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ABSTRACT

DESIGN AND ANALYSIS OF TEST RIG FOR SMAL L SCALE WIND
TURBINE BLADE

K - ,Mnostafa
Master of ScienceAerospace Engineering
SupervisorProf. DrDe mi r kan ¢°ker

December 201,950 pages

In this thesis, atest setupforn e exper i ment al 5 mélader R Z(
andthat can be used femall scale wind turbine blades up to 9 meter is designed and
analyzed. The purpose of this thesis ibéfpestablising thetest infrastructte under

METUWI ND project such a sliterittRedh the eRisti®)i , CRI
facilitesi s revi ewed. Af t er t blade is intRduzeG & wi n d
design loadsare presented. Tapply these loads appropriately to the blaithe,

moment distrilntions are converted to concentrated loa@ssaiddle pointsptimizing

the load locations and corresponding loads using Excel SolvemAddhe objective

of these solutions is to obtain thest moment distribution on the blacempared to

the given degn moment distribution. With thidesign inputtheload interface design

of test fixture is performed. Nexhydraulic equpment and load cell selection are

carried outand support structure is designed which is composed of main reaction wall

and groundsupport.Resultant test fixture capacity is verified by structural analysis

using FEM and hand calculatianethods under static loadinginally, required

infrastructural cost is estimated.



Keywords: Wind Turbine Blade,Test Load Optimization, Wind Turbine Blade
Testing, Test Rig Design
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CHAPTER 1

INTRODUCTION

1.1.Modern Wind Energy

Over the threedecades, wind turbine systems have impth and they have
widespread usageound the worldsaacompetitive energy resource. T$iee of wind
turbines has been increased significantly from 50 kW to 2 MW, nétv wind

turbines up to 5 MWeurrentlydesigred The evolution of size of wind turbines can

be seen irFigurel.1 [1].

Rated Capacity:  S0KW 300K 750KW 1000 KW 2000 KW 5000 LT Washington
Eotor Dhameter: 15m 34 m 48 m 60 m T2m 112 m Monument
Tower Height:: 25m 40 m 60 m 70 m 80m 100 m 170m

Figure 1.1. Representative Size, Height and Diameter of Windbines[1]

As a renewable and environmeldtiendly source of energy, wind turbine systems
are used in many countrieand wind energy is recognized as an affordable and

reliable for providing electricity. Manufacturingne logistic constraints require



components as light and affordable as possible. As a result of widespread usage and
these constraints, wind turbines also brings failure. Rotor blades comprise roughly 7%

of total wind turbine component failuress shown irFigure1.2 [2].

Hydraulik  Yaw System
System 8% Structural

) . 9% Parts / Housing
Drive Train

2%

%%
Rotor Hub

Mechanical
5%

Brake

6% Rotor Blades

T%

Generator
4%,

Plant Control

System
18%
Electrical
System
Sensors I3,
10%

Figure 1.2. Share of Major Wind Turbine Componerdikires[2]

1.2.Wind Turbine Blade Structure

Blades have three sectminom the rodto the tip: circular root crossection to mount
hub, transition region from circular to aerodynamic crssgion shape, and airfoil
crosssection along with the transition to the.ti@enerally, reinforced fiberglass
composite materials comprigewindturbine blade as a primamnyaterial of the blade
that gives aerodynamic shapethe blade. Single or double shear webs are used to
createa beam box structure whidtarriesthe loadsalong the span. The typicaind

turbine blade crossection is illustated inFigure1.3[3].
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Figure 1.3. Typical Wind Turbine Blade CrosSection[3]

1.3.Wind Turbine Blade Loads

Wind turbine blades are subjected mainly two typdsads which areaerodynamic

loads and inertial load¥]. Aerodynamic loads involve lift, drag, sheatc. whereas

inertial loads contain gravity, blade dynamics, &ae to the drag and lift forces
shown inFigure 1.4 on the bladeg5], edgewise (leathg) and flapwise bending
moments arise. These moments are shovwigare 1.5 [6].

s Lift
“rh‘_“_“"‘-u-';h__ﬁ — Drag
Angle of attack e

Figure 1.4. Lift and Drag Direction$5]



Figure 1.5. Representationf Flapwise (upper) and Edgewise (lower) Bending of a Rotor Hilde

Because of the airfoil shape, blades have higher stiffness in edgewise direction and
can carry higher bending moments in this direction. Within these two flapwise and
edgewise bending momentsflapwise bending moment is readifyduced by wind

loads. Due to the lower strgth in flapwise direction, thederces and moment are

the deterministic components. Moreover, inertiahds are not considered as
significantloads for small scale wind turbine blades.

1.4.Wind Turbine Blade Testing

As one of the most crucial pardf the wind turbine system, a reliable wind turbine

blade to be developed is the main focus of dessggard manufacturer In this

development, wind turbe blade testing isonsidered as a requirementllFscale

testing, which ighe ultimate static test and fatigue test, is performed to certifecate

new blade developed in accordance withe il nt er nati onal El ectro
Commission (IEC) 61400 Pa?R [7] document approved by the IEC Technical

Committee 88Nind Turbine Blades. Every new blade developed is subjected to these



testing for not only certification issuésit also there are other reasons for {8t

These reasons are listed below:

- To verify design analysis arsfructural integrity otheblade

- To check the strength tiierotor blade

- To substantiate the analysis of full scale blade

- To demonstrate the fatigue life thfe blade

- To provide full scale test data to establish the predicted service life of the

structureanalytically

The main focus of certification testing is tonform certification requirements by
conducting bottstatic and fatigue tests. In other wardsshould be shown thahe
blade should withstaneiktreme loads and should raill during its service life [8]. In
this thesis, the main focus will be static testing to ensuretirdtade desnot fail

under extreme design loads given.

Structural teting of wind turbine blades igerformed around the waklin a few

structural &boratoriesdesigned for these testing. National Renewable Energy
Laboratory (NREL) (USA)[9], Center ler Renewable Energy Sources (CRES)
(Greece)[10], Delft (Netherland)[11], Ri s 3 Nati onal Laborator
Energy (Denmark)12] are several example of these labora®\With this thesis,

setting up a testing infrastructure condnay a bl ade testisng wi't
aimed.The testing procedure implemented in these laboestgenerally follovs the
standardi zati on do ¢28WaaTurbifelb8nerhtér SgstEiS 6 1 4 0 (
Part 23: FulScale Structural Testing of Rotor Blad&$. This document generally

describe how full-scale blade testing is to be performéadt it should not be
considered as a requirement for every blade design. That arealternative method

for testing can be used. In this document, technical specifications for static strength
tess, fatigue testsand other tests determining blade properties are considered. It is

stated that the blade shall be described by means of drawings and specifications
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Moreover, instructions for handling, lifting should be provided. For testing of the
blades, six load components (Fx, Fy, Fz, Mx, My, Mz) shall be defined along the blade
span. However, not all loads have equal importaaice some of them are applied to
the blades. Flapwise and edgewise moshardg usually applied to the blade. Due to
the limitations ofthe test laboratory, it is not practical to establisk same loading

conditions as in the design.

In order tocollect data on the blade, seversasuement techniges are used. Mainly
strain gauges are implemented to obtain strain datthe@mlade during testing.
Moreover, there are some tools like displacement transducer, load cell, angle sensor,

etc.

For loading of the blade i@ static testthe test procedure shall contain some steps
until 100% test loads. Ahe required maximum test load (100% of extreme design
load), the test load should be maintained at least 10 secamdighenthe load is

released until zergl3)].

1.5.Wind Turbine Blade Testing Methods

There ardgwo types of blade testing. These are static and fatigue testing. There are
two types of loading methodsvhich are loaebased and strengthased. Inthe
certification processaload-based test is useandthemain purposef this method is

to demonstrate théhe blade will endure the extreme design loads without failure.

For all of these loading methoddades should be fixed at the romtd loading should
be applied with load introductiomhich is called the load saddles on the blade.



1.5.1.Static Testing

In this testing, loads are applied to the blade statically until legahimate strength
or failure. With this test, it is ensured thiaéblade can withstand extreme loads during

operation.

There are three types of static loading methadd all of these have advantages and
disadvantage$]. The first one is distributed surface loads. This loading is carried out
by heavy sandbags distributed ovke blade surfaceThe main advantage of this
method is that it is the best representation of shear foutdle the disadvantages of
this method are that is loading can be dangerous while addiag at extreme loads.
This loading is limited ta single axis. An example of this method can be seen in
Figurel.6 [14]

Figure 1.6. Distributed Surface Load44]



The second method calleda single point method. In teimethod, loads are applied
asconcentrated to the blade in one section. Tdadingresults higher shear loads on
the blade. This loading can be conducted with a crank or hydraulic actuator. Multiple
loading at different sections can be requiredingle point method is shown Figure
1.71[8].

Figure 1.7. Single Point Method8]

The third method is multiple point metod. In this method, loading epplied at
different sections simultaneously so that more representative shear and moment
distribution can be acquire@hese distributiomaremore realistic thaa single point
method. The disadvantagéthis method is that it requiresmorecomplextest setup
system. Multiple pointnethods can be conducted wédveral hydraulic actuators or
cranks as well aghewhiffletree system. Example figures for multiple point method

with and withoutawhiffletree system are given Figurel.8 andFigurel.9[8] - [15].
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Figure 1.8. Multiple Point Method with Whiffletree Systef8]

Figure 1.9. Multiple Point Method without Whiffletree Syste[rh5]



1.5.2.Fatigue Testing

In fatigue testing, the durability of the blade is verified with a cyclic loading profile.
These cyclic load can be 1 million to 5 million load cycles. Fatigue testhiducted
mainly in two directionswhich are flapwise and edgewise. This testing can be
respectively or simultaneously. Simultaneously method is calledacisabnd better
simulation of the loads facing in operation can be experienced. This meth@amlso
takea shorter time thamniaxial testing. Applying load can be dividento two that

are forced displacement and resonant oscitigdf

1.6. Motivation

With an inceasing demand fanergyin the world, countries are forcgdoduce new
alternative energy methods. Wind energy is one of these. For this reason, increasing
wind energy generation is one of tmeotivations of Turkey. METUWIND is
established to research wind energy with government support. In this thesis, it is
aimed to establish testing infrastructuseth static and fatigue tests in METU under

the METUWIND project.It is planned to be capable of haviatest of the blade up

to 9 metes in this facility. In this thesisa static test of 5 meteiR | Z G EbMde is

defined andatest fixture is designed to coviersts of blades up to 9 meter

1.7.Methodology

In this part, briefly how to condutest setup desigis explained inFigure 1.10 as

follow,
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Input (Requirements) Configuration

uDimensions Length
uDesign Loads
uBoundary Conditions

uloading options (Uraxial,
Biaxial)
uNumber of Saddle Points

Concentrated Loads
ulocations of Saddles

Structural Analysi Procurement

S N A Y

Comissioning Instrumentation

Design Load Calculation
uConceptual Design .

8D Design uDesign Loads to
wlest Architecture

Figure 1.10. Wind Turbine Blade Test RiDesign Steps

Firstly, therequired data arevaluated as an input to startoncept. With these data
and literatureresearch, the configuration is decided. In the direction dtfie
configuration decided, load calculation is perform&tie selection of actuators and
load cels are madeccording tothe load to be appliedwith this information,
conceptual design options are presengd by acceptance of onencept, detailed

design is started. According to the detail desigaarchitecture oftie est system is

11



determined. Whethedetaildesignis finished, structural analysispgrformedor the
detail parts used in the test iy using load to be applied to the systemthi
structural analysis is satisfied, procurement is started. With the settlentbatest
system, instrumentation tfetest specimen is performed and finally, commissioning

is conducted

12



CHAPTER 2

LITERATURE SURVEY

In this chaptera literature surveyon test setup design e¥ind turbine blade is

presened. The fllowing brief information are summarizeth the first section,
literature on work conducted oninvd turbine blade test systems amdthe second
section, differences between test systems for wind turbinesdadehelicopter rotor

blades are summarized.

2.1.Wind Turbine Blade Test System

According to IEC 614023 8], static and fatigue tests required to be carried out in
order to conform certification gelirementsin the last 20 years, many test facilities
have been developed to perform static and fatigue test on wind turbine Tiede

are two types of blade testing facilities. The first type is small scale wind turbine blade
testing that commonly dizes servo hydraulic or electromechanical actuators to apply
loads. The second type is large scale wind turbine blade which is greater than 20
meters that commonly utilizes cranks that pull the blades transversely to apply bending
moments to the blades.h& st setup and load applications in the literatare

summarized in the following paragraphs.

Valyou et a[16] used thaBlade Test Facilitpf CECET atClarksonUniversity, which

was establishedh 2013[17]. The test facilityhasa capability ofstatic and fatigue
loading of wind turbine blades with length up to-h&ters Figure 2.1 shows the
faci |l i tHhstestfhcdity aonsistof an8 m x 14 m strong floor with 6 m wide

x 5 m high reaction walls. The reaction walls and strong floor were designed to sustain
up to 1 MNm and floor can withstand 4KkH for testing of small and midize wind

turbine facility. The reaction wall has two tegands Hub connections of the test

13



stand can be modified in accordance with the blade types. Blade wall mount drawing

for the hub consaint of the blades is shown Figure2.2. This facility is equipped

with MTS System Corporation. With the equipment basetthe blade test facility,

static, fatigue, modal testing of the blades can be performed thtldesired

configuration. Alsgnote thatthe devebpment oftheBl ade Test-axiBlaci | i tyos

fatigue test system is underway.

Figure 2.1. Blade Test Facility in CECET16]

Figure 2.2. Blade Wall MountAdapterq16]
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In [4], Malthora studied different testing methods and improvements to a conventional
concept for testing of large wind turbine bladasUniversity of Massachusetts
Amherst He stated that blades should be tested in terms of both statically and
dynamically in oder to improve the design and the mantufeing processes. In this
study, two different approads to the design ofa bell crank system haveeen
improved to test large scale blad€se @nventional bell crank system for testing the
blade in both directias is shownin Figure2.3. Alternative method to test large scale
blades isconductedandthe design of this method has been modete&olidWorks
andanalyzedThis dternative degn conducted in this study ikustrated inFigure
2.4.This concept is about to excite the blade simultaneously bothapwise and
edgewise directions. BREX resonant technology is used for flapwise excitation in
NREL, and two inclined actuatorand linear rail guide system aused to excite

edgewise motion. This system is analyaed discssed in this study

PROFILE OF TEST BLADE AT THE

LOAD INTRODUCTION STATIVV PUSHROD

S Mo e BELLCRANK

I (o]
o
LOAD LOAD GELLS 000
INTRODUCTION 00000
FIXTURE N 0;/
TRUNNION LEAD-LAG
FLAPWISE ACTUATOR
ACTUATOR VARIABLE
SWIVEL HEADS ACTUATOR
AND BASES PLACEMEN
—>
']

W77Z77722777727227277777772

T-SLOT BASE PLATES

Figure2.3. Conventional Bell Crank System for Biaxial Test[4
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Figure 2.4. Alternative Method for Fatigue Testird]

In [18], B ¢ r k rstated thathe bladk is loaded by a distributed loddowever,
concentrated loads are applied to the blddeng testing Moment distribution has
become inaccurate because this reason.Concentrated load at the tip causes
deviation from the actual bending moment distribution subjetctad the practical
applicationas shown inFigure 2.5. In orderto counter this effect, there are two
options.The first optionis to carryout the testing with two separate gestibsequently.
In thesetwo independentesting, differehload introduction position igsed as seen
in Figure2.5 andFigure2.6. The main disadvantage of thiethod is thait requires
too much effort and timél’he second optiors to putloads at two different positions
simultaneouslywhich results in fairly accurate moment distributias inFigure2.7.

For this reasora generally simultaneous test procedure is followed.
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Figure 2.7. Concentrated load simultaneously at different locations
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In [19], B¢ r k n e presented aanlew method for testingn@entional testing is
composed of up and dowilapwise and edgewise loading. conventional methods,
these loadingare applied separdye and therefore it may take too much timéich

can easily exceed five months. The option presentedetiuce testing time is to
determine the eigenfrequencytbébladeonceand then apply flapwise and edgewise
loading combined as a cyclié sketch 6the biaxial loading test setup is shown in
Figure2.8. The advantage of this configuration is reducing the time by factor two.
Also, the loading of te material in terms of a three dimensional stress or strain state
seems to be closer compared to loading of the blade in use on a turbine. The other
advantage is that no influence of higher frequency movements of the blade. In other
words, the higher freqency can be achieved with this configuration. On the other
hand, in this systenthe design of test rig is challenging. Because e&Xial loading
simultaneously, test rig more complicated than conventional test rigs. Andhedso,
compatibility of hydralic actuators may arise a problem. Witkistconfiguration,

time consmption problems can be achieyédit the assembly of this test setup will

be hard.

ﬁ

Figure 2.8. Sketch of biaxial test setup from bladg [19]
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In [20], Sundaresan &l. studiedon a different loading conceptn lthis loading
concept, whiffléree arrangement was used as showfigure 2.9. For testing, 9
metes long blade wasised. Whiffle tree provides a multiple loading by using one
load introduction. These types of loading enable us to apply loading with less
hydraulic actuatorsompared to conventional multiple loadimigwith one crankBut

the design of whiffleee is aittle bit complicated in terms of loagbglication points.

In their study four loading points wer used to introduce loads with focalibrated

load cells. Load cells are placed just between thdlsgubints and tree branches
Whiffle tree arrangement & good option to loading, it provides easiness of loading
condition but it should be noted that it is only useful for staticstdstnay not be used

in fatigue tests due to odaitory loads.

Figure 2.9. Whiffletree arrangement on 9 metavind turbine blad¢20]

In [21], Yang et al. studied actual collapse testing under the flapwise loading for a

large fullscale composité0 metemwind turbineblade.The photo of testing is shown
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in Figure2.10. Full scale test has been carried out at the Blade Test Centre of Zhuzhou
Times New Materials Technology Co., Lid. Hunan, ChinaThe testing performed

until failure under flapwise loadindg.oads were applied in six sequential steps with
increasing loads. These steps are tabulat@@lote2.1. This table includesot only

loads applied but also normalized moments. At the first step, dead weights on the blade

have been relieved.

