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ABSTRACT

It has beemeported thatleading cause akpairs andailuresin wind turbine
bladess attributable tananufacturing defect3 he size, weight, shape and economic
considerations of wind turbine blades have dictated the use of low cost composite
materials Composite structure amufacturing quality is a critical issue for reliability.

While significant research has been performed to better understand what is needed to
improve blade reliability, a comprehensive study to characterize and understand the
manufacturing flaws commonly émd in blades has not been performé&tie work
presentedhereinis focused on performing mechanical testing of flawed composite
specimen and developing probabilistic models to assess the reliability of a wind blade
with defectsThe analysis postulatesathone should assess defects as a design parameter
in a parametric probabilistic analysis. A consistent framework has been established and
validated for quantitative categorization and analysis of flaws. Results from this effort
have shown that the prolbty of failure of a wind turbine blade with defects, can be
adequately described through the us®lohte Carlo simulationThe two approaches
detailed in this analysis have shown tlgttreating defects as random variabtase can
reduce the desigrooservatism of a wind blade in fatigue. Reduction in the safe
operating lifetime of a blade with defects, compared to one without has shown that the
inclusion of defects is critical for proper reliability assessment. If one assumes that
defects account f@ome of the uncertainty in the blade design and these defects are
analyzed with application specific data, then safety factors can be rettutesibeen

shown that baracterization of defects common to wind turbine blasesreductiorof

design unceriaty is possible. However, it relies on accurate stadistically significant

data.
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CHAPTER1

INTRODUCTION

Overview ofMotivation

Renewable energy has been on the rise in recent years dftiethiia the early
1980s since then hakater declinedue to the reduction of oil prices after the oil crisis of
the 1970s. Wind energy has lead the way in terms of installed power generation capacity
as is evidencely Figure 1. It can be seen in this figure that Wind Energy dwarfs all
otherrenewable energy sources for new installed capacity and competes directly with

nortrenewable energy sourcégs]

All Gther .2%
(Nuclear, Petroleum, eic.)

Other
Renewables
({bio, geo,
solar, hydro)

14.4% \I

All Renewables
56.0%

Figurel: Percentage of New Power Generation Capa(dity.




2
The capacity oind wnergy installed in th&nited States has grown significantly
since the late 1990s aan beseen inFigure2 [2]. This increase can be attributed to the
fact that wind energy is financially feasible which in turn has made it the flagship for

renewable energy around the vebrl
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Figure2: US Wind Capacity GrowtH1]
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In an attempt to maintain growth of the wind industry,Wt&Department of
Energycontinually invests in research and removing market barfoessind energy
Moreover, the United States hagplemeneda polcy thattargetsserving20%of the
country's electricity demands withind energy by 203(B]. Wind powerinstallations
must continuet close to current rates in order to achieve sesnaridFigure3). While
the economics are profitable for investors, the growth and wane of installations is
consistent with the introduction and removal of subsidies. Wind energythaal|
businesss is continually lookingor more market stability Top tier locationswith

access to transmission links farms are running thinMoreover, utility companies are
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often reluctant to accept wind farms duelte ratural intermittency of windlt is
important that wind farms achieve maximum availability by reducing down time due to

maintenance and failures as much as possible.

Annual Installed Capadty (GW)

2008 2008 2010 2042 A4 2ME 2MHE 203D 2080 MM

Figure3: 20% Wind by 2030 Scenarjd].

Thereare many parts in a wind turbine, and a substamtialberof those are
located oveBOm above the ground. Of particular interest to reliability are the gearbox,
generator, and rotor. These systems are often largie iaracomplexprocesgo
perform epairs on site. In general, repairs to these systems require the turbine to be shut
down and a crane brought in to remove the problematic syatemind farms are

intrinsically windy locations, crane seceiis often delayedNeedless to say, any time a
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turbine is down it is not generating energy nor is it making money. In summary, a
guantifiableandstatistically defensible reliability program for wind turbines is required

to maintain and achieve the potential of wind energy.

Reliability is an inherentharacteristic of a system, therefore it should be
considered a desigybjectiveand its assessment should be performed as an integral part
of the design process. In many l@est composite manufacturing instances reliability
assessmers performed as aubjective and qualitative stegather thanusinga
guantifiable reliability metric. In @ter to achievéigh system reliability levels
guantitative terms must be allied. The first step in developing improved reliability is to
establish which componentstbe system are prone to failure. According to a study
performed by Institut fir Solare Energieversorgungstechnik (ISET) on historical wind
farm operating data, blades and rotors result in approximately 12% of a wind'turbine
down time Figure4) [4].

In 2008, a preliminary survey of wind turbine farm operators was pegfibby
Sandia National LaboratorieBata collected from five wind farms showed that
approximately 7% of all wind turbines blades had to be replpeadaturely However,
based on discussions with a number of major wirite OEMs and blade
manufactures this number is probably highi&]. The operatorsurveyed in this study
reported that the leading causeseapairs andailures where manufacturing defects and

lightning strikes[4].
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Figure4: Wind turbine reliability from historical Eupean daté4].

Manufacturing quality is a critical issue for improved reliability. As recentlylag
2012 a Vestas turbine in Ohio experienced a very public catastrophic blade Aailure.
press release issued by Vestas saitltti@failure was a result of waviness in the carbon
fibersparcap.IFebruary 2010 Suzlon Energy Ltd.
turbine manufacturer, announced a retrofit program to resolve blade cracking issues
discovered during the operationissome of its S88 turbines in the United States. The six
month retrofit programvascarried out by maintaining a rolling stock of temporary
replacement blades to minimize the downtime for operational turbines. The cost of the
retrofit programwasestimatedo be $25 millionJSD [6]. Problems such as these are

not exclusive to the wind energy industry. Growing use of composites in the aerospace
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industry, for example, has led to similar problems. In August of 2009 a Boeing supplier
halted manufacturingf the barreled pieces of the 787's ragttion because of a problem
in the manufacturing process. This miauturing problem resulted in ro@scgic
wrinkles in structural stringer supports along the length of the airframe. Boeing had to
develop a patch in order to repair the existing plane sections. Subsequently newer
sectionsveremade utilizing a different manufacturing procgsls

The size, weight, shape and economic considerations of wind turbine blades have
dictatal the use of low cost compositeaterials. Large blades are likely to use the
heaviest possible reinforcing fabrics or prepreg ply thickness to achmwvefacturing
efficiency. Increases in fabric weighiand therefore thicknedsmay affect basic in
plane properties, delamination, and problems associated with ply drops where the
thickness is taperg@]. Moreover, thick compot laminates have an increased
likelihood of hidden flaws and multiple flaws being grouped in the same local area. A
number of productiomelated flaws may occur in larger structures which are more easily
avoided in smaller structures, and rarely appesgshcoupons. Typical of these are
fabric joints and overlaps where individual rolls of fabric terminaseyell adlaws in
thefabric where individual strands terminate during production. Other fattatare
more likely inthe manufacture ofargerblades include fiber waviness, large scale
porosity, large resin rich areas, and resin cure variations through the thifKness

Even though composites hagtesirableengineering qualities, it is not apparent that
design and mnufacturing within the wind industareable ensure a 20 year product life.

This is in part due to the relative infancy of the industry. Most wind farms akenot
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old or are retrofitted with larger turbines prior to reachmgyfull twenty year desiglife.

The most influential economic factor to the wind industry is tax subsahelsshouldhe
industry desire to remain economically productmthout subsidiest will be imperative

that every opportunity tamprove performance be exploiteBrevention of failuress one

area where improvements can be made to sugipwdontinued development of the wind
turbine industry. While significant research has been performed to better understand what
is needed to improve blade reliability, a comprehenstivdy to characterize and

understand the manufacturing flaws commonly foundid blades has not been

performed. The Department of Energy (DOE) sponsored Blade Reliability Collaborative

(BRC)is one initiative designetd perform such research.

GeneralProject Overview

Montana State University (MSU) has taken responsibility for fifects of Defects
portion of the BRGind has split this into two distinct taskdaw Characterization and
Effects of Defects. The function tife Flaw Characterization portion of this program has
been to provide quantitative analysis for two major directives: (A) acquisition &
generation of quantitative flaw data for use in the Effects of Defects numerical modeling
program; and, (B) development opeobabilistic approach to establishifigw severity
and reliability of defect laden bladeBhe Effects of Defects portion is focused on the
development oProgressive Damagrodeling capabilities to predict the structural
implications of common flaws tond in composite wind turbine blades.

Testing and analysis are being performed on a specific material system and as such

the absolute values presented are only valid for that particular system. However, the
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framework under development may be reproduceitteyested parties on their specific
materialand structurasystems. Moreover, the probabilistic reliability and
criticality/severity metrics being developed should be applicable to any composite
structure assuming the requisite data is utilized.

The BRChas charged thiglontana State University Composites GroMsUCG)
with the goab f undefstanshg andquantifying the effects of manufacturing
discontinuities and defects with respect to wind turbine blade structural performance and
rel i abi | idttwo cabrdinated distinot tagks were established to meet this goal:
Flaw Characterization and Effects of Defects. The work herein describkesrties.
However integral to the overall program is work performed by Jared Nelson on the
Effects of Defectsask which has focused on developing coordinated progressive
damage models. Ims study it was proposed to:

a. Understand critical flaw types.
i. Critical flaw types determined from flaw database and probabilistic
modeling
ii. Previous research specific to bladend from other applications
b. Characterize the mechanical properties of common flaws deemed critical to
composite blades.
c. Determine the criteria at criticality threshold of each flaw type.
I. Flaw type, size, and location
d. Use athreegound study to developoordinated 2D analytical and
experimental analogs for damage growth and residual strengths necessary for
blade reliability.
i. Develop finite element model initially at individual flaw scale
ii. Improve model toward full blade scale with combinations of flaws

e. Understand and model how these flaws contribute to the entire structure.
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f. Complement ofgoing activities of entire BRC.

