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ABSTRACT

INVESTIGATIONS OF UPSCALING EFFECTS FOR AERODYNAMIC
DESIGN OF LARGE WIND TURBINE ROTORS BY USING B EM THEORY
AND OPTIMIZATION

K E S K K BO&dn
Master of Sciengederospace Engineering
SupervisorAssoc. Prof. DrNilay Sezer Uzol

December 201,96 pages

In recent years, wind power has become one of the most preferred and accepted
renewable energy sources. However, there are still design challenges of new wind
turbines especially upscaling problems as $ize of rotor blades gets larger and
larger. The mia objective of this research is to understand scaling effects on wind
turbine design by investigating and developing new design and scaling methodologies.
For the design studies, the 5 MW NREL wind togdis used as the baseline rotor. For

the upscalingtudies, this selected 5 MW baseline wind turbine is scaled up to 10, 15
and 20 MW wind turbines by using the classical upscaling method which is a linear
scaling rule. For the optimization studies basedthe blade element momentum
theory and multipurpas genetic algorithm, the 5 MW NREL wind turbine blade
which is taken as the reference blade is first optimized and analyzed. Then, the
aerodynamic shape and blade mass of the upscaled 10 MW, 15 MW lsivd @@nd
turbines are optimized. The optimizationdis are conducted to maximize power
generation and minimize blade mass. The aerodynamic and structural parameters of
the rotor blades such as chord length, twist angle, blade mass and blade stiéfness ar
compared. Then, the aerodynamic and structurabpaenceanalysesare done by

using the FAST software and the results are compared for the reference blade,



upscaled blades, and optimized blades. Finally, based on the results for the optimized
wind turbines, new scaling trends are formulated as a functiaiwtor diameter to

understand the fsizing effects on wind turbines.

Keywords:Wind Turbine, Upscaling Effects, Genetic Algorithm, Optimization, Blade

Element Momentum Theory, Aerodynamic and Structural Asesy
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CHAPTER 1

INT RODUCTION

Due to the rapid loss of neenewable energy resources on earth, such as but not
limited to; fossil fuels, coal, petroleum, altennaterergy resources are being sought

after; wind energy is one of these alternative resourcessthadely used.

Nonetheless, population density aratural areas limit the expansion of wind energy
installation and vast electricity generation in and arounoie. Setting up largeale
wind turbines would not only provide a solution to this issué,also lead to cost
reduction. Additionally, as illstrated inFigurel.1, to reduce the cost of energy, our
intention is to enhance thetor diameter of the turbine, which would add further
height and turbine power. Thus, edtion of more energy from larger witarbines

means dcrease in the overall cost of energy.

Rotor diameter (m)

5 87 '89 91 '93 95 97 99 'O1 ‘03 05 ? 1" year of operation
05 3 5 13 16 2 45 5 8/10 MW installed power

Figure 1.1. Wind turbire upscaling patter[1]

Howe\er,looking at tle market analysis of the use of laiggale wind turbias, it can

be seen that there are many difficulties associated with technical feasibility. The



increase in ldde sie also means an increase in blade mass and other components of
the turbine. For theseasons, it can be said that it would be difficuldévelop large
turbines using the classical upscaling method. Therefore, instead of using the classical
upscaing mehod, to obtain a more efficient wind turbine design, a lot of research is
being dondo develop a new design method that is consideredery espect.

Projects such as WINDPACT, UPWIND, and DOWEC each focus on a different
feature of the new upscai metlods. Between the years 199303, a 64.5 m
DOWEC [2], [3] blade was studied. It alsocluded the distributed geometric
properties, stiffnesand blade mass properties. The Upwind project [4] and the NREL
5 MW model [5] used the blade charactecstivhid is obtained from DOWEC

project.

On the other han®YINDPACT [6], [7] project studed the impact of enhanced turbine
size and cost of engy through the development of cost and mass models of the

components of a wind turbine.

The UPWIND project dcusedon identifying major technological and economic
barriers to largescale wind turbinesHowever, instead of achieving optimal wind
turbine dsigns through optimization, the UPWIND project used linear scaling rules

and engineering knowledge from expece.

Even though past research shows that many significant improvements have been made
in upscaling, it is necessary to do more research betdhe dnderstanding and
providing solutions to the technical characteristics such as chord length, twist angle

and bhde mass that correlate with upscaling.

For the reasons mentioned above, the focukisfthesis is the effect of scaling on
wind turbine lbade characteristics, as well as, examining new upscaling approaches
beyond the classical upscaling methogsthlirg a 5 MW wind turbine to larger sizes
up to 10, 15 and 20 MW and studying the effettscaling on the aerodynamic



perspective. Also, scalintrends are used to identify simdated problems and detect

the possible limiting causes.

1.1. Objective of the Thesis

Considering the methods for the effects of size on chardaasref a wind turbine,
the most frequently used ones are the linear scaling rules or titapa@ation of
existing dataT he linear scaling rulesnder some assumptions, examine the analytical
relationships formed by formulating linearly scaled geomepacameters as a

function of rotor diameter.

The existing data trends use the correlatioasvben rotor diameter and othe
parameters of wind tumbe characteristics. The existing data trends approach needs
real data to be collected and the scaling trezads be gained by intesfation or
extrapolation of the collected data. Nevertheless, wydarger wind turbines using

the existing data tren@gproach, an extrapolation must be used. To obtain large scale
wind turbines, extrapolation will go outsideetdata range and thislwesult in more

uncertainty in the trend rules.

In order to overame the disadvantages of thestf two methods, in thistudy, wind

turbine blades are designed and optimized for several different sizes by using the basic
aerodymmic theories. The reiah between different wind turbine parameters and
rotor diameter came obtained by using thesetiopized wind turbines anthese

relations can be used in order to develop new trends.

For the design studies in this thesis, the 5 MNREL wind turbine is usk as the
baseline rotor. For the upscaling studies, the 5 MW NREelbee wind turbine is
scaledup to 10, 15 and 20 MW wd turbines by using the classical upscaling method
which is a linear scaling rule. The scaled wind turbio®ns are analyzed and
evaluated in terms of aerodynamic and structural characteristicsitgy the FAST
software. For th design optimization sties, the 5 MW NREL wind turbine blade
which is taken as the reference blade is first optimized and analybhed, the
aerodynamiclsape and blade mass of the upscaled 10 MW, 15 MW and 20 MW wind



turbines are optimized. These largoptimized wind turbire are analyzed and
evaluated in terms of aerodynamic and structural characteristics by using the FAST
softwae. The results of optireéd designs are also compared with the results which

are obtained tim the linearly scaled windroines.

1.2.Literature Reseach

In recent yeardgherehave beeseveral studiesn scaling wind turbineéshuriet al
[8] investigaed the nontlinear upscaling approach for wind turbibkades based on
stresdevels The am waskeeping the stresses in the upscaled biadesane as the
reference bladehichwasNREL 5MW. The eference blade was upscaled tdvA
wind turbine bladdy usingthe nonlinear upscaling metttb On the other hand, with
thelinear scaling method#, has been seehat an increase in the total stre$$680
occurs. It was concluded that the desigvith the nonlinear upscalingapproach
decreases thaerodynanic loadsand the weight inducedstresses congped tothe

design withthelinear upsaling approach.

Nijsenet al [9] studiedthe application of scahg rules on wind turbindesign The

aim wasto show the effestof scaling lawsonreacling to the optimunblade design

Sieroset al [10] studiedthe upscalingof wind turbinesandespecially theheoretical
and practicaleffects of upscaling orthe aerodynamic loads andeight The
theoreticaimplicationsshowedunfavorable increases theweight and loasldue to

upscaling.

Griffin A. [6] studied scalingffectsonthecomposite bladefor 80to 120m diameter
rotors. To obtaina bladescaling modelby using direct design calculanhs, the
structural properties dhe blade vere calculaed for different aerodynamic designs
and rotor sizes. This structural design model was used to obtain saling sends.
For agiven blade dsign, the scaling model indicates that blade raadscost scale
as a neacubic of rotor diameter. In contrasthe commercial blade designs have

maintained a scaling exponent closer2.4 for lengths ranging between a@od 40



metersFrom this studyit was indicated thaibtaining lower scaling eponent on ost

and mass has required significant evolutiotheberodynamic and structural designs

Ashuriet al [11] performedthe multidisciplinarydesignoptimizatiors of large wind
turbinesof 5, 10 and 20 MWBased on the design data ahé properties of these
large wind turbinesthe scaling trendgor loading, massandcostwere developed
The resultsshowed the technical feasibility oind turbines up to 20 MWhbut tre
design of suclargeupscaledurbinewascost prohibitive Theresults of this research
support the development of alternative lightweight materto overcome mass
problem.Theresultsalso showed tittheupscaling withouthanging the concephe

materials, andhetechnologywasnotfeasible.

Peeringaet al [4] studiedthe predesign ofUpwind 20MW Wind Turbine In this
study, the classicalpscaing rules wereused to obtaira starting point for 20MW
wind turbinedesign whichwasbasedon the Upwind 5 MW reference wind turbine.

Kazacoks R. and Jamieson[P2] showedthe scaling effects othe hub loads of a
horizontalaxiswind turbine Thegeneral fatigue loattends of several wind turbines
were generated’he am wasto investigatenow loads (especiallhe fatigue loads)
changefor four wind turbines: 2 MW SuperGeng&ed on the NREL 2MW turbine)
3 MW Generic, 3.6 MW Generic, 5 MW SuperGen (based on the LINREW
turbine). The edgavise andthe flap-wise bendingnomentat the blade root were
investigated. They showed that g#teuctural modeand frequencies of rotoleaease

with thewind turbine size.

Ashuri T. and Zaaijef13] studiedthesize effect onthedesign drivers andiscussed
thecritical issues fowrery large scale wind turbine bladeschassical upcaling law
and a finite element modeVere used to perform the assessmerte gructural
respnses such abkestresses antthe displacements duto aerodynamic and inertial
loadingswereanalyzed for 510, 15 and 20 MW blades. Basen the results dhe
simulatiors, thechallenges for desigof very large blades and some design guidelines

werepresente@éndtheuse oflight-weight materialsverealsostated asiecessary.



1.3. Scopeof the Thesis

In Chapter 1, the introductn on the design of large scale wind turbines are given, the

motivation and objectives of the thesis arespreed.

In Chapter 2, the classical upscaling methods and the existing data trendsaneéxpl
in detail. These two methods are compared with egher in terms of advantages and
disadvantages. A new alternaigpproach based on an aerodynamic deditarge

scale wind turbine rotors is described.

