Lateral Deflection, 2nd Mode

Rigid Body
Rigid Body
Rigid Body
Rigid Body
Rigid Body
Assumed Mode
Assumed Mode
Assumed Mode
Assumed Mode
Assumed Mode
Assumed Mode
Assumed Mode
Assumed Mode
Assumed Mode
Assumed Mode

including generator axistilt, preconed blades, teetering with selected hingelocations, “ delta-3" orientation,

variousrestrictionsontheteeter angle, selected drivetrainflexibility and damping, and tower flexibility

parameters.
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Theaerodynamicloading of thebladesinthe FAST codeisdetermined using modified strip theory
with nonlinear lift and drag characteristics. Theaerodynamicsisdriven by awind model that consistsof
adeterministic portion made up of mean wind, shear, and tower interferenceand astochastic portion
consisting of an atmospheric turbulence model including time varying wind direction.

Themajor loading onthewind turbine bladesisdueto the aerodynamicforcesof liftand drag. The
locdl relativewind speed contains contributionsfrom thelocal wind, therigid body motion of thebladedue
torotation about the drive shaft, teeter, tilt, and yaw axes, theflexiblebody motion of thebladesand tower,
and acontribution duetoinduction fromthewake. Theinduced vel ocity isdetermined using striptheory
whereinthelocal forceonthebladesduetoliftisequated to themomentum flux. Thebladeforceisbased
ontheflow reativeto thebladeand containstheinduced vel ocity explicitly intheve ocity squaredtermand
a so containstheinduced vel ocity implicitly inthelift coefficient and inthevarioustrigonometric functions
that are used to obtain the component of the blade force in the direction of the momentum flux.

Themomentum flux through asegment of therotor disk inthe FAST codeisobtained usinga
momentum equation. Whereasthebladeforceinvolvestheflow relativeto the blade, themomentum flux
isdeterminedinaninertial referenceframe. Theinduced velocity appearsboth explicitly andimplicitly in
themomentum flux aswell asinthebladeforce sothat theinduction must besolved for usingiteration. A
significant amount of computing timeis used to determine the local induction at each time step.

Inthe FAST_AD code, thestructural representation and thekinematicsarethe sameasinthe
FAST code, themgjor differencesin thetwo codesoccurringin theaerodynamicsand loading calculation
which occur inthe AeroDyn portion of FAST_AD. The aerodynamic load cal culations madein the
FAST_AD codearemadeintheundeformed, rigid configuration of thewind turbineand thekinematic
input to the aerodynamic and loads ca cul ationsare determined from rigid body kinematic cal culationsmade
intheaerodynamic subroutine. The AeroDyn subroutineiswidely used and hasundergone continued
modification. Theso-called skewed wakecorrectioninthe AeroDyn subroutineinsurestheaerodynamic
stability in yaw.

TheFAST_AD coderetainsswitchesfor each degree-of-freedom. Thisfeatureallowscertain
actionsto beomitted during analysis Thisisadistinct advantage when examining low frequency eventsso

that the time step may be selected to be rather large and the code run times are minimal.
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Although there are 15 degrees-of-freedom in the 2-bladed version of FAST_AD, the fixed
maximum number of motionsrepresentsaparticular limitation of thecode. For example, main shaft flexura
contributionsto rotor/nacellevibration arenot included, and the code user islimited to the degrees-of -

freedom which are built into the code.
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9.3 Moddingthe AWT-27

The AWT-27 wind turbinewastested extensively and hasbeen sel ected to compare cal cul ated
resultsfromthe FAST _AD codetofielddata. Thewind turbine, which hastwo 45-foot (13.7 m) teetering
blades, isafixed pitch, freeyaw, downwind machine. Therotor bladesemploy the S800 seriesairfoil
sections. The specifications for the AWT-27 are summarized in Table 9.2.

Table 9.2. AWT-27 Turbine Specifications

Rated Power 275 kW

Rated Wind Speed 17 m/s

Rotor Diameter 27.2m

Rotor Type Teetered — Underslung
Rotor Orientation Downwind

Rotor Airfoil S800 series

Tip Speed 77m/s
Cut-InWind Speed (6 m/s

Rotor rpm 54 rpm

Generator Type 300 kW, Induction
Gearbox Planetary, 33.77:1
Hub Height 42m

Tower Open —Truss
Pitch Fixed

Yaw Passive
Overspeed Control Tip Vanes

Total Mass on Tower | 7074 kg

Coning 7°

Thefirst problem encountered in modeling the AWT-27 waswith thetower whichwasfound to
haveasignificant amount of shear deflection. IntheFAST and FAST _AD codes, thetower ismodeled
asan Euler Beam so that some modificationswereneeded. Thecodesmodel each modeasan assumed
shape and model the frequency with asecond order ordinary differential for each mode. The shear
deflectionfor thetower wasincorporated into thecode by “tuning” each differential equationwiththemass
termwhileretaining thegtiffnessaccording to the ana ys sincluding shear deflection. Using thisapproach,
both the stiffness and frequency obtained from afinite element analysis were modeled in the code.
Specificationsconcerning massand stiffnessdistributionsfor both thetower and thebladeswereobtained
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fromKAMZIN Technology, Incorporated, (KT1) of Sesttle, Washington.® Shear deflection magnitudes
for the blades were small enough that the Euler Beam Model could be used without modification.

Theaerodynamicsof theblade, that isthelift and drag coefficientsasafunction of angleof attack
wereobtained from K TI°andinitially used without modification. Further investigation revealed that the
supplied aerodynamics were compiled several years ago.

During thestarting of therotor, therotor startsfrom rest and accel eratesto operating rpm. Asa
consequence, the ReynoldsNumber of theflow over the blade goesfrom several hundred thousand to over
amillion (the blade Reynolds based on chord is about 2-10° at the blade tip at full speed). The
aerodynamicsof theairfoil soperating bel ow achord ReynoldsNumber of amillion at high anglesof attack
has been investigated.®

Thetorquedelivered by the generator when acting asamotor during the start-up wasmodel ed as
aconstant. Whileacontroller wasin placeto limit generator current during the start-up, the variation of
torqueasafunction of rpmwasunknown and the constant val uewasused until therotor reachedrated dip.

The AWT-27 usesaerodynamictip brakesduring normal andfast tops. Thetipvanes, whichare
paralle toairfoil chord during normal operation, tilt to provideanear flat plate configuration to theon-
comingflow. Inmodeling thetip vanes, theproduct C,A wasestimated to haveamaximumvalueof 0.7
m? during braking and 0.007 m? during power producing operation.

Teeter dampersareingtalled onthe AWT-27 and havebeen modeledinthe FAST _AD codeusing
themanufacturer’ sdata. Thenonlinear nature of thedampersrequired writing the specificagorithminto
the program.

Moddingthedrivetrainincludesthebrake, generator/motor and low speed drive shaft. Thedrive
trainintheFAST _AD codeismodeled asan equivaent drivetrain.® It wasfound that thelow speed shaft
dominatedthedrive-traintorsiona stiffnessand that the rotor and generator armature momentsof inertia
were, respectively, thelargest terms. Thecharacteristicsof the brakeand motor/generator aregivenin

Table 9.3. The generator is operated as a motor during start-up.

Table9.3. AWT-27 Drive Train
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Component Remarks

Generator 275 kW, rated dlip 1.6%
Moment of inertia, 4.4 kg-
2
m
Motor Motoring torque: 400 N-m
Gear Box Planetary, 99% efficiency
Brake On high speed shaft, 800

N-m during normal stops,
2400 N-m during fast stops

Low Speed Torsional stiffness
Shaft 0.7 -10° N-m/rad

Thestart-up test datashowsthat therearefivedistinct phasesto the starting process. First, the
rotor isnot moving and the shaft torque measuresthe stati ¢ torque devel oped by theblade. Second, the
brakeisreleased and therotor and drivetrain start torotate. Theangular accel erationinthisphasewas
observed to be constant and thetorque cal culated using the angul ar accel eration wasfound to bethesame
asthe measured static torque. The aerodynamic torque developed islargely dueto the aerodynamic
suction of theleading edgein the high angle-of -attack flow over theblades. Inthestatic casetheflow angle
isgpproximately normal to the bladesand theangle-of -attack is90° minusthebladetwist angle. Theblade
twist angleallowsthebladenormal forceto add totheforce causing thebladestorotate. Forthe AWT-
27p4, whenthebladepitch angleiszero, the static torqueis2/3 dueto the chordwiseforceand 1/3 due

to the normal force. The blade chordwise force coefficient is

C, = C;sina - C,cosa Q)

Thethird phase of the start-up occurswhen the generator actsasamotor toincreasetherotor rpm. For
the AWT-27p4, acontroller kept the supplied torque approximately constant. Theresulting rotor angular
accelerationisconstant i n thisphaseindicating that the aerodynamic torquefor therotor isvery smal. The
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chordwiseforcecontributiontothelocal torqueisproportional to C,cosp, where isthelocal bladetwist
angle. Negativevauesof C, arerequiredinthisangle-of-attack range depending on theblade position.

Table 9.4 below gives the range of no net aerodynamic torque at various blade positions.

Table 9.4. Angle-of-Attack Range of Zero Torgue Contribution

r'R « Range

1.0 64° > o > 26°
0.8 69° > o > 32°
0.6 74° > o > 40°
04 79° > o > 50°

Theaerodynamicinput datadetermined from KTl wereexaminedin comparisonto theinformation
shownin Table 9.4 and it was concluded that the high angle-of -attack input datawas not consistent with
Table9.4. Therearemany reasonsto suspect theinput airfoil data. First, therotor hasonly threeairfail
sectionsfor whichtest dataisavailable, the S809, the S810 and the S815. Theairfoil section betweenthe
tip and the 90% stationisthe S810. Intheregion between the 90% station and the 70% dtation, theairfail
sections are interpolated between the S810 and the S809. Between the 70% station and the 35%,
interpolationisalso used. Inboard of the 35% station, theairfoil sectionisan extrapolation of the S815
arfoil. Secondly, thereislittlehighangle-of-attack datafor theairfoil sections. Third, itisnotedthat airfoils
employed onwind turbinesdo not exhibit the sametypeof stal asobtained intwo-dimens ona windtunnel
tests. Thisisparticularly true of the inboard stations, i.e., the 35% station.

Inlight of theseuncertainties, the high-angle-of -attack input airfoil characteristicsweremodified
to obtain consistency with Table 9.4.

Figures9.1 thru 9.3 show the gtati c aerodynamic coefficientsused inthisstudy. Thelift coefficient
versusangle-of-attack at variousradial stationsisgiveninFigure9.1. Figures9.2and 9.3 givethedrag
coefficient and chordwiseforce coefficient respectively. Whileonly thelift and drag coefficientsareinput
tothecd culations, the chordwiseforce coefficientisshownfor genera background. Usingthestaticairfoil

dataand a steady wind including shear and tower shadow, the power curve shown in Figure 9.4 was
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obtained. Excellent agreement is noted below peak power with divergence between calculated and

measured power above peak power.
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Thrust Coefficient, Ct versus attack angle.

Figure 9.3.
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9.4 Simulation of Inflow

The code used to simulatetheinflow to thewind turbinewasthe SNLWIND3D codereceived
fromNeil Kelley of theNational Wind Technology Center. Thiscodeisbased onthework doneby Paul
Veers’ andisdescribedinKelly’. Theapplication of thecode and the sel ection of optionsand thevalue
of several parameters was carried out in consultation with Neil Kelley and are reported in Malcolm®®.

