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ABSTRACT

DESIGN AND ANALYSIS OF TEST RIG FOR SMALL SCALE WIND
TURBINE BLADE

Icen, Mustafa
Master of Science, Aerospace Engineering
Supervisor: Prof. Dr. Demirkan Coker

December 2019, 150 pages

In this thesis, a test setup for the experimental 5 meter RUZGEM wind turbine blade
and that can be used for small scale wind turbine blades up to 9 meter is designed and
analyzed. The purpose of this thesis is to help establishing the test infrastructure under
METUWIND project such as NREL, RIS@, CRES. The literature on the existing
facilities is reviewed. After that, RUZGEM wind turbine blade is introduced and
design loads are presented. To apply these loads appropriately to the blade, the
moment distributions are converted to concentrated loads at 2 saddle points optimizing
the load locations and corresponding loads using Excel Solver Add-in. The objective
of these solutions is to obtain the best moment distribution on the blade compared to
the given design moment distribution. With this design input, the load interface design
of test fixture is performed. Next, hydraulic equipment and load cell selection are
carried out and support structure is designed which is composed of main reaction wall
and ground support. Resultant test fixture capacity is verified by structural analysis
using FEM and hand calculation methods under static loading. Finally, required

infrastructural cost is estimated.



Keywords: Wind Turbine Blade, Test Load Optimization, Wind Turbine Blade
Testing, Test Rig Design
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0z

KUCUK OLCEKLI RUZGAR TURBINi KANADI iCiN TEST DUZENEGI
TASARIMI VE ANALIZI

Icen, Mustafa
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi
Tez Danmismani: Prof. Dr. Demirkan Coker

Aralik 2019, 150 sayfa

Bu tezde, 5 metre boyundaki RUZGEM tam boy deneysel riizgar tiirbini kanadi ve 9
metreye kadar olan kiiglik Olgekli riizgar tiirbini kanatlar1 igin test diizenegi
tasarlanmis ve analiz edilmistir. Bu tezin amaci, RUZGEM projesi kapsaminda,
diinyadaki diger ornekleri gibi bir test altyapisi olusturulmasina yardimei olmaktir.
Calismanin en basinda, literatlir taramasi yapilmis ve mevcut merkezleri
incelenmistir. Daha sonra, RUZGEM kanadi tanitilmis ve tasarim yiikleri
sunulmustur. Kanada, tasarim moment dagilimina yaklasan en iyi yiikleri vermek i¢in
Excel ¢oziicii eklentisinde yiik uygulama noktalar1 ve karsilik gelen yiikler iki nokta
icin optimize edilmistir. Bu tasarim girdisiyle beraber, yiik arayiizleri tasarimi
gergeklestirilmistir. Sonrasinda, hidrolik ekipman ve yiik hiicresi se¢imi yiiriitiilmiis
olup, test diizenegi tasarimi ana reaksiyon duvari ve yer destek yapisiyla beraber
tamamlanmistir. Tasarlanmis olan test diizeneginin belirtilen kanat icin static yiiklerde
calisma kapasitesi sonlu elemanlar yontemi ve el hesabiyla dogrulanmistir. Son
olarak, test altyapisini olusturmak icin gerekli tahmini maliyet hesabi ortaya

dokiilmiistiir.
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CHAPTER 1

INTRODUCTION

1.1. Modern Wind Energy

Over the three decades, wind turbine systems have improved, and they have
widespread usage around the world as a competitive energy resource. The size of wind
turbines has been increased significantly from 50 kW to 2 MW, with new wind

turbines up to 5 MW currently designed. The evolution of size of wind turbines can

be seen in Figure 1.1 [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 Wind Turbines [1]

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

reliable for providing electricity. Manufacturing and 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 failures, as shown in Figure 1.2 [2].

Hydraulik  Yaw System
System 8% Structural

) . 9% Parts / Housing
Drive Train

Mechanical 27°
Brake
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%%
Rotor Hub
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Rotor Blades
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Generator
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Plant Control

System
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Electrical
System
Sensors I3,

10%

Figure 1.2. Share of Major Wind Turbine Component Failures [2]

1.2. Wind Turbine Blade Structure

Blades have three sections from the root to the tip: circular root cross-section to mount
hub, transition region from circular to aerodynamic cross-section shape, and airfoil
cross-section along with the transition to the tip. Generally, reinforced fiberglass
composite materials comprise a wind turbine blade as a primary material of the blade
that gives aerodynamic shape to the blade. Single or double shear webs are used to
create a beam box structure which carries the loads along the span. The typical wind

turbine blade cross-section is illustrated in Figure 1.3 [3].
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Figure 1.3. Typical Wind Turbine Blade Cross-Section [3]

1.3. Wind Turbine Blade Loads

Wind turbine blades are subjected mainly two types of loads, which are aerodynamic
loads and inertial loads [4]. Aerodynamic loads involve lift, drag, shear, etc. whereas
inertial loads contain gravity, blade dynamics, etc. Due to the drag and lift forces
shown in Figure 1.4 on the blades [5], edgewise (lead-lag) and flapwise bending

moments arise. These moments are shown in Figure 1.5 [6].

4 Lift
e » Drag
Angle of attack — T ==a

Figure 1.4. Lift and Drag Directions [5]



Figure 1.5. Representation of Flapwise (upper) and Edgewise (lower) Bending of a Rotor Blade [6]

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 moments, a flapwise bending moment is readily induced by wind
loads. Due to the lower strength in flapwise direction, these forces and moment are
the deterministic components. Moreover, inertial loads are not considered as
significant loads for small scale wind turbine blades.

1.4. Wind Turbine Blade Testing

As one of the most crucial parts of the wind turbine system, a reliable wind turbine
blade to be developed is the main focus of designers and manufacturers. In this
development, wind turbine blade testing is considered as a requirement. Full scale
testing, which is the ultimate static test and fatigue test, is performed to certificate a
new blade developed in accordance with the “International Electrotechnical
Commission (IEC) 61400 Part-22 [7] document approved by the IEC Technical

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



testing for not only certification issues but also there are other reasons for that [8].

These reasons are listed below:

- To verify design analysis and structural integrity of the blade

- To check the strength of the rotor blade

- To substantiate the analysis of full scale blade

- To demonstrate the fatigue life of the blade

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

structure analytically

The main focus of certification testing is to conform certification requirements by
conducting both static and fatigue tests. In other words, it should be shown that the
blade should withstand extreme loads and should not fail during its service life [8]. In
this thesis, the main focus will be static testing to ensure that the blade does not fail

under extreme design loads given.

Structural testing of wind turbine blades is performed around the world in a few
structural laboratories designed for these testing. National Renewable Energy
Laboratory (NREL) (USA) [9], Center For Renewable Energy Sources (CRES)
(Greece) [10], Delft (Netherland) [11], Risg National Laboratory for Sustainable
Energy (Denmark) [12] are several example of these laboratories. With this thesis,
setting up a testing infrastructure conducting a blade testing within RUZGEM is
aimed. The testing procedure implemented in these laboratories generally follows the
standardization document “DS/IEC/TS 61400-23 Wind Turbine Generator Systems —
Part 23: Full-Scale Structural Testing of Rotor Blades [8]. This document generally
describes how full-scale blade testing is to be performed, but it should not be
considered as a requirement for every blade design. That means an alternative method
for testing can be used. In this document, technical specifications for static strength
tests, fatigue tests, and other tests determining blade properties are considered. It is

stated that the blade shall be described by means of drawings and specifications.


http://www.cres.gr/kape/index_eng.htm
http://www.cres.gr/kape/index_eng.htm
http://orbit.dtu.dk/en/organisations/risoe-national-laboratory-for-sustainable-energy(69f3623e-9f3f-48aa-8b46-4b4fb2abab7f).html
http://orbit.dtu.dk/en/organisations/risoe-national-laboratory-for-sustainable-energy(69f3623e-9f3f-48aa-8b46-4b4fb2abab7f).html
http://orbit.dtu.dk/en/organisations/risoe-national-laboratory-for-sustainable-energy(69f3623e-9f3f-48aa-8b46-4b4fb2abab7f).html
http://orbit.dtu.dk/en/organisations/risoe-national-laboratory-for-sustainable-energy(69f3623e-9f3f-48aa-8b46-4b4fb2abab7f).html

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 importance, and some of them are applied to
the blades. Flapwise and edgewise moments are usually applied to the blade. Due to
the limitations of the test laboratory, it is not practical to establish the same loading

conditions as in the design.

In order to collect data on the blade, several measurement techniques are used. Mainly,
strain gauges are implemented to obtain strain data on the blade during testing.
Moreover, there are some tools like displacement transducer, load cell, angle sensor,

etc.

For loading of the blade in a static test, the test procedure shall contain some steps
until 100% test loads. At the required maximum test load (100% of extreme design
load), the test load should be maintained at least 10 seconds, and then the load is

released until zero [13].

1.5. Wind Turbine Blade Testing Methods

There are two types of blade testing. These are static and fatigue testing. There are
two types of loading methods, which are load-based and strength-based. In the
certification process, a load-based test is used, and the main purpose of this method is

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

For all of these loading methods, blades should be fixed at the root, and loading should
be applied with load introduction, which is called the load saddles on the blade.



1.5.1. Static Testing

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

There are three types of static loading methods, and all of these have advantages and
disadvantages [8]. The first one is distributed surface loads. This loading is carried out
by heavy sandbags distributed over the blade surface. The main advantage of this
method is that it is the best representation of shear forces, while the disadvantages of
this method are that is loading can be dangerous while adding a bag at extreme loads.
This loading is limited to a single axis. An example of this method can be seen in
Figure 1.6 [14]

Figure 1.6. Distributed Surface Loads [14]



The second method is called a single point method. In this method, loads are applied
as concentrated to the blade in one section. This loading results higher shear loads on
the blade. This loading can be conducted with a crank or hydraulic actuator. Multiple
loading at different sections can be required. A single point method is shown in Figure
1.7 [8].

Figure 1.7. Single Point Method [8]

The third method is a multiple point method. In this method, loading is applied at
different sections simultaneously so that more representative shear and moment
distribution can be acquired. These distributions are more realistic than a single point
method. The disadvantage of this method is that it requires a more complex test setup
system. Multiple point methods can be conducted with several hydraulic actuators or
cranks, as well as the whiffletree system. Example figures for multiple point methods
with and without a whiffletree system are given in Figure 1.8 and Figure 1.9 [8] - [15].
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Figure 1.8. Multiple Point Method with Whiffletree System [8]

Figure 1.9. Multiple Point Method without Whiffletree System [15]



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 test is conducted
mainly in two directions, which are flapwise and edgewise. This testing can be
respectively or simultaneously. Simultaneously method is called dual-axis, and better
simulation of the loads facing in operation can be experienced. This method also can
take a shorter time than uniaxial testing. Applying load can be divided into two that

are forced displacement and resonant oscillation [4].

1.6. Motivation

With an increasing demand for energy in the world, countries are forced produce new
alternative energy methods. Wind energy is one of these. For this reason, increasing
wind energy generation is one of the motivations of Turkey. METUWIND is
established to research on wind energy with government support. In this thesis, it is
aimed to establish testing infrastructure, both static and fatigue tests in METU under
the METUWIND project. It is planned to be capable of having a test of the blade up
to 9 meters in this facility. In this thesis, a static test of 5 meters RUZGEM blade is

defined, and a test fixture is designed to cover tests of blades up to 9 meters.