In Chapter 3, NREL 5 MW wind turbine waaken as a reference rotor and three
different turbine ades are obtained for 10 MW, 15 MW and 20 MW rotors by using
the dassical upscaling rules. The aeroeladighavior of the turbine blades are
examined and compared with each other by using the FA&Tspftware of NREL

for four different wind turbine rtors, including the reference baseline turbine blade.

In Chapter 4the aerodynamic shape and blade maskeob5tMW, 10 MW, 15 MW

and 20 MW wind turbines are optimized by using a Multipurpose GeAlgrithm

and Blade Element Momentum (BEM) theory, wigference to the NREL 5SMW wind
turbine rotor and scaled rotors. dloptimization studies have been condudied
maximize the power generation and minimize the blade mass. The blade shape design
paraméers are obtained from the genetic algorithm optinoratiand then, the
optimized 10, 15 and 20 MW wind turbine rotors artodelled and analyzed by using

the FAST software. Aerodynamic and structural performances are compared with

each other.

All resultswhich are obtained in previous chapters, are discussédsummarized,

and conclusions and future recommendations aengivChapter 5.



CHAPTER 2

CLASSICAL SCALING METHODS FOR WIND TURBINE BLADE DESIGN

2.1.Introduction

Scaling laws can be used to extrapolate existing model piegpéo larger turbine
sizes and predict the effect bfade length on design trends such mass and energy

productian. In this section we consider general scaliegdis.

Two classical scaling methodse usedn the literaturethe linear scalingule andthe
extrapolation ofexisting data trendsto understad the effecs of scalng on

aerodynamic and structuretharacteristics ofvind turbines.

In this study, it isaimed to find the best method for scaling by making a short review
of the existingclassicadesign methodslhetwo classicamethoddor upscalng are
presented in this chapté&caling of wind turlinesis doneby usingthelinear scaling
relationsor the extrapolation aéxisting datavhereusually there is eelation between

therotor diameeér and themportant parametexs wind turbine design

2.2.Approach- |: Linear Scaling Rules

Theclassicalinearupscaing rules arebasedn thesebelowassumptiorns

1. The number of bladeand treir stiuctural coneeptsare the samm
2. Consant tip speed
3. Geometical parameterare relagd linerly with bladediamder.

In 2001, Nijssen dl. [9] enlarged the lingascaling laws and, as a case study, applied
this lawin the process of upscaling a wind turbine. In the UPWIND project, in order
to see the arious effects of wind turbine scaling, linear scaling lzag been applied

to most components of the wind turbiog Chaviaropoulos etl. [10].



Different wind turbine sizes becomepossibleby usingthe scaling lawsand the
relations betweehlade radiugand turbine parameteiSor arotor blade,the classical

linear scahg rulesare presented ifiable2-1.

Table2-1 Classical ScalingRules[15]

Symbol Description Size dependency
L Blade length R
Wy Rotor rotational speed R™!
.- L Tip speed I
cpa(x)  Blade chord distribution R
tpq(x)  Blade thickness distribution R
B,4(x) Blade twist distribution I
Mgy, Flapwise moment R?
M,4, Edgewise moment R?
P Rotor power R?
T,or Rotor torque R?
Aps(x)  Blade sectional area R?
I,..(x) Area moment of inertia R*
I..(x) Mass moment of inertia R®
My, Blade mass R?

R: Linear dependency, I: Size independency

2.3.Approach-Il : Existing Scaling Trends

The most comprehensive work on wind indmass, power output and loads scale
trends was made by Jamieson [16] using the calculations in the UPWIND project.
These data aishown in three parts. In the first part, the massrbirte blade is shown
as a function of rotor diameter. In the sed@nd third parts, the loads data and the

power output are presentadspectively.

The loads scaling trends [16] are presenteBigure2.1 andFigure2.2 in terms of
diameter. The flapise and the edgewise loads should scale witlvieh respect to
the linear scaling rules as showrTable2-1. However, from these twiggures, it can
be seen that the edgewise bending moment exponent is higher than the flapwise

bending moment exponent thfe scaling correlations with diameter.
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The scaling behavioof the blade mass is one of the most important parameters for
the bladedesignas stated n  As h ur [19.$2 data pothis visich belong 7
different manufacturersvereused to obtain the blagBameer-mass trend. 8 shown

in Figure2.3., by using curvditting to the existing dataa new massliameter relation
was obtained aBlade mass 0.6853R°°(where the exponenis less tharthelinear
scaling ruleg As shownFigure 2.4., there is an almost square relation with the

diameter for power output by using therve fitting to the data points.
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2.4.Comparison of Scaling Approaches

Although e Inear scaling laware ea®st wayof scalingawind turbine to another
Size, it is not accurate when compared witte existing data scaling trendshis is
expected due toomplexity of a wind turbine system as a whioléerms of sevex
interdisciplinary areas such as aerodyigainstructure, control and complex wind

conditions
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As shown inFigure2.1. andFigure2.2. for the existing datrelations the flapwise
and edgewisdending momenthave relatiors with the radiusas R>®and RS,
respectively Therefore, there is a fair match betwdle@existing data trends aride

linear scalingules whichare asR® for both bending moments.

As shown inFigure 2.3, for mass predictionfy usingthe extrapolation oexisting
data there isa R>?°relation withradius This value igoo belowthelinearscaling rule
which is B. The Inear scaling rie of mass bladéR?) could be still a valid law if the
bladewould be made from metaHowever, the data points of the figure are taken
from the composite blades.

However for thetotal energy produmn, when comparing the linear scaling laws with
the exsting data treng there isa nearmatch betweethese scatig methods. Irthe
linear scaling rulethe energy production has?Relation withthe radius diametey.
As shown inFigure 2.4., for the existing datarends this relaton is R, which is
quite neathelinearscaling rulelt means thathe energy production efind turbines

is compatiblewith therule of the linearscaling

Theclassical upscaling metlksare notsuitable forcertainparametersor large scale
wind turbines. Therefordahere is a neefr new andreliable scaling trends whidre

based omerodynamic and structural theorie®rder toobtain accurate scaling rules.

The linear scalingule formulation is more suitabl#uring theconceptual design of
wind turbines and usingnly this method isiot feasible and reliabléor larger scale

wind turbineswith good aerodynamic and structural performances

Onthe other handhe technical datdrom marufacturers areot available at larger
scales For this reason,the extrapolation ofthe existing daa trendscan result in

uncertainties in the design
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CHAPTER 3

INVESTIGATION OF LINEAR UPSCALING EFFECTS ON WIND TURBINE
BLADE DESIGN

3.1.Introduction

Looking at the market analysis of the usdasfje scale wind turbines, there are many
difficulties with regard to technical applicability. The increase in blade size also means
an increase in blade mass and other components of the turbine. Although aerodynamic
forces play an important role in thestn of past and present commercial bladtes

still plays an important role in the design of large diameter wind turbine blacés

in addition to aerodynamic effectstructural effectbecome important as wellith
increasing wind turbine diameteFhis chapter examines the aerodynamic behavior
andthe structural behavior o¥ery largescale wind turbineotors In this chapter,
NREL 5 MW turbine bladeis taken as referencas tle baseline rotorand three
different turbine bladesreobtainedfor 10 MW, 15 MW and 20 MWotors byusing

the classicalupscaling rules.The aerodynamic and structurbehavior of turbine
bladesareexamined and copared with each othday using the FAST14] software

of NREL for four differentwind turbine blades, includingeimeference turbine blade.
3.1.1.Linear Upscaling with NREL 5 MW ReferenceTurbine Blade

Scaling laws can be ed to estimate the properties of a larger diameter turbine blade
and the effect of blade length tmrque and forces, using the properties of the reference
turbine blade. The classical scaling of the turbine blade is performed by a dimensional
analysis whee the variables are scaled according to the corresponding scale factors.
By using the scaling laswbased on this dimensional analysis, the turbine power, blade

mass, stiffness properties and root moments can be obtained for a larger diameter

13



blade. In thee classical scaling laws, the material similarity and the constant tip ratio

are assumed.

First, we def i n ¢he ratlo ef the scalédeotof lengthiujta theU a's

nominal rotor length (b):

& — (3.1)

where, "U" represents the scaled blade and "B" sgmits the nominal blade. The scale
factorcan also be obtained as the ratio of the scaled blade rotor radius to the nominal

rotor radius.
Theblade mass can lepresseds
a Oa (3.2)
and, therotor powercan beexpressed as:
0 WV (3.3)
It is seen from the equations that as the rotor blade length increases, the rotor mass
(&) grows faster than the rotor powef)(aNew designs can be adle to reduce the
mass growth due to the scale factor. Equation 3.2 is a valiepmendent scale because
the material density is constant due to the assumption of material similarity. Since the

rotor power depends on the area swept by tha,rthere is aquare relationship in

Equation 3.3.

The scaling aws can also be used to see the loads distributions on the rotors. For
example, for the root bending moments, the relationships due to the aerodynamic

forces or gravity loads are given below.

The aerodynamitift and drag forces are expressed as:
0 -" ®dw (3.4)

0 =" (35)
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wher e, V is velocity, } 1 and <& are iaerodydaon s i t y ,
coefficients. Both expressions for the aerodynamic forces are in the same
mathematical form. The tip speed ratio depends on the wiredl gyel the rotational

speed of the rotor. Since the scaling laws assume a constant tip speed ratio, to maintain
the @nstant tip speed ratio for longer blades at the same wind speed, the rotational
speed of the rotor is reduced linearly. Therefore, tha @réhe only parameter that
depends on the scale in these equations. Therefore, the aerodynamic forces, such as

bothlift and drag, are scaled by the square of the scale factor.

For the bending moment s 2dbpeedenceas thehpeoduate r o d \
of the force on %tdapendénteaub ¢o the fiasi oftheapsiedand U
load on the blade occur. Thus, the moments resulting from the aerodynamic loads are

scaled with the following cubic relationship:
0 @0 (3.6)

For the root bending moments due to gravity loads, these moments occur depending
on the blade mass and the position where the load is applied. For the classical scaling,
the blade mass grows with the cube of the scale factor (Equation 3.2) and tilba posi

is scaled linearly. Therefore, the gravitational moments increase with the fourth power

of the scale factor:
0 W0 (3.7)

Thus, it is seen from Equations 3.6 and 3.7 that the moments due to gravity loads are
scaled at a faster rate than thements due to aerodynanio@ds. The aerodynamic

loads for blades are typically greater than the gravity loads. Thus, the root bending
moments caused by the aerodynamic loads have been the main design factor,
especially in the spanwise direction of thad®. However, it is cleahat as the blade

length increases, the root bending moments due to gravity loads increase by exceeding
the moments caused by the aerodynamic loads. The gravitational loads basically resist
the forwardreverse (chordwise) direoti. Larger gravity loadingequires additional

reinforcement and design adjustments in the-lagdlirection.
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The root bending moment relationships can also be rewritten in terms of stress. The
stress due to the aerodynamic |l oads i s
However, the stress due to gravity loads grows linearly with the scale faytdih@se

relationships is important for strength and fatigue calculations in structural analyses.