Figure 2.10. A full -scale wind turbine blade under flapse loading static te$21]

Table2.1. Loading Steps

Load Increment Additional Load M (%)
Relieving the componeifitom its dead weight
1. Step : . ] 0
and setting all measurement points back to z
2. Step 40% extreme design load 25
3. Step 60% extreme design load 37.5
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Table2lLoading Steps (contdd)

4. Step 80% extreme design load 50
5. Step 100% extreme design load 62.5
6. Step 160% extreme design load 100

Yeniceli[22] T [23] made calculations for loading arrangementsa selectedvind
turbine blade systentn this resarch the optimization ofthe whiffletree system was
conducted to apply appropriate loading arwind turbine blade. The National
Renewable Energy Laboratory (NREL) research wind turbine blade was used for this
study. Firstly, he chose one thieloading @ses thathewind turbine blade facin
operation. After that, thdistributed loads on the bladeas converted to concentrated
loads by using MS ¥cel to apply blade in testingn this optimization, the optimum
locations to applyoads tatheblade wee found fortwo, three and four saddle points
These are compared to each other in terms of the best momeibutistr onthe
blade These optimizatiosare performed not only in MS Excel but also in MATLAB.
A tool with Graphical User Interface (GUI) warepared to buildn algorithm to
optimize. In this toqgl determination of saddle point locations and corresponding
saddle point loadsvhich gives the best moment distribution according to distribute
design loads were calculated. These calculationsperformed in MS Excel and
Matlab took are compared. As a result, Matlab optimization gtheglosest moment
distribution to desigmoment distribution otheblade.The gtimum design solution

for whiffletree was selectedand whiffletree design was odumcted to apply
appropriate loading to the blade. In this thesis, 4 puoihiffletree design was selected
to give the best distributigmnda sketch of this design ibustrated inFigure2.11.
Also, shear force and moment distribution comparistmis4 points whiffletree

arrangemenare presented iRigure2.12 andFigure2.13.
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Figure 2.11. Sketch of Whifletree with 4 SaddIPoints
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Figure 2.13. Bending Moment Comparisorioag the Blade in 4 Saddle Poj22]

2.2.Differences between Wind TurbineBlade Test System and Helicopter Blade
Test System

Both wind turbines and hieopters have rotor blades fdifferent purposes. These
blades are prdoably the most critical parts dheir design. In case of catastrophic
failure during the operation, theyust be tested before. In operation, these blades are
exposed to similar loadings. The loadings acting on blades differ dbhe porpose

of usage. Helicopter blades rotate with higher RPM. Also, when considering the
maneuvers of helicopter, blades behav are continuously changing due tioe
capability of helicopters and different loading like damper loading, pitch linkrigad
acting on blades. Withitoads of blades during the maneuvers or operations, the
importance of centrifugal force comes forwdree to higher RPM. On the other hand,
awind turbine blade rotates with lower RPM. For this reasaentrifugal force is

too small in accordance with moments on the blade. The entisal loading on the

wind turbine blade occuftapwise moment
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On tre helicopter blade, not only centrifugal force but also the other forces must be
taken into account while testinghese are flapwise moment, edgge moment,
torsion, damper loading and pitch link loading. During the testing, all of these load
have to bappliedto the helicopter bladd he most Hected load iscentrifugal force

on the helicopter blade. The blade testing is performed under constant centrifugal
forces. While the otherofces are changing and follogpecific load patterns,
centrifugal face must be kepthe same.An example ofthe load pattern of the
helicopter blades is givein Figure2.14. Moreover, it is not possible to test the full
scale helicopter blade duettte length and load distribution dfie blade If the full-

scale blade is tried to be tested, there migha peoblem withthe measurement of

load distribution and testingand also thdestingresult may move away from the
reality. A testing time is significantly increasirag well Only the root section tested

with these loads. In TAI, there is a test system atimhelicopter blade root section
test fulfilling the requirement describ@g shown irFigure2.15 [24], [25]. This test
system hashe capability to apply all types of loading. It should be noted that CF
(centrifugal force)s keptconstantand the other load are oscillatidgring the test.
Furthermore, the failure modes of the hgbiey blades can vary with maneuveks.
helicopter is an aircrathat carries people. So aijlure in the blades arisaproblem

with a fatal accident. For this reason, in order to show the structural integrity of the
blades and certify the helicoptetise test of the blade must be conducted all types of
loading in case of any failure due to even the smallest load acting on the blade. For
the certification ofahelicopter, it is mandatory to apply all loadings simultaneously.
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For the wind turbine blades, centrifugal force can be assumed negligible when it
compares to other wind turbine load cases. And also, due to lowerdiR&gr speed

of awind turbine bladés smaller. For this reason, torsion due to aerodynarait it

too small to consideiThe main loasl of the blade haygecome edgewise and flapwise
bending. These bending loadings can be performed simultaneously or separately.
There is not directly guiadece about this process in theld@ture. So it is not necessary

to apply these loads simultaneously. Unlike helicopter blades, wind turbine blades are
fixed at the root to the hum the helicopteblade this procedure is more complicated

due to constiats and types of loadindn the wind turbine bladesh¢ hub conndmn

is one and only boundary conditiand concentrated load points are only the loading
conditions for bendingAn example ofawind turbine bladeest setup is illustrated
Figure2.16. In this figure areaction block represents the hub connection of the blade

and loading fixtures provide bending loading on the blade.

Blade Loading Fixtura

Vertical Pull Configuration

Reaction Block

Linear Actuator Systems

Hydraulic Winch Systam

Figure 2.16. Example of Wind Turbine Blade Test Se{27]
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CHAPTER 3

R | ZGEM BLADE AND LOAD CALCULATION

In this chapter, a brief summaoyf R | Zbad@eNb be tested pesentedand test

loads to be applietb the blade arealculated.

3.1.Wind Turbine Blade in METU RUZGEM

ME T U ZBEM Blade is designed incoer at i o nZGEM itMETURCenter

for Wind Energy and Core Team of the University of PATRAS. This blade was
designed in accordance with IEC 614D0Wind Turbines Designrequirements for
small wind turbineg7]. The blade haa 30 kW nominal power capacity at 10 m/s
wind speed. This blade was created to obtain light, reliable andlsuibalwvorking
under strong wind conditions withthe METUWIND project. Aerodynamic design
was completed by Smartblade Gmlgtoviding detailed aerodynamic geometry and
stress distributions for extreme IEC loading casdsich will be encountered in

operdions[2§].

The blade has-beter lengthandthefirst aerodynamic section starts at 0.7 m from
the root. The composite blade is made up gel coat, steel and congusites. The
composition of the blade assuction sidea pressure sideaninternal flangea hat
shape chassis arttle flange is shown irFigure 3.1. The total mass of the blade
including the adhesive paste, the gehttand the CSM 300 finishing pig 82.198 kg
[29].
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Blade Pressure Side

Blade Pressure Side
Internal Flange

Figure3.1. R| Z G BEBlMde Compositiofi29]

During thedesignprocess of the blade linear static analysis was performed in
ANSYS by using extreme ultimate loads. According to the linear elastic static
analysisthe maximum deflection is equal to 0.50&the tip under extreme ultimate

loads as presented iRigure3.2 [29)].
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Figure 3.2. Maximum Tip Deflectbn[29]
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The connection of the blade to the wind turbinb till be madeby 12 M16x1.5, 8.8
grade bolts. The external root diameter is equal to 273 wimte thel12 M16 bolt
hole patterns are placed245 mm diametef he existing bladen RUZGEMis shown
in Figure3.3[30].

Figure 3.3. Existing Blade in METU R Z G E [[90]

3.2.R| Z G EBMade Coordinate System

The wind turbine coordinate system should be well defined before defining design
loads. The forces and moments are given in the blade pitch coordinate system
according toFigure 3.4. The blade pitch coordinate system has its origin at the
intersection of the blades pitch axis and the blade root. It rotatesheirotor and the

local pitch angle adjustment.
Origin: Intersection of the blades pitch axis and the blade root.

YB: Pointing towards the trailing edge of the blade and parallel with the chord line at

the zeretwist blade station.

ZB: Pointing along tk pitch axis towards the tip tieblade.
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XB: Orthogonal with y and z axes such that they form a righanded coordinate

system.

Figure34.Coor di nate SystBlade[2 the R} ZGEM

33.Desi gn LoadsBlaWlé R] ZGEM

While creating the design loads to be tested, the worst case load scenario is chosen
This worst case load scenargdcquiredrom aereelastic simulations of blades that
conform IEC 6140 standard in the blade design red@4]. According to these
extreme loads, Fx, Fy, Fz, Mk]y, Mz loads and residual loads in both positive and
negative directions are presented for 28 different sections along the blade. It should
be notedhat safety factor wasken 1.35 for these loads. These sectional loads in all

directions are given ithe Appendix.
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Since the blade has lower stiffness in flapwise direction while higher stiffness and
lower loads ontte blade, two types of loading arere important than others. These
are Fx (flapwise shear load) and My (flapwise bending moment) arisingHielift.

This flapwise load is plotted along the blade radial positidfigure3.5 andbending
moment aising from flapwise load idrawn inFigure3.6. These forces and moment

are tabulatedh Table3.1. Moreover, these loads are to be used to apply on a blade

after converting these sectional loads to concentrated loads.

Shear Force [kN]

O Rr N W & U v 4 0 O

0 1 2 3 4 5
Blade Length [m]

Figure 3.5. FlapwiseLoad over Blade Radial &sition
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Figure 3.6. Flapwise Bending Moments over Blade Radiasifon

Table3.1. Fx And My Along Over Blade Radial Positifi2g]

. Fx My
Section R [m] kN]  [KNm]
1 0.00 8.14 18.09
2 0.10 8.03 17.24
3 0.20 7.90 16.47
4 0.30 7.77 15.70
5 040 7.64 14.93
6 050 7.44 1421
7 0.60 7.23 13.48
8 0.70 7.03 12.75
9 0.80 6.82 12.02
10 0.90 6.62 11.29
11 1.00 6.40 10.79
12 1.25 5.85 9.58
13 150 5.30 8.38
14 1.75 475 7.17
15 2.00 4.20 5.97
16 225 3.76 5.00
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Table 3.1Fx And My Along Over Blade Radial Positif2f] (cont dd)

17 250 3.35 412
18 275 2.95 3.27
19 3.00 2.60 2.61
20 3.25 2.26 1.98
21 3.50 1.93 1.49
22 3.75 1.60 1.02
23 400 1.29 0.69
24 4.25 0.97 0.39
25 450 0.66 0.24
26 475 0.34 0.10
27 490 0.15 0.01
28 5 0 0

3.4.Calculation of Applied Loads and Locations for Two Saddle Points

Flapwise loadingistobeusedfert at i ¢ t e st Bladg. Thede lo&ls ate€G E M
given as botha shear force in-direction anda flapwise momenin the previous
section Real operation cases and testing are differenthdnmeal case, distributed
aerodynamic loads affect blades direcilheseaerodynamidoads are presented

28 sectionsn the design report as concentrated loads convergingetdistributed

loads Flapwise loads stated thedesign report cannot be applied directly to the blade

in these28 sectios with saddles. For this reasanumber of saddle points should be
decreased by keeping shear force constatite rootand byconvergingthe bending
moment distribution as much as possible over the blade radial pokii®aimed to
convergeto realistic moment distribution by decreasing loading poilsfore

calculation, notations ahownin Figure3.7 andthese notations are defined as;
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Figure 3.7. Scheme of Notations on the Blade

"O is aforce applied at saddfmint 1,

"0 is aforce applied at saddle point 2,

w is a location of saddle point 1,

w is a location of saddle point 2,

W is atip,

wis the distance from the root where ment is calculated,

and ®ctiors 1, 2, 3 to 2&rewherethedesignloads are defined.

Two approaches

Load calculation which is converting loads in 28 sectgto the concentrated loaid
performedby using two approaches with separate objective functionsoth two
approaches,he main aim of thee calculatiors areto acquire realistic moment
distributionconverging talesign momendistribution presented i28 sectionsThese
calculatiors areperformed foisaddle pointand corresponding loads at these saddles
With the help of Excel Solver, saddle point locati@md corresponding loads to be
applied are calculated. Befotée calculation, the objective function, changing

parameterandconstraints are decided
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Objective Funcbins

The two approaats use different objective functiotsdetermine the saddle points
and corrgponding loads. The first approach minimizes the suabsblute values of
the moment errdbetween design moments and moments due to applied saddle loads

at each sectionThis approach is defined as;

N w N w (3-1)

QW 0 ®w 0 @ .
pmtht 0 ® 7 (3-2)

where

0 @ is a design moment at section defined
0 w is a applied moment at section defined due to saddle,loads

"Q w is a percentagmomenterror of section defined

"Q  is an objective functian

In the first approach, our aim is to minimiZ& «, which issimilar to approach
studied in[22).

The second approach minimizes the sum of absolute valuesroentdifferences
between design moments and moments due to applied saddle loads at each section.

This approach is defined as;
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(3-3)

£o TS | S | S (3-4)

where
"‘Q w absolute moment difference of section defined
"Q  is an objective functian

In thesecond approach, our aim is to minimi2e .

In these two approacheshich is studied, all other changing parametersd an

constaints are kept the sanfar comparison.

Constraints

All of these calculations are carried out by changing loads to be applied at each saddle
point andsaddle point locations&ince the moment distribution is more critical than
shear force distributignit is aimed to obtain the best moment distributionhiis t
calculation While distributing loads to sabidpoints, total shear forcekgpt equal to
thedesign shear force at the root. Forfihp Z G Bbldde loactalculation,constraints

aredefined as follows;

- The aim of loadsto be applied at saddle points shall be equahéalesign
shear force at the root, which is 8140. Taodtce this constraint to Excel,
the sum of the loads are normaliz&dstribution of loads for saddle point 1

and saddle point 2 are also normalizaednotations are given as,
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glo
olo
©

(3-5)

where
"Ois a load applied at saddle point 1
"Ois a load applied at saddle point 2

"Ois a shear load at the root, which is eqoa140 Nfor our case.

The ratio of saddle poilbads to total shear force #ite root shall be lower
than 1,

©

(3-6)

dglo dlo
©

(37)

The ratio ofthe saddle poirbads to total shear forcetae root shall be bigger
than O,

=

(3-8)

olo dlo
=

(3-9)

Saddle point locations cannot biger tharthe length of blade, which &

meters,
W v (3-10)

@ U (3-11)
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of ®

Saddle point locatiogicannot be lower than 0.7 meterhere aerodynamic
profilestart§ or t he bRdeZ GEM

™ ® (3-12)
™ ® (3-13)

The moment differences between design momentesignomentatthe root

shall be lower than 1%,

TR PP (3-14)

where

0 @ is a design moment at the rpot

0 @ is anapplied moment at the root due to load applied at saddle

locations

Changing Parameters

Load calculations are performég changing saddle locationshich arew andw,

and corresponding load distributionshich are"Of'O and "OF"'O. Thesevalues are
assigned randomly asitial values for the solutiarit should be noted that these initial
values should be selected sensiBled also, locationsnust be selected in the order

.

MomentCalculations due to Jaddle lbads

Moment calalations due tothe loads applied ahe saddle points are performed
according tanotations which isstated previouslyThe test mment equations for elc

section are definebly;
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0 w Ow w Ow (3-15)
wherem @ ®

0 @ Ow (3-16)
wherew o

0 W T (3-17)
wherew ®

For the firstobjective, Excel datasheet is ated with design moments colupntest
moments due to load applied at saddle points column and moment percentage error
between design moments and moments due to applied load at saddle points for each
cellscolumn Each colum has 28 rows. Theasign moments presentedTiable3.1

are insertedo relatedcolumn and the moment equations aréten to the moments

due to load applied at saddle points coluirthe samé&xcel datasheet, initial value

cells for changing parameters and constraint cells are also defined. Initial values are
chosen a& p®d, @ o®Ah'OFO 1@ and 'OFO T1@. The sim of
moment error with selected initiahlues, changing parametarsd constriats defined

can be seen iRigure3.8.

Ohbjective
Sum of Moment Error % 1064 .00
Constraints
minimum saddle location [m] 0.7
maximum saddle location [m] 5
Moment Error at the Root [%] | 3.49564
Changing Variables Saddle 1| Saddle 2
Location
Distribution 1
Load 4224 3256

Total Shear Force at the Root | 814000

Figure 3.8. Initial Values, Constraints and Corresponding Sum of Moment Percentage Error
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In order to perform this calculation, Excel Solver Addool is used. In this solver,
the objective function is introduced as the sum ofnment percentage error. The aim
of the objective is selected as minimizing. After that, changing parametbish are
wh®, "OF'0 and "OFQ, are introduced. Excel solver perfasm calculation by
changing these parametefhen, constraints ar@troduced astated previously in

Constraintspart. Solver parameters introduced to Excel are shownguare3.9.

GRG Nonlinear solving method is used in this solver. GRG stands for generalized

reduced gradient. This method uses theligra of the objective function. When it

obtains partial derivativeshich is equal to the zero, it reaches a solution. This is the

fastest method within solving methodlf t er pressing a ASolveo but

the location and magnitude of the saddle loads.
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Solver Farameters x|

Minimize sum of moment

Set Dbjective: [sss8l error at each sectiors]
To:  Max & Min " Value OF: E
By Changing Variable Cells:
sss14:51515 — Changing variables (locations and loads) =
Subject to the Constraints:

———— Root error < 1% =] Add |

S514:5T814 == 555140

s.u515'=k\

T~ Location btw 0.7 and 5 m  cnange |
—~ Percentage distribution

Delete |
Total percentage
Beset All |
=] Load/Save ‘
[* Make Uncanstrained Variables Non-Negative
Select a Solving [GRG Monlinear _ﬂ Optians |

Method:

solving Method

Select the GRG Monlimear engine for Solver Problems that are smooth nonlinear. Select the LP
simplex engine for linear 5olver Problems, and sélect the Evolutionary engine for Solver
problems that are non-smooth.

| Help |

Solve Close

Figure 3.9. Introducing Objective, Changing Variables and Constraints

For the initialconditionsw

PRG, 0 o®AROT0 m@and’OFO 18, the

optimized saddle locations arebtained1.40 m and 4.16n from the root and

corresponding loads ai®

L @ WuandO ¢ T Ybp respectively. These values

areshown inFigure 3.10. Note that these saddle locations and corresponding loads

are for the firs objective function, which is the sum tife moment percentage error

at each sectiorBhear and wment distributions of desigand test loads are givém
Figure3.11 andFigure3.12. In Figure3.11, the total shear force at the root, 8140 N,

is observed between the r@otd the root saddle while there is no shear force between

the tip saddle and the tip. Figure3.12, the moment at the root is found with an error
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of less than 1% and the moment values are found as zero for the distance between the

tip saddle and the tip.

