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Executive Summary

The main objective of Task2.2 is talefine and assess innovative structural concepts order to
achieve lightweight rotor blades with adequate stiffness and strength, but also new requirements
for the implementation of smart/adaptive rotor blade conceptsTowards that direction, different
solutions were defined and reported in D2.2.2 and D2.2.3. Three promising solutions are here
evaluated by manufacturing and testing scaled prototypes of the predefined designs. The
performed work for these three conceptssi described in individual chapters in the present
document. Section 2 discusses the concept using the bend twist coupling (BTC), section 3
describes the concept using the shape memory alloys (SMA) and section 4 presents a new
manufacturing technique for tie implementation of grid stiffeners in the rotor blade. The detailed
characteristics of these concepts are discussed in the individual sections, while an overall
assessment is available in the last session of the report.

This manuscript aims to summarizéhe efforts made by the partners within subtask 2.2.3 entitled
0Scaled manufacturi ng mandfactire dnd test indaboratony,esecated ngé t o
blades or parts of the innovative designs proposed within WH2r active and passive load

alleviation and for reduction of the blade weight. The manufacturing processes, the design of the

tests and the obtained results are highlighted. A combination of calculations and experiments is

used, to evaluate the performance of the new technologies and prove tlieasibility of each

solution.

More specifically, within this subtask, three different blade parts were fabricated:

A Three scal ed -wistachmirgy byWPOLIMI aral DBUe n d

A A morphing scaled blade sect i oUniveesiywfiPpta d wi t h Sha
AA scal ed bl ade part wi t h t r atsliffenerg insteealdgoéthepanel s r e
commonly used sandwich structure by TUD

In the work described in chapter 2, POLIMI designed and manufactured three scaled blades
equipped wth bendtwist coupling. The effect of the bendwist coupling on the structural
behaviour of the reference blade was extensively studied and presented in D2.2.2. The work in the
current document covers the manufacturing and characterization of the scaldadades using
different testing methods performed both in POLIMI and in DTU testing facilities, study of the
aerodynamic behaviour of t he bl ades and an i nves:Ht
capabilities. Dynamic and static tests were performed, waithe blades were equipped with Fiber
Bragg Grating (FBG) sensors embedded inside the structure during the manufacturing process in
order to evaluate potentialities of the HUMS (Heath and Usage Monitoring Systems) based on the
fiber optics. Three manufactted blades were finally assembled on a scaled towaacelle model.
The resulting wind turbine model was tested in the wind tunnel of Polimi (GVPM) with the absolute
goal to investigate the load alleviation capabilities of the BTC and its synergy with tleéwee pitch
control system. To evaluate the manufacturing, the blade was characterized at bench, by the use
of static tests both at PoliMl and DTU and by modal tests using an impact hammer at PoliMI and a
Scanning Laser Vibrometer at DTU. The modal anddyshows that the natural eigenfrequencies
and the Lock number remain close to design, with mismatches around 10%. A test campaign for
assessing the load reduction capability was performed in the boundary layer section of the GVPM.
Tests were performed inno wake/partial wake conditions. The model was tested for three
configurations: RGD, (i.e. with rigid blades), BTC, hybrid BTC+IPC (BTC blades and cyclic pitch
controller). Examining the shaft and tower base bending moments, the BTC seemed capable of
mitigating the peaks within a bandwidth up to the first blade flapping frequency. The inertial loads
were not affected by the BTC, therefore their contribute may increase the peak at the 1xRev, and
hence the equivalent fatigue load of the shaft bending momeriinally, the hybrid BTC+IPC model
seemed to recover this aspect since the 1xRev is cutout by the cyclic pitch control.
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The work performed in University of Patras consists of two main parts: i) the experimental
characterization of Shape Memory Alloy wieetuators and ii) the experimental characterization of

a scaled morphing section. The first part of the work included the material characterization of the
SMA actuators in wire form. The second part of this work consisted of the manufacturing and
testing of a scaled morphing section prototype using SMA wire actuators. The design of the
prototype is the outcome of the D2.2.3 while
selected in order to facilitate the manufacturing and the laboratory testing.hd@ morphing
functionality of the prototype was assessed under zero loads as well as aerodynamic loads. The
SMA material properties have been successfully extracted after a test campaign conducted by the
University of Patras. Additionally the fatigue lifef the material in the envisioned working stress
level has been estimated. Furthermore, the scaled morphing section has been designed,
fabricated and successfully tested in the laboratory in order to assess and demonstrate its
morphing capabilities. The primtype proved its capability to morph its trailing edge to target
shapes with and without the presence of simulated aerodynamic loads calculated by NTUA.

TUD used an innovative manufacture technique to fabricate a scaled 2m section of a wind turbine
blade. This section was designed using an optimization tool presented in D2.2.2, where weight
savings of up to 20% were illustrated when the traditional sandwich structure is replaced with a
proposed grid stiffened structure, of a particular height to thicknesratio, solely in the trailing
edge panel. Considering the upscaling of this method, the automated fiber placement process can
be used to produce extremely large parts with the use of multiple robots with the fiber placement
heads mounts on them in a bifiear track arrangement with minimum difficulty. However many
practical problems should be solved before this method can be used in massive production of
blades.

In conclusion, three concepts, the first one aiming for load alleviation using passive loadtrol,

the second one aiming for load alleviation using active load control and the last one aiming for
weight reduction of the blade using an innovative fabrication technique, were manufactured and
tested in laboratory using scaled blades or parts of thiglade. Considering the scaled blade with
the bendtwist coupling the blade was characterized, using static and dynamic tests both at PoliMI
and at DTU. A good agreement between the two labs and the design values was observed.
Moreover, the tests in the wid tunnel showed that the synergy of the BTC with IPC led to the most
promising results for the load reduction on the blade. The experimental campaign regarding the
SMA technology proved that the morphing section prototype is capable to operate both asnglsi
flap of length equal to 10% and 30% of the chord and as morphing trailing edge offering a smooth
shape change, matching the specified target shapes that achieve the maximum increase of the lift
coefficient in almost all of the considered cases. Finglusing the grid stiffeners method, a scaled
blade was fabricated, however the upscaling of this method still is limited due to practical issues.
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1 INTRODUCTION

In order to achieve the primary objectives otheé INNWIND project, i.e. the high performance
innovative design of a beyond the statef-the-art 10-20MW offshore wind turbine and hardware
demonstrations of some of the key components, new concepts and technologies are investigated
within WP2 roolLtiogwetdsaheai dgelationthree promising solutions are in the current
work assessed by manufacturing and testing scaled prototypes of predefined designs which were
extensively described in previous documents D2.2.2 and D2.2.3. The first concept ofdr load
alleviation using passive load control of the blade, the second one aims for load alleviation using
active load control and the last one targets for weight reduction of the blade using an innovative
fabrication technique and optimization algoritms.

More specifically within subtask 2.2.3, three different blade parts were fabricated:

A Three scal ed -wistacpirg (BTC) byhPOlAMI arel BT

A A morphing scaled blade section equipped with
Patras

A A scaled blade part wi t h t r asiiffeniers gisteaddoffthe panel s
commonly used sandwich structure by TUD

The present document includes three main chapters where the different concepts are explained
separately by the artners of subtask 2.2.3. The emphasis is given on the manufacturing process
of each concept and on the evaluation of each solution against the set targets through dedicated
mechanical testing and calculations.

Chapter 2summarizes the efforts made from BLIMI and DTU regarding the design, manufacture
and testing of three scaled blades equipped with benlvist coupling. The effect of the bendwist
coupling on the structural behaviour of the reference blade was extensively studied and presented
in the previous work of D2.2.2. The work in the current chapter begins with details on the material
selection and manufacture process. Next, the characterization of the scaled blades using different
testing methods performed both in POLIMI and in DTU testing fa@hti study of the aerodynamic
behaviour of the blades and an investigation on
presented. Dynamic and static tests are performed, while the blades are equipped with Fiber
Bragg Grating (FBG) sensors embedded idsithe structure during the manufacturing process in
order to evaluate potentialities of the HUMS (Heath and Usage Monitoring Systems) based on the
fiber optics. Three manufactured blades are then assembled on a scaled towecelle model. The
resulting wid turbine model is tested in the wind tunnel of Polimi (GVPM) with the absolute goal
to investigate the load alleviation capabilities of the BTC and its synergy with the active pitch
control system. The model was tested for three configurations: RGD,. (iéth rigid blades), BTC,
hybrid BTC+IPC (BTC blades and cyclic pitch controller). Finally the chapter ends with a
comparison between the obtained results from the two different labs and the design values.

Chapter 3 contains the work performed in Univery of Patras including two main parts: i) the
experimental characterization of Shape Memory Alloy wire actuators and ii) the experimental
characterization of a scaled morphing section. The material characterization consists of the
thermomechanical properies determination and estimation on the fatigue life of the SMA wire.
Special testing apparatus for SMA materials cannot be found in market, thus twohiouse
devises, oriented in testing SMA wires, were designed and manufactured. The first one is an
existing device that has been used by UPRASfor material characteization in the past but due

to the limitations encountered a second device was designed to perform the experiments needed
in the framework of this project.

To acquire the full set of materiaproperties there are four categories of experimental tests that
must be conducted and can be summarized as follows:

A Determination of zero stress transformation temperatures through Differential Scanning
Calorimetry (DSC)

A Stabilization of material progrties under cyclic isothermal or isobaric loading (training)
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A Isothermal mechanical loading
A Isobaric thermal loading

Each test provides different information and is used for different properties extraction. It should be

noted that the stabilizationoft he materi al 6s properties (training) i
isobaric conditions according to the further use of the material. If the SMA is used for actuation,

then the training procedure is perfamed under isobaric conditionsAll the experimens conducted

on SMA wires in the framework of this project took place in the facilities of University of Patras

using wire specimens extracted from an 80 m spool of NiTi bought from Nimesis Technology.

The second part of chapter 2 consists of the manufaating and testing of a scaled morphing

section prototype using SMA wire actuators. The design of the prototype is described in D2.2.3

while a proper scale of a reference bl adeds secti
manufacturing and the laboratoy testing. The target shape of the morphing section has been

defined through aeroelastic analysis conducted by National Technical University of Athens (NTUA)

in the framework of INNWIND.EU project. A first approach considers a single flap with variable

length. The morphing functionality of the prototype was assessed under zero loads as well as

under aerodynamic loads. This chapter finishes with a comparisaf flap testing with no loads

and under simulated aerodynamic loadingvhere the prototype proved itsapability to morph its

trailing edge to target shapes with and without the presence of the simulated aerodynamic loads.

Chapter 4presents the efforts made from TUD for the demonstration of a manufacture technique
using grid stiffeners to replace thertiling edge sandwich structure. The chapter begins with the
project plan where the reasons for the selection of the particular blade part and scale are stated.
The production process with detailed description of the molds and the used materials are
following. Finally a cost analysis of this concept is given and the report finishes with a paragraph
on the possibility for upscaling this technique. Considering the upscaling of this method, the
automated fiber placement process can be used to produce extremddyge parts with the use of
multiple robots with the fiber placement heads mounts on them in a bilinear track arrangement
with minimum difficulty. However many practical problems should be solved before can be used in
massive production of blades.

8| Page
INNWIND.EUDeliverable 2.24,Manufactured and laboratory tested scaled blades and parts of the blade



2 MANUFACTURNG AND TESTING OF A $ER BLADE WITHBUILD IN
COUPLINGEOLIMI & DTU)

2.1 Brief description of the work

This task is focused on the design and manufacturing processes for the realization of the scaled
aeroelastic blades equipped with bentiwist coupling (BTC). The characterization and structural
testing of the scaled blades using different testing methods is also part of the task. The blades
were equipped with Fiber Bragg Grating (FBG) sensors embedded inside the structure during the
manufacturing process in order to evaluate potentialities of the HUMS (Heath and Usage
Monitoring Systems) based on the fiber optics, since the continuous increase of the wind turbine
dimensions needs improvement of safety and reduction of the inspection time, achievdaaugh
load detection capabilities to the composite structure as explained in [35].

Three manufactured blades are finally assembled on a scaled towecelle model. The resulting
wind turbine model is tested in the wind tunnel with the goal of investigagjrthe load alleviation
capabilities of the BTC and its synergy with the active pitch control system.

2.2 Design and manufacturing of the scaled blades

It is well known that the nondimensional parameters that drive the dynamics of the wind turbines
are the tip-speedratio _, the Reynolds numberY ‘@he Froude number'Oi, the Mach numberd &
and the Lock numberd fias well as the non dimensional natural frequency and the non-
dimensionaltime t. Even if the idealscaling would involve the matching of all the aforenm¢ioned
non-dimensional parameters, it is readily demonstrated that this situation never can occur. Hence,
there isn't a unique criterion to be followed for a correct scaling, but instead, the method should
be setup in order to fulfill some driving requéments that depend on the application and on the
field where the model will be tested. The method used here is based on the loose scaling criteria
derived by[20] that required the exactmatching ofthe aerodynamic kinematics, €. the same tip
speedratio, the exactscaling of the structural dynamics, e. the same nondimensional natural
frequencies, and the enforcement to have the same ratio between tlaerodynamicand inertial
properties, ie. the same Lock number, which amounts to have the same scaledtroelastic
stiffness properties.

The rotor modelhas been design to be a loose scaledepresentation of some multmegawatt
machines in the range of 2.0 MW. To understand the designing solutions for the aerodynamics of
the scaled blades, additional conislerations should be taken in mind. 1. Being the tests
conducted in the wind tunnel, thesize of the test chamber constraing the rotor diameter.
Additionally it may introduce wake blockage affects that became important with the increasing of
the rotor dimensions; 2. Thelimitation of the rotor size would require a scaleeup of the time in
order to satisfy the scaling requirements, and therefore scalagp of the bandwidth for the
controls with consequent possible excessive increase of the actuators worklp& Limiting the
scaledup of the bandwidth and the velocity, together with the limited rotor dimensions, brings to
have an unavoidable high mismatch with reference ftgtaled machines in terms of Reynolds'
number, that changes thephysics of the fluid-structure interactions and therefore reduces the
energy conversion quality.

Keeping in mind theprevious considerations, the scaled rotor was conceived so as to match with
the following driving requirements:
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Limited rotor size in order to limit blocka@ effects due to the interference with the wind
tunnel walls, but large enough not to lower too the Reynolds numbeBased of previous
experience, a good trade off value of the rotor diameter was consider&d n2

Limited scaledup of the time in order toavoid an excessive increase in the pitch control
bandwidth and a reasonable rendering of the principal dynamic effects of semctuators,
mainly due to time delays and maximum attainable rates. For this purpose, the nominal
rotor speed was choserd 3 i, which translates inRe around 4.5-6.5x104.