1.7. Methodology

In this part, briefly how to conduct test setup design is explained in Figure 1.10 as

follow,
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Input (Requirements) Configuration

eDimensions - Length
eDesign Loads
eBoundary Conditions

eLoading options (Uni-axial,
Biaxial)
eNumber of Saddle Points
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Structural Analysis Procurement

S N A Y
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eConceptual Design «Design Loads to

*3D Design Concentrated Loads
eTest Architecture

Figure 1.10. Wind Turbine Blade Test Rig Design Steps

Firstly, the required data are evaluated as an input to start a concept. With these data
and literature research, the configuration is decided. In the direction of the
configuration decided, load calculation is performed. The selection of actuators and
load cells are made according to the load to be applied. With this information,
conceptual design options are presented, and by acceptance of one concept, detailed

design is started. According to the detail design, the architecture of the test system is
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determined. When the detail design is finished, structural analysis is performed for the
detail parts used in the test rig by using load to be applied to the system. If the
structural analysis is satisfied, procurement is started. With the settlement of the test
system, instrumentation of the test specimen is performed and finally, commissioning

is conducted.
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CHAPTER 2

LITERATURE SURVEY

In this chapter, a literature survey on test setup design of wind turbine blades is
presented. The following brief information are summarized. In the first section,
literature on work conducted on wind turbine blade test systems and in the second
section, differences between test systems for wind turbine blades and helicopter rotor

blades are summarized.

2.1. Wind Turbine Blade Test System

According to IEC 61400-23 [8], static and fatigue tests required to be carried out in
order to conform certification requirements. In the last 20 years, many test facilities
have been developed to perform static and fatigue test on wind turbine blade. There
are two types of blade testing facilities. The first type is small scale wind turbine blade
testing that commonly utilizes 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. The test setup and load applications in the literature are

summarized in the following paragraphs.

Valyou et al [16] used the Blade Test Facility of CECET at Clarkson University, which
was established in 2013 [17]. The test facility has a capability of static and fatigue
loading of wind turbine blades with length up to 15-meters. Figure 2.1 shows the
facility’s layout. This test facility consists of an 8 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 445 kN for testing of small and mid-size wind

turbine facility. The reaction wall has two test stands. Hub connections of the test
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stand can be modified in accordance with the blade types. Blade wall mount drawing
for the hub constraint of the blades is shown in Figure 2.2. This facility is equipped
with MTS System Corporation. With the equipment based in the blade test facility,
static, fatigue, modal testing of the blades can be performed with the desired
configuration. Also, note that the development of the Blade Test Facility’s bi-axial

fatigue test system is underway.

Figure 2.1. Blade Test Facility in CECET [16]

Figure 2.2. Blade Wall Mount Adapters [16]
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In [4], Malthora studied different testing methods and improvements to a conventional
concept for testing of large wind turbine blades in University of Massachusetts
Ambherst. He stated that blades should be tested in terms of both statically and
dynamically in order to improve the design and the manufacturing processes. In this
study, two different approaches to the design of a bell crank system have been
improved to test large scale blades. The conventional bell crank system for testing the
blade in both directions is shown in Figure 2.3. Alternative method to test large scale
blades is conducted, and the design of this method has been modeled in SolidWorks
and analyzed. This alternative design conducted in this study is illustrated in Figure
2.4.This concept is about to excite the blade simultaneously both in flapwise and
edgewise directions. BREX resonant technology is used for flapwise excitation in
NREL, and two inclined actuators and linear rail guide system are used to excite

edgewise motion. This system is analyzed and discussed 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

Figure 2.3. Conventional Bell Crank System for Biaxial Testing [4]
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Blade Root

Actuators

Figure 2.4. Alternative Method for Fatigue Testing [4]

In [18], Biirkner et al. stated that the blade is loaded by a distributed load. However,
concentrated loads are applied to the blade during testing. Moment distribution has
become inaccurate because of this reason. Concentrated load at the tip causes
deviation from the actual bending moment distribution subjected to in the practical
application as shown in Figure 2.5. In order to counter this effect, there are two
options. The first option is to carry out the testing with two separate tests subsequently.
In these two independent testing, different load introduction position is used as seen
in Figure 2.5 and Figure 2.6. The main disadvantage of this method is that it requires
too much effort and time. The second option is to put loads at two different positions
simultaneously, which results in fairly accurate moment distribution, as in Figure 2.7.

For this reason, a 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], Biirkner et al. presented a new method for testing. Conventional testing is
composed of up and down flapwise and edgewise loading. In conventional methods,
these loadings are applied separately, and therefore it may take too much time, which
can easily exceed five months. The option presented to reduce testing time is to
determine the eigenfrequency of the blade once and then apply flapwise and edgewise
loading combined as a cyclic. A sketch of the bi-axial loading test setup is shown in
Figure 2.8. The advantage of this configuration is reducing the time by factor two.
Also, the loading of the 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 frequency can be achieved with this configuration. On the other
hand, in this system, the design of test rig is challenging. Because of bi-axial loading
simultaneously, test rig more complicated than conventional test rigs. And also, the
compatibility of hydraulic actuators may arise a problem. With this configuration,
time consumption problems can be achieved, but the assembly of this test setup will
be hard.

Figure 2.8. Sketch of bi-axial test setup from blade tip [19]
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In [20], Sundaresan et al. studied on a different loading concept. In this loading
concept, whiffletree arrangement was used as shown in Figure 2.9. For testing, 9
meters long blade was used. Whiffle tree provides a multiple loading by using one
load introduction. These types of loading enable us to apply loading with less
hydraulic actuators compared to conventional multiple loading or with one crank. But
the design of whiffletree is a little bit complicated in terms of load application points.
In their study, four loading points were used to introduce loads with four calibrated
load cells. Load cells are placed just between the saddle points and tree branches.
Whiffle tree arrangement is a good option to loading, it provides easiness of loading
condition, but it should be noted that it is only useful for static tests. It may not be used

in fatigue tests due to oscillatory loads.

Figure 2.9. Whiffletree arrangement on 9 meters wind turbine blade [20]

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

large full-scale composite 40 meter wind turbine blade. The photo of testing is shown
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in Figure 2.10. Full scale test has been carried out at the Blade Test Centre of Zhuzhou
Times New Materials Technology Co., Ltd. in Hunan, China. The testing performed
until failure under flapwise loading. Loads were applied in six sequential steps with
increasing loads. These steps are tabulated in Table 2.1. This table includes not 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 flap-wise loading static test [21]

Table 2.1. Loading Steps

Load Increment Additional Load M (%)
Relieving the component from its dead weight
1. Step . . 0
and setting all measurement points back to zero
2. Step 40% extreme design load 25
3. Step 60% extreme design load 37.5
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Table 2.1. Loading Steps (cont’d)

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

Yeniceli [22] — [23] made calculations for loading arrangements for a selected wind
turbine blade system. In this research, the optimization of the whiffletree system was
conducted to apply appropriate loading on a wind turbine blade. The National
Renewable Energy Laboratory (NREL) research wind turbine blade was used for this
study. Firstly, he chose one of the loading cases that the wind turbine blade facing in
operation. After that, the distributed loads on the blade was converted to concentrated
loads by using MS Excel to apply blade in testing. In this optimization, the optimum
locations to apply loads to the blade were found for two, three and four saddle points.
These are compared to each other in terms of the best moment distribution on the
blade. These optimizations are performed not only in MS Excel but also in MATLAB.
A tool with Graphical User Interface (GUI) was prepared to build an algorithm to
optimize. In this tool, determination of saddle point locations and corresponding
saddle point loads, which gives the best moment distribution according to distribute
design loads were calculated. These two calculations performed in MS Excel and
Matlab tools are compared. As a result, Matlab optimization gives the closest moment
distribution to design moment distribution on the blade. The optimum design solution
for whiffletree was selected, and whiffletree design was conducted to apply
appropriate loading to the blade. In this thesis, 4 points whiffletree design was selected
to give the best distribution, and a sketch of this design is illustrated in Figure 2.11.
Also, shear force and moment distribution comparisons for 4 points whiffletree

arrangement are presented in Figure 2.12 and Figure 2.13.
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Figure 2.11. Sketch of Whiffletree with 4 Saddle Points
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Figure 2.13. Bending Moment Comparison along the Blade in 4 Saddle Point [22]

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

Both wind turbines and helicopters have rotor blades for different purposes. These
blades are probably the most critical parts of their design. In case of catastrophic
failure during the operation, they must be tested before. In operation, these blades are
exposed to similar loadings. The loadings acting on blades differ due to the purpose
of usage. Helicopter blades rotate with higher RPM. Also, when considering the
maneuvers of a helicopter, blades behavior are continuously changing due to the
capability of helicopters and different loading like damper loading, pitch link loading
acting on blades. Within loads of blades during the maneuvers or operations, the
importance of centrifugal force comes forward due to higher RPM. On the other hand,
a wind turbine blade rotates with lower RPM. For this reason, a centrifugal force is
too small in accordance with moments on the blade. The most critical loading on the

wind turbine blade occurs flapwise moment.
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On the helicopter blade, not only centrifugal force but also the other forces must be
taken into account while testing. These are flapwise moment, edgewise moment,
torsion, damper loading and pitch link loading. During the testing, all of these loads
have to be applied to the helicopter blade. The most affected load is a centrifugal force
on the helicopter blade. The blade testing is performed under constant centrifugal
forces. While the other forces are changing and follow specific load patterns,
centrifugal force must be kept the same. An example of the load pattern of the
helicopter blades is given in Figure 2.14. Moreover, it is not possible to test the full-
scale helicopter blade due to the length and load distribution of the blade. If the full-
scale blade is tried to be tested, there might be a problem with the measurement of
load distribution and testing, and also the testing result may move away from the
reality. A testing time is significantly increasing as well. Only the root section is tested
with these loads. In TAI, there is a test system about the helicopter blade root section
test fulfilling the requirement described as shown in Figure 2.15 [24], [25]. This test
system has the capability to apply all types of loading. It should be noted that CF
(centrifugal force) is kept constant, and the other load are oscillating during the test.
Furthermore, the failure modes of the helicopter blades can vary with maneuvers. A
helicopter is an aircraft that carries people. So any failure in the blades arises a problem
with a fatal accident. For this reason, in order to show the structural integrity of the
blades and certify the helicopters, the 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 of a helicopter, 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 lower RPM, a linear speed
of a wind turbine blade is smaller. For this reason, torsion due to aerodynamic load is
too small to consider. The main loads of the blade have become edgewise and flapwise
bending. These bending loadings can be performed simultaneously or separately.
There is not directly guidance about this process in the literature. So it is not necessary
to apply these loads simultaneously. Unlike helicopter blades, wind turbine blades are
fixed at the root to the hub. In the helicopter blade, this procedure is more complicated
due to constraints and types of loading. In the wind turbine blades, the hub connection
is one and only boundary condition, and concentrated load points are only the loading
conditions for bending. An example of a wind turbine blade test setup is illustrated in
Figure 2.16. In this figure, a reaction 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 Setup [27]
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CHAPTER 3

RUZGEM BLADE AND LOAD CALCULATION

In this chapter, a brief summary of RUZGEM blade to be tested is presented, and test

loads to be applied to the blade are calculated.

3.1. Wind Turbine Blade in METU RUZGEM

METU RUZGEM Blade is designed in cooperation with RUZGEM — METU Center
for Wind Energy and Core Team of the University of PATRAS. This blade was
designed in accordance with IEC 61400-2, Wind Turbines - Design requirements for
small wind turbines [7]. The blade has a 30 kW nominal power capacity at 10 m/s
wind speed. This blade was created to obtain light, reliable and suitable for working
under strong wind conditions within the METUWIND project. Aerodynamic design
was completed by Smartblade GmbH, providing detailed aerodynamic geometry and
stress distributions for extreme IEC loading cases, which will be encountered in

operations [28].