The SNLWIND3D program producesthree ASCI 1 output files- onefor each directionu, v, and
w. Eachfiledefinestheflow at eachtimestep at each of the spatial array pointsrequested (a6 by 6 grid
wasused). Another FORTRAN codewasprepared by KTl to read the output from SNLWIND3D and
to calcul ated the characteristicsof theflow at thehub. Thisstep allowed further checking of thestatistics
of the ssmulated inflow and also alowed direct comparison with the statistics of the field measurements.

Thissecond programwasnamed RSTRESS2 and it cal cul ated thefollowing hub height properties.

1 Mean longitudinal velocity

1 Standard deviation of each turbulent component

1 Mean Reynolds stresses

1 Standard deviation of the instantaneous Reynolds stress

1 Maximum and minimum values of the three turbulent components and of the

instantaneous Reynolds stresses.

Thisprogramaso outputsthetimeseriesof thevariousquantitiesat the hub locationsso that they
were available for plotting or being converted to the frequency domain.

Theobjectivewasto select optionsand parameter val uesthat resulted in characteristicsasclose
as possible to those measured in thefield. The parametersfinally selected are summarized and the

statistical characteristics of the simulated inflows were compared with the field datain Malcolm®°.

Thefollowing guideineswereused in salecting theinflow parameters. Thenorma approachwas:

FAST_AD User'sManual OSU/NREL 99-01 103



1 Specify grid size, time step, time length, rotor diameter, hub height, coherence.
1 Specify mean windwise velocity.
1 Set the surfaceroughnessto 0.01 m and thewind shear exponent to 0.05 (valuesreflect

the terrain and conform to previous measurements).

1 Select the inflow type (SMOOTH, UPWIND, or INTERNAL).

1 If theINTRNL category was sel ected, then aturbine spacing wasspecified. Normally
14D was used (the only other option was 7D).

1 Specify the shear velocity, u*.

1 Specify the Richardson stability number, Ri.

1 Specify thecrosscorrelations (zeroleadsto default values). Thistendsto affect the

proximity of one PSD to the other.

Figure9.5thru9.10 givethecd culated PSD and frequency histogram of each smulated component

on each blade under high wind conditions.
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Figure 9.5. PSD and Histogram of Windspeed in u Component (Blade 1).
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Figure 9.6. PSD and Histogram of Windspeed in v Component (Blade 1).
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Figure 9.7. PSD and Histogram of Windspeed in w Component (Blade 1).
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Figure 9.8. PSD and Histogram of Windspeed in u Component (Blade 2).
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Figure 9.9. PSD and Histogram of Windspeed in v Component (Blade 2).
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Figure 9.10. PSD and Histogram of Windspeed in w Component (Blade 2).
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9.5 Reaults

Thefollowing 45figures(Figures9.11 thru 9.55) comparerainflow cycle countscal culated using
FAST_AD withfield dataand calculationsusingthe ADAM Scode. Therearethreegroupsof figures, one
groupfor eachdgangle. Thedelta-threeanglesare, respectively, zero, -45°, and -30°. Comparisonsare
madefor edgewise bending, flapwisebending, shaft torque, teeter angle, andyaw angle. Limitedfidlddata
wasavailablefor yaw, however some ADAM S cal culationswereavail ableto compareto FAST_AD
results.

A variety of flow conditionswereencountered during thetests. For the comparisonstheseflow
conditionsare characterized by threedifferent turbulencelevel sat each of threedifferent wind regimes.
Testswerea so madeat different timesof theyear since appreci abletime spanswererequired to change
thehub (to adjust thedelta-threeangle) and to acquiretest datain each of theflow regimes. In somecases,
itwashot possibleto obtaintest datain aparticul ar flow regime, for examplein Figure9.11, therearetwo
blank graphscorresponding tolow turbulence operation at low wind speed (9- 11 m/s) and at highwind
speed (16 - 18 m/s). Thusby using blank graphsfor caseswhere no test dataare availableallowsthe
same format to be used on each page.

Table9.5below, summarizesthematrix of flow conditionsthat wereused to compare FAST_AD,
ADAMS and test conditions.

Table 9.5 Flow Characterization

Turbulence Level*
Wind Speed Range Low Medium High
Low, 9-11m/s 5-7.5% 7.5-11% >11%
Medium, 13 - 15 m/s 5-7.5% 7.5-11% >11%
High, 16 - 18 m/s 5-7.5% 7.5-11% >11%

* Theturbulencelevel asselected by Malcolm™and used for thisstudy istheratioof theshear velocity calculated from
the hub height wind measurementsto the mean hub height measured wind speed.
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Thetest resultswereobtai ned between 20 August, 1997 and 17 March, 1998 with the-45° delta
threetestsstarting on 20 August, the-30° del ta-threetests starting on 21 October, and the 0° delta-three
tests starting on 1 December, 1997.

Start-up and shut down testswere conducted inthe summer of 1995. Figures9.56 thru 9.58 show
acomparison of FAST _AD calculation with test data.
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0° Delta-three Cases
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Figure 9.11. Rainflow Count of Blade Root Edgewise Bending Moment (low turbulence).
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FAST_AD vs. ADAMS & Field Data at low turbulence
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FAST_AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.12. Rainflow Count of Blade Root Edgewise Bending Moment (medium turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.13. Rainflow Count of Blade Root Edgewise Bending Moment (high turbulence).
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FAST _AD vs. ADAMS & Field Data at low turbulence
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Figure 9.14. Rainflow Count of Blade Root Flapwise Bending Moment (low turbulence).
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FAST _AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.15. Rainflow Count of Blade Root Flapwise Bending Moment (medium turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.16. Rainflow Count of Blade Root Flapwise Bending Moment (high turbulence).
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FAST_AD vs. ADAMS & Field Data at low turbulence
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Figure 9.17. Rainflow Count of Shaft Torque (low turbulence).

FAST_AD User'sManual OSU/NREL 99-01

ADAMS
FAST_AD

Field Data

122



FAST_AD vs. ADAMS & Field Data at medium turbulence
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seriesD3T23, delta3=0deg,WS=9-11m/s

18. Rainflow Count of Shaft Torque (medium turbulence).

T —
1 1 !
1 ] !
1 ] 1
| I 1
_______________ e T e
A 1 ! |
A i ' |
= : I |
e R EEEEEEEE R
2] I I |
1 1 !
A' 1 I
____________ T
- PN | )
! [ AN i 1
| | ]
——————————————— T——--v777W—7—A—?~—~———————--74‘:‘—————f—~——————
1 1 I
| | i
| 1A |
1 J 1
0 25 50 75 100
Bin Magnitude of Torque, kN*m
AWT27 Shaft Torque Rainflow Count
seriesD3T23, delta3=0deg,WS=13-15m/s
| ‘. ;
1 i ]
1 ] ]
,,,,,,,,,,,,, O S
[ I ]
mA I ) !
mA 1 I ]
PN ' | i
i I I
_________ . S
“y | |
L i | |
[P~ 1 1
! I 1
_______________ @ _®® ol
RN : :
| = ( 1
1 &R 1 |
| Ly |
——————————————— I el = R T
| i -~ |
1 1 I
| 1 o |
1 : .
0 25 50 75 100
Bin Magnitude of Torque, kN"'m
AWT27 Shaft Torque Rainflow Count
seriesD3T23, delta3=0deg,WS=16-18m/s
I I 1
| | i
| I 1
777777777777777 S T i |
I 1 I
S | | |
MA 1 i |
,,,,,,,,,,,,, A b
=3 [ 1 i
[ e | 1
| m : |
( aN | i
____________ B e I |
1 | I
3
: N :
_______________ A BB e Bt e
' A LA '
i 1 Pas '
i 1 I
1 1 ]
| 1 1
0 25 50 75 100

Bin Magnitude of Torque, kN*'m

ADAMS
FAST_AD

Field Data

123



Figure 9.19. Rainflow Count of Shaft Torque (high turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.20. Rainflow Count of Teeter Angle (low turbulence).
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FAST_AD vs. ADAMS & Field Data at low turbulence
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Figure 9.21. Rainflow Count of Teeter Angle (medium turbulence).
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FAST_AD vs. ADAMS & Field Data at medium turbulence
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.23. Rainflow Count of Yaw Angle (low turbulence).
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FAST_AD vs. ADAMS & Field Data at low turbulence
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FAST AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.24. Rainflow Count of Yaw Angle (medium turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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-45° Delta-three Cases
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Figure 9.26. Rainflow Count of Blade Root Edgewise Bending Moment (low turbulence).

FAST_AD User'sManual OSU/NREL 99-01 136



FAST_AD vs. ADAMS & Field Data at low turbulence
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Figure 9.27. Rainflow Count of Blade Root Edgewise Bending Moment (medium turbulence).
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FAST_AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.28. Rainflow Count of Blade Root Edgewise Bending Moment (high turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.29. Rainflow Count of Blade Root Flapwise Bending Moment (low turbulence).
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FAST AD vs. ADAMS & Field Data at low turbulence
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Figure 9.30. Rainflow Count of Blade Root Flapwise Bending Moment (medium turbulence).
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FAST _AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.31. Rainflow Count of Blade Root Flapwise Bending Moment (high turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.32. Rainflow Count of Shaft Torque (low turbulence).
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FAST AD vs. ADAMS & Field Data at low turbulence
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Figure 9.33. Rainflow Count of Shaft Torque (medium turbulence).
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FAST_AD vs. ADAMS & Field Data at medium turbulence

1E+08

1E+07

1E+06

Cycles /Year / kN'm

1E+05

1E+04

1E+03

1E+08

1E+07

iy
3

Cycles / Year / kN*m
7
&

1E+04

1E+03

1E+08

1E+07

1E+06

1E+05

Cycles / Year /kN*m

1E+04

1E+03

AWT27 Shaft Torque Rainflow Count
series 07/08,delta3=-45deg,WS=9-11m/s

i | i
1 I ]
1 I '
I t ]
777777777777777 L i S L e
‘e | | :
@ o Em 1 i |
R o e
B ® EBprrm ' I
- I t I
----------- e —
o ] (2] I I
1 1 !
¢ 2 : !
”””””””” =
| b [BVAN
| ; N A o N
1 — I3 1
[ 25 5 75 100
Bin Magnitude of torque, kN*m
AWT27 Shaft Torque Rainflow Count
series 07/08,delta3=-45deg,WS=13-15m/s
| : |
] 1 |
- | i |
I I
[ i []
I 1 !
S -, ! ! '
- e | | |
————— - I e
= “nd i i
..& 1 I
v 1 |
L4 2T _-» o U
| A e | [
| o - }-... )
L S - _____ o= e .
ﬂ‘ A:A A A - oo
; : |
| o 1 o |
0 25 50 75 100
Bin Magnitude of torque, kN*m
AWT27 Shaft Torque Rainflow Count
series 07/08,delta3=-45deg,WS=16-18m/s

FAST_AD User'sManual OSU/NREL 99-01

ADAMS
FAST_AD

Field Data

152



Figure 9.34. Rainflow Count of Shaft Torque (high turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence

AWT27 Shaft Torque Rainflow Count
series 07/08,delta3=-45deg,WS=9-11nvs
1E+08 T T T