Ohjective
Sum of Moment Error % 670.57
Constraints
minimum saddle location [m] 07
maximum saddle location [m] 5
Moment Error at the Root [%] 1
Changing Variables Saddle 1| Saddle 2
Location
Distribution 1
Load 5659.39 | 2480.607
Total Shear Force at the Root | 8140.00

Figure 3.10. Saddle Locatins and Corresponding Loads afBeiution for hitial Values® p®ah
@ o®dAh'OFo mHh'OFO 18 using’Q w as Objective Bnction

Shear Load [kN]

2 3
Blade Length [m]

Figure 3.11 Shear Distribution forritial Values®d p®&hw o®ah'OF0 m&h'Oro 18
using"Q @ as Objective BEnction
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2 3
Blade Length [m]

Figure 3.12. Moment Distributiorfor Initial Values® p®dhow o®& h"Or'0  mn@h "Or'o
& using’Q ® as Objective Bnction

After the load calculation with the first approatife objectivefunction is changetbr
the second approacAbsolute momendifferences between design moments st
moments at each section arged for arobjective functiorfor the second approach
By keeping constraints and changimarametershe same the solution is conducted
In order to compare these two apprceghnitial values ofsaddlelocations and
corresponding load ratipsvhich arew p®&ahw o®ah'Oro m@oé OF
"O m&, are kepthesame as well.

According to a solution carried out with the second approach, it is aimed to minimize
the moment differences between design momemdstest moments in each section

With initial values whichare® p®dahw o®ahOro mHAT OFO 8,

saddle locations are obtained as 1.05 m and 3.72 m, and corresponding saddle loads
are obtainedd® 1 1 WCAT ® o ¢ tOYThesevaluesare given inTable3.2.

Besidesshear and moment distributions of design and test la@dalso presented in
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Figure3.13andFigure3.14. In Figure3.13, it is seen that the shear force between the

root and the root saddle is equal to 8140 N while there is no shear force between the
tip saddle and the tip. IRigure3.14, the design moment are caught with an error of

less than 1% at the root and there are no test moments between the tip saddle and the
tip.

Table3.2. Location and Corresponding Loadts Initial Values®w — p® & ho o®ahOro
m®h"OF'0 18 using"Q @ as Objective Enction

Saddle Point 1 Saddle Point 2

Location [m] 1.05 3.72
Load Distribution[%] 55.2% 44.8%
Load [N] 4492 3648

1.05m ——Design
——Test

Shear Load [kN]

] 1 2 3 4 5
Blade Length [m]

Figure 3.13. Shear Distribution forritial Values®> p®& dhw o®ah'Oro mgh OF0
& using’Q w as bjectiveFunction

44



20 -
] ——Design
——Test

Moment [kNm]

N
0 1 2 3
Blade Length [m]

o
i
4]
[ 3
|

Figure 3.14. Moment Distributiorfor Initial Values® p®ahow o®&ah"Oro m@h Oro
& using’Q w as Objective Bnction

When these two approacheth the same constraints and initial valaes compared,
the secondpproach with thebjective’Q @ givesbettersaddlenoment distribution
than’Q « neartheroot,while"Q w gives bettersaddle momendistributionthan

"Q w nearthetip. In order to examine these tvapproachesletailed,sedional
moment errors of both twapproachesaccording to desigmoments along the blade
graph ispresented ifrigure3.15. Both two approaches works well for near the root.
After 1 meter from the root, differences at loading are observed and it can be said that
the second approach usiity w works better100% error is observed neaetip for
both approaches using differenbjective functionslt occurs because therg no
loading betweetip saddleandthe tip Because of the absence of the loading, it looks
like the moment errors are 100% at these gmstirhe design moment loads at these
sections are very small. Since we are not interested in these sabigoabsence of
theloading near the tip is not criticéhn alternative methoébr thetip zone can be

consideredor this special region for coparison Whenthewhole blade is considerged
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it is seen thalQ w has more error near the ro8ince the root is more criticahe
second approach usin@ « objective function can be used to determine saddle

locations and corresponding saddle loads.

100

o

Error [%]
[ S R R R
[ T e R -

[
=

o

Blade Length [m]
—+— 1st objective - fPE(x)  ——2nd objective - fAD(x)

Figure 3.15. Comparison of theifst Approach usingQ & and the $condApproach 8ingQ

Different Initial Points

The ®condapproach is aimed to minimize & objective functionywhich ismoment
differences between design moments and test momBiftsrent initial values of
random changingarametersare selected fothe new solverrun. @ p® d ho
o®dahoro mdAT BFO & isused before for the solution and this initial values

set can be callefetl. The other sets for rusredetermined am Table3.3.
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Table3.3. Differentlnitial Values ofChanging Parameters

Set# Initials

w[m] w[m] "OF'o "OF'O
Setl 15 35 06 04
Set2 15 35 0.8 0.2
Set3 2 4 0.6 0.4
Set4 08 4.8 0.7 0.3

Forthe Set2, saddle locationss p&® & andw  o® &, arekeptthe same while
corresponding saddle load dibuition ratiosare changed t®©f'0O 1@ and Of'O

& . For thesenitials values thesaddldocations are obtained 1.08 m and 3.8zand

the corresponding saddle loads are obtaif@ 1 ¢ ydrmand 'O o1 @7
respectivel. The moment distributiograph of this solution with different initial
values ofsaddle load disibution ratioscan be seem Figure3.16. In this graph, the

test moment is converged to design moment near the root and there are no test

moments between the tipdsie and the tip.
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Figure 3.16. Moment Distribution for mitial Values® p® ahow o®& h"Or0  m@h "Oro
& using’Q ® as Objective Bnction(Set2)

For the Set3 initial values saddle locationsare®w ¢ & andw T & which are
different from 1.5 m and 8. m. These initial valuesare run by keepingthe
corresponding sadiel load distribution ratioshe same asOf'O 1@ and "Of'O
@& for this solution For these initial valugssaddle locations arecquiredl.05 and
3.72 while corresponding saddle loads are 4492 N and 3648 N. Thineasne as
in Table3.2.

Forthe Set 4initial values differentsaddle locations and corresponding saddle load
distributions are tried witlhe values ofw T & andw t&da from the root

and corresponding load distributioatiosare chosefilOf'O 1 and'Of'0O T,
respectively. These initial valuggve us a solution with 18m and 3.2 m saddle
locations andO 1 @ ybpand™O o 1 viTsaddle loadsrespectivelyMoment
distributions of these initial valuemre presented ifigure 3.17. Nearly the same

solution with Set 2 initial values is obtained.
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Figure 3.17. Moment Distributiorfor Initial Values® 1@dho T1&ah'OF0 1§ "OFO
T® using’Q @ as Objective Bnction(Set4)

All solutionsobtained with corresponding set numbee tabulated ifTable3.4 and
the comparison of these solutions with respect to design moment distribirtitres
same graphs shown inFigure 3.18. All of initial values presenhearly the same

solution for test case.

Percentage errsconcerning the design moments at each seatigplottedin Figure

3.19in order to examine solutions in detail. It is seen that the solotiSet 1, which

are @ p8id hg@ o dhO 11 wck oQT L, gives better moment
distribution with smallererror near the rootMore trial runs with different initial
values give more solutions for this load calculations, however, the saddle locations

and corresponding loads are found to be very close toather.
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Moment [kNm]

[EE Y
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o

Table3.4. Solutions with Different Initial Values

Solutions Obtained

N O 00

Set# .
w[m] w [m] O[N] "OIN]
Setl 1.05 3.72 4492 3648
Set2 1.08 3.82 4680 3460
Set3 1.05 3.72 4492 3648
Set4 1.08 3.82 4686 3454
—+—Mdesign

——Setl, Set3

Set2

——Set4

Blade Length [m]

Figure 3.18 Moment Distributions of Set, Set?, Set3, Set4
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Figure 3.19. Comparison oSolutions in terms of Moment Errors

In summary, mce we cannot apply distributed aerodynamic loadscty, load
calculation are made for two load poinkis.this calculation, twapproaches using
separate objective functiaare compared fathe same initial valueand constraints
The appro&h that usethe sum of absolute moment differences between design
moments and moments due to applied load at each sastibe objective functiois
chosen. Within the solution®rducted with different initial valuethe best solution

is the case wher@ p8td h@ o d hO 11T wcAT& oot yis
selected for the design input of ttest rig.Representative figure ahis saddle point

locations and corresponding loads to be appsiesthown inFigure3.20.
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F=3648N

Figure 3.20. Schematic of Test Loads and Locations

3.5. Calculation of Applied Loads and Locations for One Saddle Point

In order to show howsingle point method and multiple point method wtlo saddle
points are entirgldifferent,thesame Excel solver is adapted to one saddle ,aniait
calculation is performed agaifor this adaptation, test moment calculations are

performed according tBigure3.21 with the moment distributions given by;

" »Xo
/ ot — — “le
Root ? | Tip
S .
Sections: 1, 2, 3, ..... ...27,28
Figure 3.21. One Saddle Point Representation
0 » Ow (3-19

wherem @ ®
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0 O T (3-19
wherew ®

In this Excel sheetthe changng variables set aghelocationonly because¢he load

to be applied 'O y p 10, is thesame ashear forceat the rootSince we have
only onechanging variable, all initial values for the distar#l give the same
solution. Twocases using different approach with artgective functiondefined
previousy are runandboth methods converge to the same solufltre solver gives

this location as 2.24 m. With thiscation,moment distributions are drawn, as shown
in Figure3.22. Also, percentage error of applied moment distribution at each section
is presented irFigure3.23. The test moment for distance between 2.24 m and 5 m at

the tip is given as zero. Maximum error occurs at 2.24 m and afterwards.

20 -
: ——Design
18 “ﬁ
] —— Test
_16 +
E ]
=14 + \A
=, ]
12 1 oY
E. 1 LN
glﬂ E— }Rx:\*\
: % \'\*
bEﬂ‘ E E_ }'1.__\.\‘ \.\*
6 - W el | 2.24m
= \"\
4 1 - .
] x\\ -\.‘_-...-
2+ Y """*'---*_
I I VN .:.:.1-__1_".1‘.1.-513
0 1 2 3 4 5
Blade Length[m]

Figure 3.22. Moment Distribution of On&addle Point
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Figure 3.23. Moment Error of Oné&addle Point

If theload is applied to the blade at oseddle pointthe testmoment distribution
agrees with thdesign moment at a distance of 1 meter to the Admive 1 meterthe
moment moves away fromesign casandthe moment error goes to 100% after 2
meters It can be easily seen hawo saddle points improvemoment distributions,

compared to one saddle pbi

Thus,the more realistic lading can be obtained by using tsaddle points. Since
multiple point method gives the best moment distributions along the htaclelar to
design test rig, locations and corresponding loads to be applied obtaifetule.2
is used. It should also be noted that the more saddle peaokthe morerealistic
moment distribution are obtaing23]. For the5-meter lengttblade two saddle points
arefound to be sufficienfor loading Usage of more than tweaddle paits is not
necessary because it would be more expensive and regoliestimeto constructa

test setup.
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3.6.Discussions

For the calculatiors of loadto be applied to the blade, twaases with different
objective functiorarecomparedo each otherin the firstcase, th@bjective function

was the sum o@bsolute values of ghmoment errobetween design moments and
moments due to applied saddle loads at each selttithre secondase, th@bjective
function was the sum of absolute values of moment differences between design
moments and moments due to applied saddle loadadht sectionlt is aimed to
minimize these objective functions in calculatiohkese cases are used to converge

to design moments by using objective functioAdter studying both objective
functions,we recommend the objective function used in thersgcase because this

approach presents better convergence to the design moment.

As presented inlesign loads, design mnts are decreasing along radial position
Moment values are close to zerearthe bladdip as shown irFigure3.5, where the
design moment reaches zetdtlee tip In the test case, there are@loads betweethe

tip saddle and the blade tip so that the test moment isk@rthisreason, the sectional
moment error between designd test loadat the section between tlip saddle and
thebladetip are seeio reachl00%. Since the moment loads at these corresponding
sectionsare small, these erroshould not play an importamble in the accuracy
assessment of the test load calculation

In testing, loads are applied through two saddle points. The moment to be applied with
two saddles can be simulated through finite element analysis of the blade to show how
close this approactotthe design moment for comparisdith this simulation,
comparison can be made betweentést case and design case. Alsgs known hat

the more saddle points give closer approximatiodetsign moment but when errors
between design and test caseath sectin are considered,¢an be said thahetwo

saddle points arsufficientto represent momentsr this 5meters blade. In order to
show differences between two saddle points and three saddle points, finite element

analysis for each cases dam performed.
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CHAPTER 4

DESIGN OF TEST SETUP

4.1.Test Rig Design

Full scale test system contains test specimen, support strudaaesg interface
parts, hydraulic actuators, load cells and data acquisition syskestgig desigrran
be conducted with or without whiffletree systenmsthis designatest rig is carried

out withaut awhiffletree system.

The blade will be lld by dummy hub and fixed tthe reaction wall.Appropriate
interfaceswill be designed in accordance with locations by imitatimgsurface of
the bladeHydraulic actuators will be placdd locations identified before under the

blade.The @mncept design skch of the test rig is shown Figure4.1.

Blade Specimen Dummy Hub |

.| Basement
Plate

Actuator Assembly | ‘ Actuator Assembly

Figure 4.1. Concept Design of the Test Rig
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The test rig structure design is conducted with CATIA V5R22. This desagnly
consists of load introduction parts, dummy hub design and support structure design.
General view oftie est rig design is shown figure4.2. This test rig is esblished
one.5mX15m n t he BjldhgGEM

Figure 4.2. General view of the test rig

4.1.1.Dummy Hub and Loading Interfaces Design

Dummy hub is desited to fix the bladeoot to thereaction wall. The bladeotis

mounted toa dummy hubwith 12 M16x15 bolts. The exi sting bl adeos
presented ifrigure4.3 and threaded holes can be seen in this figure. The dummy hub

plate designed analssembly of the blad®ot to the dummy hub plate are shown in

Figure4.4. 12 counterbored holes are drilled the dummy hub plate fix theblade.

The grade obolts suggested to use in connection to the isutated as 8.9n this
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design bolts with12.9 gradewhich ha much more strengtfareused. This dummy

hub platehas 3elongatedcylindrical holes (slots) to fix the blade and dummy hub
assembly to main reach wall. These slots diametersslected as 17.5 mm to mount
assembly with M16 bolts located at 220 m radius of this plate. The outer diameter of
the plate is510 mm. This plate is considered to be made of steel and weighs
approximately 80 kglt should be noted that thisichmy hub is specific for this-5
met er RDpASEM

Figure43.Exi sting Bétaldebds Root
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Figure 4.4. Dummy Hub Plate and Assembly

It has been decided thdte load introduction is performed with two saddles in the
previous chapter. These saddles designed such that they imitate corresponding
sections.Both two saddles designed are shownFigure 4.5 and Figure 4.6,
respectivelyWidth of saddles are specified as 48 pandload application points,
which are located at 1.05 m and 3.72 m from the root, are remained-planl of

the saddlesEadt saddle component is composed of two parts, upper and lower. By
dividing into two, assemblgf these saddles will be comfortabMoreover, there are

5 mm offset whersaddlesmatch surfaces of blad& rubber will be stuck to these
gaps toprevent any loal damage omhe blade while mountingnd during testing
Shore 35Awith 5 mm thicknessvill be used as a rubbérhe upper and lower part of
thesaddle are connected to each other witt6 threaded roglat trailing and leading
edgesAt these edges, there are 10 mmgabpere threaded redocated. These gaps
provide fitting of upper and lower parthoroughly In order to make these parts
lighter, sides of ta saddles arearved ancholes are drillecoy keeping matching
surfaceghe sameln addition, surfaces dhebottom ofthelower part and top ahe
upper part are kept flat and parallel to ground in order to mount clevis and to measure
angle while assemblingdoreover, fourholes with10.7 mm diameter ardrilled in

lower partof the saddles to createclevis connectionThe clevis to be designed is

located in feathering axis in order to prevent any torsional loads on the blade while

60



testing.Saddles are thought to be made of aluminamadternative saddle structure
can alsde made of wogdut in this design, aluminum is preferred in order to make

design a simple. Root and tip saddles have approximately 5.5 kg and 3.5 kg,
respectively.

Upper Part

3 ROC>=<
S s Matching A\

Surfaces \

Lower Part

Threaded Rod €=

Figure 4.5. Saddle neathe Root
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Matching

Lower Part

Threaded Rod /

Figure 4.6. Saddle neathe Tip

Desired loads are to be applied to the blade satdglesing hydraulic actuatarsit

the end of the hydraulic actuat@ rod end withspherical baring should be placed
andthis rod end that allowthree axisrotation is connected to saddles by means of
theclevisassemblyIn order to decide clewvinterface dimensions, thed end should

be selectedt first The aim of the usage tie rod end with spherical bearirgyto

transfer loaddirectly coming fromthe hydraulic actuator without moment.

According to load calculation, the maximum lpadich is encountered in this static
test is 4492 N. In order to seleatsuitable rod end for this testafety facto shoud
be chosen at least 3. For gedection otherod end, INA FAG catalog is investigated
and by taking into account further tegfinGIR1ZUK model is selected. The
specification of this rod end is presentedrigure4.7. This rod end haa 56500 N

basic static load rating?2]. With thisselection, further static$es will cover loadings
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till 18 kN by consideringhesafety factor is 3This rod end canlso be used for fatigue
tests. The ésic dynamic rate is 22500 N.

0-004 mm Radial mtemal clearance
B 14 mm Tolerance: (V0,12
C;, 11 mm
D 30 mm

d, 207 mm

dy  M16

di 24 mm

dy 30 mm

— —
) de 25 mm
d 5
w — 5 -
b, 67 om
d 17 mm Tolerance: OV-0,008 k34 mm
d; 46 mm k10 mm

I 90 mm k23 mm

Tismn 0.3 mm Chamfer dimension
m 022 kg Mass

W 27T mm
C. 22500 N Basic dynamic load rating radal

a 10°
Ca 56500 N Basic static load rating, radkal
Basic load rating of housing

Figure4.7. INA FAG GIR17-UK Specificationgd32]

In thelower part of sadés, clevis connection holes weakeeady allocated. By using

rod end interface dimensions, clevis, bushkiagd pin parts are designéhe cross
section of this clevis assembly is illustratedFigure 4.8 and 3D model of these
assembly is shown iRigure4.9. In order to give more rotation angle in cledisring
testing, a flange bushing aadlain bushing ardesgned to clamp spherical bearing.