The blade has 5-meter length, and the first aerodynamic section starts at 0.7 m from
the root. The composite blade is made up gel coat, steel and composite laminates. The
composition of the blade as a suction side, a pressure side, an internal flange, a hat
shape chassis and the flange is shown in Figure 3.1. The total mass of the blade,
including the adhesive paste, the gel coat and the CSM 300 finishing ply, is 82.198 kg
[29].
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Figure 3.1. RUZGEM Blade Composition [29]

During the design process of the blade, a linear static analysis was performed in
ANSYS by using extreme ultimate loads. According to the linear elastic static
analysis, the maximum deflection is equal to 0.503 m at the tip under extreme ultimate

loads, as presented in Figure 3.2 [29].
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Figure 3.2. Maximum Tip Deflection [29]
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The connection of the blade to the wind turbine hub will be made by 12 M16x1.5, 8.8
grade bolts. The external root diameter is equal to 273 mm, while the 12 M16 bolt
hole patterns are placed in 245 mm diameter. The existing blade in RUZGEM is shown
in Figure 3.3 [30].

Figure 3.3. Existing Blade in METU RUZGEM [30]

3.2. RUZGEM Blade 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 to Figure 3.4. The blade pitch coordinate system has its origin at the
intersection of the blades pitch axis and the blade root. It rotates with the rotor 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 zero-twist blade station.

ZB: Pointing along the pitch axis towards the tip of the blade.
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XB: Orthogonal with yy and z, axes such that they form a right-handed coordinate

system.

Figure 3.4. Coordinate System of the RUZGEM Blade [28]

3.3. Design Loads of RUZGEM Blade

While creating the design loads to be tested, the worst case load scenario is chosen.
This worst case load scenario is acquired from aero-elastic simulations of blades that
conform IEC 61400-2 standard in the blade design report [29]. According to these
extreme loads, Fx, Fy, Fz, Mx, My, Mz loads and residual loads in both positive and
negative directions are presented for 28 different sections along the blade. It should
be noted that safety factor was taken 1.35 for these loads. These sectional loads in all

directions are given in the Appendix.
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Since the blade has lower stiffness in flapwise direction while higher stiffness and
lower loads on the blade, two types of loading are more important than others. These
are Fx (flapwise shear load) and My (flapwise bending moment) arising from the lift.
This flapwise load is plotted along the blade radial position in Figure 3.5 and bending
moment arising from flapwise load is drawn in Figure 3.6. These forces and moments
are tabulated in Table 3.1. Moreover, these loads are to be used to apply on a blade

after converting these sectional loads to concentrated loads.
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Figure 3.5. Flapwise Load over Blade Radial Position
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Figure 3.6. Flapwise Bending Moments over Blade Radial Position

Table 3.1. Fx And My Along Over Blade Radial Position.[28]

. Fx My
Section R [m] KN]  [kNm]
1 0.00 8.14 18.09
2 0.10 8.03 17.24
3 020 7.90 16.47
4 0.30 1.77 15.70
5 040 7.64 14.93
6 050 7.44 14.21
7 060 7.23 13.48
8 0.70  7.03 12.75
9 0.80 6.82 12.02
10 090 6.62 11.29
11 1.00 6.40 10.79
12 125 585 9.58
13 150 5.30 8.38
14 1.75 475 7.17
15 200 4.20 5.97
16 225 3.76 5.00
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Table 3.1. Fx And My Along Over Blade Radial Position.[28] (cont’d)

17 2.50 3.35 4.12
18 2.75 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 4.00 1.29 0.69
24 4.25 0.97 0.39
25 4.50 0.66 0.24
26 4.75 0.34 0.10
27 4.90 0.15 0.01
28 5 0 0

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

Flapwise loading is to be used for static testing of RUZGEM Blade. These loads are
given as both a shear force in x-direction and a flapwise moment in the previous
section. Real operation cases and testing are different. In the real case, distributed
aerodynamic loads affect blades directly. These aerodynamic loads are presented in
28 sections in the design report as concentrated loads converging to the distributed
loads. Flapwise loads stated in the design report cannot be applied directly to the blade
in these 28 sections with saddles. For this reason, a number of saddle points should be
decreased by keeping shear force constant at the root and by converging the bending
moment distribution as much as possible over the blade radial position. It is aimed to
converge to realistic moment distribution by decreasing loading points. Before

calculation, notations are shown in Figure 3.7 and these notations are defined as;
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Figure 3.7. Scheme of Notations on the Blade

FP? is a force applied at saddle point 1,

E,PP is a force applied at saddle point 2,

x, is a location of saddle point 1,

X, is a location of saddle point 2,

X3 is atip,

x is the distance from the root where moment is calculated,

and sections 1, 2, 3 to 28 are where the design loads are defined.

Two approaches

Load calculation, which is converting loads in 28 sections to the concentrated load, is
performed by using two approaches with separate objective functions. In both two
approaches, the main aim of these calculations are to acquire realistic moment
distribution converging to design moment distribution presented in 28 sections. These
calculations are performed for saddle points and corresponding loads at these saddles.
With the help of Excel Solver, saddle point locations and corresponding loads to be
applied are calculated. Before the calculation, the objective function, changing

parameters and constraints are decided.
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Objective Functions

The two approaches use different objective functions to determine the saddle points
and corresponding loads. The first approach minimizes the sum of absolute values of
the moment error between design moments and moments due to applied saddle loads

at each section. This approach is defined as;

28
fos@) = ) gre(@); (3-1)

0, M;ies(X)i =0
MJes (x); — MyPP (x);
M (x);

gpe(x); =

X 100‘, M35 (x); # 0 (3-2)

where

M;ies (x); is a design moment at section defined,
MyPP (x); is a applied moment at section defined due to saddle loads,
gpe(x); is a percentage moment error of section defined,

fre(x) is an objective function.

In the first approach, our aim is to minimize fpz(x), which is similar to approach
studied in [22].

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

This approach is defined as;
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Gap(x); = |M§es(x)i - M;pp(x)il (3-4)

where
9Jap (x); absolute moment difference of section defined,
fap (x) is an objective function.

In the second approach, our aim is to minimize f,, (x).

In these two approaches which is studied, all other changing parameters and

constraints are kept the same for comparison.

Constraints

All of these calculations are carried out by changing loads to be applied at each saddle
point and saddle point locations. Since the moment distribution is more critical than
shear force distribution, it is aimed to obtain the best moment distribution in this
calculation. While distributing loads to saddle points, total shear force is kept equal to
the design shear force at the root. For the RUZGEM blade load calculation, constraints

are defined as follows;

- The sum of loads to be applied at saddle points shall be equal to the design
shear force at the root, which is 8140. To introduce this constraint to Excel,
the sum of the loads are normalized. Distribution of loads for saddle point 1

and saddle point 2 are also normalized and notations are given as,
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ETE ! (3-5)

where
F; is a load applied at saddle point 1,
F, is a load applied at saddle point 2,
E,. is a shear load at the root, which is equal to 8140 N for our case.

The ratio of saddle point loads to total shear force at the root shall be lower

than 1,
F,
F <! (3-6)
F,
<1 (37)

The ratio of the saddle point loads to total shear force at the root shall be bigger

than 0,
b >0
E. (3-8)
F,
70 (3-9)

Saddle point locations cannot be bigger than the length of blade, which is 5

meters,
X, <5 (3-10)

Xy <5 (3-11)
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- Saddle point locations cannot be lower than 0.7 meter, where aerodynamic
profile starts for the RUZGEM blade,

0.7 < x; (3-12)

0.7 < xz (3'13)

- The moment differences between design moment and test moments at the root

shall be lower than 1%,

My C =My 0] < 1
NI (), (3-14)

where
Mf}es(x)r is a design moment at the root,
MyPP (x), is an applied moment at the root due to load applied at saddle

locations

Changing Parameters

Load calculations are performed by changing saddle locations, which are x; and x,,
and corresponding load distributions, which are F;/E. and F,/F,. These values are
assigned randomly as initial values for the solution. It should be noted that these initial
values should be selected sensible. And also, locations must be selected in the order

of x; < x,.

Moment Calculations due to 2 Saddle Loads

Moment calculations due to the loads applied at the saddle points are performed
according to notations, which is stated previously. The test moment equations for each

section are defined by;
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My, (x) = Fi(x; —x) + Fp(x; — x) (3-15)
where 0 < x < x;

My(x) = F,(x; — x) (3-16)
where x; < x < x,

M,(x) =0 (3-17)
where x, < x < x3

For the first objective, Excel datasheet is created with design moments column, test
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
cells column. Each column has 28 rows. The design moments presented in Table 3.1
are inserted to related column and the moment equations are written to the moments
due to load applied at saddle points column. In the same Excel datasheet, initial value
cells for changing parameters and constraint cells are also defined. Initial values are
chosen asx; =1.5m, x, =3.5m, F;/F. =0.6 and F,/F. =0.4. The sum of
moment error with selected initial values, changing parameters and constraints defined

can be seen in Figure 3.8.

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

39



In order to perform this calculation, Excel Solver Add-in tool is used. In this solver,
the objective function is introduced as the sum of moment percentage error. The aim
of the objective is selected as minimizing. After that, changing parameters, which are
X1, X9, F;/E. and F,/E,., are introduced. Excel solver performs a calculation by
changing these parameters. Then, constraints are introduced as stated previously in

Constraints part. Solver parameters introduced to Excel are shown in Figure 3.9.

GRG Nonlinear solving method is used in this solver. GRG stands for generalized
reduced gradient. This method uses the gradient of the objective function. When it
obtains partial derivatives which is equal to the zero, it reaches a solution. This is the
fastest method within solving method. After pressing a “Solve” button, Excel gives

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

Minimize sum of moment
Set Objective: [sss6l error at each sectiorgs

To:  Max & Min " Value OF: E

By Changing Variable Cells:
sss14:51515 — Changing variables (locations and loads) =

Subject to the Constraints:
= | ————=Hpot error < 1% =] Add |

5514:51'_511 <= $5514
: ™~ Location btw 0.7 and S Change |

susuL\ ~—— Percentage distribution
Delete |

Total percentage

Beset All |
=] Load/Save ‘
[* Make Uncanstrained Variables Non-Negative
Select a Solving [GRG Honlinear _ﬂ Options |
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 | Salve Clase

Figure 3.9. Introducing Objective, Changing Variables and Constraints

For the initial conditions x; = 1.5m, x, = 3.5m, F; /F. = 0.6 and F, /F. = 0.4, the
optimized saddle locations are obtained 1.40 m and 4.16 m from the root and
corresponding loads are F; = 5659 N and F, = 2481 N, respectively. These values
are shown in Figure 3.10. Note that these saddle locations and corresponding loads
are for the first objective function, which is the sum of the moment percentage error
at each section. Shear and moment distributions of design and test loads are given in
Figure 3.11 and Figure 3.12. In Figure 3.11, the total shear force at the root, 8140 N,
is observed between the root and the root saddle while there is no shear force between

the tip saddle and the tip. In Figure 3.12, 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 Locations and Corresponding Loads after Solution for Initial Values x; = 1.5m,
x, = 3.5m, F;/E. = 0.6, F,/F. = 0.4 using fpg(x) as Objective Function.