' 1
( i
| [
1 t

1E+07

#
S

CyclesTYéar /kN*'m

1E+05

1E+04

1E+03
0 25 50 75 100
Bin Magnitude of torque, kN*m
AWT27 Shaft Torque Rainflow Count
series 07/08,delta3=-45deg,WS=13-15m/s
1E+08
1 3 t
] ] t
1 I '
| I ]
HE407 | mmmmmmmmm e e e e
| 1 1 1 o~
£ I, am | o i 5 ADAMS
X 1E+06 |- --- ';mmn__.__m_‘,,,A ffffffffff e ———— e —— - — - - —mmmmmm e mm— -
5 ® e ! !
3 "’3-_@ = ‘ ! FAST_AD
~ | - I )
PRI T S i i T T e -
I3 | - D (R - :
=] e -
© | DN < A. - ..+.. Field Data
i 1 I -
Al B Tt l_"“A"""A““T"'.'”.”.’”- -
I 1 I
I 1 A VN PN PaN
I I ]
1E+03 L L I
0 25 50 75 100
Bin Magnitude of torque, kN*m
AWT27 Shaft Torque Rainflow Count
series 07/08,delta3=-45deg,WS=16-18m/s
1E+08
1E+07
E
z
=< 1E+06
]
Q
>
8 1E+05
3
[
1E+04
I I I
I 1 3
; | |
1E403 L L - t S—

Bin Magnitude of torque, kN*m

FAST_AD User'sManual OSU/NREL 99-01



Figure 9.35. Rainflow Count of Teeter Angle (low turbulence).
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Figure 9.36. Rainflow Count of Teeter Angle (medium turbulence).
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Figure 9.37. Rainflow Count of Teeter Angle (high turbulence).
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Figure 9.38. Rainflow Count of Yaw Angle (low turbulence).
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FAST_AD vs. ADAMS & Field Data at low turbulence
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Figure 9.39. Rainflow Count of Yaw Angle (medium turbulence).
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FAST_AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.40. Rainflow Count of Yaw Angle (high turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence

AWT27 Yaw Angle Rainflow Count
series 07/08,delta3=-45deg,WS=9-11m/s

1E+08 T v T
I | I
I ] 1
1 I 1
1 I 1
1E+07 QS - —mm—— - - e e P R
® | 1 [
g 1 1 1
g ‘ l 1 |
e T e e e edatata bt
= [ 3 I | I
i % P ' 1 |
w > ! | 1
~ 1 i I
gIES - 42 —————————— TTTTme s m oo mm oo Foomommenemees
o 2]
& o an Paia : 5
1E+04 p----- D= m - A A N S\ N mmmmmmmmm e
I 1
N A ANIAVN PN . N
t I i
3 I i
1E+03 L L :
0 25 50 75 100
Bin Magnitude of Angle, degree
AWT27 Yaw Angle Rainflow Count
series 07/08,delta3=-45deg,WS=13-15m/s
1E+08
I 1 I I 1
- 1 I I 1 I
I I 1 1 I
~ | | | | |
L e it T T T T T i TS TT Ty T TT ST oo TgT T TT oo
® - i ' 1 1 !
i ' |
% X ‘ I i | 1
> | I | ' |
R X 2 R R CTTTTTTT Tt T
] h | i i i
2 o S S : | |
GAEKS [ - e b oo b
s TR e | | -
o I ™~ o I A | |
1E404 f - == - === = fememmm— R T [ L
| I CaNgp e 1 Pagpas PaN
| l i ?
1 1 1 r
1E+03 . . L !
0 10 20 30 40 50 60
Bin Magnitude of Angle, degree
AWT27 Yaw Angle Rainflow Count
series 07/08,delta3=-45deg,WS=16-18m/s
1E+08 T . : T —
L i I i ] I
t ] I I 1
A ; : | : :
1E407 F---—————— b — = B I [ S e
» ] | | ' 1
o i | | '
Pow Pmpe. ]
5 2% o oo ! ! . ! !
(5 Al | » l 1
> | - coesse | ' | |
-~ | ] ! ] ¥
QIEHS - - TA A AT AT T T [ | T T
o FANWANIVAN
S = N l ) &
o 1 ) PN i ' )
1 I AN Yavl I b
Lt s T Ca SR AR
I 1 I ' ]
1 I I | )
s ! : : : : N
0 10 20 40 50 60

FAST_AD User'sManual

30
Bin Magnitude of Angle, degree

OSU/NREL 99-01

ADAMS

FAST_AD

Field Data

168



-30° Delta-three Cases
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Figure 9.41. Rainflow Count of Blade Root Edgewise Bending Moment (low turbulence).
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FAST _AD vs. ADAMS & Field Data at low turbulence
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Figure 9.42. Rainflow Count of Blade Root Edgewise Bending Moment (medium turbulence).
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FAST _AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.43. Rainflow Count of Blade Root Edgewise Bending Moment (high turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.44. Rainflow Count of Blade Root Flapwise Bending Moment (low turbulence).
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FAST AD vs. ADAMS & Field Data at low turbulence
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Figure 9.45. Rainflow Count of Blade Root Flapwise Bending Moment (medium turbulence).
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FAST _AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.46. Rainflow Count of Blade Root Flapwise Bending Moment (high turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.47. Rainflow Count of Shaft Torque (low turbulence).
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FAST _AD vs. ADAMS & Field Data at low turbulence
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Figure 9.48. Rainflow Count of Shaft Torque (medium turbulence).

FAST_AD User'sManual OSU/NREL 99-01 191



FAST_AD User'sManual OSU/NREL 99-01 192



FAST _AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.49. Rainflow Count of Shaft Torque (high turbulence).
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FAST_AD vs. ADAMS & Field Data at high turbulence
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Figure 9.50. Rainflow Count of Teeter Angle (low turbulence).
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Figure 9.51. Rainflow Count of Teeter Angle (medium turbulence).

FAST_AD User'sManual OSU/NREL 99-01 200



FAST_AD User'sManual OSU/NREL 99-01 201



-30deg,WS=9-11m/s

AWT27 Teeter Angle Rainflow Count

seriesD3T21,delta3

FAST_AD vs. ADAMS & Field Data at medium turbulence

2 g
2 < 8
-
a o0 =2
(g 1g 1 e
< w [
o < T 7 T
1 ! i 1 - i | 1 | - | | | ]
I i i 1 3 ! I I 1 I I I
I 1 I ! 1 i I ' 1 1 I i
i I | l i l I I 1 ! I |
1 | I 1 1 I I I ! | { 1
i I I ] 1 I I L N R | B == - T T
+ I I 3 1 1 1 I ] ! | I
| I I ! ' 1 I |
e LN SR O G " e
I I I I 1 ! ! i I + ' !
I I i I 1 i ] 1 I + I i
I I i _ 1 | 1 ) [ [ = oo
v?"?l_ ||||| [ 4|11 {ﬂ lllll © 1 | I
I i I I ” ” “ " I I E_ ﬁ
I t I A_ 1 | A | 1 I 1 1
| t 1 i ] 1 1 1 1
i | I 1 “ ” i ] o 1 I AA I
1 | | i - 0 e A [ T [ - === rllllul»\mL \\\\\ U
1 | I I ] | | 1
o 5 e T B £8 L
| | A_ | ) ] 1 0 1 U8 ! i W [
| ! 1 1 e o | ! gv 1 o QR 1 | . |
| | | | I} W3 | A._ | i ﬁ!Cc.u _, \" m” ‘r
S (" T A R o - ! 1 | B a0 RN (U [P G U W
A °3 84 SR YL s 23 g
I \A I ! ) cmw \\\\\ l“ ||||| "|| |w.|“ ||\1_r 11111 © g mm 1 | ‘., |
| | | | o — o - ' | !
l I i | M aw " A" ' “ " M T D | 1 ’ .”. |
I B ,“ I = 3 | | .m; | P ). L TP
L : 28 ot : o8 T T
| I | I 3 [~ | [ ] | | 3 m.._._ I ’ I i
| 4 ! 1 E Cm i i [] | | z C o 1 [ 1
1 i ._. | o Aum ||||| 4 S R - ©9 <8 | I | i
1 i 1 ! | ] I I | — ] 1 ]
\\\\\ 1--B------Yrg-—-r----4 <2 o 29 S =@ |- e el |
1 ) 0 i = ..n.v.dv " q nso ” " c &8s 1 1 I
[ I ) [ [ 9] eﬂ 1 ] ] | | o Or ! ! !
L H FE ! )V " ee " : ! !
I I
' ) i ! ~ 8 oA 0 ! ~ 8 Y & i |
1 m‘ 1 ! zs I { I 2s }}}}} [ (S 1T T T L
1 0 [ ! mw \\\\\ R | s B r=---1 < =0 i < I [ |
1 | I I R ( | i | = | | 1 |
[
PO =3 NI Z3 X
! - ! ! | | m 1 ! | | ! t |
rrrrr J.od -f-----+r----+----4 « I 1 1 PR R R R il R
! ! ! ! t i | i ! ' |
I ) 1 1 1 l 1 I | I I 1
1 1 1 I | i ! I
A . | | 1 \\\\\\"\..‘m!\“ww: 1 " o i 1 I |
| 1 | _. 1 i | b ' ) 1
l | | AA . 1 | ] [ *L ||||| [P R —
S ¥ T o €T
| I {
“_ 1 [ | | i 1 1 | mA | i
| 1 i ! I I | 1 ! I | t
1 1 b 1 ! 1 1
1 L 2 L o h H ,r H - 0 i | I
© M~ © w0 < [} © N~ 0 -y
g & & & 3 3 g & ¢ g 3 g : 3 § % % i
i w i il & w & i i i i i W w i W W w
0w\_omn\\_m,w\v\ [S=T47.5) a0.Bep / Jea ) / S9PAD 9a1bop/ Jea A / S8I9AD

202

20

8
Bin Magnitude of Angle, degree

OSU/NREL 99-01

FAST_AD User'sManual



Figure 9.52. Rainflow Count of Teeter Angle (high turbulence).
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Field Data at high turbulence
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Figure 9.53. Rainflow Count of Yaw Angle (low turbulence).
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FAST _AD vs. ADAMS & Field Data at low turbulence
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Figure 9.54. Rainflow Count of Yaw Angle (medium turbulence).
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FAST AD vs. ADAMS & Field Data at medium turbulence
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Figure 9.55. Rainflow Count of Yaw Angle (high turbulence).
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Field Data at high turbulence
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9.6 Discussion

Therainflow cyclecountsfor root edge bending moment wherethedelta-threeiszeroisshownin
Figures9.11 thru 9.13 do not indicate good agreement between test dataand the FAST _AD code. The
edge bending moment hasalargeinput fromtheone per revol ution gravity moment. Theagreement for the
root flatwise bending moment issomewhat better athoughfor the case of low turbulencein mediumwinds
(Figure 9.14) and medium turbulence in medium winds (Figure 9.15) agreement is poor.

Therainflow analysisof test datafor flatwise bending showsasgnificant“ hump” indicating aninput
fromthegravity moment. The*hump” isabout haf of themagnitudeof the® hump” observedintheedgewise
root bending moment. BothFAST_AD and ADAM Sfailedtopredict a“hump” raising thepossibility that
the calculations failed to account for the location of the axes where the test measurements were made.

Thezero degree delta-three wind measurements (series 23) indicated that themean windswere
higher at the 33 meter measurement station than at the 42 meter station. For example, for thehighwind
case, themean wind speed measured at 33 meterswas 21.5 m/swhilethe mean hub wind speed was 18.75
m/s. A vaueof 17.9m/swasusedintheinflow simulations'. Positivewind shear wasalsoused. Malcom
stated that increasing thetower shadow deficitimproved agreement between ADAM Sandtest data. Itis
possiblethat thetower wake deficit waslarge because of thelargefree streamwind associated with negative
wind shear and not because the shadow was was miss-model ed.