It shoud also be stated that the center of spherical bearing is placed in line of
feathering axis so th#ételoading does not create any torsiolaalding. Only flapwise
loading wil be seen with this placemei8ince the clevis holes are allocatedhe

lower part ofthe saddle with fouholes,the same pattern is projected tfee clevis.

With this pattern, clevis is attached to saddle with 4 M10 bdlkese M10 bolts are

63



tightened to 70 Nm torque. While assembling rod end to the céepis,is tightened

with hand torqueAll of these apparatus are planned tavisede of steel.

S

Clow Washer asher
avis
N _.M16 Nut
_ :

e I _EN

Bushing Plain
Bushing

Rod End+—

Figure 4.8. Cross Section of Clevis and Rod End Assembly
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Figure 4.9. 3D Model ofthe Clevis

Clevisesused in both saddles hatlee same geometryClevisesattached to theoot
and tp saddls with a specimenare shown inFigure 4.10 and Figure 4.11,

respectively.

Figure 4.10. Clevis Attached to thRoot Saddle
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Figure4.11. Clevis Attached to th&ip Saddle

4.1.2.Load Cell and Hydraulic Actuator Selection

In thestatic test, required loads are to be applied to saddles via hydraulic actmator
order to control and measure how much loads applitlietspecimen, load cells are
necessary. Load cells in the marketplace were investigatddt was decided that the
most reliable and suitable load cell for this test setup is Interface 10@3 Satigue
Rated Load Cell. The capacity of load cells to be used isndieted as 12.5 kN that
covess thesestatic loads and further tests. Theesificationof this load cell is given
in Figure4.12[33).
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Figure 4.12. Interface Load Cell Specificatiofi33]

The force transferred to the specimen is conductedatigdraulic actuator. For this

reason, local suppliers are searched to provide hydrachigatos. RotaTeknik

Company

has been

f ound,andprodc of Ratabekrik isa s

used br this testing infrastructure becausf reliability and good aftesale support.

Custom stroke length is available in order to nreguirements. A tip deflection of

this blade according to linear static analysis under extreme ultimate loads is stated as

0.503 m as presented iRigure3.2 [29]. By taking into account this information and
further tests which will be performed in METUWIND, 1.28 stroke length is
determined. Thepgcfication of the hydraulic actuatorprovided by this companig

presentedh Figure4.13. Swivel base having spherical bearing that allows thiads

67



rotation is used as a hydraulic actuator baserder to give rotation freedom to the
actuator The model of the hydraulic actuatnd its assemb]yvhich will be used in
testing are shown inFigure 4.14 [34]. For this static test,he strd&e position of
actuators will be determinét) mm for theoot actuatorad 35 mnfor thetip actuator
by considering that actuators will push the specimen.
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Actuator Body

Rod End

Swivel

Interface Load Cell Base

Figure 4.14. Actuator Assembly

While assembling rod eridload celli actuator to each other, M16 threadedsrax
used. Threaded rods are made from steel. Detailed view of this connection is given in

Figure4.15. In this figure, it is seen how actuator assemblyasinted to the clevis.
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Figure 4.15. Connection of Actuatoir Load Celli Rod End

4.1.3.Support Structure Design

The support structure contains two parts this test fixture. These arthe main
reaction wall and ground supports engeath each hydraulic actuatdhe design is
carried out to fix the blade from the root w@ummy hub plate to the main reaction
wall and to fixthe hydraulic actuator ttheground In order to mounthedummny hub
plate andthe hydraulic actuator to corresponding parts, it is decided to have T
channels, which allow mounting bolday locations in channel$he distance between

T channels is determindd0 mm in botlthemain reaction wall antheground plate.

With the help of T channel design, any details can be mounted to any location on the
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surface and so these designed detaitan be usedor furthertestingas a modular
structure. This T channel is designed under DIN650 standards giveguire 4.16
[35]. The design othe T-Slot channel is conductéd have M16 bolts mountingue
to reliable and widespread usédoreover, T nuts that will be used in thek#s and
how these T nuts provide connection is shawfigure4.17[36]. T nuts have a DIN
508 standard.

- A -
NS
I —— N
b4
/P 7 )
N
7]
I
I
! !
2 \\\
N
« ©
© ©o
— B —
A B C H N R1 R2 .
toll, toll, max, min, max, max. max.,
+1 +05
10 % 3 o 10 8
11 415 5 13 11
14,5 ° 7 " 18 15 1 1
06
10 16 7 0 21 17
12 19 02 8 25 20 05
14 23 9 28 23 A
| 18 30 12 i2 36 30 B |
22 37 43 16 o a5 38 g
o 1
28 46 " 20 56 48 25
26 56 25 “ 71 61
42 68 ° 32 ° 85 74 1,6 4
25 1
48 80 Y 36 Sl 95 84 " é
54 90 0 40 0 106 94

Figure 4.16. T-Slot Specificatior35]
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T nut

Figure 4.17. DIN 508 T Nut[36] and Assembly of T Nut in T Slot Channel

The main reaction walk basically composed dWo parts. The first i& wall plate
which hasT slots to mount angilummy hub plate. The second isvall support. Wall
support is made upf 160mmX 160mm welded box profile and allows this structure
to attach groundThe reaction wallplate is mounted to weldment assembly through
52 M16 bolts.This welding assmbly and reaction wall plate acensideredo be
made of steel. General dimensiongle reaction walassembly argiven inFigure
4.18 and Figure 4.19. Attaching to ground is provided with 16 M30 anchor. The
product of Hilti HASU 8.8 will be used to anchor. This anchor is provideigure
4.20, anda schematic of how to mount is presentedrigure4.21. The anchonut is
tightenedwith 50% of yield strengtkthat gives approximately 1000 Nm torque while
mounting to the ground.
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WalPlate and Weldment Asmbly
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Figure 4.18 General Dimensions of Main Reaction Wall
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Figure 4.20. Hilti HAS-U 8.8 Anchoi{37]
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Figure 4.21. Assembly of Hilti HASU 8.8 Anchor{38]

Hydraulic actuators will be mounted to the ground supput @&ctuate loads to the
blade. The gound support plate is designed to place under each actwaioh will
be mountThis groundplatedesigneds illustratedin Figure4.22. For eah actuator,
oneground plate is used. Geral dimensions of this plate atd50 mm X1050 mm
X 70 mm. This plate haalso DIN650 T channel.
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It should be noted that this graiplate and main reaction wallate arenot specific
for this test and any location on the surface can be used ftairig detail parts
Moreover, thignain reaction wall and gund platecan also be usddr further testing.

If further tests require more actuators for flapwise loadimgsame assembly can be
created by usinghis ground plate and actuatassemblyBy simply designing the
saddle interfaces, new actuator asdgnfbr loading can be providedLike main
reaction wall assembly, this ground pléealso assembled to the ground byngsi
Hilti HAS-U 8.8 M30 anchor. Thergund plate is made wdf steel and weighs about
700 kg. In order to maWlegistics easier, four K0 lifting holes ararilled. This holes

areused while lifting and carrying.

1050 mm

Figure 4.22. Actuator GroundPlate

The actuabr is attached to the groumgdate by usinga circular platebetween the

actuator and ground plat€he atuator is mounted tihe circular plate with fouw110
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bolts, and this circular plate is assembled to the ground plate via M16 bolts in
elongated holes encircled actuatbhis assembly representation is givarFigure
4.23. The circular plate is specific for this actuator connection to the ground plate.

Also, it should be noted that this actuatoicaiar phte ismade of steel.

Figure 4.23. Assembly of the Actuator to ther@indPlate

The reaction wall,the actuator ground suppoitie dummy hub plateand actuator
circular plate arenounted toan exactlocation by using OTP holes. OT® optical
tooling pointthathelps to measuréhe locationof details and provide to placketail
parts attheir exact locationsFor this process, at least 3 OTP having 6 mm sensitive
dimensions are drilled on the surfafehe detail partsand laser tracking tool issed

to mountdetail partatexact locations. Examp@TPis shown inFigure4.24. Saddles
have not opcal tooling points. They are mounted by measuring locations them

root After that inclinometer is used to check angle (parallelism to the ground).
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Lifting Hole

Anchor Hole

Figure 4.24. Holes on the Plate

The blade specimen is located 2130 mm ahbl&ground.It is mounted with the help

of OTP located on the dummy hubue to gravitational force, the blade deflects and
these deflectins areeliminated via hydraulic actuator while mounting by measuring
theangleof the upper surfacef saddlesin other words, the upper surface of saddles
is brought parallel tahe ground.At final position, load cells are adjusted to zero in

order to start testingVhen all of these components are assembled, the finfktast

is revealedas shown irFigure4.2.

Final position at 100% loading of the blade and actuators are also studtsalv the
change in actuatoed the bladdn this position, effect of change in angle and change
in displacement are shown kigure 4.25. In order to be moreonservative, blade
deflection are consideredo be a linear. Blade deflection angléthe maximunm
loading is calculated as 5&7Corresponding change in displacement of the root and
tip actuators are measured a$ 1m and 374 mm respectively. And also, angle
change in theoot and tipactuators are also measured A &fd 0.4 With these

angles, z component of the maximum loads to be appitedlso calculated by;
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O tt1Twg OEmduv p @l (4-1)
O ooetp OEM8 ¢ c @0 (4-2)

where "O is the zcomponent of the root actuatend™O is the z component of the

tip actwator. Asseen from (41) and (42), z componeistare small and thegan be

neglected
372m
"-.Tip deflection
5 m .
i:::::::::::::ZEE;JH#’ﬁ;Hﬂ’ﬁrﬂﬂrﬁfﬂ+ | 0.503m
._I [I 1
Blade
1
X | 2 a=5.77°

a,= 0.15°

o= 0.46°
Actuator 1 Actuator 2
z

Figure 4.25. Final Position of the Bladat 100% Loading

4.2. Architecture of the Test System

The st is to be carried out by means of hydraulic actuators, test control and test
measurement systentsat allowcontrol and monitoringf test performancé he test
setup architecture is drawn fiigure4.26.
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Figure 4.26. Architecture of the Test System

HPU is a hydraulic pump unit which provides needed hydraulic oil to the actuators.
HPU is used as a reservoir of hydraulic system. This pump unit sends a hydraulic oil
to the hydraulicservice manifold HSM) that regulateghis oil before entranceo
hydraulic actuators. Since the loss of oil pressure can occur while transferring of oll,
HSM is necessary for regular oil flow. HSM provides regulated hydraulic oil with
constant pressur&@here is a servo valve on the actuators for input. Servo valve is a
mechanism which adjusts the direction in whikbe piston goes. Servol valea the

actuatoris controlled bythe controller. Controller commands servo valves with
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feedback obtained in load cells. Load cells give voltage output to controller and
according to this output, controller runs the servo valves. This command and feedback
arenot only performed by voltagmutput but als@ can beconductedy displacement
output obtained in displacement sensors of hydraulic actuators. In order to control the
controller, a softwaras needed In this software, the test process is introduced
concerningest steps, data adgition frequency, limits of teslf data from the sensors

such as strain gaugdisplacementransducers, inclinometeese wanted to collect,

they are performed by data acquisition system. Thes aequisition system is used to
measure and recottesedata. Also, data acquisition system is also connected to the

control system computer, which hasoftware, for synchronizing.

Cost of all equipments required anshnufacturing cost of test rig astated in

Appendix.
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CHAPTER 5

ANALYSIS OF THE TEST SYSTEM

5.1. Structural Analysis

Having completedthe design ofthe test rig, structural analysis is performed in
accordance with our methodology. In order to guarantedhtbtest rig wouldhot fail

during testing, all details used tineted rig shallbe analyzed witlpossible loads in
thetest rigand it shall be shown that reserve factor values are sufficient to execute

testing.

Linear satic analysis of the test rig gerformed. Finite element analysis and hand
calculatiors arecaried out for detail parts of the test ribhe st rig consists of the
support structure, which are theain reaction wall and ground plateactuator
asemblies saddles antbad introduction detail partgirsty, materials of detail parts
aredetermired. Then, dads to be encounteradtestingareevduated and boundary
conditions aregiven. The loads pplied by hydraulic actuators ammulated.
According tothe detail parts geometry, FEM modslarecreated and solvedilso,
hand calculatios areperformed fordetailpartssuch as a clevis, a pin, and bushings.

5.2.Material Selection

Material selection is carried out by considerthg intended purposef the details
parts stok size,the materiabtrengththemass and cosdffectiveness.

Themainr eacti on wall 6s wel diingof DIAGSG Techabriely a n d
aremanufactured from St52 structural steaedue tohigh stength asstructural steel

stock size anavidespread use.
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Dummy hub plate anthecircular plate underneath actuatore aranufactured from
AISI 4140 steel plate. Actuator assembly cossadt two threaded rosl between
actuatori load cell and load cell rod end. Also, they are manufactured from AISI
4140 steel. Connectioto the saddle is provided liye clevis bushingsand the pin
The clevis and bushingsre also made of AISI 414€teel This material has high
strength and good machinability. Generally, pins hheelowest RF value, sbjgh
strength steel TOOLOX44 is used for pins.

Saddles providing load introductido the blade is made of aluminum in order to make
it lighter. Al2024 T351 is chosen due to ceftectivenessand availability inthe

marketplace.

For the connection, fasteners are uséah&ard carbon steel bolts thatve 12.9 grade
are preferred. In order to assemblsupport structure to the ground, Hilti HA$

anchos thathave 8.8 grade aresed.

The weldingto be implementetbr assembly is not clear in industior this reason,
the worst weldingwhich is E60xX is chosen to usthe worstallowable datan

calculationand welding is evaluated with this data.

5.3.Load Data

The loads affecting the details parts are evaluated and which loads are used for every
detail part is presentetihe static test is to be carried out wityo actuatorsActuator
assemblies consist tieground platetheactuator base circular plate, threadedsyod
therod end the clevis andthe pin. The static load applied from hydraulic actuators

are stated as 4492 and 3648ax root and tip saddles, respectiveily,Chapter 3.

Since the actuator assemblies have same detail hertanalysis is conducted by the
highest load of 4492 N for the parts in these actuator assemioli¢kis way,
maximum stresare calculatedor these detail partssed in actuator assendd. For

the reaction wall assemblyeaional shar and moment at the root areed as 8140 N
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and 18.09 kikh. Bolt loads are obtaineflom finite elementanalysis and analyse$
the Hilti anchor rod areperformed according to properties given in HiltitBsheet

and bolt loads taken from finite element anaysi

5.4.Material, Fastener and Allowable Data

Allowable values of the materials that are used in the test rig structure are listed in
Table5.1. Tables contain tensile yield strength, shear yield strength, elastic modulus
and Poissonds ratio. I't should be noted
detail parts analysis. tiinate valueshould not be used-or this reason, ultimate

strength values are not placedhesetables.

Table5.1. Material Allowable Valueg39], [40]

Material Fy [MPa] Fsy[MPa] E [MP4q] )
AISI 4140 Water
Quenched from 84t

°C and Tempered & 986 591.6 205000 0.29
540°C
Stb23 345 207 211000 0.30
Al2024 T351 469 283 73100 0.33
E60xx 345 207 - -

Allowable values of the fastener materials that are used in the test rig structure are
listed inTable5.2.

Table5.2. Fastener Material Allowable Valu¢d(Q], [4]]

Fastener Material Fiy [MPa] Fsy[MPa] E [MPa] )
TOOLOX 44 1350 810 205000 0.30
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Table 5.2Fastener Material Allowable Valug¢d4(], [41] (cont 6d)

Carbon Steel Gradkt

12.9 1100 660 205000 0.29
Carbon;;eel Gradt 640 384 205000 0.29

Different calculation methods are used for thmalgsis of different components.
Calculation methods are given in detail thre strength analysis part & related
component. In general, calculation methods givedith and [42] are used for the

static analysis of the structure.

5.5.Finite Element Model (FEM) Description

Main reaction wall, ground plate, dummy hub plate, circular plate and saddles are
modeled byHEX8, QUAD4, TET1Q and RBE3elements with deformable body
feature in MSC PATRAN. All othedetails used finite element methag modeled

with solidelemens. Loads aranodelled byRBE3elements.

The atuator circular plate is modelled by HEX8 and Reffements with deformable

body feature in MSC PATRANThe actuator contains swivel base and this base
contains spherical bearing that allows rotation iax8s.The actuator loads are
distributedfrom the spherical bearing with the help of RB&#ements. Finitelement
modelis held from the base of this plate. The total number of elements is 82579.
Although this plate is used in both two actuators, one FEM analysis is performed by
highest loaddue to both circular plates havee samegeometry, properties and
boundary conditionsA sketch of the load and boundary conditions &kdV of the

actuator circular platarefoundin Figure5.1.
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Figure 5.1. Sketch of Load and Boundary Conditions (lefIEM of Actuator Circular Platéight)

The gound plate which contains DIN650 T slot channels is modelled by HEX8 and
RBE3 elements with deformable body feature in MSCTIRAN. The actuator loads
are appliecat the same point in actuator circular plate. The finite element medel
held from the6 bolt holes thatised tomountto the ground The total numbeof
elements is 434286. The finite element marderound platevith load and boundary
conditionsis foundin Figure5.2. Note that the load applied is-plane at the center

of the plate.
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Figure5.2. Load and Boundary @hditions ofthe Ground Rite (left),Finite Element Model of the
Ground Pate(right)

Saddles are modelled by QUAD4 and RB#fements with deformable body feature
in MSC PATRAN. The actator load idistributed to the lower pandf saddledrom
thecenter othespherical bearing dherod end with the help of REEelements. The
finite element modeis held from the surface where imitdtee blade. It should be
noted thatower pars of theroot andthetip saddleare modelleanly. Upper part of
saddles is used to holdhe saddlefixed. The finite element model shddle details
with load and boundary conditionare foundin Figure 5.3 and Figure 5.4,
respectively. Théower partof the root saddlbas 84310 elements whileetip saddle
lower part ha 56333 elements.
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Figure 5.3. FE Modelof the Lower Part of the Root&kldle

Figure 5.4. FE Modelof the Lower Part of the Tipagidle

The dummy hub platés modelled by HEX8 elements. Theemrloadandthemoment

at theblade rootare applied as a load condition. The finite element model is held from
five bolt locations thathat used to mourib the reaction walplate. In test case, the
dummy hub platevill be held at least sevdyolts. In order to be more conservative,
only five bolt holes are used in analysi$ie total number othe dummy hub plate
elements is 19464.0ad and boundary conditionand finite element modeif the
dummy hubplateis show in Figure5.5.
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Figure 5.5. Load and Boundary Conditions (lef§E Modelof the Dummy Hub Platé&ight)

The reaction wallplate with T channel is modelled by HEX8 and RBESreents in
MSC PATRAN. The load and momeattheroot of he bladeare distributed tthis
plate through RBE. FEM is held from 52 M16 bolt holgsoviding connection to the
weldmentassemblyf the reation wall. The total numbeof elements is 200804. The
finite element model of the reaction walate with load and boundary conditions is

shown inFigure5.6.
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Sarqe as for all holes

Figure 5.6. FE Model of the Reaction Walllate

The reaction wallveldment assembly is modelled by TET10 and RBE3 elements in
MSC PATRAN. The load and momenttaeroot of the blade are drétuted to where
reaction wall plate mounted through RBE3. The finite element medeld from 16
M30 bolts holes providing connection to the ground. The total nuofledements is
831786. The finite element modw thereaction wallweldment assemblyith load
conditions is shown ifigure5.7 and the detailed finite element modeld boundry

conditions areshown inFigure5.8.
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Same as for
all holes

Figure 5.8. Bourdary Condition and Detailed FE Model of Reaction We#ldment Assembly

92



5.6. Strength Analysis

Strength analysis is performed by finite element method and hand calculation. Instead
of material ultimate strength valuesaterial yield strength values are used toloee
conservativan the strength analysis of test rig detail pagring testing test rig

detail parts shall not faleforethe test specimen. So, high reserve factor criteria using
yield strengthvaluesin analysisare asked folRF values are calculated for each detalil

parts by performing strength analysis.

