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List of Ab breviations

AAU Aalborg University
AEP Annual Energy Production
CBM Conditiortbased Maintenance

A maintenance strategy that recommends maintenance
actions based on the information on the current damage

severity.
CSssD Cross Section Shear Distortion
Cvi Close Visual Inspection

A close examination by visual and/or tactile means of an
installation, assembly or specific item to detect damage, failure
or irregularity.

DC Damage Category
Damage category is used to quantitatively characterize a
damage by its size

EUDP Energy Technology Development and Demonstration Program
FEM Finite Element Method
G2D Guide 2 Defect

! RFGlFolrasS GKFd O2ydalrAiya @ N
from inspection reports. The failures are organized in different
categories

GVI General visual inspection
A general examination by visual means of an interior or
exterior area, installation, assembly or specific item to detect
obvious damage, failure or irregularity.

ISP Independent Service Provider

LE Leading Edge
The front side of the cross section thafacing the wind

Stronger BldesMore energy



Bladena

Energiteknologisk udvikling og demonstration BLADE ENABLER

LTT

NDT

NREL
PM

PoD

o&M

RATZ

TE

TTL

WP
WT

Stronger

February2019

Leading Towards Trailing
The direction which points from the leading edge towards the
trailing edge

Nondestructive testing

Non-destructive testings commonly used to localize and size

defects in structures. The detection ability for the NDT method
is defined as a function of a defect size, through probability of
detection curves.

National Renewable Energy Labangt

Preventive Maintenare

PM is the planned maintenance of plant infrastructure and
equipment with the goal of improving equipment life by
preventing excess depreciation and impairment.

Probability of Detection

The probability ofdetection is used to quantify the abifitof a
non-destructive testing procedure for detecting a damage with
a given size. For wind turbine blades, there are a few- non
destructive testing procedures that are usually used.

Operation and Maintenance

Root Area Transition Zone
The zonebetween the root of the blade and the max chord
area

Trailing Edge

The back side of the cross section

Trailing Towards Leading

The direction which points from the trailing edge towards the
leading edge

Work Package
Wind Turbine
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2 Short description of project objective and results

2.1 English version

The main objective of the RATZproject has been todevelop anddemonstrate the
performance2 ¥ (G KS Cf 2 2whieh idiiSebdegozsfredgih@n the root transition
zone ofwind turbine blades and thereby mitigag the risk of damageglefectsandfailures in
this region. Three blades havieeen tested with and withouthe C f 2 gedhhology.

1. Fullscale testing of @SSP34m blade at Blaest
2. Fullscale testing of mLM58.7m blade at Blaest
3. Largesale testing of a SSP34m blade at DTU Maaital Engineering

The fullscaletests confirmed that citical damages in this region may in fact occur during

edgewise fatiguell SadAy3 FyR (KFG GKS dzasS 2F GKS Cf22N
damage progressn. Further, the results confirm the findings from field inspections aoohf

theoretical predidbns using advanced software tools.

The secondmain objective of theproject has been to developnethods to evaluate and
optimize O&M costs This part of theproject has involved representatives from the entire
value chain of the widh industry - WTOs, OEM<ertification bodies, ISPs, solution providers
and universities haveall come together.

The WTO Blade Group Network hparticipated actively duringhe project meetings,
workgroups and seminars. Focus has been on howntorparate combined loadingest
scenariosn the certification process artibw to useNDTmethodsto detect damages.

During this project, transverse cracks were studied with the cormiusiat they are highly
connected to panel bending. The largeale testingperformed at DTU showkthat torsional
load that arises from the combination of simultaneousyedand flapwise loading on wind
turbine blades, increases the eaf-plane bending ofhe trailing edge pressure side panels in
the max chord area with 57%. $Hinding is of key imprtance since it most likely is the main
reason why so relatively manyainsverse cracks are found in the field on blades in operation.

2.2 Dansk Version (Danish version)

Det primzere formal meddette RATprojekt har veeret atidvikle ogdemorstrere effekten af
Floom-teknologien, som tilsigter at styrke rdchansition zonen paindmgllevinger og derved
mindske risikoen for skadedefekter og svigt i denne regiohre vinger er blevet testet med
og uden Floox-teknologien.
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1. Fuldskalatestfeen SSP34m vinge hosaBst
2. Fuldskalatest af en LM58,7m vinge hos Blaest
3. Storskalatest afe SSP34m vinge hos DTU Mechanical Engineering

Fuldskalatestene bekreeftede, at kritiske ader kan faktisk opstd under kantvise
udmattelsesests, og det ved brug afFloom-teknologien er mligt at stoppe
skadesudviklingen. Derudover bekraefter resultaternedene fra feltundersggelser og fra
teoretiskeanalysemdfgrt ved brug alavancerede stfvare-veerktgijer.

Det andet hovedformal med projektet har vaeretat udvikle metoder til at evaluereog

optimere O&M udgifter. Denne del af projektet involverede repragaater fra hele
veerdikeeden inden for vindmglleindustrien 2 ¢ h QS NE  Qeftific@BINE L {t QS NE
lzsningsudbydere og universiteter er alle gaet sammen.

Vingegrupenetveerket af vindmgllejere har deltaget aktivt under projektmgder,
arbejdsgrupper og semamer. Fokus har veeret pa, hvordan man kan inkorporere
kombinerede belastningstestsscerarri certifikationsprocessen, og hvordan man kan bruge
NDTFmetoder til at gpdageskader.

Gennem pojekte, er transversle revner blevet analyseret og konklusemer at dsse er
relaterettil panel bwjning. Sor-skalatesten udfgrt paDTUviste at vridningslastersom opstar
fra en kombination af kant og flapvise Iaster pa vindmgllevinger, gger ud-af-plan hajning af

bagkanttryk pa side panetrne i maks korde omradet med 57%. Denne opdagelser et

hovedresultatda det sandsynligvis er hovedarsagirhvorfor sa relativi mangetransversile
revnerer fundet i felten pa vingei drift.
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3 Executive summary

In this project focus is on the Root Area Transition Zone (FARbotTransition zong The
RootTransition zonefeatures a complex geometry with taperinganels in different
directions This makes the trailing edge transition eorvuherable to outof-plane
deformations especially on mediugized to large bladed=ield damages in the trailing edge
transition zone have been observatid documented under bladinspections and damages
resulting in repeated repairs ocdung in the sane blade region during kade certfication
testing[1].

¢tKS O2yildAydz2dza AYyONBIaS Ay &A1 S Kl &,ahdasiAIYATAO
blades grow longerthe edgewise root bending momentacreases with the pwer of 4 due

to the increase inweight, if the theoretical scaling laws are usébe theoretical scaling laws

imply that the blade mass is scaled up with a power of thvdeen the blade length increases

[1], [2]. In practice, the industry has managed to optimize the blade weight, while the

edgewise loading is scaled up by a power of around 3.5. However, since the annuggl ene

production is scaled up by a power of two, a significant challengesafis very large bldes

in terms of failure, especially at the retfansition-zone.

LARGE Turbine XL Turbine
LARGE Problem XL Problem
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Figurel: As bladsgrow in size the structural failure modes beoe rapidly morecritical.

Thechallengesn the trailing edgeoot-transition zae is expected b grow as blades grow in
length and weight. The LM58.7m blade tested in this project can already be considered a
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small to mediumssized bladeWhen theblades ircrease in lengththe need for a solution to
accommodatehe increased fores inthe RootTransiton zoneis required

The RATZ project has demonstrated pro6D 2 y OSLIG F2NJ 4G KS Cf 22NM (SOKy
aSS1 G2 AYLX Syoluyodin de-Gesiglst ot Bladas working together with

manufactures and in selected caseas aretrofit solution in blades that have experienced

serious defects during operatign ¢ KS  dolftidan2dfférs a significant structural

enhancement of the trailing edge tratisin zone. In fact, similar enhancements have already

been deployed for man yeas in other indugties, such as ship building. Having achieved a

stronger RootTransition zone several opportunities openp to reduce production costs

and/or increase energyutput.

InFigure2the C f 2 gdhiologyowned by Blalena[3].

A¢tKS Cf22Nu GSOKyz2f23e

Floor™

Figure2: A) TheBladenaCt 2 #eblihologyworks as a horizontal sheaweb installed betweenthe aft shear web and the

trailing edge onthe Root NI yaA A2y 1 2yS 2F | ¢ kefdlitted idzdSEPB4N biadel Ithoddabseen. 0 Cf 2 2 NM
how the aft shear web spans out and connexctvith the trailing edge/blade root. C)C f 2 2 Nrofitied in an LM58.7m

blade.¢t KS NBGUNBFAGGSR Cf22NEu Ay G(KS {{tonY o0fFRS FtyR G(4KS [apy®TY
project [4] [5] [6].
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¢ KS Cfugpartdrhe cbmplex geometry in thRootTransitionzone and reduces local
deformationsof bending in the trailing edgpanel TheC f 2 2oNiion adds a smalamount

of material to the weight. Howeverthe increased structural streyth - provided by the

K 2 2-MNdplies that material can be taken out of the blade panels, the net result being that
the collective mass amount will ieduced With less materialni the blade theproduction

cost is expecteda be reduced, without includin the cost of the extraelement and extra
joint. Therefore,it is expected that manufacturers will be interested in discussing-aost
projectswith Bladena, usinthe C f 2 gedhibplogy.

The structural reinforcement of thRmt-Transitionzonewould allowfor a wider max chord
design, thereby increasing power output of the wind turbifide increased aerodynamic
output is not part of this project, but theoretically should be posble to increase the AEP
with up to 6%, sed-igure3.

Generic trailing edge

Increased chord (nW

Srailling;cage position) /é Theoretical design curve of the chord

P distribution in the transition area

Figure3: The max chord itself can be increased in width and/or the max chord can be moved closer to the blade root. Both
solutions will result ina higher AEP.

Together withLM Wind Poweland Blaest Blade test centerin Aallorg, Denmark Blagna
has carried ouf full-scale teston an SSP34m blade andh&M58.7m bladewith edgewise
fatigue loadd4] [6]. The first blade to be tested was the SSP34m blade afigire4 the
damage developed during testtine RootTransition zone can be seen.
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Spot 23.2

SELIR
Dist = 4.6 Trefl = 20.0 € = 0.95

Figure4: Lft: Damage on th&sSP3slade, obseved by visual inspection. Right: Thermographic photo of the same damage.
The temperature at the damage location has been greatly increased.

The LM58.7m blade was severely otested to obtain the TE damage needed to
demonstrate the function bthe floor. Thus, the blade has shown sufficient strength to pass
certification test bad kvel. The blade pgormance was monitored byisual inspectiorand
thermographic inspection performed by Blaest as well as Ultra Sound Scanning performed by
Force €chnology.Damages developed during fatigue in the predicted area in trailing edge
transition zone, sed-igure5.

A)
Damages Max chord
14.5m
%8m —
B) C)

Fig.: TE seen from the inside, at z = 8m

Eig.: Thermographic image of TE seen from the inside
atz=8m

1830000 cycles

(o

S ————— 1902000 cycles

The photo shows higher
material temperature in
this area of the blade,
indicating damages in

7| the composite.

Figure5: A) The FEM model ofraLM58.7m blade shows the blade fromoot to beyond max chad. Damages at the trailing
edge of the LM58.7m blade werfound at 6m and 8m from the blade rootB) Visual inspection of the blade shows damage
grows on the LM58.7m blade tested in Blaest with high fatigue loa@Thermographidnspection confirms acivity inside the
blade material resulting in heated areas
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After damages had been observéd the LM68.7m bladet KS Cf 22 Nu ¢l & Ayadl ft
blade and theedgewise fatigue loading was continued fomother 1 million cycles. Durmn

this extended testingthe progression of the damage was stopped, demonstgathat the

Ct22Nx LINB@Syida RIYIFI3IS INRPGgUK Ay GKS (GNFXAfAyS3

As part of thestandardization work package a faftale test with a high static combined
loading (combination offlap- and edgewise load)as been performed on the LM58.7m blade,
seeFigure6.

Fo e
S = 1

. i ;5 £ S | i
Figure6: A) and B)The full LM58.7m blade can be seen with clamps in the outer 40% of the8. Kb blade. The blades
angled to accommodate the combined edge/flap load towards the flo@) Red arrows are showing the force directions
working on the clamps (by means of wirgs

Combined loading is intended to simulate the réife extreme load sceario of the blade.
TheLINAYOALX S 2F GKS O2Y0oAYySR f2FRAYy3a GSad Aa A
which a group of large WTOs are workingmmw. Today, the certificatiobest requirements
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do not require tests with combined loading. The purpa$ehe combined statidest was to

see if a mediunsized blade as the LM58.7m can withstand a static combined high load. The
test setup has included the criteria, that the blade hade able to locally deform freely as it
would under field operation. Th&€M587m blade succeedkin maintaining its structural
integrity during a series of combined loading tests. This shows that it is a feasible task to
demand combined load teisty of wind turbine blades as part or adth to the certification
process.

At DTUMechanical Engineeringn extensivesub-structural testof a 15m blade section oina
SSP34m blade has been performiadthe DTU Structural Lab test facilities at DTU Lyngby
Campuslin addition to the fatigue testing of a blade section with and withtingt Floom, the
large-scaletest hasalsobeen used to apply an advanced loading setapsisting of hydraulic
actuatorsapplied at the cut blade cross section, see FigurEhrs setumllowsmimickingof a
range ofextreme and advancedoading conditions, wich @an be challengingo apply in
conventional fullscaleblade test centres, especially for large bladébe bas largescale
test setup can be seen Figure?.

A) B)
Vertical

strong wall » bulkhead

» moment lever

15m substructure
of the SSBAM
wind turbine blade

Actuator A

Figure7: A) The 15m bladeestion of an SSP34m blale is fixed at the rootfrom two concrete towersconnected with an
anchor plate B) Atthe 15m bladesection three actuators are connected to the bladesingan insert into the spatbox of the
blade. The actuators can introduce argombination of edgewise flapwise and torsional forces on the blade.

The largescale method of limiting the blade testing to the inner structural section of the
blade and the mechdoal load application methodising structural actuatorsvill possiby
proveto be a big astantagefor test centresregardingfuture testing of large blades. By only
testing the inner structural blade sectipiiree immediate advantages are prominent:
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1) It will be easier andnore cost effectivéo handle a blade section than a fblade.

2) The mehanicalload applicatiorusing structural actuatorsanapplyany combinatiorof
edgewise, flapwise and torsional loads. This is not possible with conventiocigdrex
based fatigue loading.

3) The inner structural blade sectionughere most critical bladedamagesdevelop due to
the root-bending moment scales up faster than the mass increasd thereforg it isthe
root/transition zonethat needs to undergo extengwesting.