Agreement between FAST _AD andtest datafor the non-zero delta-three caseswas much better
thanfor the zero delta-three case. Thewind conditionsweremoreeasily simulated for these cases. In
particular, attention is called to Figure 9.28, the rainflow cylce count for blade root edgewise bending
moment at high wind and high turbulence and Figure 9.31 for the flatwise bending moments.

Finally, the start-up and shut-down of the AWT-27p4 was calculated and shows adequate
agreement withtest datain Figures9.56 thru 9.58. Figure 9.56 showstherotor accel eration history and
thelow speed shaft torquefor the AWT-27p4 during alow wind speed (12.5 m/s) start-up. Bothtest data
and FAST_AD calculationsareshown. FAST _AD calculationsweremadewith all degreesof freedom
inoperation (except thetilt motion, whichthe AWT-27p4 doesnot have). Testresultsshow a5.4 Hertz
low speed shaft oscillation whilethe FAST _AD caculationsfor theequivalent shaft (virtualy thesameas
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thelow speed shaft) show a5.5 Hertz oscillation. The5.4 Hertz oscillationisbelievedto bethenatural
frequency of thedrivetrain/blade system. No shaft dampingwasintroducedintheFAST_AD caculations.
A start-up at higher wind speedisshowninFigure9.57. Theresultsarequalitatively thesameasfor the
low wind speed case.

Therotor acceeration history calculatedusng FAST _AD code showsexce lent agreement with test
data for both the high speed and low speed start-ups. Agreement between test dataand FAST_AD
calculationsfor thetorqueinthelow speed shaft isnot asgood asfor therpm history. Asthegenerator
approaches synchronous speed, two spikesarepresent inthetorque. Firstisanegativespikeindicating
anincreased motoring torque. Thisincreaseinthemotoringtorqueischaracteristic of aninduction motor
being operated asamotor. However, inthecal culations, themotor torque/speed rel ation wasunknown and
our approximation failed to produce atorque spike that was near the magnitude of the negative spike
observed. The second spike, associated withrotor overspeed, wasalso underestimatedintheFAST_AD
calculations. Sincethisspikeisdueto rotor overspeed, thegenerator must providetoolittleload onthe
rotor during thisphase. Inthecalculations, thegenerator wasassumed to providenoload until therotor
reached haf of rated dip, an assumption that produced atorquelessthan half of the observed spike. I1twas
concluded that detail ed information concerning thegenerator el ectrical equationsarenecessary to predict
the magnitude of the torque spikes.

Whereasinthelow speed caseillustrated in Figure 9.56, the test dataindi catesamean shaft torque
of about 43kN-m, theFAST _AD calculationsresulted in shaft torqueal so near 43kN-m, whichisclose
to thetorque obtainedin thelong-term power measurements. Inasimilar manner, the high speed start-up
torquehistory test datashownin Figure9.57 reaches amean level near 60 kN-m, whichisconsiderably

above the 46 kN-m obtained with FAST_AD (47.4 KN-m from power tests).
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Figure 9.56. Rotor RPM and Shaft Torque during Start-up at 12.5 m/s Wind Speed.

(Darkline- FAST_

A . smulatio
AWT27 FAST_AD and Data during Start-Up

n, Lightline - data)
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Figure 9.57.

Rotor RPM and Shaft Torgque during Start-up at 18 m/s Wind Speed.

(Dark line- FAST_AD simulation, Light line - data)
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Figures9.58 showsthetimehistory of rotor angular vel ocity during afast stop. During afast stop,
thetip vanesare deployed (weappliedthetip vanesover aperiod of 1 second) and amechanical brakewas
applied onthe high speed shaft. Thebrakewasapplied over aperiod of 0.4 seconds. Both deployment
timeswere obtai ned from examination of thetest data. 1nthe caseof thetip vanes, aspring causedthetip
vanestoretract at low rpm; however, our cal cul ationsweremadewith tip vanesdeployed during theentire

stopping operation. Below 15 rpm, thetip vanes stopping torquewasminimal and could besafely ignored.
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Figure 9.58. Rotor RPM and Shaft Torgque during Fast Stop at 12.5 m/s Wind Speed.
(Dark line- FAST_AD simulation, Light line - data)
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APPENDIX A: CASE STUDY SAMPLE INPUT FILES

Thisagppendix includesthemaininpuit file necessary to runthe program, aswel | asthe optional input
datafilesrequired for including theeffectsof turbulenceand variablewind direction. Alsoincludedisan

example of the automatic input file, awt.inp and airfoil datafile.
A.l Steady Wind

Thefollowingisalisting of awt.inp, theinput file used to describe the sampl e hori zontal axiswind

turbine under steady wind conditions. Detailed descriptions of al inputs are given in Section 6.0.

awt.inp

---- FAST_ADT CODE INPUT DATA FILE
---- Wind AWT27 W/ COMBINED FAST/AERODYN INPUT

---- Modified 8/07/98, ADW: added dist blade massto account for flex.
-------------- FAST/AERODYN GENERAL RUN PARAMETERS --------nnnzxn--

0. NRSTRT - NUMBER OF REVOL UTIONS BEFORE TURBUL ENCE, RECORDING
10. TMAX -RUNLENGTH (S)

.005 DT - TIME INCREMENT (9

0 NTSKIP - NUMBER OF TIME STEPSTO SKIP FOR OUTPUT (0 = NONE)

-------------- ATMOSPHERIC CONDITIONS

14.0 VWIND - MEAN WIND VELOCITY UPSTREAM AT HUB HEIGHT (m/s)
143 ETA - WIND SHEAR POWER LAW EXPONENT (dim.less)
1.06 RHO  -AIRDENSITY (kg/m"3)

-------------- DEGREE OF FREEDOM SWITCHES

1 1Z(1) - FIRST FLAPWISE BLADE MODE (YES=1)

1 1Z(11) - SECOND FLAPWISE BLADE MODE (YES=1)

1 1Z(13) - FIRST EDGEWISE BLADE MODE (YES=1)

1 1Z(3) - TEETERED (YES=1)

1 1ZD(4) - (0) CONST SPEED (1) IND. GEN. (2) START UP (3) SHUT DOWN

1 1ZD(15) - DRIVETRAIN FLEXIBILITY (YES=1)

0 I1Z(5) - TILT DEGREE OF FREEDOM (YES=1)

1 1Z(6) - YAW DEGREE OF FREEDOM (YES=1)

1 1Z(7) - FIRST TOWER MODES (YES=1)

1 1Z(9) - SECOND TOWER MODES (YES=1)

1 ISHAD - TOWER SHADOW INCLUDED (YES=1)

1 ISHR - WIND SHEAR INCLUDED (YES=1)

0 ITRB2D - 2D TURBULENCE INPUT (YES=1)

0 ITRB3D - 3D TURBULENCE FIELD (YES=1)..Nouseat fast_ad

1 IDYNST -DYNAMIC STALL INCLUDED (YES=1)

0 IWNDIR - VARYING WIND DIRECTION FOR 2D TURBUL ENCE (YES=1)
-------------- INITIAL CONDITIONS

0.0 Z(1) -BLADE TIPINITIAL FLAPWISE DISPLACEMENT, (meters)
0. Z(13) -BLADE TIPINITIAL EDGEWISE DISPLACEMENT, (meters)
0 Z(3) -INITIAL OR FIXED TEETER ANGLE (degrees)

0 Z(4) -INITIAL AZIMUTH ANGLE FOR BLADE 1 (degrees)
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53.3 ZD(4) -STEADY STATE ANGULAR VELOCITY OF BLADES (RPM)

0. Z(5) -FIXEDORINITIAL TILT ANGLE (degrees)
0. Z(6) -FIXEDORINITIAL YAW ANGLE (degrees)
0. Z(7) -INITIAL LONGITUDINAL TOWER DISPL. (meters)
0. Z(8) -INITIAL LATERAL TOWER DISPL. (meters)
—————————————— MACHINE PARAMETERS
13.720 RT - BLADE TIP RADIUS (meters)
1.147 RH - BLADE HUB RADIUS (meters)
0. THETA - BLADE COLLECTIVE PITCH (degrees)
0. RRGAP -LOCATION OF GAP END IN FRACTION OF TIP RADIUS
0.296 RLU - UNDERSLING LENGTH (meters)
0.296 RLUM - DISTANCE FROM TEETER PIN TO HUB MASS (meters)
2.433 DN - DISTANCE FROM YAW AXISTO ROTOR / TEETER PIN (meters)
-0.945 DNM 1 - DISTANCE TO NACELLE MASSFROM YAW AXIScl (meters)
-0.54 DNM2 - DISTANCE TO NACELLE MASSFROM YAW AXISc2 (meters)
41.99 HH -HUB HEIGHT ABOVE GROUND LEVEL (meters)
0. HS - TOWER RIGID BASE HEIGHT (meters)
30. DELTA3  -DELTA3ANGLE (degrees)
7. BETA(1) - BLADE 1 CONING ANGLE (degrees)
7. BETA(2) - BLADE 2 CONING ANGLE (degrees)
-------------- MASSAND INERTIA
4908. XMNAC -NACELLE LUMPED MASS (kg)
750. XMHUB - MASS OF HUB (kg)
125 TIPM(1) - MASS OF TIP BRAKE, BLADE 1 (kg)
125 TIPM(2) - MASS OF TIP BRAKE, BLADE 2 (kg)
11880. HTINER -INERTIA OF NACELLE ABOUT TILT AXIS(kgm"2)
5. HSINER -INERTIA OF GENERATOR (kg m"2)
13560. HYINER - INERTIA OF NACELLE ABOUT YAW AXIS (kgm"2)
280. HINER - INERTIA OF HUB ABOUT TEETER AXIS (kg m"2)
—————————————— DRIVETRAIN PARAMETERS
.99 ETAGB - GEARBOX EFFICIENCY (dim.less)
.94 ETAGEN - GENERATOR EFFICIENCY (dim.less)
54.15 OMEGR - RATED SPEED FOR INDUCTION GENERATOR (RPM)
533 OMEGO - REFERENCE RPM FOR GENERATOR (RPM)
478. CINGEN  -INDUCTION GENERATOR CONSTANT ((N m)/(r/s))
33.77 YN - GEARBOX RATIO (dim.less)
46. QFL - FIXED LOSS CONSTANT (N m)
46. QVL -VARIABLE LOSS CONSTANT (N m)
2400. QBRAKE - MECHANICAL BRAKE TORQUE VALUE (N m)
400. QMOTOR -MOTOR START-UP TORQUE (GENERATOR SIDE) (N m)
7200000. ZKDRV - DRIVETRAIN TORSIONAL SPRING (N m)/rad
0. CDRV - DRIVETRAIN TORSIONAL DAMPER (N m)/sec
—————————————— TOWER PARAMETERS
5 CTWR - TOWER STRUCTURAL DAMPING IN PERCENT OF CRITICAL (%)
.140 EL - TOWER SHADOW WIDTH / ROTOR RADIUS (dim.less)
4 EPP - TOWER SHADOW VELOCITY DEFICIT (dim.less)
1. TWRMT1 -TOWER MASSTUNER, 1ST MODE (dim.less)
1 TWRMT2 -TOWER MASSTUNER, 2ND MODE (dim.less)
1 TWRST1 - TOWER STIFFNESS TUNER, 1ST MODE (dim.less)
1. TWRST2 - TOWER STIFFNESS TUNER, 2ND M ODE (dim.less)
20 NXTWR - NUMBER OF TOWER INCREMENTS (dim.less)
10 N2 - NUMBER OF INPUT STATIONSTO SPECIFY TOWER GEOMETRY
1.20 AMSTWR -FACTOR TO ADJUST TOWER MASS (dim.less)
.65 STFLNG -FACTOR TO ADJUST LONGITUDINAL STIFFNESS (dim.less)
.68 STFLAT -FACTOR TO ADJUST LATERAL STIFFNESS (dim.less)
-- RAD ---- MASS -------- LONG STIF ----- LAT STIF -----mmmmmmmmeee
% kg/m Nm"2 Nm”2
—————————————— TOWER
.000, 492.86, 71900000000., 71900000000.
119, 363.45, 51400000000., 51400000000.
.238, 343.77, 36400000000., 36400000000.
.357, 291.85, 22500000000., 22500000000.
AT6, 281.77, 12900000000., 12900000000.
.595, 266.66, 5900000000., 5900000000.
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0.45
0.45
0.45

PRrPPRPRPRR

--RAD ---

0.0242

FAST_AD User'sManual OSU/NREL 99-01

- YAW AND TEETER PARAMETERS

715, 253.23, 2150000000., 2150000000.

