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ABSTRACT

DEVELOPMENT OF A HIGH FIDELITY FINITE ELEMENT MODEL
OF A WIND TURBINE BLADE VIA MODAL TESTING

Amer, Chadi

M.S., Depatmentof Aerospace Engineering

Supevisor: Assoc.Prof.Dr.rMe | i n kahi n

April 2015,125 pages

The design of an optimised horizontal axisnBterlong wind turbine rotor blades

a research and development pragjent order to fulfil the reqgirements of high
efficiency torquefrom-wind production. For this purpes a research study is
presented hereby investigatng the structural characteristics of a composite wind
turbine blade via finite element modelling and experimantadal analysisAt first,
modal tests i@ performed by using various sensatuator paicombinationsAfter
thatthe geometry was drawia CATIA software The materialsre assigned aswo
different types of glass fabrics, polymeric foam core material andlstésal wood
combinationand the finite element model of the blade was genendatedSCO
PATRAN software with various meshes created on each stalgart of the blade.
MSC® NASTRAN wasusedas a solver fothe dynamic analysem order to obtain
the natural frequencies artkde corresponding modehapesnamely; he first three
out-of-plane bending, the first iplane bending and therdi torsionalones Mesh
independency check mslso madebefore theanaly®s In all analyses, the blades
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boundary conditionsre set as freefree and fixeefree. Finally, the expemental
modal analgis results @& used to update the low fidelity model via FEMTools
software in order to obtaia high fidelity finite element model of theind turbine
blade

Keywords: Horizontal Axis Wind Turbine Rotor Blade, Fiber Reinforced
Composites, Finite Elemé Modelling and Analysis, Modal Test Verifications, High
Fidelity Models.
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BKR R! ZGAR T! RBKNK KANADI NI N Y! KSEK ¢
SONLU ELEMANLAR MODELKNKN MODAL TESTLERF
GELKKTKRKL MESK

Amer, Chadi

Y¢ksek Lisans, Havacél éek ve Uzay M¢

Tez Yoneticisi: Dog. Dr.Mefi  k a hi n

Nisan2015,125 sayfa

Yatay eksenl i, 5 metre uzunlujunda, opti
r¢zgardan y¢ksek verimlilikte tork el de
y°neli k bir arakter ma ve q@mdaibikdmpozie pr 0]
rézgar teéerbini kanadénén yapésal karakt e
model | eme vV e deneysel mo d a | analizler i
s unul mahkcelialglkamat.tizerinde e ki t 1 i al gé |l anyaéscyéo nv ea r ey
kul | amidoldarl a kt e st | e rKanat geometrile dzellikleninik CATIA .

yazél émé yasda@améylaki bieni, | mal zeme ol ar ak

polimerik kopik cekirdek malzemesi ve cebka | sa ahkap biwel eki mi

kanadén yapésal par -al ar énén sonl u el em
yazéel éménda -eki tli ajl ar yarat él mak S
el emanl ar aj éndan baj é& ms é 2MS@ck NABTRAN e r | d

y az &l é dieamik gnaiizlerde ¢ C ¢ ol ar akve ykaud d mménré | the K ¢
vii



frekansl aré ve bu frekansl ara karkél ek gel en
il k de¢egzlem 0 - eji Il me ve i lekdiblunfiokldumar .k eki | | e
analizlerde, serbeserbest ve ankastreid uml ar kanat sénér Kkokul u
Sonolarak, daha dncede edimi k deheg & | mo d a | alEMToolg sonu-1 ar
y a z é ileébiri&te rizgar turbinik a n & dy@ksek sadakatli sonlu elemanlar

model i ni el de etmek igeihcedirepkmesadadleakuil | moeé

Anahtar Kelimeler: Yatay Eksen Ruzgar Turbini Rotor Kanadi, Fiber Takviyel
Kompozitler, Sonlu El eman Modell eme ve Anal
Yuksek Sadakatli Modeller.
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CHAPTER 1

INTRODUCTION

1.1. Motivation of the Study

Nowadays, in Turkey, similar to other developed countries, the energy demand
and the green energy production are being set into consideration especially in the
last ten years. Aimingo reduce the dependenoy importedgas ad laying on
outside resources, Turkey has set a goal to increase its wind energy output to 20,000
MW by 2023 [1]. For this reason, the government decisionwafsitingon the wind
energy research and development is set into action by creating the METUWIND
(Center for Wind Energy) [2vhich is one of the leading research and development
centre in wind energy in Turkey and it is located in the campus of METU in
Ankara.