Furthermore, on a longer time perspective, the possibility tplg@ny combination ofloads

at the blade crossection using structural actuatqrasseenin Figure 7, will make it possible

to apply advanced hybrid testing technolofyy blade testing, where the outer part of the
blade is simulated by a numerical madeth potentially any loadingcondition applied. The
simulation modelrepresenting the outer blade regidn a hybrid testjs activelycontrolling

the structural actuators usingnput from sensors applied on the inner blade sectimging
physically testd bythe actuators. Hrid testing will therefore maket possible to test a
blade section under any arbitrary loading on the full blade. The hybrid testing technology has
also be@ a part of the RATZ projeatvhere the technology has been further devedapfor

blade testing. Erther details have beedocumented in academic journal papers.

Defects and damages in the transition zone may during operation develop and ultimately

resultin failures requiring exchange of the blade. Proactive and preventive gtisps and
maintenancecan be a cosgffective approach to mitigate defects and damag&fth the aim

to develop methods and tools to minimize the coftsinspections, maintenanceepairs and

replacement of wind turbine bladeshe work in the Cost an®eliaility work packag has

YFEAyte 0SSy NBfFGSR (2 GKS LI O1F3S WwWhusdiiAYAT SR
8.

Simulation &

Testing - \ﬁ" ‘%@é
AT A WTGParks %,
= - g LESS RISK
Iﬁl | Cost and C %
0il &Gas 3¢ Reliabilit
ot Packagev o Data LOW COST
Ail’% Experience Bladena SN .

Pool of knowledge . <

i [
Nautic EE‘._J_L%‘ 0%

Figure8: The motivation behind the Cost and Reliability package. A sfiecsue can have diffrent solutions and strategies to
obtain the best outcome in terms of technical but also cost efficiency. The development of the packagetaim®cess an
issue with respect to technical assessment and cost and risk performanceyder to offer the useran optimized strategy
both in technical terms but also in cost and risk.
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RELIABILITY is an important part of the Cost and Reliability wokkgea Developnré of
cracks and damages as function of time is subject to uncertaintythemefore a probabilitc
model is needed to describe this randdmehaviour Two approaches have been considered

in this project, namely a probabilistic fracture ofanics approachand a reliability model
based on a discrete Markov Chain modelling. Tharkdv Chain model hashe advantage

that it can easily be related to the discrete damage categorization used by many wind turbine
owners. The disadvantage is thatcbua model onlyapproximately can represent time
invariant uncertainties, e.g. model uncaimtities, which on the ther hand is possible by the
more complicated probabilistic fracture mechanics model. A methodology is developed to
calibrate the transition mbabilities in the Markov Chain model using theoretical
considerations from fracture mechics and data from the inspection database
Guide2Defect. Using the Markov Chain reliabifitgdel, it is possible to simulate lifetime
realizations of cracks / damag which can beised for decision making as described in the
following.

A framework for casoptimal decision makig with respect to planning of inspections and
maintenance is developed and implemented for illustration in a tool. The approach is that
different  strategies for inspection type and time intervals and for
maintenance/repair/replacemat are selected, sed-igure 9. For each of the strategies a
generic COST rde is available for cost related to inspections, downtime, repairs, etc. The
theoretical basis for the approach is the-salled preposterior Bayesian dé&ion making
which is sed in other industries such as fQil&Gas offshore platforms for cosiptimal
planning of inspections.

3 Sz
r\"o@\ ) %)‘ f
/P & % r’ju 60}29 |
& . N
‘ Retrofit Normal
) soelurtﬁio‘n repair - Sl
% Custom
Strategy B
’ﬁ [— Service data Cost and Maintenance —
_}F\ /\ Rehab”_“:y Strategies Strategy C
WTG Parks Package o \g /&Ll%r:cahsgﬁs WTG Parks  StisteayD
g urbine 2
\/%s n’>>\’

Figure9: The Costand reliability package receives data from the wind turbine fields throu@uide2Defect The Cosand
reliability package can be used to estimate the most cost optimal strategies for specific wind turbine fields. Bladena gather
knowledge not only fom the wind industry but also from other industries such as oil and gas, the aifcend the marine
industry. The structural knowledge from Bladena are part of the building tools in the Cost and reliability package.

Combining simulations of a large nunib® redizations ofpotential damages / cracks with
the selected strategies for #pectons and repairsrad the cost models the expected total
costs in the remaining lifetime can be estimated, and the optimal strategy is the one with the
lowest expected a@sts.
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Case studies illustrating the potentials of the cost and reliability pacisdeveloped. Some

of the applications of the package are to support decisions on which inspection method to
choose accounting for the cost and reliability of the inspetinethad, how long inspection

time intervals can be used without increasing theimt@nance costs too mutg; and which
maintenance and repair strategy to use. It is also possible to simulate a strategy where no
inspections and no maintenance are performeahd theeby estimate the Value of
Information (Vol) obtained by a selected inspentand maintenance sategy.

In addition to data sets of inspected damages with associated repairs, theoretical
deterministic models based on fractumechanics, able to predidhe damage size and
criticality, can also be used both to predict the cality of a specific daage at a certain
point in time for a single blade, but when combined with reliability and risk analysis such
models can be used tdevelop probabilistic dange assessment procedures, which are
generic and able to be applied for abkadetype and operatioal profile.

The work associated with damage tolerance in the RATZ project has been aimed at two
different main focus areas, but vehe all activities have b@eon a preliminary investigative
level. The focus areas include:

1) Doing prdéiminary nvestigationson the use offracture mechanics for the analysis of
damage tdéerance for desigrof new blades, as well adamageassessment oblades in
operationexposed ¢ in-service damage, linked teew bladedesignstandards from DNV
GL2015 which have opened upof an optional use ofracture mechanic§7]. Theactual
work in the RATZhas been aimed at determining suitable fracture chagsigation
methods forsandwich face/core interfaces (as an example), as ageleveloping analysi
models and validating these models against component andséale tests in close
cooperation with tle work package on sutomponent/structural test.

2) Initiating work on simplified fracture mechanit@sed models, which are suffaitly
simple, so thathiey can be used in connection with reliability and risk analysis. The work
has been carried out in coopegion with the work package ocost andreliability analysis
and hasbeen initiated based on existing analytidéedcture modelsfrom the literature
and are still ongoing.
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4  Project objectives

4.1 Main project objectives and implementation
The main activities in the RATZ project include five areas:

Test anddemonstration2 ¥ G KS Cf 22Nu GSOKy2ft 238
Standardization and combined loads

Fracure mechanics modkng and testing

Cost and reliability strategy development

Knowledge platform for the \ae chain

A

Test and demonstration o f the FloorE technology

The mainobjectiveA y (G KS w! ¢% LINRP2SOG KI & teohbdlody a2 RSY2y &
solution to structual challenges in the root area transition zof@o wind turbine blades, a

34m bladefrom SSRind a 58.7m bladéom LM Wind Powerhave been tested at Blaketest

center. Both blades have been tested in edgewistigue testswith and wA (G K2 dzi (G KS Cf 22
installed.

Furthermore, a secon@SP34m blade has been testedhin largescale testfacilities (DTU
Structural Labat DTU Mechnical Engineeringn at DTULyngbyCampus This blade was also
6§SaGSR 6A0K | yR ade uak @sivéxpoSdd Hafighddcads bt the tesony
also included several different load combinations.

The obgctive of thethree fatigue blade tests has been to demonstrate ththe Cf 2 2 NMu
significantlyreinforces the transition zone irblades, which castitute a challengingart of

the blades. Further, to demonstrate that th@f 2 2 N s lalNiie @&nAdes inhe blade
shells and if such damages have already occurred the iasiah of theC f 2 AsNAWretrofit
solution will prevent any further growtbf these damages.

Thel QlidzZl £ Ct22NM az2fdziaAzy GKFd gl a AyadltfSR Ay
NBljdzA NBR SF NI & LINERdOG RS JSThe proditydielogrent ( KS Cf 2
Ay Of dZRSa (KS RS&AIY 2F (KS eCRRNMNIA v yafedSIORSF A DLID
This work has been heavily supported by FEM simulations.

Standardization and combined loads

As blades increase in size the demand for complex (redliséding under the certification
process increasesignificantly Motivated bycurrent IEC rulesyhere combined loading is not
demanded for certification tests of wind turbine bleg| two types of blades have been tested
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with combined loading, both wittatic and fatigue loads. The objective has been to develop
and evaluate n& load application metlads for both static and fatigue testing.15m SSP34m
blade section was tested witla complex (realistic) fatigue load scenario taking both
edgewise, flap wis and torsional loads into accourd LM58.7m blade was tested with
combhation of high static dading andthe blade oty had load clamps in the outer region of
the blade which alow for free movement of theblade profile in thanner partof the blade

The main objective of the larggcale test has been to develop a new testup which
demonstratethat only the inner part of a blade is needed in order to reachréadistic cross
sectional deformations, e.g. bending of trailing edge panels:abptane panel deformatios
generate critical peeling stresseshiond linesand nterlayerstresses betwen layerssuchas
the sandwichface sheetand the sandwich core matel. This way of testing a wind turbine
blade is expected to be used by commercial tasiters and manufacturers in the future.

Asthe second part of the standdization work package eelativelylarge blade, namely the
LM58.7m bladghas been tested wh combined static loading and a load application method
with added torsion to the bladand allowed for free deformation in the inner structural part
of the blade.Thepurpose of the teshas been to show, that a large blade can be tested with
high combired loadingonly applying loads in the outer region. Tlisuld therefore be a
future addon criterion to certification loadingThe purpose of the test was furtheo
evaluate the effectthe newly developed way of applying the ldaglon the blade. The fil
scale test was executed at in collaboration of Bladena, Blaest and LM Wind Power.

Fracture mechanics modelling and testing

To understand damage development in cpasite materials fractte mechanics is an
indispensable tool. When it comes to wind turbine blades there arstrang need to

understand the severity of damages identified duringidiinspection and in particular to
obtain critical knowledge on the manmemwhichface sheedebonding or crackin general

will/ or will not develop to critical levelfor the structural integrity of the bladeFracture

mechanics modelling and testingt DTU Mechnical Engineeringhave been used to

investigate these questian

Aspart of the largescale test of the SSP34m blafice sheedebonding in therailing edge
panelsat the max chord area has been tested. Using a combined numerical andregpéal
approach, fracture mechanicsas been used to estimate the growthteaof cracks for
different sizes of debonded areaBased on results from the fracture mechanics analysis, a
debonded area was createand has been introduced in th&5m section ofthe SSP34m
blade With this approachby inclusion of fracture mechanics meling and testing to gin
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knowledge on damage growtAnd apply these results as input for the Cost and Reliability
package developed by AAU.

Cost and reliability strategy developme nt

AAU has developed faamework forassessment ofost and Reliability. h€ frameworkhelps
to minimize expenses for maintenance and repair and to develop improved deaoisikimg
for maintenance strategies. Focus has beentbe two key topics in the RAZ project:
Structural challengesin the RootTransition zone and Transversracks at trailing ede
panels.

Knowledge platform for the value chain

The RATZ projechasalsoincludedactivities related to the dissemination &howledge and
awareness in thavind industry about thestructural issuecaused by the increasing size of
wind turbine blades.

This work has identified the need to develop a set of additional criteria for the certification

testing of large wind turbine lades. This work has been ldbé SR d¢h gy SNE wS|j dzA NE
because the additional criteria are meant to beluded in the specifiationsused by the

WTOswhen theypurchase new blades. The combined static$uolle test of LM58.7m blade

has been done inelation to Owners Requirementand the largescale fatigue testing with

combined loads may one day reptathe sub-component faigue test program, which is also

part of Owners Requirements.

Risk in the project

One of the first obstacles facing the projegas to find a 60m blade for fiescale testing. LM
Wind Power solved this challenge by donating a LM5&l&ade to the project ad transport
was arranged and paid by TotalWind. M¥nd Power also accepted to take the blade back
after the testing was compted, hence the project has ramst on scrapping the blade.

Another challengevasii KS RS &aA 3y p@tF (| @ KIS4 €t @éfblogy is MnaaNth
as a solution to be used iNn neWS&aA 3y 2F HAYR GdzZNDAYS ofl RSaod |
solution was retofitted in already produced bdes.¢ KS Cf 22 N 02 dzy R NB 060 2
the trailing edge) used in theM587m blade in the edewise fatigue test was not designed to

withstand the high edgewise forces and in the first try, failure happened in the basdli
O2yySOiGAyYy3a lekélingetige Bfikie blaile Thé st was successfully completed

after a mechancal connection waimplemented seeFigurel4.

Bladena
Universitetsparken 7

DK-4000 Roskilde
www.bladena.com


http://www.bladena.com/

X oo

Energiteknologisk udvikling og demonstration

4.3 Milestones

Bladena

BLADE ENABLER

February2019

12 Technical milestones (TM) and 4 Commercial Milestones {idlefined prior to the
project startand used to keep the momentum and direction of the project.

Tednicd Milestones

T™ML

T™M2:

TM3:

TMA4:

TMS:

TM6:
TMT:

TM8:

TMO:

Fullscale test of 34m blade withouteinforcement completed (WP5)
First retrofit of Floor done (WP9)

Development of FEM model@VP6)

0O&M model runs with real data including catastrophic faies (WP12)
Start testing blades witimplemented floor (WP3)

Animation #1- Technical Problem Highlighted (WP11)

Largescale sukstructuraltesting of 15m blade section without
reinforcement completed (WP4)

Largescale sb-structural testing of 15m blade section with
reinforcement completed (WP4)

Largescale substructural hybrid testing of 15m blade stion with
reinforcement completed (WP4)

TM10: Fracturemechantcal dharacterization conpleted (WP7)

TM11: Generic business case for each relevant market segment (WP12)

TM12: Software tool (WP12)

Commercial milestones

CMZ1 Identification and handling of market barriers for Flo&olution (WP1)

CM2: Animation #2- Solution Presented (WP11)

CM3: Guideline in Lifetime Prediction (WP1)

CM4: Guideline: How to use the new DNV GL Guideline with Fracture

Mechanics (WP7)

DONE
DONE
DONE
DONE
DONE
DONE
DONE
DONE
DONE
DONE
DONE
DONE

DONe
DONE
DONE

Replaced

*CM4 has beeneplaced with two frature mechanic workshopsind an artificial damage introduced on a
SSP34m blade in Lyngby.

The project has followed the project plan except for three months delay. The delay was

causa by the fact due to the fact that the RATZ partner/company TotalWind virgot

bankruptcy duringhe project. This problem was solved when another company volunteered

to do the work of TotalWindAs aresult, y 2 G KSNJ O2Y LIl y& | ot $hell2 Ayadl
LM58.7m blade had to be found.
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Project results and dissemination of r esults

The five mainareas in the RATZ projeate the following

Test and demonstrato@ ¥ G KS Cf 22N GSOKyz2f 238
Standardization and combined loads

Fracture Mechanic modelling anelsting

Cost and Reliability strategy development

Knowledge platform fothe value chain

uokwhPRE

Below theactivitiesand key resultsinder each area will be highlighted and explained.