.834, 251.86, 1360000000., 1360000000.
.953, 248.13, 745000000., 745000000.
10, 248.13, 551000000., 551000000.

ZKYAW - YAW SPRING (N m)/rad

ZCYAW -YAW DAMPER (N- m)/rad/sec

ZKTILT -TILT SPRING (N m)/rad

ZCTILT -TILT DAMPER (N m)/rad/sec

TILTSTOP1- TILT SOFT STOP ANGLE (degrees)

TILTSTOP2- TILT HARD STOP ANGLE (degrees)

QKTSTOP1 - Nacelle soft stop stiffness, N-m/rad

QKTSTOP2- Nacelle hard stop stiffness, N-m/rad

COULMB -COULOMB DAMPING MOMENT, Nm

ITSPDM - Damper switch: 0=none, 1 =linear, 3 = user

CTEET - TEETER DAMPER (N m)/(rad/s)

ZKTEET(1)- TEETER SPRING COEFFICIENTSNm, Nm/rad, Nm/rad"2
ZKTEET(2)- teeter moment = ZKT(1) + ZKT(2) * (NET Q3)
ZKTEET(3)- +ZKT(3)* (NET Q3)*2

QCTEET - ANGLE WHERE TEETER DAMPER BEGINS (degrees)
QKTEET - ANGLE WHERE TEETER SPRING BEGINS (degrees)
TSTOP -TEETER STOP ANGLE (degrees)

CBLDF - BLADE flap STRUCTURAL DAMPING IN PERCENT OF CRITICAL
CBLDE - BLADE flap STRUCTURAL DAMPING IN PERCENT OF CRITICAL
CDATIPN - DRAG DUE TO TIP BRAKESAT NORMAL OPERATION,CD*AREA
CDATIPB - DRAG DUE TO TIP BRAKESAT BRAKING, CD*AERA m”2
IAIRFO - (0) TABLE (1) NASA LS1 (2) NACA 23000 (3) NACAXXXX
NR - NUMBER OF BLADE INCREMENTS maxmum=20(dim.|ess)

N1 -NUMBER OF INPUT STATIONS TO SPECIFY BLADE GEOMETRY
STFFAC(1) - FACTOR TO ADJUST BLADE 1 STIFFNESS (dim.less)

STFFAC(2) (FLAP)  BLADE?2 (dim.less)

STEFAC(1) - FACTOR TO ADJUST BLADE 1 STIFFNESS (dim.less)

STEFAC(2) (EDGE)  BLADE?2 (dim.less)

AMSFAC(1) - FACTOR TO ADJUST BLADE 1 MASS  (dim.less)

AMSFAC(2) BLADE 2 (dim.less)
CHDFAC(1) - FACTOR TO ADJUST BLADE 1 CHORD  (dim.less)
CHDFAC(2) BLADE 2 (dim.less)

TWIFAC(1) - FACTOR TO ADJUST BLADE 1 TWIST  (dim.less)
TWIFAC(2) (AERO)  BLADE?2 (dim.less)

TWSFAC(1) - FACTOR TO ADJUST BLADE 1 TWIST  (dim.less)
TWSFAC(2) (STRUCTURAL) BLADE 2 (dim.less)

- CHORD--THICK----AERO - MASS ---- FLAP ----- STRUC---EDGEW. STIFF

m t/c TWIST kg/m STIFF

-BLADE 1
0.772 .26 6.10 90.37 44200000
0.843 .26 5.85 93.89 43600000
0.869 .26 5.69 4391 21000000
0.960 .26 5.69 46.82 20200000
0.987 .26 5.39 48.22 18000000
1.128 .26 4.93 50.78 11700000
1.142 .26 4.01 44.66 7530000
1.070 .26 2.88 37.38 4870000
0.991 .26 1.76 31.32 3050000
0.899 .20 0.82 25.59 1800000
0.785 .20 0.25 21.41 938000
0.655 .20 0.08 16.62 400000
0.486 .20 0.03 9.68 103000
0.399 .20 0.00 3.90 103000

- BLADE 2
0.772 .26 6.10 90.37 44200000
0.843 .26 5.85 93.89 43600000

TWIST

10.50

10.44
10.40
10.40
10.20
9.46
8.41
6.32
4.09
2.33
117
0.48
-0.20
-0.22

10.50

10.44

kg/m
117000000

140000000
64000000
79400000
90700000
111000000
96400000
71500000
48700000
28900000
19100000
10100000
2780000
2780000

117000000

140000000
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0.0606
0.0949
0.1139
0.2182
0.3224
0.4267
0.5309
0.6352
0.7394
0.8436
0.9479
1.0000
-------------- MODE SHA
0.
0.36845
0.93899
-0.30744
0.
0.
0.
-1.30033
-3.32257
5.62290
0.
0.
0.
1.43990
-0.70085
0.26095
0.
0.
0.
0.4199
0.0541
0.5260
0.
0.
0.
-7.8755
-15.8963
24.7696
0.
0.
-------------- FORMAT O
0 NC(1) =0
21 NC(2)
22 NC(3)
10 NC(4)
9 NC(5)
25 NC(6)
37 NC(7)
38 NC(8)
32 NC(9)
13 NC(10)
0 NC(11)
11 NC(12)
12 NC(13)
1 NC(14)
2 NC(15)
3 NC(16)
4 NC(17)
19 NC(18)
20 NC(19)
13 NC(20)
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0.869
0.960
0.987
1.128
1.142
1.070
0.991
0.899
0.785
0.655
0.486
0.399

.26
.26
.26
.26
.26
.26
.26
.20
.20
.20
.20
.20

PES

PC(1,3)
PC(1,4)
PC(1,5)
PC(1,6)
PC(2,1)
PC(2,2)
PC(2,3)
PC(2,4)
PC(2,5)
PC(2,6)
PC(3,1)
PC(3,2)
PC(3,3)
PC(3,4)
PC(3,5)
PC(3,6)
PC(4,1)
PC(4,2)
PC(4,3)
PC(4,4)
PC(4,5)
PC(4,6)
PC(5,1)
PC(5,2)
PC(5,3)
PC(5,4)
PC(5,5)
PC(5,6)

PC(1,1) - BLADE MODE 1, COEFF OF X1
PC(1,2) - BLADE MODE 1, COEFF OF X"2

, COEFF OF X"3
, COEFF OF X"4
, COEFF OF X"5
, COEFF OF X"6

- BLADE MODE 2

- EDGEWISE MODE 1

-TOWER MODE 1

- TOWER MODE 2

F OUTPUT FILES -----m--—-

5.69
5.69
5.39
4.93
4.01
2.88
1.76
0.82
0.25
0.08
0.03
0.00

4391
46.82
48.22
50.78
44.66
37.38
31.32
25.59
21.41
16.62
9.68
3.90

21000000
20200000
18000000
11700000
7530000
4870000
3050000
1800000
938000
400000
103000
103000

10.40
10.40
10.20
9.46
8.41
6.32
4.09
2.33
117
0.48
-0.20
-0.22

64000000
79400000
90700000
111000000
96400000
71500000
48700000
28900000
19100000
10100000
2780000
2780000
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0
29
30
35
36
39
26
31
33
13
10

NC(21)
NC(22)

NC(23)

NC(24)

NC(25)

NC(26)

NC(27)

NC(28)

NC(29)

NC(30)

NCMAX =30 MAX #COLUMNSTO PRINT

---- BEGIN YAWDYN/AERODYN PARAMETER INPUT -----------------

TRUE WAKE - T=Normal iteration for induction factors, F=Ignore wake
0.005 ATOLER - Tolerance (convergencecriteria) for induction factor
False SWIRL - Includetangential induced vel? T->usea', F->a'=0
False DYNINFL - T=Usedynamic inflow induction lag, F=Quasi-steady
False WINDFIL - Read wind datafile?: T=YES, F=NO

ECD_P.WND WNDFILNAM - Wind data file name

False TURBLNT - Read turbulencefilesfor wind inputs?: T=yes, F=no
c:\fast_ad\turbs\d3t21\tt 1425\ TURBFILE - Turbulencefile name

1 IPRFRST - First element to write data

20 IPRLAST - Last element towritedata

5 IPRINC - Writeelement dataincrement

True SIUNIT - Select units, TRUE= SI, FAL SE= English

0.0 vz - Vertical component of wind speed (positive up)

0.0 HSHR - Horizontal wind shear coefficient

True NOIECEWS - T=Power Law vertical shear, f= |EC Extreme Wind Shear
12 NUMFOIL - Number of airfoil tablesthat will beread

‘airfoils\rep7% .dat’

'airfoils\rep10% .dat'
'airfoils\rep15% .dat’
‘airfoils\rep25% .dat'
‘airfoils\rep35% .dat’
'airfoils\rep45% .dat'
'airfoils\rep55% .dat’
‘airfoils\rep65% .dat’
‘airfoils\rep75% .dat’
'airfoils\rep85% .dat'
'airfoils\rep95% .dat'

‘airfoils\rep100% .dat' FOILNMY() - Airfoil tablefile name
1 NFOIL - Airfoil ID number for each element
2 (Number of elements=N1)

3 (Number of elements=N1)

3

4

4

6

6

7

8

9

10

11

12

---- END YAWDYN/AERODYN PARAMETER INPUT -----------mnmmname

---- COMMENTS (Theremainder of thisfileisnot used) ----

POSSIBLE OUTPUT QUANTITIES
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0) =Time, sec

1) = Blade 1 out-of-plane tip deflection, cm

2) = Blade 1 in-planetip deflection, cm

3) = Blade 2 out-of-plane tip deflection, cm

4) = Blade 2 in-planetip deflection, cm

5) = Blade 3 out-of-plane tip deflection, cm

6) = Blade 3 in-planetip deflection, cm

7) = Hub-height wind speed, m/s

8) = Hub-height wind speed, degrees

9) = Teeter angle, degrees

10) = Yaw angle, degrees

11) = Longitudinal tower top deflection, cm

12) = Lateral tower top deflection, cm

13) = Rotor azimuth angle, deg

14) = Generator azimuth angle, deg

15) = Shaft rotational speed, rpm

16) = Generator rotational speed, rpm

17) = Nac tilt angular accel (d/s"2)

18) = Nac relativetilt angle (deg)

19) = Nac absolutettilt angle (deg)

20) = Nac tilt angular vel (deg/s)

21) = Blade 1 out-of-plane bending moment at root, kNm
22) = Blade 1 in-plane bending moment at root, kNm
23) = Blade 2 out-of-plane bending moment at root, kNm
24) = Blade 2 in-plane bending moment at root, KNm
25) = Shaft torque, kNm

26) = GENERATOR BRAKE

27)=ZMOM

28) = Undefined

29) = Blade 1 out-of-plane bending moment at 60% radius, KNm
30) = Blade 1 in-plane bending moment at 60% radius, kNm
31) = Rotor torque, kKNm

32) = Power, KW

33) = Rotor thrust, KN

34) = Tower yaw moment, kNm

35) = Tower longitudinal pitch moment,kNm

36) = Tower lateral pitch moment,kNm

37) = Shaft bending moment, aligned with blade, kNm
38) = Shaft bending moment, 90 deg from blade, kNm
39) = Generator torque, KNm

40) = Undefined

A.2 Turbulent Wind
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Theinput file used to describe the sample horizontal axiswind turbine under turbulent wind
conditionsusesthe sameinput format asawt.inp except to changetheoptionof TURBLNT inthepart of
YAWDYN INPUT from “False” to “True”.