The workflow diagram showin Figure5 mapsout the progression necessary to
achieve each of these individual goals. It is worth noting that the iterative approach
allowedfor additional physical testing to lmentinuouslyintegrated into the models
while allowing for the accuracy of each modgdéyto be continuously improvelllore
details of his effort can be found in Nelson's Doctoral Thesi$]10&f

The overall process is described in the following flowchart;

Data from Flaw Surveys
- Frequency Flaw
- Location Frequency
- Evaluation Techniques
- Frequency of Failures attributable to flaws
- Failure Modes

Flaw Characterization Metric :
- Statistical & Strength Based in Nature Flaw type & size to Modeled Effects
- Probabilistic Determination of Flaw to be investigated

Failure

Test Validation

Iterative - incorporate residual strength/damage growth criteria
i A CEEEA (MSU, NREL, Sandia)

Distributable Analysis of
Flaw Impact Severity

Figure5: Flow chartdescriting the general work plan

The preliminary results from a survey of wind turbine blade manufasiuepair
companies, wind farm operators and third party investigatmesdigected the focus of

this investigation on two types of flaws commonlyridun wind turbine blades:
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waviness and porosity/voidBigure6). A variety of flaw geometries as defined by in
field collection of production scale blade data hasrbinvestigated armbmplied. Basic
statistical analysis has shown that the data generally follows standard distribLiiens.
preliminary results from this effort and coupon level testing have established a protocol

by which a defect in a blade can bedcterized quantifiably.

— -

Figure6: IP Waves seen on the surface fteft); OP Waves seen through the thickness
(top-right); and, Porosity/Voids seen within the laminate (bottom).

Experimental Overview

Physical testing is necgaryto establish damage growttharacteristicandto
validat toolsfor predictionof composite wind bladstrength and durability in ordéw
contribute toward a reliability infrastructure for the wind industiye goabf the MSU

test program was tcharacterize the mechanical properties of the critical defect.types
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Theresults were utilized for analytical/experimental correlations, with the purpose of
performing laminate analysis with included defeéts.understanding of the changes in
the materiaproperties associated with characterized flaws was achieved on a coupon
level with physical testing performed in several configoratiof the different flaw types.
The resultof the three rounds of testirge presentesh Chapter 5.

Generally, laminatewere infused utilizing a&uumAssistedResinTransfer
Molding process. Coupons were constructed with representative blade materials. This
testingprogramclearly indicated that fiber misalignment and porosity resulted in
degraded material properti@¥hile this is not a new development, the tesengbled

evaluation oimetrics concerning material degradation specific to the wind blade industry.

Analytical Overview

Variations in the structural behavior of composites cannot be characterized by
traditiond deterministicmethodsthat utilize safety factors to account for uncertain
structural respons&Vhile safety factors are often derived from a probabilistic
understanding of the inherent uncertainty (and/or variability) in strength or loading,
improvemeng may be made in the design of composites structures with a better
understand the system variability. Sources of variability should be eliminated or assessed
in stochastic analysis where possible. Design margins can then be created to consider the
rest.Moreover, lightweight composite materials are known to be sensitive to fatigue and
defects/damage. Thereforenethodologyfocused on reliability targets, which
incorporates probabilistic modeling, is essential to accurately determine the structural

reliability of a composite structur@ypically thesanethodsare used with limit state
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equations in the design process to describe the reliability or probability of failure a
system[11]

A comprehensive protocol adgsing thempact of manufacturinffaws on the
reliability of wind turbines has been proposed. The main points of this framework can be
summarized in four disciplines; Effects of Defects, Probabilistic Structural Reliability
Modeling, Criticality Analysis and Hfield Evaluations. The majority of the work
discussedhereinis focused on Effects of Defects anBrobabilistic Structural Reliability
Modeling.

The Probabilistic Structural Reliability Modeling section of this wioals
incorporaté mechanical testing resultdeveloped under the Effects of Defects umbrella,
and system (composite laminate structwveh flaws) variability/uncertaintyinto a
novelmodeling approacthat calculatethe probability of failurdbased on a probabilistic
treatment of defectConsderationwasgiven to structural analysis techniques that
include deterministic fatigue life formulation and fracture mechanics based damage
progression model#\ sensitivity analgishasbeenperformed to correlate model input
parameterge.g. wind loads: defect distributionsjo output responses.

To meet the proposed goals of this project, analytical effeteundertakenn a
progressive manner through tarious testing program#itial rounds of simple uni
directional coupons have utilized reladiy simple material degradation models
(knockdown factors)However, as test specimen become more compliexure

investigationscorresponding models will likely need to become more complex.
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Summary of Results

A consistent framework was established &alidated for quantitative
categorization and analysis of flaws. With proper characterization, it is possible to
establish the structural implication of a flaw. Applying the characterization techniques
describedn Chapter 40 incoming data have enabled the generation of a statistically
significant and comprehensive flaw databassderstanding the changes in the material
properties associated with characterized flaws has been achieved on a coupon level with
physical testindpeing performed with several configurations of several different flaw
types. Analysis of the test results show that strength degradation in laminates with
waves tend to correlate slightly better to the averageaait fiber angle of all layers as
oppo®d to the maximum fiber angle. Compression of OP waves is still under
investigation..

Results from this effort have shown that the probability of failure of a wind turbine
blade with defectscan be adequately described through the use of stochastic mgodeli
Comparisons between traditional safety factor analysis @nobabilistictreatment of
defects hashown that the inclusion of defects is critical for proper reliability assessment.
Moreover results have shown that safety factors in design can beadhy including
defectcentric analysislt has been concludegdowever that it is necessary to have a
comprehensiveefectdata setvith representative distributiong/hile probabilistic
modeling will provide the designer with significant insight,anhstitutes only one portion

of an effective reliability program. Additional efforts have utilized the results from this
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analysis to generate a Criticality Assessnprntocol which can be used-{situ to assess

asbuilt composite structure with defecf$2]
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CHAPTER 2

LITERATURE REVIEW/BACKGROUND

This chapter is intended to provide background on the theory of reliability,
probabilistic analysis, existing applications of reliability analysis and a discussion on the
state of réability in the wind industry. It is the synthesis of these elementshtsat
allowed forthe developmentf the Probabilistic Reliability Protocol (PReB utilizing the

computation®utlined herein

Probabilistic Reliability Analysis

Variations in the structural behavior of composites cannateguately
characterized by traditional deterministiethodsthat utilize safety factors to account for
uncertain structural behavio©ne resulbf this perspectives that structural reliabiy
cannot beappropriatelyquantified. A desigmethodologythat incorporates probabilistic
modeling is needed to accurately determine the structural reliability of a composite

structure[13].

Fundamental Reliability AnalysfFormulation[14]

Introduction to Reliability TheoryReliability is simply theprobability that the

system will perform its stated objective for the specified lifetime. Reliability at the
component level can be described byphababilistic relationship between the applied

load and inherent material or structural resistance. Thi®ftan beanalyzedn
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engineering terms a external force anthe stress/straistructural responsé\
common metric for assessing or expresseligbilityi s t he Rel i abil ity |

As depicted irFigure?, the fundamental concept behind analysisehgineering
problens from a deterministigperspectivewherethe expectedload (Q)andknown
Resistance (R) are shown on a number liméeterministiderms a safe design is
achieved whethe loadhas a valu¢ess than the resistand®hile Safety Factors are used
computationallyas deterministic inpugshey are actually designed around the uncertainty
of a systemThere are two commonly usetethodgo accant for error or uncertainty
in a deterministic formulation; Factor of Safety and Margin of Satéting aFactor of
Safety (FS) formulation wheréOY="Y/0, a f n ctatdexsis WherdS & 1 With

the Margin ofSafety (M) formulation,0) ='YH0,afino f ai | ur eMS>0t ate i s

[14]

> Values for Rand Q

Q R
Figure7: Deterministic view of loadQ) versus resistanc&)

Uncertaintyfor both load and resistance can, an@éskexist. One example of
uncertainty in resistanas the simple case of ultimate strength test data for a material
(Figure8). The scatter in the test results inherently depict variabilitheé material. This
scatter or variabilitycan be descrilsbwith a probability distribution that mathematically

assessethe variation in strengtbAn exampleprobability distribution has been applied
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to the test data presentedrigure8. The Normal distribution iffigure9 wasgenerated

based on the mean and standard deviaifahis samealata
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Probability distributions can be generated to describe almost any system with
variability, assuming some data is present. In addition to material or structure resistance
properties, system loads can also be described with probability distributions. qinie is
common in the wind industry as wind speed is inherently varig¥en we include the
uncertainty of the load and resistance in the ana{gysire10), it can be seen thahere
may exista regionwhere the load value is higher thihe resistance valuand therefore

failure can occur.

Frequency

Values for R and Q

‘—1—'\ >

Region where load could equal or
exceed the resistance

Figurel10: Probabilistic view of load (Q) versus resistance (R).

Usingmean values for the load @nesistance distributions in ad¢torof Safety or
Margin of Safetyformulation could result in a "safe" design. Howeviéthere is
sufficient uncertainty in the load andfasistancgthena probability of failurewill exist.

The fundamentgbresentation of component reliability can be accomplisisety the
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Margin of Safety formulationand assuming that the load aedistance are jointly

normal.
"M="RH'Q 1)
e )
T = whm 3)

where' is the mean and, is the standard deviatiaf the load and resistance

distributions

General Reliability Procedur®lost reliability problems require more sophisticated

solutionsthan the one presented in the previous section. Thiscisuse thdistributions
of load and resistance cannot be assumed to be nornhadormal)and there are often
several uncertainty viables that need to be included in a reliability analyBisre are
numerous solution techniques however all ofiligous solutions follow similar steps;

1.) Determine the equations, formulas, models, etc., that will be usadtctdate R
and Q. Thes can be empirical, theoretical, agproximate

2.) Calculate the first and second momdmean anaoefficient of variatiohof R
and Q.This isoften sufficient, but the full distributiorman be used if available.