Unless otherwise specified, RF values for support structure shall be greater than 6.0
by using material yield strength values because support sgubave to resist

extreme loads ding testing and it shall not failefore specimen failuri6].

Total displacement results for the ground plate taken from MSC NASIT&h be
seen inFigure5.9. Maximum deformation value of 0.0105 mm occurs at the center of
the ground plate underd82 N compressive loaflaximum VonrMises stress results
for the ground plate under 4492 N compressoaallcase is shown irigure5.10.
Maximum VonMises stress value is 7.72 MPa giving an RF value of 44.7, which is

much higher than our mimum reserve fetor criterion.

Figure 5.9. DisplacemenContoursof the Ground Plate [mm]
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Figure 5.10. Von-Mises Stres€ontoursof the Ground Platéleft:back, right:front]MPa]

Total displacement results foactuator base circular plataken from MSC
NASTRAN can be seen iRigure5.11. Maximum deformation value of 0.00163m
occurs athe bolt hole edgeinder 4492 N compressive loddaximum VonMises
stress results for the ground plate under 4492 N compressive load shsa/isin
Figure5.12. Maximum VonMises stress value 3.76 MPa giving an RF value of

262, which is much higher than our nmmum reserve factor critem.
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Figure 5.11. Displacemen€Contoursof the Actuator Circular Plate [mm]

Figure 5.12. Von-Mises Stres€ontoursof the Actuator Circular Plate [MPa]
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Total displacement results foyot saddle lower pataken from MSC NASTRAN can

be seen irFigure 5.13. Maximum deformation value of 0.033Gm occursat bolt
edgeswhereclevis mountedinder 4492 N compressive load. Maximum Mdises

stress results for the ground plate under 4492 N compressive load case is shown in
Figure5.14. Maximum VonMises stress value 3.30 MPa giving an RF value of

142 which is much higher than our nmmum reserve factor criterion.

Figure 5.13. DisplacemenContoursof the Root Saddle of Lower Part [mm]
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Figure 5.14. Von-Mises Stres€ontoursof Root Saddle of Lower Part [MPa]

Total displacement results fayot saddle lower pataken from MSC NASTRAN can

be seen ifrigure5.15. Maximum deformation value of 0.02%8m occurs aedge of

bolt holeswhere clevis mountednder3648 N compressive loadVlaximum Von

Mises stress results for the ground plate under 4492 N compressive load case is shown
in Figure5.16. Maximum VonrMises stress value k27 MPa giving an RF value of

369 which is much higher than our nmmum reserve factor criterion.
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Figure 5.15. Displacement Contouisf Tip Saddle of Lower Part [mm]

3 474000

5 GR-O0F

Figure 5.16. Von-Mises Stres€ontoursof Tip Saddle of Lower Part [Ma]
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Total displacement results fdummy hulplatetaken from MSC NASTRAN can be
seen inFigure 5.17. Maximum deformation value of 0.001X8m occurs aupper
counterboredbolt holes unde8140 N shear load and 18.09 kNm moment at the root
Maximum VonMises stress results for the dummy hudigovith loading 8140 N and
18.09 kNmis shown inFigure5.18. Maximum VonrMises stress value 658 MPa
giving an RF value o215 which is much highethan our mirmum reserve factor

criterion.

Figure 5.17. Displacement Contouisf Dummy Hub Plat¢mm]
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Figure 5.18. Von-Mises Stres€ontoursof Dummy Hub Plate [Wa]

Total displacement results faraction wallplatetaken from MSC NASTRAN can be

seen inFigure5.19. Maximum deformation value of 0.00918m occurs asurface

where dummy hub touchegth 8140 N shear loadnd 18.09 kNm moment at the

root Maximum VonrMises stress results for the reactionwad s T c twithnn el pl at
loading 8140 N and 18.09 kN shown inFigure5.20. Maximum VonrMises stress

value is3.47MPa giving an RF value &9.4 which is much higher than our mmum

reserve factor criterion.
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Figure 5.19. Displacement Contouisf Reaction WalPlate[mm]

Figure 5.20. Von-MisesStressContoursof Reactim Wall Plate [MPa]
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Total displacement results foeaction wallweldment assemblyaken from MSC
NASTRAN can be seen iRigure5.21. Maximum deformation value of 0.0584m
occurs aupper box profile bearwith 8140 N shear loadnd 18.09 kKNm moment at
the root Maximum VonMises stresgesults for the reaction walleldment assembly
occurs at bolt holegsed to mount assemiy the groundwith loading 8140 N and
18.09 kNmis shown inFigure 5.22. Detail view of maximum VofMises stresss
foundin Figure5.23. Maximum VonMises stress value 5.5 MPa giving an RF

value 0f22.3 which is much higher than our nmmum reserve factor criterion.

Figure 5.21. DisplacemenContoursof Reaction WalWeldment Assembl{mm]
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Figure 5.22. Von-Mises Stres€ontoursof Reaction WalWeldment Assembly [NRa]

Figure 5.23. Detail View ofVon-Mises Stressf Reaction WalWeldment Assembly [\Ra]
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To investigate welding, which connects box profile beams to each other, finite element
modelof the reaction waliveldment assably is cleared andnly welded spots are
kept When thesspots are evaluated, maxim VonMises stress is found to 1&.5

MPa which givesis RF value 022.3. VonMises stressontours is showm Figure
5.24.

Figure 5.24. Von-Mises Stres€ontoursof Welding
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Threaded roslused forconnection between actuatodoad cell and load cell rod
end is analyzed with hand calculatidi16 threaded rod is used andchds 60 mm

length.Thread stripping anadys for the threaded rod is conductecexplainetbelow.

First, theshear area fanternal threads calculated as followig!3],

o] o0 T T X X du @) (5-1)

where A is the skear area of the internal thread,

nis the number athreads per mm which is 0.5 mm,
Le is fastenemtread engagement which is 22 mm,
O is minimum majo diameter of external thread,
O is maximum pitch diameter of inteal thread.

According toFigure5.25 and the equations given in-{3, variables of this equation
are calculated from,

-

£
k3 : .
| ey Internal threads

e

}
e 2 | / P e
; y Elﬁ
H _? kl ~ y L Fi
N/ I NH
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— ) ﬁEI\L d
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4
=

| r |

External threads d

Figure 5.25. Basic Profile for MetricThread[41]
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0O Q (5-2)

O Q ™T wUup W (5-3)

where d is the major diameter gmds thepitch which is 2 mm for M16.

In our calculation,

o pPea (5-4)
(0] PO TMT WWwP wp & T a (5-5)
5 ‘T CCpP -t TBXXOW PET OB G
¢ T (5-6)
b2 IO e n i
0 W O (5-7)
O v wPp
YO —
et PO 59

where kyis the shear yield strength of the threaded €0@d,6MPa. Itis found that

threaded rod hawuchhigher RF value than our minimum reserve factor criterion

Clevisstrength analysis is carried adcording td42] by using yield strength values

of the materials to eliminate the effects of the plastic deformation on the test results,
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andthis analysis explained in detail beloweri&ral basic dimensions of clevigisen
in Figure5.26.

10

iy

2N
o

RZ2

g4

Bg

Figure 5.26. General Basic Inensions othe Qevis

First, the sheabearing failure analysis is performed by the equation of

~ ~

6 ™00 (5-9)

where kux is theultimate tensile stress in-direction,

Apr is projected bearing area,
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andkyy is theshear bearing efficiency factor froangure5.27.
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Figure 5.27. ShearBearing Efficiency Facto4?2]

To define Ik value, aD and D/t ratios are calculated,

RS
O ¢c¢
O ¢g
S pm BT

According to a/D and D/t ratiospks found fromFigure5.27 as 1.

Projected beang area is calculated,as
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0 00 ¢Hmpm ¢ ¢ @a (5-12

Then,
0 P WY@ G T G papG Gt
(5-13)
o 0 CPOWGT
YO m T W
- 0O ppuUT T WG o (5-14)

where<is fitting factor, taken as 1.15 accordind4&] and F is the applied force.
Shear bearing failure analggjives us RF value of 41.99 which is much higher than

our minimum RF value criterion.
Tension failure analysis of the clevis is also done accordifggto

~ ~

0 Q0 © (5-15

where kux is theultimate tensile stress in-direction,
At is minimum net section area for tension,

kt is net tension efficiency factor frofigure5.28.
To define kvalue, W/D ratio is calculateals

W T c
O ¢g¢ (5-16)
According to W/D ratio, kis found fromFigure5.28 as 0.969.

Minimum net section area foension is calculated as,

0 w OO0 TT QCpT ¢ ¢ ma (5-17)

Then,
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0 TBOQ WY @ ¢ T G p T B

YO

0 < p g
_OpputTWC

(5-18)

T w

(5-19)

where<is fitting factor, taken as 1.15 according4&], andF is the applied force.
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Figure 5.28. Lug Efficiency Factor for Tensiof#2]
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Yield bushing failure analysis is performed according4i®. Since the appropriate
compression yieldstrength value for clevis could not foyndompression yield
strength value of the lug material is assumed efguile tensile yield strength value

of the lug materialYield bushing failure analysis of the clevis is conducted by,

0 p& 00 6 (5-20)

where By is bushing yield bearing load,
Fey is compression yield sse of bushing material, 986 MPa,

and Ao is the smaller of the bearing areas of bushing on pin or bushing on

lug.
Bearing area of bushirmn pin is calculated as follows,

) 00 (5-21)

where D) is diameter of the pin artds thethickness of clevis.

0 PXP O GG@a (5-22)
Then,
0  pRULYQCPT Mo dpdie
(5-23)
5 .
YO i Tﬂombccpxqi”
_ O pPpUuUTTWC (5-24)

Tensile strength of the surfacef the clevis where we provide contiea to the

saddles is also performég using the simple stress equation as explained below,

0] Wwo T“i (5_25)

111



where F is the gpied force,
At is minimum net section area for tension,
W is the width of the clevis,
t is the thickness of the clevis,

r is the radius of the threaded stud hole.

TTWC -

TowepT “opix T WU @ (5-26)
e O wyP o
YO~ myPeeT (527

As seen from the above results, clavés much higher RF value than our minimum

RF criterionto perform the test.

Pin strength analyses are also performed accordifigZloand the details of it are
expressed below.

Pin sheaioff failure analyses are done for clevis in double shgarquation of,

0r ¢O o
" T (5-28)
where kyis yield shear strettly of the pin material, 810 MPa abds the diameter of

pin. The calculation of this equation is given as,

0F qupm—= 00X XK 529
Op ©
YO _h @ X XXX X D
_O ppuUT T WC (5-30)
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Pin shear of failure analysis gives us RF value of 71 and this value ismglnehr

than our RF value criterion.
Pin bending failure analysis is calculated as,

) —W
C (5-31)

where M is the galied bending moment on the pin,
P is the applied loa@ndb is the moment arm.

Themoment arm is calculated according to below formulationFigdre5.29 taken

from [44]. This arm calculation is defined as,

, O 0 _ pmopT . .
w — — Q — — o p@aa
¢ T q T (5-32
Then, the moment is calculated as,
. TTWCE . v .
VU —p GqUYQ®a
q (5-33)
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Figure 5.29. Pin Moment Arm for Determination of Bending Momég#]

RF calculation of pin bending analysis is expressed as,

o
e

_ 0%
(@)

YO

(5-39)

where pin is inertia of pin, which is—. Then RF value of pin bending is found to be

o pouT
YO C B¢

p@muwﬁé
[1] px
T

(5-39

¢

As seen from the above results, pin stremgtufficientto perform the test.

For the fastenesinalysis bolt loads are taken from the FE results and maximum bolt

loads are given iifable5.3. Detailed bolt loads are tabulated in Appendix.
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Table5.3. Reaction Wall AssembhaximumM16 Bolt Loads

Max Axial Max Radial Load
Load [N] [N]
M16 399.69 669.78 103088

Bolt Type Preload [N]

In a boltedoint, shearforceis taken by clamping friction caused by bolt prelp&d].

So if the radial force is lower than the friction force between conneatimtaces,
boltswill carry the axial force®nly. To check this phenomenon, friction coefficient

Is taken as 0.2, which is stestkel with a thick oxle layer friction coefficient.fitial
preload value of the M1bBolts with grade 12.8% shownin Table5.3. In the light of

these variables, friction force is calculated as 20853 2sNseen fronthe Table5.3,

radial force valugs lower than the friction valu@ herefore, the motion of the bolt in

this direction is prevented. So, accordingriaximumbolt loadtabulated, bolts are

only checked for their tensile strength due to lower shear loads with respect to the

clamping friction force values.

For tensile failure check of the bolts used in the support structure, formulation used in
[4]] is used. The formula is given as,
006 0

0V (5-36)

YO

where ky is tensile yield strength of tHelt material,
At is the tensile load carrying area,
P is the initial preload,
C is thestiffness constant of the joint,

Peensileis the applied tensile loading.
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Stiffness constant of thjeint is calculated from

y Q
° 57 (5-37)
e .
- T O (5-38)
a
a ™ X X0 Q
™ X 0T T®Q (5-39)

cl IUn&xx‘xr &)

where k is the estimatedffective stiffness of the bolt,
km is the stiffness othe members in the clamped zone,
Droit Is themajordiameter area of fastener,
Eboti' s the Youngdés modul us of bolt,
l4 is lengthof unthread portion of the grip,
Emist he Youngdéds modul us of member s,
d is the diameter of the bolt,
Im is total thickness of the connected members.

Calculation details of stiffness constant of the joints of the support stracture
found inTable5.4.
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Table5.4. Stiffness Constant Calculation Details of Bolts on Support Structure

Bolt Dboit  Eboit ld Em d [m

Type [mm] [MPa] [mm] ko [MPa] [mm] [mm] Km C

M16 16 205000 30 1177648.4:211000 16 90 2590933.820.31

Calculated results and variall of failure check of the M16 batin the support
structure according to above formulation are tabulatdébie5.5.

Table5.5. Results and Variables of Failure Check of the Bolts on Support Structure

Bolt Type Fy[MPa] At [mm?] RFtensile
M16 940 201.06 697.9

As seen fromTable 5.5, RF results of the bolts on tlsipport structure are much

higher than our minimum RF value criterion

For Hilti anchor analgis, 8.8 grade allowable dagaven inTable5.1 is used Anchor
loads fortheground plate anthereaction wall assembbre taken from the FE results.
All anchoroads are tabulated in Append®xand G andmaximumbolt loadis given

in Table5.6. Based on torque calculation with tightened 5@étd strength valuef
HAS-U 8.8 anchor, preload is obtained 17938p41].

Table5.6. M30 Hilti HAS'U 8.8 Maximum Anchor Loads

Max Axial Max Radial Load
Bolt T Prel N
olt Type Load [N] IN] reload [N]
M30 Hilti Anchor with 2689.9 1127 3 179388

grade 8.8
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For these anchsrsame calculations performed for M16 bolts are conductextida
coefficient is taken as 01® be more conservativénitial preloadvalue of the M30
grade 8.8 anchorsan be foundn Table5.6. In the light of these variables, friction
force is calculated as 35877.6 Ns seen fronthe Table 5.6, radial force value is
lower than the friction values. Therefore, the motion of the bolt in this direigtion
prevented. So, according to bolt Idatulated, bolts are only atieed fortheir tensile
strength.Hilti anchor tensile yieldstrength is given as 640 MPa. Maximuemsile
stress othe anchor is calculated witthe maximum axial loagdandthis calculation
gives us aninimum RF valueof 168.42.As seen from this RFalueresult,anchors

are muchhigher RF value than our minimum RF value criterion.

Therod end used in test rig is chosen fribra INA FAG catalog Itsradial static load
rating is stated a6500 N. According to this valu&Fvalueof therod end for static
testing & found to bel2.57 This RF value is higher than our minimum RF value

criterion andsufficient to perform testing.

5.6.1.Reserve Factor Summary

All detail parts used in test rayeanalyzed and reserve factor summary of these parts
are tabulated imable5.7. It is showrthat all detdipartsused in test rig have satisfying

RF values to perform testing.