A realistic energy conversion process, which translates into the same-idale and model
aerodynamic kinematics (i.e. same tigpeed ratio) as well as into realistic aerodynamic
thrust and power. For this prpose, the blade is designed using special airfoils developed
for Reynolds around 50000 and equipped with transition strip. The AH7900C [2] and
WMOO06 [32] airfoils were used, with the former airfoil extending fon = [0.146,0.451]

and the latter forh = [0.697,1]. The choice of these profiles was dictated by the fact that
their capability in providing good aerodynamic performance at low Reynolds was proved
previously[20]. In the blade inner region, the inboard airfoil is smoothly deformed into the
blade root cylinder, which extends fdn = [0.0,0.021].

In order b account for the limitations induced by the scaling, the following expedients were
considered:

the chord distribution has been selected accordingly to have Reynolds number around 5
60000 for a large part of the span, that, with the chosen airfoils, guantees good
performances in terms of aerodynamic thrust and power coefficients. At the same time a
reasonable rotor solidity according to the referencemulti-MW machines was also
provided;

to account for the choice of the airfoils and for the chord length distribution, the twist was
accurately chosen in order to have an optimal axial induction distribution.
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Figurel Chord and airfoils Reynolds distribution for ¢hdesigned blade

2.2.1 Blade layout

The realization of the aeroelastic blades is a complex challenge. The design process should
identify optimal structural layout, choice of materials and sizing of the structural members to
ensure thefulfiiment of the requirements.

According to the scaling, the shape of the blade passes from the root cylinder of diameter around
40 mm to airfoils whose thickness is around 2 mm. The required total mass is about 50 [g],
while the first flapwise frequency is slightly greatr than the 3xRev.

Table 1 Scaling factors for the model characteristics with respect to 2 MW, 5 M&6] and 10 MW [1]
Reference Wind Turbines (RWTS)

SF RWT 2 MW RWT 5 MW RWT 10 MW
Length n 1:48.09 1:65.87 1:93.25
Rotor speed Na 25.3:1 31.4:1 39.5:1
Wind speed ni NG 1:1.90 1:2.10 1:2.36
Rotor power nie ngd 1:1.58x104 1:4.00x104 1:1.14x104

Looking at the layout of the modern wind turbine blades, they are typically realized with-ap@r
structure: a carryingbox made up of tvo shear webs connected to the spataps, which are made

of epoxy resin reinforced with glass fiber and/or carbon fiber and designed with the primary
function of withstanding the aerodynamic and inertial loads, while an external shell, usually made
of epoxyresin reinforced with glass fiber, provides the necessary torsional stiffness and gives the
desired aerodynamic shape to the blade.

Since the goal is producing a scaled version of a muitiegawatt machine, the most obvious
solution would be to directlyscale all the structural elements using the ratios of Téd 1. This
would involve scaling the blade geometry, as well as the structuthicknesses, with the factom &
1/506100 and using materials whose Young's matls is scaled with the factomi2 ng2 & 1/5 610.
This solution appears to be unfeasible because the scaling of the original structural elements
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would require the manufacturing of components whose thicknesses would be in the order of a few
hundreds of microns, resulting in huge technological corigations, as well as high fragility and
difficult handle-ability of the manufactured components.

On the basis of all the aforementioned consatations, some driving requirements for design and
manufacturing of the blades can be deduced:

1 The external shae should be consistent with the rotor model geometry and with good
surface finishing, in order to guarantee a realistic energy conversion process;

1 The bending stiffness consistent to the one specified by the scaling factors, together with
a blade mass dstribution and external shape such that requirements on the placement of
the blade natural frequencies and of the Lock Number are fulfilled.

1 The manufacturing process should allow the embedment of Fiber Optic Sensors (FOs) in
desired positiors inside ofthe blade structure

Carbon fibers spar:

Scotch Weld AF 163-2K external
film:

) «  Nominal thickness = 0.241 mm
& \

e

Figure2 Blade layout

The blade layoutis shown in Figure 2 As done in otherapplications (see [11] and [25]), a
RohacelE [3] core is used to avoid any deformation of the airfoils shape due to the forceserted
by the aerodynamic pressure. Instead of the more classicatcbnfiguration, which by the way
would implyan unacceptably higher bending stiffness for the chosen thinner airfoils, two properly
sized composite spars are selected and located far frothe airfoil mean line, in order to obtain
adequate edge to flap wise stiffness ratios. The spars are made of ngymmetric and non
balanced stacking sequences oprepreg UD carbon fiberswhich provide the desired bendwist
coupling and guaranteesufficient level of stability to the whole blade. Finallyhis solution allows
FGs integration during the hand layip of the spars exploiting embedment techniques especially
developed for composite laminateg34], which ensure high load transfer capability betweeFOs
and host structure,minimally invasiveas well high accuracy of embeddksensors. As underlined
in Figure 2, four F®, equipped each with one FBGensor, are embedded from the blade root. The
sensors are placed atabout one third of the blade span. fie four application points within the
section are chosen as those with higher strains (twan suction and two on pressure side), so as to
maximize ther sensitivity and ther accuracy.
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All the aforementioned requirements are achievable with this layout ing a very small and
predictable fraction of the blade target mass and with little increase of the crossction stifness;
furthermore, the Rohacellexhibits good deformability properties if subjected to conveniently high
level of pressure, and resists ahigh cure temperature. On the other hand, it is necessary to pre
form the Rohacellbefore its inclusion in the model blade, as well as conveniently sized grooves
must be realized for housing the carbon spard4oreover, the high fragility of the material @quires
the use of appropriate techniques for its machining and handling during the lamination phase.
Finally, an uncured polymeric layer is used to cover the blade surface and to provide good and
smooth finishing by filling the Rohacelpore. At the sametime, it contributes to increase the
torsional stiffness with small effect on the bending stiffnesses. This solution allows to precisely
know the modest amount of mass added to the blade, which is not possible in the case, for
example, of manual applicatin of epoxy resin or similar; furthermore, during the curing process
the adhesive film becomes very fluid allowing its homogeneous distribution all over the blade
surface.

2.2.2 Material selection and characterization

The HM M50J 100 EU334 32.%% [4] unidirectional (UD) highmodulus graphite/epoxy prepreg
(layer thickness equal to 0.0903~mm) was selected for the production of the carbon spars on the
basis of its very high module to density ratio. With regard to the filler, Rohacell WF71 with nominal
density of 71 kg/m3 was chosen, which is a good compromise between low density and not
excessive cells size. For the external skin a film &cotch WeldE AF 163-2K [6], with nominal
thickness equal to 0.241 mm was used; this epoxy structural adhesive has a curingmperature
equal to that of the UD prepreg and its supporting carrier provides good drapability, which is
fundamental given the complex and doubly curved blade surface, avoiding, at the same time,
excessive deformation of the resin film during its apphtion on the blade surface.

The HM M50J and AF1632K mechanical properties were measured by performing standard
tensile tests on sample coupons of the materials, following the requirements imposed by ru|gp
and using aMT S793 Materials Test Machine. fie measured longitudinal tensile modulus in the
direction of the fiber orientationEss, the tensile modulus transverse to the fiber directiof:, the

in plane shear modulusG:i2 and the major Poisson raticQ2 of the HM M50Jand AF163-2K are
reported in Talte 2.

Table2 Measured mechanical properties of théiM M50Jand AF163-2K.

HM M50J AF 1632K
Ew [MP3 245019 2887
B [MP4 5936 2887
G[MPg 4151 1024
o) 0.324 0.41

As explaned in the following sectionthe Rohacellcore must be oversized in order to provide a
sufficient level of pressure during the curing process; consequently, the material density can be
much greater than the nominal one and variable along the blade spahhe characterization of the
Rohacell WF71mechanical properties was therefore done by realizing several specimens with
different density. Specimens with measured density equal to 72, 97 and 11Rg/m3 were
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produced with adhoc molds used to compress smalllbcks of different thickness into the desired
shape.

The specimen Young's and shear modulus are characterized as funetaf the temperature, using
the DMA 2980Dynamic Mechanical Analyzer. The rasured modulusis shown in Figure 3

175

— p=72Kg/m®
—— =97 Kg/m®

150 1 — p=110 Kg/m® | -

E,G [MPa]

20 40 60 80 100 120 140 160
T[°C]

Figure3 Rohacell WF71modulus as function of the specimen density and temperature.

2.2.3 Design optimization of the argotropic composite structure

The problem of sizing was performed by looking at the following objectives. First, thaect aero
elastic scaling, ie. the correct matching of the Lock Number and the lowebk non-dimensional
blade frequencies, i.ew ¥ w¥ fori=1:Ng, whereNsis an appropriate number that selects
all modes up to a certain frequency. Secondhe anisotropic composite structure should be
realized in a way of creating an effective beruvist coupling. The bendwist coupling is reached
by rotating the carbon fibers in the spar of a certain angle so as to guarantee a sufficient coupling,
guantified at section level with the coefficient O 70 0 (defined as in[30], where

0 is the local flapwise bending stiffness,0 the torsional one andv the coupled bend
twist stiffness).

The structural design of the blade is made byotving the aforementioned issues one per time. At
this purpose, a first sizing is made without bentivist coupling, ie. considering the carbon fibers in
the spar aligned with pitch axis. But given the different layout between the scaled blade and the
reference Dspar structure, the problem of matching many frequencies becomes hard and even
impossible. On the other hand, being the final purpose to demonstrate the capability of the bend
twist coupling in reducing the fatigue loads, it was considered enough match only the lowest
three frequencies, i.e. the first two flap modes and the first edge.

The structural design is made with a fast design tool that accounts for all the requirements listed
and, at the same time, to capture the local effects in comple8D structures made with anisotropic
composite materials. The approach here proposed is based on the works publishefili®,19] and
consists of a multilevel design procedure that conducts the design with a high level of integration
and automation. Figire 4 illustrates the proposed multlevel constrained structural design
optimization of the blade, which will be described in detail later on.
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As a starting point, a guess configuration of the blade structure is required at section level. The
primary design ariables are defined at selected spamvise sections while intermediate values are
interpolated using shape functions. Based on this, a beatike multibody model of the blade is
developed in theCpLambda multibody environment, and the automatic computationf the beam
eigenvalues allows the evaluation of the first three natural frequencies. The cost function is the
error on the edgewise stiffness (distributed along the blaelpan) with respect to the scaled
reference blade. The reason associated with the af this cost function is related to the chosen
airfoils, that being much thinner than those used in the target blade, the achievable ratio 7T

0 |, i.e the ratio between the blade edgaise and flapwise stiffness, will be greater than target
one. With this cost function, the optimization problem seeks the best configuration with the
minimum (unavoidable) descrepancy on thedgewise stiffness.

A 3D CAD model is than directly generated from the optimal blade geometry which precisely
accounts for all components of the blade (spar caps, external skiRphacellcore and blade root
insert) as well as their associated material pperties and laminate characteristics. The meshing
of the blade is performed with the commercial prprocessing softwareHyperMesh[7], which
provides macrebased facilities for automatic mesh generation, using either shell and solid
elements, and the subgquent export of the model data in the form of input files compatible with
various commercial FEM solvers.

The 3D FEM model provides the framework for a fitevel verification of the design constraints,

as the detailed model reveals effects that may havdéeen overlooked by the coarstevel
(multibody level) modeling. For example, local effects at regions with rapidly changing geometry in
the spanwise direction cannot be correctly represented by beam models. In case that constraint
violations are detectedat the finelevel, the coarse optimization loop is repeated with constraint
bounds that are tightened proportionally to the violation amount; coarse and fitevel iterations

are repeated until an optimal design satisfies all the constraint conditions aid finest description
level.
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Coarse-level optimization
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Figure4 Multi-level structural blade design tool

Coarselevel optimization

The numerical problem of finding the structural configuration to meet the design requiremeiiss
been formulated in orderto minimize differences between model and target edgeise bending
stiffness, subjected to some constraints.The corstrained optimization procedurerequires the
ability to define parametric beam models of the blade, as well as to numerically evaluate thade
natural frequencies. The beam models are based on the multibody formulation reviewed16].
The structural parameterization used by the optimization problem is based on detailed cross
sectional models of the blade at a certain number of spamise lacations; from these models,
equivalent cross sectional stiffness and inertial data are generated using the approach[a#],
which leads to the definition of the beam sectional data. The structural model of the blade

comprises the following elements:

91 a description of the external shape of the blade, which is obtained by providing the airfoil
data coordinates at each spamise location. This information, together with the curved
and twisted aerodynamic reference line and its associated chord length datallyudefines
the external blade geometry;

1 a description of the blade cross section and spawise internal geometry. The cross
section definition requires, at a number of stations along the span, to define the cherd
wise location, the chord extension and fbkness of the spars, as well as the thickness of
the external blade skin. The cross section is modeled using: 1) panels made of equivalent
materials for modeling the spars, which involves a discretization of the nifdckness line
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with 1D elements, and tke external skin; 2) 2D quad elements for modeling the Rohacell
core. The mesh density parameters are associated to the structural elements to support
the computation of beamlike equivalent structural bladeproperties.;

9 for each cross section, a descrippn of the layup of composite laminates of skin and
spars, together with the definition of all the necessary material properties. In this regard,
the carbon and skinglue properties are constant for each cross section, while the
Rohacellproperties may vay from section to section due to the fact thathe amount of
core compression, as explained hereinaftechanges along the blade span.

The codeANBA[24] is used for defining the structural and inertial characteristics of the cross
sections along the bla@ span, which are used as inputs for the definition of the beam model. The
computation of a possibly fully populated sectional stiffness matrix, which hence accounts for all
possible couplings (flagorsion, flaplag, extensiontorsion, etc.), is performedstarting from a
detailed finite element mesh of the cross section using the anisotropic beam theory. The analysis
also yields all other data of interest, including location of centroid and elastic center, orientation of
principal axes, sectional inertia ad mass. The analysis is conducted for each section along the
blade span, whose number and location can be selected by the user, in order to provide for an
accurate representation of the blade characteristics.

Finelevel check of the requirements confortity

The next step to the coarséevel optimization is checking the fulfillmento the design constraints,

i.e. natural frequencies and Lock number. This was done by performing structural analysis on a
detailed 3D FEM blade model. Indeed, the effect on bladstructural properties, produced by
regions with rapidly changing geometry in the spawise directioncannot be correctly represented

by beam models, which is used in the multibody environment.

Leading edge mid-thickness
skin surface

Carbon fiber spars mid- Blended surface

thickness surface

Trailing edge suction and
pressure side mid-thickness
skin surface

Figure5 NURBS surfaces for CADodel generation

For the FEM modeling of the blade, mitthickness layered shell elements are used for modeling
the gluemade blade skin and the carbon fiber reinforcements, while solid tetra elements are used
for modeling the Rohacell core and the metal @rt placed at the root of the blade during the
lamination process.
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The structural constraints are therefore investigated through the detailed 3D FEM model. The Lock
number is evaluated by looking at the flapping moment of inertia, while the blade modal
frequencies by performing a linear modal analysis MSC Nastran in the same way as described
for the coarse optimizer.