The wind energy which is well known to be driven by wind turbines has the
blades as the ost critical partThis partmust be well engineered in order to access
the greatest amount of energy from air and transport it to the turbines creating the
electrical energy. Thushe blades, aerodynamically andusturally speaking, are
the bast partsof this technologyhat mustbe studied andnproved to the best way
possible

Structuralanalysis,beingone of he primary aims of thistudy,compriseshe
modal analysiswhich is generally defined as the field of detecting the natural
frequencies andhe corresponding mode shapeaofjiven structureWhen under
some particulaexcitationfrequenciesa structureshows an excessive responaad
drastically high vibration amplitudes Such vibrations will eventually lead to
catastrophidailures and comipte destruction of the structures and tililenomena

is calledasresonanceEspecially for a machirshaving huge scassand performing

1



under continuously varying conditionsuch as wind turbinesjnvestigating the
dynamic characteristiay themhas arextremeimportance.

Therefore, m this thesis, the modal analysis and testing ofraeterlong
horizontal axis, composite material, wind turbine blade is perforBgdusing
advanced software in finite element modellirand analysis i.e. MSC
PatranNagrar®, the numertal solutions are acquire@hen, these finite element
models are updated via previously obtaibedchmark experimental modal analysis
resultsin order toobtain ahigh fidelity model that could be used for furttstudies

regardingdynamc analyss.

1.2. Objectives of the Study

The objectives of this research study can be listed as follows:

1 Performing an experimental modal analysis in order to extract the dynamic

characteristics of the blade

1 Generating a low fidelity finite elementadel for a previously designed
wind turbine blade through its design blue prints Ip$] using thefinite
element modelling softwafdSC Patrafi [4].

1 Performing structural dynamic analysis via hormal mode dynamic analysis
solution types of MSC Nastr&4] and checking the mesh independency of
the finite element model in the calculation of various natural frequenailes an
the corresponding mode shapes, and comparing them with the ones obtained

from the experimental modal analysis.

1 Updating the former low dielity finite element model to reach a high

fidelity one.



1.3. Limitations of the Study

The limitation of this research study can be listed as follows:

1 In the finite element analyses of the blade, the modes of the blade in the first
three outof-plane bading, the first torsional ar@coupleal one(first in-plane
bending and second eat-plane)are of interest.

1 Although finite element analyses are performed for both fixee and free
free boundary conditions, experimental modal analysespar®rmedfor
only freefree conditiondue to the unavailability of the fixture to clamp the
blade.

1.4. Outline of the Study

The organization of this thesis can be given as follows:

In Chapter 2, drief literature survey about wind turbines and composite naiteas
provided. The focus is given more on the studies of modal analysis performed on
wind turbine blades. The general procedure of constructing finite element models in
order to perform the analysis and to setup the experimental measurements are also

presented in this particular chapter.

In Chapter 3, the modal tesbf the blade is presented in ortziobtain the dynamic
characteristicsit by also providing the déails on the experimental setup,

instrumentatiorand the test procedure.

In Chapter 4the details of the finite element mdiigy of the blade structure and the
performeddynamic analysefr various boundary conditions are presented



In Chapter 5, model updating is performed based on the data obtained from
experimental modal analysesander to obtain a high fidelity finite element model

for the blade via FEMTools softwarg][

Chapter 6comprises thegeneralconclusions draw from this research study and

provides recommendations for the future work.