Table5.7. Reserve Factor Summary

Part Name Material RF Value
Actuator Circular Plate St523 262

Ground Plate AISI 4140 44.7
Tip Saddle Lower Part Al2024 T351 369
Root Saddle Lower Part Al2024 T351 142

Dummy Hub AlSI 4140 215
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Reaction Wal St523 99.4

Reaction Wall 0 St523 22.3
Welding E60xx 22.3

Clevis AlS| 4140 40.69

Pin TOOLOX44 21.92

Bushing AlS| 4140 78.04

Threaded Rod AlS| 4140 127.5

Rod End Standard 12.57

M16 Bolts Grade 12.9 697.9

Hilti HAS-U 8.8 M30 Grade 8.8 168.42

5.7.Fatigue Analysis

In order to showthat the test rig can perforfatigue tests, detigparts used in the test
rig shallendure more than 1@ycles If maximum VonrMises stress values of detail
parts are lower thaendurance strength of materialstail partendure more than 10
cycles For the calculation of endurance limit of materials, endurance strength values
of materials are calculated jgil],
MY Y ¢ man i eﬁ LR A
Yo opmfni QY cmwiiQ

Y TEO G Y pT O O (5-40)

According tothese formula endurance strength of materials arécuated and

tabulated inrable5.8. Scatter factor is chosen as 3d8 these materialgt5].
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Table5.8. Endurance Strength

Endurance

Endurance Strength Strength with

Yield Strength

Material [MPa] V;I;Z?;t [?/lcsztit]er Scatter Factor

[MPa]

AISI 4140 986 493 1494
St523 345 1725 52.3
Al2024-T351 469 2345 71
E60xx 345 1725 523

TOOLOX44 1350 675 2045

Carbon Steel Grade 12. 1100 550 1667
Carbon Steel Grade 8.¢ 640 320 97

Maximum VonMises stress of detail parts are calculatesl@When these stress are
compared to endurance strength values giv@iabie5.8, it is seen that all detail parts

endure more than 10ycles.
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CHAPTER 6

CONCLUSION

6.1. Summaries and Conclusion

In this thesis, testing fixture is desigridét can be used for wind turbine bladefrom

5 to 9meters Thetesting includes st& testingandcanbe exended forfailure and
fatiguetesting. Th e R | Z %1 &kperimentalwind turbine blade designed for
METUWIND is tested in this testing fixta. Different test rethods for wind turbine
blade arane nt i o n e d .Blade {o BeGdsted issed to éfine required load iad
boundary conditions

Design of test setup is sumarized below:

- Blade loads and boundary conditions (input)
- Deciding test methods (uaixial, braxial etc.)
- Load Calculation
o Converting @sgn loads (distributed loads) concentrated loads
o Deciding saddle points and correspondirap®
- Design
o Conceptuatesign
0 3D detailed design
A Dummy hub design
A Load introduction design
A Selection of hydraulic actuators, determination of stroke length
A Selection of load cell
A Support structure design
- Determination of hydraulic equipment and data acquisition system

- Analysis
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o Structural analysis of test fixture

o Cost analysis

Static test is to be carried out as a first step according to this dotubasign loads

of the blade arsummarized and according to these desigddpa approaches for
static test areeompared by using Excel Solver Tool. In this solver, design loads
defined in 28 sections are optimized in order to ypipeseloads in multiplepoints
methodi 2 saddle pointin this calculation, saddle point locatgx@ind corresponding
loads are found.

With these loads and knowledge of boundary conditions, test rig design is carried out.
Firstly, load introduction adapters and dummy hub that simuflaégeot connection

of the bladeare designed. After thad,load @Il andahydraulic actuator requirement

are determined and supplier investigation are conduitathdel oftheload cell and

the hydraulic actuator decided are inserted to the test rig. By taking into account this
static testing and further teséssupport structure which contairieereaction wall and
theground support plate design is performed. In analysis chapter, dedigaddarts

are analyzed and it is showmat all of detaiparts are met requirements. Finaltiie

cost oftest infrastructuréo be planned to establiahe summarized and estimated total

cost are given.

6.2. Future Work

After this study, procurement proceduman be carried w@. Test infrastructure
equipmentcan be searched and provided. After manufacturing test rig detail parts,
assembly btest setup castart. During assembling)strumentation bspecimen can

be performed. In instrumentation process, data measurement system like strain gages
are appliedandand during the testingjnear variable displacement transdisx=nbe

used to measure displacement of the blade at any desired regisn, new
measurement techniques can also be tried on this specimen. Having completing

assembling, testing process will start with commissioning.
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APPENDIX

A. Extreme Loads Including Safety Factor

Extreme loads at blade radius R = 0.00m

LCindex F F,  Fyee M, M, M, M.,

F, F, .
kN]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]

Fyomin 1 135 -7.25 0.72 -1.31 7.29 -123 -16.88 -0.13 16.88
Fy.maz 2 1.35 8.14 -1.07 -1.30 8.21 1.69 18.09 -0.18 18.09
Y min 3 1.35 0.86  -5.32 -0.33 5.39 12.08 1.85 0.02 12.22
Fy.mae 4 1.35 -6.76 2.44 -1.17 7.18 -4.04 -15.26 -0.17 15.7!
z,min 2 1.35 7.99 -1.06 -1.31 8.06 1.67 17.82 -0.18 17.96
F. maxz 5 1.35 0.59 -1.21  27.00 1.35 2.82 1.98 -0.02 3.46
res,maz 2 1.35 8.14 -1.07 -1.30 8.21 1.69 18.09 -0.19 18.09
Mz, min 4 1.35 -6.76 2.44 -1.17 7.18 -4.04 -15.26 -0.17 15.7
Mgz, maz 3 1.35 0.86 -5.32 -0.33 539 12.08 1.85 0.02 12.22
My min 1 1.35 -7.25 0.72 -1.31 7.29 -1.23  -16.88 -0.13 16.88
1, max 2 1.35 8.14 -1.07 -1.29 821 160 18.09 -0.18 18.09
M. min 7 1.35 5.56 -1.69 10.98 5.82 4.87 15.79  -0.35 16.47
.Y - 8 1.35 -0.24 -5.01 -0.28 5.02 11.54 -0.62 0.08 11.57
Myes,maz 2 1.35 8.13 -1.07 -1.30 8.21 1.69 18.09 -0.19  18.09

Extreme loads at blade radius R = 0.10m

F, F, F, F.. M, M, M. M,..
BN]  kN]  [N]  [kN] [KNm] [kNm] [kKNm] [kNm]

LCindea YF

Fr min 1 1.35 -7.14 0.72 -1.25 7.18 -1.16  -16.19 -0.12 16.21
Fy.maz 2 1.35 8.03 -1.06 -1.24 8.09 1.57 17.24 -0.18 17.36
Fy.min 3 1.35 0.86  -5.19 -0.31 5.27 11.56 1.77 0.02 11.70
Fy.mae 4 1.35 -6.69 2.37 -1.12 7.09 -3.81  -14.60 -0.16 15.12
F: min 2 1.35 7.89 -1.06 -1.25 7.95 1.57 16.97 -0.18 17.11
F. max 5 1.35 0.61 -1.19  26.60 1.34 2.70 1.92 -0.02 3.31
Fres,max 2 1.35 8.03 -1.06 -1.24 8.09 1.59 17.24 -0.18 17.36
Mz, min 4 1.35 -6.69 2.37 -1.12 7.00  -3.81 -14.60 -0.16 15.12
Mz max 3 1.35 0.86 -5.19 -0.31 5.27  11.56 1.77 0.02 11.70
My, nin 1 1.35 -7.14 0.72 -1.25 7.18 -1.16  -16.19 -0.12 16.21

Ty, maz 2 1.35 8.02 -1.06 -1.24 8.09 1.57 17.24 -0.18 17.36
M rin 7 1.35 5.55 -1.69 10.82 5.80 4.71 15.22 -0.34 15.87
M. maz 8 1.35 -0.24 -4.89 -0.27 4.90 11.07 -0.59 0.08 11.08
M, esmaz 2 1.35 8.02 -1.06 -1.24 8.09 1.59 17.24 -0.18  17.36
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Extreme loads at blade radius R = 0.20m

LCindez aF Fm Fy Fz Frg.g l\«fz JT‘(IU JT\«I; l\«fre,
[kN]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fr min 1 1.35 -7.02 0.71 -1.21 7.06 -1.09 -15.45 -0.12 15.51
Firomaz 2 1.35 7.90 -1.06 -1.20 7.97 1.47 16.47 -(0.18 16.55
Fy min 3 1.35 (.85 -5.09 -0.29 2.16 11.06 1.69 (02 11.19
Fy max 4 1.35 -6.61 2.28 -1.07 6.99 -3.58 -13.94 -0.16 14.41
z,min 2 1.35 7T -1.05 -1.21 7.84 1.47 16.20 -0.17 16.34
F: maz 5 1.35 0.62 -1.18 26.14 1.33 2.59 1.86 -(L02 3.18
Fresmax 2 1.35 7.90 -1.06 -1.20 7.97 1.48 16.47 -(.18 16.55
Mg min 4 1.35 -6.61 2.28 -1.07 6.99 -3.58 -13.94 -0.16 14.41
Mg maz 3 1.35 0.85 -5.09 -0.29 5.16 11.06 1.69 0.02 11.19
My min 1 1.35 -7.02 0.71 -1.21 7.06 -1.09 -15.45 -0.12 15.51
Ty maz 2 1.35 7.89 -1.06 -1.19 7.97 1.47 16.47 -0.18 16.55
M min 7 1.35 5.03 -1.70 10.66 2.7T8 4.54 14.68 -0.34 15.29
M. max 8 1.35 -(.23 -4.78 -0.25 4.79 10.59 -0.57 0.07 10.61
Mpyes,maz 2 1.35 7.89 -1.06 -1.20 7.97 1.48 16.47 -0.18  16.55
Extreme loads at blade radius R = 0.30m
LC:'ndez YF Fm Fy Fz Fw'es ﬁfz JnI‘y AI: l\({res
lkN]  [kN]  [KN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fyomin 1 1.35 -6.90 0.71 -1.16 6.93 -1.02 -14.72 -0.11 14.82
Fr max 2 1.35 7.77 -1.05 -1.15 7.84 1.37 15.70 -0.17 15.74
Fy min 3 1.35 0.85 -4.98 -0.27 5.05 10.55 1.60 (L02 10.68
v.maz 4 1.35 -6.53 2.19 -1.03 6.88 -3.36 -13.27 -0.16 13.70
z,min 2 1.35 7.65 -1.04 -1.16 7.72 1.36 15.43 -0.17 15.57
F: max ] 1.35 0.63 -1.16 25.68 1.32 2.47 1.80 -0.02 3.05
Fresmax 2 1.35 TIT -1.05 -1.15 7.84 1.37 15.7C -0.17 15.74
Mg min 4 1.35 -6.53 2.19 -1.03 6.88 -3.36 -13.27 -0.16 13.70
Mg mae 3 1.35 0.85 -4.98 -0.27 5.05 10.55 1.60 0.02 10.68
My . min 1 1.35 -6.90 .71 -1.16 6.93 -1.02  -14.72 -0.11 14.82
My maz 2 1.35 777 -1.05 -1.15 7.84 1.37 15.70 -0.17 15.74
M min 7 1.35 5.51 -1.71 10.50 5.77 4.37 14.14 -0.33 14.71
M maz 8 1.35 -.23 -4.68 -0.24 4.69 10.11 -0.55 0.07 10.13
Myesmaa 2 1.35 7.7 -1.05 -1.15 7.84 1.37  15.70 -0.17  15.74
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Extreme loads at blade radius R = 0.40m

LCindem YF Fz Fy Fz Fw'es A«Iz J“Jy ﬂ«fz _ﬂ«:ﬂ-es
[kN]  [kN] [kN] [kN] [kNm|] [kNm] [kNm] [kNm]
Fy onin 1 1.35  -6.78 0.70 -1.11 6.81 -0.95  -14.00 -0.11 14.13
Frmax 2 1.35 7.64 -1.04 -1.11 7.7 1.26 14.93 -0.16 14.93
Fy min 3 1.35 0.84  -4.88 -0.26 4.95 10.05 1.52 0.02 10.17
F, max 4 1.35 -6.44 2.10 -0.98 6.76 -3.13  -1261 -0.15 13.00
F. min 2,14 1.35 7.36 -1.02 -1.12 7.59 1.24 14.37 -0.16 14.80
F: maz 5 1.35 0.65 -1.15 0 25.21 1.32 2.36 1.74 -0.02 2.92
Fresmaz 2 1.35 7.64 -1.04 -1.11 7.71 1.27 14.93 -0.16 14.93
Mz min 4 1.35 -6.44 2.10 -0.98 6.76  -3.13 -12.61 -0.15 13.00
Mgz maz 3 1.35 (.84 -4.88 -0.26 495 10.05 1.52 0.02 10.17
My, min 1 1.35 -6.78 0.70 -1.11 6.81 -0.95 -14.00 -0.11 14.13
My max 2 1.35 7.64 -1.04 -1.11 7.7 1.26  14.93 -0.16 14.93
1. min 7 1.35 5.49 -1.71 10.34 5.75 4.20 13.60  -0.33 14.14
M, maz 8 1.35 -0.23 -4.57 -0.22 4.58 9.64 -0.52 0.07 9.66
Mies,maz 2,7 1.35 7.62 -1.05 -0.97 7.69 1.30 14.93 -0.17  14.94
Extreme loads at blade radius R = 0.50m
LCindex YF F; F; U F; Fres M .Z\JU M. Myes
[kN]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fr min 1 1.35  -6.62 0.67 -1.08 6.65 -0.89  -13.37 -0.11 13.48
Fymax 2 1.35 7.44 -0.99 -1.07 7.50 1.17 14.21 -0.16 14.21
Fy min 3 1.35 082  -4.77 -0.24 484 9.59 1.44 0.02 9.70
Fy maz 4 1.35 -6.27 1.99 -0.95 6.58 -2.95  -12.00 -0.15 12.36
F. min 2,14 1.35 4.75 -0.71  -1.08 7.26 0.87 9.42 -0.15 14.01
Fz mae 5 1.35 0.66 -1.12 24.74 1.30 2.26 1.74 -0.02 2.85
resmaz 2 1.35 744 -0.99 -1.07 7.50 1.17 14.21 -0.16 14.21
Mg min 4 1.35 -6.27 1.99 -0.95 6.58  -2.95  -12.00 -0.15 12.36
Mgz maz 3 1.35 0.82 -4.77 -0.24 4.84 9.59 1.44 0.02 9.70
My, min 1 1.35 -6.62 0.67 -1.08 6.65 -0.89 -13.37 -0.11 13.48
My max 2 1.35 744 -0.99 -1.07 7.50 117 14.21 -0.16 14.21
1. min 7 1.35 5.44 -1.70 10.16 5.70 4.03 13.04  -0.32 13.57
M, maz 8 1.35 -0.22 -4.47 -0.21 4.48 9.20 -0.50 0.07 9.23
Myes,max 2,7 1.35 7.16 -1.15 1.07 7.26 1.66 14.14 -0.19 14.23
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Extreme loads at blade radius R = 0.60m

LCi'ndE:c YF F. @ F, y F. z F, res l"I:r, I"-r‘y A’Iz -A'Iw'es
[N] N [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fr min 1 1.35 -6.46 0.64 -1.05 6.49 -(.82 -12.74 -(.10 12.83
Fymaz 2 1.35 7.23 -0.94 -1.04 7.29 1.07 13.48 -0.15 13.49
Fy min 3 1.35 0.80 -4.66 -(0.23 4.73 9.12 1.36 0.02 9.23
Fymas 4 135  -6.11  1.89  -0.92 6.39  -277 -11.39  -0.14 1172
z.min 2,14 1.35 2.14 -0.40 -1.05 6.94 0.51 4.46 -0.13 13.23
F: max ) 1.35 0.68 -1.09 24.27 1.29 217 1.73 -(.02 2.78
Frcsmax 2 1.35 7.23 -0.94 -1.04 7.29 1.07 13.48 -0.15 13.49
My min 4 135 -6.11 1.89  -0.92 6.39 -2.77 -11.39  -0.14  1L.72
Mz maz 3 1.35 0.80 -4.66 -0.23 4.73 9.12 1.36 0.02 9.23
My,min 1 135  -646 065  -1.05 649 082 -12.74  -0.10  12.83
My max 2 1.35 7.23 -(1L.94 -1.04 7.29 1.07 13.48 -0.15 13.49
M. min 7 1.35 539 169 9.99 5.65 3.85 1249  -0.31  13.01
M maz 8 1.35 -0.22 -4.38 -0.20 4.38 8.77 (.48 0.07 8.79
Mpres,maz 2,7 1.35 6.69 -1.25 3.10 6.83 2.02 13.35 -0.21 13.53
Extreme loads at blade radius R = 0.70m
LCindez YF F; @ F; U F: z F; res A’Ln ﬂ«fy JT"Jz JT\sz‘ts
kN] [N [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fy min 1 135  -6.30 062  -1.01 6.33  -0.75 1211  -0.10  12.18
Fi max 2 1.35 7.03 -(0.89 -1.01 7.08 0.98 12.75 -0.14 12.76
Fy min 3 135 078  -4.56 022 462 866 127 00l 876
Fymas 4 135 -594 178  -0.89 6.20 258 -10.78  -0.14  11.09
F. min 2,14 1.35 -(0.47 -(.09 -1.02 6.61 (.14 -(1.49 -(0.12 12.45
Fx max 5 1.35 0.70 -1.06 23.80 1.27 2.08 1.73 -0.02 2.70
esimas 2 1.35 703 -089  -101  7.08 098 1275  -0.14 1276
Mo min 4 1.35  -5.94 178 -0.89 6.20 -2.58 -10.78  -0.14  11.09
My maa 3 1.35 0.78  -456  -0.22 162 8.66 1.27 0.01 8.76
My, min 1 1.35 -6.30 .62 -1.01 6.33 -(.76  -12.12 -0.10 12.18
My mae 2 1.35 703 089  -1.01 708 098 1275  -0.14  12.76
I, min 7 1.35 534 168 981 560 368 1194  -0.30 1245
M, oo 8 135  -022  -428  -0.19 4.28 834  -046  0.06 8.36
Mies,maz 2,7 1.35 6.23 -1.34 5.13 6.39 2.37 12.56 -0.24  12.82
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Extreme loads at blade radius R = 0.80m