Since the mass distribution is directly moved into the 3D FEM environment from the multibody
model, no significant mismatches are expectedn terms of Lock number. If, instead, the
verification of the constraint conditions on the fine level model reveals that design inequalities on
frequency placement are not satisfied, a heuristic approach is applied in which the constraints are
modified proportionally to the violation amount.

2.2.4 Aeroelastic blades design with BTC

As previously mentioned, once designed the scaled blade, the next step is to generate a sufficient
bendtwist coupling by rotating the carbon fibers on the spars. For thisgpose, the best approach

is to introduce BTC to twist the blade sections so as to decrease the angle of attack, the so called
twist-to-feather concept shown in Figre 6, more suitable for load reduction applications, as
discussed in[18,29,30].

Twist-to-feather due to
bend-twist coupling

Carbon fiber direction in the
spars

Figure6 Coupling coefficient yas function of the carbon fiber rotatiori y_.

Fully coupled design, where fibers are rotated in the spar of an angle equal tg_.gnd for the
whole spanwise extension of the bladewas considered. Starting from the design of the blade

without coupling, the coefficient O F 0 U (defined as in[30], wherev is the local
flap-wise bending stiffness,0 the torsional one and0 the coupled bendtwist stiffness) was
computed with ANBAor several crosssections along the blade span and for different amount of
fibers rotation” y_4.

The design of the coupled blade was carried using the design tool previously dimmt, whose
working process is depicted if Fige 4. To better understand how the most suitable optimization
problem was figure out, the following considerations should be kept in mind:

1 From a design point of view, the rotation of the carbon fibers awapth the blade axis
leads mainly to a reduction of the oubf-plane bending stiffness; this wouldimply a
redesign of the spar in order to match with the scaling constraints;
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1 on the otherhand, as well explainechereinafter, the spars are manufactured wh an ad
hoc mold, thought to be flexible for the realization of spars with geneficy _tqriented
carbon fibers. This requets a constrained spasshape, ie. a constrained spar width and
chord wise position along the span;

1 since the width and tke chordwise position of the spar should be kept frozen for the
previous consideration, a redesign of the spars to compensate for the loss of the flap
bending stiffness would imply an increase of the spars thickness, which in turn would
bring to an increa® (even if moderate) of the blade weight and, therefore, a reduction of
the modes frequencies, which would require an increase of the bending stiffness to
compensate for it, with a consequent loss in matching the Lock number.

To account for all the aforerantioned considerations, the widthi /, and the chordwise
position i /# of the spars are not considered optimization variables anymore. They are taken
from the design of the scaled blade without bentwist coupling and added to the given datéist,
together with the carbon fibers orientationO  'YId "®#s i A H Ak . The design was

carried out constraining the placement of the blade natural frequencies and with the goal of
minimizing the Lock number misiatch due to the unavoidable increase of the spars thickness.

Few iterations of the overall algorithm were required until the finabofiguration was obtained.
Figure 7 shows the spar distribution along the span in terms of width, chowise position and
thickness, for the case with and without BTC.

In the case with BTC it is possible to observe that the thickness is increased to compensate for the
loss of stiffness due to the rotation of the fibers. The beam properties, including frequencies and
Lock Numker remain very close to the case without BTC, therefore the choice of freezing the spar
shape while leaving the thickness to be optimized igvealed to besuccessful. Table 3shows the
first three scaledup frequencies and the Lock number of the designetlade with BTC in
comparison to the RWT 5MW. The three natural frequencies are very close to the reference value,
since the differences are belovb%and still acceptable for our purpose.

—_—s W BTC (6___ =3 deg)
spar
4 | I — s, Wo BTC (¢___ =0 deg)

spar

120

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
n

Figure7 Dimensions of the spars along thepan for the scaled blade.
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Table 3 Computed frequencies of the scaledp designed blade (3D FEM analysis). A comparison with the
baseline.

Baseline BTC blade (scaled up)| Diff.
1stflapwise freq. 0.702 0.742 +5.7%
1stedgewisefreq. 1.088 1.137 +4.5%
2ndflapwise freq. 1.960 1.981 +1.0%
Lock number 21.79 20.25 6.9%

2.2.5 Blade manufacturing

The entire manufacturing process was set up for realizing, with a high level of reproducibility, good
quality blades capable tofulfill the design requirements. Since the shape of the blade in very
complex, as well as the technology was totally new, all possible critical asgeatere unknown.
Hence, the process was built step by step in order to acquire a certain confidence level of all
aspects. It was debugged by the realization of severabttapered and nottwisted specimen
samples with chord equal to 50 mm, equipped with two optical fibers and one GBsensor per
each. The specimen were designed with the design tool and then manufaated. Experimental
modal analyses were also seatip and performed in order to see if the manufacturing process was
capable to satisfy the design requirements. The results, compared with the design expectations,
showed a good quality of the process, since thmismatches in terms of frequencies were lower
than 6%

The final manufacturing process consists of the following parts:

1 Blade core shaping.The core part of the blade is made with RohaceWF 71 whose
defines the overall shape of the blade that should aich the designed geometry. For this
reason, the 3D CAD model was used to seed a CNC machine tool that provided for the
realization of the desired shape.The thickness distribution of the machined core is
slightly greater than the blade one. With this sttagem, once closed the mold, the core is
forced to lay in a lesser volume which results in an increase of tf®hacelldensity and
pressure that the core exerts on the inner mold surfaces. The mold is therefore put in the
hoven, and once the curing processeached the glass transition temperature, the inner
pressure favors the homogenous distribution of the resimyhich meanwhile become fluid
over the blade, providing good surface finishing. Furthermore, the core is conveniently
machined in order to create,over its external surface, the grooves where the carbon
spars werelaid down during the assembly process. In the end, the filler root is worked up
to allow the connection with a steel part, which wagpportunelyworked for housing the
pitch motor.

1 Carba fiber plies realization.The plies with carbon fiber rotated of 3 degs are produced
from the material roll and starting from the mathematics of the plies flat pattern, an
automatic cutting tools was used, which allows to obtain reproducible plies withgaod
finishing.

1 Spars lamination.This process is carried out before the final assembly, with the goal of
having the plies correctly stacked in accordance to the gipok. During the lamination
process the optical fibers are embedded between the two outgdies while the FBG
sensors are placed at the desired location, by means of a printout of the spar layout. The
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spars curing process is carried out through the aid of an dmc mold, specifically
designed to avoid damage of the optical fibers, as shown kigure 8.

Blade assembly.Once all the blade sulkzomponents are available, it was possible to
proceed with the final assembly and, immediately after, with the final curing process. An
aluminum alloy female mold, made up of two Computer Numerical Contrd@@NC)
machined and polished halves, was designed by taking into account for the thermal
expansion of the carbon fibers and the alloy itself. The two halves of the mold perfectly
match at the leading edge parting plane, while there is a small gap of 0.1~mnh the
trailing edge parting plane, so as to allow excess resin to squeeze out. Finally, some
support blocks allow the fixing of the blade root to the mold.

Once spread a thin layer of release agent on the mold, the assembly is characterized by the
phasesshown in Figire 9 and listed below:

1.

a thin film of glue is used for sticking together th&ohacellcore and the metal part on
which are assembled the bearings and the pitch motor;

both spars laminates are laid down on th&ohacellcore surfaces and a thirlayer of glue

is used to ensure the bonding between the two parts;

one single layer of glue is laid up over the core using the mold as support base, so as to
avoid breaking the fragile core; the resin film is laid on one side of the blade, wrapped
around the leading edge and then laid on the other side, so as to form a continuous and
homogeneous coating;

finally, such an artifact is placed over one half of the mold, with the second half
successively fixed to the first one using several uniformly spaced eas: in this way high
and uniform pressure is generated thanks to th&ohacell compression. The metal root
part is fixed, by means of small screws, at the mold support blocks, where small holes
allow the optical fibers to going out from the mold without caing damage.

21| Page

INNWIND.EUDeliverable 2.24,Manufactured and laboratory tested scaled blades and parts of the blade



Ad-hoc mold for
spar manufacturing

Optical fiber embedded
with FBG sensor

Printout of the
spar layout

Cured Spar

Optical fibers going-out
from the spar root

Figure8 The mold used for the spar curing process.

Once finished the assembly procedure the polymerization process takes place in the oven with
monitored temperature. At the end of the production process, modeBhishes are necessary to
obtain a highquality aeroelastic blade.

Blade assembly
before curing

Cured spar lying over
the Rohacell core Support blocks
used to fasten

the blade root

Assembly mold

Figure9 Blade subcomponents assembly.
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2.3 Testing and characterizatiorat PoliMI

This section describes the tests made for a complete characterization of thetor equipped with
scaled bendtwist coupled blades. The section is articulated by following: First, the structural
characterization of the blade is described, including the tests description and the results. Second,
a brief description of the scaled exgrimental facilities is made, which were useful to characterize
the rotor from the aerodynamic point of view. Third, the test for aerodynamic characterization are
described, before showing the results in terms of power coefficient and thrust coefficienhen,
the last part is dedicated to the application of the BTC technology in reducing the fatigue load.
There will be an exhaustive description of the configurations tested and a detailed analysis of the
results.

2.3.1 Structural characterization

The stuctural characterization is made at the blade level, once the realization process is
complete. The structural characterization consisted of the following iteris: verify the compliance
to the design requirements; . verify the modes frequencies and théock number; 2. verify the
presence of the benawist-coupling.

Experimental modalanalyses were carried out to characterize the dynamic properties. With a
certain level of confidence on the reproducibility of the manufacturing process, the test was
conducted on only one blade. The root was constrained rigidly to a steghde plate fixed to the
floor, thus ensuring a perfectly rigid constraint. The modal analysis was performed with the
procedure debugged through some samplspecimens and consisted in someimpact hammer
tests to excite the structure; then, through miniaturized and lightweight (0.5 CB 352C22
accelerometer and exciting the structure at almost 20 different locations using hammer
instrumented with a load cellPCB 086B03 (see Figire 10), was possible to reconstruct, with a
good accuracy, the eigeshape associated to oubf-plane and torsional modes.

—— g i . = i
" / | o a | Jmm——
Accelerometer
Ground
fixed plate

Figure10 Modal testing with hammer.

Based onthe measured Frequency Response Functions FRFsight outof-plane and torsional
natural frequencies] , related damping—and eigenvectorsF~, were identified, and two ifplane
natural frequencies with related dampingralues were observed, despite their eigeahape could
not be reconstructed with the used setup.
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Table4 Measured natural frequencies, and related damping, identified on the basis of the measured FRFs
and compared with the onecomputedon the 3D FEM model.

Mode o [Hz] } o i\i AfHz]| © [%] |[MAC
1stFlapwise 20.7 0.86 23.3 -11.2 0.99
1stEdgewise 33.73 - 35.7 5.6 -

2nd Flapwise 55.1 0.74 62.2 -11.4 0.978
2nd Edgewise 109.69 - 112.5 2.5 -

3rd Flapwise 115.9 0.85 132.5 -12.5 0.917
1stTorsional 155.5 1.52 162.1 4.1 0.563
4t Flapwise 194.2 1.25 227.5 -14.6 0.969
2ndTorsional 240.6 151 254 .4 5.4 0.539
5t Flapwise 286.8 1.35 335.5 -14.5 0.824
3rd Torsional 366.2 1.45 389.3 5.9 0.463

Tale 4 reports the comparison between the experimental and numerical naturftkquencies, as

well as the value of the MACKF hF ) operator, where F is the ith eigenvector
computed with the 3D FEM model. The comparison is quite satisfactory aedpecially the
measured eigenshape of the flap-wise modes well matches the corresponding numerical ones.
Also the numerical values of the natural pulsations of the torsional and edgése modes well
match the measured ones, while the 3D FEM model overestimates of around 15% the natural
frequencies of the flapwise modes.

Table5 Measured blade mass and center of gravity spamise position, variation with respect to the design

aQ iAd & 3 b 3 b 30 €b
1stBlade 76.7 190.6 +1.05 +3.38 -7.40
2ndBlade 76.5 190.5 +0.78 +3.32 -7.06
3rdBlade 76.0 191.2 +0.13 +3.70 7.14

To evaluate for Lock number mismatch, the three blades were checked in terms rokss
& and center of gravity spamwise positioni A Tale 5 reports the measurements adjusted by the
mass of the blade root steel part. The results effectivelyighlight the good reproducibility of the
manufacturing process and the good matctvith the design.

The static tests were performed witltwo main goals: 1. verifying the presence of the bergist
coupling; 2.calibrating the FBG sensors. The berwist coupling is verified by loading the blade
opportunely and evaluating the cinematic aupling between the flapping and the twisting. The
blade was fixed from its root at a rigid steahade structure and was equipped with four saddles
placed at # T M@ M&TB o8The blade was then rotated in a position with the suction side
facing down and the saddles in the horizontal position. Dead loads were applied at each saddle by
some hooks located at three different points: the central point aligned twithe pitch axis, while
the other two aligned respectively with the trailing edge and the leading edge. Three laser
LAS8010 displacement transducers were used at each saddle to measure the vertical and
horizontal deflections, as well as to evaluate the tsions. The blade was subjected to various
loads inducing either mostly pure flap or flapprsional deformations. For the pure flapvise tests
saddles were loaded at central point. Similarly, for the flaprsional tests, saddles were loaded at
both latera points, which result in a leading edge putlown case and a trailing edge pull down

24| Page
INNWIND.EUDeliverable 2.24,Manufactured and laboratory tested scaled blades and parts of the blade



case. Thus allows to separate the deformation due to the torsional flexibility from that one due to
bendtwist coupling.

For the calibration of the FBG sensors, additiohtests were needed. The blade is then rotated in

a vertical position, with the trailing edge facing down. Dead loads were applied at each saddle by
hooks located at a point aligned with the trailing edge.

Hook for dead loads
application

Figurell Static testing setup.

Figure 11 shows the static tests configurations, with the twelve laser installed to acquire the four
saddles displacements. Leftop picture shows tle setup for the flap tests, ie. with the blade
suction side facing down. In this configuratiorfor each saddle, two lasers were mounted at the
top of the castle, in order to acquire the vertical displacement of two distant points: in this way it
was possible to estimate the twisting of the blade at the saddle station by difference of the two
measures. A further laser is then mounted laterally to acquire the edge displacement. Riuy
picture shows the set-up for the edge tests, . with the blade trailing edge facing down. With the
same scope of estimating the twisting, for each saddle two lasengere mounted laterally, while for
capturing the edge displacement, one laser is used at the top. Léivttom and rightbottom
pictures show two flap test cases, respectively a leading edge pidiwn and a trailing edge pul
down.

|

Figure12 Leading edge puldown to the left side, Trailing edge putlown to the right side.
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Figure13 Leading edge puldown.
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Figure14 Trailing edge puldown.