CHAPTER 2

LITERATURE SURVEY

2.1. Introduction

As a part of thestudy, a survey has been performiedorder toprovidethe
necessary informatioand answervariousquestionsabout the wind turbine blades.
Themain topicsare then summarized abgtlocations bthe wind turbines, #r way
of functioning thear advantages and disadvantagasd the reasos of their
prefeence. Additionally, a design of a blade is introduced by providig t
properties of thematrial used in their production. Finallwibration causing
phenomenandthe detection methods are presentgth variousmodal analyss and

experimental verificatiostudies

2.2. Wind Turbines

2.2.1. World Use of Wind Energy

Mariah Energy website [Bhas presented a researchtba topten countries
where wird turbines aranosty used The power generation using wdnturbinesis
being a global choicamong many aurtries around the world. Althougtvind
energyis mainly acleanand environmentally friendlysourcewith almost zero
greenhouse gas emissigiise lcalization of the wind turbines #ill a crucial issue
in order to harness the largest amount of energlable without affecting the
Earthd mature.

The United States have plenty of wind turbine feldcated all over its land
which reduces the forign oil dependencyf the USand the local environmental

5



pollution. Indiaproduces5% of its total energyrom wind where this perceage
increases year after year Ayning to take the lead over the developed natiming
this technology.Germany and Sgpn are inthe top countriesn the green energy
domain having 10% of their energy productionfrom wind power. The United
Kingdom, although possessg a significart number of wind turbines witha
consisterly high level of wind all yearpnly 2% ofthecoun t r endrgyis provided
through wind. Chindnasalso started working tgrovide a clean energy to its huge
populaton| t aly has also wused this technology to
environment by providingthe wind turbines for homes and businesfices.
Portugal, being relatively a smaller countr
total energy by wind. Finally, Denmark, havieg@% of its energyy wind, isthe
country on the topf thelist of the mostenergy efficient countrigf§].
Turkey, on the other énd, as the majority of th@ountries in the last decade,
is also consideringhe renewable energyy aiming to implementit to a daily
utilization. Turkey is obtaining itstotal installed power capacity from hydraulic,
thermal and wind remirceswhich was 49524 MW at the end ofyear 2010.
Al t hough 37% of Turkeyods |l and hae a capaci
percenage of the wind energy is only 3@ the total The biggest wind energy
power plant inthe countryis a 140.1 MW capacitypne which wasconstructed in
SomaManisa in 201737].

222. Wi nd Turbinesdéd Properties

Darvill website [§ providesmuch information abouvi nd Tur bi nesdé hi st
where long time agahe wind energywas being in use. @rting from the
Babylonians, Chinespumped water inthe Middle Ages anth Europe, thegrinding
of corn was another way of ingy the windwherethea er m A wi ndframn.l | 6 comes
Referring to Figure 2.1the following can beexpressedbout how the wind

turbines function



propellor blade \

gearbox & generator

/ in rotating housing

WIND

Figure 2.1.Wind Turbire [8]

Because of theinevensun heating in th@atmosphere, some areas become
warmer than otherdHot air rises because of its low density and cold air replaces it
creating a flow,so-called wind. The wind turbines are made hbgcating a large
propeller ontop of a tall tower athe airat a @rtain levelup is usuallyfaster tharthe
onenear ground level. Blowingiind makes the propeller tumhich by itself turns a
generator to produce electricitiBuilding manyturbinesnear each othesreates the
well-knownAawi nd f ar mo whi ¢ch pnooethalesghe steadye el e
statemanner othe windis an importantparameteto consider by alsavoidng some
turbulence. In addition to tlese the wind turbineswith a relatively smaller blades
and generats sizesare also placedon sailing vehicles like boats améravango
chargebatteriegFigure 2.2). Some blades can chatigar pitching anglen orderto

deal withthevarying wind speeglin order to get the optimum energy.



Figure 2.2.Wind Turbire on Top of a Boat |8

223. Wind Turbinesd Locations

Coastal areas, topf rounded hills, operareasand gaps in mountains are
known to be best locatigrto placethe wind turbines (Figure 2.3yhere wind is
strong and reliable bgroviding therequiredaverage wind spead8].