5.1 Test and demonstration of the Fl oorE technol ogy
The RootTransitionzone, defied as the geometric transitions from the round déaroot to
the aerodynant blade profile, has sbwn to be a structurdly challengingarea of a wind
turbine blade This is because of the complex geometry with tapering panels in different
directions and ith doublecurved properties
The RoofTransitionzone is shown ifigurel0F & ¢Sttt & | . NBGNRFAGGISR Cf
A) B)
FigurelO: A) The RocfTransition zone of a wind turbine blade cédre seen to be theransition between the round blade root
and aerodynamic blade profile, tyipally ending beforem& OK2NR® .0 ¢KS Cf22Nu | NB RS&A3IYySR (2
transition zone of a wind turbine area between the aft shear web and thailing edge. Hereean be seen the first prototype
2F | Cft22NM NBimNBageA i i SR Ay G(KS {{ton
Further, the transiton zoneis wherethe edgewise shear forces are at their maximisee
Figurell.
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A) B)

<0
=~ O

Figurell: In A) and B) the twaouter positions of a blade in edgewise fatigue is shown. The edgevasigue loading of a wind
turbine blade will result in both global and local deformatian In the figure the high shear forces in the blade Rdaansition
zone ae maked with orange arows and the local deformations oubf-plane are shown with black arnes. A crack due to
fatigue can be seen forming in the trailing edge of the Rdafnsiton zone.

Damages and structural collapses in the Rbansition have alrady been documented in

the field and under blade testing. In the future, this is expected to be an even more severe
challenge because as bladescale up in lengththe edgewise rootbending noments
increases with the power of 4 due to the increase in weigliten the mass scalegp with a
power of 3.

To demonstrate theperformance2 ¥ G KS Cf 2 2adk thelipSstiive yefett fake
Cft 22 NMu az2f dziTxadsftionkohe,Hiek \Bind wigbiddblades have beetested in
fatiguewith and withoutthe Flod\Jtechnology

1. Fullscde testing of a SSP34m bladéh fatigue loadsat Blaest
2. Fullscale testing of a LM58.7m bladéth fatigue loadsat Blaest
3. Largescale testing of a SSP34hade with fatigue loadsat DTU

¢ KS Cf 22 Nuis iitéhdeH 6 atfe@did@ the Root-Transition zone ofwind turbine

blades and thereby mitigating the risk of damagesl failures in this regionBoth full-scale

testsand the largescale fatigue testonfirmed that critical damages in this region may in fact

occur during edgeise ftigue testinganR G KIF G GKS dzaS 2F GKS Cf 22Nk
stop the damage progressiofihe test results confirm the findings from field inspections and

from theoreticd predictions using advanced software tools.
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Key results from the bladestswill be highlighte in the next sections. For more information
on the two fultscale testsseeAppendix Dand Appendix E

Fl oor E product devel opment

TKS Cf 22Nk LiIGRIR dediit to e adpareoNdedesignsfor large wind turbine

blades. Inthe RATZ project theSd 1 SR Cf 2 2 NEu Kedsseitialyoe8&rgfit RSAA Iy S|
A2fdziA2yad ¢KS Cf22NM RSaAIya K| wbitedir@boy & dzLILI2 N.
SSP34m htes andne LM58.7m bladeseeFigurel2.

A)Flo2 NJrotolype #1 B)Cf 22 NM LINR(G:C)Cf 22 NM LINR G248 LIS
SSP34rblade, Blaest SSP34m blade, DTU LM58.7m blade, Blaest

\
~

Figure 12: ) and B)Protope #1 and #2 are both designed to be retrofitted in a SSP34m blade. éaoh prototype,
experience is gathered and used in the design the next prototype.C)¢ KS Cf 22 NM LINRB G208 1LIS I NB NBUINRTFAL
blade which are almost twice as long #se SSP34m blade.

¢CKNBS Cf22NEx KI a oisadesaRdSerddhyfafigue dumyBhié RETZ A G G SR
LIN2 2SO0 ¢ KS f IIdkE &nd installetl i théMM5857im dlade, egurel2c
andFigurel3.

Leading edge

Front web
—_—

Aft web

FLOOR™

C-web

Trailing edge
—

Sm
10.4m

Figurel3: ¢ KS Cf 2 2 Nu 7m bhadelstird Jmaranpldde root and ended just before the start of thev@eb 9m from
0t FRS NRB2G® LY SI OKr28yiRK é¢2 T4 (8K SA yQif NeR2RNO EencatimziicneNS oSy i f 201t adNBaa
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Full-scale edgewise test of LM58.7m blade with fatigue lo ads

TKS Cft 22 NuboadendayMarksNtie trailing edge) used in the LM58.7m blade in the

edgewise fatigue test was nableto withstand the high edgewise forces and in theffiry,

FILAfdZNE KIFLIISYSR Ay (KS 02y RifigkdgesoathedRdgsgeS OG Ay 3
Figurel4A.

" Hig i e
#cld Via®: A

A)

Figurel4: A) The connectiorof 1 KS Cf 22 NM (2 (KS (nNblatlef hasyiBcoride@dirom tife trdilfogeddea py &1
In a video the gap markedly red lines can be seeopening and closing during the fatigue te®®) A mechanical solution with

steel strips and bolts was implemeed and the fatigue test continued.

The testwas successfully completed aftercarrection of the desighmad beenimplemented,
seeFigurel4B.

¢ KS Cf 22 Nymeanias 2 hNeldésigryprotiuct and the boundaries must be a part of

the new blade design to withstand theghi forcef a2 AF GKS Cf 22Nk &aK?2dz
retrofit solution either the medanical solution o an alternative connection need to be

developedIn case this is chosen, an improved solution needs to be developed, e.g. a solution

which does not containrgy metallic parts.

In the other adhesive connection between the aft sheabward the Floor therewas no
problem. From bothvideo documetation and measurementsjt could be concluded that
there was no visible or detectable deformation in this joifhus,the critical joint is only
located inthe trailing edge regionFor more mformation on this fullscale test, with and
without the Floor seeAppendix D

Full-scale edgewise test of SSP34m blade with fatigue loads

A 34m bladefrom SSPrechnology was theirft blade which wadested inthe project.
Edgewisedynamic loathgwas gplied, sse Figurels.
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Figurel5: A) Edgéwise fatigue test with a rotating mass placed midspan of thedelB) A damage was detected in the Root
Transition zoneboth by NDFechniquesand different sensrs e.g. Strain gaugesThe damagd areais marked with a red

circle, which is impossible to see on the picture, but measurement, movie and-auit of the blade afterwards, showed no
doubt that a large area has beedamaged.C+D) After the test was completd, the blade was cut up in pieces and it was
confirmed that the other laminate was debonded for the load carrying structure.

The fullscale fatigue tesshowved the samalamage development in the Redtansition nne
as tested on aother SSP34m blade te=i as part of a certification process 2001 see
Figurel®6.

Figurel6: A SSP34m blade tested éncertification test in 2001 uder similar load conditionsThe damagewhich amsein the
RootTransitionzone,marked by the rectircle, was visible at the surface, after the bladead beenrepaired.
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The damage developeih in a similar wg and in the sme location intd 2 A RSY G A Ot O
blades, shown in Figure 15 and Figure 16. Duing a fatigue test-in a controlled test
environment- the possibilities to observe damages are significantly higher, than if the blade
is installed on a turine. First the blade is stic during uptower inspectionanddelaminated
laminates wil therefore bend outwards when loadednd cannot be seen. Alsonoise
originating from crack development, can obviously not been observed duringouger
inspection, viile during a fatigue test, noise from crack development isngportant sgnal
that crackis devdopingunder the surfaceandbetween the layerswhen noise was detected,
anumber ofstrain gauges were mounted in the damage ane@rder to measurethe growth
of the damage This was done to ensure that the test woudtbp, before anycatastrophic
failure occurredin the blade in order to be able to initiate the next part of the experiment
(with the Floor inserted)Before the blade could be catut NonDegructive Testing (NDT)
Inspectionwere used sed-igurel7. Final confirnation of the damage was done after the
testing was completed, by cutting the Rebtansition in pieces, sddgurel?.

SFLIR
Dist = 4.6 Trefl = 20.0 € = 0.95

Figurel7: NDT (Ultrasound) inspection was u$éo detect the size of the damagén the RootTransition zone of the SSP34m
blade.

The NDTinspectionwhich was used to detect the damage below the surface was a method
based orultrasound

When the damage was detectednd the size had grown to a sjaehere there was arisk for
total cdlapse a Floor was retrofitted, seEigurel8.

After installation of the Floor the damage stopped growing, which was the oigedive of
the demonstration testing.
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Figurel8: AFloar inserted in theSSP34m blade at Blaest after the dagen the RootTransition zone has reached a critical
level.

Fatigue driven damages

A fatigue driven damage in thieailing edge panel was noted during the fsdile test, see
Figurelo.
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The damagevas identified as aamdwichface sheetdebonding at the pressure side (ids
face sheekt in the max chord region and could be identified only when the blade was
subjected to the fatigue loads.

After an observation on the suction side panel at 6.5 metemi the root it was depicted
that there wasan area where the panel defoed ina strange mannerln a video made
during the test, an oubf-plane panel bending can be observed, see
https://www.youtube.com/watch?v=LIkBPeOcY
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After sectioning of the panel waperformed the face sheetdebondng from the core was
confirmed, sed-igure20.

h dzi & A R

Figure20: Cutout from the Trailing elge (max chord area) of the SSP34m blade tested at Blaest. The damageowtsied
while the sizeof the damage had been increased.

This phenomenonféce sheetdebonding due to bnding) has beefurther investigated and
tested in the Sultomponenttestingand Fracture Mechanics paof this report

Large-scale testing of the SSP34m blade with fatigue load

One of the main limitations dill-scaleblade testing is the capability to accommodate large
blades and to trigger the relevant failure modes duringtitey. An alternative solution to full
scale fatigue testindgpas been invegyated in this project The alternative consists of using
only the imer part of the blade (the structural part) and test this using a novel approach of
load application The mairadvantages are, reduced testing time and the possibility to trigger
the relevantfailure modes duing early blade development.

The SSP34m bladeaw used, with and without the Floavith the aim beingto test if the
Floor technology has the capabilities tarry a combination of flap edge, and torsional
loads. The test is perfored wsing an advancecdhstrumented fatigue testing method under a
multiaxial controlled testing configuration in the DTU Manltal Engineeringtrong floor
structural test facilities (DTU Structural Laldt DTULyngbyCampus The followingsection
includes more details on thedad configuration. The picturem Figure 22illustrate the
installation of the Flooin the SSP34m 15m section
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Figure21: Floor installed in Rooffransition zone of a 15m section of aSSP34m blade.

Ingallation of the F 2 2 NM X | f & gy smaoBthlyithis NiSef dindeleXpBriencesene
utilized from the first installation + fulscale tesing. Furthermoreless material \as usedor
this installation

Standardization and combined load

The comhied badingtests weredone in Aalbog, at Baest test center From a fatigue
perspective theesting to be carried out aDTY aload configuation was used toassess the
fatigue @mbined loading with torsional loads.

Substructural scale testingprovidesa sevice link betweenlaminate and structural scale
testing within the industry. This setup enables structural assessment of the root and
transition zone, whik exhibits structurhfailure as a direct impact of the increased size of
wind turbine bladesThishypothesis is froman operational perspective, supported by the
Wind Turbine Owners (WTOs) who repom @creasingnumber of transverse cracks.
Regardles®f the blade make omodel, the transverse cracks are located in the transition
zone and max alrd region. These crasktypically require extensive repairs-tgwer or on

the ground which leads to loss$ AEP due to downtimédence, bhe need to identify tke root
cause of thes blade damages in the design phaseritcal

An initial load configurddn capable of triggeng the pumping/breathing behaviour, which is
believed to be the source of damages in the root area transition zamas, developedThis
load configuratiorwasapplied for a predefined number of cycles through the fatigue driven
multi-axid substructural st setup. Through thredimensional digital image correlation, the
pumping/breathing behaviour of the curved panels in the root area diton zone is
guantfied periodically.
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Current standardization rules do not demand combineadiag neither for staic test nor
for fatigue tess. With the current testing methods, possible future demands from the
certification bodiesanbe addressed.

Large-scale test of the SSP34m with torsion

At DTU the 15m inner blade section of a SSP34mebtedsbeen subject to anumber of

combined loading scenariofollowing the edge fatigue tesnigg A 1§ K ' YR A GK2dzi Cf 2
finished. The actuators applied atehend of the blade extion (15m from blade root)

facilitates any combination of edge, flap atmisional loads, se&igure22.

A) B)

1808

» bulkhead
moment lever

Control point
[Fo Fy;M 2

Actuator C

Actuator A

Actuator B
Figure22: Largescale test setupn DTUStructural Labof the 15mSSP34m blade section. A) 3D view of the applied actuators
at 15m from blae roat. B) The active @ordinate system and notation shows edgewise, flapwise and torsibdiaections.

A parameter study of combinations of edgewise and torsional forces has texéormed.

The evaluated results are the eaf-plane deformationwith focuson the pressure sideanel.

The outof-plane measurements were obtained with a ffilld 3D DIC systenfARAMIS
12M). An indepth description of the parameter study and results &@nseen iPAppendix C
The load combinationound to be most critichin terms of pressure side panel eot-plane

deformation can be seen irigue 23.
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A) B)

F, = 50kN F, =-50kN
M, = -75kNm M, = 75kNm

Figue 23 A) and B) are showing the two opposite loatirections for the mos critical combination of edge and torsional
loads tested in the largescale parameter study of the SSP34m blade section.

In Figure24B the outof-plane deformation fothe pressure side mighanelis shown.

A) B)
10 T T T T
—B'@) (F,=50kN; M_=(-75)kNm)
8 P __B@) (F;—(—SO)kN; M, =T5kNm) |
- - T T = ~—_ -
61 7 S~ i

Out-ol-plane deformation [mm)]
=
T
Il

7] 0 | | | | | 1 1 1 1
2 25 3 35 4 4.5 5 5.5 6 6.5 7

Distance from root z [m]
Figure2dy ' 0 . Qo1 0 -dkrSafi@diréton farkhSpregsdei side micbanel. B) The max chord is at 7m from blade
root on a SSP34m blade. The graph is showing the-afitJt | Y S RS ¥ Z)N@dr thei predsfire siddmid-panel in the
transition area of the SSP34m blade.