The experiment seup was also moeled in the CpLambda multibody environment, by using the
blade design, while rigid bodies are used to model the saddles. All the tests were simulated and
the laser measurements opportunely reconstructed.

Figure 13-14 show the verticalYc at the left side, and thetorsion ¥ at right side, evaluated at
each saddle as the arctangent of the ratio between the two plane laser measurements
difference and the their interaxis. Twotest cases ae proposed here, respectivela leading edge
pull down and a trailing edge pll down case.

The comparison with the numerical displacements of the bealike multibody model highlights
some differences. The manufactured blade shows a higher tenderoytwist, especially for the
inner sections (around/ = 0.5). In the three tests the BTC twigb-feather is observed, since the
torsion for most of the span is always im pitch-up sense even when a leading edge pull is
applied.

Although the matching between experimental and simulated data, especiallyr fihe flap-wise
displacements, seems acceptable, an updating procedure for the beam like structural properties
is necessary in order to have a comprehensive validated model, which can capture correctly also
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the coupled bendtotwist behavior The updating procedure based on a system identification
approach is described A 2.3.1.1, Beam-like structural model identification

BeamHike structural model identification

Improving the fidelity of the blade beam structural model is a key aspect in order to obta
comprehensive validated model of any wind turbinén fact, although modern wind turbine models
are able to capture the coupled aergervostructural behavior of the machine, having a correct
tuning of structural (and aerodynamic) properties is still ahallenge. This issue becomes even
more pronounced when considering a complicated structural behavior like the one involved in BTC
blades.

From the structuralpoint of view, the BTC blade can be modetl with the geometrically exact
beam formulations[36] havingfully populated sectional stiffness matrices.

With the goal of updatingsuch structural beam properties so as to reduce the smathismatch
between measured and simulatedtorsion in Figure 13-14, an updating procedure has been
employed.

Using the mea ur ement s of the tests already described
(described in Ref. [37])has been carried out. Figure 15 and 16 show the agreement between
predicted and measured vertical displacemenand torsion for two trials, respectively aleading
edge pull down and a trailing edge pull dowrt is clear that the identified modelsolid red lines)is
improved with respect to the nominal baselinggreen dotted lines)and results to be well
correlated with themeasurements (triangle blue marlers) especially in the half outer part of the
blade. From the results obtained, it is possible to appreciate the goodness of the identified model
outputs and, on the other side, to assess the ability of the beam model employeddoaracterize

the behaviorof a BTC blade.
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Figure 15 Leading edge pulldown. Identification R
results.
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Figure 16 Trailing edge puldown. Identification results.

FBG sensors calibration

The FBG sensors were calibrated by using the aforementioned static tests, with the gofl
evaluating the loads in terms of bending moment at one third of the blade span.

In order to acquire all the FBG sensors through only one optical channel (requirement for wind
tunnel tests, as explained hereinafte), the four optical fibers embedded inthe blade were
connected to a miniaturized 4x1 optical coupler. The four FBG sensors work at different
wavelengths, respectively at 1582, 1564, 129 and 1547 nm. For this reason,the four signals
remain separated in the light beam thanks to the Wavelengtbivision Multiplexing (WDM).
Sensors were acquired by MICRON OPTICS SM13®errogator system at a sample rate of 1kHz.

The position of the sensors is known with an uncertaingtsc= N 10 mm. Since the sensors are
placed at approx./7 = 0.3 and the fou saddles at/ =[0.2,0.5,0.8,0.93], only the outer three were
loaded to this scopeTwelve load cases were acquired:

Threeflap (flap test config., central hook)
Threetrailing edge pulidown (flap test config., right hook)

Threeleading edge puldown (lap test config., left hook)
Threeedge (edge test config., edge hook)

=A =4 4 =4

For the twelve loads conditions, the associated flapise and edgewise bending moment
components at the sensor positios were evaluated, by accounting of its uncertaintgrsc Later,
the calibration problem of finding the two sets (one per each bending moment component) of four
weight coefficients associated to the four FBG outputs was formulated as two least squares
problems.

During the static test, oneFBGsignal was lost, therefoe the weight coefficient associated to that
measure was imposed null. The sensors position was estimated lat= 0.337. Tale 6 reports a
comparison between the applied loads and the estiates. The errors always remaibelow1.1%in
the flap direction and1.2%in the edge direction. The use of four signewould have guaranteed
more accuracy, anyway the results were consideredoughsatisfactory.
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Table6 Estimated dead loads witfFBGsensors in the static tests.

Load Case O [Nm] [0 [Nm]|a0 [%]|0 [Nm]| O  [Nm] |30  [%]
1stFlap 21714 21760 | 0.09 0 0.0130 -
2ndFlap 2.0225 2.0292 0.33 0 0.0125 -
31 Flap 0.7799 0.7748 0.65 0 -0.0202 -
1S'TE pulidown | 1.4623 1.4726 0.71 0 -0.0063 -
2nd TE pulidown | 1.6946 1.6895 0.30 0 -0.0205 -
34 TE pulidown |0.6570 0.6500 -1.06 0 0.0173 -
1S'LE pulidown | 1.4623 1.4469 -1.05 0 0.0467 -
2nd LE pulidown | 1.6946 1.6964 0.11 0 0.0193 -

3 LE pulidown |0.6570 0.6616 0.70 0 0.0021 -
1s'Edge 0 0.0019 - 4.6984 4.6991 0.02
2ndEdge 0 0.0039 |- 5.7655 5.7587 0.12
3Edge 0 0.085 - 1.6399 1.6594 1.19

2.3.2 Scaled wind tunnel facilities

In order to perform the aerodynamic and loads characterization, the three blades with BTC were
mounted on the hub of a scaled towenacelle system by two bearing, and a zetmcklash pitch
motor with built in relative encoder housed at the root is used for pitching. This system is realized
with the goal of supporting such activities of validating aeroelés models and control dws. All its
sub-components are also capable of representing the mutual interaction of aerodynamic, elastic
and inertial forces, as required by the scaling lows. Tlab7 reports the main geometrical
dimensions of the model.

Table7 Main dimensions of the wind turbine model.

Rotor diameter 1.913 m

Uptilt angle 6 A

Cone angle 4 A

Overhang a 80 mm
Nacelle height a4 90 mm
Nacelle width a4 90 mm
Nacelle length 4 215 mm
Tower height 1.723 m

The shaft is moured on other two bearings, held by a rectangular carrying box that features the
main structural member of the nacelle. Behind the nacelle carrying box, the three electronic
control boards of the pitch actuators are mounted on the shaft and therefore rotateith it. A 36-
channel slip ring occupies the aft part of the nacelle, held in place by a plate and connected to the
main carrying box by four rods. The tower is realized with a tube whose stiffness was designed so
that the first fore-aft and sideside natural frequencies of the nacelldower group of the scaled
model is close to the ones of the multmegawatt machines. At the top of the tower is housed the
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torque actuatorconnected to the shaft through a pair of conical spiral gears, with a reduction ratio
of 0.5.

At the towerbase, the model is mounted on a balance, that provides measurements of three force
and three moment components. Finally, aerodynamic covers of the nacelle and hub ensure a
satisfactory quality of the flow in the central rotor area. Ahe root of one blade, strain gauge
bridges provide measures of the bending moments and their output voltages are conditioned and
A/D converted by an electronic board placed in front of the rotor hub.

The presence of the 4x1 optical coupler (installed ia special composite reel frame on the rotor
hub) allows the transmission of the optical signals of the embedded FBGs from the rotating part to
the fixed one of the model through a special Fiber Optic Rotary Joint (FORJ) mounted coaxially with
the electricd sleep ring.

Hub components (Rotating):

« Blade root strain gauges board

« Optical fibers and FORJ
wrapped around the reel with
carbon fiber frame

* Reel cover

Cabinet components:

» DC power supply

» Torque actuator board

+ Bachmann M1

- pitch/torque control
demand

- model/wind tunnel sensor

readings

— e — Backside components:
SHPERLA G + Pitch actuators board (rotating

with shaft)

+ Optical encoder for azimuth
(rotating with shaft)

» Torque motor (housedin the
tower tip)

» Nacelle cover

Figure15 Wind turbine model with its main features.

Shaft strain gauges
with board

Onboardsensors providethe ability to measure, with sufficient accuracy, the aerodynamic torque
and the bending loads on the shaft by means of strain gauges, @8e output voltages are
conditioned and A/D converted by the electronic board placed among the rotor and the nacelle. An
optical rotary encoder disk dragged from the shaft, mounted behind the two bearings, provides for
rotor azimuth position. The model isontrolled by a hard reatime module implementing a
supervisor of the state machine and the pitctorque control laws. The control action is performed
by varying the blades pitch and the electrical torque provided by the generator. For each blade, the
pitch actuation is demanded to a small brushed motor driven by its own control board mounted on
the shaft and rotating with it. The feedback is based on the motor buitt encoder measures. The
torque actuation is instead provided by a brushless motor lodgéa the tower top and driven by a
4-quadrant control board, so as to allow the motor operating also as a generator. These actuation
devices enable the testing of modern control strategies with appropriate bandwidth and a
reasonable rendering of the principladynamic effects of servo actuators. The electrical onboard
sensors signals, together with the wind flow measurements from the wind tunnel, are sampled by
the analog acquisition modules of the industriaBachmann M1 hard-realtime system at the
sampling fequency of 250 Hz. The machine states and the pitébrque control laws are compiled
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to the M1 CPU while the control outputs, represented by pitch and torque demands, are sent to
the actuators control boards via the'l CANmodule.

The overall model is istrated in Figure 15, where the main features are highlighted.

The tests were performed in the wind tunnel of the Politecnico di Milano, arranged in a vertical
layout, whose Figre 16 shows theconfiguration for testing of wind turbine models. At the bimm
level, the aeronautical section was used for the aerodynamic characterization of the rotor. It is
featured of a low turbulence €0.1%) level and a wide flow velocity range (up to 55~m/sec), with a
cross sectional chamber oim x 3.84m. At the top level there isthe boundary layer section with a
wider cross area 0f13.84m x 3.84m and a length of 35n. This feature allows to perform tests
with low blockage effects. In this test chamber, that is mainly used for civil and wind engineering
applications, theboundary layer and the high turbulence levet25%) are introduced with the use

of appropriate turbulence generators installed at the inlet of the chamber. The dimensions of the
chamber allow testing of multiple wind turbines so as to be able to miulate wind farm
configurations

The wind tunnel is equipped with wide range of devices for measuring thleysical quantities of
the environment and for controlling the flow conditions, as well as with control rooms that allow to
supervise the models and conductig the tests.

)
— 0 e e T S T T T T
|

Remote Control Unit
» Management of experiment

f control logic,

Wind turbine sensor readings

Shaft torque-meter

choice

= Nacelle accelerometer

Wind tunnel sensor readings
= Wind speed

rimming mode: RPM regulation and pitch setting

Figure16 Wind tunnel layout with testing management system.

A Remote Control Unit is used for managing the model during the experiments through an GUI
interface directly linked to the Bachmann M1 of the model. Thaterface allows the visualizatin

of the main measurements, e. signals from shaft strain gauges, blade strain gauges, azimuth
position and rotor speed, pitch position, wind speed, environment temperature, density etc., but
also to switch among the seval operation modes. A wind tunnel operator is capable of controlling
the wind tunnel environment through the wind panel control unit.
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2.3.3 Aerodynamic characterization

A first test campaign was performed in the aeronautical section of tHeo | i vivhd &usnel, with
the goal of evaluating the aerodynamic characteristics of the model with the betwdst coupled
blades. This step was necessary for at least three reasons: 1. To evaluate the impact of the BTC
technology on the performances, mainly in terms gfower production capability and thrust; 2.
Creating the aerodynamic database that is useful for setting correctly the control strategy; 3.
Comparing the results with those obtained by simulating the multibody model in the numerical
environment.

The modelwas put in the test chamber on a 6 DOFs balance, used to acquire the thrust force. The
balance was installed on a turntable that allows for a precise orientation of the rotor in the airflow
direction. A laser system was used to align correctly the nosettee middle position of the flow
inlet section.

The camber was equipped with distributed pressure probes and temperature sensors, and a pitot
tube was installed in a position ahead of the model. While the thrust measurement was provided
by the balance, strén gauges on the shaft were used to acquire the torque. The torque and thrust
were evaluated in several static wind conditions, by combining different wind speeds, rotor speeds
and pitch angles, with the goal of characterizing thé K& and 6 -Ka curves in the following way:

where Tis the torque moment measured at the shaftf the thrust force, Kis the tip speed ratio,3
the density chamber,V the wind speed of the undisturbed flow, two iBmeters in front of the
turbine, R the radius of the rotor,Ais the cone angle of the rotor, whilg is the upHilt.

In order toset-up the test matrix, ie. to choose the wind speeds, the pitch angles and the TSRs for
testing, the CpLambda multibody simulation environment was used. This toppreviously usedto
perform the eigenvalues analysisand to compute the loads for the correct sizing of the sub
components of the scaled towenacelle system, for the hub, etg is based on finiteelement
multibody formulation (see[10] and references therein). The aeodynamic model consists in the
classical BEM method with corrections that account for unsteady phenomena. More details on
formulation and implementation can be found ifi15].

The experiment was fst performed in the multibody environment, in order to understand the most
significant K& points to be tested, so as to capture # maximum power coefficient, &. to find
which is the power production capability of the model. Then a testing grid wasetetined for the
wind tunnel tests. The results in terms of thrust and power coefficient are shown inuig 18, with
thick solid lines, both corrected frormon-negligible blockage effects(“ Y 70 =0.189) with
the disk actuator method pesented in[9]. The maximum power coefficient is approximately 0.39,
reached with tip speed ratio around 7.5 and blade pitch arounebA. The curves trendis in
accordance with those of the raltibody simulations, whoseresults are reported in the same
graphs in dotdashed lines, with a mismatch that becomes quite important at higher tip speed
ratios values and lowpitch angles. This mismatch iscaused by the differences between the
effective structural properties and those from the design (implemented in thaultibody model),
results in an increased torsion angléas also shown inFigure 13-14, where the higher tendency to
twist is visible for the beamlike model)and therefore the local incidence of the blade airfoils. For
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this reason, a complete identificabn of the blade structure would be helpful in order to have
better matching between simulations and experiments.