Shear Load [kN]

2 3
Blade Length [m]

Figure 3.11. Shear Distribution for Initial Values x; = 1.5m, x, = 3.5m, F;/E. = 0.6, F,/F. = 0.4
using fpg(x) as Objective Function
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2 3
Blade Length [m]

Figure 3.12. Moment Distribution for Initial Values x;, = 1.5m, x, = 3.5m, F,/F. = 0.6, F,/F. =
0.4 using fpg(x) as Objective Function

After the load calculation with the first approach, the objective function is changed for
the second approach. Absolute moment differences between design moments and test
moments at each section are used for an objective function for the second approach.
By keeping constraints and changing parameters the same, the solution is conducted.
In order to compare these two approaches, initial values of saddle locations and
corresponding load ratios, which are x; =1.5m, x, =3.5m, F;/E. = 0.6 and F,/
E. = 0.4, are kept the same as well.

According to a solution carried out with the second approach, it is aimed to minimize
the moment differences between design moments and test moments in each section.
With initial values, which are x; = 1.5m, x, =3.5m, F,/F. = 0.6 and F,/F,. = 0.4,
saddle locations are obtained as 1.05 m and 3.72 m, and corresponding saddle loads
are obtained as F; = 4492 N and F, = 3648 N. These values are given in Table 3.2.

Besides, shear and moment distributions of design and test loads are also presented in
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Figure 3.13 and Figure 3.14. In Figure 3.13, 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. In Figure 3.14, 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.

Table 3.2. Location and Corresponding Loads for Initial Values x; = 1.5m, x, =3.5m, F,/F. =
0.6, F,/F. = 0.4 using f,p(x) as Objective Function

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 for Initial Values x; = 1.5m, x, = 3.5m, F,/F. = 0.6, F,/FE.
0.4 using f4p(x) as Objective Function
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Figure 3.14. Moment Distribution for Initial Values x;, = 1.5m, x, = 3.5m, F,/E. = 0.6, F,/F, =
0.4 using f,p(x) as Objective Function

When these two approaches with the same constraints and initial values are compared,
the second approach with the objective f,, (x) gives better saddle moment distribution
than fpg(x) near the root, while fpz(x) gives better saddle moment distribution than
fap(x) near the tip. In order to examine these two approaches detailed, sectional
moment errors of both two approaches according to design moments along the blade
graph is presented in Figure 3.15. 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 using £, (x) works better. 100% error is observed near the tip for
both approaches using different objective functions. It occurs because there is no
loading between tip saddle and the tip. Because of the absence of the loading, it looks
like the moment errors are 100% at these sections. The design moment loads at these
sections are very small. Since we are not interested in these sections, the absence of
the loading near the tip is not critical. An alternative method for the tip zone can be
considered for this special region for comparison. When the whole blade is considered,
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it is seen that fpg(x) has more error near the root. Since the root is more critical, the
second approach using f,p(x) 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 the First Approach using fpg(x) and the Second Approach using fup (x)

Different Initial Points

The second approach is aimed to minimize f£,,(x) objective function, which is moment
differences between design moments and test moments. Different initial values of
random changing parameters are selected for the new solver run. x; = 1.5m, x, =
3.5m, F;/F. = 0.6 and F,/F, = 0.4 is used before for the solution and this initial values

set can be called Set 1. The other sets for run are determined as in Table 3.3.
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Table 3.3. Different Initial Values of Changing Parameters

Initials
Set#
x,[M] x[m] F /E F,/F.
Set 1 15 35 0.6 0.4
Se t2 15 35 0.8 0.2
Set 3 2 4 0.6 0.4
Set 4 0.8 4.8 0.7 0.3

For the Set 2, saddle locations, x; = 1.5 mand x, = 3.5 m, are kept the same while
corresponding saddle load distribution ratios are changed to F, /F. = 0.8 and F, /F,. =
0.2. For these initials values, the saddle locations are obtained 1.08 m and 3.82 m, and
the corresponding saddle loads are obtained F;, = 4680 N and F, = 3460 N,
respectively. The moment distribution graph of this solution with different initial
values of saddle load distribution ratios can be seen in Figure 3.16. In this graph, the
test moment is converged to design moment near the root and there are no test

moments between the tip saddle and the tip.
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Figure 3.16. Moment Distribution for Initial Values x; = 1.5m, x, = 3.5m, F,/E. = 0.8, F,/F. =
0.2 using f4p(x) as Objective Function (Set 2)

For the Set 3 initial values, saddle locations are x; = 2 m and x, = 4 m which are
different from 1.5 m and 3.5 m. These initial values are run by keeping the
corresponding saddle load distribution ratios the same as F;/E. = 0.6 and F, /E,. =
0.4 for this solution. For these initial values, saddle locations are acquired 1.05 and
3.72 while corresponding saddle loads are 4492 N and 3648 N. They are the same as
in Table 3.2.

For the Set 4 initial values, different saddle locations and corresponding saddle load
distributions are tried with the values of x; = 0.8 m and x, = 4.8 m from the root,
and corresponding load distribution ratios are chosen F; /F. = 0.7 and F,/F. = 0.3,
respectively. These initial values give us a solution with 1.08 m and 3.82 m saddle
locations and F; = 4686 N and F, = 3454 N saddle loads, respectively. Moment
distributions of these initial values are presented in Figure 3.17. Nearly the same

solution with Set 2 initial values is obtained.
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Figure 3.17. Moment Distribution for Initial Values x; = 0.8 m, x, = 4.8 m, F,/F. = 0.7 F,/F,. =
0.3 using f,4p(x) as Objective Function (Set 4)

All solutions obtained with corresponding set number are tabulated in Table 3.4 and
the comparison of these solutions with respect to design moment distributions in the
same graph is shown in Figure 3.18. All of initial values present nearly the same

solution for test case.

Percentage errors concerning the design moments at each section are plotted in Figure
3.19 in order to examine solutions in detail. It is seen that the solution of Set 1, which
are x; =105m, x, =3.72m, F; = 4492 N F, = 3648 N, gives better moment
distribution with smaller error near the root. More 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 to each other.
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Table 3.4. Solutions with Different Initial Values

Solutions Obtained

N O 00

Set #
x1[m] xo[m] Fy [N] F,[N]
Setl 1.05 3.72 4492 3648
Set 2 1.08 3.82 4680 3460
Set 3 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 1, Set 2, Set 3, Set 4
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Figure 3.19. Comparison of Solutions in terms of Moment Errors

In summary, since we cannot apply distributed aerodynamic loads directly, load
calculation are made for two load points. In this calculation, two approaches using
separate objective function are compared for the same initial values and constraints.
The approach that use the sum of absolute moment differences between design
moments and moments due to applied load at each section as the objective function is
chosen. Within the solutions conducted with different initial values, the best solution
is the case where x; = 1.05m, x, =3.72m, F; =4492 N and F, = 3648 N s
selected for the design input of the test rig. Representative figure of this saddle point

locations and corresponding loads to be applied is shown in Figure 3.20.
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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 how a single point method and multiple point method with two saddle
points are entirely different, the same Excel solver is adapted to one saddle point, and
calculation is performed again. For this adaptation, test moment calculations are

performed according to Figure 3.21 with the moment distributions given by;

" »Xo
/ ot — — ’lxl
Root ? | Tip
S .
Sections: 1, 2, 3, ..... ...27,28
Figure 3.21. One Saddle Point Representation
M, (x) = Fx (3-18)

where 0 < x < x;
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M,(x) =0 (3-19)
where x; < x < x,

In this Excel sheet, the changing variable is set as the location only because the load
to be applied, (F = 8140 N), is the same as shear force at the root. Since we have
only one changing variable, all initial values for the distance will give the same
solution. Two cases using different approach with one objective function defined
previously are run and both methods converge to the same solution. The solver gives
this location as 2.24 m. With this location, moment distributions are drawn, as shown
in Figure 3.22. Also, percentage error of applied moment distribution at each section
is presented in Figure 3.23. 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.
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Figure 3.22. Moment Distribution of One Saddle Point
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Figure 3.23. Moment Error of One Saddle Point

If the load is applied to the blade at one saddle point, the test moment distribution
agrees with the design moment at a distance of 1 meter to the root. Above 1 meter, the
moment moves away from design case and the moment error goes to 100% after 2
meters. It can be easily seen how two saddle points improve moment distributions,

compared to one saddle point.

Thus, the more realistic loading can be obtained by using two saddle points. Since
multiple point method gives the best moment distributions along the blade, in order to
design test rig, locations and corresponding loads to be applied obtained in Table 3.2
is used. It should also be noted that the more saddle point used, the more realistic
moment distribution are obtained [23]. For the 5-meter length blade, two saddle points
are found to be sufficient for loading. Usage of more than two saddle points is not
necessary because it would be more expensive and require more time to construct a

test setup.
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3.6. Discussions

For the calculations of load to be applied to the blade, two cases with different
objective function are compared to each other. In the first case, the objective function
was the sum of absolute values of the moment error between design moments and
moments due to applied saddle loads at each section. In the second case, the objective
function was the sum of absolute values of moment differences between design
moments and moments due to applied saddle loads at each section. It is aimed to
minimize these objective functions in calculations. These cases are used to converge
to design moments by using objective functions. After studying both objective
functions, we recommend the objective function used in the second case because this

approach presents better convergence to the design moment.

As presented in design loads, design moments are decreasing along radial position.
Moment values are close to zero near the blade tip as shown in Figure 3.5, where the
design moment reaches zero at the tip. In the test case, there are no loads between the
tip saddle and the blade tip so that the test moment is zero. For this reason, the sectional
moment error between design and test loads at the section between the tip saddle and
the blade tip are seen to reach 100%. Since the moment loads at these corresponding
sections are small, these errors should not play an important role 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 approach to the design moment for comparison. With this simulation,
comparison can be made between the test case and design case. Also, it is known that
the more saddle points give closer approximation to design moment but when errors
between design and test case at each section are considered, it can be said that the two
saddle points are sufficient to represent moments for this 5-meters blade. In order to
show differences between two saddle points and three saddle points, finite element

analysis for each cases can be performed.
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CHAPTER 4

DESIGN OF TEST SETUP

4.1. Test Rig Design

Full scale test system contains test specimen, support structures, loading interface
parts, hydraulic actuators, load cells and data acquisition systems. Test rig design can
be conducted with or without whiffletree systems. In this design, a test rig is carried

out without a whiffletree system.

The blade will be held by dummy hub and fixed to the reaction wall. Appropriate
interfaces will be designed in accordance with locations by imitating the surface of
the blade. Hydraulic actuators will be placed to locations identified before under the

blade. The concept design sketch of the test rig is shown in Figure 4.1.

Blade Specimen

Dummy Hub |_
M““-H

" inertoces

.| 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 design mainly
consists of load introduction parts, dummy hub design and support structure design.
General view of the test rig design is shown in Figure 4.2. This test rig is established
on 6.5 m X 1.5 m in the RUZGEM building.

Figure 4.2. General view of the test rig

4.1.1. Dummy Hub and Loading Interfaces Design

Dummy hub is designed to fix the blade root to the reaction wall. The blade root is
mounted to a dummy hub with 12 M16x1.5 bolts. The existing blade’s root is
presented in Figure 4.3 and threaded holes can be seen in this figure. The dummy hub
plate designed and assembly of the blade root to the dummy hub plate are shown in
Figure 4.4. 12 counterbored holes are drilled on the dummy hub plate to fix the blade.

The grade of bolts suggested to use in connection to the hub is stated as 8.8. In this
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design, bolts with 12.9 grade, which has much more strength, are used. This dummy
hub plate has 3 elongated cylindrical holes (slots) to fix the blade and dummy hub
assembly to main reaction wall. These slots diameter is selected as 17.5 mm to mount
assembly with M16 bolts located at 220 m radius of this plate. The outer diameter of
the plate is 510 mm. This plate is considered to be made of steel and weighs
approximately 80 kg. It should be noted that this dummy hub is specific for this 5-
meter RUZGEM blade.