In Tablel the out-of-plane deformation measurements for traitical load case described in
Figue 23 are comparedwith the measurements from the corresponding load case without
the torsion component. The torsion component increases thedadytlane deformations with
58%.
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Tablel: Two load cases with the same edge load qmunent but one with torsion and one without torsion are compared. The
out-of-plane deformation increases with 58% when torsion is applied. See d&&re 22 and Figue 23 for definition of

GLRAAGS OBYWRSREFISIA PGS SRIASE @

Outof-LJt I yS RSTF2NXI GA2Y 6. Qo1 00 wYY®8
Loaddirection Edge Edge + Torsion I[(r:/(():]rease
Positive edge -5.27 -8.37 58.8
Negative edge 4.78 7.57 58.4

Figue 25: DIC result for the SSP34 for a load of +4R0
The loadng on the I5m SSP34 blade $i®een compared to an equivalent load on a full
SSP34m blade in FEM analysis,igae 27.

A combined loading scenario considering the flap wise loads at rated wind spegther

with the edgewse loads is used in a base load for simulations of the full SSP34 blade. The
edgewiseloads are introduced in a distributed manner along the blade in thearsrof the

spar caps. Flap wise loads are introduced at ¥ distance frowHdte the aerodynamic
center of the profile is located, in a distributed manner as well along the blade.

Thesubstructure loads are introduced using a rigid bulkhead simulatedysinRBE2 MPC,
with an offset, to account for the eccentricity revealeddhghthe substructure ést.
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45,07
00 5e00 =
009479

RN jononin,,
~¥ Aeroelastic forces distribution along the blade

Figure26: Load introduction technique. Top: Aeroelts loading. Bottom: Sukstructural load configuration.

In both cases,he load introduction technique will not create stress concentration araas o
the blade, that mighinterfere with the results.

Nonlinear simulations are carried out and the enftplane bending of the panels in max
chord and transition area are evaluatedthe gauge area for both models, seigure 27.

1.92-00:
1.70-00:
1.48-00;

1.26-00

Aeroelastic load configuration 10300
803-004)
5.78-004
354-004)
1.30-004)
-3 .43-00¢

-3.18-004]

-5.43-004)

Sub-structural load configuration 267004

-8.91-004]

-1.22-00:

-1.44-00

Figure 27: Comparison of the oubf-plane bending obtained on a full SSP34m blade when loaded with aeroelastic loads to a
15m SSP34 bladsection using suistructural load configuration. The colours refer to stin levels.

Figure 27 shows, that the method of applyingrosssectionalloadng and testingonly the
inner structural part of a wind turbie blade can be used instead of testia full bladewith
combined fatigudoading.
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Large-scale test of the SSP34m with torsion loads

The method developed at DTWechanical Engineerinfigr largescale testing of wind turbine
blades has the advantages ofibg able to beutilizedfor a wide variety of fatigue loacases
This inaldes the movement the bade would experience during field operatiamhere a
combination ofloads is present, wich results inorsional loads.

For a full blade these kind of fatigleads have proven a difficult challenge for test centers,
especiallyfor the lager blades. But ith largescale blade testing only the inner structural
section of the blade is teste@his is exactly the section of blades where most failures occur.
At the same time, it will prove much easier to test a part of a blade that neale$ than its

full length than the full blade itself.

1) 2) 3) 4) 5)

Figure28: The figure is showing different load configurations possibleapply at the end of the 15m largscale test of the
SSP34m blade at DTU). Boce offset 1m towads pressure side. 2) Force, no offset. 3) Force offsettdwards suction side. 4)
Clockwise moment applied. 5) Counter clockwise moment applied.

Full-scale test of LM58.7m blade with combined load

The LM58.7m blade was also imposedder a fultscale stat test with a static combined
load. The blade withstood this amount of loading with no occurrence of failures. The forces
applied during the static test angresentedin Table2, while a detailed descriptioregarding

the test seup and loading configuration can be foundRATZ Data report: Fulscale test of
LM58.7m blade with combined static loajdg.

Table2: Applied loads at specific sections of tidade. All distances e from the blade root.

Blade section Force applied [KN] Force applied [Tn]
z=39m 74 7.6
Zz=44m 61 6.2
Z=49m 29 3.0
z =55m 11 1.1
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Clamps/forces dly applied on the outer 40% of tHdade permitting theinner 60% to move

freely in terms of localdeformations as breathing, panel bending awdsssectional

distortion in shear calledCross Sectional Shear Distortion (QSBirthermore, buckling of

the trailing edge must be changed when clamps are supporting the trailigg. &8 only

havingtheOf I YLJA LI I OSR Ay (GKS 2dziSNJ NBIA2y>S G(GKS& R;
buckling usually is most critical. Figure29 the clamps are shown in two different load
configurations.The two different jsitions are used in aler to introduce torsion to the

blade, which is expected to affect the overall deformational behavior of the blade, both in

terms of breathing and CSSD.

Omjinal load application:

Offset loagiplication:

g . 5 il
Figure29: Thesame test was performed with and without and offset of the load application point towards trailing edge. In
the figure is shown the wooden clamp at 49m frobiade root with the two different load applications.

As it can be observeftom Figure30 and Figure31. The loading offsetindeed, affects the
structural lesponse of the blade, as both the inclinatiomgée as well as the individual panel
deformation are maximized in case bktoffset.
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Panel displacement at z=17.2m, PS

0% T0% 60%._ 70% 80% 90% 100%

Displacement [mm]
N

P.S. point

Load percentage [%]

D17.2m PS (No reinforcement) —@—D17.2m PS (Load offset)

Figure30: Effect of the load offset on the resulted deformation of the pressure side panel.
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----@---- Original load application ---@---- Offset load application

Figure31: At the full test loads the angle inclinations have been measured for three crossises, z=1m, z=24m ang=40m,
YN]SR 68 R20Ga4d Ly (KAAa TFTAIANB G(GKS (g2 f 2 Rtcanbassmlthattey & a2 NAIAY
offset load gives a igher inclination of the blade.

Under the scope of this project, a new maasment method was intoduced aiming to
capture the relative displacement of the suction and pressure side panels more accurately. As
it can be depicted ifrigure32, two measurements are introduced connected ag thressure

and suctionside, while as a reference point the corner at the spar cap with the shear web is
used. This is based on the assumption thae do the increased stiffness tfe spar cap, the

local deformation at that point are limited, thus onl@ individual movementof the two
panels is captured.
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Figure 32 Measurement method, capturing the individual panel movemt of both the pressure and stion side. The
denoting of PS and SS measurements refer to the pressuresamtion side respectiely.

Fracture Mechanical modelling and testing

The need for accurate models for the evolution of debonding damage in sanghaivdls is
crucial to the undersinding of the damage severity, its rate of propagation, and to formulate
adequate maintenance strizzgies. In order to fully understand the behavior of a large
structure in operation, one must first gain sufficient knowledgesmaller elements subjected
to known load conditions. Linear Elastic Fracture Mechanics (LEFM) offal&d 0wl to
implementthe fracture evolution laws in a simulated environment, but this requires that a
series of tests on small coupons are perfodrend validated before being alipd to large
scale components with high complexity. The pyramid diagrapresented in Figure 33
represents clearly the principles thfis Building block approach.

Structural components

/a2

Marine vessel, wind turbine,

Complex geometry
helicopter rotor blades, fuselage

and loads

A*Z

Elements
In-plane compression of
sandwich panels, Ground
Air Ground (GAG) cycle

Sub-elements

Sandwich tear test. in-plane
compressmn

Coupons
MMB, DCB-UBM,
SCB, CSB

Figure33: Building block approach: @he base, coupon tests are required to characterise a material and iteifaimodes, this
information support the analysis of small elements with addedmplexity, one step above. Again, when safements
analyses are validated against experimental tsathis information are used to investigate one step above, and again wntil
full-scale analysiss developed to predict the behaviour of a real structiin operation.

W
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Coupon tests

Several tests have been proposed to evaluate the debonding of thedaeeinterface, the
double cantilever beam loaded with uneven bending mome{@€BUBM) is a method
proposed by DTU to carry out tests at different loadfigurations in a convenient laboratory
environment. A more detailed description of the numerical mopiéhciples and validations
is reported in Appendix B.

Clamp

Wagon
Beam
and rail

Angular
displacement
transducer

Manifold and
servo valve

Figure34: Schenatics and example of a DE@BBM test setup in operationThe independence of rotational moments applied
to the two arms allows to test the debonding at the ferface under several load modes (mode mixities).

A finite element model fothe fracture mechanis is built and validated against experimental
data and tosed form solutions. The agreement between the results guarantees that the
numerical model could bepplied to more complex applications, where no known solution is

available.
My
M,
Figure 35: Detail of the DCBJBM numerical model for the evaluation of the fracture toughness
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Small scale element tests

9nall element level tests weralso conducted. Rectangular shape specimens extracted from
a curved sectio ofa SSP34 blade weobtained, aml these were loaded in static and fatigue
mode on a standard fogpoint bending test rig. With the introduction of a known defect at
the top facecore interface, it was possible to obtain the buckling of face sheet thade
compression, thuseplicate thebreathing effects seen on the largeale test described in
5.1. Tests indicate that the debond generates a reduction in the bending stiffhédss panel
(Figure36), which poses severe risksthe operation of khdes and is suspected to be cause
more severe types of damages like transverse cracks. It was also shown that cyclic loading is
responsible and effective irhé enlargement of the debonded zone. A validatiof these
experimental daa is under investigatio. For more indepth of the work and theory of
fracture mechanics in the RATZ project, see Appendix C.

35t ,. /

load [kN]

A4 120 mm crack(lower)
AS5A 100 mm crack (upper) | 4
AS5B 133 mm crack(upper)

-5 0 5 10 15 20 25 30
4 [mm)

Figure36: Static load fouspoint bending tests on SSP34 specimens, highligithe loss in bending #fness due to increase
the debonded area at the upper face having a net compressive load. Note that a crack in the lower face loaded in tension (A4)
does not influence the behawur of the beam andis equivalent to the pristhe condition (A3).

Figure 37: Detail of the face buckling under compressive state loading. This is phenomenon additionally lowers the bending
stiffness of the setup
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Transverse cracks

Transverse cracks are frequent problervarying severity on a wide setion of blade types.

For that reasonthe damage mechanistnansverse cracks has been used in the RATZ project
as a case study both for the Cost and Relialplitgkageand as atsidy case for the fracture
mechanial testing performed at DTU.

oy
Figure38: The figure shows three cross sectionfa SSP34m FEM blade model. The undeformed blade elements are shown
with white and the deformed elements are showith grey. The outof-plane displacement for the pressure side panel varie
along the blade. Fothe first and the last cross section in thegfire, the outof-plane displacement are larger than for the
middle cross section.

Every month Bladena receivesveral reports about transverse crack&n understanding of
the cause ofhesefailures is expeed in the large scale testing of the SSP34idaith skin
debonding.

SSP34m blade largescale test with skin debonding

The object of this setup is to validathe propagation of debond damage in the laigmle
setup of the SSP344dule ®ction. At the roo transition zone, a circular debonded zone of
known area was introduced into a repakidure 39) at the interface between outer gkand
core. This defect generates a weak zone where loads concentratiensesent, which aren
turn responsible for the propagation of the damage. Bpligating the loads occurring during
operation the same damages can be reproduced and a full utateimg of the origin of
transverse cracks in the panels is expected.

Digial image correlation @chnique is used to evaluate the displacement of the owen
under loading and estimate the extent of the damaged zone, both these inputs are used to
validate the fultscale numerical modeF{gure41).
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Figure 39: Debonded skin setup in SSP34 blade installed at DO the right a detail of the defect manufacturindpighlighting

the size of the defect inbduced.

Forces move panel
uP

Forces move panel
DOWN

Figure40: Hypothesis for the formationrmechanisms of transvese cracks in blade panels. The initial debonded zone grow
under cyclic loads until a critical size is reached, at which the skin starts to fracture due todtigss concentrations.
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Figure41: Surface conbur plot of the out of plane deformation of the debonded area using Digital Image Correlation
technique. The load applied on the backside of the top face shows the presence ofanilehted zone, although the preais

extent of it is not clearly defined.
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5.3 Cost and reliability stra tegy development

The reliability model i¢inked to theWork Packages 4, 5 & 7 which focus on the investigation
into failure mechanisms by means of the fraetumechanics studsand laboratoy tests (at
coupon level, at ssomponert level or at fultscaké level). The primary purpose dtifie
reliability modelling is to develop and describe a probabilistic model as basis for reliability
analyses and integrate ¢h damage propagation model into éhprobabilistic model to
simulate deterioation processs.Basedupon this, a probabilistic damage propagation model

is developed to simulate the stochastic process of damage propagation as either a continuous
or a discre¢ function of time, which constites the basis of the reliability modelh&
Gude2Defect databas provides irhistory inspection records which are used to calibrate the
parameters (e.g. transition probabilities in the reliability model) of the probaicildamage
propagation model. Intte RATZ project, five-level damage catgorization schemeis usd
based on a similar categorization applied ligide designers, operators and owners. the
damage categorization schemthe continuous damage propagatioprocess is discretized
into 5 damaye categorieseach of which covers a rga ofcrack/defect size. Each realization

of the stochastic damage propagation process is a discretevgisgptime realizatior{Figure

42).
D6 T T T T T T T
Damage detected
/ and blade repaired T
D5 - T .
D4 - o 4 Damage not detected -

Damage detected
and not repaired
(following strategy)

. ™~ L
|

DO *ogl;o#_oJ 1 l 1 L 1 | |
0 2 4 6 8 10 12 14 16 18 20

Time [Year]

Damage [-]
o
w

=]
(X

———Damage propagation © Damage detected * Repairdone ¢ Scheduled Inspection

Figure42: The figure shows one realization of a stochasfiemage propagation.The damage state of the blade over time are
shown by the green line. There will always be a probability for the damage state to jump to the next (more seerel) At
regular interval the blade is inspected (blue circles). A red leirmaks the detecton of a damage. Based on the chosen
maintenance strategy only detected damage states of 3 or above are repafred cross) Not all damages are detected at
inspection (due to the probability of detection). The Cost and Reliability paage will create a high number (e.g. 5000)of
realizations which are all a possibldamage propagatioroutcome based on the input and the considered parametesd
could all be shownas a slightly different version of this graptEach realizatiorcorrespond with a probablecost over the
blade lifetime and based on the mean values for all realizations an optimal maintenance strategy can be predicted.
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Figure42 shows an example of a realtican of the damage propagation process. Tigure

also shows insptions, which may result in detection or fuetection of a damage depending

on the reliability of the inspection technique modelled the PoD (Probability eédhen)
which in a probabilist way models the probability that a dama@e agiven size and given

type, e.g. internal, surface) is detected by the inspection. Further, the figure illustrates that if
a defect/crack is detected then a repair may befpemed depending on the user oken
maintenance strategy.