Figure 2.3.Wind Farmg8]



2.2.4. Advantages and Disadvantages of Wind Turbines

The alvantages athe wind tirbinescan be listed afllows [8];

1 Since wind is abundanthe energy producdcom it is relatively cheap

1 Sincewind producesneitherwastenor any greenhouse gases, thhere isno
directpollution effect

1 Sincethet ur bi nesd t owenototalwaste oftheigrgumd areash er e |
and the land below the turbineshich can easily be used for farming
purposes

7 In contrary to oil based electricity stations requiringbing and long cable

networks theenergycan be supplietbcally and independently far areas

On the other hand, some disadvantagésthe wind turbines seem to be

unavoidablesfollows [8];

1 The incorsistency of the speed of thewind and its direction lead a
discontinuityand apossibledropat the levels othe energyproduction

1 The coast, being a good location for turbines, agenerallymore expensive
than other landby making wind turbine insti@tion expensive.

1 Coveling landscapes by wind turbines disturbs the \aemt creates a scenery
pollution to vewers

71 Since birg acciderg are likely to happen, theigratory rodes should be
considered prioto place windturbines

1 Since electromagneticnessions of the turbinesac affect radietelevision
reception,keeping them at safe distance from residential areasalso
important

1 Noisecan be considered #s worst effect of the wind turbinéSigure 2.4)



How Loud Is A Wind Turbine?
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Figure 2.4. Wind Turbine Noise Coparing to Daily Used Machines
8]

2.2.5. World Production and Energy Price

All over the world, the wind power energy has shown a great browt
especially from 1995 to 2009 atrate of 30%. At the end of 2008 he wor | do6 s
generating cageity was around 12800 megawatts and produced about 260
terawatthours. This quantity is able to covenergy needs of approximateR6
million North American homes. The expected capacity by the industayoisnd
186,499 megawatts by 2010 and 332,100yametts by 2013. The cost of this
generation in the United Statssmentioned as $0.05 US per kilowhtiur. Hydre
Quebec purchases 2,000 megawatts of wind energy for an average cost of $0.87
Canadian dollar per kilowattour. Whle the Ontario Power Autrity pays $0.1108
per kilowatthour. Nevertheless, these prices are expected to get much lower in the
coming 100 yea In Canada, Texas, and the Great Brit#® wind power prices
today competes with that of natural gaed and coafired electricity[9].
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2.3. Wind Turbine Blades Manufacturing

The blades of thevind turbines are the most basic past the system yeheir
design and engineering one of the most complicatethe Theimportant aspects of
wind turbine technologyrequire these blades to beéurable, quiet light and
affordable. Balsa Wood and Plastic cardboard are some kind of neateseal in its
production refeiing the Kidwind Blade Design [10

Although twebladed rotors exist, nowadayspst rotors havehtree blades
and a horizontal ag with a diameter between 40 to 90 m.However, three bladed
ones are seen to be more efficient, allapbetter distribution of masand making
the rotation smoother with a calmer appearance. The materials used mainly are
synthetics reinforced with fileglass and carbon fibre gluggnerallytogether by
epoxyresin. Wood, wood epoxy, and woefiire-epoxy compounds also exestd its
advantages lain thdr recycling capability. Aluminium and steel alloys are heavier
andthey usuallysuffer from materiafatigueand thereforeare only used over small
scales 11].

Providing informationabout the blades, oneshouldment i on t he Wo |
biggestblade which iglesigned and produced by Siemens, nanihp (Figure 2.5.
Its 75meterlong (246 ft) blade componeh is made from epoxy resin and balsa
reinforced with glass fibre. It is aimed to lmeatedin a prototype @&MW offshore
turbine at Denmarkdsd nat i wilhcoler1860sit cent |
(200,200 ff) and the tip of the blades will e at 290 km/h (180 mph) at full lick.
At a wind speed of 10 m/s (19.4 knots), the turbine will be hit by 200 tons (181
metric tonnes) of air every seconthe blade length of 75 m iactually way too
larger than an Aibus A380[12)].
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Figure 2.5.The B75 Wind Turbine Blade Made By Siemens (a) In Production
(b) A Scale Comparative Scheni?]