3) In manycases the margin of safety formulation is used; 'YHO so the first

and second moments of M &eown Here theuncertainty from R and Q is propagated
to M.
4. Calculate the probability of failuré;.

5)Cal cul ate the reliability index, b



20
Calculation ofP; directly islimited bythe assumption of normal or lognormal R

and Q and theorresponding failure formulatioithe following is a list of common
reliability solution techniquethat can be used when this assumption is not valid or the
formulation is complicated.

A rgt Order Second Moment (FOSKiplies to any distribution & and Q, but is
only approximate.

A Second Order Second Moment FOSWIE) has
still an approximation

A FirstOrder ReliabilityMethod(FORM)i s t h e f seliakilitydralysts 0 o f
and often considered requisite when dgingbability of failure calculations.

A Second Or Mahod(SORM)iis paticulailytuseful ake failure
surface becomes more nbnear.

A MoQarto®ethod or Simulationss the brute force approach thmbvides a
robust approximation of the probétyi of failure. This techniqués often used to confirm

results foundusing othemethods

Monte CarloMethod Additional detail is presented onetiMonteCarlo Method

(MCM) as it was ultimately chosen to perform the reliability analysis in PRe#MCM
is not one exaanethodologybut rather consists @f broad clasef computational
algorithms In generglall MCM algorithmsrely on repeatecandomsampling to obtain
numerical resultsand observing that fraction of the numbtratobey, or yield, a
property of interestMonte Carlomethodsare especially useful for simulating systems

with manycoupleddegrees of freedonthey arealso partialarly usefulto model
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phenomena witl significantnumber ofuncertaintyinputs Moreover, the M® can be
usedto evaluatenultidimensionaldefinite integralsvith complicated boundary
conditionsor correlated variables such as those often found in terpgnce functions
used for reliability analysi§15]

In order to integrate a function over a complicadedhain the MGVl sampling
procedurepicks randondiscretepointswithin the domain and solves the function under
the specific conditions of the random sampieother wordghe algorithnperforns a
deterministic analysis on a particular set of randomly chosen infhegsalgorithm ks
N randomly distributedaluesx;, xy, ..., X, within the multidimensional volumetric
domainV and evaluates thenctionf.

The MQM is capable ohumericallysolvinga probabilistic analysis. For thitsass
of problems the sampling procedure selects frequentiemues consistent witthe
distributiors prescribed to the variables. As the simulations arethennumber of
evaluations which exceed the limit stédescribed in following sectiorgre recorded.
The probability of exceeding the limit stateioreliability estimationthe probability of
failure, is then calculatetly dividing the number of exceeded instances by the total
number of simulationsThis concept is described in the following equation where P
the probably of failure,ms the number of simulation for wth the limit state was

exceeded and N is the totaimber of simulation performed:

~

b — (4)
While the exact details afifferentimplementatios of the MQM vary, they all tend

to follow the same basic steps
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1. Devel@ the function or model of interest

2. Define theprobabilitydistributions of alluncertain or variable strength and
resistance variables.

3. Define a domain of possible inputs.

4. Generate inputs randomly frotine probability distributionover the domaiof
interest

5. Perform a discretaleterministiccomputatiorof the function/modebn the inputs.

6. Aggregate the results and evaluateghebabilities

Probabilistic Modeling of the Failure Stafighis methodologyis focused on

reliability targets, which incorporate probabilistic modeling, is essential to accurately
determine the structural reliability of a composite structure. Typically thef®dsare
used with limit state equations in the design process to degbe reliability or
probability ofsystenfailure. Often the engineer isterested not imutright failure but
some poor performance that wolledconsidered unacceptab@efining aperformance
criteria in this manner is often called a limit statee Bameamathematics and solution
techniques can be used to solve any type of Btaie.The margin of safety formulation
is generalizedo encompass artiireshold beyond whicanunsatisfactory performance
is realized The limitstate function is usuallgenoted by and the independent
uncertainty variable array as, where
C 8 8xEAQANMEOI OAOE ®AOMDIOD AT AA (5
The limit state isa different way of writing the margin of safetgrmulation andhe

solution proceedBy using thesamemethodspreviously discussed for the margin of
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safety.[14] In a timeindependent structural reliability analysis this computation usually
takes the form of a muidimensional integral evaluated over the failure domain of the

performance functiofil6; 17]

~

n 0O m NQuQw (6)
wherePxis the probability of failureX is a vector of random input variablégx) is
the joint Probability Density Function (PDF) Xf and g is the limit state functida8].

A wind turbinebladeis a complicatd composite structure where uncertainty exists
at many levels. Eaagtandomvariable (nhaterial properties, structural variations, load
variability etc.)hasa distribution that describes the frequency of occurrenceafaes of
that parameter. The overall systenthiena function ofthecombined Cumulative
Distribution Function (CDF)F. For thecaseof more than oneardom variable a
multivariate distributions formed as detailed generally by Equatibn

OB k0id oBd o (7)

The PDF describes how the overall system reacts to any one variable and can be
found by taking the partial derivative of the joint CDF with respect ¢b eathe

variables as shown iBquation8.

Qe - (8)

The joint PDF or the multivariate CDF will depend on the relationship of the
variablesj.e.independent oconditionaly independentMethodssuch as the chain rule

of probability, sum (cowolution) and ratio (Cauchy) distributioase typicallyevaluated.
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The definition of agint PDF by law of totaprobabilityfor a 2D case is given in
Equation %and the chain rule in Equatio.1
Qo "Qow "Qw (9)
Q0B QoW 8w VQuw 8w Qv W Qw (10
The limit state function describes a condition of the structure for which exceedance
describes the inability of the structure to fulfill a design requiremieégrating the joint
PDF with respect to the limit state function builds a multidimensional surface wherein

combinations of values for thendomvariables that yield results "below" the surface

constitute an unacceptable structural conditjp8; 20]

Reliability Applications

The following sectiongndividually discusshow reliability analysis is used in
severaindustries. It is important totilize an understanding of current procedures in
other industries whedeveloping a structural reliability infrastructure for wind blades.
short, hereis no need toeinvent the wheebut rather adapt the most relevant prior work
to the needs of the wind industry.

Civil. Structural performance in earthquakes and huresaxposed the weakness
of design procedures and shexithe need for new concepts amdthodologiesfor
performance evaluation and design. The consideration and proper treatment of the large
uncertainty in the loadings astiucturecapacites,including @mplex response behavior
in the nonlinear range is essential in the evaluation and design process. A reliability

based framework for analysis and design is most suitable for this pui@ise.
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To this endlimit statedesign ha replaced the older conceptpsErmissible stress
designin most forms otivil engineering.The design oftsuctural steein buildings in
the Unhited States isprincipally based on the specifications of the American Institute of
Steel Construction (AISC)Steel bridge design is in accordance with specifications of
American Association of State Highway and Transportation OffiSiéfsASHTO).

Load and Resistance Factor DesigRED) incorporates statef the-art analysis
and desigmethodologiesvith load and resistance factors based on the known variability
of applied loads and material properties. These load and resistance factors are calibrated
from statistics to provide a uniform level of safety. Beginning in the early 1970's, Load
Factor Desigr{LFD) was introduced into the structural stgebaification that reflected
the variable predictability of certain load types. This had the effect of varying the factors
of safety for different types of loading; however, the load factors were still determined
subjectively by the code writers.

2 Bri (11
whered are badfactors.

LRFD extends the LFD philosophy by considering the variability in the properties
of structural elements in additiontiee load variability. In LIRD design, the load and
resistance factors are chosen by code writers based upon the theories of probability and
reliability. In developing the design specifications, considerable effort was made to keep
the probabilistic aspects transparent to the desifjweknowledge of reliability theory is
necessary to apply the specifications. The following two major improvements on the LFD

methodologyesult in this conversion into probabilibased LRFD:
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A Limit states to be c cimiSbmeobtdesebare t he d
strengthoriented; typically even more are serviceabibtyented, and

A  Load and resistance factors are chosen
of probability and reliability.

The LRFDmethodof design accounts foraviability in both resistance and load,
achieves uniform levels of safety for different limit states, and provides a rational and
consistentnethodof design.

B 2 sBr1l (12)

wh e r; are lopd modifiers and; are resistance factors.

The Service Imit States within the LRFD Specifications have not been calibrated
and therefore some design elements, such as foundations design are still in transition. The
remainder of the LRFD Specifications have been calibmatedi ng a r el i abi | it
The shift in the load and resistance probabilities to obtain compliance to the Standard
Specifications uses a factor equal to 3.5 which equates to a prgbabiéilure of about
1/10,000 When more is known about the load, in the case for a overload permit, this
probability based specification can be adjusted by chanigentactor to a lesser value.
For conditionsvhere the uncertainty ggnificantlyreducedab f aftc2tSonay be

appropriate[22]

Aviation. There is a notable difference between military and civil aviatiethods
of compliance.For militaryaircraft, the goverment defines the requirements with
Military Specificationsand works with the manufacturter establish thenethod of

compliance.In civil aviation, the government defines the requirements through
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regul ati ons ( FAROmeans df dBorpliance tracuditdvisoryc e pt e d
Circulars Compliance must be demoraed to the agency andl this instace the
governnent is a neutrahird party.

The Federal Aviation Administration (FAA) regulates the safety concerns for the
civil aviation industry. Their regulations stretch into the manufacturing and inspection
protocols. Federal Aviation Regulation (FAR) 25.%Ydmage Tolerance & Fatigue
Evaluation of Structurstates hat A An evaluation of the str
fabricationmust show thatatastrophic failure due to fatigue, corrosioranufacturing
defects, oaccidental damagsill be avoided througlthe operational life of the airplade
[4].