A simulatiorbased probabilistic damag@ropagation model is developed with the calibrated
model parameters based upon the Guide2Defect database. Based upon this model, the
stochastic damage propatjon process can be simulatedany times. One simulation can be
consideredas arealization of tke stochastic damage propagation process, which is used as
the basic input for decisiemaking and cost estimation. The output of the reliability model
can prwvide a decision maker with tHellowing information seeFigure43:

1 Howlong time it takes for an initial defect to propagate to a critical size, namely the
lifetime before a correctivenaintenance must be done;

T If the decision raker knows how severely the blade is currently damaged, how much
longer isthe damage to stay athte current damage state before it jumps to a more
severe state, and when should ndestructive testing inspectionse conducted, and
some necessary prevengéymaintenance should be planned.

Indicator A
Transverse
cracks

——

Cracks in the

/ﬂ\ 7 7 T

transition zone

1
Planned Indications @:7

Inspections of defects

Indicator C
Suspicious
observation

o

Cost and
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Package
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A2

C1

Cc2

Monitar the — 93]
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; =
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Figure43: Data obtained through plamed inspections lead to different defect indicators. However, a defect indication does
not containinformation regarding how severe the specific damage iseTd¢ost and reliability package, through the different

technical modules angrobabilistic models @ F A f (i S N& ¢

the severity of thedamage.

GKS @FNAR2dza AYRAOFG2NARA YR RAFTFSNEB

The overall purpose of decisignakingis to minmize the total expected operation and
maintenance (O&M) costsGenerally, adecsion maker shoulddecide which inspection
method should be used to inspect the blades; how often the inspestsimoud be
conducted; and if a damage of a specific damage #gvsrdetected, what should be done. A
maintenance strategy can providedlansvers to these quesons.
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The maintenance strategy constitutes the basis of the cost model. The actions that ardecisio
maker takes depend upon the maintenance strategi@smantenance strategy is usually
composed of three fundamental aspects, naméhe inspection method,the inspection
intervals and some predefined decision rules on actions (e.g. repairs) to be ddter ¢he
inspections have been performed. These fundameasglects like some basic building blocks
used to construct a systensonsttutes the main framewrk of amaintenance strategy. There
are some possible options of each of these fundamental asfgecta decision maker to
choose from. Possible options foah fundamental aspect can be freely combined with the
options of the othertwo fundamental aspes For example, one of possible inspection
methods is combined with one of inspection intals andone decision alternativeas
illustrated in Figure 43 and Figure 44. Ths combination process is repeated until all the
possible scenarios are coverethe probabilistic damage propagation model developed in
reliability modellingis used to generatea numberof realizations and based upon a large
number of realizations the toal expected costs is estimated as the mean of all costs
associated with the simulated realizationshe total expected maintenance costs can be
calculated basd upon different combinatios of inspection methods, inspection intervaisd
decisionalternatives. The decision maker can choose the emstimal one and determine the
inspection type and intervals accordingly.

Another important aspect of the cost moblis to estimate the costs fated to maintenance
activities with the unceainties considered. T&amaintenance costs are composed of logistic
and inspection/repair costs.

The logistierelated cost is composed of the cost of virgt time, which for offshoe wind
turbines isdue to wating for an appropriate timeveatherwindow for repairing/replacing a
blade, the vessel cost (daily rate or hourly rate) and the technician cost (daily rate or hourly
rate). The costs for a vessel and technicians are slighgst to the economic situain and

can be considered constant in decisioraking and cost estintan.

RELIABILITY
PACKAGE

O e
MAINTENANCE STRATEBY C

Figure 44: A specific issue can potentially have various solutions. The cost and reliability package, through the different
modules, results to tailoomade maintenance strategies that are optimized both cost and risk ad offers the user the
possibility to decidewhich strategy is optimum.
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Total Maintenance Cost [Euro]
-]

1 | 1 1 |
3 monhts 9 months! year 18 months 2 years 3 years 4 years
Inspection Interval
Figure45: Cost Trend (corresponding to a specific ma&nance strategy).

Figure 45 shows an example wher the total expected cet for inspections and
maintenance/repair is shown as function of the inspection time interval. In this example the

costoptimal decision is to chlase an inspction time interval equal to 2 year§or more
information on the Cost anRelability activitiesand case studieseeAppendix B

5.4 Knowledge platform for the value chain

The WTO Blade Group Network has participated actively during the projestings,
workgroups and seminars. Focus has been on how to incorporate combinesdotst
scenarios in th certification process and how to use of NDT to detect damageshas been
made possible by the number of partners from different areas of the wind ingustlue
chain participation in the project and in close collaborationith the WTO Blade Group
Network.

The strengthening of WTOs as a group to be reckoned with iampact on the industi &
YR Y y dzfbti@ailicizheieNidgriize blade damages dadlures and the need to find
solutiors. In recent years awareness of bladeamages not visible tim the outside but
starting inside the blade has had increased fodnsJune 2018 a WTO seminar about Non
Destructive Testing (NDT) and how to apply NDDifmate inspections was hels part of this
project

Knowledge of blade danges tas improved. One ay of gathering damage knowledge is
through the Guide2Defect (G2D) datise which collect data from blade inspection reports
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delivered by the WTOs. The G2Dtatmse is a strong tool for statistical data on blade
damages occurring ate field and are givig input to the Cost and Reliability package
developed by AAU. Bladermalds knowledge of structural blade issues that based on blade
scaling laws will only gromore critical in the future. All this are information for the WTOs to
help them make plans andetisions according to strategies on how to run their wind turbine
parks.

Further theobjective of the project has been to develop methods to evaluate andrope
O&M costs. This part of the project has involved representatives fleentire value chain
of the wind industry- WTOs, OEMs, certification bodies, ISPs, smiuproviders and
universities- have all come together.

Dissemination of project result s

The RATZ project has usecceammunication strategyo ensure that all paners and other
intereged parties had access to follow the project progress and results.hEs been by use
of professional visualization of project concepts from day one to final stage and
communication of results, e.g. in posters, figures and @néstions. The projechas a web
project page and a web page with updated information and dimads. Additionally, four
project NewsLetters has been sent oats well as press relsas.Naturally meetings between
partners and work packages has been pleasywdl as the Kicloff meeting, the MidTerm
meeting and the Final meeting.

As an importantaspect to the projecseveral workshops anseminars hae been arranged
during the 3year project periode.g.:

NDTFSeminar Next Generation Inspection Methods

2 workshops onFracture Mechanics

1-day seminar oif®wners Requirements

Several WT@®@eminas e.g. orthe topica 6mbined loading during fulicale test
Seminar orCost &Reliabilityand damage database e.g. data from GRibabase

=A =4 =4 4 =9

The seminarend workshopwere mainly targeted theWTOs and providing a possibility for
WTOs to gain knowlegt and awareness of blade issues and to come with their input during
discussions, which in turn hahaped the focus of the industry as well as the RATZ project.

I ydzvyo oo 2Kl @S 0 & Srgler insurd&kah efficient communication between
partnersand industry in generallwoexamples are presentdaelow Figure46).

The Next Generation Inspection Reports (NGIR) have been developed in ctoslatioms
with WTOs tofit their needs for streamlined quality documentation on blade inspections and
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blade repairs. As part of the NGIR package an interactive photocard to bénubedfield for
easier and photo documentation has been designed. In B®&TZproject the NGIR
instructions (x3) and reports (x2) and the photocard (x1) have been wrapped up and used for
a blade conference in Gothenburg in April 2017, Biegire46.

Figure46: The NGIR regrts were initiated during the former EUDP project and wrapped up in the EUDP RATZ project in 2017.
The NGIR reports were developed to streamline the documentation of blade inspectind repair and to ensure high
quality on inspection and repair reportThe popularity of the NGIR reports amongst WTOs have been a motivating factor to
continue the discussion and effort to improve shared communication in the wind business. LEFTpeminspection manual

is lying on the table. RIGHT: A interactive photocastbeing used in theiéld during blade inspection.

WIND TURBINE

| BLADES

Figure47: The Blade Handbook serves to streamline communication and understanding between eiffesections of the
wind industry. LEFT: The Blade Handbook. RIGHT: Readiagf the chapters irnthe Blade Handbook.

RATZ Blade Handbook has been developed to streamline the way different sections in the wind
industry understand and talk about bladesse Figure47.
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6 Utilization of project results

Knowledgefor understandingfailure mechanismin the RootTransition zone under extreme
fatigue loading haproven @S NE @I f dzr 6 f S® . ¥ BtGH Iad bedd G Sy G SR
demonstraed to address the challenges manufactures will have when blades lgrger.
Bladena will continuethe dialogue with manufactures on how to utilize the FIddr
Technology in new blade design. It is Bladena believe that it can be very difficult, maybe
impossible, to design a cosffective very large blade, without utilizing thelo&r™
Technology. Simcthe trend in theindustry is todevelop and desigtarger blades and lower
LCoE it i®f key important to be able talevelopcostefficient and reliable bides. Also,the
thorough understanding of the importance mpresentingtorsiond forces in futurefull-scale
testing in order to get representative panel deformations, which e.g. cause transverse cracks
on the trailing edge panel in the max chord ardws proven very importantFinally, he
Largescalesectionaltest method deeloped at DTU Mecanicd Engineeringis expected to

be used in commercial test centers in the future.

7 Project conclusion and perspective

7.1 Main conclusions from the RATZ project

Floor E technology has been demonstrated

TKS Ct22NM GSOKy 2t 2aléto Miligiate darBafs/in tReStrdiRngedge NJ

GNI yardgAaAzy T2yS 2F 6AYyR (GdNDBAYS o6flFRS&ad ¢KS C
three blades two of themon full-scale with edgwise fatigue loads, and oran large-scale

with combined fatigue loadingn the two full-scale est, the test wasstarted without any

Floor™ reinforcement.In both test damages appeared and expanded in the rransition

zone ThentheCf 2 2 N liedtaadthe glaindgk progression stoppedDT inspections of

the blade in tle roat-transition zonegave a clear vision of the extent of the damagehe

time of the individual inspectionThe third blade, tested ithe largescale test facilitiesn

DTU Suctural Labat DTULyngbyCampu& G KS Cf 22Nk gl a Rywedldl tf SR o

7

Alsq this testsuccessfly 8 K2 4 SR (G KS STFFSOG 2F (GKS Cf22NmMI a
neither in the transition zone ok y (G KS I RKSaA @S O2yySmdihe2y 0SS0 6
blade structure.

Stronger bl ades, Mor e Page48 of 156

Bladena
Universitetsparken 7

DK-4000 Roskilde
www.bladena.com


http://www.bladena.com/

X Bladena

Energiteknologisk udvikling og demonstration BLADE ENABLER

February2019
Standardization - Torsional loads increase risk of tra nsverse cracks

During this project, transverse crackaere studiedwith the conclwsion that they arehighly
connected to panel bendind.helargescale testing performed at DTdlhowedthat torsional
load that arises from the combination of simultaneoadg and flapvise loading on wind
turbine blades, increases the oubf-plane bending of the trailing edge pressure side psirel
the max chord area with 579 his finding is ofdy importance sincé most likely ighe main
reason why saelativelymany transverse cracks afeund inthe field onbladesin operation
Torsional loading and the resulting transverse craales not addressed in the certification
based orfull-scale esting, where torsional loadare not included.

Cost and Reliability

In the Cwt and Rliability work package a reliability model is developed basedaatiscrete
Markov Chain model closely linked to a fstep damage categorization scheme, utilizing
information from fracture mechanics considerations and calibrated using atispedatafrom

the Guidk2Defect database. A generic cost model is developed including costs to inspections,
maintenance, repair, replacements, downtime etc. The cost model is littkéige decision
alternatives which are inspection type, inspection timéeimals and naintenancérepair
options. The cosbptimal decision is identified by a simulation based approach where the
total expected lifetime costs are estimated and the decisitiarnative with the lowest costs

is chosen. The procedure is illustratby case studés which bows the large potentials of
such a tool for providing decision support to wind turbine operators, owners and other parts
of the value chainKnowledge of blde damages has improved during the project, headed by
Guide2Defect Aps whichasa database which collect data from blade inspection reports
delivered by the WTOs. The G2D database is a strong tool for statistical data on blade
damages occurringn the field and are giving input to the Cost and Reliability package
developed by AU.

WTO Blade Group Network

The WTO Blade Group Network hgt®wn from 15 wind turbine owners to 37 and almost all
the major WTOs are part of the networhe strengthening of WT¥as a group to be
reckoned with has an impact on the industapd manufactizNJ ridvation to recognize
blade damages and failures and the need to find solgidine WTGEBlade Group Network
often invite other participants from th&alue chairand espeadally the participating of RATZ
partners e.g. Blaest, DNV GL, DEWI OCCeNard LMWindpower hae beenparticipatng

in seminars with WTOs from the Blade Group Netwbtkist of the37 WTOmembers hae
beenactivelyparticipating inproject meetings, worghops and seminararranged the last 3
years financed by ik project Focws hasbeen on how to inorporate combined loading test
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scenarios in the certification process and htmaminimize Operation and Maintenan@®sts

by choosing the optimal maintenancgrategy. In thepast it has not been tradition to
consideruse of NDT taleted damages which @nnot be seen from surface, but with the
increased knowledge this is now part of the consideration choosing the optimal inspection
methods. Both the technicand the cost aspa have been addressed on seminars

7.2 Future perspectives

FloorE

TK S Cts@uloNdras originally meant to be a part of netesigns for large wind turbine
oflRSad LYy GKS w!¢% LINRP2SO0 GKS GSztfitR Cf 22 NA
solutionsand it has been demonstrated on three blades that itdsgibe to install/retrofit a

Ct22Nue® Ly OFasS GKAa Aa R2yS |y Ift40SNyIlGABS O:
consideed if the blades are large and the forces are vhigh. Bladena wlilalso study the

potential using the technology in @ostout project together vith an actual case witla
manufacture(s). Also the increase iAER by increasing the width and position of the chord

needsto be analysed more in detail dhe actual desigmogether with the manufacture(s).

Standardization - Torsional loads increase risk of transverse cracks

The loads in theroot-transition zonedrastically as blades grow in size astductural issues
are expected to increasd he torsionaloads will also iorease significantly due to the higher
tip deflection andthe reacting aerodynanae forces in the other region where the tip
deflection is highestWith the expanding understanding édads andthe root causes for
structural failure mechamsmse.g. transvese cracks, blade failures can be prevented in the
future by taken the right preautions in time.Utilizingnew knowledgdrom this project that
torsional loadsare a key driver for thedevelopment of transverse cracks, it is expected that
future blades wilbe tested taking torsional loads into accouturingcertification.

History $iows that it takes time to update certification standards and thereforeistmost

likely that manufactures will start to implement this together with teshttes. Manywind

turbine owners today are aware that they must clarify wimat the turbine/bladesthey

consider buying hae passedadditional tesing and analysisn excess of what iequired for

the standard certificationSome wind turbine owners makechnical duediligences before

making the decision on whatrbine/blade tobuy. Others work togeher with Bladena and
20KSNJ GKANR O2YLIyASa G2 YIS | asSi 2F IR
WSl dANBYSyGaéd ¢KS &S0 27F edNBith divid My 6fa |+ NB
manufactures including LNMVind Power and Nordex wish have both been gpart of this

project.