Figure 4.3. Existing Blade’s Root Detail
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Figure 4.4. Dummy Hub Plate and Assembly

It has been decided that the load introduction is performed with two saddles in the
previous chapter. These saddles are designed such that they imitate corresponding
sections. Both two saddles designed are shown in Figure 4.5 and Figure 4.6,
respectively. Width of saddles are specified as 48 mm, and load application points,
which are located at 1.05 m and 3.72 m from the root, are remained in mid-plane of
the saddles. Each saddle component is composed of two parts, upper and lower. By
dividing into two, assembly of these saddles will be comfortable. Moreover, there are
5 mm offset where saddles match surfaces of blade. A rubber will be stuck to these
gaps to prevent any local damage on the blade while mounting and during testing.
Shore 35A with 5 mm thickness will be used as a rubber. The upper and lower part of
the saddle are connected to each other with M16 threaded rods at trailing and leading
edges. At these edges, there are 10 mm gaps where threaded rods located. These gaps
provide fitting of upper and lower parts thoroughly. In order to make these parts
lighter, sides of the saddles are carved and holes are drilled by keeping matching
surfaces the same. In addition, surfaces of the bottom of the lower part and top of the
upper part are kept flat and parallel to ground in order to mount clevis and to measure
angle while assembling. Moreover, four holes with 10.7 mm diameter are drilled in
lower part of the saddles to create a clevis connection. The clevis to be designed is

located in feathering axis in order to prevent any torsional loads on the blade while
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testing. Saddles are thought to be made of aluminum. An alternative saddle structure
can also be made of wood, but 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

S Matching \

Lower Part

Threaded Rod €=

Figure 4.5. Saddle near the Root
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Matching

Lower Part

Threaded Rod /

Figure 4.6. Saddle near the Tip

Desired loads are to be applied to the blade saddles by using hydraulic actuators. At
the end of the hydraulic actuator, a rod end with spherical bearing should be placed
and this rod end that allows three axis-rotation is connected to saddles by means of
the clevis assembly. In order to decide clevis interface dimensions, the rod end should
be selected at first. The aim of the usage of the rod end with spherical bearing is to

transfer load directly coming from the hydraulic actuator without a moment.

According to load calculation, the maximum load, which is encountered in this static
test, is 4492 N. In order to select a suitable rod end for this test; safety factor should
be chosen at least 3. For the selection of the rod end, INA FAG catalog is investigated,
and by taking into account further testing, GIR17-UK model is selected. The
specification of this rod end is presented in Figure 4.7. This rod end has a 56500 N

basic static load rating [32]. With this selection, further static tests will cover loadings
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till 18 kN by considering the safety factor is 3. This rod end can also be used for fatigue
tests. The basic 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 M6
d, 24 mm
dy 30 mm
-v—v- -—ds -— Is e 25 mm
— Y | B oy
b, 67 mm
d 17 mm Tolerance: 0V-0,008 k34 mm
dy 46 mm Lk 10 mm
Iy 90 mm | 23 mm
Tismn 0.3 mm Chamfer dimension
m 022 kg Mass
W 27T mm
C. 22500 N Basic dynamic load rating radal
a 10°
Co 56500 N Basi static load rating, radkal

Basic load rating of housing

Figure 4.7. INA FAG GIR17-UK Specifications [32]

In the lower part of saddles, clevis connection holes were already allocated. By using
rod end interface dimensions, clevis, bushings and pin parts are designed. The cross
section of this clevis assembly is illustrated in Figure 4.8 and 3D model of these
assembly is shown in Figure 4.9. In order to give more rotation angle in clevis during
testing, a flange bushing and a plain bushing are designed to clamp spherical bearing.
It should also be stated that the center of spherical bearing is placed in line of
feathering axis so that the loading does not create any torsional loading. Only flapwise
loading will be seen with this placement. Since the clevis holes are allocated in the
lower part of the saddle with four holes, the same pattern is projected to the clevis.
With this pattern, clevis is attached to saddle with 4 M10 bolts. These M10 bolts are
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tightened to 70 Nm torque. While assembling rod end to the clevis, a pin is tightened

with hand torque. All of these apparatus are planned to be made of steel.

S

Clow Washer asher
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N _.M16 Nut
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Bushing Plain
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Rod End+—

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

Clevises used in both saddles have the same geometry. Clevises attached to the root
and tip saddles with a specimen are shown in Figure 4.10 and Figure 4.11,

respectively.

Figure 4.10. Clevis Attached to the Root Saddle
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Figure 4.11. Clevis Attached to the Tip Saddle

4.1.2. Load Cell and Hydraulic Actuator Selection

In the static test, required loads are to be applied to saddles via hydraulic actuators. In
order to control and measure how much loads applied to the specimen, load cells are
necessary. Load cells in the marketplace were investigated, and it was decided that the
most reliable and suitable load cell for this test setup is Interface 1000 Series Fatigue
Rated Load Cell. The capacity of load cells to be used is determined as 12.5 kN that
covers these static loads and further tests. The specification of this load cell is given
in Figure 4.12 [33].
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FEATURES & BENEFITS

-
L}

The force transferred to the specimen is conducted with a hydraulic actuator. For this
reason, local suppliers are searched to provide hydraulic actuators. RotaTeknik
Company has been found in Istanbul as a local supplier, and product of RotaTeknik is
used for this testing infrastructure because of reliability and good after-sale support.
Custom stroke length is available in order to meet requirements. A tip deflection of
this blade according to linear static analysis under extreme ultimate loads is stated as
0.503 m, as presented in Figure 3.2 [29]. By taking into account this information and
further tests which will be performed in METUWIND, 1.25 m stroke length is
determined. The specification of the hydraulic actuator provided by this company is
presented in Figure 4.13. Swivel base having a spherical bearing that allows three-axis
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Figure 4.12. Interface Load Cell Specifications [33]
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rotation, is used as a hydraulic actuator base in order to give rotation freedom to the
actuator. The model of the hydraulic actuator and its assembly, which will be used in
testing, are shown in Figure 4.14 [34]. For this static test, the stroke position of
actuators will be determined 20 mm for the root actuator and 35 mm for the tip actuator

by considering that actuators will push the specimen.
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Figure 4.13. RotaTeknik Hydraulic Actuator Specifications [34]
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Actuator Body

Rod End

Swivel

Interface Load C Base

Figure 4.14. Actuator Assembly

While assembling rod end — load cell — actuator to each other, M16 threaded rods are
used. Threaded rods are made from steel. Detailed view of this connection is given in

Figure 4.15. In this figure, it is seen how actuator assembly is mounted to the clevis.
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Figure 4.15. Connection of Actuator — Load Cell — Rod End

4.1.3. Support Structure Design

The support structure contains two parts for this test fixture. These are the main
reaction wall and ground supports underneath each hydraulic actuator. The design is
carried out to fix the blade from the root via a dummy hub plate to the main reaction
wall and to fix the hydraulic actuator to the ground. In order to mount the dummy hub
plate and the hydraulic actuator to corresponding parts, it is decided to have T
channels, which allow mounting bolts any locations in channels. The distance between
T channels is determined 150 mm in both the main reaction wall and the ground 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 details can be used for further testing as a modular
structure. This T channel is designed under DIN650 standards given in Figure 4.16
[35]. The design of the T-Slot channel is conducted to have M16 bolts mounting due
to reliable and widespread used. Moreover, T nuts that will be used in these slots and
how these T nuts provide connection is shown in Figure 4.17 [36]. T nuts have a DIN
508 standard.
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Figure 4.16. T-Slot Specification [35]
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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 wall is basically composed of two parts. The first is a wall plate
which has T slots to mount any dummy hub plate. The second is a wall support. Wall
support is made up of 160mm X 160mm welded box profile and allows this structure
to attach ground. The reaction wall plate is mounted to weldment assembly through
52 M16 bolts. This welding assembly and reaction wall plate are considered to be
made of steel. General dimensions of the reaction wall assembly are given in Figure
4.18 and Figure 4.19. Attaching to ground is provided with 16 M30 anchor. The
product of Hilti HAS-U 8.8 will be used to anchor. This anchor is provided in Figure
4.20, and a schematic of how to mount is presented in Figure 4.21. The anchor nut is
tightened with 50% of yield strength that gives approximately 1000 Nm torque while
mounting to the ground.
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Figure 4.20. Hilti HAS-U 8.8 Anchor [37]

Marking of the
embedment depth

—

Figure 4.21. Assembly of Hilti HAS-U 8.8 Anchor [38]

Hydraulic actuators will be mounted to the ground support and actuate loads to the
blade. The ground support plate is designed to place under each actuator, which will
be mount. This ground plate designed is illustrated in Figure 4.22. For each actuator,
one ground plate is used. General dimensions of this plate are 1450 mm X 1050 mm
X 70 mm. This plate has also DIN650 T channel.
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It should be noted that this ground plate and main reaction wall plate are not specific
for this test, and any location on the surface can be used for holding detail parts.
Moreover, this main reaction wall and ground plate can also be used for further testing.
If further tests require more actuators for flapwise loading, the same assembly can be
created by using this ground plate and actuator assembly. By simply designing the
saddle interfaces, new actuator assembly for loading can be provided. Like main
reaction wall assembly, this ground plate is also assembled to the ground by using
Hilti HAS-U 8.8 M30 anchor. The ground plate is made up of steel and weighs about
700 kg. In order to make logistics easier, four M20 lifting holes are drilled. This holes

are used while lifting and carrying.

1050 mm

Figure 4.22. Actuator Ground Plate

The actuator is attached to the ground plate by using a circular plate between the
actuator and ground plate. The actuator is mounted to the circular plate with four M10
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bolts, and this circular plate is assembled to the ground plate via M16 bolts in
elongated holes encircled actuator. This assembly representation is given in Figure
4.23. The circular plate is specific for this actuator connection to the ground plate.

Also, it should be noted that this actuator circular plate is made of steel.

Figure 4.23. Assembly of the Actuator to the Ground Plate

The reaction wall, the actuator ground support, the dummy hub plate, and actuator
circular plate are mounted to an exact location by using OTP holes. OTP is optical
tooling point that helps to measure the location of details and provide to place detail
parts at their exact locations. For this process, at least 3 OTP having 6 mm sensitive
dimensions are drilled on the surface of the detail parts, and laser tracking tool is used
to mount detail parts at exact locations. Example OTP is shown in Figure 4.24. Saddles
have not optical tooling points. They are mounted by measuring locations from the

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 above the ground. It is mounted with the help
of OTP located on the dummy hub. Due to gravitational force, the blade deflects and
these deflections are eliminated via hydraulic actuator while mounting by measuring
the angle of the upper surface of saddles. In other words, the upper surface of saddles
is brought parallel to the ground. At final position, load cells are adjusted to zero in
order to start testing. When all of these components are assembled, the final test fixture

is revealed, as shown in Figure 4.2.

Final position at 100% loading of the blade and actuators are also studied to show the
change in actuators and the blade. In this position, effect of change in angle and change
in displacement are shown in Figure 4.25. In order to be more conservative, blade
deflection are considered to be a linear. Blade deflection angle at the maximum
loading is calculated as 5.77°. Corresponding change in displacement of the root and
tip actuators are measured as 106 mm and 374 mm respectively. And also, angle
change in the root and tip actuators are also measured 0.15° and 0.46°. With these

angles, z component of the maximum loads to be applied are also calculated by;
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F,, = 4492 N x sin(0.15) = 11.8 N (4-1)
F,, = 3648 N X sin(0.46) = 29.2 N (4-2)

where F,, is the z component of the root actuator and F,, is the z component of the

tip actuator. As seen from (4-1) and (4-2), z components are small and they can be

neglected.
372m
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/ | 0.503m
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Actuator 1 Actuator 2
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Figure 4.25. Final Position of the Blade at 100% Loading

4.2. Architecture of the Test System

The test is to be carried out by means of hydraulic actuators, test control and test
measurement systems that allow control and monitoring of test performance. The test
setup architecture is drawn in Figure 4.26.