Since the modelling and the production of the wind turbine isne of the
essential part of the research, a study about composite wind blade engineering and
manufacturing done by TPI Company is present&il First of all, the anatomy of a
wind turbine blade can been seen in Figure 2.6. The blaalde nby TPI are
compaites,multiple of norhomogenous materials, mainly strings and ghwagh
areput up together. Many method of production mightised ananainly infusion is
the most frequently used one (Figure 2.7).eThforementioneccompany has
producedmultiple sizewind turbines froni980 to 2014 andreplanring to continue

manufacturing till 2020 with increase in sizes as it can be seen in Figure 2.8.

12
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[13.
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Figure 2.8. Historical Review and Future Plans of Wind Turbines by T8]. [

When it comes to the materials used in wind turbine bladgseeringnew

designedcomposite materials have their own propertiesh a privilege over

wrought materials As the wind turbnes are madeip of these materiglsit is

important to understand their advantages and disadvantgjes [

Ther advantagesan be listed as;

T

Possession of higher specific strength and specific modulus
charactestics, where they are lighter and stronger than wrought
materialssuch as wood, aluminiurefc.

Mechanical properties can be regulated as requested by changing the
layer number and orientation, thpioviding anoptimized structure
Manufacturing operatn is easier in the terms of generating smooth
surfaces.

Because of its easiness of shape deformation in production, replacing
many partsre easier

Composites are less affected by corrosion, chemical integration and

weather conditions.

14



On the other had, they come with sonsisadvantages

1 Composite materials are more brittle than wrought materials.

1 Repairing them needs extra time and special equipment since the
materials require hot curing in geneaaddrefrigerated transportation
and storage.

1 Rivets,in case of repetitive implementation, can easily damage them.
Drying is required before repairing, since it includes in general

moistureabsorbing materials.

The diversematerial used in engineering can be shown and comparbe
figure below and wought materialsshown herehawe lower Specific Ultimate
Tension and Specific Modulus valuesmpared to the composites, especidllgnd
M-type onegFigure 2.9)14].

Specific
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ZylonAS @ Zylon o HM (no resin)
® Dyneema @ 1.1000 Tension ONLY

T-800® g 11305
* M5
M30J @
Specific T-700G

Ultimate Spectra 900® ®e AS4D ® \i35)
i AS4 ® M40l
Tension, ® T_400H @ M30
UTS1 Vectran HS Kevlar 149® - T-300G o M46J e
1] L] o M55J
(KSlipci)| o s @ o . . "
-glassg Kevlar 29 Kevlar49 1300
Quar eB
‘s E-glass oron
® Vectran M
Titanium
Steel Aluminum
0 200 400 600 800 1000 1200 1400

Specific Modulus, E1/ rho (MSI/ pci)

Figure 2.9.Composite and Wrought Materials Comparisb4 [

Figure 2.10 remsens the increase of use of composites by Boeing Company
over time. One of the very examples of the development at the Boeing Company is
its lastly developed B787 Dreamliner which is shown in the Figure 2.11 by
specifically presenting the location of reat i al s used al l over

[14].
15
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The use of compositedecame so wide amongnadst all industries gin as;
aircraft industry, boats, underwater, sport equipment, medical prosthetic devices,
electronic circuit boards and automotivaside the requirements oéach ofthe
applications all these have the generation of reliable, strong andskealped light
designsn common

As main ingredient of theompositematerials, seacalled matrices can be
classified as follows: The epoxies remain a primary resiil usé&uropean based
blade designs. Additionally, vimdsters are attracting much interest by blade
designers as well. On the other hand, polyester resin is still prominent in the industry
while the thermoplastics aalsbbeadedr Eigureiit ou g
2.12 shows a production setup of an example of one section of a bladgart
epoxy paste dhesives specifically formulated for their thixotropic properties are the
mainstay for bonding and assemlfygure 2.13 shows a scene of adhesive pasting.
Core materials are alsgsential in blade manufacturiiag they are used primarily at
largearea to providestability in leading/trailing edge panels andgahwebs. They
are,in general, End Grain Balglbbw cost withhigh sheastrengthpropertie$, Foam
Cores(such as PVC, SAN, Urethane, PEIN) Engineered Core Matials (such as
Webcore TYOR, aad NexCorg[13].