Advisory Circular (AC) 20107B on CompositAircraft Structure describean
acceptable means of showing compliance with the provisioR8Rf25.571for the
special casef aircraft stuctures involving fiber reinforced material&uidance
information is also presented on design, manufactuimsgectionand maintenance
aspect$23]. This process can lescribedvisually inFigurell. Unfortunately, there
are no such regulations in the wind industry because failures in composite wind turbine
blades are largely an economic problamd less o& safety problen24].

Since the introduction of structural reliability programs in the aviation industry, the
safety record has been greatly improviedjrel12). The technological corollaries
between the aviation industry and the wind industry would suggest that similar

improvements could be attained by the wind industry. However, the major challenge is
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to determine the cost/benefit parameter which will achilegdest economic payoff for

improved reliability.
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Figurell: Flow Chart of FAA Safety Prograf@5].
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In order for the wind industry to develop a statistically defensible reliability
program, pecifications covering matersglmaterial processing, and fabrication
proceduresnust beestablished to ensure a basis for fedtingconsistenand reliable
structurs. The discrepancies permitted by the specifications should also be substantiated
by analysis supported by test evidentests at the coupon, element or subcomponent
level. Thorough manufacturing records are nekttaecordpart acceptance and
allowable discrepancies.g.common defects, damage and anomal@sbstantiating
data is needed fastify all known defects, damage and anomalies allowed to remain in
service without rework arepair.The CompositeMaterials HandbooR 7 offers a process
for composite component conformity that has been utilized in military applications
Elements from this processuld be applied in the wind industry to achieve these goals.

In order to back up manufacturing recordsnust be known what the effects of
defects argso that quality control can determine blade conformance. Thus, the defects
must be understood in terms of both residual strength and damage toléraace.
structural staticesidualstrength substantiatiasf a compositelesign should consider all
critical load cases and associated failure mo#lis®. included should beffects of
environmentmaterial and process variability, ndetectable defects or any defects that
are allowedvy the quality control, maufacturing acceptance criteria, and service damage
allowed inmaintenance documents of the end product.rébielualstrength of the
composite design shoulie demonstrated through a prograncadipon tacomponent
ultimate load test®d comprehend the &ftts of defects from flaw to fubllade scale

(Figurel3).
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In 2008, a preliminary survey of wind turbine farm operators was pegfbby
Sandia National LaboratorieBata collected from five wind farms showed that
approximately 7% of all wind turbines blades had to be replpeadaturely However,
based on discussions with a number of major wingiie OEMs and blade
manufactures this number is probably high&]. The operatorsurveyed in this study
reported that the leading causesepgairs andailures where manufacturing defects and
lightning strikes[4].

Successful static strength substantiatioc@hposite structures has traditionally
depended on proper consideration of stress concentrations (e.g., notch sensitivity of
details andmpact damage), competing failure modes, anebdytiane loads
Component tests are needed to provide the final vadidaccounting for combined loads
andcomplex load pathdVhen using the building blocpproach, the critical load cases
and associated failure modes would be identified for compdestistusing the analytical
methods, which are supported by test vatiioia.

The following discussion on damage tolerance methodology is particularly relevant
to wind blades. While the design criteria vary between wind blades and aircraft, the
design procedures are not so different. Moreover, wind blades have been shown to be
sensitive to fatigue and in service damage. It is already commonplace in the wind
industry to perform regular maintenance inspections of wind blades therefore it is not
unreasonable to think that elements of an aviation style damage tolerance methodology
could be useful to the wind industry. However, this approach would have to remain

economical for the wind industry.
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Figurel3: Typical scale steps needed to get fiftamv-scale to fullblade scal¢26].

In addition, damage toleranegaluation must show that catastrophic failure due to
fatigue,environmental effects, manufacturing defects, or accidental damage will be
avoided throughouhe operational life of thetructure. Commonlyg damage threat
assessment must performedonthe structure to determiribe effects oflocations,
types, and sizes of damagensidering fatigue, environmental effects, intrinsic flaws,
and foreign object impact or othaccidental damage that magcur during manufacture,
operation omaintenanceOnce a damage threat assessment is completed, various
damage types can btassified into five categories of damadéese categories are

displayed inFigurel4.
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Category | Damage:
BVID, Allowed Mfa. damage

Category 2 Damage:

VID, damage requiring repair per
Ultimate / normal inspection process
Design Category 3 Damage:

Load 1.5 Factor | Obvious damage requiring repair
Level of Safety after it is found within a few
Limit flights of occurrence
~ Maximum load Category 4 Damage:
per lifetime «——— Discrete source damage,
Conti " obvious to flight crew.
‘ Ofnhg_uit requiring repair after flight
safe flig
-t —— > - >
v Y Y
Allowable Critical Damage
Damage Limit Threshold Category 5 Damage:
(ADL) (CDT) Anomalous damage not covered in
: : design but known to operations,
Increasing Damage Severity - requiring immediate repair

Figurel4: Typical categories resulting from damage threat assess[@&hts

Structuraldetails, elements, and subcomponents of critical structural areas should
betested under repeated loads to define the sensitivity of the structure to damage growth.
Thistesting can form the basis for validating agrowth approach to the damage
tolerarcerequirementss well as determine the effects of defects, thereby establishing
the criticality of each type, size and/or locatiddnce critical rubrics are determined,
corrective action can be taken before the blade is put into senaadiftarentin-service
protocol may be mandated. Regardlesspéction intervalshould consideboth the
likelihood of a particulatype ofdamage and the residual strenggipability associated
with this damageThe intent is tensurehatthe structure is noéxposed to an excessive
period of timewhere theesidual strengtls less tharthat which is necessary to

guarantee safe operation until the next inspection
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Conservative assumptions ftructuralsafetywith large damage sizes that would
be detected ithin ashort time of being kservicemay be needed when probabilistic data
on the likelihood of given damage sizes doesexist. Once the damage detected, the
component is either repaired to restore ultimate tzguhbility or replaced A schemat
showing the relations between damage initiations, residual strength and repair intervals as
a function of time are shown Figure15[26]. Two conceptual damage assumptions can
be taken: slowgrowth and negrowth. For the slow growth case it is assumed that once
damage has been initiated there is a time varying reduction in residual strength.
Maintenance intervals should designated shaha reduction of residual strength below
the expected ultimate loads is caught within in four inspection intervals; at which point
the structure should be repaired, retuning it to full design strength-ghoweth approach
assumes that once damage besn initiated the residual strength instantly decreases and
remains constant. A repair must then be performed close to the time of discovery.

Residual strength Damage mitiation

or occurrence
Slow-growth approach #

Ultimate loads t \

}
: No-growth approach ##

Limit loads

* Repair to Restore Ultimate Strength
*# No growth without repair is not acceptable

Time

>

——————— Shows Acceptable Interval at reduced RS before being repaired (No-growth case).

Shows Unacceptable Interval at reduced RS before being repaired (No-growth case).

Figurel5: Schematic diagram of residual strenff1].
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The extent of initially detectable damage should be established and be consistent
with the inspection techniques eloged during manufacture and-gervice. This
information will naturally establish the transition between Category 1 ataiiage types
(i.e., inspectioomethodsused by trained inspectors in scheduled maintenance).
Documented pcedures used for damage detection must be reliable and capable
detecting degradation in structural integrity below ultimate load capability.shbisld
be substantiated in static strength, environmental resistance, fatigue, and damage
tolerance[26].

Flaw/damage growth dashould be obtained by repeated load cyclinopwinsic
flaws or mechanically introduced daneag he number of cycles applied to validateth
growth and negrowth concepts should be statistically significant, and may be determined
by load and/or life considerations and a function of damage $tze growth or no
growthevaluation should be perfbed by analysibased on test results by tests at the
coupon.element, or subcomponent lev@lhe extent of damage for residual strength
assessments should be establishrgiiiding considerations for the probability of
detection using selected figlispectionprocedures.Composite designs should afford
the same level of fagafe, multiple load patstructure assurance as conventional metals
design. Such is also the expectation in justifying tiee of static strength allowahigth
a statistical bsis of 95% probability with 95%onfidence.

The ability to detect damage is the cornerstone of any maintenance program
employed to ensure the damage tolerance of a specific structure. Inspection procedures

can be divided into two main classes. The fingtich is most general, includes both
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destructive and nondestructirethodsused for concept development, detailed design,
production, and maintenance. The second class includes onlyNbodestructive
Evaluation (NDE)methodsthat can be practically used in service to locate and qyantif
damage. The second class is a subset of the first and depengxioncdogy database
suitable for relating key damage characteristics to structural int¢grity

After initial process qualification, testing for conformity to design requirements
should continue on an appropriate frequency to ensure that the manufacturing process,
materials, and associated tooling continue to opeviien acceptable boundariesnd
therebyproduceconforming parts For accepting or rejecting cured structurédE
equipment angrocedures should be used to evaluate specified material defects resulting
from fabrication and assembly operations. TheEN&chnique used for inspectionositd
have the sensitivity to detect maximum allowable discrepancy type and size in the part.
Quality control pecifications should define allowable limits for each discrepancy such
as: adhesive voids, porosity, delaminations, damaged core, core nodeparadigns,
potting cracks, shortace, lack of adhesive, ef@8] The need for this type of
specification is a result of the relationship between the size of a flaw and the residual
strength of the structure. Thislationshp is graphically presented Figure16.