79



Load Data

Flex Test

Strain Gage Signal

FlexDAC

<
N
‘
e

PAGHEINA'Y WY

Synch

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 hydraulic service manifold (HSM) that regulates this oil before entrance to
hydraulic actuators. Since the loss of oil pressure can occur while transferring of oil,
HSM is necessary for regular oil flow. HSM provides regulated hydraulic oil with
constant pressure. There is a servo valve on the actuators for input. Servo valve is a
mechanism which adjusts the direction in which the piston goes. Servol valve on the
actuator is controlled by the 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
are not only performed by voltage output but also it can be conducted by displacement
output obtained in displacement sensors of hydraulic actuators. In order to control the
controller, a software is needed. In this software, the test process is introduced
concerning test steps, data acquisition frequency, limits of test. If data from the sensors
such as strain gauge, displacement transducers, inclinometers are wanted to collect,
they are performed by data acquisition system. This data acquisition system is used to
measure and record these data. Also, data acquisition system is also connected to the

control system computer, which has a software, for synchronizing.

Cost of all equipments required and manufacturing cost of test rig are stated in

Appendix.
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CHAPTER 5

ANALYSIS OF THE TEST SYSTEM

5.1. Structural Analysis

Having completed the design of the test rig, structural analysis is performed in
accordance with our methodology. In order to guarantee that the test rig would not fail
during testing, all details used in the test rig shall be analyzed with possible loads in
the test rig and it shall be shown that reserve factor values are sufficient to execute

testing.

Linear static analysis of the test rig is performed. Finite element analysis and hand
calculations are carried out for detail parts of the test rig. The test rig consists of the
support structure, which are the main reaction wall and ground plates, actuator
assemblies, saddles and load introduction detail parts. Firstly, materials of detail parts
are determined. Then, loads to be encountered in testing are evaluated and boundary
conditions are given. The loads applied by hydraulic actuators are simulated.
According to the detail parts geometry, FEM models are created and solved. Also,
hand calculations are performed for detail parts such as a clevis, a pin, and bushings.

5.2. Material Selection

Material selection is carried out by considering the intended purpose of the details
parts, stock size, the material strength, the mass and cost-effectiveness.

The main reaction wall’s welding assembly and plates consisting of DIN650 T channel
are manufactured from St52-3 structural steel due to high strength as structural steel,

stock size and widespread use.
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Dummy hub plate and the circular plate underneath actuators are manufactured from
AISI 4140 steel plate. Actuator assembly consists of two threaded rods between
actuator — load cell and load cell — rod end. Also, they are manufactured from AISI
4140 steel. Connection to the saddle is provided by the clevis, bushings and the pin.
The clevis and bushings are also made of AISI 4140 steel. This material has high
strength and good machinability. Generally, pins have the lowest RF value, so, high
strength steel TOOLOX44 is used for pins.

Saddles providing load introduction to the blade is made of aluminum in order to make
it lighter. Al2024 T351 is chosen due to cost-effectiveness, and availability in the

marketplace.

For the connection, fasteners are used. Standard carbon steel bolts that have 12.9 grade
are preferred. In order to assemble support structure to the ground, Hilti HAS-U

anchors that have 8.8 grade are used.

The welding to be implemented for assembly is not clear in industry. For this reason,
the worst welding, which is E60xx, is chosen to use the worst allowable data in

calculation and 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 presented. The static test is to be carried out with two actuators. Actuator
assemblies consist of the ground plate, the actuator base circular plate, threaded rods,
the rod end, the clevis and the pin. The static load applied from hydraulic actuators
are stated as 4492 and 3648 N for root and tip saddles, respectively, in Chapter 3.
Since the actuator assemblies have same detail parts, the analysis is conducted by the
highest load of 4492 N for the parts in these actuator assemblies. In this way,
maximum stress are calculated for these detail parts used in actuator assemblies. For

the reaction wall assembly, sectional shear and moment at the root are used as 8140 N
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and 18.09 kNm. Bolt loads are obtained from finite element analysis and analyses of
the Hilti anchor rods are performed according to properties given in Hilti Datasheet

and bolt loads taken from finite element analysis.

5.4. Material, Fastener and Allowable Data

Allowable values of the materials that are used in the test rig structure are listed in
Table 5.1. Tables contain tensile yield strength, shear yield strength, elastic modulus
and Poisson’s ratio. It should be noted that yield strength values are used for test rig
detail parts analysis. Ultimate values should not be used. For this reason, ultimate
strength values are not placed in these tables.

Table 5.1. Material Allowable Values [39], [40]

Material Fy [MPa] Fsy [MPa] E [MPa] y
AISI 4140 Water
Quenched from 845
°C and Tempered at 986 591.6 205000 0.29
540 °C
St52-3 345 207 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 in Table 5.2.

Table 5.2. Fastener Material Allowable Values [40], [41]

Fastener Material Fy [MPa] Fsy [MPa] E [MPa] y
TOOLOX 44 1350 810 205000 0.30
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Table 5.2 Fastener Material Allowable Values [40], [41] (cont’d)

Carbon Steel Grade

o 1100 660 205000 0.29
Carbon SStZe' Grade 640 384 205000 0.29

Different calculation methods are used for the analysis of different components.
Calculation methods are given in detail in the strength analysis part of a related
component. In general, calculation methods given in [41] 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 by HEX8, QUAD4, TET10, and RBE3 elements with deformable body
feature in MSC PATRAN. All of the details used finite element method are modeled

with solid elements. Loads are modelled by RBE3 elements.

The actuator circular plate is modelled by HEX8 and RBE3 elements with deformable
body feature in MSC PATRAN. The actuator contains swivel base and this base
contains spherical bearing that allows rotation in 3-axes. The actuator loads are
distributed from the spherical bearing with the help of RBE3 elements. Finite element
model is 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 load due to both circular plates have the same geometry, properties and
boundary conditions. A sketch of the load and boundary conditions and FEM of the

actuator circular plate are found in Figure 5.1.
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Figure 5.1. Sketch of Load and Boundary Conditions (left), FEM of Actuator Circular Plate (right)

The ground plate which contains DIN650 T slot channels is modelled by HEX8 and
RBE3 elements with deformable body feature in MSC PATRAN. The actuator loads
are applied at the same point in actuator circular plate. The finite element model is
held from the 6 bolt holes that used to mount to the ground. The total number of
elements is 434286. The finite element model of ground plate with load and boundary
conditions is found in Figure 5.2. Note that the load applied is in-plane at the center

of the plate.
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Figure 5.2. Load and Boundary Conditions of the Ground Plate (left), Finite Element Model of the
Ground Plate (right)

Saddles are modelled by QUAD4 and RBE3 elements with deformable body feature
in MSC PATRAN. The actuator load is distributed to the lower part of saddles from
the center of the spherical bearing of the rod end with the help of RBE3 elements. The
finite element model is held from the surface where imitate the blade. It should be
noted that lower parts of the root and the tip saddle are modelled only. Upper part of
saddles is used to hold the saddle fixed. The finite element model of saddle details
with load and boundary conditions are found in Figure 5.3 and Figure 5.4,
respectively. The lower part of the root saddle has 84310 elements while the tip saddle

lower part has 56333 elements.
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Figure 5.3. FE Model of the Lower Part of the Root Saddle

Figure 5.4. FE Model of the Lower Part of the Tip Saddle

The dummy hub plate is modelled by HEX8 elements. The shear load and the moment
at the blade root are applied as a load condition. The finite element model is held from
five bolt locations that that used to mount to the reaction wall plate. In test case, the
dummy hub plate will be held at least seven bolts. In order to be more conservative,
only five bolt holes are used in analysis. The total number of the dummy hub plate
elements is 19464. Load and boundary conditions, and finite element model of the

dummy hub plate is shown in Figure 5.5.
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Figure 5.5. Load and Boundary Conditions (left), FE Model of the Dummy Hub Plate (right)

The reaction wall plate with T channel is modelled by HEX8 and RBE3 elements in
MSC PATRAN. The load and moment at the root of the blade are distributed to this
plate through RBE3. FEM is held from 52 M16 bolt holes providing connection to the
weldment assembly of the reaction wall. The total number of elements is 200804. The
finite element model of the reaction wall plate with load and boundary conditions is

shown in Figure 5.6.
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Sarqe as for all holes

Figure 5.6. FE Model of the Reaction Wall Plate

The reaction wall weldment assembly is modelled by TET10 and RBE3 elements in
MSC PATRAN. The load and moment at the root of the blade are distributed to where
reaction wall plate mounted through RBE3. The finite element model is held from 16
M30 bolts holes providing connection to the ground. The total number of elements is
831786. The finite element model of the reaction wall weldment assembly with load
conditions is shown in Figure 5.7 and the detailed finite element model and boundary

conditions are shown in Figure 5.8.
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all holes

Figure 5.8. Boundary Condition and Detailed FE Model of Reaction Wall Weldment Assembly
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5.6. Strength Analysis

Strength analysis is performed by finite element method and hand calculation. Instead
of material ultimate strength values, material yield strength values are used to be more
conservative in the strength analysis of test rig detail parts. During testing, test rig
detail parts shall not fail before the test specimen. So, high reserve factor criteria using
yield strength values in analysis are asked for. RF values are calculated for each detail

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 structure have to resist

extreme loads during testing and it shall not fail before specimen failure [26].

Total displacement results for the ground plate taken from MSC NASTRAN can be
seen in Figure 5.9. Maximum deformation value of 0.0105 mm occurs at the center of
the ground plate under 4492 N compressive load. Maximum Von-Mises stress results
for the ground plate under 4492 N compressive load case is shown in Figure 5.10.
Maximum Von-Mises stress value is 7.72 MPa giving an RF value of 44.7, which is

much higher than our minimum reserve factor criterion.

Figure 5.9. Displacement Contours of the Ground Plate [mm]
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Figure 5.10. Von-Mises Stress Contours of the Ground Plate (left:back, right:front) [MPa]

Total displacement results for actuator base circular plate taken from MSC
NASTRAN can be seen in Figure 5.11. Maximum deformation value of 0.00163 mm
occurs at the bolt hole edge under 4492 N compressive load. Maximum Von-Mises
stress results for the ground plate under 4492 N compressive load case is shown in
Figure 5.12. Maximum Von-Mises stress value is 3.76 MPa giving an RF value of

262, which is much higher than our minimum reserve factor criterion.
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Figure 5.11. Displacement Contours of the Actuator Circular Plate [mm]

Figure 5.12. Von-Mises Stress Contours of the Actuator Circular Plate [MPa]
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Total displacement results for root saddle lower part taken from MSC NASTRAN can
be seen in Figure 5.13. Maximum deformation value of 0.0336 mm occurs at bolt
edges where clevis mounted under 4492 N compressive load. Maximum Von-Mises
stress results for the ground plate under 4492 N compressive load case is shown in
Figure 5.14. Maximum Von-Mises stress value is 3.30 MPa giving an RF value of

142, which is much higher than our minimum reserve factor criterion.