Table2-1 shows the relationships between the design parameters and the dcale fa

based orthe classical linear scaling rules.

3.2.Reference Roto Model and Rotor Modeling

In this study, NREL 5 MW rotor with a blade length of 61.5 meete taken as the
reference rotor (baseline rotor). Using this reference model, new rotors of 10 MW, 15
MW and 20 MW wind turbines are obtathdy using the classical scaling laws

specified in the previous section.

3.2.1.NREL 5 MW ReferenceTurbine Model

An aeroelastic model has bedeveloped for the 5 MW turbine by examining the
existing conceptual designs and similar designs in NREL bakeline wind turbine
blade model is analyzed by using the FAST adastic code. This baseline wind
turbine model, the NREL 5 MW rotor, has bewidely used by wind energy
researchers. The turbine model includes the distributed features for the bihties an
tower. For the NREL 5 MW turbine model, the structural and aerodynamic properties
of the DOWEC [2] reference turbine are used, but theebladgth is changed from
64.5 m to 61.5 mTable3-1 presents the general characteristics of the NREL 5 MW
reference turbine. The chord and twist angle distributions, and the airfoil distribution
of the NREL 5 MW réerence turbine are presentedliable3-2 andTable3-3

16
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Table3-1 Gereral characterstics of the NREL 5 MW refermatutbine [15]

Design Specificatn Value (Unit)
Rated Power 5 (MW)
Rotor, Hub diamete 126.3 (m)
Rotor orientation, onfiguratian Upwind, 3 bladed
Hub height 90.5 (m)

Cutin, rated, Cubutwind speed

3, 11.4, 25 (m/s)

Cutin and rated rotor speed

6.9 and 12.1 (RPM)

Rated tipspeel

80 (m/s)

Shatft tilt, precone

5, 25 (deg)

Rotor, naelle, tower mas

110, 240, 3474 (ton)

Control strategy

Variablespeed, collective pitch

Peak power coétient 0.482
Bladepitch angle at peak power 0.0 (deg)
Rated mechanical power 5.297 (MW)
Rated generator torque 43093 (kN.m)
Generator slip inransition regbn 10 (%)
Maximumblade pitt rate 8 (deg/s)

Table3-2 The chord lengthiwist angle distribution and airfoil diribution of the arodynane

performane ofthe NREL 5 MW5]

17

Node ENodes| AeroTwst| DRNodes Chord Airfoil Table
) (m) ) (m) (m) )
1 2 8667 13.308 27333 3542 Cylinder1.dat|
2 5.6000 13.308 27333 3.854 Cylinder1.dat|
3 8.3333 13.308 27333 4 167 Cylinder2.dat|
4 11.7500 13.308 4 1000 4 557 DU40 A17 dat
5 15.8500 11.480 4 1000 4 652 DU35 A17 dat
6 19.9500 10.162 4 1000 4 458 DU35 A17 dat
T 240500 9011 41000 4249 DU30_A17 dat
8 28.1500 7.795 41000 4.007 DU25 A17 dat
9 32.2500 6 544 41000 3.748 DU25 A17 dat
10 36.3500 5.361 4 1000 3.602 DU21 A17 dat
11 40.4500 4188 41000 3.256 DU21 A17 dat
12 44 5500 3125 41000 3.010] NACAG4 A17 dat
13 48.6500 2319 41000 2.764] NACAG4 A17 dat
14 52 7500 1.526 4 1000 2 518] NACAG4 A17 dat|
15 56.1667 0.863 27333 2.313] NACAGB4 A17 dat|
16 58.9000 0.370 27333 2.086] NACAB4 A17 dat|
17 61.6333 0.106 27333 1.419] NACAG4 A17 dat




Table3-3 The thicknesss of the aidil sections used in REL 5MW Reference Turbine

Airfoil Type Thickness(t/c)
Cylinder1 100%
Cylinder2 100%

DU40_A17 40.5%
DU35_A17 35.09%
DU30_A17 30%
DU25_Al7 25%
DU21 A17 21%
NA64 Al17 18%

3.2.2.Scaled Turbine Models

In this section, NREL 5 MW rotas taken as the reference and new rotors of 10 MW,
15 MW and20 MW have been obtained by using the classical scaling rules. The blade
data from the DOWEC [4] report includes the detailed structural properties as mass
per unit length, bending stiffness feach direction, and axial and torsional stiffness.
The classial scaling laws assume the material similariberefore, the elasticity
module and its density are constant. Therefore, the scaling of thesexsmal
stiffness properties depends entirely the geometry. The bending and torsional
stiffness valuesre scaled by the fourth power of the scale factor, while the axial

stiffness values are scaled by the second power of the scale factor.

The mass and stiffness distributions for the 5 MW reference model and the scaled
models of 10, 15 and 20 MW are giverFigure 3.1, Figure 3.2 andFigure3.3. The

blade mass per unit length was scaled by the square of the scaling factor. For the tower,
the mass and stiffness properties are increased in the say as the blade

characteristics.

Similarly, the chord lengttvas scaled linearly with the scaling factor and is presented
in Figure 3.4. Since the twist angle distribution is independent of the scaling factor, it

is used as the same for all.

18



Blade Mass per unit (kg/m)

Blade mass per unit along span (kg/m)

3500
NREL 5 MW
Scaled NREL 10 MW
3000 1 Scaled NREL 15MW | |
Scaled NREL 20 MW
2500
2000
1500
1000
500
0
r'R
Figure 3.1 Mass Distrilution per Length for Saled Models
35 «10"" Flapwise stiffness distribution along span
NREL 5 MW
Scaled NREL 10 MW
Scaled NREL 15 MW | |
Scaled NREL 20 MW
NA T
9<E
=
w i

0.8 1

r/R

Figure 3.2 Stiffness Distributin in Flap-wise Direction for Scaled Moels

19



«10"" Edgewise stiffness distribution along span

3.5
NREL 5 MW
/-" Scaled NREL 10 MW
3 Scaled NREL 15 MW | |
Scaled NREL 20 MW
25¢F 1
& 2f 1
=
*
Z
w15r i

r/R

Figure 3.3 Stiffness Digibution in EdgewiseDirection for Saled Models

Chord Distribution along span

10 T T T
NREL 5 MW
9 Scaled NREL 5 MW
Scaled NREL 15 MW
8 Scaled NREL 20 MW

Chord Length (m))

r/R

0.6 0.8 1

Figure 3.4 Chord Length Distrilation for Saled Models

20



Table3-4 presents the blade parameters for the scatatkbls. The mass is scaled by

the scaling factor cubic power as indicated previously, and the mass inertial moments
are scaled by the fourth power. The chord length is obtained by linear correlation. The
rotor speed is obtained inversely proportional tostteding factor to obtain theame

blade tip speed.

Table3-4 Theblade paraneters for thescded models

Power (MW) | Diameter(m) Length (m) Mass (kg) S';gé%?gg?\lﬂ)
5 126 61.5 17740 12.1
10 178 870 50184 8.56
15 213 106.5 91528 7.44
20 246 123 137562 6.99

3.2.3.Performance Analysis ofScaled Wnd Turbines

Thescaled models obtained are examined in terms of aeroelastic analysis by using the
FAST software. One of the analyses capabilities of FAST [1] is to simulate the
nonlinear motion equations based on time. During this simulation, thed@pendent

results are obtained by adding both structural and aerodynamic effects to the turbine
rotor under certain wind conditions. The tiwarying changes in the aerodynamic
loads and performances can be analyzed by also taking structural effects into
consideration. In these analyses, the specific wind conditions are also considered as a

constant wind speed of 12 m/s

3.2.3.1.Results of Aerodynamic Analysis

Forthe rotor power production, as can be sedfigare 3.5, the performances of the
rotors obtained by traditional scaling laws decrease sharply. AlthinegNREL 5

MW reference turbine may fluctuate for a short time, it $tabilized after a certain
time. For the 10 MW rotor, the fluctuations in power became stable after a certain
period of time, which is slightly longer than the 5 MW rotbigwever, the

performance coefficient decreased by half after it became stabteéeFds MW rotor,
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the fluctuations took much longer period than for the 10 MW rotor, and the
performance is reduced by half as in the 10 MW rotor. For the 20 MW rotor, the
performance poer coefficient has never been reaching a stestale value, and has

remained fluctuating.

The thrust coefficients are presentedigure3.6 for the scaled rotors. For the 5 MW,
10 MW and 15 MW wind turbines, thbrust coefficient value is about 0.73. For the
20 MW rotor, the thrust coefficient has never been constaath&as remained

fluctuating like the power coefficient.
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3.2.3.2.Results of Structural Analysis

This subsection presents the diamdbads trends of the scaled bladeskigure3.7
andFigure 3.8, the elationships of the bending moments in flapwise and edgewise
directions with the otor diameter are presented. As it can be seen, the bending
moments are scaled wiftf3% and R*®% for the flapwise and edgewise directions,
respectively. This means thi&ie moment in the edgewise direction, which is mainly
driven by gravity loads, isicreased by the scale factor greater than the moment in the
flapwise direction which is driven by the aerodynamic loads. This is the same as the
the law of linear scaling wbth presents for the graviypduced loads to be scaled
faster than the aerodynarally driven loads. However, the predicted value for the

scale factor is different than the expected.
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y:6x1 0-5xR4-338

Flap-wise Bending Moment (kN.m)
) N

Fi\) 80 90 100 110 120
Rotor Diameter

Figure 3.7 BendingMomentRotor DiameteRelationshipm Flap-wiseDirection
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In Figure 3.9 and Figure 3.10, the timedependent variations of the flapwise and
edgewise bending moments for different scaled rotors are presented. As the size of the
rotors increase, the amplitude of the fluctuations in the bgnaiomentsncrease,

and especially for the 20 MW rotor, the fluctuatiah® ngéttsmaller with time,
causing high and periodic changes in the loads. This sudden dynamic load change is
critical for fatigue strength. As seen kigure 3.10, the bendingmoments in the
flapwise direction show more stable behavior than the moments in the edgewise
direction. Therefore, the loads and moments in the edgewise direction become more

critical for fatigue strength.
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3.3.Optimum Wind Speedfor 20 MW Rotor

Forthe 20 MW scaled rotpobtained by the classicalaing, the performance results

for a constant wind speed of 12 m/s are investigated. According to these results, both
the aerodynamic and structural parameters such as power coefficient, thrust
coefficient and bending momerdge highly fluctuating and table. Therefore, the
optimum wind speed is determined to operate at steady state with maximum

performance.