It follows then that the larger the strength redugttbe sooner the damage should
be detected. Furthermore, thesetinds dso consider that the need for inspection cannot
disregard the likelihood of damage occurrence. The more likely the damage is, the sooner

it should be detected. As a result, thewthods depend on service di2d].
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Figurel6: Residual strength requirements versus damag¢Xite

Manufacturing defects as well as in service damage can be hard to detect in
composite structures, particularly if the flaw is subsurface. Thefusendestructive
evaluation is growing throughout the composites indugtngreare a variety of NDE
technologies used on composites and they all have their pros and cons. Some of the
various technologies are listed bel{#9; 30; 31]

1 Thermography: Thermographic NDEnethods typically apply heat to a
region enabling cameras to 'see’ flaws. This is dorenbiyang the effect
of flaws on the thermal conductivity and emissivifyntaterials
Thermographys capable otoveing large areas in a single frame and does
not require coupling. Unfortunately, tmethod has beerfioundto be

unreliable when testing bonded joints with a narrow gap between the
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unbonded surfacdgissing bonds)Highly sensitive aneffectiveinfrared
systemsare usedo map the cooling or heating profileBhis technique is
capable ofapidly indicating flaws.
Ultrasonic: Ultrasonictechniquesrethe mostwidely usedyersatile and
informative NDEmethods All of Ultrasonic techniges function by
applying ultrasonic waves to a material and analyzing variations to the speed
and shape of the wave patte@ften times @dtailed informatiorabout flaws
can be extracted as well as determination of material propdrtigeerform
rapid ingection portable scanneisave been develope@hargeCoupled
Devicetechnology can now be used to form the ultrasonic equivalence of
thevideo camerasdviost often ultrasonic transducers are used Wiidjuid
couplans. The difficultly of applying liquid couplantsin field application
hasled to the development of various fixtures including water filled boots
and wheels, bubblers and squirters. Alternative dry couptietpodshave
alsobeendeveloped including the use of-aimupledpiezoelectric
transdicers, Electraviagnetic Transducers (EMAT) and Laser Ultrasonics.

Leaky Lamb Wavess a particulaultrasonicsubsebased on obliquely
insonified ultrasonic wave§Vhile not used extensivelihe analytical and
experimental studies as¢artingto pave lhe way fortheir practical
application.LeakyLambWavedata is acquired in the form of dispersion
curves that show the phase velocity &sretion of the frequency along

various polar angleassociated with the fiber direction. Another ultrasonic
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technique,Polar Backscatterinig alsobased on obliquely insonified
ultrasonic waves. Usingdfar Backscatteringthe fiber orientations can be
determined and porositjusters as well as fatigue cracks can be mapped.

Pulseecho(or reflection mode) is perhagise most employed ultrasonic
technique.The transducer performs both the sending and the receiving of
the pulsed wave&eflected ultrasoundiave characteristiocsome from an
interface, such as the back wall of the object or from an imperfection within
the object. The diagnostic machine displays these results in the form of a
signal with amlamplituderepresenting the intensity of the reflection and the
distance, representing therival timeof the reflection.

Throughtransmissior{or attenuation) is another commonly used
ultrasonic technique. &ansmitter sends ultrasonic watksough one
surface, and a separate receiver detectw#vesafter traveling through the
medium. Imperfections or other conditions in the space bettheen
transmitter and receiver reduce the amount of sound transmitted, thus
revealing their presence. Using the couplant increases the efficiency of the
process by reducing the losses in the ultrasonic wave energy due to
separation between the surfaces
Radiography: Radiography ishe generic name for a host of technologies
thatuse Xraysto view a noruniformly composed materiak-Rays are
projected through a material, onto a film or digital collector. Variations in

materials can be seen on the resulimgges.The development of real time
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imaging techniques faadiographiovisualization helped overcontiee time
consuming process that was involweith original film recording.
Moreover, computer processing of digitized images enabled the
enhancement ohe images as well as the quantification of the inspection
criteria. Severatadiographic techniques that deserve atterfbon
composites materialaclude the ©@mputedTomography (discussed
Chapter % scan, Reverse Geometryrdy andMicrofocus Xray
microscopy.
Acoustic Bmission High tech microphones are mounted to a structure.
They pick up sound waves in the material as it undersfoess (internal
change), as a result of an external for€ais occurrence is the result of
small surface displacesnt of a material due t&tress wavegenerated when
the energy in a material, or on its surfasaeleased rapidlyOne advantage
of this technique is thdailure or indications of imminent failurean be
documented during unattended monitoring
Interferometry (shearography): Most Shearographgystens use laser
diodes and various means such as vacuum changes, thermal flux or vibration
to stress the object surface to detect subsurface anofiisggrocess
involves double exposure of the structatéwo different stressing levels.
Themethod is very sensitive to the setup vibrations or displacement making
it unpractical A digital Interferometrysystem is used to deteateas of

stress concentration caused by material anomalies. The technigeg sens
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out-of-plane surface displacements in response to an applied load. Data is
presented in the formf a fringe pattern produced by comparing two states
of the test sample, one before and the adlfftera load is applied. Electronic
Shearography incorpotas aChargeCoupledDevicecamera and frame
grabberfor image acquisition at video frame rates. Fringe patterns are
produced by real time digitsubtraction of the deformed object image from
the reference object image. Shearograpgreasonable immunjtto
environmental disturbances such as room vibrations and thermal air
currents. The capability of Shearography to inspect large areaal ithme
has significant advantages for many industrial applications including
inspection ocomposite structures drpressure vessels. Experience in
testing bonded composites and metabsemblies at Northrop Grumman
Corp. since 1988 showed 75% reduction in inspection ¢iongpared to

other NDEmethods

Composites in Generdh addition to traditional generalized of&nical reliability

conceptsfour composite specifimethodgo probabilistic modelingpavebeen
investigated for their apmability to wind turbine bladetNASA Integrated Probabilistic
Assessment of Composite StructufeACS), Level of Safety (Lo Northup Grumman
Commercial Aircraft Division (NGCAD) an@entral Aerohydrodynamic Institute

(TSAGI).
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Visual representations of the elements which need to be incorporated into the model
aredisplayedn Figurel?. The algorithndescribed byrigure18is employed partially in

the IPACSmethodbut is in essence a genepiocedurdor structural assessment

Fin'rle element Compoent Finite element
Structural i c\\ﬁ Structural
analysis analysis \
Loads geometry, \

boundary conditions ” _ W \\

i} Laminate responses |
Multiscale

Probabilistic

l' Lam nate roperties
! propert structural

Composite Laminate analysis Laminate  roocecsivede
strutcr::urrle theory o theory composition
synthesis robabilistic
\ ANE—— composite S f
\ Ply properties mechanics Ply responses /
Composite G Composite
mlcromechanlcs micromechanics
theory Stress theory
@ Matenal Temp!mmsture E
Constituent property T|me Fiber/matrix
properties stress/strain

Figurel7: Concept of probabilistic assessment of composite strudtlBes

Material
Load Structural constituent
uncertainties uncertainties and fabrication
uncertainties
| Y ‘
Probabilistic Probabilistic Probabilistic
loads structure composite
description mechanics
1 1
Probabilistic Probabilistic
structural material
analysis behavior model
1 * Specific design
requirements
Probabilistic Design Performance
structural - assessment Lon-g -ev |ty
responses 1 Manufacturability
— Supportability
Certification Reliability/risk
for affordable
reliability/risk

Figurel18: Probabilistic design assessment of composite strudtL@gs



42

Wind Industry The major reliability initiatives within the wind industry are
typically related to overall plant performance. Reliability is addressed in terms of
availability, which describes howmuch of the time a wind tbineis available to produce
electricity regardless of the wind. Typical reasons for a turbine to be unavailable are
scheduled maintenance downtime , malfunctiansl failures. In order to assess the
industry as a whole&andiaNational Laboratories beganeWind Plant Reliability
Database and Analysis Progr@WiPDB) to characterize theeliability performance of
the US fleet to serve as a basis for improved reliability and increaaddbility of
turbines. The WPDB wadesigned to fill aneed identifid by wind plant owners and
operators to better understand wind turbine component faillinesenablingeffortsto
be focusean resohing these failures and/or mitigate the consequences, resulting in
improved operations and reduced maintenance ciis¢gjoal was to solicisufficient
participationto characterize the industry as a whdlhis data would then be ablehelp
prioritize and facilitate R&D efforts to foster componantd system design
improvements[32]

This prgect evolved intaleveloping theContinuous Reliability Enhancement for
Wind (CREW)database by Sandia National Laboratorfdésee CREW database uses both
high resolution Supervisory Control and Data Acquisi{i®G@ADA) data from operating
plantsand Stratei ¢ Power Syst e ms(@pefat®mRelia@ig AP Wi ndE
Analysis Program for Wind) data. The later consists of downti@seyve event records
and daily summaries @enerationunavailabiity, andreserve time foeach turbine.

Together,thesedatar e used as i nputs i nt[3 CREWO6s r el
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The CREW effort has produced significant insight concerning theceaste of
turbine downtime. In general, twelve categories are used to characterize faults or
malfundions. Data on average number of events and mean down time per event has been
complied for each of these categories. The latest reporting of this d&tplayedn
Figurel9. The data shows that the Wind Turbfd#hergroup which are uncategorized
(miscellaneougvents leads the system for both number of events and duration. The
second most frequent cause of unavailability is attributed to the rotor and blagles. Th
data presented for mean downtime suggests that the majority of events are not
catastrophic blade failures as such an event would require more than 1 hour to address.
These types of issue are usually related to faults associated with the pitch system.
Howeve, information discussepreviouslysuggestthat blade failures are frequent and
that when thewccur,the down time is much more significant (i.e. weeksnonths
instead of hours). Therefore one event which would have a mild impact on the statistics
generate in this report would actually have a substantial impact on the avait#tality
particular turbine oplant.