True  TURBLNT - Read turbulencefilesfor wind inputs?: T=yes, F=no
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A.3 3D Turbulence Input Data File

If the 3D turbulenceoptionisused, the program requiresthreeinpuit files, onefor each component
of thewind. Thesefilesareinabinary format to save space. Severa stepsaretakento createthesefiles.
First, VeersFull Field Turbulencecode, SNLWIND _3D, isused to generatethree componentsof full field
turbulence. Theoutput arethree ASCI| files- onefor eachdirection: u, v, w. Eachfiledefinestheflow at
each time step at each of the spatial array pointsrequested (a6 by 6 grid wasused). All threefilesare
ready tobereadinby FAST _AD asflows. Thefirstlinecontains. Hub height wind speed (m/s), timestep
of 3D turbulence (sec), grid haf width (usualy therotor radius, m), and number of gridsper side, NGRIDS.
Thisisfollowed by anarray of turbulencedata. Becauseinterpolation of thisdatafieldisusedtoget the
valuesof turbulenceat the current blade | ocation, thetime step of the turbulence datadoes not need to
matchthetimestep of theFAST _AD coderun. Thefilesasoincludewind direction changes, sonowind
direction file is necessary.

w_cmp.dat

|w-comp | Y x Z | Grid Resolution | Time-step | Hub Elev | Mean WS|
6 6 6.000 0.050 41.99 14.00

Z COORDINATES (M)=

-15.000 -9.000 -3.000 3.000 9.000 15.000

Y COORDINATES (M)=

-15.000 -9.000 -3.000 3.000 9.000 15.000

0.000 -1.979

-3.473 -1.034 -1.616 -3.268 -2.785 -1.290
0.302 -1.836 -0.745 -1.194 -0.473 -0.954
-0.513 -0.521 -2.757 -1.096 0.221 -1.553
-1.055 0.403 -0.172 -1.000 -1.531 -2.000
0.050 -0.309 0.095 -0.705 -3.463 -1.978

-1.394 -0.322 -0.890 -0.275 -1.791 0.238
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0.050 -0.989

-2.580 -1.777 -1.795 -1.397 -2.509 -1.265
0.000 -1.169 -1.490 -0.870 -0.300 -0.691
0.624 -0.463 -1.746 -0.391 -0.726 -1.199
-0.644 0.078 -0.923 -0.667 -1.452 -1.910
-0.103 -0.804 0.266 -0.286 -3.216 -2.194

-1.452 -0.098 -0.547 0.816 -0.489 -0.553

0.100 -0.986

-2.188 -1.616 -1.390 -0.570 -1.262 -1.327
0.612 -2.057 -0.396 0.345 -0.567 -1.244
-0.343 0.591 -1.623 -0.829 -1.185 -1.713
-0.049 0.048 -0.398 -0.917 -1.161 -1.916
-0.683 0.710 0.485 -0.852 -2.206 -1.034

-1.384 0.327 -0.144 0.407 -0.001 -1.061

0.150 -0.620

-0.772 -1.721 -1.200 -1.368 -0.461 -0.092
-0.463 -2.801 -0.498 -0.710 -0.828 -1.090
-0.253 0.213 -1.362 -0.571 0.213 -3.132
0.367 0.330 0.165 -1.338 -1.636 -1.213
-0.772 0.078 0.610 -1.153 -2.911 -1.120

-1.312 -0.108 -0.235 0.296 -1.081 -1.505

0.200 -0.992

-1.261 -2.318 -0.840 -0.255 -0.802 -0.827
-0.877 -2.679 -0.811 -0.537 -0.078 -0.899
-0.169 0.233 -0.160 -1.308 0.475 -3.267
0.196 0.676 0.734 -0.365 -1.865 -0.890
-0.076 0.682 0.725 -0.664 -4.052 -1.115

-2.578 -0.872 -0.903 0.878 -0.144 -1.284

A.4 user2.inp Automatic Input File
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Thefollowingisanexampleof theautomaticinput fileused to bypassthe program'sinteractive
prompts. Thisfileisatime-savingfeatureuseful when making repetitiveruns. For acompleteexplanation

of thisfile, see section three.

‘awt.inp’ | Name of input file
‘awt' | Prefix of output files
0 | 1AW, choice of output viewing during run

Theabovelistingwill read amaininput filenamed awt.inp. Itwill output threefilesnamed awt.sum,
awt.out, and afosub.opt. The file awt.out will be printed on the computer screen, because IAW = 0.

Note that the example automatic input file provided on the CD has been named user2.inp.

FAST_AD User'sManual OSU/NREL 99-01 232



A.5 SampleAirfoil Data File

Thefollowingisasampleof theairfoil datafileformat for the 95% blade station. Withthisfilethe
user canuseairfoilsnot programmedinto FAST _AD. Eachtableinthe second section must containangle
of attack (in degrees) andlift and drag coefficients. Thefifthteen linebeginsthesequencewhichindicates
theairfoil dataset touseat each ation. Thefirst columnistheangleof attack. The second column of data

isthe lift coefficient, and the third column contains the drag coefficient.

REP95% .DAT

FROM REP MODEL AERO DATA
1 Number of airfail

0 Table ID parameter

12 Stall angle (deg)

0  Gormont dynamic stall

0.7 Gormont dynamic stall

0.15 Airfoil thicknessratio

-1.61 Zero lift angle

6.308 Cn slope for

0990 Cn at stall of attack
-09 Cn at all of attack
0.01 Angle of attack

0.0049 Minimum CD  value

-180 -291  0.9808

-170 0.058  1.0073

-160 0.407  1.0822

-150 0.756  1.1926

-140 0.898 13185

-130 0.807  1.4360

-120 0.665  1.5200

-110 0472 15477

-100 0242 15017

-90 0 1.3728

-80 -242 15017

-70 -472 15477

-60 -665  1.5200

-50 -807  1.2395

-40 -.898  0.9591

-30 -856  0.6786

-20 -708  0.3981

-10 -559 01177

-6 -500  0.0055

-4 -.273  0.0053

-2 -.047  0.0051

0 0.1802  0.0049

2 0.4000  0.0049

4 0.6198  0.0049

6 0.8396  0.0049

8 1.0000 0.0049

10 1.0800 0.0060
12 1.0800 0.0200
14 1.0600 0.0600
16 1.0100 0.1000
18 0.9600 0.1700
20 0.9100 0.2200

22 0.8400  0.2900

24 0.7800  0.3600

26 0.8670  0.4640
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28
30

8588

55
60
65
70
80
85.6
95.6
105.6
115.6
125.6
135.6
145.6
155.6
165.6
175.6
180
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0.9790
1.0000
1.0320
1.0370
1.0180
0.9760
0.9140
0.8340
0.7390
0.6300
0.3860
0.238
-.03
-.300
-.585
-.751
-.864
-.902
-.409
0.084
0.578
0.291

0.5630
0.6240
0.7770
0.9290
1.0750
1.2140
1.3430
1.4580
1.5590
1.6440
1.76
1.791
1.787
17
16
15
1.3731
1.2478
1.1278
1.0351
0.9861
0.9808
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APPENDIX B: OUTPUT FILES

Thisappendix containspartia listingsof output generated from the exampl e casesfor the steady

wind conditions using awt.inp.

B.1 awt.sum

Below isacomplete listing of awt.sum.

Run Parameter File = user2.inp
Input FileName =awt.inp
Output File Prefix = awt

Generated by FAST_AD version 2.02, 07/18/97 (Compiled for 2-Blade Analysis)
======Run Title

---- Wind AWT27 W/ COMBINED FAST/AERODYN INPUT ----

Input File Parameters

Time Step = .005000 seconds

Conditions

Mean Wind Velocity = 14.000 m/s
Air Density = 1.060 kg/m”"3

Degrees of Freedom

Flexible Blades
Initial Blade Deflection at Tip= .00cm
Teetering Hub
Initial Teeter Angle= .00 degrees
Variable Speed Rotor
Flexible Shaft
With Yaw Degree of Freedom
Initial Yaw Angle= .00 degrees
Flexible Tower
Initial Tower Top Longitudinal Displacement = .00 cm
Initial Tower Top Lateral Displacement = .00 cm
Tower Shadow Included
Tower Shadow Width / Rotor Radius= .140
Tower Shadow Velocity Deficit = .400
Wind Shear Included
Power Law Exponent = .143
Steady Wind, No Turbulence

Wind Turbine Parameters
Blade Tip Radius=13.720 m
Hub Radius= 1.147m

Blade Collection Pitch = .000 degrees
L ocation of Gap / Rotor Radius= .00
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Underding Distance= .30m

Location of Hub CG =

30m

Distance from Hub to Rotor = 243 m
Distanceto NacelleMassfrom Yaw Axis= -.94m
Distance to Nacelle Massfrom Yaw Axis= -.54 m
Hub Height Above Ground Level =41.99 m
Coning Angle Blade 1 = 7.00 degrees, Blade 2 = 7.00 degrees