Figure3.11 shows the power coefficient variation for the 20 MW scaled notthr
respect to the changing wind speed. As it can be observed, isnunaxpower
coefficient of 0.45 is obtained for a wind speed of 5 m/s. The performance decreases

towards high speeds and the rotor operates unstable after 10 m/s wind speed.
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Figure 3.11 Power Coefficient Variatiofor Wind Seedfor 20 MW rotor

According to these results, the aerodynamic and structural analyses are performed
again by using the FAST code for a wind speed of 5 m /s. As shokigumne 3.12,
the oscillations are not obsed in the edgewise bending moments due to the

aerodynamic loads. The flapwise bending moment results due to gravity loads remain
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similar with the 12 m/s case results because there is no change in the rotor mass and
rigidity.
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Figure 3.12 Flapwise andEdgewise Beting Momenfor 20 MW at 5m/s

As shown inFigure 3.12 ard Figure 3.13 the aerodynamic performance results are
quite stable and oscillation results are not observed at wind speed of 5 m/s. The power
coefficient value is @und 0.45 and the power of the rotor becomes constant around

15 MW. Thrust coefficient value is around 0.8.
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3.4.Summary

According to the results for the scaled rotors, both aerodynamic and structural
performance losses habeen observed foné wind turbine rotors modeled by the

classical scaling laws, especially for very large rotors. It is concluded that in order to
continue with the larger turbine design with better performances, the blade geometry

must be redesigned @ustructurally moreigid and lighter materials should be used.
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Hence, in the next part of the thesis, 5 MW, 10 MW, 15 MW and 20 MW wind turbines

are optimized both structurally and aerodynamically and the results are compared.
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CHAPTER 4

OPTIMIZATION AND DESIGN OF LARGE SCALE WIND TURBINES

4 .1.Introduction

In this section, the aerodynamic blade shape and the blade mass of the 5 MW, 10 MW,
15MW and 20 MW wid turbine rotordiave been optimized by using a multipurpose
Genetic Algorithm (GA) and Blade Element Momentum (BEM) theory, with
reference to the NRELW wind turbine rotor model. The optimization studies have

been conducted to maximize the power gaten and to mininge the blade mass.

4.2.Optimization Methodology

The design variables for the blade shape are the twist angle, chord lengthtguerce
thickness, and shell thickness of the blade cross sections. In the optimization process,
the wind speed range, rotor rpm range, maximum power valueaxiehum stress

values are entered as constants of the optimization process.

In the aerodynamic alyasis based on the Blade Element Momentum theory, the rotor
blade is divided into several blade element sections. The structural and aerodynamic
optimization studies are performed by taking the structural stresses, the bending
moments and the mass per Wiéde length into consideration for each of these blade

elements.

The ideal rotor designs for 10 MW 15 MW and 20 MW turbines are also done by
simplified andytical cakculations for comparisons with the scaled and optimized rotor

designs.

A multi-purpose design optimization is performed by using the Horizontal Axis Rotor
Performance Optimization (HARP_Opt) code [16] developed by NREL. The HARP
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code was develaa by usindhe MATLAB Genetic Algorithm Optimization Toolbox

and Statistics Toolbox. In this code, the Blade Element Momentum (BEM) theory is
used to design horizontal axis turbine rotors. The objective of the optimization method
Is to maximize the turbeis annuapower generation by minimizing the rotor mass.
The Annual Energy Production (AEP) is calculated by using the Weibull wind speed
distribution as [17]:

6 ® B pIlcd w Dw @ w w apx ¢4l
The powers at cebut and cuin speeds are indicated by R¢M) and P(\), 8760

representshie total hour in a year, and the wind speed probability density function

using the Weibull distribution is represented by f€Vo <Vi+1) as:
MQw 0w o Qwn — Qn — (4.2)
where, c is the scale parameter, k is the shape parameter and V is the wind speed.

While maximizing the energy pduction, minimizing the blade mass is a challenging
objective. In this study, the blade mass has been reduced based on sommlstructu
constraints such as strain and moments. In order to achieve this goal, the optimal blade
shape (with prédending, chordength, percentage thickness, and shell thickness

distributions along the span) is calculated by using HARP_Opt code.

The algorithm of the HARP Optimization code is as shown inFigare4.1. Both
aerodynamic and structalrdesign parameters for an optimtunbine are calculated
by using the multpurpose optimization algorithm with the specific targets and

constraints.
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The structural analyses are performed by using the EWernoulli Beam Theory
with the objective of minimizing the blade mass. In theeEuBernoulli Beam theory,

the wind turbine blade is assumed to be a ttghell cantilever beam with isotropic
material properties. In order to analyze the structuadilgy, the design load is
released from the maximum root moment under all opgratnditions, together with

the applied safety factor. This structural optimization is only achieved by taking into

account the maximum permissible bending stress

In structural optimization, the rotor blade with isotropic material properties is modeled
as asimple beam model. The rotor blade section is modeled as a thin shell. Strain is

calculated using Equation 4.3 below, with four strain gauges placed as stt€igure
4.2.
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where, M is the bending moment, C is the distance from the neutral axis, E is the
modulus of elasticity, | is the moment of inertia, and the subscript r denotes the local

radial position value.

u,v centroidal axes
% centroid

Q strain gages

1

Figure 4.2 Wind turbine blade crgs sectin showingcentoidal axes, centroid and locations of stnai
gauges[17]

4.3.Blade Element Momentum Theory (BEM)

In the Blade Element Momentum (BEM) theory, the Blade Elértleory and the
Momentum theory are combined. The Momentum theory represents a eohiroe
analysis of the forces acting on the rotor disk based on the conservation of linear and
angular momentum. The Blade Element theory represents an analysisesfdoic

blade section as a function of blade geometry.
4.3.1.Momentum Theory (Actuator Disk Mo del)
The Momentuntheory is based on the assumptions which are

no frictional drag,

flow is homogeneous,

1

1

1 incompressible
i steady state,
1

constant pressure incremavith contiruousvelocity through the disc.
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Figure 4.3. The Actuator Disc Maal [18]

As shown inFigure 4.3, the first region is the frestream region; the send, just
before the blades; the third region, just after the blades; athaisth@ene, the far wake
region. The mass flow rate remains the same through the stream tube. According to
the continuity equation, the equation along the stream tube can exipassse

"Yo  "Yo  "TYO (4.4)
The difference betweenildnd W is called the axial induceeklocity. This velocity
is represented in terms of freestream velocity and it is nondimensionalizetheit
freestream velocity:

YOYiIYY ® (4.5)

The vdocity component, bl canbe expressed as:

Y O Yp & (4.6)

Fromconservation of momentum across the actuator disk;

n n o Y OY"OYp O (4.7

By using Bernoullids equation, pressur e
the following relation is obtained as:

Y O Yp Cw (4.8)
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The thrustcan also be expressed as the net sum of the forces on each side of the

actuator disc:

Y o-r Y Y (4.9)

From Equatias (33), (35) and (36), the axial thrust othe disc is:

“y

g” oY tdp @

The power output of the rotor, P, is equal t thrusttimes the velcity at the disc:

0 ¢06YOhp ®© (4.10)

The powercoefficientis defined as the ratio of power extracted to the availablepow

., ¢O0Yop @ . .
0 . TOp ®©
g" Y

which shows an equation of power coefficient with respect to the induction factor. Th

maximum power coefficient can be foursl a

20 heE QB 06 T®)
— T OE 0 wao
Qw

This is the maximum power coefficient limit for a wind turbine rotor which is known

as the Betz Limit.
4.3.1.1. Angular Momentum Theory

By considering the conservation of angular momentum in an annular stream tube as
shown in Figure 4.4, while the blades rotate with an angular veldcity ¥ , t he bl ade
wake rotates with an angular velot y v, and for t he smal.l anit

corresponding torque is calculated as:

Q0 Q47 | "Y1 Qi (4.11)
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Figure 4.4. Rotating Annular Stream tube

The angular induction factor a' is defined as
e 1 jc L (4.12

and the torque expression reduces to:

Q0 tdEp O-" M ¢* 1 Qi (4.13)

The resulting thrust on an annuidement, dT, is given by:

QY t6Ep O-" Mi ¢ i Qi (4.14)
4.3.1.2 Blade Element Theory
Blade element theory relies dwo keyassumptions:

A There are no aerodynarrinteractions between different blade elements
A The forces on the blag elements are solely determined by the lift and drag

coefficients.

The blade is divided up into N elements (usually betweemnd twenty) as shown in
Figure4.5. Each of the blade elements have difféngitch angle, chord length and

twist angle as shown iRigure 4.6.
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Plane of blade rotation

U (1—a ) = Wind velocity at blades
Uy = Relative wind velocity
&, = Section pitch angle
U(i-a) @ = Angle of attack
@ = f,:D+a = Angle of relative wind

_______ 8,0 = Blade pitch angle

& = Section twist angle

Figure 4.6. Blade georetry foranalysis of a horizontal axiwind turbine[18]

FromFigure 4.6, the following relationships can be determined;

oG8 o (4.15)
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Y Yp OT @& (4.16)

O 6 -"7Y ®Qi (4.17)
O 6 -""Y OQI (4.18)
QO Q@éi QD QL . (4.19
Q0 QO Q& Q@ éei (4.20)

If the rotor has B blades, the total normal force (thrust) on the section at a distance, r,

from the center is:
N0 6-"7Y 6 wEi 61 QDdQI (4.21)
The differential torque due to the tangenta@ke operating at a distance, r, from the
centeris given by:
D 6-""Y 61 QED OE i (4.22)
The relative velocity can be expressed as a function of the free stream wind using
Equation 4.16. Thus, Equations 4.21 and 4.22 from Blade Element theory can be
written as below as a funot of the flow angles at the blade sections and &irfoi
characteristics:
QO ,“"Yp OM QSEOED 6@ 1 Qi (4.23)
QO ,“"Yp ON MOi QE b wE i1+Qi (4.24)
where i thedocal slidity, defined by:
, O d i (4.25)
4.3.1.3.Tip LossCorrection
A correction factor is used in BEM theory in order to decrease effect of tip vortices
which is occurred at the turbine blade tip. This correction factor, F, varies from 0 to 1
and characterizes the reduction in forces along the bdaderding to this method, a

correction factor, F, that must be introduced into the Equations 4.23 and 4.24, is

defined as:
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O -Gi Qon (4.26)