Even with a large amount of events occurring per year, wind turbines can still be
considered a reliable system. Data collected by CREfeported infablel shows
that the vast majority of the time (97%), wind turbines are available. However, the
capacity factor of wind plants is significantly lower (36%). The capacity factor describes
the yearly percentage of actual production, as compared to the nan@aiatating.
This number encompasses both the availability of the plant and the amount of actual

wind supplied to the plant.
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Figure19: CREW databaseesults[33]
Tablel: Plantmetadata statistics
2012 Benchmark 2011 Benchmark
Operational Availability 97.0% 94.8%
Utilization (Generating Factor) 82.7% 78.5%
Capacitv Factor 36.0% 33 4%
MTBE (Mean Time Between Events) 36 hrs 28 hrs
Mean Downtime 1.6 hrs 2.5 hrs

Wind is extremely variable in nature and as swdhd turbines a& exposedo
variable loading. Subjéing mechanical and structural components to these loads results
in fatiguedamageA reliability analysis of these parts masinsider the accumulation
damage as a result thifis fatigue.Several tools have been developed to addedggie
calculations and reliability estimations of wind turbewnponents. These typically focus
on modeling the interactiobetween thenvironment, the load response to the
environment and the cumulative damage process undethgnietime calculation.

In the late 199QsSandia National Laboratories distributed FAROW, a computer

code that evaluated fatigue and reliability of wind tnebtomponents using standard
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reliability methods During this timeframgdesign standards for wind turbines and utility
scale wind turbines themselyegere still in their infancy andtool was needed to assess
spectrum loading on turbine components. AROW, the fatigue life formulation is
based on three components; the loading environment, the structural response given the
load environment and a failure criterion. The calculated lifetime is compared to targets to
assess premature failure. The reliapiéinalysis uses the lifetime calculation as the limit
state function in a FORM or SORM protocol. FAROW produces estimates for the
probability of premature failure, mean lifetime, variable relative importaarnu
sensitivity of the results to input®4; 35]

Around this same timé&. Ronolddevelopedwo probabilistic moded for analysis
of the safety of a windlurbine rotor blade [36] The first modepresented an assessment
of fatigue filure in flapwiseébending. The model is basedonié ner 6 s rul e app
cumulative damage and capitalizes on a conventiSifdlcurveformulation for fatigue
resistanceThe model accounts for inherent variability and statistical uncertainty in load
and resistance, and modeicertainties are also included. The modasapplied to a
reliability analysisfor a sitespecific wind turbine of a prescribetakédmodeland a20-
year design lifetimevasconsidered. The probability of fatigue failure in flapwise
bending of the rotor bladeascalculatedoy means of a firsbrder reliabilitymethod. It
wasdemonstratethatthe reliability analysis resulteaybe used to calibrate partial
safety factors foload and resistance for use in conventional deterministic fatigue design.

The secongbrobabilistic modehlnalyzed bladéailures in ultimate loadingvhere

only failure in flapwise bending during the normal operating condition of the wind
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turbinewasconsdered. The model wdsased oran extremeralue analysis of the load
response process in conjunction with a stochastic representation of the governing tensile
strength of the rotor blade material. The probability of failure in flapwise bending of the
rotor blade is calculatedy means of a firsbrder reliabilitymethod, and contributions to
this probability from all local maxima of the load response proocessthe operational
life wereintegrated. Itvasdemonstratedgain, thathe reliability analysisesults can be
used to calibrate partial safdgctors for load and resistance for use in conventional
deterministic desigri37]

Since that timgat leastwo agencieshe International Electrotechnical
Commission IEC) and Germanischer LloydGL) have developed design standards
addressing the analysis of fatigue life for wind turbimesvind turbine fatigue design, it
is customary to use the partial safety factor apprdaelds are inflated by some factor,
while materiaffatigue strength is decreased in calculatidf@ues for partial factors
originally come from civil engineering standards daitity buildings and bridges, and it
is not clear that they are optimal for wind turbinBse safety factors are designed to
address ncertaintiesn the engineering calculations. Uncertainty fonavturbine blades
analysiscan in generabedivided into four groupsPhysicalUncertainty, Model
Uncertainty, Statisticdlncertainty andMeasurement bicertainty.

The recent surgef interest in offshore wind plants has also required a mere in
depth understanding of reliability issues. As one can imagine, the maritime environments
providechallengedo turbineaccess and subjeitte machineto harsh environmental

conditions.Operaton and maintenance for offshore wind turbiaes expected to
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contributea substantial part of the total liégcle costs, and can be expected to increase
when wind farms are placad deeper water and severeenvironmentsTo address
these issues, resehers have developediak-based life cycle approach formulated for
rational andbptimal planning of operation (services, inspections, etc.) and maintenance
(including repair and exchangey offshore wind turbineg38]

Recently (2008), D. Veldkamp of &stas Wind Systems performedaaralysis to
ascertain the relevancy of the traditional safety factor approach by comparing it to a
stochastic analysis addressing uncertainfg.Using a simpleost model,
economically optimal failur@robabilities and partial factors are dexd. The main
conclusion of thisvork wasthat uncertainties in material fatigue properties and life
predictionmethodsdominatetotal uncertainty, and hence determineréguired partial
factors.

Two specific components that have received significant attemiprograms
aimed at improvingeliability are gearboxes and rotor bladészmature gearbox failures
have a significant impact on the cost of wind farm operation8007 the National
Renewable Energy LaboratoMiREL) initiated the Garbox Reliability Collaborative.
This comprehensivproject combines analysis, field testing, dynamometer testing,
condition monitoring, and the development and population of dgedailure database
The goal of these efforts todetermine why many wind turbine gearboxes do not
achieve their expected design lifé0]

The European Wind Industry has been analyzing the reliability of wind blades

since 2009. Two investigators in particular (along withaethors) have led this effort; T.
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P. Philippidis and J. D. Sorense@d.1] Even with known issues for bladdzarely ahalf-
dozenpapers have been authored on the topic of stochastic reliability for wind blades.
Perhaps the most comprehensive effort was performed within the European collaboration
UPWIND. UPWIND was led by D. J. Lekou and T. P. Philippidis. The goal of UPWIND
was toaddress the variability in structural performance of wind blades, primarily from a
ply level materials perspective.

UPWIND focused on assessing and developing tools fobgbilisticstrength
assessment abtor blades Methodologiesfor probabilistic asessment of laminates
under general iplane loadingvere integrated inta software packagehich performed
deterministic sength analysis of rotor bladdReliability analysis was performed at the
ply level where composite material properties wereégeatochasticallyNumerical
procedures determinedrengthwhile taking into account the stochastic nature of
anisotropic material properties as well asvwhgableloading imposed on the bladehe
Edgeworth Expansion Technique and the Response Sivietted were appliedor the
reliability estimation.

The UPWIND investigators deemed thatccurately predict failure (or non
failure) ofa particular bladsection, a point to point assessme&asnecessaryThe
anisotropic nature of composite materials required the analysis to considgrathe
normal stresse@.e. along the blade lengtlandcomplex irplane stress field in the
principal coordinate system of eggly. Failure in the lamina was establishesing the
guadratic failure tensor (Equatidd) developed by Tsai an@/u with stochastic

anisotropianaterial properties.
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A laminate can benodeledas a system of many components (layers), each one of
them characterized by itavn failure function, as described in the previous section. The
failure of the laminate may in turn be characterieitker by theailure of the firsply
(FPF) or by the total failure, that is, the successive failure of all layéne laminate up
to the failure of the last ply (LPF)Since the desigwasperformed based on the FPF
methodology, the analysis of a seriegstem will resulin the prolability of failurefor
the laminate.

This analysiss implemented ira software routines in the form of prend
postprocessdhat can be used along with current aelastic codesThe algorithm for
this approach is shown Figure20. The reliability estimation for each laminate is
conductedvith the EdgewortlExpansion technique #te layer level. Not onlgrethe
strength properties of threaterial considered as stochastic parameters ohtiel, but
also the variability of the elastic and thermechanical properties of each layer in the
laminationsequence is taken into accoufhe applied loadings assumed deterministic.
Thevariablesused in this analysis (e.strength and elasticity properties of the different
material3 the meanstandard deviation, coefficient of variation and distribution form are
given in

Table2. Lognormal andVeibull distributions are commonly used to describe
variations in composite mechanical properties, however they can often be difficult to
implement in complex software routines. This is perhaps themeslsy he UPWND

program chose to use Normal distributiofifie effective properties calculated for each
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laminate together with their statistical properties in a reliability assessment, are fed as

input into the main calculation module?2; 43]
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Figure20: Schematic diagram of the UPWINdnftwareapproach42; 43]

Table2: Material properties used in the UPWIND progrgdf; 43]

Property Mean Value St. Deviation C.0.V. (%) | Distribution
E. (GPa) 39.04 1.032 2.64 Normmal
E: (GPa) 14.08 0.325 2.3 Normal
G- (GPa) 4.24 0.099 2.34 Normal
Wiz 0.291 0.0271 0.34 Normal
X; (MPa) 77650 36.143 465 Normal
Xz (MPa) 52182 16.500 3.16 Normal
Y (MPa) 5395 2576 478 Normal
Ye (MPa) 165.00 4.849 2.94 Normal
5 (MPa) 56.08 1.119 2.00 Normal
h {mm) 0.938 - - -

More recently in 2011, Toft and Sorensen providgaobabilistic framework for

design of wind turbine bladelt demonstratetiow information from tests can be taken
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into account using the Maximuinkelihood method and Bayesiastatistics.In this
numerical example, the reliability of a wind turbiplade is estimated for a single failure
mode in both ultimatand fatigue limit states. In the ultimate limit state, the reliakgity
evaluatedusing a Bayesiaapproactwhich takeghe informatiorfrom structural testing
programanto account. The results show that tekability is significantly @&pendent on
the number of tests. This dependencgxacerbateéspeciallywhenthe coefficient of
variation for materiastrengtis is unknown.Using the test dajghe designpartial safety
factor for materiaproperties is calibratedResultsfrom this analysishow a significant
reduction in the partial safety factor when the nandf testsare increased.