Thebasicmaterialsn aprimary desigrcan be set as follow4 J):

1 For Reinforcements: Glas@vith low-cost, high specific strength,
modest specific stiffneysor Carbon (with high cost, high specific strength and
stiffnesg are ©sed The Aramids andBasalt might also be used.

1 For Resins: Epoxies, Vinyl/Polgste, n Toughene@uth aBesi ns
ETBN/CTBN Reactive liquid polymeysCore Shell Rubbeand Thermoplasticare

used.

17



Figure 2.12.A Blade Production Setugd g

Figure 2.13.Adhesive Pastinglf]
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The reinforcement forms for winairbine blade manufacturing can tisted

as follows[13]:

Pre-impregnated and/airy reinforcemenforms

- Consolidation of Prepregs

-Vacuum Resin Infusion (VARTMi Vacuum Assisted Resin Transfer
Molding, SCRIMP- Seeman Composite Resin Infusion MoldPigpsseps

- Hand Layup/Vacuum Assisted Hand Layup

-Aut omation (Prepregsdppe and ATow

Woven Fabricdormsand properties of the materails
- Used in tooling appcations and prémpregnated forms
- Higher costs antess applicable as structural component$fades
- Usdl in areas of high stress fields

Non-woven Multiaials formsand properties of the materails
- Used in VARTM processes
- Lower coss andNon-crimp form results in superior performance
- Available in the formofi Usdii r ect i onal 0, Bi axi al,

Triaxial and Quadraxias well as ass/Carbon/Aramid Hybrids.

Centraltrykkeri [17]expresses the rotor blades as mixture of fiberglass mats
which are inpregnated with a material such as gsier glass reinforced plastics.
The polyester is hardened after it is impregnated to the-dilass and in some cases
epoxy is also used insteatlappolyester. Likewise, the reinforcememi®sometimes
made whollyor partly of carbon fibre®rming a lighter but more expensive material

with a high stragth. Wood epoxy laminates are apgeferred in large rotor blades
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2.4. Finite Element Modelling of Wind Turbine Blades

In the development of wind turbine bladesjté element method (FEM) has
been used among mamgsearchersto detect the general behavipim terms of
eigenvalues, tip deflections and main stress/strain legtkhe structureAdding to
that the finite element simulation predicts global s#ffs and stresses with a
reasonablygood accuracylJensen et aktated thatto have a good accuraay the
simulationof such geometriesnodellingmay be performedby usingtwo different
approachestither by using thewo-dimensional shell modets gererally represent
the global behaviouor via the threedimensional solid modelsvhich are more
accurateyet requires longer computation time and advanced compi@gdgionally,
the solid modemay not be hundred percent accurate without updating the ¢deim
as a certain toleran@and itis inevitableto have differenceetween the manufaceat
and the designed modég[Es|.

In the work of Branner and Blasqukq], in the analysis of 8 meter long wind
turbine blade, the model was created using MSC Pataast/éh finite element
analysis using 20oded solid elements (Hex20) ansh@ded shell elements (Quads).
The solid elements were applied to mote core (foam) andor adhesive bonds
(glue) while the sandwich face layers and capsre modelled with layeré shell
elementsMckittrick et al [18], in theirmodelling of composite wd turbine blade in
ANSYS, developed the FEM using shellements capable of showitayer options
throughthicknessof the shell Furthermore, Nicholas S. Ass¢ff9] made a seléive
decision of his finite elemenfsr modelling an ocean current turbine blade by using
ANSYS code where shell elementsre usedYanbin et al[20] created a model of a
wind turbine blade in CATIA and they imported this thoemensional generated
mocel into ANSYS whereshell elements were used as linear and rHaitered
elements. In addition to this research, Zhu and Rustagip\pgrformed a structural
design and finite element analyses of 24omgy composite wind turbine blade using
ANSYS softwarevia 3-D linear layered structural shell elemgnthey achieveda
high accuracyothin static analyse(i.e. in the ckulation of the tip deflection, total
mass and the centre of mass of the Dladein dynamicones(i.e. in the calculation