O T
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Cost and Reliability

The work from AU lay a foundation for the industry to continue working with thiigld.
EUDP has recently decidedgopport a nev project(CORTIRYhere more focus omisk and
how to analyzethis will be the main bjective. Bladena will use the work which has been
developed in tiis project and make a usdriendly Cost and Reliabilittool named CARTool.
The tool will also includefracture mechanial models from DTU & well asstructural
understanding of blade failresdeveloped in this project

WTO Blade Group Network

The WTO Blade Group Netwovkll continue in the new CORTIR project and EUDP is also
financing a stictured process working with fullalue chain. Focus is to optimizbe
collaboration between WTQs OEMs and Insurance companies. It is therefore of key
importance that all three group have decided to join the new CORTIR projactotal 23
partners.
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Appendix A Cost & Reliability and Guide2Defec t

GUIDE2DEFECT
Closing Activity Repar

Guide2Defect ApS Activities performed under Work Package 12

The keyrole of Guide2Defect uther the RATZEUDP project 64018602, work package 12,
was to provide updated and statistically significant defect data for the cost tool to be
prepared by Alborg University, and based on inspection reports received from the
participants and other relevat parties.

During the projectGuide2Defect has increased the size of the Guide2Defect Reference Data
Base, both based on inspection reports receivednfrthe participants, but also reports
analysed by our Indian partner, Rotech. The Indian partnes time has been paid for his
customas and has hence not been included in this project. The total amount of data
retrieved and analysed by Guide2Defect imsuarised below(Tale 3):

Tabe 3: Analysed inspection Reports under the RATZ project

Inspection Reports 1701
Projects 48
Turbines 760
Blades 1596
Defects 9913

Task 12.1: Ugate of Defect Categories in G2D Database

Prior to the start of this projet, Quide2defect has atady established a first version of the
defect tree used to categorize the defects. This first draft was prepared as part of a previous
EUDP suported LEX mject. During this project, Guide2Defect has reviewed and updated
the undellyingdefect tree by:

I Review of defects to control the fit of the defect tree to the defects identified

9 Discussions with project participants and Rotortech

1 Desk research.
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Basedon this work, the six additional defect catagories was added, and thecdafee is
considered ® be complete for now, but will require another review, once defects idenfied by
NDT will begin to be included in the data base. None of such inspectionsamahgsed
during this projecthput will soon bereceivedvia RotorTech imidia. The data base abeen
updated with the additional defect catagories, and this hence satisfy the following
deliverables:

1 Deliverable 12.1.a: Top down defect threes fotcagl).
1 Deliverable 12.1.b: Updated defect categories (as applicableIhdaabase.

The uplated defect tree now comprised the following defectegdries:

5-01-01: Cracks, Longitudua N+ namic Enhancer L+ R-01-01: Blade Replacement, Fire - +]
L e0 R-01-02: Blade Replacement, Broken [+
®0 e eo
N+
N+ eo
N+
eo eo
N+
_I+] o0
[+]
5-02-03: Pin Holes I+
— 56 -+
02-04: Flaking

. PP 0

+]
) -+

N+
eo o

5-02-07: Burn Marks /Lightning Damage oo
-+ -+

I+

L+
5-02-09: Heather Grey N+ &0
$-02-10: Bulge/Uneven surface R+ o0
5-02-11: Rub Marks e+ o0
5-02-12: Chalking -+ eo
5-02-13: Mold Marks -+ oX+)
5-02-14: Detoriation N+ 0

Figure48: Updated defect tree.

Task 12.2: Acquisition and entexg of inspection reports retrieved from participating
owners in G2D Datalse

As part of the progct, Guide2Defect has acquired inspection reports from the participating
wind turbine owners but have also included inspections report retrieved via ourrindia
partner, RotorTech. This work haspled the number of inspection reporandyzed in
Guide2defet. The inspection report retrieved from participating owners has been analyzed
by the either Guide2Defect partners or our junior associates trained to partbe analysis.
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During this project, Guide2Defect has analyzed a tofel701 inspection reprts covering
1596 blades with a total of 9913 defects. The inspection report is distributed among the
owners as per the below figu(&igure49):

Project Code Site Name Turbine Family Project Size # of turbines  Owner Count Turbines Count Blades Count - Inspection Reports  Count - Defects
33 Baillie Nordex N0/ 2500 53 21 Statkraft n 18 18 58
34 Sheringham Shoal Siemens SWT-3.6-107 3ir 89 Statkraft 89 138 153 540
35 Alitwalis Siemens SWT-2.3-93 FE] 10 Statkraft 10 18 18 389
36 Forest Creek | Siemens SWT-2.3-93 &7 38 E.ON 0 4] 4] 0
37 Forest Creek |1 Siemens SWT-2.3-93 37 16 E.ON 0 1] 1] 0
38 Panther Creek | GELS 143 495 E.ON 28 84 84 866
39 Panther Creek || GE15 116 77 EON 0 1] 1] 0
40 Panther Creek 111 GELS 200 133 E.ON 0 4] 4] 0
41 FRobin Rigg Vestas V03000 174 58 E.ON 37 107 107 5M
42 Kentish Flatl Vestas V90,3000 90 30 Vattenfall AB 30 75 75 203
43 Stor-Rotliden | Vestas V02000 B0 40 Vattenfall AB 39 51 51 111
44 Stengirdsholma Vestas V02000 20 10 E.ON 10 4] 4] 0
45 Champion (Roscoe [} Siemens SWT-2.3-93 1265 55 E.ON 10 1] 1] 0
46 Roscos MWT-100-61 209 209 E.ON 17 4] 4] 0
A7 Voskero Vestas W52/850 &0 7 Enel 7 n 1 E}
48 Aspri Petra NEG Micon NM52/900 20 22 Enel pr) &6 &6 &3
49 Soros NEG Micon NM52/900 12 13 Enel 13 39 39 41
50 Geraki NEG Micon NM52/900 14 16 Enel 16 a8 49 58
51 Monastiril Nordex N50/B00 [ 8 Enel 8 24 24 25
52 Monastirill NEG Micon NM52/900 i1 12 Enel 12 36 36 40
53 Heliolowsti | NEG Micon NMA4/750 ] 10 Enel 10 30 18 15
54 Agios Kyrillos Enercon E44/900 T 8 Enel 8 24 24 5
55 Koutsoutts Enercon E44/900 12 13 Enel 13 39 39 41
56 Panagia Soumela Gamesa GE7/2000 14 7 Enel 7 21 il %
57 Zoudochos Pigi Gamesa GAT/2000 P 12 Enel 12 38 38 36
58 Schkortleben Siemens SWT-2.3-93 FE] 12 Engle 12 41 75 620
59 Mont de Bezard Senvion MME2/2000 38 18 Engle 12 38 38 358
&0 Haute-Lys GELS 375 25 Engle 25 a7 o 466
61 East Lake St. Clair Vestas V01800 100 55 Engie 54 1 1 1
62 Campagnes Ecotecnia ECO 8041670 & 5 Engie 5 15 i5 435
63 Chemin des Haguenets  Senvion MM$2/2000 28 14 Engie 14 34 43 282
&4 Longchamps Ecotecnia ECO 80,1670 835 5 Engie 5 12 12 FYE]
65 Baleni GELS 50 20 Engle 20 &0 120 1924
66 Rézentiéres-Vieillespesse  Nordex N90/2500 0 8 Engie 3 1 1 10
&7 Craigengelt Naordex N0/ 2500 20 8 Engie 8 24 24 217
68 Blantyre Muir Senvion MM32/2000 [ 3 Engie 3 18 18 134
&9 Gemenele Siemens SWT-2.3-101 48 21 Engle 21 63 63 Bed
70 Dabrowige GELTS 38 13 Engle 13 39 39 189
71 Kerigaret Acclona AW-1500/77 12 8 Engie 8 24 24 56
72 La Picoterie Gamesa G30/2000 n 11 Engle 11 33 33 B4
73 Tambours Ecotecnia ECO 80,1670 & 5 Engie 5 15 15 334
74 Piontes Aux Roches Vestas V01800 49 27 Engle 2 1 1 11
75 Kukru Wind Power Putltd  Gamesa G37/2000 50 25 Atria Power 25 75 75 4
76 Jamanwada Suzlon §95,/2100 53 25 Mytrah Energ 25 75 75 [i]
77 HighVolts NEG Micon NMB0/2750 825 3 EON 3 4] 4] 0
78 Haolmside Hill NEG Micon NMBO/2750 55 2 EON 2 1] 1] 0
79 Mipaniya Imom DF 1002000 30 15 Mytrah Energ 15 45 45 41
80 GV Palll Wind Power Projed GE 1.7 2% 15 Atria Power 15 a5 a5 161
81 Lamba Naordex N2 T/ 200 1 4 Inecs 4 12 12 n

Totals 760 1596 1701 9913

1D Guide2 Defect Aps - 2019

Figure49: Inspection reports aalysed.

As part of thigask, Guide2Defect should deliver two deliverables:

Deliverable 12.2.dJpdated baseline report to participating owners:
The baseline report was addedtie 2 ¢ Yy Sdhdi tdard and this was informed to the
owners via mail datedanuay 10th, 2018.

Deliverable 12.2.Data report for financial models:
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Special dashboard with access to the relevant data was opened in the Guide2Defect, and
access was giveto Aalborg University on March 9th, 2018. Prior to this, the dats they

were at that time¢ was exported to a spread sheet, cleaned and organized farwarded

to Aalborg University by mail dated January 8th, 2018.

Further to the deliverables,caess has been given to Engie and Enel to dashboards with the
same level oinformation as givend the participating owners. Engie has chosen to payafor
additional benchmark report, and this has been prepared outside this project.

Task 12.3: Vulnetaility Analysis

The vulnerability analysis was not defined prior to tharsof the project, andirst task was
hence to define, how the vulnerabilitynalysis should be performed and what it should
comprise. Guide2defect has carefully evaluated the emntand has decided that the
vulnerability analysis should combine the Hite and the average itie to reach the hit rate.
Hit rate being defined for each defect category as the number of blades, which has been
hit with defect grade 3 or higher of thiparticular defect. Bottom line, the higher hit rate, the
higher vulnerality. The lower averagelock hours, the stronger the vulnerability.

The project leadership decided to change focus of the analytical part of the project to
transverse crack ahe max chord section of the blades. This made the planned work in this
task andthe following tak 12.4, 12.5 and 12.6 obsolete, and it was heneeidked that
Guide2Defect should focus the vulnerability analysis on the transverse cracks, but also should
include the generic vulnerability analysis in the dashboards of the patiogpowners. This

was confirmed in an email exchange between the worlkckage leader and the project
manager of the project dated August 20th, 2018.

As part of the work under thitask, Guide2defect, had two deliverables:

Deliverable 12.3.a: Overalulneability Analysi®n the full population:

A full report for transvese cracks were sent to Bladena in mail dated November 5th, 2018.
The report was prepared on turbine typevld. The report was discussed at a meeting the
following day.

Deliverdle 12.3.b: Specific \nerability analysis for each participating owner:

This has been incorporated in the dashboard on site and turbine level. This allows each
participating owne to retrieve the analysis via their dashboard. The vulnerability i
calcubtedfor all defect catgories.
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Task 12.7 Guide2Defect Workshop
It was decided that rather has having one work shop demonstrating the data base to owners,
how has already beeintroduced to it, to execute a number of seminars presenting the
findingsand challenges in ret#on to the cost and reliability. 4 such seminars have been held.

Deliverable 12.7.a: G2D workshop with course material:

Animation video describing andtroducing the Guide2Defect data base.

Ratz Nordic blade groupork shop Jure 16th, 2016 in Kiding

Mid-term meeting, June 2nd, 2017 in Aalborg

Offshore Energy LEP seminar on February 22nd, 2018 at DTU Wind Energy
CodanCost and Reliability Semingpril 30th, 2018 in Aalborg.

= =4 -4 —a -

Task 12.& Tool for optimal planning of ladeinspections

Thistask has been executed by Aalborg University, and will be reported separately by them.
Outside the delivery of data under tad2.2, Guide2defect has activgbarticipated in the
review and commenting of the tool prepared either \ieoject meetings or viaeview of
information provided.

As part of the project, Guide2Defect has included a sinfjpi#-generation repair cost
cdculation feature in the G2D @tuding a repair catalogue with associated cost. This feature
currently isonly workable on repoiling level based on a high degree of manual input and
should be developed further. Further, as a response to the extensiveofudeones and
simple photo docmentation, we have also updated the Guide2Defect data base with a
direct input section, allowing done operator to use Guide2Defect as an inspection report
generator. All data received via Rotortech has been entered usinditbet input section.

Cortlusion

Guide2Defect has fulfilled its role and delivered all task inr@ecae with the plan wih the
adjustments agreed during the project with the project management. Outside the value
given to particular the cost and lrability tool, the project hasupported Guide2Defect in
enlarging the population of the database, impealvthe dash boards, butlso prepared the
Guide2Defect for further expansion and development of the data base, also considering
future use of Al andlwer cost inspection options.

Prepared by:
Sgren Horn Petersen
Work Package Manager; Partner, Guidefzioe
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Appendix B Fracture Mechanics

Tests on the DGBBM geometry are performed in both static and dynamic loads to derive the
fracture toughness and therack propagation rates at different rde-mixity phase angles.

One important advantage of this test setup is titlae mode mixity is indpendent of the
crack length, therefore it is possible to have a constant controlled crack propagation, in
addition a fngle specimen can be tested repeatediynder multiple conditions. From an
experimental perspective, this simpéf flacture testing asthere arises no necessity to
continuously monitor the crack length. The critical moment can be identified as the sudden

RSLI NIidzZNB Ay (KSFigarés@.LJS 2F a @ad * LX 20
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Figure50: Typical moment (a) and energglease rate (b) plots for DEEUBM sandwich specimens. The initiation of fracture
propagationand its relative toughness are highlighted.

The interface fracture toughness increased with maodigity phase agle and a
phenomenological expression was utilized to express fracture toeggras a function of
mode-mixity. The foam core specimens withgiass face sheets showed fracture toughness
values in the range 180600 J/nt and the toughness values in predorant mode | and
mixed mode conditions are comparable to the results obtainsuhg the MMB and TSD test
methods for similar materials tested previous works.
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Figure51: Interface fracture toughness of the PVC foam corgl&sssandwich material. The analytical fit law is superimposed
to the experimentaldata points.