In the fatigwe limit state, the reliabilityvasestimated fom single failure modeThe
failure criteria took into account statistical variations in the test data Maggmum-
Likelihood method. The modelncertainty orMiner'srule is estimated based on variable
amplitude fatigue tests with small coupofbe resultsshow thatMiner'srule is
significantly biased and is associatedh high model uncertainty when it is applied to
compositematerials A calibration of partiabafety factors shows that te&isting partial
factors in IEC 61404 are adequat§l4]

It should be noted that Toft and Sorensens' conclusion that safety factors could be
reduced with more material testing is somewhat emblddi¢EC 614001. In section
7.6.2.2 the standard statéBartial safety factors for materials shall be determined in
relation to the adequacy of thgailable material properties test da{d5] No further
discussion is given in the IEC standard as to types of test or the relevant variation of

concern. Howeveit is well known that variations in standard material propserte.g. E,
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Sul t, 3 forcenpasite materinls The probabilisthodeling approactse
discussed thus fanave thoroughly addressed these issues. However there are variations
in structural performance that resfittm the manufacture of the&ructureas well.
Existence of dfects in composites structutesid to be rel&d to the industry being
evaluatedFor instancgthe aerospace industry can support high production costs aimed
at providingneardefectfree parts. Howevebother industries such as wind enengyst
maintain lower manufacturing costs to remain competitvith traditional power
generation sources. Defects have been identified as a major cause for premature blade
failure.[46] Very little work to understanthis problem has been undertaken within the
public domain.

The most comprehensive assessment on the reliability of wind blades with defects
was performed by Toft and Sorensen in 2G41] In this worktwo stochastic models for
the distribution of defects in wind turbine bladesreproposedThe first model assunde
that the individual defects are completely randomly distributed in the bladsetbed
model assumes that the defects occur in clusters of different size, based on the
assumption that orerror in the production process tends tgger several defectBoth

of these models are graphically representdeéiganre21.
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Figure2l: Com.'pletely randondlistributiors (top) Cluster distributionskottom)

For both models, stochastic variables inclutteshumber, ype, and sizef defects
The authors concluded thgpecific information of defects common to wind turbine
blades isn generalimpossible to obtain from blade m#&acturersHowever, intheir
work a stochastic modeéémplatewasproposé for the distributiorof defects in wind
turbine bladesMoreovera reliabilitybasedapproach to assess the importance of defects
was formulated. In their papenly one type of dect (delaminationsyjvasconsidered.
Data on thailtimate loadcarryingcapacityof delaminatios wereacquired from another
research projec6aNDL It should be noted that SaN[icusel on sandwiclpanel
structures for ships

In this study themaximumstrain criterion wasised to predidtailure of the lamina.

The design equation is written as

"0 ¢—Y —LHO 1O (14)
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where z is a design parameter apdo,, o are partial safetfactors (as defined by IEC)
Theload-carrying capacity R depends Bf max = {ULc , (Lt , (¢, (2t , (B}
which is a vector containing the ultimate strain values, and ET = {E1, E2 3G},
which is a vector containing the elastic properties forrtlvidual lamina. The influence
of defects on the loadarrying capacity for a component can be introduced by
multiplying the loadcarrying capacity by a strength reduction paramét@he modified
limit state function for a component is then written as
9(0 = 2R Chax E)T XL (15)
wherelmax and E do not depend on the defects.
The parametelddepends on the type, sizand location of the defectsid assumed
that a wind turbine blade cde represented bygeneric blade model which consists of a

seriessystem of n parallel systems, each containing m compo(fégtge?22?).

Figure22: Reliability of aseriessystemof n parallelsystems

Each parallel systeifi..n)is designated asiodelng a section of thélade in the
longitudinaldirection.The individualcomponentgi..j) model different parts of a cross

section(e.g. shear web, spar cap, et@ilure of the individual components in the parallel
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systems isletermined by the maximustrainfailure criterion,wherethe individual
componentsre assumed to experience a brittle failure defined by firdaplye FPF).
Global load sharing (GLS) between the compongentise parallel systems is assumed.
GLS corresponds to a situation where the load can be redistribuaccomponents in
the crosssection in which failurdirst occurs Complete structural failunen ensues
when all of the components in that series have faBaded on this assumptiohgt
probability of failurefor the systenfincludingstrength reductionfactors)is described

the following equation.

0 B0z z Q] T 0| (16)

The reliability of the generic blade modeasthen numericallyeterminedwvith
Monte Carlo simulationThe authors concludedattreating defectsssa completely
randomdistribution results insignificantreductionto reliability. However, an even
larger reductionn the reliability is observed whehe defect@re analyzed asccuring
in clusters[47]

Risce University(now DTU)in Denmark has also begun an investigation into
evaluatingthe impact of defects in wind turbine blades. Very little of this work is
currently accessible in the public domain. A framework for estimating "how muadti is
asit relates to the inclusion of defects was proposed by Bech et al in 2010. The authors
propcsed a straightorward routine for the analysigherein results NE is performed
and f a defect is foundurther Finite Element Analysis is performed. Here again only

delaminations were considered. Results from an aeroelastic model for the local region

where a flaw was discovergare used as inputs in a Progressive Damage Model (PDM).
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The PDM models the delamination discheteith the use of cohesive zone elements and
the traction separation laMore discussion of this approach can be found ifL@
Once this analysis is performebe defect is deemed either critical or raitical for a
20 year design life. Unfortunately no criteria is given for the evaluation of criticality, nor
is there any discussion on fatigudelprotocol proposed by the authors is conceptually

displayed in the following figurd48]
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Figure23: Defect management framewd?ag]

ProbabilisticFinite Element Analysis

General Theory

The termprobabilisticis used to describefanite elementanalysismethod wherein

uncertainties in the geometgpplied load®r materialproperties of a structure are
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accounted for. Theaencertainties are usuglspatially modeled as randoon stochastic
fields with the use of probability distributienMost often this approach is usedh a
secondnomentanalysis of the response, i.e., computing mezarsances, and
covarianceof the system under uncertainfyhis approacliprovides useful insight into
the propagation ofstructural uncertainties, but it doest provide adequate information
for a comprehensiveeliability analysisWhen designing a structure to have a high level
of reliability the analysis should addreke tails of theprobability distributionsThese
regions, and the subsequent structural respongmarly defined by thérst and second
momentsProbabilistic khite Elemenimethodsfocused orcomputing reliability
typically use krst-OrderReliability Methodsin conjunction with ResponsauB8ace
fitting to estimate the probability distribution of a respogsantity.

Implementation of aeliability analysisin afinite element code requires two main
algorithmicfeatures. The first is an ability to compute thsponse of the structure based
on asequence ofalues (or groups of valuesglectedrom the user defined distributions
of therandom variable Eachsekctionrequires a single conventional run of threte
element code with the variabldstermined from the inverse of the probability
transformationThe secondeature required depends on the reliabifitgthodology
chosen. For the case of a first ordealuation there must becapability toefficiently
compute the Jacobian of the mechaniaisformation. Whereas in a Monte Carlo
simulation the statistics of the input variables and output responses must be complied

and tracked over a huge simulatgpace[49]
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Applications in ANSYS

General DiscussiolANSYS Inc. has released twaols for use in probabilistic
evaluationsthe ANSYS Probabilistic Design SystéPDS)and the ANSYS
DesignXplorerBothtools can account faandomness in input variables such as material
properties, boundary conditiorleads and geometry. The PDS allowgers to build a
parametridinite element model, solve it, obtain results and extrafdirmation on
parametersf interest The PDScan herefore be viewed asdata feeder and logger and
is completely independent of tpaysics captured in a finite element analysis

The randomnessr uncertaintyof the input variables is characterized by the
probabilitydensity functiors of the input variablesVlixed moments of order higher than
2 are assumei be negligible, which means that the joint probability density function
can bedescribedoy the marginal distribution functions and the correlation strucBoth
ANSYS tools prowde several statistical distribution functioiie PDS allows the
definition of correlation coefficients between randeaniables to charactee the

correlation structure.

Monte Carlo SimulationThe PDSs capable of performingoth MonteCarlo

simulationsas vell asutilizing Response @facemethodsThe key functionality of
Monte Carlo simulation techniques the generation of random numb#at follow user
defineddistributiors. The PDS uses tHeEcuyer algorithm fogenerating these random
numbers.Both ANSYS toolause the LatirHypercube sampling technique to make the
sampling process more efficiegutd to ensure that the tails of thput variable

distributiors arewell represented.
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The interpredtion of the results of a Mon@arlo simulatbon analysis is based on
statisticalmethods The statistial procedures to calculateean values, standard
deviations etc.are availablednausem in textbooks on statistic3d probabilistic
methods For the cumulative distribution function (CDF) theads sorted in ascending
order andhe CDF of the ith data point, here denoted wijitc&n be derived from:

O Qm 10 )
where N is the total number of samples.

Monte Carlo simulatiormethodshave only two major inaccuracid2timarily, the
number ofsamples cannot be infinite, but must be limited. The error due to the limitation
of the number ofamples can be easily quantified. As described in Ang and Tang [16],
confidence intervals frorthe statistical results of a Monte Carlo simulation can be easily
obtained. In the context of finite elememtalysis another source of error, which is
typically overlooked, is the error due temeeshingthe geometry if geometric
uncertainties are included the probabilistic modeThe MonteCarlo simulatiormethod
does not make any simplification or assumptions irdéterministic or probabilistic
model. The only assumption it does in fact make is that the limuetber of samples is
representative to @untify the randomness of the resujtparametersWith increasing
numberof samplesthe MonteCarlo simulatiormethod converges to the true and correct
probabilisticresult. The Monte&€arlo simulation is therefore widely usesleebenchmark
to verify the accuracygf other probabilistienethods

Another advantage is the fact that the required numb&nufiations is not a

function of the number of input variabldhe disadvantage of the Mor@arlo
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simulationmethod is its compuational cost. As a rule ehumb,whenaddressing low
probabilities of failurehe number of required simulation loops;(i)is approximately
Nsim = 100/R. Where Ris the targeted failure probability. Hence, if the targeted failure
probability is low, henthe required number of samples may be pritiladdy large,

making the Monte&arlo simulatiormethod impractical for real engineering problems.