Number of Blade Increments= 20

Blades

Kok ok ok ok ok ok ok ok ok ok ok ok k Kk Kk ok k Kk Kk Kk Kk Kk Kk Kk *

Interpolated Parametersfor Blade 1

R/RT CHORD THICK AEROTW MASS F-E | STRUCT.TW E-El
(M) (t/c) (DEG) (KG/M) (NM” 2) (DEG) (NM”*2)
.084 772 260 6.10 90.37 .20E+08 .11E+02 .53E+08
129 861 .260 5.74 5846 .12E+08 .10E+02 .39E+08
175 967 260 5.61 47.20 .88E+07 .10E+02 .37E+08
221 1.036 .260 523 4911 .71E+07 .99E+01 .44E+08
267 1103 .260 5.01 50.33 .58E+07 .96E+01 .48E+08
313 1132 260 4.65 4891 47E+07 .91E+01 .48E+08
359 1139 .260 4.21 4598 .38E+07 .86E+01 .45E+08
404 1123 260 371 4273 .31E+07 .79E+01 .40E+08
450 1.088 .260 317 3924 .25E+07 .69E+01 .35E+08
496 1.052 .260 263 3602 .20E+07 .58E+01 .30E+08
542 1.014 260 209 3312 .16E+07 .48E+01 .25E+08
588 974 249 159 3027 .13E+07 .38E+01 .20E+08
633 930 220 114 2752 .10E+07 .29E+01 .16E+08
.679 883 .200 .74 25.00 .75E+06 .22E+01 .12E+08
725 828 200 .47 2299 .57E+06 .16E+01 .10E+08
71 772 200 .23 2092 40E+06 .11E+01 .82E+07
817 709 200 .15 1862 .28E+06 .77E+00 .62E+07
.863 645 .200 .08 16.19 .17E+06 .44E+00 .43E+07
908 564 200 .05 12.87 .11E+06 .11E+00 .28E+07
954 482 200 .03 945 46E+05 -.20E+00 .13E+07
1000 .399 .200 .00 390 .46E+05 -22E+00 .13E+07
kK kkkkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkk k%
Interpolated Parametersfor Blade 2
R/RT CHORD THICK AEROTW MASS F-E | STRUCT.TW E-El
(M) (t/c) (DEG) (KG/M) (NM” 2) (DEG) (NM~"2)
.084 772 260 6.10 90.37 .20E+08 .11E+02 .53E+08
129 861 .260 5.74 5846 .12E+08 .10E+02 .39E+08
175 967 260 5.61 47.20 .88E+07 .10E+02 .37E+08
221 1.036 .260 523 4911 .71E+07 .99E+01 .44E+08
267 1103 .260 5.01 5033 .58E+07 .96E+01 .48E+08
313 1132 .260 4.65 4891 47E+07 .91E+01 .48E+08
359 1139 .260 4.21 4598 .38E+07 .86E+01 .45E+08
404 1123 260 371 4273 31E+07 .79E+01 .40E+08
450 1.088 .260 317 3924 .25E+07 .69E+01 .35E+08
496 1.052 .260 263 36.02 .20E+07 .58E+01 .30E+08
542 1.014 260 209 3312 .16E+07 .48E+01 .25E+08
588 974 249 159 3027 .13E+07 .38E+01 .20E+08
.633 930 220 114 2752 .10E+07 .29E+01 .16E+08
679 883 .200 .74 2500 .75E+06 .22E+01 .12E+08
725 828 200 .47 2299 .57E+06 .16E+01 .10E+08
71 772 200 .23 20.92 .40E+06 .11E+01 .82E+07
.817 709 200 .15 1862 .28E+06 .77E+00 .62E+07
863 645 200 .08 16.19 .17E+06 .44E+00 .43E+07
908 564 .200 .05 1287 .11E+06 .11E+00 .28E+07
954 482 200 .03 945 46E+05 -.20E+00 .13E+07
1000 399 .200 .00 390 .46E+05 -22E+00 .13E+07
Bladel Blade2 Tower Top
Weight (kg) 441289 441289 1632577
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FIRST BLADE MODE:
Natural Frequency (Hz)

Freq. w/ Centrifugal Stiff. (Hz)
SECOND BLADE MODE:
Natural Frequency (Hz)

Freq. w/ Centrifugal Stiff. (Hz)
EDGEWISE BLADE MODE:
Natural Frequency (Hz)

Freq. w/ Centrifugal Stiff. (Hz)
TOWER

Tower First Mode Frequency (Hz)

Tower Second Mode Frequency (Hz)
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1.619
2.669

5.212
7.829

4.575
4.937

1.192

6.708

1.619
2.669

5.212
7.829

4.575
4.937

1.220

6.861
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B.2 awt.out

Below isapartial listing of awt.out.

Predi ctions produced by FAST_AD version 2.02
---- Wnd AW27 W COVBI NED FAST/ AERODYN | NPUT

Ti me
(sec)

. 005

. 010

. 015

. 020

. 025

. 030

. 035

. 040

. 045

. 050

. 055

. 060

. 065

. 070

-4.
7.
-4,
-5.
-2.
-2.
-2
-2
-1
-1
-6

IN

MLouRt

(kNm)

774E+00
283E-01
947E+00
025E+00
991E+00
732E+00
565E+00
259E+00
880E+00
360E+00
751E- 01

. 946E- 02
. 509E- 01
. 715E+00

613E+00
540E+00

. 495E+00

468E+00

. 460E+00

475E+00

. 501E+00
. 546E+00
. 059E+01
. 164E+01
. 268E+01

372E+01

. 476E+01
. 579E+01
. 681E+01

778E+01

. 869E+01

948E+01
002E+01
041E+01
104E+01

. 203E+01
. 295E+01

MLi nRt
(kNm)

. 781E+00
. 844E+00
. 577E+00

535E+00
983E+00
563E+00

. 119E+01

284E+01

. 479E+01
. 670E+01
. 863E+01
. 052E+01
. 229E+01
. 392E+01
. 534E+01
. 653E+01
. 7T47E+01

813E+01

. 850E+01

860E+01

. 842E+01
. 799E+01
. 731E+01
. 642E+01
. 534E+01
.412E+01
. 278E+01
. 137E+01
. 995E+01
. 854E+01
. 721E+01
. 598E+01
. 488E+01
. 389E+01
. 304E+01
. 245E+01
. 211E+01

-1
-4,
-1
-2.
-3.
-4,
- 6.
-8.
-1
-1
-1
-1
-1
-2.
-2.
-2.
-2.
-2.
-2.
-2.
-2.
-2.
-1
-1
-1
-9.
-5.
-7.

w

WONNN R R

Yaw
(deg)
144E- 04
693E- 04
088E- 03
037E- 03
217E-03
660E- 03
343E- 03
229E- 03
028E- 02
245E- 02
467E- 02
687E- 02
897E- 02
089E- 02
254E- 02
386E- 02
476E- 02
520E- 02
511E- 02
447E- 02
326E- 02
148E- 02
915E- 02
629E- 02
295E- 02
197E- 03
100E- 03
424E- 04

. 788E- 03

396E- 03

. 299E- 02

747E-02
174E- 02
570E- 02

. 928E- 02

239E-02

. 499E- 02

NNNNNNNNNNNNNRRRPRERRPPRPEPPONOIAORONERNME®

on 05/24/1999 at 22:25:19

Teeter
(deg)
906E- 04
817E-03
393E-03
767E-03
252E-02
830E-02
508E- 02
277E-02
120E- 02
014E-02
955E- 02
935E- 02
946E- 02
988E- 02
006E-01
115E-01
227E-01
340E-01
453E-01
566E- 01
676E-01
782E-01
884E-01
980E- 01
069E- 01
151E-01
224E-01
290E-01
349E-01
400E-01
445E-01
484E-01
516E-01
539E-01
550E-01

. 550E- 01
. 543E-01
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TODshaf
(kNm)

. 612E- 02
. 167E-01
. 966E-01
. 342E+00
. 023E+00
. 641E+00
. 371E+00
. 166E+00
. 010E+00
. 920E+00

915E+00

. 008E+00
. 213E+00
. 053E+01
. 195E+01
. 346E+01
. 503E+01
. 662E+01
. 822E+01
. 980E+01
. 133E+01
. 282E+01
. 428E+01
. 570E+01
. 711E+01
. 852E+01
. 994E+01
. 137E+01
. 280E+01
.421E+01
. 560E+01
. 692E+01
. 817E+01
. 932E+01
. 035E+01
. 125E+01
. 202E+01

-3
-3
-5
-6
-1
-1
- 1.
-2.
-2.
-3.
-3.
-3.
-4,
-4,
-4,
-5.
-5.
-5.
-5.
-5.
-5.
-5.
-4,
-4,
-4,
-3.
-3.
-3.
-2.
-2.
-2.
-1,
-1,
- 1.
- 1.
-1,
-1,

Shaft0
(kNm)

312E-01
724E-01
945E- 01
264E- 01
278E+00
516E+00
858E+00
339E+00
754E+00
172E+00
599E+00
991E+00
351E+00
675E+00
943E+00
157E+00
307E+00
395E+00
412E+00
360E+00
246E+00
063E+00
828E+00
546E+00
223E+00
873E+00
509E+00
136E+00
778E+00
437E+00
135E+00
886E+00
712E+00
587E+00
446E+00
300E+00
221E+00

o
PRPPRPOORRPPANORPRRPRPRPRPRPRPRPRPRPPPPIDODMNNNREANRLRR

Shaft 90
(kNm)

. 755E- 01
978E-01
417E-01
413E-01
731E-03
504E-01
319E-01
043E-01
959E- 01
064E-01
241E-01
722E-01
351E-01
002E+00
. 174E+00
. 335E+00
. 481E+00
. 602E+00
. 695E+00
. 753E+00
. 770E+00
. TA7TE+00
. 677E+00
. 563E+00
408E+00
. 214E+00
854E-01
309E-01
. 553E-01
. 688E-01
. 202E-01
. 026E-01
. 704E-01
. 132E-01
. 117E+00
. 270E+00
. 378E+00

GenPwr
(kW

. 645E+01
. 678E+01
. 282E+01
. 574E+01
. 401E+01

156E+01

. 877E+01
. 673E+01
. 556E+01
. 588E+01
. 083E+02
. 225E+02
. 378E+02
. 535E+02
. 686E+02
. 823E+02
. 940E+02
. 035E+02
. 109E+02
. 166E+02
. 215E+02
. 263E+02
. 317E+02
. 382E+02
. 457E+02
. 541E+02
. 629E+02
. 713E+02
. 788E+02
. 847E+02
. 886E+02
. 903E+02
. 900E+02
. 874E+02
. 830E+02
. T76E+02
. 728E+02

OO U N OO RARRRRRRRWWWONNNNNNEERRERRODO MW

RtrAzm
(deg)

. 600E+00
. 201E+00

804E+00
407E+00
011E+00
615E+00

. 122E+01
. 283E+01
. 443E+01

604E+01
765E+01

. 926E+01

087E+01

. 248E+01

410E+01
571E+01

. 733E+01

895E+01

. 056E+01

218E+01
380E+01
542E+01

. 704E+01
. 866E+01

028E+01
191E+01
353E+01
515E+01
678E+01
840E+01
003E+01
165E+01
328E+01
491E+01

. 653E+01
. 816E+01
. 978E+01
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B.3 gfosub.opt

Below isacomplete listing of gfosub.opt

Fini shed reading airfoil data file nunber 1
Fi ni shed reading airfoil data file nunber 2
Fi ni shed reading airfoil data file nunber 3
Fi ni shed reading airfoil data file nunber 4
Fi ni shed reading airfoil data file nunber 5
Fi ni shed reading airfoil data file nunber 6
Fini shed reading airfoil data file nunber 7
Fi ni shed reading airfoil data file nunber 8
Fi ni shed reading airfoil data file nunber 9
Fi ni shed reading airfoil data file nunber 10
Fini shed reading airfoil data file nunber 11
Fi ni shed reading airfoil data file nunber 12

---- Wnd AW27 W COWVBI NED FAST/ AERCDYN | NPUT ----

SI UNI TS USED FOR | NPUT AND OUTPUT
MEAN W ND SPEED AT HUB = 14. 000000

Pl TCHI NG MOMENTS WERE NOT CALCULATED

Al R DENSI TY
ACCELERATI ON DUE TO GRAVI TY

1. 060000
9. 810000

TOWER SHADOW CENTERLI NE VELOCI TY DEFICI T
TONER SHADOW HALF- W DTH AT REFERENCE PCS.