LCindez YF F. x F, y F. z F, Tres A’Iz A'Iy A’Iz l\'{f'es
[N]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fromin 1 1.35 -6.14 0.59 -0.98 6.17 -.69 -11.48 -0.09 11.53
Fymaz 2 1.35 6.82 -(.84 -0.97 6.87 0.88 12.02 -0.14 12.04
Fymin 3 1.35 0.76  -4.45  -0.21 4.51 8.20 1.19 0.01 8.29
Fy max 4 1.35 =577 1.68 -(.85 6.01 -2.40  -10.16 -(.13 10.45
F. min 2,14 135 -3.09 022  -0.98 628 022  -544  -0.10  11.67
F: max ] 1.35 0.71 -1.03  23.33 1.26 1.99 1.72 -0.03 2.63
Fres.mas 2 1.35 6.82  -0.84  -0.97  6.87 0.88 1202  -0.14 1204
My min 4 135 -5.77 168  -0.85 601  -2.40 -10.16  -0.13 1045
Mg mae 3 1.35 0.76  -445  -0.21 451 8.20 1.19 0.01 8.29
My, min 1 1.35 -6.14 0.59 -0.98 6.17 -0.69 -11.49 -0.09 11.53
My maz 2 1.35 6.82 084  -0.97 6.87 088 12,02  -0.14 12,04
M, min 7 1.35 5.20  -1.67 9.63 5.55 351  11.38  -0.30  11.89
M, mas 8 135 -021 418  -0.18 4.18 791 -043  0.06 7.92
Myes,maz 2,7 1.35 377 -1.44 717 5.96 2.73 11.77 -0.26 12.12
Extreme loads at blade radius R = 0.90m
LCi'ndez IF F; Fi F, y F. z F, res AJE l‘(Iy l‘fIz h{res
[N] [N]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]|
Fy min 1 135  -5.98 0.56  -0.94 601  -062 -10.85  -0.09  10.88
Fy maz 2 1.35 6.62 -0.80 -0.94 6.66 0.78 11.29 -0.13 11.32
Fymin 3 1.35 0.75 -4.34  -0.20 4.40 7.73 1.11 0.01 7.81
Fymas 4 135 -5.60 157 -0.82 582 222 955  -0.13 9.81
F. min 2,14 1.35 -5.70 0.52 -0.95 5.95 -(.58  -10.39 -(.09 10.89
F: max 5 1.35 0.73 -1.01 22.85 1.24 1.90 1.71 -0.03 2.56
resman 2 1.35 662  -0.80 -0.94  6.66 0.78 1129  -013  11.32
Mz min 4 1.35 -3.60 1.57 -(.82 5.82 -2.22 -9.55 -(L13 9.81
My maas 3 1.35 0.75 434  -0.20 440 773 1.11 0.01 7.81
My min 1 1.35 -5.98 0.56 -0.95 6.01 -0.63 -10.86 -0.09 10.88
My maz 2 1.35 6.62 -0.80 -(.94 6.66 079 11.29 -0.13 11.32
M, pmin 7 1.35 524 <166 945 550 334 1083  -0.29  11.33
M, o 8 1.35  -021 408  -0.17 4.00 747  -041  0.06 7.49
Myres,man 2,7 1.35 2.30 -1.53 9.20 5.03 3.09 10.99 -(.28  11.41
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Extreme loads at blade radius R = 1.00m

LCindez YF F. x F, y F. z F, Tres A’Iz A'Iy A’Iz l\'{f'es
[N]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fromin 1 1.35 -5.80 0.53 -(L91 5.83 -(.58  -10.35 -0.08 10.38
Fymaz 2 1.35 6.40 -0.75 -(.90 6.44 0.73 10.75 -0.12 10.78
Fymin 3 1.35 072 -4.21  -0.19 427 7.37 1.05 0.01 7.45
Fymax 4 135 542 151 -0.79 562 210  -9.10  -0.12 9.34
F. min 14 135 -5.75 052 -0.91 577 <058 <1035 -0.08  10.38
F: max ] 1.35 0.74 -0.98  22.24 1.23 1.82 1.69 -0.03 2.49
Fres.mas 2 1.35 640  -0.75  -0.90  6.44 073 1075 -0.12  10.78
My min 4,17 135 -5.30 1.50 0.44 551 210  -8.95  -0.12 9.20
My max 3,18 1.35 0.70 -421  -0.12 426 7.37 1.04 0.01 7.45
My, min 1,14 1.35 -5.80 0.53 -0.91 5.83 -0.59  -10.36 -0.08 10.38
My, maz 2,7 135 6.38  -081  -0.35 6.43 083 1079  -0.13  10.83
M, min 7 1.35 513 -1.62 9.20 5.38 319 10.37  -0.27 1085
M, mas 8 135  -020 -397  -0.16 3.97 713 -0.39  0.06 7.14
Myes,max 7 1.35 3.15 -1.50 9.14 5.38 2.99 10.50 -0.27  10.92|
Extreme loads at blade radius R = 1.25m
LCindez YF F; T F, v F. z F, res ﬁfz A(I‘y l"Jz J?‘f{w'&z‘ts
[N] kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
F min 1 135  -5.36 0.46  -0.81 538 049 912 -0.07 9.15
Frmax 2 1.35 5.85 -0.64 -0.80 5.88 0.61 9.44 -0.10 9.46
Fymin 3 1.35 064 -3.80  -017 394 648 091 0.01 6.55
Fymas 4 135  -495  1.34  -0.70 513 -182  -799  .0.10 8.20
F. min 14 1.35  -5.31 046  -0.82 533 049 913 -0.07 9.15
F: max ] 1.35 0.74 -0.92 20.66 1.18 1.64 1.63 -0.02 2.32
Fresmas 2 1.35 585  -064 -080 5.88 061 944 010 946
My min 4,17 135  -4.53 1.32 3.86 472 -1.82 -T44 -0.09 7.67
Mz max 3, 18 1.35 (.59 -3.88 0.07 3.92 6.49 (.88 0.01 6.55
My min 1,14 1.35 -5.35 0.46 -(1.81 5.38 -(1.50 -9.14 -0.07 9.15
My maz 2,7 135 579 -0.88 1.25 5.86 099  9.58  -0.12 9.66
M, min 7 1.35 482  -1.53 8.57 5.06 2.83 923  -0.23 9.65
M. mas 8 1.35 019  -367  -0.14 3.67 628  -0.35  0.05 6.29
Myres,maa 7 1.35 4.85 -1.41 8.51 5.06 2.65 9.36 -0.23 9.73
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Extreme loads at blade radius R = 1.50m

Lcindez YF F; @ F; u F: z F, res ﬂfz AJU l\(Iz JTtﬂ".‘zs
kN] [N [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fyomin 1 135  -4.91 039  -0.72 493  -041  -T90  -0.05 7.92
Fi maz 2 1.35 5.30 -0.53 -0.71 5.33 0.49 8.12 -0.08 8.14
Fymin 3 135 057 -3.57  -0.15 361 559 077 000 565
Fy mas 4 135  -448 117  -0.62 464  -153  -6.88  -0.08  7.05
Fiomin 14 135  -488 039 -0.72 489 040  -791  -0.05 7.93
F: max 5 1.35 0.75 -(.85 19.08 1.14 1.46 1.56 -0.02 2.15
esman 2 1.35 530 -053  -0.71  5.33 0.49 812 -0.08 8.14
Mg min 4,17 135  -3.76 1.14 7.27 392  -1.54  -5.94  -0.07 6.15
My maa 3,18 1.35 047  -3.55 0.26 357 5.61 0.72 0.00 5.65
My min 1, 14 1.35 -4.90 (.39 -(.72 4.92 -(141 -7.92 -0.05 7.93
My mag 2,7 135 519  -0.94 2.85 5.29 115  8.38  -0.12 8.49
M, min 7 1.35 451 -143 7.94 473 247 809 -0.19 8.46
M, 1mae 8 135 -017  -338  -0.12 338 543  -0.30  0.04 544
Myes,man 7 1.35 4.55 -1.31 7.88 4.73 2.30 8.23 -0.19 8.54
Extreme loads at blade radius R = 1.75m
LCinde:n TF F: T F; U F. z F; res A(Iz JT"JU JT\(Iz JT‘szs
N]  [N]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fiymin 1 135  -4.46 032 -0.62 448  -0.32 667 004  6.69
Fromaz 2 1.35 4.75 -0.42 -(0.61 4.77 0.37 6.81 -0.06 6.82
Fy.min 3 135 050 -3.24  -0.13 328 471 062 000 475
Fymax 4 135  -4.02  1.01  -0.54 414 -125 =577 -0.06 5.91
F. min 14 135 444 032 -0.63 445  -031 669  -0.04 6.71
F: max ] 1.35 0.76 -0.79 17.51 1.10 1.28 1.50 -0.02 1.98
Fresman 9 1.35 475 -042 061 477 0.37 6.81  -0.06 6.82
M min 4,17 1.35 -2.98 (.96 10.69 3.13 -1.26 -4.43 -(L05 4.62
Mg max 3,18  1.35 035  -3.21 0.46 323 473 0.55 0.00 476
My, min 1,14 135 445 032  -0.62 447 -031 -6.69 -004 671
My maz 2,7 135 460 100 445 471 130 717 011 733
M. min 7 1.35 421  -1.33 7.31 441 2.11 695  -0.15 7.26
M, oo 8 135 016  -3.08  -0.00 3.08 459  -026  0.03 459
Myres,maz 7 1.35 4.24 -1.22 T.25 4.41 1.96 7.09 -(L15 7.35
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Extreme loads at blade radius R = 2.00m

Lcindez IF F; T F, v F. z F, Tes ﬁfz A(Iy A(Iz wamzs
N} [kN]  [kN]  [kN] [kNm| [kNm] [kNm]| [kNm]|
Fy min 1 1.35  -4.02 025  -0.53 403  -023 544 -0.02 5.46
Famax 2 1.35 4.20 -0.32 -0.51 4.22 0.25 5.49 -0.03 5.51
Fymin 3 1.35 043  -2.92  -0.11 2.95 3.82 048  -0.00 385
Fymas 4 135  -355  0.84 045 365  -097  -466  -0.04 476
F. min 14 1.35  -4.00 025  -0.53 401 -022 547 -0.02 5.48
F: max 5 1.35 0.76 -0.73 15.93 1.06 1.10 1.43 -0.02 1.81
Frosmaz 2 1.35 420 -0.32 -0.51  4.22 0.25 549  -0.03 5.51
My min 4,17 135 221 078 14.11 234  -0.98 292  -0.02 3.09
Mz max 3,18 1.35 (.24 -2.88 0.65 2.88 3.84 (.39 -0.00 3.86
My min 1, 14 1.35 -4.00 0.25 -(1.53 4.02 -0.22 -5.47 -0.02 5.48
My max 2,7 135 400 107 6.04 414 146 5.97  -0.10 6.16
M min 7 1.35 390  -1.23 6.68 4.09 1.75 581  -0.11 6.07
M. ma 8 135  -0.14 279 -0.07 2.79 374 -021  0.02 3.74
Myres,maz 7 1.35 3.94 -1.12 6.61 4.09 1.61 5.95 -0.11 6.16
Extreme loads at blade radius R = 2.25m
LC:'ndez YF F; @ F, y F; z F, res ﬁfz AJU AJ: JT\szes
[N]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fy min 1,14 135 -3.59 020  -0.45 360 -0.17 452 -0.02 4.53
Famax 2,7 1.35 3.76 -0.44 1.00 3.80 (.41 4.64 -0.03 4.69
Fymin 3,18 135 029 -2.61  -0.04 2.63 3.15 032 -0.00 3.17
Fymax 4,17 1.35 -2.84 0.72 2.83 2.94 -(L.79 -3.53 -(1.03 3.62
F. min 14 1.35  -3.58 020  -0.45 359 -0.17 454 -0.02 4.55
F: max 5 1.35 0.71 -0.66  14.39 0.97 0.93 1.24 -0.02 1.56
Fresmas 2,7 135 376 -0.44 .00 3.80 0.41 464  -0.03 4.68
M, min 7 135  -183 067  13.91 194 079 221 -0.02 2.35
M, mae 18 1.35 020  -2.58 0.65 258  3.17 031 -0.00 3.18
My min 14 1.35 -3.58 0.20 -(0.45 3.59 -0.17 -4.54 -0.02 4.55
My max 7 1.35 3.60  -1.00 5.99 3.74 1.32 5.00  -0.09 5.18
M, pmin 7 1.35 355 -1.13 6.06 3.73 147 486  -0.09 5.08
M: max 8 1.35 -0.13 -2.501 -0.06 2.51 3.09 -0.18 0.01 3.09
Myes,man 7 1.35 3.61 -1.02 5.99 3.75 1.35 5.00 -0.09 5.18
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Extreme loads at blade radius R = 2.50m

LCinde:n IF F; x F, v F. z F, TEs -A(IZ ﬁf‘y A(Iz ﬁ{wes
kN] [kN] [kN] [kN] [kNm] [KNm| [kNm] [kNm]
Fyomin 1, 14 1.35 -3.18 0.15 -0.38 3.18 -0.13 -3.70 -0.01 3.70
Fy maz 2,7 1.35 3.35 -0.65 3.01 3.43 0.66 3.95 -0.04 4.04
Fy min 3,18 1.35 0.14 -2.31 0.06 2.32 2.55 0.16 -0.00 2.56
Fy mae 4,17 1.35 -2.06 0.61 7.22 2.15 -0.64 -2.39 -0.02 2.48
F; min 14 1.35 -3.18 .15 -0.38 3.18 -0.13 -3.70 -0.01 3.71
F: maa 5 1.35 0.63 -0.59 12.87 (.86 0.77 1.01 -0.01 1.27
Freemaz 2.7 1.35 3.35  -0.65 3.01 3.44 0.67 395 -0.05 4.03
Mz min 17 1.35 -1.57 (.59 12.46 1.68 -0.64 -1.76 -0.01 1.88
Mz max 18 1.35 0.19 -2.30 0.59 2.30 2.57 0.27 -0.00 2.08
My min 14 1.35 -3.18 0.15 -0.38 3.18 -0.13 -3.70 -0.01 3.71
My maz 7 1.35 328  -0.90 5.37 3.40 1.08 412 -0.07 4.26
M, min 7 1.35 319  -1.03 5.43 335 1.22 398  -0.07 416
M max 8 1.35 -0.12 -2.23 -0.05 2.23 2.50 -0.14 0.01 2.50
Myes,max 7 1.35 3.28 -0.93 5.37 3.40 1.10 412 -0.07 4.27
Extreme loads at blade radius R = 2.75m
LCinde:r, YF Fz Fy Fz Fw'es ﬂf[m ﬁf‘y ﬁf[z ﬁ{res
kN]  [kN] [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fy min 14 1.35 -2.7T7 (.11 -0.31 277 -0.09 -2.89 -0.01 2.89
Fy maz 7 1.35 2.95 -0.82 4.74 3.05 0.86 3.27 -0.05 3.39
Fy min 18 1.35 0.02 -2.01 0.15 2.01 1.97 .02 0.00 1.97
Fy moz 17 1.35 -1.33 0.51 11.01 1.42 -0.49 -1.33 -0.01 1.43
F. min 14 1.35 -2.77 011 -0.31 2.77 -(1L.09 -2.89 -0.01 2.89
Fiomae ] 1.35 0.55 -(.53 11.35 0.76 0.61 0.79 -0.01 1.00
res,maz 7 1.35 2.95 -0.83 4.76 3.07 (.88 3.27 -0.05 3.37
Mg min 17 1.35 -1.33 (.51 11.01 1.42 -0.49 -1.33 -0.01 1.43
Mg max 18, 22 1.35 0.17 -2.01 0.50 2.01 1.98 0.22 -0.01 1.99
My min 14 1.35 -2.77 .11 -0.31 277 -0.09 -2.89 -0.01 2.89
Iy mas 7,23 135 205  -0.80 4.74 3.05 084 327  -0.05 3.37
M min 7,24 1.35 282 -0.93 5.03 2.97 0.98 312 -0.05 3.26
M ez 8,25 1.35 -0.16 -1.89 0.38 1.94 1.87 -0.16 0.00 1.92
Mires,maz 7 1.35 2.95 -0.82 4.76 3.0 (.87 3.27 -0.05 3.39
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Extreme loads at blade radius R = 3.00m

LCindes YF F; Fy F; Fres My l\«fy M. Myes
[kN]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Foomin 14 1.35 -2.41 0.09 -0.24 2.41 -0.06 -2.29 -0.01 2.29
Fzomax 7 1.35 2.60 -0.72 4.12 2.69 0.68 2.61 -0.04 2.70
Fy min 18 1.35 0.09  -1.74 0.30 1.74 1.53 0.10 -0.00 1.54
Fy mox 17 1.35 -1.13 0.44 9.54 1.21 -0.38 -1.05 -0.01 1.12
F. min 14 1.35 -2.40 0.09 -0.24 2.40 -0.06 -2.29 -0.01 2.29
F: maz a 1.35 0.50 -0.47 9.83 0.69 (.49 (.66 -0.01 0.83
Fresmax 7 1.35 2.60 -0.73 4.14 2.70 0.69 2.61 -0.04 2.70
Mg min 17 1.35 -1.13 0.44 9.54 1.21 -0.38 -1.05 -0.01 1.12
My maz 18, 22 1.35 0.15 -1.74 0.21 1.74 1.54 (L16 -0.00 1.55
My min 14 1.35 -2.41 0.09 -(.24 2.41 -0.06 -2.29 -0.01 2.29
M,y maz 7,23 1.35 2.59 -0.70 4.12 2.69 (.66 2.61 -0.04 2.69
M min 7,24 1.35 2.40 -0.82 6.62 2.53 0.79 2.45 -0.04 2.08
M maz 825 135 -0.70 -0.92 4.55 1.53 092  -0.61 0.00 143
Mres,max 7 1.35 2.60 -0.72 4.13 2.69 0.68 2.61 -0.04 2.71
Extreme loads at blade radius R = 3.25m
LCindez YF F. @ F; u F: z F, res A'T\Jz A'T\Jy A'T\Jz n(:rw'es
[kN]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fomin 14 1.35 -2.05 0.07 -0.18 2.05 -0.04 -1.70 -0.00 1.70
Fpmaz T 1.35 2.26 -0.62 3.50 2.34 0.30 1.98 -0.02 2.03
Fy min 18 1.35 0.16 -1.47 0.42 1.47 1.11 0.16 -0.00 1.12
y,max 17 1.35 -0.93 0.36 8.08 1.00 -0.27 -0.78 -0.00 0.83
z.min 14 1.35 -2.04 0.06 -0.18 2.04 -0.04 -1.70 -0.00 1.70
F: maz 5 1.35 0.46 -0.42 8.31 (.62 0.38 (.54 -0.00 0.66
Frosmasx 7 1.35 2.26 -0.62 3.52 2.34 0.51 1.98 -0.02 2.04
My min 17, 4 1.35 -0.97 0.36 7.74 1.03 -0.27 -0.80 -0.00 0.85
Mz maz 22 1.35 (.12 -1.47 -0.05 1.47 1.11 0.10 -0.00 1.12
My min 14 1.35 -2.05 0.07 -0.18 2.05 -0.04 -1.70 -0.00 1.70
My maz 23 1.35 2.24 -0.59 3.50 2.32 (.49 1.98 -0.02 2.03
M min 24 1.35 1.99 -0.72 7.85 2.11 0.61 1.81 -0.02 1.92
M max 25 1.35 -1.15 -0.06 8.04 1.15 0.08 -0.97 0.00 0.98
Myesmax 7,23 1.35 2.26 -0.61 3.50 2.34 0.50 1.98 -0.02 2.04
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Extreme loads at blade radius R = 3.50m