4.3.1.4 Blade Element Momentum Theory

Thus, the thrust and torque equations in terms of flownpatexs (Equations 4.13 and
4.14) from the Momentum theory, and the thrust and torque equations derived from
the blade loads in terms of the lift and drag coefficients of the airfoil (Equatia®is 4.2

and 4.24) are equated and the following relations areinglatafor the induction

factors:
0 10 Qt—=——— (4.27)
W pfp 1O QX , SwEQ o (4.28)
e pf —— p (4.29

Then, the power coefficient is calculated as:
0 — 0 Q¢ cEie _i QteE@ _0éip — & o Q_(430
4.3.2.Design Optimization of 5 MW NREL Wind Turbine

In this section, the 5 MW NREL wind turbine is optimized by using the HARP
optimization code. The aerodynamic and structural constraints and all the design
inputs used in the optimization process are miue the Table 41. The Genetic
Algorithm parameterfl9] used in the optimizations are the population size (number
of individuals per generation) as 25, the maximum number of generations for GA
iterations as 25, the fraction of individuals created bysoesr as 0.25, the number

of elite individuals per gneration as 1, and the error tolerance for the GA fitness value
as 1.0x166.
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Table4-1 Designinputsof the gtimizationof the 5 MW windurbine

Minimum flow speed = 2 m/s
Maximum flow speed = 26 m/s
Minimum allowable rotor speed = 4 rpm
Maximum allowable rotor speed = 25 rpm
Initial Weibull distribution long -term mean flow speed = ®3 m/s
Weibull shape factor = 1.91
Weibull scale factor = 6.8
Shell thickness increment (mm) = 0.2
Minimum shell thickness (mm) = 1
Safety factor multiplied to bending moments = 1.2
Maximum allowable strain (micro-strain) = 3000
Density of bulk material (kgm3) = 1800
E (Modulus of elasticity of bulk material (GPa) = 27.6

The airfoil profiles remain unchanged during the optimization process, while the
chord, twist angle, nominal rotational speed and thickness are defined as the blade
design varialds to be optimized. The GA optimization for maximizing the Annual
Energy Production (AEP) using the HARP optimization algorithm converged with 78
iterations as the number of stall generations exceeds the limiting value of 25 which
have been defined alreattythe code.
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Figure 4.7 Annual EnergyProductian vsBlade Mass Relationghifor 5 MW lade

In theFigure4.7, the convergence of the optimization process according to thalannu
energy production and rotor mass are presented. As can be seen from the figure, the
annual energy production has become stable after certain iterations. The optimal result
is chosen as the blade mass close to the reference turbine. Optimized 5 MW turbin

blade for the selected optimal result is obtained.

The optimized twist angle is obtained from 5 cohpoints and basedahe Bezier

curve. The fifthorder Bezier curve is used to pass over these control points. The chord
length is then optimized to reduce the total rotor mass which is the second target. The
percentage thickness can be defined as tlekntbss per unit chdrlength. The
dimensional thickness is calculated by combining the chord length and percentage
thickness as t = ¢ * (t / c). As the optimization method is rpultpose (multi
objective), the dimensional thickness is of greater impogan reducing theotor
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mass. However, the maximum strain value constraint, defined as 3000, prevents the

rotor mass reduction.

4.3.3.Comparison of Original NREL 5 MW Blade with the Optimized NREL 5
MW Bl ade

In this comparison study, the original rotor parameters are compared with the
optimized rotor parameters and the results agsgmted. By using comparison graphs,
an idea is given about how different parameters such as twist anglelestgiig mass
distribution, flapwise and edgewise stiffness values change from root to tip region.
This is achieved by comparing the aerodynaamd structural parameters of the

original rotor with the best values obtained from the optimization.

In Figure 4.8, the comparison of thehord length distribution for the original rotor
blade and the optimized rotor blade is presented. Here, it is observed thattiieeapti
blade chord length increases according to the original chord length up to 40 m rotor
radius.However, a linear decrease is observed after 40 m. During optimization, no

significant reduction in chord length is observed due to structural constraints.

In Figure4.9 the twist angle comparison of the originadtde and the optimized blade
is shown. During optimization, an upper limit of 40 degrees and a lower liriil0of
degrees are defined for the twist angle. Therefore, twist angle watneaseaup to 48

m rotor bhde radius. From 48 m of blade radius toftiere is twist reduction.
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Figure 4.10 Mass perunit span (kg/m) distkution

In Figure4.10 shows the blade mass per unit span having higher values in the root

region and reduog into the tip region.

As shown inFigure 4.11, the flapwise stiffness is increased from root tor(R2 and

from this station tahe tip, the flapwise stiffness is remained the same. As shown
Figure4.12, the edgewise stiffness along span is increased from the root to near tip of
the blade for the optimized NREL 5 MW blade.
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4.3.4.Performance Camparison o Original NREL 5 MW Rotor with the
Optimi zed 5 MW Rotor.

The aerodynamic ahstructural performance analyses are done by using the FAST
code for the baseline rotor and the optimized rotor for 5 MW power level and the

performance results are compared with each other.

The performaoe power coefficient can be defined as the poweerggimg capacity

of a wind turbine. According to the analyses, it is observed that the power coefficient
(Cp) value is increased for the optimized rotor as expected. For the original baseline 5
MW rotor, the power coefficient value is around 0.41, andieroptimized blade it

is around 0.48 as shown kigure4.13.
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4.4 Multi -purpose Optimization of the 10, 15and 20 MW Wind Turbin es

In the previous section, the design optimization of the 5 MW wind turbine is présente
in detail. In this section, 10, 15 and 20 MW wind turbines are designed using the same
design methodology. This sectigoresents all the design variables and design
constraints as well as the characteristics of the resulting optimized wind turbines of
10, 15 and 20 MW. An aeroelastic design optimization methodology is used to achieve

the optimum design for large wind tunieis.

In this optimization study, the linear scaling laws are used tbtfie initial design
variables. In other words, initial design variables of 10, 15 and 20 MW wind turbines
are obtained without any conceptual change in their design by applyingdoadiag

laws to the original NREL 5 MW wind turbine.

As shown inFigure4.14, Figure4.16 and Figure 4.18, the optimization process for

10, 15 and 20 MW wind turbines are presented. In the convergence of the optimization
processs presented according to the annual energy production and rotor mass. As can
be seen from the figures, the annual energy productisibécome stable after certain
iterations for all cases. The optimal results are marked on the figures. The optimal

resut is chosen as the blade mass being close to the reference turbine.

Also, upper and lowerimits are preseted fa 10, 15 and 20MW in Figure 4.15,
Figure4.17 and Figure4.19, respectively The upper and lower limits determined for
5 control points are datemi ned as N 1 neighborhood based

the twist angle obtained by the classical scaling rules.
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4.4.1.Properties ofthe Optimized 10, 15and 20 MW Wind Turbines

In this section, for the optimized 10, 15 and 20 MuYors, the aerodynamic and
structural properties are presented such as the chord |&mgiine(4.20, Figure 4.21

and Figure 4.22), twist angle Figure 4.23, Figure 4.24 and Figure 4.25), and the
distributed blade section mass per unit length, the flapwise and edgewise stiffness
(Figure 4.26, Figure 4.27 and Figure 4.28). To enable a detailed comparison, the
distributions for the scaled wind turbine rotors aleo presented for 10, 15 and 20
MW. Also, for the chord length and the twist angle, the ideal rotor properties, which
are obtaned from the irhouse simplified BEM code, are presented for comparison.
Table 4-2 summarizes the properties of the optimized 19 and 20 MW wind

turbines.
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Table 4-2 The grosgroperties of the optimaed tade

Power (MW) | Diameter(m) Length (m) Mass (kg) ROta?gg?\L)s'p ed
10 178 87.0 46721 8.56
15 213 1065 82303 7.44
20 246 123 162396 6.9
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4.4.2 PerformanceAnalysisof the Optimized 10, 15and 20 MW Wind Turbines

Basd on the blade design parameters obtained from the genetic algorithm
optimization, the optimized 10, 15 and 20 MW wind turbine blades are then modelled
and analyzed by using the FAST software, together with the original NREL 5 MW
baseline model. The aerodynarand structural performances are compared with each

other.

As can be seen iRigure 4.29, the power coefficient value faill optimizedwind
turbine rotorsis approximatyy 0.45. Compared to the results obtained vitie
classical scalingn Chapter 3 there is a performance inese of at least 2 times
aerodynamicallyln Figure 4.30, the rotor power is also presented for the optimized

rotors showng power levels of 10, 15, and 20 MWs as expect

The timedependent thrust coefficient changes are presentédyure 4.31 for the
optimized rotors. For the optimized 10 MW wind turbine, the thrust coefficient is
about 0.65. Fothe optimized 15 and 20 MW rotors, the thrust coefficient is about 0.6

and 0.75, respectively.
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According to the results obtained in Chapter 3, the bending moment changes in the

edgewise direction shows a stable behavior for 5 MW rotor, hexvée moment

changes show more fluctuations as the rotor size is increased. Bgpetbien the 20

MW model was examined, the sudden load and moment change over time was quite

high and continue being unstable. However, the-ti@@endent moment variatiam
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the edgewise direction shows a very stable behavior for a fairly constantoraioe
optimized rotors. For optimized rotors, it is clearly observed that the structurally
lighter and more rigid designs are achieved. The results for the bending rm@rent

shown inFigure 4.32 andFigure 4.33.
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4.4.3.Scaling Trends

The design of optimized wind turbines for 10, 15 and 20 MW power levels are

presented in the previous sections. Using the data obtained from these wind turbine

designs, the new scaling trends are plotteske®otle impact on future of§hore large
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scale wind turbine designs. The scaling trends are presented in detail in the following

figures.

The total blade mass variation with diameter of the optimized wind turbines is
presented inFigure 4.34. As shown in the fige, the diametedependent mass
increase for the optimized rotor blades has an exponential value of Bti2alue

is higher than the value of 3 in the linear scaling law.