Fatigue growth rates are derived from experimentaals, these are conducted using an
advanced method for accurate tracking of the energy release rate ampliiti®ying to
reduce the number of samples needed and the time required forladst plan. These tests
are repeated for different modenixities as well. For all cases, the R value of the load
spectrum is kept unchanged.
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Figure52: Crack growth rate versus cyclic energy release rate for different modeities.
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The closed form solutions for the load case of this geioynare used to determine the
energy release rates and the phase angle of the interface and populate the matatéal
These are additionally used to validate the numerical model using LinearcBfaatiture
Mechanics formulations. The numerical modedyiplied initially to coupon scale tests, but is
then implemented in a more complex geometry representing a @arcdefect of arbitrary
shape embedded in a flat panel subjected to various typesadd. The evaluation of the
energy release rate is donerf both cases invoking a submodel run, where the stress
conditions around the crack tip are extracted and a dethikimulation is performed to
extract the crack front shape. Then, the Crack Surfaisplacement Extrapolation (CSDE)
method is used to detenine the conditions of the crack front. This method showed to give
satisfactory results in sandwich specimens inltiple previous and current works, and will be
applied to the large scale testing ihfe debonded SSP34 blade once experimental results are
available.
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Figure53: Finite element model of the disbanded foam core sandwich panehgsa submodelling technique.
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Appendix C Large-scale test (Journal paper)

Out-of-plane deformations of doubleurved trailing edge sandwich
panels in the root transition zone of a 34m wind turbine blade

JacobP. Waldbjegrh, Andrei Buligd Christian BerggreénFind M. Jensen

!Department of Mechanical Engineeririggchnical University of Denmark, Kgs.
Lyngby, Denmark
2Bladena ApS, Universitetsparken 7, Roskilde, Denmark

Keywords: Substructural scale testingut-of-plane deformationtransition zone
transverse cracksnultraxial cortrol, 34m wind turbindlade

Abstract

Transverse cracks on the double curved trailing edgeefs within the max chord region and
towards the root are one of the mor@ncreasing in field damages found on wind turbine
blades. Believed to be root cause of these transverse craockgyutof-plane deformation of

the double curved trailing edge prase side panelg referred to here as the gauge zones
evaluated on thénner 15m root section of a SSP 34m wind turbine bladeferred to here

as the root section. Through a parameti study, the free end of the root section is loaded in
the quasistatic regime comprising two dofs including edgewise loading (Fy) anenatsi
moment (Mz) around the longitudinal axis of the blade. This particular load configuration is
able to replicat the combined loading scenario to which the blade are exposechglugal
operational conditions. The root section is through a msithile mmerical analysis found to

be representative. A combination between Fy and Mz are found to generate the highest
magnitude of outof-plane deformation. A linear relation between eaoh the two dofs
versus ouwof-plane deformation in the gauge zone is idified. From these data, the ouf-

plane deformation governed by a combination between the two dofs is foundltowiche

rule superposition.

Introduction

Wind turbines argrogressively used as a substitute to fossil fuels enhancing the demand fo
larger and more efficient wind turbine blades. These demands yields for lighter, stronger and
more reliable windurbine blades that can withstand the highly dynamic forces goseroy
cyclic changes in gravity direction, centrifugal forces and chamgimdyconditions when sited

both on and offshore [1].
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Wind turbine blades are usually made from composite matsrincluding glass and carbon
fibre reinforced plastics along witightweight cores such as e.g. balsa, foam, etc. Hence, the
ambition to inmprove the structural and operational performance within the industry of wind
turbines has resulted in extensivesemarch within desigmrinciples and material technology
applied forwind turbine blades [2]. In these efforts, testing has primary been fagusih two
length scales including laminate and structural scale testing [3]. A representation of the multi
scale gproach for structural assessment of a wind turbine blade ardridited in Figure54.

Length scale (m) o
»

Micro scale Laminate scale Substructural scale Structural scale

Figure54: Schematic of the multiscale approach for structural assessment of composite materials and structurasrfdr
turbine blades

Structural scale testing provides valuable knowledge concerning the structural behavior,
however it is time consuming drexpensive to perform due to the large dimensions of the
wind turbine blade [4], [5], [6], [7]. Here the wind tine blade is tested according to
standard certification prescription including two principle components; in flap wise and
edgewise directionThis is a significant simplification compared to the actual forces acting on
the blade during service, which inde both torsion and bending in different directions at
the same time, which is not reflected in the standard today.

In order to investigatethe material characteristics of the individual materials in the
composite structure, coupon testing on laminateake is conducted [8]. Such tests are
performed on specially designed specimens, resulting in idealized stress and strain states.
Consequently they do not account for the complex stress states and interactions, which
often occur within structural scale $ting, leading to advanced failure modes among these
mixed mode delamination, crack propagation, etc. Such failures often initiate from joints
bearings and other critical details [9], [10] thereby weaken the structure locally, changing the
structural respnseboth on a local and global scale.

Substructural scale testing provide a service link between laminate and structural scale
testing within the industry of wind energy [11]. The scope of this paper is to present and
demonstrate a multixial test rigfor substructural scale testing on the inner 15m root
section of a 34m SSP wind turbine blagesferred to here as the root section. This gpt
enables structural assessment of the root and transition zone, which exhibits structural
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failure as a direct ipact of the increased size of the wind turbine blade [3]. This hypothesis

is from an operational perspective, supported by the Wind Turbin@&sv(WTOs) who are
reporting a gradually increasing amount of transverse cracksigifire55 [12]. Regardless of

the blade make or model, the transverse cracks are located in the transition zone and max
chord region. These crasltypically require extensive repairs -upr down towea which,
depending on the severity, in both cases leadsosslof AEP due to downtime. The need to
identify the root cause of these blade damages in the design phase is for that reason obvious
[13].

[« NS

N._
I,

Figure55: Extract of a blade inspection report showing transverse cracks in the maxdhegion on an infield wind turbine
blade.

These structural failures is, among others, believed to be governed byfqlane
deformationsin the large double curved trailing edge aerodynamic shell panels located in the
transition zone from max. choratthe stiff cylindrical root region [14]. These deformations,
often referred to as 3D longitudinal owtf-plane bending, leads to critical béing stresses in

the area where the trailing edge panels are connected/kinked onto the stiff cylindrical root
secion, which is believed to be the primary source of damage in that region [15].

The outof-plane deformation is primary triggered by the edgse domnated loading, which
have to carried by the large curved shell panels [3]. Furthermore, a torsional m@remd

the longitudinal axis of the wind turbine blade is governed by the flap wise deformation,
which acts as an iplane eccentricity tolie edgewse load [15].

Here the root section is utilized to evaluate the aiftplane deformation of the largealible
curved trailing edge aerodynamic shell panels on the pressure side within the root and
transition zone of the SSP 34m blagleeferred © here ashe gauge zone. Through a servo
hydraulic load train, capable of applying a discrete load at the frekodrihe root section, a
combined edge wise load and torsional moment around the longitudinal axis of the blade is
applied in the gquasstatic regime. Through higkresolution 3D full field measurements by
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digital image correlation (DIC), the outplane déormation within the gauge zone is acquired
and evaluated through a parametrical study.

Quantification of the structural effect in terms of baf-plane deformations within the gauge

zone governed by the mechanical constraints applied by the load traerisrmed through

a multi scale approach using Finite Element (FE) modelling. Here thef-plsine

deformations is identified for i) the rodectionwith the structural constraints governed by

GKS f2FR GNIAY YR AA0 (KchiANYDOE dzE tco aOF DS | R
referred to here as the full blade. With equally applied section forces within the gauge zone

of the root section ad full Hade, it is investigated whether the structural behavior in terms

of out-of-plane deformations within thgauge zone are correlating between the two models.

Experimental test setup

A fatigue rated multaxial test rig for structural assessmerittbe root section is established.
A 3D illustration of the test setup including the load train and clamped supp@resented
in Figureb6:

Figure56: 3D illustration of test setup.

The clamped suppoof the root joint is governed through a mobile vertical strong wall. This
vertical strong wall consists of twoorcrete towersmounted to the strong floor using
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pretensioned thread bars. A steel plate with a width, height and thickness of 3.4m, 2.8m and
0.120m respectively is attached to the concrete towers using pretensioned thread bars. The
test specimen is connéed to the cener of the steel plate using 54 pretensioned M30 thread
bars. All critical pretensioned thread bars in the mobile vertical sfrall are monitored
through donut load cells of the type:I81/N55GG31.

The load train is capable of applyimgdiscrete loadat the free end of the root section
comprising three independently operated degremfsfreedom (dofs) including: flapand

edge wise loading (Fx and Fy) along with a torsional moment (Mz) around the longitudinal
axis of the blade. The senlydraulic sysm is operated in load control with the format [FX;
Fy; Mz] through a PID controller of the type MTS FlexTest using the MTsaffi@8&re. The
coupling between the control point, located in the center of the load carrying box girder cf.
Figue 57b, and the corresponding force of each of the actuators are defined through the
MTS 793.15 Degree of Freedom €ohsoftware following the assumption of rigid body
motion. Relagéd coordinate system and notation is presentedFigue 57b. The load is
transferred to the free end of the root section through a bulkhead, which is extending
750mm into the free end of the load carrying box girder, fixed to the inner surface of both
spar caps using glue ardread bars. Attached to the bulkhead is a moment lever, which
accommodates the swivels of actuator A and B with an eccentricity of 1808mableapf
inducing an edgewise load (Fy) and torsional moment (Mz). Actuator A and B is a MTS model
244.31S, each pwiding a force capacity of +250kN with a static and dynamic stroke of
518.2mm and 508.0mm respectively. The hydraulic flow through the amtimbperated by

two servo valves model MTS 228G01 each with a capacity of 56 I/min. The displacement
of the actuator is monitored by an internally mounted LVDT and the force measured by an
MTS load cell model 611.2211 with a capacity of +250kN. Thiap wise loading (Fx) is
induced through actuator C with the swivel attached to the installation plate on thespire

side of the wind turbine blade drigue 57a. Actuator C is a MTS model 244.21 which provide

a force capacyt of £50kN with a static and dynamic stroke of 401.3mm and 381.0mm
respectively. A servo valve model MTS 252.2BL@perates the hydraulic flow through the
actuator with a capacity of 19I/min.h& displacement of the actuator is monitored by an
internallymounted LVDT and the force measured by an MTS load cell model 6@R 2@

a capacity of £50kN.
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1808

» bulkhead
» moment lever
1

Control point
[Fx; FY;MZ]

Actuator C

Actuator A

Actuator B
Figue 57: Test setup includinga) 3D illustration of the test setup and b) active coordinate system and notation

The lad train and clamped support presentedRigure56 combine to form the fatigue rated

test setup with a load capacity of +50kN and £100kN in the flap and edge wise direction
respectively. Furthermore, a moment around the longinali axis of @OkNm can be
introduced.

To avoid critical peeling stresses in the adhesive bond line connectirigailieg edge (TE)

and leading edge (LE) panels with the spar caps, the free end of the root section is fully
constrained against #plane dstortion. Thé is achieved by closing the cross section by
installing plywood plates, which are over laminatedhgsGFRP fabrics.

DIC measurements

The outof-plane deformations within the gauge zone is evaluated on the pressure side of the
root sectionthrough a fulifield 3D DIC system of the type: Aramis 12M by Gesellschaft fir
Optische Messtechnik mbh (GOM GmbH)e white light camera setup anénfiormance are
presented inTable4.

Table4: Setup amdl performance of the 3EDIC system.

DIC zone 1 2

Technique used 3D image correlation 3D image correlation

Subset 35x35px 40x40px

Shift 6px (83% overlap) 6px (85% overlap)
Stronger bl ades, Mor e Page66 of 156

Bladena
Universitetsparken 7

DK-4000 Roskilde
www.bladena.com


http://www.bladena.com/

X oo

Energiteknologisk udvikling og demonstration

Bladena

BLADE ENABLER

February2019

Camera

Field of View

Measurement points

Dalsa Falcon2 F80-12M1Hwith
an 12bit, 4096x3072pixel CMOS
(6.00>m pitch) censor and 24mm
lens

2275x1630mm (4096x2663px)
10878

DalsaFalcon2 FA80-
12M1H with an 12bit,
4096x3072pixel CMOS
(6.00>m pitch) censor and
24mm lens
2250x1764mm
(4050x2882px) 9531

Displacement
Spatial resolution
Resolutiorin plane

19.44mm, 35pixels

0.046mm, 0.082pixels

22.23mm, 40pixels

0.045mm, 0.081pixels

Out of plane

0.091mm, 0.16pixels

0.090mm, 0.16pixels

The gauge zone is separated in two zones named: zone 1 and®zdnieigure58a. The outof-plane
deformation is monitored through a number of discretaeasurement pots located along a
transverse and longitudinal path dfigure58p, c.
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Figure58: Location, dimension and labelling of DIC zone 1 and 2

Considering A(z) and C(z) as stiff points, #lative outof-plane deformation of point B(z) is derived
with the longitudinal distance from the root z using the rigid nody removal mettidgigure59.
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Figure59: Principle of the rigid nody removanethod.

Knowing the absolute measured deformation normal to the surface (along-thesycf. the
local coordinate system iRigure59) for each of the three points named A(z), B(z) and C(z),
the out-of-plane deformation B"(z¥iderived cf. eq. (1).

6 ¢ oqa — (1)

The longitudinal path AB and C cfFigure59 and Figure59c are discretized in a finite
number of pants, which are aligned in the tngverse direction with the longitudinal distance
to the root z. Each group of aligned points represents a cross section in which tlod out
plane deformation B’(z) is derived cf. eq. (1). The transverse path is likesisetidied in a
finite number of pants, where point A(z) and C(z) is defined as the two outer points located
at TE and after shear web respectively. The-ayplane deformatimm B(z) along the chord
width x of each of the intermediate points are derivéddex. 1 in the trailing towardeading
edge (TTL) direction.
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Multi -scale numerical assessment of the eat-plane deformations

A numerical validation is performed to revealhether the gauge zone exhibits a
representative structural behavior in term$ out-of-plane deformation with te mechanical
constraints applied at the free end of the root section. This is done through a numerical
assessment of the structural behaviot aubstructural and structural scale. Here the
numerical assessment at substruot scale represents the root sémt presented above
while the assessment at structural scale represents the full blade. The purpose is to create a
link from blade field opertzon conditions to the substructural test methodology. A full set of
aero elastt loads for the full blade have ér used as a starting point. It is assumed that
rated wind speeds will be the dimensioning loads on the blade during normal operation.

A combned loading scenario considering the flap wise loads at rated wind speed tagethe
with the edgewise loads is us@u a base load for simulations of the full blade. The edgewise
loads are introduced in a distributed manner along the blade in the cornetsedpar caps.
Flap wise loads are introduced at ¥4 distance from LE, whereetfoglyjnamic center of the
profile is located, in a distributed manner along the blade.

With equally applied section forces within the gauge zone of the root section and fud, bta

is investigated whether the structural behaviorterms of outof-plane deformations within
the gauge zoneare correlating between the two models. The loads applied on the test
specimen are introduced using a rigid bulkhead simulated using anRBE2with an offset,

to account for the eccentricityevealed by the combined edgewise load Fy and moment
around he longitudinal axis of the blade Mz.