Figure 5.13. Displacement Contours of the Root Saddle of Lower Part [mm]
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Figure 5.14. Von-Mises Stress Contours of Root Saddle of Lower Part [MPa]

Total displacement results for root saddle lower part taken from MSC NASTRAN can
be seen in Figure 5.15. Maximum deformation value of 0.0253 mm occurs at edge of
bolt holes where clevis mounted under 3648 N compressive load. Maximum Von-
Mises stress results for the ground plate under 4492 N compressive load case is shown
in Figure 5.16. Maximum Von-Mises stress value is 1.27 MPa giving an RF value of

369, which is much higher than our minimum reserve factor criterion.
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Figure 5.15. Displacement Contours of Tip Saddle of Lower Part [mm]
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Figure 5.16. Von-Mises Stress Contours of Tip Saddle of Lower Part [MPa]
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Total displacement results for dummy hub plate taken from MSC NASTRAN can be
seen in Figure 5.17. Maximum deformation value of 0.00118 mm occurs at upper
counterbored bolt holes under 8140 N shear load and 18.09 kNm moment at the root.
Maximum Von-Mises stress results for the dummy hub plate with loading 8140 N and
18.09 kNm is shown in Figure 5.18. Maximum Von-Mises stress value is 4.58 MPa
giving an RF value of 215, which is much higher than our minimum reserve factor

criterion.

Figure 5.17. Displacement Contours of Dummy Hub Plate [mm]
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Figure 5.18. Von-Mises Stress Contours of Dummy Hub Plate [MPa]

Total displacement results for reaction wall plate taken from MSC NASTRAN can be
seen in Figure 5.19. Maximum deformation value of 0.00918 mm occurs at surface
where dummy hub touches with 8140 N shear load and 18.09 kNm moment at the
root. Maximum Von-Mises stress results for the reaction wall’s T channel plate with
loading 8140 N and 18.09 kNm is shown in Figure 5.20. Maximum Von-Mises stress
value is 3.47 MPa giving an RF value of 99.4, which is much higher than our minimum

reserve factor criterion.
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Figure 5.19. Displacement Contours of Reaction Wall Plate [mm]

Figure 5.20. Von-Mises Stress Contours of Reaction Wall Plate [MPa]
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Total displacement results for reaction wall weldment assembly taken from MSC
NASTRAN can be seen in Figure 5.21. Maximum deformation value of 0.0584 mm
occurs at upper box profile beam with 8140 N shear load and 18.09 kNm moment at
the root. Maximum Von-Mises stress results for the reaction wall weldment assembly
occurs at bolt holes used to mount assembly to the ground with loading 8140 N and
18.09 kNm is shown in Figure 5.22. Detail view of maximum Von-Mises stress is
found in Figure 5.23. Maximum Von-Mises stress value is 15.5 MPa giving an RF

value of 22.3, which is much higher than our minimum reserve factor criterion.

Figure 5.21. Displacement Contours of Reaction Wall Weldment Assembly [mm]
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Figure 5.22. Von-Mises Stress Contours of Reaction Wall Weldment Assembly [MPa]

Figure 5.23. Detail View of Von-Mises Stress of Reaction Wall Weldment Assembly [MPa]
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To investigate welding, which connects box profile beams to each other, finite element
model of the reaction wall weldment assembly is cleared and only welded spots are
kept. When these spots are evaluated, maximum Von-Mises stress is found to be 15.5
MPa which gives us RF value of 22.3. Von-Mises stress contours is shown in Figure
5.24.

Figure 5.24. Von-Mises Stress Contours of Welding
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Threaded rods used for connection between actuator — load cell and load cell — rod
end is analyzed with hand calculation. M16 threaded rod is used and it has 60 mm

length. Thread stripping analysis for the threaded rod is conducted as explained below.

First, the shear area for internal thread is calculated as follows [43],

1
Ap =mnl,Ds <ﬁ +0.57735(D;, - Enmax)> (5-1)

where A, is the shear area of the internal thread,

n is the number of threads per mm which is 0.5 mm,
Le is fastener thread engagement which is 22 mm,

D, . is minimum major diameter of external thread,
En,... i1s maximum pitch diameter of internal thread.

According to Figure 5.25 and the equations given in (5-1), variables of this equation

are calculated from,
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Figure 5.25. Basic Profile for Metric Thread [41]
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=d (5-2)

Smin

E

Nmax

=d — 0.649519p (5-3)
where d is the major diameter and p is the pitch which is 2 mm for M16.

In our calculation,

Ds, .. =1l6mm (5-4)

Ep e = 16 —0.649519x2 = 14.70 mm (5-5)

A, =1(0,5)(22)(16) < + 0.57735(16 — 14.70)) = 967.12 mm? (5-6)

2(0,5)
B2 eamp
fine = T 967z Y (5-7)
F, 5916
RFp =2 ="""=1275
Tint 4.64 (5'8)

where Fsy is the shear yield strength of the threaded stud, 591.6 MPa. It is found that

threaded rod has much higher RF value than our minimum reserve factor criterion.

Clevis strength analysis is carried out according to [42] by using yield strength values
of the materials to eliminate the effects of the plastic deformation on the test results,
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and this analysis explained in detail below. General basic dimensions of clevis is given
in Figure 5.26.
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Figure 5.26. General Basic Dimensions of the Clevis

First, the shear-bearing failure analysis is performed by the equation of

Pyry = KprFruxApr (5'9)

where Fux is the ultimate tensile stress in x-direction,

Ay IS projected bearing area,
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and kyr s the shear bearing efficiency factor from Figure 5.27.
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Figure 5.27. Shear-Bearing Efficiency Factor [42]

To define kyr value, a/D and D/t ratios are calculated,

a_22_1

b 22 (5-10)
D_22_220

t 10 7

(5-11)
According to a/D and D/t ratios, kyr is found from Figure 5.27 as 1.

Projected bearing area is calculated as,
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Ay, = Dt = 20x10 = 220 mm? (5-12)

Then,

Py, = (1)(986)(220) = 216.920 N
(5-13)

P 216920
RFbru — bru __

= = 41.99
AF ~ 1.15(4492) (5-14)

where A is fitting factor, taken as 1.15 according to [42] and F is the applied force.
Shear bearing failure analysis gives 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 according to [42],

Ppy = keFruxAe (5-19)
where Fuy IS the ultimate tensile stress in x-direction,

At is minimum net section area for tension,

k¢ is net tension efficiency factor from Figure 5.28.

To define kt value, W/D ratio is calculated as,

=—=2

w44
b2z (5-16)

According to W/D ratio, ki is found from Figure 5.28 as 0.9609.
Minimum net section area for tension is calculated as,

A, = (W = D)t = (44 — 22)10 = 220 mm? (5-17)

Then,
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P,, = (0.969)(986)(220) = 210195.48 N
(5-18)

pp. o P _ 21019548
AR T 1.15(4492) (5-19)

where A is fitting factor, taken as 1.15 according to [42], and F is the applied force.
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Figure 5.28. Lug Efficiency Factor for Tension [42]
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Yield bushing failure analysis is performed according to [42]. Since the appropriate
compression yield strength value for clevis could not found, compression yield
strength value of the lug material is assumed equal to the tensile yield strength value

of the lug material. Yield bushing failure analysis of the clevis is conducted by,

Pbry = 1'85FC‘yAbTb (5'20)

where Pyry is bushing yield bearing load,
Fcy is compression yield stress 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 bushing on pin is calculated as follows,

Aprp = Dpt (5-21)

where Dy is diameter of the pin and t is the thickness of clevis.

Aprp = 17x13 = 221 mm? (5-22)
Then,
Pyry = 1.85(986)221 = 403126,1 N
(5-23)
Pyry  403126,1
RFb = = = 7804
Vo QF (1.15)4492 (5-24)

Tensile strength of the surface of the clevis where we provide connection to the

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

At B Wt — Anr? (5_25)
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where F is the applied 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.

S = 0.78 MP
7T 96x64 —m(10,72 ¢ (5-26)
 Frx 986
RF = 2% = oo = 1264 (5-27)

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

RF criterion to perform the test.

Pin strength analyses are also performed according to [42] and the details of it are
expressed below.

Pin shear-off failure analyses are done for clevis in double shear by equation of,

2

D
Bs = ZF'su(T) (5.28)

where Fsy is yield shear strength of the pin material, 810 MPa and D is the diameter of

pin. The calculation of this equation is given as,

172
Pp,S = 2(810) =367707.71 N
(5-29)
pp _Bos 36770771
ps = F T (1.15)4492 (5-30)
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Pin shear of failure analysis gives us RF value of 71 and this value is much higher

than our RF value criterion.

Pin bending failure analysis is calculated as,

M—Pb
2

where M is the applied bending moment on the pin,

P is the applied load, and b is the moment arm.

(5-31)

The moment arm is calculated according to below formulation and Figure 5.29 taken

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

t, t 1
b=g+ +g=—+

4
>t +3=11.5mm

4
Then, the moment is calculated as,

4492

M= 7(11,5) = 25829 Nmm
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Figure 5.29. Pin Moment Arm for Determination of Bending Moment [44]

RF calculation of pin bending analysis is expressed as,

Fyy
D
AM >

Ipin

Rpr ==
(5-34)

where lpin is inertia of pin, which is ”6—'14. Then RF value of pin bending is found to be

1350
RF,, = 5 = 2192
1.15(25829) =
n(17)% (5-35)
64

As seen from the above results, pin strength is sufficient to perform the test.

For the fastener analysis, bolt loads are taken from the FE results and maximum bolt

loads are given in Table 5.3. Detailed bolt loads are tabulated in Appendix.
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Table 5.3. Reaction Wall Assembly Maximum M16 Bolt Loads

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

Bolt Type Preload [N]

In a bolted joint, shear force is taken by clamping friction caused by bolt preload [41].
So, if the radial force is lower than the friction force between connecting surfaces,
bolts will carry the axial forces only. To check this phenomenon, friction coefficient
Is taken as 0.2, which is steel-steel with a thick oxide layer friction coefficient. Initial
preload value of the M16 bolts with grade 12.9 is shown in Table 5.3. In the light of
these variables, friction force is calculated as 20853.2 N. As seen from the Table 5.3,
radial force value is lower than the friction value. Therefore, the motion of the bolt in
this direction is prevented. So, according to maximum bolt load tabulated, 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

[41] is used. The formula is given as,

FeyAe — Py

RF;ensite =
tensile CPtensile (5-36)

where Fyy is tensile yield strength of the bolt material,
At is the tensile load carrying area,
Pi is the initial preload,
C is the stiffness constant of the joint,

Ptensile 1S the applied tensile loading.
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Stiffness constant of the joint is calculated from,

kp

C =t (5-37)

DZ
_(m bl /) Epoye (5-38)

la

b

0.57747E,,d

. (5 0.5774L,, + O.5d> (5-39)
M\°05774l,, + 2.5d

k,, =

where ky is the estimated effective stiffness of the bolt,
km is the stiffness of the members in the clamped zone,
Drort is the major-diameter area of fastener,
Ebort is the Young’s modulus of bolt,
lq is length of unthread portion of the grip,
Em is the Young’s modulus of members,
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 structure are
found in Table 5.4.
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Table 5.4. Stiffness Constant Calculation Details of Bolts on Support Structure

Bolt Duboit  Ebolt la Em d Im

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

M16 16 205000 30 1177648.45 211000 16 90 2590933.82 0.31

Calculated results and variables of failure check of the M16 bolt on the support
structure according to above formulation are tabulated in Table 5.5.

Table 5.5. 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 from Table 5.5, RF results of the bolts on the support structure are much

higher than our minimum RF value criterion.