According to the linear scaling law, the exponential scale*f8*for the momet:
diameter relationship in the flapwise direction arfd¥®for the edgewise direction.
As can be seen iRigure4.35 andFigure4.36, showing more complex behavior, the
bending moment scales with®>R! and R for the edgewise and flapwise

componentsrespectively.
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4.5.Summary

The optimized rotor blades are analyzed both aerodynamically and structurally by
using the FAST software. Thetimized rotors are eopared with the scaled rotors
obtained in Chapter 3. Aerodynamically, a dramatic increase in power coefficient was
observed for all optimized rotors compared to the scaled rotors. In addition, the
structural performance results areamtompared. The timgependent changes in the
bending moments analysis in the edgewise direction has become more stable for the
optimized blades than the classical scaled blades. In addition, the dideytadent

scaling trends are obtained for the sdablades and the optized blades. For the
optimized blades, the mass increase is greater depending on the diameter. Despite this
increase in the blade mass, however, the moment change with diameter is less than the
blade obtained by classical scaling.
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CHAPTER 5

CONCLUSION

In this thesisthe upscaling trends for designng largerscale windturbinerotorsare
investigated byan optimizaton methodlogy usingthe Blade Element Momentum
theory and @netic Algorithm and by comparisons of the aerodyicaand structural
perfaomancesBoth the FAST softarewith agodynamic and straaral analyseand
the HARP_Opt safvarewith multi-purpose dsign optimization featurare used for
the analyses and optimizatiofdREL 5 MW turbine blades taken asa reference
bladeand three ifferent largerturbine blalesare a&esgnedfor 10 MW, 15MW and
20 MW rotors. Theaercelastic behavior ofhe turbinebladesarealsoexamined and

compared with each other

First, the larger rotors are designed by using the idaksipscaling rulesBoth
aerodymmic and structutaperformance losses arebsened for the wind turbine
rotors modeled byhe classicalpscalng rules especially fo very large rotorg15
and 20 MW) As a result, in order timprovethe largewind turbinerotor designthe
optimization studies are pfrmed toredesignthe blade gemetry. The optmum
chord, twist and mass distributions of thkede geometryare obtained for better
aerodynant power performance and fatructurally more rigid and lightélades.
The objectivefunction for the blade degn gotimizaion isto maximizethe annual

enegy productionby reducingheblade mass.

In the optimization studiesthe NREL 5 MW reference wind turbineotor is first
optimized as a validation case hysng the BEM and GA with the HARP Opt
software Then the opimized NREL 5MNV bladeis analyzed usigthe FAST software
and comparisons are madémthe referencélade. Theaerodynamigowerincrease
of 15% is observedByYy usingthe samedesignmethodologythe upscaledO MW, 15
MW and D MW wind turbine rotors are optimized bothaerognamically and

structurallyand thecompaisons are madeThe blade geometryproperties such as
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twist argle, chord length, anthe structural propertiesuch aslade massflap-wise
stiffness anddgewisestiffnessare compredfor both the optimized antheupscaled

rotor blades.

Furthermore, the optimizedotors are also analyzed both aerodynamicallynca
structurally by using the FAST softwareand compared with the upscdleotors.
Aerodynamicdy, thereis a dramatic inease inpower coefficient forall optimized
blades compad to the scaled bladesStructuraly, the timedependent moment
changen the edgewise directionbecomes more stabldor the largessize optimize

bladescompared tahe scaled kades.

In addtion, instea of using the classal upscaling &nds, from the analyses of the
optimized largesale wind turbine designs, new scaling trends that can be used during
the design of such lareggeale rotors aréormulated. For the opimized bhdes, the

mass inceasavith dameteris greatethan for the saled bladesDespite this increase,
howeverthe moment changeith diameterns muchlessthan theclassical upscaling

rules.
5.1.Future Recommendations

The future works anctkcommendationsan be sumrarized as;

1 Instead of theaerodynant analysis method used, the optimization
methodologycan beimproved by using aerodyamicdly more alvanced
method sud asPanel Method or Computational Fluid Dynamics (CFD)
analysis.

Aerodynamic modeling can be improved by also optimizing the aidlodpes.
Instead of the structuranalysismethod used, the optimizatiormethodology
can bamprovedby using struturally moreadvancednodels such as classical
lamination theory oFinite Element Analysis (FEA).

9 Structural modeling can be improved by using composite blade models in

which material properte and topology are more accubfgtenodeled.
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Compaite layer aalysis can be expanded minimize blade mass for the
optimization process.

1 Instead of genetic algorithm optimization method, panel search optimization
algorithm which isnuch faster and more eminative thamgenetic algortim
can be used.

1 Tip Speed Rati change with diametercan be considered during the
optimization. Performanasomparisons can be made for different wind speeds
and pitching controls.
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APPENDICES

A. Fast InputsFile For 10, 15and 20MW Optimized Rotor

i Eomesaw FAST v8.16.* INPUT FILE S e RS
2 FAST Certification Test #18: NREL 10.0 MW Optimized Wind Turbine (Onshore)

3 S SIMULATION CONTROL ——====—=—====————————m e
4 false Echo - Echo input data to <RootName>.ech (flag)

5 "FATAL" AbortLevel - Error level when simulation should abort (string)
{"WARNING", "SEVERE", "FATAL"}
6 300 TMax - Total run time (s)
7 0.00625 DT - Recommended module time step (s)
8 2 InterpOrder - Interpolation order for input/output time history
(-) {l=linear, 2=quadratic}
9 0 NumCrctn - Number of correction iterations (-) {0O=explicit
calculation, i.e., no corrections}
10 99999 DT_UJac - Time between calls to get Jacobians (s
11 1E+06 UJacSclFact - Scaling factor used in Jacobians (-)
12 R FEATURE SWITCHES:AND: FLAGS' srrmssmmesmrmrsmssmrmrr s mmremee
3 1 CompElast - Compute structural dynamics (switch) {1=ElastoDyn;
2=ElastoDyn + BeamDyn for blades}
14 1 CompInflow - Compute inflow wind velocities (switch) {0O=still
air; 1=InflowWind; 2=external from OpenFOAM}
15 2 CompAero - Compute aerodynamic loads (switch) {0=None;
1=AeroDyn v14; 2=AeroDyn v15}
16 1 CompServo - Compute control and electrical-drive dynamics
(switch) {0=None; l=ServoDyn}
17 0 CompHydro - Compute hydrodynamic loads (switch) {0=None;
1=HydroDyn}
18 0 CompSub - Compute sub-structural dynamics (switch) {0O=None;
1=SubDyn}
19 0 CompMooring - Compute mooring system (switch) {0=None; 1=MAP++;
2=FEAMooring; 3=MoorDyn; 4=OrcaFlex}
20 0 CompIce - Compute ice loads (switch) {0=None; l=IceFloe;
2=IceDyn}
= INPUT FILES B e S R SR S e e
"S5MW_Baseline/NRELOffshrBslinelOMWopt_Onshore ElastoDyn.dat" EDFile =
Name of file containing ElastoDyn input parameters (quoted string)
23 "SMW_Baseline/NRELOffshrBslinelOMWopt BeamDyn.dat" BDBldFile (1) - Name of file
containing BeamDyn input parameters for blade 1 (quoted string)
24 "SMW_Baseline/NRELOffshrleinelOMWopt_EeamDyn.dat" BDBldFile(2) — Name of file
containing BeamDyn input parameters for blade 2 (quoted string)
25 "SMW_Baseline/NRELOffshrleinelOMWopt_BeamDyn.dat" BDBldFile (3) — Name of file
containing BeamDyn input parameters for blade 3 (quoted string)
26 "S5MW_Baseline/NRELOffshrBslinelOMW InflowWind 12mps.dat" InflowFile - Name
of file containing inflow wind input parameters (quoted string)
27 "SMW_Baseline/NRELOffshrBslinelOMWopt Onshore AeroDynl5.dat" ReroFile =
Name of file containing aerodynamic input parameters (quoted string)
28 "S5MW_Baseline/NRELOffshrBsline5MW_Onshore ServoDyn.dat" ServoFile - Name of
file containing control and electrical-drive input parameters (quoted string)
29 "unused" HydroFile - Name of file containing hydrodynamic input
parameters (quoted string)
30 "unused" SubFile - Name of file containing sub-structural input
parameters (quoted string)
31 "unused" MooringFile - Name of file containing mooring system input
parameters (quoted string)
32 "unused" IceFile — Name of file containing ice input parameters (quoted
string)
S OUTPUT B B s S
True SumPrint - Print summary data to "<RootName>.sum" (flag)
5 SttsTime - Amount of time between screen status messages (s)
36 99999 ChkptTime - Bmount of time between creating checkpoint files for
potential restart (s)
"default" DT_Out - Time step for tabular output (s) (or "default")
0 TStart - Time to begin tabular output (s)
3 OQutFileFmt - Format for tabular (time-marching) output file
(switch) {1: text file [<RootName>.out], 2: binary file [<RootName>.outb],
3: both}
40 True TabDelim - Use tab delimiters in text tabular output file?
(flag) (uses spaces if false}
41 "ES10.3E2" OQutFmt - Format used for text tabular output, excluding the
time channel. Resulting field should be 10 characters. (quoted string)
42 -——= LINEARIZATION ————————— - mmm oo
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False Linearize - Linearization analysis (flag)

2 NLinTimes - Number of times to linearize (-) [>=1] [unused if
Linearize=False]
30 60 LinTimes - List of times at which to linearize (s)
[l to NLinTimes] [unused if Linearize=False]
il LinInputs - Inputs included in linearization (switch) {O=none;
l=standard; 2=all module inputs (debug)} [unused if Linearize=False]
1 LinOutputs - Outputs included in linearization (switch) {O=none;
1=from OutList(s); 2=all module outputs (debug))} [unused if Linearize=False]
False LinOutJac - Include full Jacobians in linearization output (for
debug) (flag) [unused if Linearize=False; used only if LinInputs=LinOutputs=2]
False LinOutMod - Write module-level linearization output files in
addition to output for full system? (flag) [unused if Linearize=False]
—————————————————————— VISUALIZATTION =r s s s e s s s e e s e i
0 WrVTK - VTK visualization data output: (switch) {O=none;
l=initialization data only; 2=animation}
i, VTK_type - Type of VTK visualization data: (switch)
{l=surfaces; 2=basic meshes (lines/points); 3=all meshes (debug)} [unused
if WrVTK=0]
true VTK_fields - Write mesh fields to VTK data files? (flag)
{true/false} [unused if WrVTK=0]
15 VTK_fps - Frame rate for VTK output (frames per second){will

use closest integer multiple of DT} [used only if WrVTK=2]

Figure A.1 Fast InputFile for opimized10 MW rotor
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——————— AERODYN v15.03.* INPUT FILE ——=---===-=—-——————————mmoee -
NREL 10.0 MW offshore baseline aerodynamic input properties.
====== General Options

False Echo - Echo the input to "<rootname>.AD.ech"? (flag)
"default" DTAero - Time interval for aerodynamic calculations {or
"default"} (s)
1, WakeMod - Type of wake/induction model (switch) {O=none,
1=BEMT}
2 AFAeroMod - Type of blade airfoil aerodynamics model (switch)
{l=steady model, 2=Beddoes-Leishman unsteady model}
1 TwrPotent - Type tower influence on wind based on potential

flow around the tower (switch) {O=none, l=baseline potential flow,
2=potential flow with Bak correction}