The power coefficient is compared with #t from a rigid rotor (RGD),8. without BTC, and with the
same diameter and blade shape, whoseesults are reported in Figre 17. This rotor, equipped
with lowlexible (without BTC) blades in carbon fibers, showed a maximum power coefficient of
about 0.4, reached with a tip speed ratio around 7.5, and with a pitch angle arourtl7A The
comparison highlights what was expected: the BTC does not affect the power production
capabilities, and the maximum performance is obtained at lower pitch angles, since the twist
feather reduces the local incidence of the blade airfoils.

ir 05

——=
—— 5=0
——g=5
——g =3

04r

03

03+ ——a=12
——a=1r

T 0A1F
02 FE———

0.1

i s s 1 8 9 w0 111 B R TR
A A
Figurel7 Aerodynamic characterization of the rotor with berwist coupling. Experimental with solid line vs.

numerical with dotdashed line.
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Figure18 Aerodynamic characterization of the rigid rotor without berdist coupling. Experimental with solid
line vs. numerical with dodashed line.

2.3.4 Loads characterization

A second test campaign was performed in the boundary layer section of e | i wihid @uisnel.
The goal of these tests were to characterize the model in tesnof fatigue loads, in order t@assess

the capability of the BTC. For this scope, realistic 'scaled' environment conditions are generated.
First, the use of a partialized wind tunnel engines power allows to reproduce a scaled atmospheric
boundary layer; seond, the use of the vortex generators at the inlet allowed the introduction of a
turbulence level between 8%and 8%, as requested by the international standards on the HAWT.
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« |PC for load alleviation + Rigid blades
+ Bend-twist coupled blades » Wake generator

Figure19 Partial wake tests configuration: RGD imdnt, BTC model in downwind position

Figure 19, shows the general arrangement of the tests. The scaled wind turbine with BTC is
mounted on the 6DOFs balance, fixed at the floor of the camber. By the use of the laser system,
an accurate alignment with thewind flow is guaranteed. In front of the model, approximately half
diameter ahead, a pitot tube was installed at the height of the hub, in order to measure the wind
speed. The cabinet providing the hardware equipment for the control system was also puthi@
test chamber far enough to not aerodynamically interface with the tests. A model with RGD blades
was put in test camber ahead at a distance of four diameters, with the scope of generate wake
conditions.

The 6DOFs balance was used to acquire the thriygshe bending moment and the yawing moment
at the tower root. The strain gauges at the shaft provided the torque and the bending moment
measurements, while theFBG sensors measured the loads of one blade at approximately one
third of the span.

The expennent consisted in several tests at different wind speeds and partial wake conditions,
with the goal of exploiting the loads in some relevant points of the operative envelope.

The wind turbine models were set in power production mode: from the knowledgettod rotor
aerodynamics it was possible to satp the controller. A lookup table is used for controlling the
generator torque in region Il, whose values are scheduled in function of the rotor speed, following

the feedforward low:"Y Q , where the constant™Q =" %o T is imposed
using the data of the rotor aerodynamics. In order to allow a smooth transition between region II
and region Ill, where the torque reached #rated value, a rotor speed PI controller witanti-wind-

up scheme within upper and lower bounds is implemented

In a similar manner was managedhe collective blade pitch control. In region Il the value of the
pitch is set to that allowing the maximum peer coefficient 6 , therefore assuring the
maximum aerodynamic performances. In region Ill the pitch motion is governed by the rotor speed
throw a PI controller withanti-wind-up scheme, permitting to reject the excessive wind power. The
maximum value is set tothe valuet [corresponding to the flag position, in order to allow the
recovery procedure from an emergency shutdowmable 8reports the values used for the control
system. The rated values are scaled from the NREL 5 MW wind turbine model.
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Table8 Models controller settings.

Model: RGD BTC
Rated wind speed 5.4 5.4
Rated rotor speed 380 380
Rated power 124.9 124.9
Rated torque 3.14 3.14
Torque LookUp™@Q [Nm/(rad/s)?] | 1.45x103 1.45x1073
Min. pitch T [deq] -1.7 5

Max. pitchi T[deg] 90 90

The downwind model was tested in several nmake/partial-wake conditions. For the navake
(NW) cases the upwind turbine was kept turned off and the rotor was invested by the turbulent
wind generated with thespires. Two wind speeds were used, 5 m/s and 6.5 m/s, corresponding
respectively to region Il and region Ill scenarios. For the parisdke (PW) cases the downwind
model was placed in four different positions away from the wake axis: By referring tourégl9,
0.30, 0.45, 0.60 and 0.75 diameters.

All the cases were tested twice, by then including the active individual pitch controller (IPC). In this
way it was also possible to verify the synergic effect of the integrated passive (BTC) / active (IPC)
load reduction systems.

For a comprehensive comparison and a complete load characterization, combined NW/PW tests
were also reconducted by placing anther RGD model in the downwind position, so as to have a
reference baseline.

Each test vas run for 60 secords. Figire 20 shows the mean power produced by the downwind
models in the test cases selected for the comparison. Blue bars represent the RGD model, the red
bars refer to the BTC, while the yellow bars are related to the hybrid model BTC+IPC. In these test
cases the mean power mismatch remains underda
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Figure20 Mean power produced by the downwind model.
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Fatigue loads

The BTC acts mainly on the fatigue loads. A comparison between the RGD and BTC models is first
carried out, then the hybrid BTC+IPC is also considered. The data related to the hub come from
the strain gauges at the shaft, while the tower loads are acquired through the balance. The BTC
blade loads coming from theFBGsensors are nextanalyzed by a comparison wit the hybrid
model. All the loads signals are prprocessed with a lowpass Butterworth filter of the 8th order

at a cutout frequency of 50 Hz, which is sufficient high to guarantee the spectra analysis for up to
the 8xRev.
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Figure21 NW Reg. Il test. Bending moment components on the shaft (rotating). Frequency response.

Figure 21-22-23 refer to the NW test case. Figure 2tepresents the frequency response of the
shaft bending moment in the direction of the computed highest Daage Equivalent Load (DEL).
Here, many characteristics of the models are highlighted. Looking at the RGD, marked with blue
line, the 1st and 2 xRev frequencies are clearly visible. The others emerging peaks are in
correspondence of the spurious tower fragencies: w , w ,w ¢ ,w o ,wherethe
tower frequencyw in sidesside direction is 7.8 Hz. In foraft direction the resonant frequency is
slightly higher (around 8.6 Hz), but is highly damped, and therefore the associatedik® do not
emerge. Looking at BTC model, marked with red line, most of the peaks associated to the tower
resonant frequency are not visible, therefore the BTC acts as a damper for them. It is also possible
to observe that the bending moment is mitigated & the bandwidth up to the first blades
flapping mode frequency (around 23z, higher with respect to the bench tests, because of the
centrifugal stiffening). This feature is quite understandable, because since the twist to feather
characteristic is relatel to the flapping, its effectiveness is guaranteed within the bandwidth
limited to the modal frequency. At the 1xRev the pealelated to the BTC seems higher. This
because the rotor weight with its arm with respect to the strain gaugégosition generates a
bending moment at this frequency. It was verified that by removing this load source from the
measures of both the RGD and the BTC models, the 1xRev peak of the latter becomes sloles.

is due to the fact that he BTC has the capability of mitigatindhé aerodynamidoad sources Since

at 1xRev the main aerodynamic load is the wind shear and is phased of ¥8@especting to the
rotor weight, whether the sensing point on the shaft is far enough from the hub, the two load
sources are similar in magnitudeand tend to compensate each other. When the wind shear effect
is lessened by the BTC, the rotor weight induced moment is not opposed anymore, causing an
increment of measured load.

The nodding and yawing moment, i.ethe hub bending moment components inhie fixed
reference system, are evaluated starting from the strain gauges of the shaft: the signals are first
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filtered from the mean value, which brought a little of rotor inertiainbalances therefore rotated

by using the transformation of coordinates it the fixed hub reference system. Fige 22 shows

the frequency response of the @mbined hub bending moment, (@. in the direction of the highest
DEL) in the fixed reference system. The direction of the combined moment is close to the nodding
direction for both the models. As expected, thhigher peaks are multiples of 3xRev frequencies.
Looking at the RGD model, there are some peaks corresponding to the 1xRev and 2xRev
frequencies due to some small pitchmisalignmentsand the turbulence instability, andhe peaks

at the tower resonant  frequency with related spurious atwv € . The BTC seems to damp
out some of the peaks and reduce the loads in almost over the spectrum.

Figure 23 reports the combined bending moment measured at the tower base. It should be
remarked that for tower base measures a notch filter was applied at 1xRev frequency with the
scope of not considering the rotor inertialinbalances on the DEL calculation. In this case the
direction of the combined moment between the two models is different. For thisason, the RGD
model manifestsa highertower sideside resonant frequency, since the direction is close to the
side-side component, while the spectrum of the BTC model shows higher loads component at
lower frequencies, being close to the fore aft directionAs shown hereinafter, the resulting fatigue
load appears to be lower in the cases with BTC.
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Figure22 NW Reg. Il test. Combined bending moment on the shaft (fixed). Frequency response.
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Figure23 NW Reg. Ill test. Combined bending moment at the tower base. Frequency response.
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Figure24 PW 0.60 D Reg. Il test. Shaft bending moment. Frequency response.

Figure 24reports the spectrum of the combined shaft bending moment fothe PW 0.60 D Reg. I
test. Here the load attenuation capability of the BTC seems to ssened at low frequencies, &.
behind the 2xRev frequency, but still remains important at higher frequencies (up to 23 Hz, where
the blades first flapping frequencys placed).
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Figure25 NW/PW tests. DEL results.

Figure 25 reports the amount of Damage Equivalent Load (DEL) and Actuator Duty Cycle (ADC)
reduction in all the test configurations considered. The DEL is calculated by applying Rainflow
counting algorithm. For the bending moment DEL (at the hub and tower root) the measures are
first projected in different directions over the section. Then, per each direction the DEL is
calculated and then the higher is selected, i.e. the DEhL the most critical direction. The results
related to the NW tests show important reductions (between 20% and 50%) for all the loads
considered, which translates in an increased lifgme of the components, and a significant saving

of ADC, denoting a goodynergy with the collective pitch system. The results related to the PW
tests confirm that the BTC effectiveness is here lessened. PW 0.60 D Reg. Il shows practically no
reduction on the rotating shaft bending moment DEL, since the low frequa@es loads canponent,

i.e. those with the higher load energy, are not touched by the BTC, which seems to be still effective
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in reducing the moments in the fixed reference system of around15%. PW 0.60 D Reg. Il and
PW 0.75 D Reg. Ill show similar results: in the caof PW 0.60 D Reg. lll the rotating shaft
bending moment is slightly increased, due to the higher 1xRev peak, while for the bending
moments in the fixed reference system a reduction of around D% is observed.

In all the cases there is an importanteduction on the shaft torque, which may also be translated

in an improved power quality.

As shown previously, the BTC has an intrinsic fatigue load reduction capability up to the blade first
flapping mode frequency. The twist to fear of the blade due the flapping deformations reduces
the effective angle of attack of the airfoils and therefore the excess aerodynamic load. It appears
that in some components, mitigating the aerodynamics may not be beneficial in terms of the
overall load. Indeed, it was radily demonstrated that in some cases the inertial loads, e. g. the
rotor weight, are also important and work in contrast to the aerodynamic ones, causing
drawbacks. As the BTC does not have the ability of rejecting the overall load, but the aerodynamic
only, a possible improvement of the load reduction capability is done by integrating with the IPC
active system, which is capable of sensing and rejecting the overall load sources.

The IPC implemented here has the primary goal of cutting out the 1xRev loadtlee shaft. The
implementation, whose details can be found ifi20], follows the method presented in13]. The
feedback here is taken from the shaft bending moment components, that are first rotated in the
fixed reference system and then filtered out fronpeaks over 0.5 Hz. For its intrinsic working
principle of cutting out the 1xRev, the active IPC system should show a good synergy with the BTC.

T T T

; ——RGD |
g ——BTC

—— *"W
N i Vid, F“" (ki

10 15 20 25 50
Frequency [Hz]

Figure 26 PW 0.60 D Reg. lll test with the hybrid BTC+IPC model. Shaft bending moménéquency
response.

“‘lr., 2 F|

Hub bending moment
(rotaing)[Nm]

In Figire 26 the frequency response of the shaft bending moment at PW 0.60 D Reg. Il case is
proposed with the hybrid BTC+IPC model. It is possible to see how the Ispdctrum is almost
overlapped to the BT@nly model, except at 1Rev, where the peak is canceled out. The synergic
effect of the BTC with the IPC is then clearly visible here. The 1xRev is the frequency where act
the most energetic load sources, therefore the effect on the fatigue is relevant. The synergy
determines aconsistent DEL reduction in the shaft bending moment, as shown in &g 27, with

also some little improvements on the other components, at the expenses of the increased ADC.
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Figure27 NW/PW testswith IPC DEL results.

Figure 28 shows the blade bending moment measured with th&BG sensors for the hybrid
BTC+IPC and the BFahly model. Here the multiples of the 1xRev are clearly visible up to the, 8
with also the first flapping frequency that is located at about 23 Hz. The spe are quite close
and the hybrid model seems to slightly mitigate in the overall.
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Figure28 PW 0.60 D Reg. lll test with the BTC and hybrid BTC+IPC model. Blade bending moment. Frequency

response.

The 1xRev is instead increask since the IPC system works with the goal of cutting out the 1xRev

load at the shaft, a possible way to do it would be to overload the blade so as to mitigate the
inertial load by increasing the aerodynamics. This way of working may impact on the blades

lifecycle, since the fatigue loads may be increased, as shown here byuFéy29, where in three
test configurations shows an increased DEL.
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Figure29 Blade bending moment DEL for BTC and the hybrid BTC+IPC model.

Possible ways @ mitigate this phenomenon are: 1) using the blade loads as feedback for the IPC,
instead of the shaft bending moments. This would require the installation of strain gauges at the
three blades root, that were not available for these tests. 2) Even when tlshaft bending
moments are used, tuning the IPC finely by looking also at the blade loads.

It should be remarked that the cost of using the IPC is an increasing of the ADC. Since the BTC
only helps to reduce the ADC, as shown in kig 26, a possible beter synergy could be reached

by tuning the IPC so as to fill this ADC margin done by the BTFOr this reason, further
experimental investigations are strongly recommended.

2.4 Modal andstatic testing of blade at DTU

2.4.1 Experimental modal analysis

Experimental modal analysis of one of the PoliMI blades was done at DTU usingaytec PSV 500
Scanning Laser VibrometelA laser Doppler vibrometer (LDV) is a scientific instrument that is used
to make noncontact vibration measurements of a surface. The dar beam from the LDV is
directed at the surface of interest, and the vibration amplitude and frequency are extracted from
the Doppler shift of the reflected laser beam frequency due to the motion of the surfeld§.

The blade was mounted on the speciabpt connection shaped plate provided by PoliMI, which
again was mounted on a block and a plate provided by DTU. Teamcrete slabswere used to
make boundary conditions very stable so only the blade will experience vibrations. S&pire30.
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Figure30 Blade test setup with piezoelectric actuator in front of root connection block and shaker on the
back of the root.