For Hilti anchor analysis, 8.8 grade allowable data given in Table 5.1 is used. Anchor
loads for the ground plate and the reaction wall assembly are taken from the FE results.
All anchor loads are tabulated in Appendix B and C, and maximum bolt load is given
in Table 5.6. Based on torque calculation with tightened 50% yield strength value of
HAS-U 8.8 anchor, preload is obtained 179388 N [41].

Table 5.6. M30 Hilti HAS-U 8.8 Maximum Anchor Loads

Max Axial Max Radial Load

Bolt Type Load [N] IN]

Preload [N]

M30 Hilti Anchor with

grade 8.8 2689.9 1127.3 179388
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For these anchors, same calculations performed for M16 bolts are conducted. Friction
coefficient is taken as 0.2 to be more conservative. Initial preload value of the M30
grade 8.8 anchors can be found in Table 5.6. In the light of these variables, friction
force is calculated as 35877.6 N. As seen from the Table 5.6, radial force value is
lower than the friction values. Therefore, the motion of the bolt in this direction is
prevented. So, according to bolt load tabulated, bolts are only checked for their tensile
strength. Hilti anchor tensile yield strength is given as 640 MPa. Maximum tensile
stress of the anchor is calculated with the maximum axial load, and this calculation
gives us a minimum RF value of 168.42. As seen from this RF value result, anchors

are much higher RF value than our minimum RF value criterion.

The rod end used in test rig is chosen from the INA FAG catalog. Its radial static load
rating is stated as 56500 N. According to this value, RF value of the rod end for static
testing is found to be 12.57. This RF value is higher than our minimum RF value

criterion and sufficient to perform testing.

5.6.1. Reserve Factor Summary

All detail parts used in test rig are analyzed and reserve factor summary of these parts
are tabulated in Table 5.7. It is shown that all detail parts used in test rig have satisfying

RF values to perform testing.

Table 5.7. Reserve Factor Summary

Part Name Material RF Value
Actuator Circular Plate St52-3 262
Ground Plate AISI 4140 44.7
Tip Saddle Lower Part Al2024 T351 369
Root Saddle Lower Part Al2024 T351 142
Dummy Hub AISI 4140 215
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Reaction Wall’s Plate St52-3 99.4

Reaction Wall’s Weldment Assy St52-3 22.3
Welding E60xx 22.3

Clevis AISI 4140 40.69

Pin TOOLOX44 21.92

Bushing AISI 4140 78.04

Threaded Rod AISI 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 show that the test rig can perform fatigue tests, detail parts used in the test
rig shall endure more than 107 cycles. If maximum Von-Mises stress values of detail
parts are lower than endurance strength of materials, detail parts endure more than 107
cycles. For the calculation of endurance limit of materials, endurance strength values

of materials are calculated as [41],

0.55,, Sue < 200kpsi (1400MPa)
Se = 1100 kpsi Syt > 200 kpsi

700 MPa Sy > 1400 MPa (5-40)

According to these formula, endurance strength of materials are calculated and

tabulated in Table 5.8. Scatter factor is chosen as 3.3 for these materials [45].
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Table 5.8. Endurance Strength

Endurance

Endurance Strength Strength with

Yield Strength

Material [MPa] V;';ZS;: [Sl\c/lapt;e]r Scatter Factor

[MPa]

AlISI 4140 986 493 149.4
St52-3 345 172.5 52.3
Al2024-T351 469 234.5 71
E60xx 345 172.5 52.3

TOOLOX44 1350 675 204.5

Carbon Steel Grade 12.9 1100 550 166.7
Carbon Steel Grade 8.8 640 320 97

Maximum Von-Mises stress of detail parts are calculated in 5.6. When these stress are
compared to endurance strength values given in Table 5.8, it is seen that all detail parts

endure more than 107 cycles.
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CHAPTER 6

CONCLUSION

6.1. Summaries and Conclusion

In this thesis, testing fixture is designed that can be used for wind turbine blades from
5 to 9 meters. The testing includes static testing and can be extended for failure and
fatigue testing. The RUZGEM 5 m experimental wind turbine blade designed for
METUWIND is tested in this testing fixture. Different test methods for wind turbine
blade are mentioned. RUZGEM Blade to be tested is used to define required load and
boundary conditions.

Design of test setup is summarized below:

- Blade loads and boundary conditions (input)
- Deciding test methods (uni-axial, bi-axial etc.)
- Load Calculation
o Converting design loads (distributed loads) to concentrated loads
o Deciding saddle points and corresponding loads
- Design
o Conceptual design
o 3D detailed design
*  Dummy hub design
= Load introduction design
= Selection of hydraulic actuators, determination of stroke length
= Selection of load cell
= 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 document. Design loads
of the blade are summarized and according to these design loads, 2 approaches for
static test are compared by using Excel Solver Tool. In this solver, design loads
defined in 28 sections are optimized in order to apply these loads in multiple points
method — 2 saddle point. In this calculation, saddle point locations and 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 simulates the root connection
of the blade are designed. After that, a load cell and a hydraulic actuator requirement
are determined and supplier investigation are conducted. A model of the load cell and
the hydraulic actuator decided are inserted to the test rig. By taking into account this
static testing and further tests, a support structure which contains the reaction wall and
the ground support plate design is performed. In analysis chapter, designed detail parts
are analyzed and it is shown that all of detail parts are met requirements. Finally, the
cost of test infrastructure to be planned to establish are summarized and estimated total

cost are given.

6.2. Future Work

After this study, procurement procedure can be carried out. Test infrastructure
equipment can be searched and provided. After manufacturing test rig detail parts,
assembly of test setup can start. During assembling, instrumentation of specimen can
be performed. In instrumentation process, data measurement system like strain gages
are applied and and during the testing, linear variable displacement transducers can be
used to measure displacement of the blade at any desired region. Also, 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

LCindez TE Fz Fy Fz Fw'es A‘Im A‘I‘y l"Iz J!\szes
kN]  [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fyomin 1 135  -7.25 072  -1.31 720 123 -1688  -0.13  16.88
Fy.maz 2 1.35 814  -1.07  -1.30 8.21 1.69 18.09  -0.18  18.09
. 3 1.35 0.86 -5.32  -0.33 530 1208 1.85 002  12.22
Fy maz 4 1.35 -6.76 2.44 -1.17 7.18 -4.04  -15.26 -0.17 15.7
zmin 2 1.35 7.99 -1.06 -1.31 8.06 1.67 17.82 -0.18 17.96
F. mos 5 1.35 059  -121  27.00 1.35 2.82 1.98  -0.02 3.46
I 2 1.35 814  -1.07  -1.30  8.21 169 1809  -0.19  18.09
Mz min 4 1.35 -6.76 244 -117 7.18  4.04 -15.26  -0.17  15.T
My man 3 1.35 0.8  -532  -0.33 539  12.08 1.85 002  12.22
My min 1 135 -T.25 072 -1.31 729  -123 -16.88  -0.13  16.88%
Ty mas 2 1.35 814  -107  -1.29 8.21 160 18.09  -0.18  18.09
Mz, min T 1.35 5.06 -1.69 10.98 5.82 4.87 15.79 -0.35 16.47
M. mas 8 1.35 024 501 -0.28 502 1154  -062  0.08  11.57
Myee man 2 1.35 813  -107  -1.30 8.21 1.69 18.09  -0.19 18.09
Extreme loads at blade radius R = 0.10m
LCindez YF Fz Fy Fz Fw‘es A'Im -A'Iy A’Iz l\'fres
[N} [kN]  [kN]  [kN] [kNm] [kNm] [kNm] [kNm]
Fomin 1 1.35  -7.14 072 -1.25 718 -116 -16.19  -0.12  16.21
Fyomaz 2 1.35 8.03  -1.06 -1.24 8.00 157  17.24 018  17.36
Fymin 3 1.35 0.86 -5.19  -0.31 527 11.56 177 002 1170
Fymaxz 4 1.35 -6.69 2.37 -1.12 7.09 -3.81 -14.60 -0.16 15.12
F. min 2 1.35 789  -1.06 -1.25 7.95 1.57 1697  -018  17.11
F. mos 5 1.35 061  -1.19  26.60 1.34 2.70 192 -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 7.09 -3.81 -14.60 -0.16 15.12
My maz 3 1.35 0.8  -519  -0.31 527  11.56 1.77 002  1L70
My min 1 135 -T.4 072  -1.25 7.18  -1.16 -16.19  -0.12  16.21
1y, maz 2 1.35 8.02 -1.06 -1.24 8.09 157 17.24 -0.18 17.36
M, min 7 1.35 555 -1.69  10.82 5.80 471 1522  -0.34 1587
M, oo 8 1.35  -0.24  -480  -0.27 490 1L07  -0.59  0.08 1108
M,ee man 2 1.35 802  -1.06  -1.24 8.09 1.50 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

130



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
0.00
0.00
0.01
0.01
0.00
0.01
0.01
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B. Cost Analysis

In order to establish test setup, test fixture developed in Chapter 4 will be procured
and required hydraulic and data acquisition system will be settled. Test 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, local supplier 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 supplier. The cost of infrastructural investment is
estimated about $200000. Cost of all items required are listed and approximate prices

can be found in Table 0.1.
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Table 0.1. Estimated Cost for Equipment

Type Quantity Price (rough) Remarks
Test Fixture 1 $ 60000
Controller 1 $ 50000 1 station, 12
channel
Data Acquisition System 1 $ 20000 32 channel
anfold (V) 1 $ 1200
Hydraulic Actuator 2 $ 20000
Load Cell 2 $ 8000
Servo Valve 1 $ 3000
Software 1 $ 20000 AeroPro
Hydraulic Piping $ 3500
Cable Set $ 2000
TOTAL ~200.000 $
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C. M16 Bolt Loads of Reaction Wall Assembly
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Figure 0.1. Bolt Number Guideline

Table 0.2. 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 30428 13484  -13.24 304.32 -13.24
3 51607 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 51640  -12553  197.09 516.40 197.09
7 30423  -13490  -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 19549  -275.98  246.92 195.50 246.92
11 23148  -14517 15281 23153 152.81
12 23633 90.22  -192.70 236.43 -192.70
13 207.76 23860  -320.79 207.93 -320.79
14 16312  237.14  -162.57 163.45 -162.57
15 104.87 16447  41.91 105.56 41.91
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Table 0.2. Bolt Loads Obtained from FE Results (cont’d)

16 73.27 59.22 64.92 74.36 64.92
17 27.90 14.52 9.19 31.45 9.19
18 2291 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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Table 0.2. Bolt Loads Obtained from FE Results (cont’d)

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 — U 8.8 Anchor Loads for Ground Plate
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Figure 0.2. Ground Plate Anchor Rod Guideline

Table 0.3. 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 — U 8.8 Anchor Loads for Reaction Wall Assembly

Figure 0.3. Reaction Wall Assembly Anchor Rod Guideline

Table 0.4. Reaction Wall Assembly Hilti Anchor Rod Loads

Bolt # Fx[N]  Fy[N] FzZ[N]  Radial [N] A[’[:;"
1 925.1 29.8 63.7 70.4 925.1
2 898.0 34,1 -166.4 169.9 898.0
3 901.7 33.9 -165.0 168.4 901.7
4 922.2 30.3 63.1 70.0 922.2
5 2689.2 10533 -401.9 11273 2689.2
6 2660.9  -776.1 446.8 8955  2669.9
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Table 0.4. Reaction Wall Assembly Hilti Anchor Rod Loads (cont’d)

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 -1.1 208.9 209.0 -498.9
14 -7129.4 181.9 500.2 532.3 -7129.4
15 -7129.4 -182.0 500.9 532.9 -7129.4
16 -499.1 7.7 209.8 210.0 -499.1
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