False TwrShadow - Calculate tower influence on wind based on
downstream tower shadow? (flag)

True TwrAero - Calculate tower aerodynamic loads? (flag)

False FrozenWake - Assume frozen wake during linearization? (flag)

[used only when WakeMod=1 and when linearizing]
====== Environmental Conditions

1.225 AirDens - Air density (kg/m"3)
1.464E-05 KinVisc - Kinematic air viscosity (m*2/s)
335 SpdSound - Speed of sound (m/s)

====== Blade-Element/Momentum Theory Options

[used only when WakeMod=1]

2 SkewMod - Type of skewed-wake correction model (switch)

{l=uncoupled, 2=Pitt/Peters, 3=coupled} [used only when WakeMod=1]
True TipLoss - Use the Prandtl tip-loss model? (flag) [used only
when WakeMod=1]
True HubLoss - Use the Prandtl hub-loss model? (flag) [used only
when WakeMod=1]
true TanInd - Include tangential induction in BEMT
calculations? (flag) [used only when WakeMod=1]
true AlDrag - Include the drag term in the axial-induction
calculation? (flag) [used only when WakeMod=1]
true TIDrag - Include the drag term in the tangential-induction
calculation? (flag) [used only when WakeMod=1 and TanInd=TRUE]
"Default" IndToler - Convergence tolerance for BEMT nonlinear solve
residual equation {or "default"} (-) [used only when WakeMod=1]

100 MaxIter - Maximum number of iteration steps (-) [used only

when WakeMod=1]
====== Beddoes-Leishman Unsteady Airfoil Aerodynamics Options
[used only when AFAeroMod=2]
3 UAMod - Unsteady Aero Model Switch (switch) {l1=Baseline
model (Original), 2=Gonzalez’s variant (changes in Cn,Cc,Cm),
3=Minemma/Pierce variant (changes in Cc and Cm)} [used only when
AFAeroMod=2]
True FLookup - Flag to indicate whether a lookup for f' will be
calculated (TRUE) or whether best-fit exponential equations will be used (FALSE); if
FALSE S1-S4 must be provided in airfoil input files (flag) [used only when
AFAeroMod=2]
Airfoil Information

1 InCol_Alfa - The column in the airfoil tables that contains

the angle of attack (-)

2 InCol_Cl - The column in the airfoil tables that contains

the lift coefficient (-)

3 InCol_Cd - The column in the airfoil tables that contains

the drag coefficient (-)

4 InCol Cm - The column in the airfoil tables that contains

the pitching-moment coefficient; use zero if there is no Cm column (-)

0 InCol Cpmin - The column in the airfoil tables that contains

the Cpmin coefficient; use zero if there is no Cpmin column (-)

8 NumAFfiles - Number of airfoil files used (-)
"Airfoils/Cylinderl.dat" AFNames - Airfoil file names (NumAFfiles

lines) (quoted strings)
"Airfoils/Cylinder2.dat"
"Airfoils/DU40_Al7.dat"
"Airfoils/DU35_Al7.dat"
"Airfoils/DU30_Al7.dat"

79



40 "Airfoils/DU25_Al7.dat"

41 "Airfoils/DU21_Al7.dat"

42 "Airfoils/NACA64_Al7.dat"

43 ====== Rotor/Blade Properties

44 True UseBlCm - Include aerodynamic pitching moment in
calculations? (flag)

45 "NRELOffshrBslinelOMWopt AeroDyn blade.dat” ADBlFile (1) - Name of file

containing distributed aerodynamic properties for Blade #1 (-)
46 "NRELOffshrBslinelOMWopt_ AeroDyn blade.dat" ADBlFile(2)

containing distributed aerodynamic properties for Blade #2 (-)
47 "NRELOffshrBslinelOMWopt AeroDyn blade.dat" ADBlFile(3)

containing distributed aerodynamic properties for Blade #3 (-)

- Name of file
[unused if NumBl < 2]
- Name of file
[unused if NumBl < 3]

48 ====== Tower Influence and Aerodynamics
[used only when
TwrPotent/=0, TwrShadow=True, or TwrAero=True]
49 12 NumTwrNds - Number of tower nodes used in the analysis (=)
[used only when TwrPotent/=0, TwrShadow=True, or TwrAero=True]

50 TwrElev TwrDiam TwrCd

51 (m) (m) (-)

52 0.0000000E+00 6.0000000E+00 1.0000000E+00

53 8.5261000E+00 5.7870000E+00 1.0000000E+00

54 1.7053000E+01 5.5740000E+00 1.0000000E+00

55 2.5579000E+01 5.3610000E+00 1.0000000E+00

56 3.4105000E+01 5.1480000E+00 1.0000000E+00

57 4.2633000E+01 4.9350000E+00 1.0000000E+00

58 5.1158000E+01 4.7220000E+00 1.0000000E+00

59 5.9685000E+01 4.5090000E+00 1.0000000E+00

60 6.8211000E+01 4.2960000E+00 1.0000000E+00

61 7.6738000E+01 4.0830000E+00 1.0000000E+00

62 8.5268000E+01 3.8700000E+00 1.0000000E+00

63 8.7600000E+01 3.8700000E+00 1.0000000E+00

64 ====== Qutputs

65 True SumPrint - Generate a summary file listing input options

and interpolated properties to "<rootname>.AD.sum"? (flag)

66 3 NB1lOuts - Number of blade node outputs [0 - 9] (-)

67 3 9, 16 B1lOutNd - Blade nodes whose

values will be output (=)

68 0 NTwOuts - Number of tower node outputs [0 - 9] (=)

69 o 2 6 TwOutNd - Tower nodes whose

values will be output (-)

70 OQutList - The next line(s) contains a list of output
parameters. See OutListParameters.xlsx for a listing of
available output channels, (-)

71

72 "RtAeroCp, RtAeroPwr,RtAeroCt"

73 END of input file (the word "END" must appear in the first 3 columns of this last
OutList line)

Figure A.2 Aerodyninput Fle for 10 MW OptimizedBlade
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——————— ELASTODYN la08.:K INEPUT FLLE —m—osmrms s s e e e e e R M I e
NREL 10.0 MW Baseline Wind Turbine for Use in Offshore Analysis. Properties from
Dutch Offshore Wind Energy Converter (DOWEC) 6MW Pre-Design (10046_009.pdf) and

REpower 5M 5MW (5m_uk.pdf)

—————————————————————— SIMULATIEON" CONTROL =—rmmmroo S s e e e e

[

3
3

4 False Echo - Echo input data to "<RootName>.ech" (flag)
5 3 Method - Integration method: {1: RK4, 2: AB4, or 3: ABM4} (-)
(S "DEFAULT" DT - Integration time step (s)
I o e ENVIRONMENTAL :CONDITION smmm=—srrmom— e s e i
8 9.80665 Gravity - Gravitational acceleration (m/s”"2)
I e S DEGREES OF FREEDOM =—===——m—— e e e e e e e e e e e e e e
10 True FlapDOF1l - First flapwise blade mode DOF (flag)
ik True FlapDOF2 - Second flapwise blade mode DOF (flag)
12 True EdgeDOF - First edgewise blade mode DOF (flag)
13 False TeetDOF - Rotor-teeter DOF (flag) [unused for 3 blades]
14 True DrTrDOF - Drivetrain rotational-flexibility DOF (flag)
15 True GenDOF - Generator DOF (flag)
16 True YawDOF - Yaw DOF (flag)
7 True TwFADOF1 - First fore-aft tower bending-mode DOF (flag)
18 True; TwFADOF2 - Second fore-aft tower bending-mode DOF (flag)
True TwSSDOF1 - First side-to-side tower bending-mode DOF (flag)
True TwSSDOF2 - Second side-to-side tower bending-mode DOF (flag)
False PtfmSgDOF - Platform horizontal surge translation DOF (flag)
False PtfmSwDOF - Platform horizontal sway translation DOF (flag)
False PtfmHVDOF - Platform vertical heave translation DOF (flag)
False PtfmRDOF - Platform roll tilt rotation DOF (flag)
False PtfmPDOF - Platform pitch tilt rotation DOF (flag)
False PtfmYDOF - Platform yaw rotaticn DCF (flag)
I e e e s INITIAL CONDITIONS s==r—smmmsmsmmmimm s s e s S e e ey
28 0 OoPDefl - Initial out-of-plane blade-tip displacement (meters)
29 0 IPDefl - Initial in-plane blade-tip deflection (meters)
30 0 BlPitch (1) - Blade 1 initial pitch (degrees)
31 0 BlPitch(2) - Blade 2 initial pitch (degrees)
32 0 BlPitch(3) - Blade 3 initial pitch (degrees) [unused for 2 blades]
33 0 TeetDefl - Initial or fixed teeter angle (degrees) [unused for 3
blades]
0 Azimuth - Initial azimuth angle for blade 1 (degrees)
8.56 RotSpeed - Initial or fixed rotor speed (rpm)
0 NacYaw - Initial or fixed nacelle-yaw angle (degrees)
0 TTDspFA - Initial fore-aft tower-top displacement (meters)
0 TTDspSS - Initial side-to-side tower-top displacement (meters)
0 PtfmSurge - Initial or fixed horizontal surge translational
displacement of platform (meters)
40 0 PtfmSway - Initial or fixed horizontal sway translational
displacement of platform (meters)
41 0 PtfmHeave - Initial or fixed vertical heave translational
displacement of platform (meters)
42 0 PtfmRoll - Initial or fixed roll tilt rotational displacement of
platform (degrees)
43 0 PtfmPitch - Initial or fixed pitch tilt rotational displacement of
platform (degrees)
44 0 PtfmYaw - Initial or fixed yaw rotational displacement of platform
(degrees)
BBE S R e TURBINE CONFIGURATION ———-—=————————— e ——————— e —
4¢ 3 NumB1 - Number of blades (-)
47 89 TipRad - The distance from the rotor apex to the blade tip (meters)
48 2:.0 HubRad - The distance from the rotor apex to the blade root
(meters)
49 =2.,5 PreCone (1) - Blade 1 cone angle (degrees)
50 =D PreCone (2) — Blade 2 cone angle (degrees)
51 D PreCone(3) - Blade 3 cone angle (degrees) [unused for 2 blades]
52 0 HubCM - Distance from rotor apex to hub mass [positive downwind]
(meters)
53 0 UndSling - Undersling length [distance from teeter pin to the rotor
apex] (meters) [unused for 3 blades]
54 0 Delta3 - Delta-3 angle for teetering rotors (degrees) [unused for
3 blades]
55 0 AzimBlUp - Azimuth value to use for I/0 when blade 1 points up
(degrees)
56 =5.0291 OverHang - Distance from yaw axis to rotor apex [3 blades] or

teeter pin [2 blades] (meters)
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1.912 ShftGagL — Distance from rotor apex [3 blades] or teeter pin [2
blades] to shaft strain gages [positive for upwind rotors] (meters)