4. 000000E-01
9. 604000E- 01

ROTOR RADI US = 13. 720000
HUB HEI GHT = 41. 990000

YAW AXI S- TO-HUB DI STANCE = 2. 433000
NUVBER OF BLADES = 2. 000000
PRE- CONI NG ANGLE ( DEG) = 7. 000000
ROTOR TI LT ANGLE ( DEG) = 0.000000E+00

W NDS NOT READ FROM DATA FI LE

TURBULENT W NDS READ FROM FI LES W TH
THE FOLLOW NG PREFI X:
c:\fast_ad\turbs\d3t21\tt 1425\

Read in 6x 6 grid of 14.0 nps (or fps) turbul ence data
11999 records processed with a tine step of . 050 sec. per record
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599.95 sec. total time duration in this turbulence file

WAKE (| NDUCTI ON FACTOR) WAS CALCULATED IN THI' S SI MULATI ON
CONVERGENCE TOLERANCE FOR | NDUCTI ON FACTOR = 5. 000000E- 03

ANGULAR | NDUCTI ON FACTCOR NOT CALCULATED IN THI S SI MULATI ON

DYNAM C | NFLOW WAS NOT CONSI DERED | N | NDUCTI ON FACTOR CALCULATI ON
TIME | NTERVAL FOR AERODYNAM C CALCULATI ONS = 5. 000000E- 03
DYNAM C STALL MODEL WAS USED | N CALCULATI ONS

BEDDOES DYNAM C STALL PARAMETERS:

ONSLCPE 6.3080 6.3080 6.3080 6.3080 6.3080 6.3080 6.3080 6.3080 6.3080 6.3080 6.3080
6. 3080

STALL ON(UPPER 1.0050 1.0050 1.2700 1.6100 1.9000 1.6500 1.2500 1.1300 1.0500 1.0000 .9900
. 9900

STALL ON(LOMR -.9000 -.9000 -.9000 -.9000 -.9000 -.9000 -.9000 -.9000 -.9000 -.9000 -.9000
-.9000

ZEROLIFT AOA  -4.0000 -4.0000 -4.0000 -5.0000 -5.0000 -6.0000 -6.0000 -3.5000 -1.5500 -1.6100 -1.6100
-1.6100

M N DRAG AQA .0100 .0100 .0100 .0100 .0100 .0100 .0100 .0100 .0100 .0100 .0100
. 0100

MNDRAGOCCEFF  .0300 .0300 .0100 .0095 .0092 .0094 .0060 .0060 .0059 .0049 .0049
. 0049

VORTEX TRANSIT TIME FROM LE TO TE 11. 000000
PRESSURE Tl ME CONSTANT 1. 700000
VORTEX TI ME CONSTANT 6. 000000
F- PARAMETER Tl ME CONSTANT 3. 000000

Al RFO L TABLES USED I N THE ANALYSI S
ID FILENAME

1 airfoils\rep7% dat
airfoils\repl0% dat
airfoils\repl5% dat
airfoil s\rep25% dat
airfoil s\rep35% dat
ai rfoil s\rep45% dat
ai rfoil s\rep55% dat
airfoil s\rep65% dat

9 airfoils\rep75% dat
10 airfoil s\rep85% dat
11 airfoil s\rep95% dat
12 airfoils\repl00% dat

o~NoO O~ wWN

FI LE ael ement. plt CONTAI NS BLADE ELEMENT DATA

First element printed: 1
Last el ement printed: 20
Printing increnent: 5
Bl ade El enent Marker Rl ocal Pitch Chord DR Airfoil
2 21 0 13.618 . 000 . 399 . 629 12
2 20 0 12.994 . 029 . 482 . 629 11
2 19 0 12. 370 . 053 . 564 . 629 11
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18
17
16
15
14
13
12
11

NWhrOOoONO©

[N

P RRPRPRPRPRERRRERRN
OFRP NWAMOUIONOWOWWOO

P RRPRPRPRPRPRPRRPRRPRRPRPRRPRPRPRPREPREPREPRPRRELPNNNNMNNMNNNNNNNMNNMNNMNNMNNMNDNDN
N
[{e] [l

P NDWhAOOOoO N
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e eNeoNeolNeoNoNeoNoNeolNeoNolNolNolNeolNolNolNeolNolNolNolNolNolNoNolNoNolNeoNolNeolNolNolNolNolNolNolNolNolNolNol

B R
SN

PR R R R e
ORr L NNW

PRPNOORARNDDN®D®DOO

PRPNOOARNDDN®D®DOO

. 746
. 122
. 498
. 874
. 250

626
002
378
754
130
506
882
258
634
010
386

. 762
. 138
. 618
. 994
. 370
. 746
. 122
. 498
. 874
. 250

626
002
378
754
130
506
882
258
634
010
386

. 762
. 138

oo abhwwhdNER

oo abhwwhdNER

. 077
. 151
. 233
. 466
. 739

137
588
092
630
169
711
208
649
010
231
609
737
100

. 000
. 029
. 053
. 077
. 151
. 233
. 466
. 739

137
588
092
630
169
711
208
649
010
231
609
737
100

RPRRPRPRRRRR

RPRRPRPRRRRR

. 645
. 709
L7172
. 828
. 883
. 930
. 974
.014

052
088
123
139

. 132
. 103
. 036
. 967
. 861
L7172
. 399
. 482
. 564
. 645
. 709
L7172
. 828
. 883
. 930
. 974
.014

052
088
123
139

. 132
. 103
. 036
. 967
. 861
L7172

. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629
. 629

=
o o
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APPENDIX C: MODE SHAPES

Thisappendix containsingtructionsfor determining the mode shapesfor bladesand tower. These

shape equations are read in as coefficients of a polynomial of the form:

dm) = Cn + C,n* + Cn’ + C* + Cn’ + Cen

where ¢ isthe shapefunction, ) isthedimens onlessdistance a ong theflexible beam, and C, through Cg4

arecoefficientsspecifiedintheinput file. Notethat at thefixed end, n =0and ¢ =0; and at thefreeend,

n=1and$ =1. Thesemodeshapesarenot arbitrary, but depend on thedistribution of massand stiffness

of the flexible body and on its motion.

A separateprogram, MODES, included with FAST _AD, alowscomputation of thesemode shape

coefficients. Theprogramrequiresoneinput file, summarizedin TableC.1. Notethat theformissimilar

to theinput file for the FAST_AD code.

.00000. 772
.02420. 843
0606 0. 869
09490. 960
11390. 987
21821.128
. 142
42671.070
53090. 991
63520. 899
7394 0. 785
. 8436 0. 655
94790. 486
. 00000. 399

PoOOOOOOOOOOOOOO
w
N
N
S
=
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Table C.1. Input File modes.inp

N -
p -
z(4) -
| BODY -
| FLAP -

N1 - NUMBER OF | NPUT STATI ONS FOR DI STRI BUTED PARAMETERS
STFFAC - FACTOR TO ADJUST STI FFNESS

NUMBER OF MODES OR CCEFFI Cl ENTS (MJUST MATCH NN)
ORDER OF FI RST CCEFFI ClI ENT

STEADY STATE ANGULAR VELOCI TY OF ROTOR ( RPM

SW TCH:
SW TCH:
- BLADE TI P RADI US OR TONER HEI GHT (M

- BLADE HUB RADI US OR TONER RIG D BASE (M

TI PM - BLADE TI P MASS OR MASS ATOP TOWER (KG

1 =
1 =

BLADE, 2 = TOAER

FLAPW SE, 2

AVBFAC - FACTOR TO ADJUST MASS

. 26
. 26
. 26
. 26
. 26
. 26
. 26
. 26
. 26
. 20
. 20
. 20
. 20
. 20
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ceocococokRrdMAEMOGOOS

10
85
69
69
39
93
01
88
76
82
25
08
03
00

90.
93.
43.
46.

37
89
91
82

48. 22

50.
44
37.
31.
25.
21.
16.
9
3

78
66
38
32
59
41
62
68
90

44200000.
43600000.
21000000.
20200000.
1800000@.
11700000@.
7530000.
4870000.
3050000.
180000@.
938000.
400000.
103000.
103000.

[eNelelNeNelNeNeNe e Ne Ne Ne Neo Nel

EDGEW SE( Def aul t =1)

117000000
140000000
64000000
79400000
90700000
111000000
96400000
71500000
48700000
28900000
19100000
10100000
2780000
2780000
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Thefirst two parametersindicatewhat type of polynomia will beproduced. Thefirst parameter,
N, indicateshow many mode shapesto computeand, moreimportantly, how many coefficientswill beused.
Thesecond parameter, P, indicatestheorder of thefirst coefficient. For example, thecombinationof N =
2 and P=4 producesacoefficient for thepolynomia ¢(n) = C,n*+ Csn°. Theremaining coefficientsare
forced to be zero. Note that N must match the parameter NN in the code, and to change it from a
hardwired value of NN = 3 the code must be recompiled.

Themode shapesfor thebladesare affected by the centrifugal stiffening astherotor turns, sothe
codea soreadsinZD(4), therotational speed of therotorin RPM. TheswitchIBODY indicateswhether
ablade (1) or thetower (2) isto be considered. The switch IFLAP indicatesif either flapwise (1) or
edgewisemotion (0) isconsidered. Thenext two parametersgivethelength of theflexible part of thebody.
For ablade, RT isthetip radiusand RHisthehubradius. For thetower, RT will bethehub height (HH
inFAST_AD) and RH will bethebaseheight (HSinFAST_AD). Theparameter TIPM should bethe
mass of the blade’ stip brake or the total mass on top of the tower, including nacelle and rotor. The
parameter N1 indicates how many lines of datafor the distributed parameters should beread in. The
stiffnessand mass can be adjusted using thefactorsSTFFAC and AMSFAC. Thefina portion of thetable
isalist of thecharacteristicsdistributed dong theflexiblebody. Thefirst columnisthenormalized|ocation,
thesecond columnislinea density, and thefinal columnisstiffness. Thesamevauesasthosereadinthe
FAST_AD code are used.

The code producesone output filewhich liststhe frequenciesand mode shapes computed for the
datagiven, shownin Table C.2. Thesefrequenciesare estimates and may not agree exactly with the
frequencies estimated or demonstrated by the FAST _AD code.

The code usesamethod which assumesthe shapefunctionsare made up of theindividual termsof
the polynomial specified. For example, if P=4and N = 2, the shapefunctionsare acombination of the
functions ¢; = n* and ¢, = n°. These are used to form the following matrices:

R
M = A L@ @dr + My,

2 2
K. = Rmﬂ d q)jdr
y Io &2 dr?
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Table C.2. Output File MODES

3 Number of Modes
2 Order of First Coefficient
53.300000 Rotor RPM
13.720000 Blade Radius
12.500000 Tip Mass
4.500000E-01 Stiffness Multiplier
1.000000 Mass Multiplier
Mode Number:
1 2 3
Frequencies

494113 18.53466 46.39703

M ode Shapes
1 .00000 .00000 .00000
2 .88684 -59381 .27567
3 -43298 .80054 -.79676
4 16136 -.08084 .53775
5 .00000 .00000 .00000
6 .00000 .00000 .00000

wherep isthelinea density, El isthestiffness, M pisthemassat thefreeend, andr isthepositionaong
theflexiblebody fromthefixed end at Otothefreeend at R whichisthelength between RH and RT (RT-
RH). For the blades which have centrifugal stiffening, these matrices are combined to give the matrix

K + Q(C + M sinf)]" ! M]

g=p/2 for edgewise
g =0 forflapwise

which haselgenva ues(frequencies) and elgenvectors(mode shapes). Thefina coefficientsarenormalized

For the tower, the M and K matrices are similar and C becomes
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where M IS the mass atop the tower.

These matrices are used to form:

K - &1 M]

which has eigenvalues (frequencies) and eigenvectors (mode shapes).
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