LCindez IF F; F] F, u F. z F, res A(Iz A(I‘y A(Iz h{res
[kN]  [kN]  [kN]  [kN] [kNm] [kNm| [kNm] [kNm]
Fymin 14 135  -1.72 0.05  -0.14 172 =003 126 -0.00 1.26
Fpmaz T 1.35 1.93 -(1.51 2.89 1.99 0.36 1.49 -0.01 1.53
Fy min 18 1.35 0.13 -1.21 (.34 1.21 0.80 0.12 -0.00 0.81
Fymax 17 1.35 <077 0.30 6.65 0.83  -0.20 -0.38  -0.00 0.62
Fyomin 14 135 -L70 005 -0.14 171 =003 126 -0.00 1.26
F: max 5 1.35 0.46 -0.37 6.84 (.59 0.29 0.45 -(0.00 0.53
Frosmaz 7 1.35 1.93  -0.51 290  1.99 0.37 149  -0.01 1.53
My min 17,4 135 -1.09 0.29 3.53 113 -0.20  -0.76  -0.00 0.79
M, mas 22 1.35 0.10  -1.20  -0.04 121 0.81 008  -0.00 0.81
My min 14 1.35  -1.72 0.05  -0.14 .72 -0.03 -1.26  -0.00 1.26
My mas 23 1.35 192 -0.50 2.89 199 036 149  -0.01 1.53
M, pin 24 1.35 170 -0.61 6.46 180 046 138  -0.01 145
M. max 25 1.35 -(L97 -0L07 6.62 0.97 0.07 -0.73 0.00 0.74
Myes,maz 7,23 1.35 1.93 =151 2.89 1.99 0.36 1.49 -0.01 1.53
Extreme loads at blade radius R = 3.75m
LCindez YF F: T F; y F. z F, res ﬁfz -nJ‘y JT\Jz Jn'fw'es
kN]  [N]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fymin 14 135  -1.39 004  -0.09 139 -002  -0.84  -0.00 084
Fy maz 7,23 1.35 1.60 -(0.40 2.28 1.66 0.23 1.02 -0.01 1.04
Fymin 18,22 1.35 011 -0.95 0.24 0.95 0.51 0.08  -0.00 0.52
Fymas 17,4 135  -064  0.23 503 068  -0.13  -040  -0.00 042
F. min 14 1.35 -1.36 (.04 -0.09 1.38 -(L02 -(1.83 -(L00 0.83
F: maxz ] 1.35 (.45 -(1.32 5.38 0.55 0.20 0.36 -0.00 (.41
T 7 1.35 1.60  -0.41 2.30  1.66 0.24 .02 -0.01 1.05
My min 4 135 -116 022 -0.09 118 -0.13  -0.70  -0.00 0.71
My maa 22 1.35 008  -095  -0.03 095  0.51 0.05  -0.00 0.52
My, min 14 1.35 -1.39 0.04 -0.09 1.39 -0.02 -0.84 -(.00 0.84
Ty maz 923,24 135 1.60  -0.40 2.38 1.65 024  1.02  -0.01 1.05
M min 24 1.35 141 -0.51 5.08 1.50 0.31 0.96 -0.01 1.01
M, oo 25 135  -0.79  -0.06 5.21 0.79 005  -050  0.00 051
Mres,maz 23,24 1.35 160  -041 2.38 1.65 0.24 102 -0.01 1.05
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Extreme loads at blade radius R = 4.00m

LCindez IF F; F] F, u F. z F, res A(Iz A(I‘y A(Iz h{res
IN]  [kN]  [kN] [N] [kNm] [Nm] [KNm] [kNm]
Fymin 14 135  -1.09 0.03  -0.06 109 -001  -0.56  -0.00 0.56
Fpmaz 7,23 1.35 1.29 -(1.32 1.70 1.33 0.15 0.69 -(.00 0.70
Fy min 18, 22 1.35 (.08 -0.71 0.10 0.71 (.33 0.05 -(1L.00 (.33
Fymax 17,4 135  -067 017 2.28 0.70  -0.08  -0.33  -0.00 0.34
Fomin 14 135  -1.07 003  -0.06 .08 =001 055  -0.00 055
F: max 5 1.35 0.42 -0.26 4.00 0.49 0.13 0.26 -(0.00 0.30
Fros.man 7 1.35 129 -0.32 171 133 016 069  -0.00  0.70
My min 4 1.35  -0.91 017 -0.06 092 -0.08 -047  -0.00 0.47
M, o 22 1.35 007  -0.71  -0.02 0.71 0.33 0.04  -0.00 0.33
My, min 14 135 <109 003 -0.06 109 -001 -0.56  -0.00 056
My mas 23,24 135 126 -0.35 2.54 1.31 017 0.69  -0.00 0.71
1, min 24 1.35 117 -0.40 3.78 1.24 0.20 066 -0.00 0.69
M. max 25 1.35 (.64 -0.06 3.88 0.64 0.04 -(1.34 0.00 0.34
Myesmaz 23, 24 1.35 1.26 -(1.35 2.54 1.51 0.17 0.69 -0.00 0.71
Extreme loads at blade radius R = 4.25m
LCindez YF F; @ F, v F. z F, res A’Iz n‘-[‘y JT"Jz JT‘sz‘ts
kN]  [N]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fi min 14 135 -0.80 0.02  -0.04 0.80  -0.01  -0.30  -0.00 0.30
Fy maz 23, 24 1.35 0.97 -(0.23 1.16 1.00 0.08 0.38 -0.00 0.39
Fymin 22,29 135 005 -0.48  -0.01 0.48 0.17 0.02  -0.00 0.17
Fymas 4 135 -0.66  0.12  -0.04 067 005 -025  -0.00 0.26
F. min 14, 30 1.35 -0.78 0.02 -0.04 (.78 -(L01 -0.30 -0.00 0.30
F: max ] 1.35 0.38 -0.19 2.69 0.43 0.08 0.17 -0.00 0.19
Fresmax 7,24 1.35 0.97 -(1.23 1.16 1.00 (.08 (.38 -0.00 (.39
My min 4 135 -0.66 012 -0.04 0.67  -0.05  -025  -0.00 0.26
M, ae 92,920 135 005 048 001 048 017 002  -000 017
My, min 14 135 -0.80 0.02  -0.04 0.80  -001 -0.30  -0.00 0.30
My mae 24 1.35 093  -0.28 2.53 0.97 011 0.39  -0.00 0.40
M min 24, 8 1.35 0.91 -0.29 2.53 0.96 (.11 0.38 -0.00 0.40
M, mas 25,24 135  -047 0.0 2.61 0.49 002  -0.19  0.00 0.19
M;es,maz 24 1.35 0.93 -0.28 2.53 0.97 0.11 0.39 -0.00 0.40
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Extreme loads at blade radius R = 4.50m

LCinde:n YF F; F. F, v F. z F, res A(Iz l"J‘y AJ: J?‘szs
IN]  kN]  [kN]  [kN] [Nm] [kNm] [kNm] [kNm]
Fymin 14 135  -0.53 001 -0.02 053 -0.00 -0.19 000  0.19
Fyomaz 23, 24 1.35 0.66 -0.15 0.79 0.68 0.05 0.24 -0.00 0.25
Fymin 22,20 135 004 -0.31  -0.01 0.31 0.10 001  -0.00 0.11
Fymax 4 1.35 044  0.08  -0.02 045  -0.03  -0.16  -0.00 0.16
z,min 14, 30 1.35 -(0.47 -(L00 -0.02 (.49 -0.00 -(0.18 -(L00 (.18
Fzmaz 5 1.35 026  -0.13 1.73 0.29 0.05 0.11 -0.00 0.12
Fresman 7,24 135 066  -0.16 .79 0.68 0.05 024 -0.00 0.25
My min 4 1.35 -(144 (.08 -(L02 0.45 -0.03 -0.16 -(L00 (.16
My mas 22,29  1.35 004 <031 -0.01 031  0.10 0.01  -0.00 0.11
My min 14 1.35 -0.53 0.01 -0.02 0.53 -0.00 -0.19 0.00 0.19
My mas 24 1.35 063  -0.19 1.63 0.66 007 024  -0.00 0.25
M, min 24,8 135 056  -0.19 1.56 0.61 0.07 024  -0.00 0.25
M, maz 25,24 135  -023  -0.04 1.68 0.36 001 -0.11 0.00 0.12
Mresmae 24 1.35 063  -0.19 1.63 0.66 0.07 024  -0.00 0.25
Extreme loads at blade radius R = 4.75m
LCindez YF F, F F, u F. z F, res A'Iz A’I‘y A’-Iz l"'fw'es
N]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fy min 14 1.35  -0.26 0.01  -0.01 026  -0.00  -0.07 0.00 0.07
Fpmax 23, 24 1.35 0.34 -0.08 0.42 0.35 0.02 0.10 0.00 0.10
Fyomin 22,20 135 002 -0.14  -0.00 0.14 0.04 0.01  -0.00 0.04
Ymaz 4 135 022 0.04  -001 022 001 006 000 006
L min 14,30 135  -017  -0.02  -0.01 021 -0.00  -0.07 0.00 0.07
z,maz 5 1.35 0.15 -0.06 0.78 (.16 0.02 0.04 0.00 0.05
Fresmas 7,24 1.35 034  -0.08 042  0.35 0.02 0.10 0.00 0.10
Mg min 4 1.35 -0.22 0.04 -0.01 (.22 -0.01 -(1L.06 0.00 0.06
My max 22,29 1.35 0.02 -0.14 -0.00 0.14 0.04 0.01 -(.00 0.04
My min 14 1.35 -0.26 0.01 -0.01 0.26 -0.00 -0.07 0.00 0.07
My max 21 1.35 033  -009 074 035 003 010 000  0.10
T omin 24,8 1.5 021 -009 039 025 0.03 009 -0.00  0.09
M. max 25, 24 1.35 0.01 -0.04 0.76 0.23 0.01 -0.04 0.00 0.05
Mpyes,maz 24 1.35 0.33 -0.09 0.74 0.35 0.03 0.10 0.00 0.10
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Extreme loads at blade radius R = 4.90m

e

@, Mmin

s

T, max

o

y,min

e

U, mazs

=

z,min
F. z,mazx
Tes,maz

A'Im LT
JT\J:n,‘.rr:r,.':n:!:
l\’{y,mf.n
JT\J‘,I,l,'nvu:-u:z
l"fz ,Tin
A’Iz JnaE

JT\J'r'es,r:"lﬂ.a:

LCindex

24, 8
25, 24
24

TF

1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35

Fy
eN]

-0.10
0.15
0.01
-0.08
0.01
0.08
0.15
-0.08
0.01
-0.10
(.15
-0.00
0.15
0.15

F,
fleN]

0.00
-0.03
-0.04
0.01
-0.03
-0.02
-0.03
0.01
-0.04
0.00
-0.03
-0.04
-0.03
-0.03

[N]

-0.00
0.20
-0.00
-0.00
-0.00
0.21
0.20
-0.00
-0.00
-0.00
0.20
0.00
0.20
0.20

FW'ES

0.10
0.16
0.04
0.09
0.03
0.08
0.16
0.09
0.04
0.10
0.16
0.04
0.16
0.16

M
lcNm]
-0.00
.00
0L00
-0.00
0.00
0LO0
0L00
-0.00
0.00
-0.00
(LO0
0LO0
0.00
0L00

M,
<Nl
-0.01
0.01
.00
-0.00
0.00
0L00
.01
-0.00
.00
-0.01
0.01
0LO0
0.01
.01

M.
[kNm]
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.00
0.00
0.00

h{res
[«Nm]

0.01
0.01
0.00
0.00
0.00
0.00
0.01
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0.00
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0.01
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B. Cost Analysis

In order to establish test setup, test fixtdexveloped in Chapter will be procured

and required hydraulic and data acquisition system will be sefiestl fixture details

will be procured in Ankara or Bursa and it costs about $60000. The company that
manufacture details provides laser tracker machine and serves assembly work.
Controller and data acquisition system and software can be provided by local suppliers
or MTS. Hydraulic service manifold can be provided from MTS. For hydraulic
actuator, localgpplier RotaTeknik Company is selected. Load cells are bought from
Interface Company. Servo valve is also obtained from MTS and hydraulic piping,
cabling is carried out by local supplieiThe cost of infrastructural westment is
estimated about $2000.Cost of all items required are listed and approximate prices

can be found iTable0.1.
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Table0.1. Estimated Cost for Equipment

Type Quantity Price (rough) Remarks
Test Fixture 1 $ 60000
Controller 1 $ 50000 1 station, 12
channel
Data Acquisition Syster 1 $ 20000 32 channel
w1 sno
Hydraulic Actuator 2 $ 20000
Load Cell 2 $ 8000
Servo Valve 1 $ 3000
Software 1 $ 20000 AeroPro
Hydraulic Piping $ 3500
Cable Set $ 2000
TOTAL ~20Q000 $
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C. M16 Bolt Loads of Reaction Wall Assembly
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Figure 0.1. Bolt Number Guideline

Table0.2. Bolt Loads Obtained from FE Results

Bolt # Fx[N]  Fy[N] Fz[N]  Radial[N] Axial [N]
1 109.80  111.06  -76.32 110.01 -76.32
2 304.28 134.84  -13.24 304.32 -13.24
3 516.07 12554  196.12 516.07 196.12
4 669.49  50.55  398.72 669.50 398.72
5 669.78  -50.41  399.69 669.78 399.69
6 516.40 -125.53  197.09 516.40 197.09
7 304.23 -134.90 -13.31 304.23 -13.31
8 109.72  -111.03  -76.39 109.74 -76.39
9 146.18  -234.05  28.41 146.21 28.41
10 195.49 -275.98  246.92 195.50 246.92
11 231.48 -145.17 152.81 231.53 152.81
12 236.33  90.22  -192.70 236.43 -192.70
13 207.76  238.60 -320.79 207.93 -320.79
14 163.12  237.14 -162.57 163.45 -162.57
15 104.87 16447  41.91 105.56 41.91
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Table0.2Bo | t

Loads

Obt ained

from FE Resul ts

16 73.27 59.22 64.92 74.36 64.92
17 27.90 14.52 9.19 31.45 9.19
18 22.91 12.71 11.95 63.53 11.95
19 18.16 12.06 5.38 165.56 5.38
20 14.00 10.42 2.17 237.73 2.17
21 10.23 8.51 0.62 239.15 0.62
22 6.98 6.74 -0.19 90.86 -0.19
23 4.38 4.82 -0.71 145.34 -0.71
24 2.49 2.14 -0.15 276.48 -0.15
25 6.43 2.76 -0.58 234.36 -0.58
26 9.17 2.13 0.43 71.67 0.43
27 10.34 0.79 1.25 65.62 1.25
28 10.34 -0.79 1.25 28.31 1.25
29 9.17 -2.13 0.43 27.83 0.43
30 6.43 -2.76 -0.58 65.10 -0.58
31 2.49 -2.14 -0.15 71.14 -0.15
32 4.38 -4.82 -0.71 4.38 -0.71
33 6.98 -6.74 -0.19 6.98 -0.19
34 10.23 -8.51 0.62 10.23 0.62
35 14.00 -10.42 2.17 14.00 2.17
36 18.16 -12.06 5.38 18.16 5.38
37 22.92 -12.71 11.95 22.92 11.95
38 27.91 -14.52 9.20 27.91 9.20
39 73.31 -59.26 64.92 73.31 64.92
40 104.98 -164.56 41.91 104.98 41.91
41 163.33 -237.32 -162.57 163.33 -162.57
42 208.06 -238.93 -320.83 208.06 -320.83
43 236.58 -90.59  -192.74 236.58 -192.74
44 231.63 145.27 153.28 231.63 153.28
45 195.61 276.47 247.22 195.61 247.22
46 146.41 234.27 28.23 146.41 28.23
47 206.69 71.08 29.76 206.69 29.76
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Table0.2.Bol t Loads Obtained from FE Resul ts
48 341.67 64.80 -143.11 341.67 -143.11
49 429.35 26.35 -281.35 429.35 -281.35
50 429.41 -26.28 -281.35 429.41 -281.35
51 341.79 -64.78 -143.11 341.79 -143.11
52 206.81 -71.10 29.76 206.81 29.76
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D. Hilti HAS i U 8.8 Anchor Loads for Ground Plate

\/‘

pa

Figure 0.2. Ground Plate Anchor Rod Guideline

Table0.3. Ground Plate Hilti Anchor Rod Loads

Bolt # Fx [N] Fy[N] Fz[N] Radial [N] Axial [N]
1 -142.2 -2.5 108.7 108.7 -142.2
2 -1961.6 0.0 645.4 645.4 -1961.6
3 -142.2 2.5 108.7 108.7 -142.2
4 -142.2 -2.5 -108.7 108.7 -142.2
5 -1961.6 0.0 -645.4 645.4 -1961.6
6 -142.2 2.5 -108.7 108.7 -142.2
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E. Hilti HAS i U 8.8 Anchor Loads for Reaction Wall Assembly

Figure 0.3. Reaction Wall Assembly Anchor Rod Guideline

Table0.4. Reaction Wall Assembly Hilti Anchor Rod Loads

Bolt # FxIN]  Fy[N] Fz[N]  Radial [N] A[”i'l‘i"'
1 925.1 129.8 63.7 70.4 925.1
2 898.0  -34.1 -166.4 169.9  898.0
3 901.7 33.9 -165.0 168.4 9017
4 922.2 30.3 63.1 70.0 922.2
5 2689.2  1053.3 -401.9 1127.3  2689.2
6 2669.9  -776.1 446.8 8955  2669.9
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TableO4.Reacti on Wall Assembly Hilti Anchor
7 2682.3 774.2 -450.6 895.8 2682.3
8 2683.8 -1051.6 -399.3 1124.9 2683.8
9 -809.7 61.0 312.2 318.1 -809.7
10 -1079.4 -354.5 54.5 358.7 -1079.4
11 -1078.0 351.8 58.4 356.7 -1078.0
12 -807.1 -58.9 311.9 317.4 -807.1
13 -498.9 -7.1 208.9 209.0 -498.9
14 -729.4 181.9 500.2 532.3 -729.4
15 -729.4 -182.0 500.9 532.9 -729.4
16 -499.1 7.7 209.8 210.0 -499.1
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