=5 ShEETi1E - Rotor shaft tilt angle (degrees)
1.9 NacCMxzn - Downwind distance from the tower-top to the nacelle CM
(meters)
0 NacCMyn - Lateral distance from the tower-top to the nacelle CM
(meters)
175 NacCMzn - Vertical distance from the tower-top to the nacelle CM
(meters)
-3.09528 NcIMUxn - Downwind distance from the tower-top to the nacelle IMU
(meters)
0 NcIMUyn - Lateral distance from the tower-top to the nacelle IMU
(meters)
2.23336 NcIMUzn - Vertical distance from the tower-top to the nacelle IMU
(meters)
1.96256 Twr2Shft - Vertical distance from the tower-top to the rotor shaft
(meters)
12743 TowerHt - Height of tower above ground level [onshore] or MSL

[offshore] (meters)
0 TowerBsHt - Height of tower base above ground level [onshore] or MSL
[offshore] (meters)

0 PtfmCMxt - Downwind distance from the ground level [onshore] or MSL
[offshore] to the platform CM (meters)

0 PtfmCMyt - Lateral distance from the ground level [onshore] or MSL
[offshore] to the platform CM (meters)

0 PtfmCMzt - Vertical distance from the ground level [onshore] or MSL
[offshore] to the platform CM (meters)

0 PtfmRefzt - Vertical distance from the ground level [onshore] or MSL

[offshore] to the platform reference point (meters)
—————————————————————— MASS AND INERTIA —--——-———-- ————

0 TipMass (1) - Tip-brake mass, blade 1 (kg)
0 TipMass (2) - Tip-brake mass, blade 2 (kg)
0 TipMass (3) - Tip-brake mass, blade 3 (kg) [unused for 2 blades]
56780 HubMass - Hub mass (kg)
115926 HubIner - Hub inertia about rotor axis [3 blades] or teeter axis
[2 blades] (kg m"2)
534.116 GenIner - Generator inertia about HSS (kg m"2)
240000 NacMass - Nacelle mass (kg)

2.60789E+06 NacYIner - Nacelle inertia about yaw axis (kg m"2)

0 © © ~J

@
w N

@
i

o

0 YawBrMass
0 PtfmMass

0 PtfmRIner
platform CM (
0 PtfmPIner
platform CM (
0 PtfmYIner

- Yaw bearing mass (kg)
- Platform mass (kg)
- Platform inertia for roll tilt rotation about the
kg m"2)
- Platform inertia for pitch tilt rotation about the
kg m"2)
- Platform inertia for yaw rotation about the platform CM

RN

(kg m~2)
—————————————————————— L2 B e e T I e e
49 BldNodes - Number of blade nodes (per blade) used for analysis (-)

"NRELOffshrBslinelOMWopt_ Blade.dat" BldFile(1l) - Name of file containing
properties for blade 1 (quoted string)

"NRELOffshrBslinelOMWopt Blade.dat" BldFile(2) - Name of file containing
properties for blade 2 (quoted string)

"NRELOffshrBslinelOMWopt Blade.dat" BldFile(3) - Name of file containing

properties for blade 3 (quoted string) [unused for 2 blades]
—————————————————————— R O R B B S S S e e e e R S S B R s S
TeetMod - Rotor-teeter spring/damper model {0: none, 1l: standard,
: user-defined from routine UserTeet) (switch) [unused for 3 blades]
- Rotor-teeter damper position (degrees) [used only for 2

lades and wh
TeetDmp
for 2 blades
0 TeetCDmp
(N-m) [used o
0 TeetSStP
2 blades and
0 TeetHStP
2 blades and
0 TeetSSSp
[used only fo
0 TeetHSSp

0
2
0 TeetDmpP
b
0

en TeetMod=1]

- Rotor-teeter damping constant (N-m/(rad/s)) [used only
and when TeetMod=1]

- Rotor-teeter rate-independent Coulomb-damping moment
nly for 2 blades and when TeetMod=1]

- Rotor-teeter soft-stop position (degrees) [used only for
when TeetMod=1]

- Rotor-teeter hard-stop position (degrees) [used only for
when TeetMod=1]

- Rotor-teeter soft-stop linear-spring constant (N-m/rad)
r 2 blades and when TeetMod=1]

- Rotor-teeter hard-stop linear-spring constant (N-m/rad)
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113

[used only for 2 blades and when TeetMod=1]

—————————————————————— DREVETRAIN® semsmsmssmssesaneeessesee e s eee emmeosenesmae e

100 GBoxEff - Gearbox efficiency (%)

97 GBRatio - Gearbox ratio (-)
8.67637E+08 DTTorSpr - Drivetrain torsional spring (N-m/rad)

6.215E+06 DTTorDmp - Drivetrain torsional damper (N-m/(rad/s)

—————————————————————— EFURLING m—me——mm—mrrs e s s e e s o e e R T
False Furling - Read in additional model properties for furling turbine
(flag) [must currently be FALSE)
"unused" FurlFile - Name of file containing furling properties (quoted
string) [unused when Furling=False]
—————————————————————— FOWBR: e e e e e i i i e i e e

20 TwrNodes - Number of tower nodes used for analysis (-
"NRELOffshrBslineSMW_Onshore ElastoDyn Tower.dat" TwrFile - Name of file
containing tower properties (quoted string)
—————————————————————— OUTEUT e e e e i s e e e T
True SumPrint - Print summary data to "<RootName>.sum" (flag)

35 OutFile - Switch to determine where output will be placed: {1l: in

module output file only; 2: in glue code output file only; 3: both}
(currently unused)

True TabDelim - Use tab delimiters in text tabular output file? (flag)
{(currently unused)
"ES10.3E2" OutFmt - Format used for text tabular output (except time).
Resulting field should be 10 characters. (quoted string) (currently unused)
0 TStart - Time to begin tabular output (s) (currently unused)
i, DecFact - Decimation factor for tabular output (1l: output every
time step} (-) (currently unused)
0 NTwGages - Number of tower nodes that have strain gages for output
[0 to 9] (-)
105 19, 28 TwrGagNd - List of tower nodes that have
strain gages [l to TwrNodes] (-) [unused if NTwGages=0]
3 NBlGages - Number of blade nodes that have strain gages for output
[0 to 9] (-)
By 9 18 BldGagNd - List of blade nodes that have
strain gages [l to BldNodes] (-) [unused if NBlGages=0]
OutList - The next line(s) contains a list of output parameters.

See OutListParameters.xlsx for a listing of available output channels,
(=)

"OoPDefll" - Blade 1 out-of-plane and in-plane deflections and tip
twist

"IPDefll" - Blade 1 out-of-plane and in-plane deflections and tip
twist

"TwstDefll" - Blade 1 out-of-plane and in-plane deflections and tip
twist

"BldPitech 1™ - Blade 1 pitch angle

"Azimuth" - Blade 1 azimuth angle

"RotSpeed" - Low-speed shaft and high-speed shaft speeds

"GenSpeed" - Low-speed shaft and high-speed shaft speeds

"TTDspFA" - Tower fore-aft and side-to-side displacements and top
twist

"TTDspSS" - Tower fore-aft and side-to-side displacements and top
twist

"TTDspTwst" - Tower fore-aft and side-to-side displacements and top
twist

"Spn2MLxb1" - Blade 1 local edgewise and flapwise bending moments at
span station 2 (approx. 50% span)

"Spn2MLyb1" - Blade 1 local edgewise and flapwise bending moments at
span station 2 (approx. 50% span)

"RootFxbl" - Out-of-plane shear, in-plane shear, and axial forces at
the root of blade 1

"RootFybl" - Out-of-plane shear, in-plane shear, and axial forces at
the root of blade 1

"RootFzcl" - Out-of-plane shear, in-plane shear, and axial forces at
the root of blade 1

"RootMxbl" - In-plane bending, out-of-plane bending, and pitching
moments at the root of blade 1

"RootMybl" - In-plane bending, out-of-plane bending, and pitching
moments at the root of blade 1

"RootMzbl" - In-plane bending, out-of-plane bending, and pitching
moments at the root of blade 1

"RotTorqg" - Rotor torque and low-speed shaft 0- and 90-bending
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moments at the main bearing

142 "LSSGagMya" - Rotor torque and low-speed shaft 0- and 90-bending
moments at the main bearing

143 "LSSGagMza" - Rotor torque and low-speed shaft 0- and 90-bending
moments at the main bearing

144 "YawBrFxp" - Fore-aft shear, side-to-side shear, and vertical forces
at the top of the tower (not rotating with nacelle yaw)

145 "YawBrFyp" - Fore-aft shear, side-to-side shear, and vertical forces
at the top of the tower (not rotating with nacelle yaw)

146 "YawBrFzp" - Fore-aft shear, side-to-side shear, and vertical forces
at the top of the tower (not rotating with nacelle yaw)

147 "YawBrMxzp" - Side-to-side bending, fore-aft bending, and yaw moments
at the top of the tower (not rotating with nacelle yaw)

148 "YawBrMyp" - Side-to-side bending, fore-aft bending, and yaw moments
at the top of the tower (not rotating with nacelle yaw)

149 "YawBrMzp" - Side-to-side bending, fore-aft bending, and yaw moments
at the top of the tower (not rotating with nacelle yaw)

150 "TwrBsFxt" - Fore-aft shear, side-to-side shear, and vertical forces
at the base of the tower (mudline)

151 "TwrBsFyt" - Fore-aft shear, side-to-side shear, and vertical forces
at the base of the tower (mudline)

152 "TwrBsFzt" - Fore-aft shear, side-to-side shear, and vertical forces
at the base of the tower (mudline)

153 "TwrBsMxt" - Side-to-side bending, fore-aft bending, and yaw moments
at the base of the tower (mudline)

154 "TwrBsMyt" - Side-to-side bending, fore-aft bending, and yaw moments
at the base of the tower (mudline)

155 "TwrBsMzt" - Side-to-side bending, fore-aft bending, and yaw moments
at the base of the tower (mudline)
"TipDxbl"
"TipDybl"

END of input file (the word "END" must appear in the first 3 columns of this last
QutList line)

Figure A.3 Elastodyn InptuFile for 10 MWOptimized Rotor
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