Q11 €% 5 5 P omm 2)

Nortlinear simulations are carried out andia outof-plane deformations of the panels
within the gauge zone of theoot section and full blade are evaluated, segure58. The
relative discrepancy between thaut-of-plane deformation of the gauge zone within the root
section and full blade is derived cf. eq. (2).
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Figure60: Comparison of the oubf-plane deformation obtained on a the full blade when loaded with aeroelastic loads vs the
root section using the substructural load configuration

The outof-plane deformations seen iRigure60 exhibits clear similarities between the two
models. The results within the gauge zone correlates with an error of up to 0.1%. When
moving towards the tip end of the root section, the measured-ofiplare deformations

start to deviate significantly frorthe full blade due to the artificial constraints induced by the
rigid bulkhead, se€igue 57a.

Results and discgsion

The outof-plane deformation B’(z) within the gauge zone of the root section is evaluated in
the quasistatic regime comprising two dofs including: edgewise loadinp &fd torsional
moment (M). Flap wise loading named will remain zero throughout theentire test
campaign. Through 20 load configurations, a parametrical study is conducted with the peak
to-peak loads given iffigure6la. Fromb through0 each of the two dofs are operated-in
phase (ip) cfFigure61b, whiled through0 are operated with a phase shift of 90
degree cfFigure6lc ¢ referred to here as oubf-phase (oop). The load configuratiﬁ_n and

6_ are operated in a single dof configuration covering edgewise load (Fy) or torsional
moment (Mz) respectively. Covering 49 equally distributed load steps forming a triangular
waveform comprising 3 periods, both dofs are fully reversed loaddeigiire61b and ¢
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Figure61: Load configuration including: a) parametrical study, b}ihase and cput-of-phase load steps

The peakto-peak outof-plane deformation B’(z) acquired for the extrema |l@adfiguration

named:0 ,0 ,0

Stronger

.0

bl ades,

are presented irmableb.

Mor e

Pager2 of 156

Bladena
Universitetsparken 7

DK-4000 Roskilde
www.bladena.com



http://www.bladena.com/

X Bladena

Energiteknologisk udvikling og demonstration BLADE ENABLER

February2019

Table 5. Key results concerning outf-plane deformations acqied for load configuration: ||- Fo ..|f

Load config. F | Mz | Dist. From root z Peakto-peak outof-plane
[-] [KN] |[KkNm] [m] RST2NXI GAZY
0 50 [0 5.18 -5.27
50 (0 4.16 4.28
0 50 |75 | 6.30 -2.96
50 | -75 | 6.30 2.16
0 50 | -75 | 4.44 -8.37
-50 | 75 4.12 7.57
0 0 |75 |4.14 2.82
0 -75 | 4.14 -3.20

Based onTable5 the highest magnitude of outf-plane deformation B"(z) is achieved within load
configurationf) . For that reason, the equivalent ocof-plane deformation B'(z) along the
longitudinal path B and transverse path located throughout zone 1 andRigtire58b, cis presented

in Figure62 and Figure63respectively.

10 T T T T T T T T T
—B'(2) (F =50kN; M_=(-75)kNm)
&1 sge — — B'(2) (F ~(-50)kN; M_=75kNm)
- i et R
6 - 4 TR 7

Out-of-plane deformation [mm]
(=]
T
1

10 I I I I I I | | I
2 25 3 35 4 45 5 5.5 6 6.5 7

Distance from root z [m]

Figure62: Peakto-peak outof-plane deformation in the longitudinal direction for load configuratioﬂ»u .-
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Figure63: peakto-peak outof-plane deformation in the transverse direction for load configuratidh . including: a) zone 1
and b) zone 2

Following a triangular load pattern cf. Figure 61b within load configuration
6‘ (Mz= OkNm), the oubf-plane deformation B’(z) of point B within zone 1 and 2 as a function of the
edgewise load (is investigated cfigure64.

A B

—=—B'(2.54m) —=—B'(4.69m)
——B'(3.54m) ——B'(5.80m)
——B’(4.44m) ——B'(6.73m)

S
S

(3=}
(3=}

'
(5]

Out-of-planc deformation [mm]
e} =

IS

Out-of-planc deformation [mm]
IS =

6 ‘ ' ' : : 6 ‘ ' ' : :
60 40 20 0 20 40 60 60 40 20 0 20 40 60

Edgewise load [kN] Edgewise load [kN]

Figure64: Out-of-plane deformation in point B as a function of edgewise loading when subjectetﬂ-‘toa) zone 1 and b) zone
2.

Likewiseis the outof-plane deformation B’(z) of point B within zone 1 and&stigated as a function
of the torsional moment (M) cf. Figure62, following the triangulardad pattern cfFigure61b within
load configuratiorﬁ (Fy= OkN).
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Figue 65: Out-of-plane deformation in point B as a function of torsional moment when subjected||§o :a) zone 1 and b)
zone 2

FromFigure64 and65 a linear relation is idatified between a varyingprsional moment (Mz)
and edgewise load (Fy) versus -afitplane deformation B(z) measured in point B within
zone 1 and 2. Therefore, the eaf-plane deformation for a load configuration comprising
both edgewise loading (Fy) andrsional moment (Mz) amand the control point is
approximated fromd andd G KNR dz3K &dzZLISN1RaAGA2Yy d ¢KAA K& L)
following by comparing the actual measured aftplane deformation through DIG" (()q sd
with the approximated ottof-plane deformation fromj andf)_ through sugrposition
0" (& Bo. The peako-peak outof-plane deformation acquired at point B is presented in
Figure66 as a function of a varying edgewise load throughd and0 through0 ). A
dashed cyan line represents the equivalent -ofiplane deformation derived through
superposition.
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Figure66: Peakto-peak outof-plane deformation in point B for a varying edgesé load: a) zone 1 and b) zone 2
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Furthermore, the peato-peak outof-plane deformatim 6" (&)« sq is acquired at point B and
presented inFigure67 as a funtion of a varying torsional momend ( through0 and0
through0 ). A dashed cyan line represents the equivalent-afgplane deformation
6’ (& Yip: derived through superposition.
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Figure67: peakto-peak outof-plane deformation in point B for a varying torsional moment: a) zone 1 and b) zone 2
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The relative discrepancy between the actual measured-aftplane deformationd” ()¢ sa
and the approximated outf-plane deformation derived from|} and || through
superpositiond” (&)spt is quantified according to eq. (2).

L e S $
Qi i ¢ H ; P 3

Separating the 20bad configurations irFigure6la into fourload groups identified in the
legend ofFigure68, the rootmeansquare (RMS) error of eq. (3) for each point B with the
longitudinal distance from the root z is preged inFigure68.

30 T T T T T =
[ e
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Figure68: Root-meansquare error at point B'(z) when covering all load configtions with

The load configuration with a constant torsional moment . XMomprise asignificant
improved correlation betwee® (&)« sa and 6" (Q)spt relative to the load configuration with a
constant edgewise load )F The reason is most likely the poor linear relation seeRigure
67, which is significant at M= 25kNm.

Conclusion

As a servicenk between laminate and structural scale testing within the industry of wind
energy, a multiaxial test rig for substructural testing was demonstrated the inner 15m

root section of an SSP34m wind turbine blade. Through a servo hydraulic load train
connected to the free end of the substructure, the blade was subjected to two independently
operated dofs including edgewise loading and torsional momeotired the longitudinal axis

of the blade. This setup enabled structural assessment of the root and imangione on
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which a gradually amount of transverse cracks were reported from blade inspection reports
regardless of blade make or model. Leading ttoad bending stresses in the area where the
trailing edge panels are connected/kinked into the stiff irafical root section, 3D
longitudinal outof-plane bending were investigated within the large double curved trailing
edge aerodynamic shell panelscéded in the transition zone from max chord to the stiff
cylindrical root region. Through a muitale aproach covering i) the inner 15m root section

of the SSP34m blade with the mechanical constraints exhibited within the experimental
substructure andi) the structural scale model of the SSP34m blade, the mechanical response
in terms of outof-plane displaements within the gauge zone were evaluated using FE
modelling. With identical section forces within the gauge zone of the substructural and
structural scale model, the results within the gauge zone correlation with an error of up to
0.1%. Through highesolution 3D full field DIC measurements, the-ot{plane deformations
within the gauge zone were acquired and evaluated through a parametrical dtigig. an
out-of-plane deformation within the gauge zone of up to 8.37mm were identified governed
by the canbined load configuratiod , located 4.44m from the root. When operating each

of the two dofs independently, a linear relation between a varying edgewise load and
torsional moment vs oubf-plane deformation within the gauge zone were identified. This
observation indicagd that the out-of-plane deformation observed is triggered by the
geometry of the shell structure and not instability, which is a 4inear phenomenon.
Furthermore, it was found that the owdf-plane deformations governed by a combination of
edgewise loanhg and torgonal moment could be derived through the rule of superposition.
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Appendix D Data report: Full -scale test of LM58.7m
blade with fatigue loads

D1. Acknowledgement s

Bladena and partners would like to acknowledge the Enefgvelopment and
Demonstration Program (EUDP) for financial support under the grant number: -©0GS
RATZ Projectrurthermore, acknowledgment goes to LM Wind Power who hastédna
LM58.7m blade to be used in the fsitale test and demonstration perfoed in the project.

Stronger bl ades, Mor e Page82 of 156

Bladena
Universitetsparken 7

DK-4000 Roskilde
www.bladena.com


http://www.bladena.com/

X Bladena

Energiteknologisk udvikling og demonstration BLADE ENABLER

February2019

D2. Introduction

The current report describes an edgewise fatigue test that was performed on the LM58.7m
blade under the frame of the EUDP RATZ projabile the entire experiment was exeated

at Blaest test centerlt is a part of a s&s ofbladetests performedin order to investigate

the Root Area Transition zonghich will become even more critical in terms of structural
defects as the wind turbines keépcreasing in size.

Figure69: Full scale fatigue test. The clamps are mounted on the different sections of the blade to apply th@ppate load.

The focus with the current test is to investigate the fatigue strength oftthesition zone,
under edgewise fatigue loading.h& current experiment focuses to a Premffconcept
Ay@SadAaaridazy 2F GKS . (FigRe30y I LI G§SYyGdSR Cf 22 NM

a
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Figure70Y ¢ KS Cf 22Nk az2fdziiazy

After the Floom technology was retrofitted, the crack growth stoppedrhis was also
R2 OdzY Sy i Reot Arga Trarkiton 2ormeRATZ and Reduction O&M cost of WT blades,
EUDP project 6401#062¢ Final Repokt Binally, as part of the damage investigatimmthe
blade, various NTDs were performed to examine the blade and evaluate potential damages.

D3. Experimental procedure

In the current chapter the test conditions and configurations are explaied.already
mentioned, the blade was exposed to a pure edgaMatigue test with a total 02,950,539
million cycles. The blade was positioned with the suction side facing the floor of the test hall
as it is illustrated ifrigure69.

The F | o oproBluct

Because of the complex geometry bktRoot-Transition zone, critical edgewise shear forces

are developing at this area which can lead to critical failures of the bladeorideringthe

importance of this area in terms of structural performance, it becomes apparent that a

retrofit solution cauld increase the structural capacity and minimize the likelihood of failure

occurrence. With respect to the lattehé C f 2 2aNBe described as a horizontal shear web

between the trailing edge and the aft shear wehich can result to the mitigatioof risk of

damages and failures in this regidfor the current fatigue testhe Ct 2 2 N gl & Ay ail f
from 3m until 9m from the bladeoot. AvB dz £ Af f dzZaGNJ GA2Y PRdgurei KS Cf 2:
71, while the installation otthe LM58.7m blade islepictedin Figure72.
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Leading edge

Front web

Aft web

FLOOR™

Trailing edge

10.4m

Figure7lY ¢KS Cf22NM Ay GKS [apy®TyY ot RS &GINISR owebh@M@iw of | RS NR2(
blade root. In each end of the Flomr Fsh¥#F dzii K¢ ¢ & XefubelBaRsttESScBceintations.

Figure72 ¢ KS Cis @Sigiad to be retrofitted in the Roatransition zone of a wind turbine area between the aft shear
web and the trailing edge. Hereambe s&y (G KS TFTANERG LINB G2 (8 LIEMEB.InbladeCt 22 N NBGNBFAGGSR

Ex per i mera-toddtion s and focus

Before the initiation of the test the blade has undergone a thorough inspetbi@msure that
no design flaws have been found. Indeed, nanajor flaws were found and therefore the
blade was considered wlamaged.

Finally, the focus was mainlyrdgered in the transition zone area as it is performed under the
RATZ EUDP project. However, regular observations have been done during the test to
evaluate the structural integrity throughout the fatigue test.

Load configuration

Load application for fatig ue test

The fatigue loads are applied by exciting the blade near dsiral frequency using an
eccerric mass powered by an electrical motor. Byustiing he eccentric mass and placing
additional masses on the blade (if needed) the measured strains if@#eded bending
moment) can be matched to the edgewise target bending momeBsgh the fatigue exciter
and the additional masses are to be attachiedhe blade using clampdhe measured strains
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are calibrated to the applied bending moment by undertakanstatic calibration pull before,
during and after the edgewise fatigue tests.

Exciter placed under the blade Mass added under the blade

Figure73: Test configuratiorand load application.

As it can be seen frorRigure73, duringthe edgewise fatigue test the LM58.7m blade was

tested horizontally with the suction sidediag the floor of the teshall. It is intendeddue to

the limited time to relatively fast reach a high load leved.already mentionedhe bladewas

tested with and without theCf 2 2 Nu (. 1@ kest dith@uERoor A f f (G KSYy 0SS NIz
until failure is observed in the traition zore. After failure haccurredand damage growth

has been observedhe Floom ¢ A f f GaBd the gaind Ibaid V&R be applied.

Loads level

The LM58.7m blade was tested at the Blaest Test Center iachilk fatigue. The blade was
postioned hanging from a vertical concrete block with the suction side facing the floor. Five
clamps at 20m, 28m, 32m and 56m from blade root carries added masses and an exciter are
placed at the clamp 32m from blade root. The blade was excited in edgevtigaefaTle
edgewise fatigue load has been increased compared to the certification load to decrease the
number of fatigue cycles. The test is started at a load level 16% higher than tested in
certification. The increase in load is due to a reduction inribenber ofcycles. When the
number of cycles is cut in half, the load level must increase with 8%. The number of cycles has
been reduced from 6 million cycles in the original certification test to 1.5 million cycles in the
RATZ project. This means that witie appled load the blade is designed for 1.5 million
cycles in certification.

It should be stated thatta760960 cycles the load level is increased with 20%. This changes
the number of test cycles that is the equivalent to the desigoedification test (numberof
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