The blade was excitedvith white noise by placing a piezoelectriccauator on the rootconnection
block, but this setup was found not to provide enough energy the blade in order to make reliable
measurements In order to provide enough energythe blade was excited with white noise by
placing a shaker on the blade root.

In order to measure the Eigen frequencies and Eigen modes of the blade tlaser Doppler
vibrometer was scanning the blade and measuringibration amplitudes and frequencies at a
number of grid points along the blade. Two methods were used. One method (gwtiere the grid
points where placed in a grid over one side of the entire blade. And another method (lines) where
the grid points where placed in two lines on one side of the blade. Threduency response plot
using the grid methodcan be seen inFigure31.
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Figure31 Frequency response plot from laser Doppler vibrometer measurements using the grid method.

Thelaser Doppler vibrometergenerally measure theamplitudes and frequencies athe grid point
perpendicular to the surface and it is therefore difficult with the performed setup to measure
edgewise vibrations. Inrable9 is shown the measured Eigen frequencies using the grid and lines
methods. By looking at video of the grid point motions the modes corresponding to the Eigen
frequencies can be determined as listed inTable 9. As it is difficult to measure edgewise
vibrations with the performed setup tke first edgewise mode can only be seen as it couple with
flapwise motion. Some of the higher frequency modes cannot be determined due to the missing
edgewise component.

Table9 Measured natural frequencies using the grid and linesethods.

Mode Freq. [Hz] lines Freq. [Hz] grid
1st Flapwise 20.75 21.00

1st Edgewise 34.25 34.50

2nd Flapwise 55.00 55.00

? 78.25 79.75

3 Flapwise 110.75 110.25

1st Torsional 156.00

4t Flapwise 183.00 182.25

? 267.50 265.00

? 364.00 359.25

The st flapwise mode is shown irFigure32 using the grid method and irFigure33 using the lines
method. Figure 34 shows the It edgewise mode using the grid method-igure 35 shows the 2
flapwise mode andFigure36 the 1st torsional mode.
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Figure32 Plot of 1st flapwise mode using the grid method.
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Figure33 Plot of 1st flapwise mode using the lines method.

Band 2 21 Hz
Angle 59°
Index 368
Scan Point Mumber 368
Component Root
B Inst Value
9784 nm
Scan: Optimal

B Geom:  Calculated from 2D

B Focus No Focus
B Interp.: Valid
Direction +Z
2D Point
X 0.01160 m
Y: -019245 m
= -1.00000 m
D: 101842 m
Band1 2075 He
Angle 80°
Index 1
Scan Point Number 1
Component Root
B Inst Value
8513 um/s
Scan: Optimal
B Geom:  Calculated from 2D
B Focus: No Focus
B nterp. Valid
Direction +Z
2D Point
X 001942 m
¥ -0.20196 m
z -1.00000 m
D: 102037 m
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Figure 34 Plot of 1st edgewise mode using the grid method. Note that the edgewise mode couple with

flapwise motion.
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Figure35 Plot of 2d flapwise mode using the grid method.

Band 3 34.5 Hz
Angle 115°
Index 368
Scan Point Mumber 368
Component Root
B Inst Value
8500 nm

Scan: Optimal
B Geom:  Calculated from 20
B Focus: No Focus
B Interp.: Valid
Direction +Z
2D Point
X 001160 m
i 019245 m
z -1.00000 m
D: 1.01842 m

Band 4 55 Hz
Angle 12t
Index 368
Scan Point Mumber 368
Component Root
B nst. Value
17.80 nm

Scan: Optimal
B Geom:  Calculated from 2D
B Focus No Focus
B Interp: WValid
Direction +Z
2D Point
X 0.01160 m
v -0.19245 m
& -1.00000 m
D 1.01842 m
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Figure36 Plot of 1st torsional mode using the grid method.

2.4.2 Static tests

2.4.2.1 Test setup

Static tests on one of the PtiMI blades were done at DTU. The blade was mounted on the special
root connection Lshaped plate provided by PoliMI, which again was mounted on a block and a

Band7
Angle

Index

Scan Point Mumber
Component

B Inst Value

Scan:

B Geom:
B Focus:
B Interp.:

Direction

2D Point
X

Y:
Z
D:

156 Hz
bEi
368

368
Root

3.052 nm

Optimal

Calculated from 2D

Mo Focus

Walid
+Z

001160 m
-019245 m

-1.00000 m

1.01842 m

plate provided by DTU. The whole setup is then bolted to a large steel plate in the lab to obaain

almost perfectly rigid constraint SeeFigure39.

Loading of the blade was done using a specially designed system of two clamps and a frame. Due

to low magnitude of the applied loads the clamps were printed twi PLA material using a 3D

printer available at DTU. As the coupled response of the blade was of a primary interest, the

system of clamps is aimed at accurate application of bending moment and twisting to the blade.

The two clamps are designed to fit thehape of the blade and to be mounted at the following

positions: 714 mm from the blade rootd soc al | e d
Hereby,

cl ampo.

t he stance

oroot

of

clasopé@) | addoBédp
131 mm bet ween

application to 714 mm longpart of the blade by applying two opposite shear forces to the root and

tip clamps accordingly. The clamp design allowed for using them for torque and single shear force

application as well. The clamps are depicted igure37.
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(a) (b)

Figure37 3D model of load clamps. (a) Clamp top view. (b} Clamp positions on the blade.

A special load frame was developed in addition to the clamps to implement a special way of
bending momentapplication. In this configuration the frame is used to move the point of load
application at the clamp and create a pushing force in contrast to pulling force that is commonly
used. This configuration with one clamp with pulling and one clamp with pushifayce allows
alignment of the points of the two shear forces which prevents unwanted torque generated by this
couple of forces when blade starts to twist. The load configuration with two clamps and a frame is
shown inFigure38.

(@) (b)
Figure38 (a)- Load frame transferring the load application point from pressure side to suction side. )
Bending load case with load frame.

Loading is made through a thin carbon wire (Fire linepnnected to the loading clamps by a small
hook. The carbon wire runs through a low friction pulley connected to a steel bar on the wall in the
lab and dead weights are applied to the end of the carbon wire. This setup was made at two
opposite walls in tke lab with the blade mounted in the centre between these walls. Since the
distance between the wall and the blade is approximately 50 times bigger that the size of the
loading clamps, then the loading direction can be assumed to be the same independentdfere
the carbon wire is hooked to the loading clamps. This assumption is even more true for the blade
deflections as they are much smaller than the size of the loading clamps.

Deflections of the blade are measured by a Digital Image Correlation (DICYeys AnARAMIS 3D
12M system fromGOM mbHis used in this test campaign. The DIC system records the surfaafe
an object throughou the entire load history usingwo CCD camerasThe digital images are then
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used to measure the fullfield 3D displacementsof the object by digital image processing. An
example is shown irFigure40. Asan aid for the digial image processing, a speckl@attern (black
spray paint on a whitebackground)was applied to the surface of theobject. As we should not
paint the blade in this case, the specklgattern was applied to thin tape which then was applied
to the blade on the pressure side only.

Figure39 Static blade test setup with DIC camera boom in frant
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Figure40 3D view of DIC measurements on the blade surface. Bending load case.

-0.02
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2.4.2.2 Load cases

In this experimental test campaign 7 different load configurations are utilized to evaluate the
structural response of the blaé. These load configurations are the following:

Shear force bending by applying a point load

Shear force bending and torsion (counterclockwise) by applying a point load with an offset
Shear force bending and torsion (clockwise)by applying a point loadhvan offset

Pure bending towards suction side by applying a force couple

Pure bending towards suction side by applying a force couple and special loading frames
Pure torsion (counter clockwise)by applying a force couple around the blade axis

Pure torsian (clockwise)by applying a force couple around the blade axis

=4 =4 =4 -4 -8 -8 -9

The different load configurations are also shown iRigure 38 and Figure41. The pure bending
and torsion test was reproduced 3 times to ensure reproducibility. The thin tape with the painted
speckle pattern was gradually removed during these studies to evaluate if the tape had an
influence on the structural response.

and torsion counterclockwise. c) Pure torsion. d) Shear force bending and torsion clockwise.

2.4.2.3 Results

The objective with this experimenfawork is to create a comprehensive comparison bases for
models of the blade. In the different test a special focus was on the coupling between bending
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and torsion which is one of the reasons that pure bending and torsion is applied as the main load
configurations.

Shear force bending by applying a point load

In this load configuration was a point load of 3.338N applied 0.707m from the root. The load was
introduced at the middle of the load clamp, which is as close as possible to the blade pitch axis.
Based on the DIC results the-ydisplacements and the twist angle are plotted below.
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Figure42 Structural response of Shear force bending by applying a point load.

Comments

Based on the displacements response it @ns, in the particular loading direction, that the blade

is also loaded in the edgewise direction, as the blade deforms approximately 2.5mm in the y
direction (edgewise direction). The result of the twist angle is affect by noise but it can still clearly
be seen that the blade twists clockwise. The twist angle is very sensitive to the location of the
point load and therefore is the results of the twist angle subjected to significant uncertainties. The
sign of the twist angle fits with the results of theyre bending case where the special frames were
utilized. Furthermore, also a slightly bigger twist angle is observed in tbleckwise shear force
bending and torsion casethan in the counter clockwise load casewhich also would be expected
based on the results of this load case where the twist is clockwise.

Shear force bending and torsion (counter clockwise)

In this load configuration was a point load of 3.338N applied 0.707m from the root. This load was
introduced at the outer hole (towards the leding edge) creating @22 mm offset from the blade
pitch axis. This generates a combination of bending and torsiddased on the DIC results are the
y-z-displacements and the twist angle plotted below.
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Figure43 Structural response of Shear force bending and torsion (counter clockwise).

Comments

The yz displacement response of this load configuration is very similar to tB#ear force bending
load case. The blade twistcounter clockwise and the twist angle a 700mm &m the root is
appr oxi mately 6. 5E.
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Shear force bending and torsion (clockwise)

In this load configuration was a point load of 3.338N applied 0.707m from the root. This load
introduced at the outer hole (towards the trailing edge) creating22 mm offset from the bhde
axis. This generates a combination of bending and torsion. Based on the DIC results are the y
displacements and the twist angle plotted below.
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Figure44 Structural response of Shear force bending and torsionigckwise).

Comments

The yz displacement response of this load configuration is again very similar to tBaear force
bending load case. The blade twistcounter clockwise and the twist angle is approximate§ . 5 E
which is approximately E larger than the magnitude for the counter clockwise load case. This was
also expected as the blade twists approximatelyElclockwise in the Shear force bendingload
case were the load is assumed to be introduced at the blagetch axis.

Pure bending towards suction side by applying a force couple

In this load configuration was a force couple of 2.144N applied with an internal distance of 131
mm. The two loads were introduced at the middle of the two load clamps generatinga ur e
bendi ng m&.884 Nm.&s thefblade twists the loads will in theory move away from blade
axis and thereby create a small torsional moment as well. This is assumed to be small compared
to the main loading but can have an effect on the twist gte and will therefore be evaluated in
these studies. This will be performed by comparing the response of this load configuration with the
one where the special load frames are used. Based on the DIC results are thedjsplacements
and the twist angle pbtted below.
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Figure45 Structural response of the pure bending case.
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Comments

The yz displacement response of this load configuration is similar to tHeure bending casewere
the special frames are used The twi¢ angle on the other hand is very different and even has
opposite sign, as the blade in this load configuration twists counter clockwise while in the pure
bending case with the frame twists clockwise. In this setup the results are very sensitive to the
location of the loads with respect to the blade axis and furthermore as the blade starts twisting a
small torsional moment will be generated as the loads moves away from the blade axis.

Pure bending towards suction side by applying a force couple and spébimding frames

In this load configuration was a force couple of 2.144N applied with an internal distance of 131
mm. The two loads were introduced at the blade axis utilizing the special loading frames with is
designed to account for cross sectional roteons/twist and still applying only a pure bending
moment of -0.281 Nm. Based on the DIC results are theadisplacements and the twist angle
plotted below.
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Figure46 Structural response of the pure bending case thispecial loading frames.

Comments

The yz displacement response of this load configuration is similar to the previopsire bending
case without the specialloading frames. This setup was designed to limit the effect of the location
of the point loads wih respect to the blade axis and also to account for cross sectional rotations
during loading as stated above. In this load case the blade twist clockwise which is very different
from the results of the pure bending without the frames as a counter clockwisesponse was
observed during that test. It is assumed that the results of this load case a much more reliable
due to the abovementioned reasons. This particular load case was performed 3 times and was
found to be very reproducible.

Pure torsion (counterxlockwise) by applying a force couple around the blade axis

In this load configuration was a force couple of 2.677N applied with an internal distance of 44
mm around the blade axis at 0.707m from the root. These loads were introduced at the two outer
holes of the load lower clamp creating a counter clockwise torsional moment 0124 Nm.
Based on the DIC results are the-zrdisplacements and the twist angle plotted below.
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Figure47 Structural response of the purdorsion (counter clockwise).
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Comments

The yz displacement response of this load configuration is subjected to significant uncertainties
as displacements depend on where on the cross section they are reported. The flapwise

displacements in this load case ave the opposite sign compared to thg@ure torsion clockwise
load casewhich also fits with the expected results when the effect of the berdist-coupling is

taken into consideration.
In this | oad case the

bl

ade

t wiTketmagnitudewofithte emist ¢ | oc k wi s

angle fits well with the expected results if superposition of the twshear force bending and
torsion casesare utilized to compute the twist angel (need to account for different load levels).

Pure torsion (clockwisepy applying a force couple around the blade axis

In this load configuration was a force couple of 2.677N applied with an internal distance of 44
mm around the blade axis at 0.707m from the root. These loads were introduced at the two outer

holes of the loadlower clamp creating a clockwise torsional moment 60124 Nm. Based on the
DIC results are the y-displacements and the twist angle plotted below.
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Figure48 Structural response of the pure torsion (clockwise).

Comments

The yz displacement response of this load configuration is again subjected to significant

100

200 300 400 500 600 700

Blade span-wise position, mm

uncertainties as displacements depend on where on the cross section they are reported.
ade
smaller than expected if it is compared to th@ure torsion counter clockwise load casand it is
also too small if it compared with results from superposith of the twoshear force bending and

In this | oad case t he

torsion cases(need to account for different load levels). It is not clear what causes this deviation
between measured results and the expected results, but based on the study where the influence

bl

t wists ¢

of the painted tape wa evaluated it can be seen that the results a consistent.