of thenatual frequencies

20



2.5. Modal Analysis and Testing Methods for Wind Turbine Blades

In the same study oMckittrick et al. [L8 mentioned abovethey also
calculated the characteristics values correspontbniixed and static case of the
blade Yanbin et al. 20] also performed modal analysis via finite element where they
expressed the modal apsis theories prior to tletess. They mentionedthat the
essence of modal analysidassolve the motion vector of the modal equations with a
finite number of degree of freedom under no-damping and nexternal load
condition.

The instrumentation and measurements techniquese introduced by
Chauhan et al2P], when theyperformedthe analysis over a three bladed turbine of
3MW power output and rot diameter of 100.8 m namely; the ECO 100. The
frequences of interest were under 50 Hrsed on thatBruel&Kjaer (B&K) DC
accelerometers Type 4575 where chosen and an optical tachoprobe B&K Type MM
0360 measwdthe RPM. The data acquisition softwaredwasalso B&K PULSE
Data Recorder type 7780 and the data were analysed via PULSE OMA Type 7760 to
estimate modal parameters for dynamic characterization of the turbine. In order to
cover possible vibrations with a wide dynamic range four B&K PULSE IDA
frontends Type 3560 were used.

In addition to aforementionedodal testsLarsen et al[23] explairedthe theory
behind modal analysiby representing the wind turbin@gigure 2.14 where thg
assumed the degrees céddom(i.e. the direction of vibratiopas translational in two

perpendicular directionsand y and alsadding the rtationalone(i.e. theta).
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Figure 2.14.The Degrees of Freedom Measured FaWimd Turbine BladeZ23]

Experimental methods for modal analysis technigwese then presened by
explaining how to excite the wind turbine blade and how to ensure acceleration
responses. For the excitation techniques, two categervesdefined asthe basic
transient for free vibratior{instantaneous release from an initial deflectiany
continued excitation for drced vibration \ith electromagnetic or hydraulic based
exciters inducing many kinds of excitations like: sweipe, white noise, pseudo
random and periodicandom excitation Response at other side, consists of
accelerations meased invariousnumber of sections along the pitch axis. Uniaxial,
bi- or triaxialaccelerometers might be used taking into consideratoevery
direction of vibration to be covered. One setup based on the experiences gained
during the experimental campaiis introducedfor the test of LM 19 m bladen
Figure 2.15
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In their modal testing ohe TX-100, Griffith et al.[24] used bungee cords in
order to simulate a frekeee boundargondition The two hanging configuration they
used & presented in Figure 2.8 two point hanging pre and post tRentre of
Gravity (CG) of the blade(Figure 2.16apnd the CG point hamy (Figure 2.16hb)
These two configurations shed a bouncingolling rigid body motions under
around 3 Hz and 25 Hzonefor the £ flexible body mode. 34 accelerometerere
used in biaxial configuration andine data sets were acquired. Using an iotpa
hammer six flap wise and threedge wise excitations wengeated andh all these
cases periphery locations wet@oserto have better effect of the hits.

In the study ofmodel validation and structural analysis of a small wind
turbine blade of Pabut al. R5], the experimental modal analysis was performed in
the form of calibrated impulse hammer (Model AUO1) test where soft restraint was
applied to the test specimen. FRFs were acquired after exciting the stratture
predefined points by using SighaModel 2022A and the experimental modal

analysis setup was done as presented in Figure 2.17.
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Figure 2.17.An Experimental Modal Analysis Setup Exam®é][

In this stidy both fredree and fixeedree boundary conditions were mades
they mentioned, thigee-freeboundary conditions allow to discard the stiffness of the
restraints and therefore exhibits fewer degrees of uncertainty while the second
configuration (i.e. fixed-free) simulates the actualworking condition of the blade
better As a result, correlati@were done between FEA and experimental analyses
with around 7% errors for low frequencies and higher errors for high frequencies
which wereout of concern site theywereawayfrom the range of theeal working

condition

2.6. Conclusion

With this literaturereview, the World use of wind energy, locations and
properties of the wind turbines, their advantages and disadvamtagesummarised
by also outlining the \Wild production andstressing thecorresponding energy
prices. The review also providehe basis for the wind turbine blade manufacturing
and focusd onthe finite element wdellingaAnalysis and modal testing methaafs

wind turbine blades.
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CHAPTER 3