Evaluation of the structural influence of the thin speckle pattern painted tape

Presented below are the results o$tudies performed to evaluate is the tape has a measurable

effect on the bendng or torsional stiffness.

| ock wi
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Figure49 Tape with stochastic pattern on the suction side of the blade. Full), half- (b) and quarter- (c) of
the blade surface is covered with tape to investigate effect bfade stiffening due to tape application.
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Figure50 Tape effect in bending load case.
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Figure51 Tape effect in torsion load case

Comments
Comparing the structural response fm the bending load case of the half and full tape it seem

that the influence is very limited. But some difference can be seen when the blade is tested with
only a quarter of the tape. The difference in bending displacements is below 10%. There might

also be an effect of the bending induced twist but that is more uncertain.
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Comparing the results of the torsion load case it seems that there is no effect on the twist angle.
But is looks like the tape has an effect on the twist induced bending.
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Evaluation ofthe effect of special loading frame
Below is a comparison between th@ure bending with and without the special loading frames
presented.
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Figure52 Effect of special loading frames

Comments

The yz displacement lesponse are not identical but still similar. On the other hand the twist angle
deviates a lot as expected as the loading without the frames very much depend on the location of
the point loads with respect to the blade axis and furthermore creates a torsarmoments as the
blade starts to twist. These problems with the pure bending load case seem to be overcome with
the new loading clamps/frames.

2.5 Comparison between DTU and POLIMI modal analyses

Experimental modal analyses were carried obbth at PdiMI and DTU. At PoliMI the experimental
modal response was measured byightweight (0.5 g) accelerometesr and an impact hammer
instrumented with a load celiwas usedto excite theblade. At DTU &canning Laser Vibrometer
was used to measure the modal rggonse and a shaker was used to excite the blade with white
noice.

The measurements from PoliMI and DTU are compared table 10 where the difference is
calculated relative to thePoliMI measurements. There is generally very good agreement for the
lower Eigen frequencies, while the difference is larger for the higher Eigen frequencies. As
discussed earlier it is difficult with the used setup with th&canning Laser Vibrometeto measure
edgewise vibrations. Therefore can some ttie higher frequency modesiot be determined due to
the missing edgewise componen(This is indicated with a question markn table 10 and the very
large difference in Eigen frequency in these cases is vdikely due to the fact that it is not the
same modes that are compared.

Table 10 Comparison of measured natural frequencies by PoliMI using and DTU using the grid method. The
difference is related to the PoliMI measurements.

Mode Freq. [Hz] PoliMI | Freq. [Hz] DTU Difference
1st Flapwise 20.7 21.00 1.4%

1st Edgewise 33.7 34.50 2.4%

2nd Flapwise 55.1 55.00 0.2%

2nd Edgewise/ ? 109.7 79.75 27.3%
3rd Flapwise 115.9 110.25 -4.9%

1st Torsional 155.5 156.00 0.3%

4t Flapwise 194.2 182.25 6.2%

2nd Torsional/ ? 240.6 265.00 10.1%

3rd Torsional/ ? 366.2 359.25 -1.9%
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2.6 Conclusions andecommendations

Adhoc design and manufacturing processes have been sep for the realization of scaled multi
megawatt blades with bendwist coupling, testable in the wind tunnel. The possibility of
embedding lowintrusive, highaccuracy FBG sensors with the scope of monitoring the load at
some stations along the blade span was also successfully exploited. The blade shape was chosen
S0 as to ninimize the reduction of the power conversion quality due to lower Reynolds numbers.
The blade layout was setip with the scope of allowing the design of the small structural
components for meeting the scaling requirements, and to facilitate the embedmeat the Fiber
Optic sensors. The structural design, prepared with a md#vel structural blade design tool,
showed good accuracy in matching the scaling requirements, since the errors of the scalpd
modal frequencies and the Lock Number remain below 7%0 evaluate the manufacturing, the
blade was characterized at bench, by the use of static tests both at PoliMI and DTU and by modal
tests with hammer at PoliMI and with a Scanning Laser Vibrometer at DTU. The modal analysis
shows the modal frequencies andhe Lock number remain close to design, with mismatches
around 10%. The two experimental modal methods generally showed very good agreement for the
lower Eigen frequencies, while the difference was larger for the higher Eigen frequencies. Some
uncertainty on defining the measured modes was observed between the two methods. The static
tests showed the twistto-feather capability evaluated through the Kinematic Coupling Coefficient.

It was encountered a more coupling in the manufactured blades with respect the design. To
quantify the mismatch an accurate characterization of the blade structural properties, i.e., the
identification of the mass distribution and the structural matrix of the blade beafike model will

be provided successively.

The FBG sensorsvere calibrated from the static tests by solving two least squares problems (one
per each bending moment direction), which allow to estimates also the FBGs position uncertainty.
The calibration showed an estimation error below 7% in the flapping directiand 8% in the edge
direction. The error is not particularly low, since the calibration was done on only three of the four
FBG sensors, due to the unavailability of one, but is considered enough for the goal of evaluating
the fatigue loads variation vs. dferent configurations.

The tests in the aeronautical section of GVPM showed little or no reduction in the power
coefficient for the rotor with BTC blades if compared with the one with identical shape but without
BTC. The main difference is the minimum Bective pitch, which is lower since the twist to feather
causes a higher effective angle of attack to the airfoils.

A tests campaign for assessing the load reduction capability was performed in the boundary layer
section of the GVPM. Some no wake/partislake conditions were tested. The model was tested in
three configurations: RGD, (i.e. with rigid blades), BTC, hybrid BTC+IPC (BTC blades and cyclic pitch
controller). Looking at the shaft and tower base bending moments, the BTC seemed capable of
mitigating the peaks within a bandwidth up to the first blade flapping frequency. The inertial loads
are not affected by the BTC, therefore their contribute may increase the peak at the 1xRev, and
hence the equivalent fatigue load the shaft bending moment. The hidb BTC+IPC model seemed

to recover this aspect since the 1xRev is caiut by the cyclic pitch control.

The cost of using the IPC is an increased ADC. The analysis of the blade load measured by the FBG
sensors conducted on the BTC and hybrid BTC+IPC medi#lowed that the IPC implemented here

by doing feedback on the shaft bending moments may have negative impact on the blades fatigue
loads.

A possible improvement would be a fine tuning of the IPC gains, by taking into account the impact
on the blade load and on the ADC increasing. May be of relevant interest to conduct a new test
campaign where the IPC is tuned so as to fill the ADC saving margin achieved by the BTC.
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3 MANUFACTURE AND TEST OF A MORPHING ARRE SECTION PROTOHYP
(UPATRAS)

This section gives a summary of the work performed by the University of Patras under the
framework of Task 2.2 of the INNWIND.EU project. A description of the conducted and ongoing
work is presented and the main results are provided.

3.1 Brief description of the work

The work described in this deliverable consists of two main parts: i) the experimental
characterization of Shape Memory Alloy (SMA) wire actuators and ii) the experimental
characterization of a scaled morphing section. The first part of the work includdsetmaterial
characterization of the SMA actuators in wire form. Both the mechanical properties and the
transformation related properties were extracted through isothermal and isobaric tests
respectively. Additional tests were performed to estimate the fgtie life of the material. To fulfil
this task, a special testing setup was designed and realized, able to operate in a temperature
range between subkambient (~0100°C) and elevated (~+150C) temperatures. A temperature
controller was used to drive the procgs by either keeping constant the temperature level or
performing thermal cycles under constant stress level. Custom fixtures were fabricated to realize
the experimental set up while Virtual Instrument developed in National Instrument LabVIEW
software werecollecting the experimental data through data acquisition systems. Post processing
of the acquired experimental data resulted in the SMA material properties.

The second part of this work consists of the manufacturing and testing of a scaled morphing
section prototype using SMA wire actuators. The design of the prototype is the outcome of the
D2.23 while a proper scale was selected in order to facilitate the manufacturing and the
laboratory testing. A special test jig was used for the prototype mounting lehhe instrumentation
required for the testing included a programmable power supply, a laser Doppler vibrometer for the
displacement recording and data acquisition systems. The morphing functionality of the prototype
was assessed under zero and representige aerodynamic loads.

Behaviour of Shape Memory Alloys

The special behaviour of SMAs relies on the solid state diffusionless martensitic transformation
which is activated either by thermal or mechanical loadinf9], [40]. During the martensitic
transformation the transition from the stable phase of austeniteA} to the stable phase of
martensite (M) occurs. Martensite is a low symmetry phase which is stable at low temperatures
while contrary the high symmetry phase of austenite is stable at high enough temperatures
[41].The transformation from austeniteto martensite can occur either through thermal or
mechanical load. While austenite is cooled below a critical temperature it transforms to twinned
martensite without any generation of macroscopic strain. Transformation of austenite to
detwinned martensitethrough mechanical load is accompanied by a large inelastic macroscopic
strain (>4%) that is not recovered upon unloading. Both these procedures are referred to as
forward or martensitic transformation. The transformation of martensite (either twinned or
detwinned) back to austenite can only occur through heating above a critical temperature. If
martensite is at detwinned form during this reverse transformation the inelastic strain, called
transformation strain, is recovered and the material gains its i configuration. The behaviour
described above is calledShape Memory Effect(SME) and is the one out of the two special
behaviours of SMAFigure 53 presents schematically the SME in stresd strain d temperature
space. Starting from austenitic phase (point A) the subsequently cooling of the material results in
the transformation to twinned martensite (point B) without generation of any macroscopic strain.
Loading of the material it makes it transform to detwinremartensite configuration (point C) with

a simultaneous strain generation. During unloading of the material the elastic strain is recovered
with no transformation process taking place (point D). The heating of the material above a certain
temperature transforms it back to austenite returning to its initial shape. In the case of
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constrained recovery, the exerted forces from the actuator to the interconnected structure can be
sufficient high to deform it. This effect is usually exploited for the design an@wklopment of
morphing structures.

i "

Detwinning

<

Heating/Recovery

Figure53: Representation of Shape Memory Effect

Pseudoelasticityis the second special behaviour related to Shape Memory Alloys, which effectively
results in its functionality as an actuatarlt is associated with recovery of the transformation strain
while temperature is above a specific value. Starting from austenitic phase, the material is
stressed and transformed to detwinned martensite developing the transformation strain. Upon
unloading the transformation strain is recovered and the material transforms back to austenite
gaining its initial shape. A schematic representation is showed Rigure54.
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Figure54: Representaton of pseudoelastic behaviour

3.2 Material characterization

The thermomechanical characterization of a SMA material requires special instrumentation and
fixtures to extract the distinct material properties. Although the characterization of these matesial

is based on the same principles with the tests on other common materials, their complex
thermomechanical response and its dependence on the loading path account for dedicated
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testing procedures. Special testing apparatus for SMA materials cannot be foundmarket, thus

two inthouse devises, oriented in testing SMA wires, were designed and manufactured. The first
one is an existing device that has been used by UPAT for material characterization in the past
(Figure136), but due to the limitations encountered a second device was designed to perform the
experiments needed in the framework of this project.

Both apparatuses were designed based mainly on research activitifs?]8[60] and partially on
ASTMstandards. It should be noted though that there no ASTM standards specially for SMA
materials characterization. Most of the available standards refer to medical devices and/or
surgical implants, but can provide an insight for testing procedures for theseatarials. Hereby the
main standards are listed:

1 ASTM F 200405 Standard Test Method for Determination of Transformation Temperature of
NickelTitanium Shape Memory Alloys by Thermal Analysis

1 ASTM F 200505 Standard Terminology for NickeTitanium Shape Merory Alloys

1 ASTM F 206305 Standard Specification for Wrought Nickdlitanium Shape Memory Alloys for
Medical Devices and Surgical Implants

1 ASTM F 263207 Standard Specification for Wrought Nickdlitanium Shape Memory Alloys
Tube for Medical Devices and Sgical Implants

1 ASTM F 208206 Standard Test Method for Determination of Transformation Temperature of
NickelTitanium Shape Memory Alloys by Bend and Free Recovery

1 ASTM F 251807el Standard Test Method for Tension Testing of NicKBitanium Superelastic
Materials

The material characterization of the SMA material requires testing in both saimbient and
elevated temperatures. In order to achieve sub ambient temperature a liquid nitrogen container of
35It capacity (Figure140) equipped with a regulating valve and an electieane was used. Heating
phase was achieved either by use of heating elements that heated the air inside the chamber or
by letting current pass through the specimens. For the first method a programioh& power supply
(Figure 143) was used while for the second a simple computer power supply was utilized. A
temperature controller equipped with PID and PLC unit&igure 141) was used to maintain
constant temperature for isothermal testing and perform the thermal cycles when required.
Special extensometersKigure148) capable to measure up to 25% strain at extreme temperature
conditions 265AC to +200°C) were also used. Additionally, a Laser Doppler VibrometEig(ire
133) was used to record the displacement of the wire due to transformation. In order to avoid
slippage of the 1mm diameter SM wire custom grips Kigure 146 and Figure 145) with special
configuration were designed and manufactured. Displacemenstrain and temperature were
monitored and recorded by using National Instrument (NI) signairditioning and DAQ cards as
well as special Virtual Instrument (VI) interfaces. The DAQ cards and NI equipment as well as all
the major experimental fixtures and equipment is described in Appendix A.
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3.2.1 Required experimental tests and testig setups

In this section the required testing procedures are described followed by the experimental setups
used for the extraction of materialds properties.

As mentioned in the previous sections, SMAs have two stable solid phases (Austenite and

Martensite) that present different and distinct thermemechanical properties. Transformation and

transition from one phase to the other is achieved through following particular thermomechanical

paths in the stresstemperature space. In order to characterize the traitton from one phase to

the other, temperature and stress threshold values must be derived. Furthermore, as the material

changes its behaviour through cyclic loading a stabilization (training) procedure is essential.

During the aforementioned procedure themat er i al 6 s properties stabilize
induced. Specific loading input leads to a specific output from the material. To acquire the full set

of material properties there are four categories of experimental tests that must be conducted and

can be summarized as follows:

1 Determination of zero stress transformation temperatures through Differential Scanning
Calorimetry (DSC)

1 Stabilization of material properties under cyclic isothermal or isobaric loading (training)
1 Isothermal mechanical loading
1 Isobaric thermal loading

Each test provides different information and is used for different properties extraction. It should be

noted that the stabilization of the material s prop
isobaric conditions accorihg to the further use of the material. If the SMA is used for actuation,

then the training procedure is performed under isobaric conditions.

All the experiments conducted on SMA wires in the framework of this project took place in the
facilities of Univesity of Patras using wire specimens extracted from an 80 m spool of NiTi bought
from Nimesis Technology.