MODAL TESTS OF THE WIND TURBINE BLADE

3.1. Introduction

The manufacturingprocessof the blade of intereshas been done in
CompBlades company, in Athens, Greece2q. This company is the main
manufacturer and supplier tie blueprints of the manufacturing ftris project.
Having received the actual blade from the compang,@lassical Modal Analysis
and testing of the blade at FrEeee boundary condition is performed by using
different techniquesin the Ilaboratories ofMETU, Department of Aerospace
Engineering First, the Impact Hammeris used as anexcitation and the
accelerometersare for the vibration response recording for a quick diagnostic
dynamic testAs asecondtest on the other hand, the modal shaiseusedfor the
excitation with thepreviously used response transducé&ree thirdtest is performed

via modalshaker and the Laser Vibrometermbination

3.2. Tools and Instruments

The main instruments and tools used in the tests can be listed as follows:
Accelerometers

Force Transducers

Impact Hammer

Modal Shaker

Scanning Laser Vibrometer

= =2 A 4 -4 -2

Data Acquisition System
27



The accelerometers used are Bréel & Kjaer (B&K) of two types, the uniaxial
of type (4508B) Piezoelectric CCLD acceleromet2r] [and the triaxialof the type
(4506) to meage the output as acceleration [2While the force transducers are of two
types; one of is that measures the amplitude of the applied force by the ImpaneHam
of the type (8206/53678) [27and the other i©f the type (823@02 /54760) [2F
DeltaTron®located on the top of the stringer connected toSthaker of the type B&K
4825 [27. In addition, to the signal generator of the type Agile®3120A Function
(Arbitrary Waveform Generator, 15 MHz) [34], an amplifier [3& High Performance
Scanning Laser Vibrometer [PSA00-B Polytec] [¥], and the 6Channel Pulse Data

Acquisition System were used [[37All these instruments can be seen figures below.

| &

Figure 3.1. Uniaxial Acceleromter [27] Figure 3.2. Triaxial Accelerometerd7]
e e DY
Y4 Kjeor "
001 ‘
" 4160
Figure 3.3. Impact HammerZ37] Figure 3.4. Force Transducef}]
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Figure 3.5. Modal Exciter (Shaker)7]

P2 e

Figure 3.8. Scanning Laser Vibrometg29]
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Figure 3.9. Data Acquisition Systen®[/]
3.3. Test Software

B&K 3560-C PULSEM platform is used for data acquisitior2. It is a 6
channé system and works compatible with the software PUI*SEabshop 13.5.0
[27]. In PULSE™ Labshop, first the accelerometers and force transducer are
introduced to the system. Then the measurements locations and the test geometry are
defined in Modal Test Caultant (MTC) part of the software Labshop. Before
starting test, Fast Fourier Transform (FFT) analysis settings were set regarding the
number of FFT lines, frequency span and each measurement length. A sample screen
for the PULSE™ Labshop software giveim Figure 310.

S0 gened I GES

Figure 3.10.Sample Screen for the PULBELabshop Software
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3.4. TestPreparation

The test setup of the examined blade and the equipment enrolled in the tests are
presated in this section. ThereeFree boundary conditiois set for the tetsand it
IS presented in Figur@1l

Figure 3.11.FreeFree Hanged Blade with Measurement Points

As it can be seen from the above figure that the blade is hanged from two different
positions around the centre of gravity by an elastic yet strong worenected to a

steel trusdike structure. The blade was divided into sections each of which having
measurement points, 87 in total. The suspension of the blade has been equilibrated
horizontally and the zoom view the blade is shown in Figurel?.

Figure 3.12.FreeFree Hanged BladeZoomed View
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