Isothermal test setup

In order to perform the isothermal experiments a rectangular testing chamber insulated with stone
miner wool Figure) was fitted on the frame of a MTS universal testing machine. The chamber
provides the control volume for constant temperature conditions. Temperature is maintained in a
predefined value and controlled by a PLC and two diditeontrollers Eigure 138 and Figure).
Control input is the temperature which is obtained using Type K thermocouples and the output is
voltage which is applied to heatinginits. If cooling is needed the controller lets gases from the
liquid nitrogen supply to pass through a pipe suitable for transferring cryogenic fluids and cool the
control volume of the chamber. During this test the wire specimen is secured between thetoun
made grips Figure138) suitable for this device with the extensometeiF{gure148) attached and
the thermocouples securely glued on it with thermal conductive paste.
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Figure55: Isothermal testing (a) general setup and (b) internal view of the chamber

Isobaric and fatigue test setup

In the framework of this project two isobaric test setups were ed. The first setup includes the
rectangular testing chamber described in the previous section while the second one constitutes
an optimized version of this setup with improved capabilities. Figure 56 the existng general
setup of the isobaric experiment is outlined. The rectangular chamber is placed on the frame of a
tension machine. On this machine the fixed grip was also attached and secured. On the moving
grip an axle was fitted to provide the required configation for the suspension of the dead
weights. Configuration of measuring instruments and heating and cooling elements remained the
same inside the chamber. The dead weights were used to set the required stress level while the
controller was used to adjus the temperature by either activating the heating elements or by
letting gases of liquid nitrogen enter the chamber. Data acquisition was achieved using the
required cards and a proper VI of LabVIEW software.

Tension
Machine
Support
Frame
Chamber
Dead
Weights
Controller
DAQ Cards

Figure56: Existing isobaric testing general setup

The optimized version of the isobaric experimental setup was created in order to make better use
of the consumables (especially nitrogen) during cycling operations in order to increase the number
specimensthat can be tested simultaneously, reduce the control volume of the chamber and to
increase the number of testing cycles (duration of the experiment), in comparison to the existing
setup. The before mentioned aspects were crucial for the fatigue testinf®MAs as large number

of isobaric cycles was envisioned to be performed till failure of the specimen. Therefore, this
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compact testing device with improved operational characteristics was used to expedite the fatigue
testing procedure. InFigure57 a photorealistic view of the new testing device is presented.

Figure57: Photorealistic view of the new isobaric testing device

As it can be seen the configuration of the chamber is alterech this case the specimens are
placed horizontally and parallel to the ground level allowing the whole specimen to be under the
same temperature level. This proves to be a great improvement especially for determination of
SME where the changes in temperatarare slow. If the chamber has a vertical configuration and
the specimens are placed perpendicular to the ground level, then during slow temperature
changes the lighter hot air will accumulate on the top of the chamber while the heavier colder air
is accurnulated on the lower surface of the chamber which may lead in wide temperature
variations across the length of the specimen. When the specimen is under a wide temperature
variation across its length then it is possible to have a namiform presence of austnite and
martensite in its structure.

The horizontal layout of the chamber along with the most important components of the device is

outlined in Figure 58. All the parts are connected to a steel device plate thatrovides rigidity.

Again there are two custom made grips which are identic#digure 139) and can hold up to four

(4) wire specimens. Each grip is connected to an axle which have different length. The short axle is

fixed on the fixed end support while the axle which is longer is the moving axle that rests on two

(2) supports (indicat e dFigares58)0oTheoomumbergf tHe supporBwpsp or t s 6
set to two in orderto assist for the adequate alignment of the axle and its positioning to minimize

bending moments acting on the specimens. In each support, between the axle and the support

structure there are rings made of Teflon to minimize friction between the axle atie support and

also electrically insulate the parts in contact.

In this configuration isobaric loading is achieved by loading mechanically the wire rope that is fixed
on the end of the moving axle. To adequately adjust and align the wire rope a pullegiésed on a
frame with the capability to adjust its height. On the other end of the wire rope there is an axle
holding the dead weights during an isobaric test. For safety reasons there are secure lock plates. If
the specimens or other component fail the farementioned locks will stop the moving grip from
escaping the device and cause further damages or hurt laboratory personnel.
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Figure58: The main components of the new isobaric testing device

A major change on the new testinglevice is its chamber which is cylindrical and without any
insulation. The cylindrical shape offers better circulation of air when its flow gets through the inlet.
Moreover, plexiglass as a material can provide a level of thermal insulation as well as #&leal
insulation. Electrical insulation is crucial because the specimens are heated using Joule effect.
Joule heating is achieved by applying a voltage on the ends of the specimens. Due to the electrical
resistance of the SMA material the applied voltagereates an electrical current that passes
through the specimen and elevates its temperature.

It should be noted that there is no equipment inside the chamber except for the thermocouple
wires and the wires that are attached on the grips to create the voffa difference. The
aforementioned wires are passed through small holes created on the chamber parts. Additional
holes are created to fit the hoses for air inlet and air outlet. Because of the small space inside the
chamber there is no extensometer for stia measurement. The deformation of the specimens is
measured using telemetry methods. A laser Doppler vibrometer points on a surface of a part
(called oMeasurement Diskd6) pl Fgare5® the Measureneente n d
Disk is shown along with the other parts that are assembled together. The moving axle is
manufactured from stainless steel, a material that is electrically conductive, thus its end has to be
insulated. To electrically insulate the mving axle a Teflon insulation cap (yellow colour Figure
59) is connected with it. On this cap the measurement disk is mounted. The shape of the
measurement disk is designed in way that allows the laser beam thie laser vibrometer to track

it. Along with the Teflon insulation and the measurement disk there is also the load disk (dark red
colour in Figure59) which has a threaded protrusion to allow screw connection witie wire rope.

All of the three parts are connected together with three screws that secure them.
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Figure59: The attached parts on the end of moving axle

In Figure60 the experimental s¢up is summarized through a schematic representation. The main
controller is used to regulate the phases. Controller commands are transferred to two on/off
controllers that are responsible for the heating and cooling phaséleating is achieved through
electrical current provided by a power supply while cooling is performed using the nitrogen gases
from the LNG container. Finally, the isobaric conditionare achieved using dead weights
connected through wire rope with the specimen

Temperature DA/Q syftem

sensor ] I

A ———

Heating

Power Supply

I
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‘_ Dead weights for
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Temperature !j [y
’ s
: < aunn ]
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Figure60: Schematic representation of experimental setup
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3.2.2 Thermomechanical characterization

Differential Scanning Calorimetry

Differential Scanning Calorimetry is a basic step for the following experimental procedure as it
provides an estimation of the crucial temperature values that define the onset and the completion
of transformation processes and allows for the design of the whole testing campaign. A small
portion of SMA wire was cut and placed at the aluminium pan of theSD machine. The SMA
material was heated from room temperature up to 128C to recover any remaining strains.
Cooling down to-30AC the forward transformation of austenite to martensite occurs giving an

exothermal reaction. When the cooling has been completea heating up to 12°C follows to

provoke the reverse endothermic transformation from martensite to austenite. A peak with
opposite direction of the previous one is now generated. From these two peaks the transformation
temperatures were specified by usig the method of tangent lines. The heating and cooling rate
was set to be 10°C/min as proposed by ASTN61] standards while helium was used as the purge

gas for the sample chamber. IrFigure 61 the DSC test results can be shown whil&able 11

summarizes the cru@l transformation temperatures. The transformation temperature Mefers to

the temperature

where martensitic transtdther mat i

point where the transformation is completed. Respectively fefers to the critical tanperature for
the initiation of

rever se tr an sd tleertemperature whefe Mo A )
the transformation ends. The Rand R refer to the respective critical temperatures for the
transformation from austenite to the intermediate FBphase during specimen cooling.

Heat Flow (W/g)

0.4+

DSC
0.4
0.2 _
f
\ 4 Rs= .
| /\ Ri= 3428:C/n\ 40.14°C
- SN A et
STE M t3’0?'(: Ms=0.64°C — p—
0.0+ —— -
T N —A——————

Y > -
As= 5438°C  /aEgORC [ il

061 T T
-40 -20 0

20

40 50 80 100 120

Temperature (°C)

Figure61: DSC results
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Table1l1: DSC transformation temperatures

Transformation TemperaturesiC]
Ms 9.67

Mg 3.45

Ao 54.39

A 59.19

Rs 40.40

R 34.26

Stabilizatonof mat eri al 6s response (training procedure)

A SMA can exhibit repeatable shape changes when cyclic thermal load is applied under a constant
stress level. This behaviour is called Tweay Shape Memory Effect (TWSME). If the
thermomechanical loading is repated the microstructure is affected and will consequently affect
the observable macroscopic response. The recommended procedure for SMAs intended to be
used as actuators, entails the execution of numerous isobaric thermal cycles at a stress level
equal orgreater to the one foreseen to be developed during SMA operation in the application. Due
to this phenomenon the stabilization of a SMA is a required process that aims to saturate the
hysteretic behaviour of the material. The temperature range should ensuttee transformation
from the fully austenitic phase austenite to the fully martensite during cooling and the transition
from the fully martensite to fully austenite during heating. Depending on the alloy composition and
the maximum stress it is foreseentat t he mat eri al 6s response wil/l be
80-100 isobaric thermal cyclegLagoudas, 2008Hartl, Lagoudas, Calkins, & Mabe, 2010)

For the <character i zaes ant theodther maedriments antlied inptheoper t i
framework of this project a number of SMA wires has been trained. The total number of trained
wires depending on the type of use is summarized Trable12.

Table12: Summary of training procedures

Intended Usage Number of Specimen| Experimental Device
Wires Used

|l sobaric Experi ment|5 Rectangular Chamber

Characterization

| sot her mal Experi me|5 Rectangular Chamber

Characterization

Actuator Wires for the Prototype Operation 12 Cylindrical Chamber

Total Number of Trained Wires 22

In Figure 62 the variation diagrams of temperature Kigure 62a) and strain Figure 62b) with
respect to time are presented. Temperature limits were set to the controller a&0AC for the
cooling phase and +15@C for the heating phase. The three first cycles were cphated in a larger
time period because during the two first cooling phases the pipes transferring liquid nitrogen
gases had to reach a sulambient temperature. Moreover, as it can be observed iRigure 62b
maximumtransformation strain saturate in a certain level.
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Figure62: Diagrams of (a) temperature and (b) strain variation during a typical training procedt

The most indicdive diagram for a training procedure is the strain vs. temperature diagram which
is presented inFigure63. In this figure the first and the last cycle of the procedure are highlighted
with red and green colour rgpectively. During the first thermal cycle, only a partial recovery of the
strain generated during cooling is observed upon heating with some irrecoverable strain
generated during the cycle. It can be noticed that after the completion of a thermal cycleraall
amount of irrecoverable strain remains. This amount of permanent strain gradually decreases as
the cycles increase until it practically ceases to further accumulate.
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Figure63: Typical strain vstemperature curve of a training procedure

The number of cycles performed during training procedure and other information were obtained
automatically using an ishouse multipurpose Graphics User Interface (GUI) developed by UPAT
using MATLAB software.

Isothermal tests

Isothermal mechanical loading tests are required to extract the elastic properties of each stable
phase. Monotonic loading and unloading of the specimen is performed in temperatures lower than
Mt or higher than Ato determine either martersitic or austenitic response, respectively.

To extract the elastic properties of austenite a temperature level, 45 greater than the A
determined by the DSC was selected to ensure that the austenite elastic region will be a large part
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of the response duing loading. To avoid force jumps near the transformation region, displacement
control was selected for the loading with a strain rate of 0.01%. Such a low loading rate was
necessary to achieve isothermal conditions due to the endothermic/exothermic natucé the
phase transformations. InFigure 64 the response of the SMA during loading is depicted and the
elastic modulus of austenite is found to be ££66.2 GPa. Additionally, the ultimate stress of SMA
specimen unde this thermal conditions exceeds the stress levels of 780 MPa.

800

004 p
600

500

400 EA=66.2 GPA

300 4

Stress [MPa]

200 A

—aor0
100 4 T=85"C

Strain

Figure64: Isothermal testing for extraction of austenite elastic propertie:

The extraction of the martensite elastic modulus was perfoed under isothermal testing in sub
ambient conditions with a constant temperature o25AC. InFigure65 presents the stressd strain
response of the isothermal test. It must be noted that throughout the test thaterial remains at
the martensite phase, in twinned martensite form before the stress plateau initation and in
detwinned martensite form after the end of the stress plateau. Using tangent lines the elastic
modulus of martensite has be found to be almosthe same during loading and unloading (25.6
GPa for loading and 26.6 GPa for unloading) proving that the elastic properties of martensite are
independent of the orientation of its microstructure. The average valueM£6.1 GPa is
considered to be the finaimartensitic elastic modulus.
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Figure65: Isothermal testing for the extraction of martensite elastic properties

Isobaric tests

Out of the five (5) specimens that were trained for the extraction of theant er i al 6 s
during isobaric tests three (3) were selected as more suitable for further testing. These specimens
undergone thermal cycles under constant mechanical load using combinations of dead weights to
achieve five different stress levels. Theasses used for loading and the developed stress on the

propert

wire specimen of 0.5 mm radius are summarized ihable13.

Table13: Stress levels in Isobaric Tests

Level | Nominal Weighted Total Mass Force Developed
Mass Mass Stress
[kg] N]
[ka] [ka] (including connection parts E-m [MPa]
etc.) 97 =Fr@mr)
1 0 0 2.4 23.52 | 29.95
2 5 4.9 7.3 71.54 | 91.09
3 10 9.9 12.3 120.54 | 153.48
4 15 14.7 17.1 167.58 | 213.37
5 20 20.3 22.7 222.46 | 283.25

To address the transformation temperatures and determine the shape memory effect, the trained
specimens are subjected to thermal cycles under constant stress. During this experimental
procedure the variation rate of temperature is about & per minute.In Figure 66 a qualitative
thermal cycle under constant stress is presented. The cycle can be divided into two phases that
represent cooling and heating phase. Each phase presents two linear regions, one almostjbel

to the temperature axis and one after the initiation of the respective transformation. These linear
regions are indicated inFigure 66 using their tangent lines that are represented with red dashed
lines for the heating phase and with blue dashed lines for the cooling phase. The transformation
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temperature thresholds are calculated by addressing the junction points between the tangent
lines and by projecting each junction point on the horizontal axis as showrfFigure 66.

Fgure 66: Strain vs. Temperature graph under isobaric conditions

For each specimen the procedure included at least two thermal cycles to validate thaet
subsequent cycles coincide (no need for further training) and confirm that during these cycles the
extracted properties do not deviate. To extract the transformation temperatures, thehiouse GUI
was used for the experimental data of each specimen.

Twosuccessive thermal cycles under isobaric conditions (91.09 MPa) are presentedrigure67.
It is clear that the cycles coincide so no further training is needed.

Figure67: Typical Strain vs. Temperature curve for SME determinatic

Each cycle was isolated and processed to address the transformation temperature thresholds, the
slopes of the tangent lines of the linear regions of cooling and heating phase andotgate the
maximum transformation strain for the current stress level. IRigure 68 the separated phases
and the tangent lines of the considered linear regions are presented.
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