Response Surfaddethod Response surfaceethodsavoid the disadvantages of

Monte-Carlo simulatiormethodsby replacing the true inpubutput relationship by an
approximation function. For the approximatimmctiony, typically a quadratic
polynomial with crosderms is usedt has the form
w ® B G B B oW (18)

Here, ¢, G and ¢ with i,j = 1,. . .,n are the regression coefficients and=x1,. . .,n
are the n inputariables.This equations also called the regression modeésponse
surfacemethodsare based on the assumptibat the response surface is an adequate
representation of the true inpoutput relationshipk-or engineering applications, a
guadratic response surface accordingdaation 18s often not sufficienfor
represenng the true inpubutput relationshipTo improve the accuracy of the
approximatiorfunction, it is necessary to use nlimear transformation function¥he
advantage of response surfaeethods is their performance. If the response surfacn
adequate representation of the true imuiput relationship, then the evaluation of the
response surface is much faster than a finite element solution. Like Maritenethods
responsesurfacemethodsare independent of the physics representing the true-input

output relationshipAll probabilistic methods other than Mont€arlo simulation
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methodsare based onset of assumptions with respect to the deterministic or the
probabilistic modelOne of the disadvantagekthe response surfaogethod is that it
may be an inadequate repentation othe true inputoutput relationship. This can
happen for example, when the true inmuitput relationshigs not continuousThis case

is difficult to handle by any probabilistic approaather than Mont€arlo methods
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CHAPTER 3

PROPOSELIRELIABILTY PROTOCOL

Framework for DefedRisk Management

Improvingand quantifyingeliability of wind turbine blades is the primary goal of
the BRC. In order to do this, a comprehensive understanding of the causes of blade
failures is necessaryhis effort begins withclassification of known defect typesnd
thenestabliskesa criticality metricbasedprobabilistic and damage tolerance
methodologies These types of techniques have been successfully utilized to improve
airline safety for decades. Implementing this information at the manufacturing level will
establish quality guidelines while reducing plant detime, rework, scrapates, and
ensuringa successful lifeycle. As noted above and outlined by Nelson (20p83yvious
research has been performed analyzing the effect of defaggadnalizedcomposite
laminates As such a bridge is necessary to correlate this generalized informatiba to t
specific uses of compositeswind turbine blades

While background research must be performeactiuire andyeneratejuantitative
flaw data this sectionwill primarily focus on the developmeat aframework which
addresses theeliability of wind turbine blades subject tnanufacturinglefects. This
effort can be divided into twmajor objectives(1) acquisition of relevant defect
statistics and defect laden lamina response ande{@lopment of @robabilisticmodel
to assess the global structurasponse, probabilityf failure, and estimation of time to

failure, for wind bladeswith flaws Both of these objectives aaeldressedvithin the
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context of @ramework cakdthe Probabilistic Rliability Protocol (PReP) A conceptual
flow diagram of thisPRePis shown inFigure24. It consists of four major areas which

aresummarized in the following sections.

Aero-Elastic Loads

Mol Probabilistic & Limit State Probability of
Uncertainty FEA Function Failure

Input Designation Probabilistic Analysis:
M Evaluation of Uncertaintyin Structure Performance

D E2

Structure

Flawed Material
Properties

Statistical

Learning

Probability of

Non-Destructive

Criticality
Matrix

Repair Il

Operaticn

Detection/Statistical
Implications

Inspection

o Health
Characterization Monitoring

Effects of Defects: Reliability Estimation:
Materials Testing, Flaw Criticality Assessment: Quality Control/Operational
Data & Characterization Surrogate Structural Model Assessment

Figure24: PRePframe work fordefect risk management and improved reliability

Defect

Effects of Defects

The Effects of Defects blockvolves the identification, characterization and
analysis of defect®efects and failure data are aalted in the fieldefore usinghe
significant geometric properties to develop metrics for characterization of flaws. A
statistical analysis is performed to establish distributions relating the frequency and
probability of occurrence for various flaw tygpand sizedJtilizing these dataaboratory
testingmay beperformed on specimendgth representative defects to generate

mechanical propertiger laminateswith flaws (and without flawsthatcorrelate to
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defect characterization paramet@rse material propertiemay also themsed in
subsequent modeling approaches

Performing a omprehensive assessment of tffite¢&s ofDefects in composite
materials is not a trivial endeavor. Defect types and sizes can vary between industries,
manufactures, models and eveproductionshifts. Moreover, there are nearly limitless
permutations of composite material architecture for which the effect of a dedgeary
as well. The investigation on wind blades discusséthiaipters 4 and 5 of tiveork

describeghe necessary aspects of such an investigation.

Probabilistic Analysis

Probabilistic analysis of composites structures is not a new coame@pted in the
background section abovidowever the majority of the work performed to date has
focused on varians in the constitutive material properties and simple manufacturing
variations such as ply misalignment. While these properties are deviations from the ideal
case and therefore maybe considered as flaws, they are predominantly unavoidable and
intrinsic o all composite structures. Howeyether defects at the ply or laminate level,
that result froma specific manufacturing processuch as waves and porosityaybe
consideedas uncertainty parameters as well. Very little work has been performed to this
end in any industry. The Probabilistic Analysis proposed as part of PReP is able to
address both levels of uncertainty. Furthermore, the results show that treating defects as
random variables can assist in significantly reducing design constraints bescdfety
factor approach. A general overview to this approach is given in the last section of this

Chapter, Analysis Procedure. This discussion will introduce the reader to the elements



65
requiredto perform such an analysenabling a cursory understangiaf where the

following chapter discussions fit into the overall analysis.

Criticality Assessment

The goal of anyuality control program is taneet metrics that are intended to
ensure the reliable operation of the product. Much of the time, this effparformed
gualitatively and subjectively by a group of expeftisethreeproposed Criticality
Assessment toolsutlined belowprovide the necessary link between detailed design
analysis, NIE, and quality assance.

1 Surrogate Model There are manglements that play a role in failure, some
global or macro and some local or mianaost all of which can be captured
in aProbabilisticFinite Element AnalysisRFEA). While PFEAwill
provide the designing engineer with significant insight, the compleaxidy
computational costs render it unusable for case by castuireliability
estimationInsteada neecexiststo evaluate the reliability of a structure
qguickly on t he ,asaqualifyaonttoleffod or g dhe field o o r
by techniciansthat capture more information than a 'not to exceed'
specification. This type of assessment needs to be fast, acamcte
interfaced as a 'black boStatistical learning algorithmsereused to
developa surrogate modé&om the afore mentionegrobabilistic analysis.
This enables the engineer to takeNiDformation on known defects (type,

size, location) and rapidly perform an analysis which yields the same
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information as theomgete probabilistic reliability analyssithout the
time requirements.

1 Criticality Matrix : A time efficient metric for use by operators,
manufactures and repair techniciajt® evaluate the risk of operating a
structure with known flawsand/or damage. Data from-bailt structures
with flaws are characterized to describe geicture under scrutiny. These
inputs are then mapped to criticality/severity space through the criticality
analysis algorithm. The structure can be evaluated and a decision is made to
operate the structure as is, repaor scrap it.

7 Criticality Map: It is not uncommon for a blade designer to #yec
thresholds for flaw sizes which apply to the entire blade. Often time this
results in norcritical flaws being repaired. The criticality map is designed
to distribute more information to the techniciarthe form of a QC
schematic (map)f the structureThe Criticality Mapdetaik defect sensitive
RegionsOf Interest (ROI). For each ROI a table is given describing the
probability of failure (P as a function of flaw type and magnitudéree

risk categoies aredesignated on the mabow, Moderate, and High.

In-Field Reliability Estimation Evaluationand Reporting:

The PReP protocol is designed to be a feedback loop. It is impdata@ntinuous
design improvementshat the designer receive information back from manufacturing and
in-service technicians. Results from E@nd theCriticality Assessment toglas well as

in-field inspectionsconfirmthe accuracy of the models and biade reliability
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implicationsareincorporatednto the design and evaluation procedusce the
structure has been placed in operateohealth monitoring and inspection procedure
should beamplementedThe designer can then update probability distributions frork ND
data thereby minmizing uncertainty in the analysialso, as structures are monitored in
the field operational data can be used to validate damage growth and probability of

failure.

Analytical Procedure

The core of the PReP reliability protocoHsobabilisticFinite Elanent Analysis
and the subsequeptobabilisticreliability analysis. A basic overview of these is given
here to provide context for the information generated in the following three chapters.
Greater detail on the analysis is given in Chapter 6: Strudketalbility. A schematic
representation of the components used in this analysis is givéguire25. Note the
similarities between this analysis flow and the IPAG®@Ethm presented ifigurel?.
The major differences between the two being that PReP analysis is focused on defects
and the introduction of defect data. Additionaly, IPACS employs variability in a
mulitscale approach thabnsiders micro and macromechics. Whereas, the PReP

algorithm only considers a macroscale response.
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Figure25: PRePFEA and reliabilif; analysis compznent flow

Each of these elements must be defined prior to performing thesenalhe steps
to this analysis are as follows;

1. Build aparametrically definefinite elemenimodel The model is created
in sucha way,that key attributes can be described with the use of
distributions. These attributesaybe any portion of the analgsof
interest.

2. Define load schemand failure criterionThese can be implemented by
the structural solver or in a post processing reliability analgiegending

onhowthe analysis set up. Oftéimes the load is consideredandom
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variable thereforeit must be prescribed in the analysis setup in such a
way as to allow for variations. In addition, fopebabilisticanalysisthe
failure criterion is typically dependant on a random variable or multiple
variables. For the wind bladmalysisloadmay beintroduced into
structural analysiotsimulate wind speed effects anthéure criterion
may bedeveloped around strain to failure and fatigue.
. Define RandonVariables (RV) and their distributionk the PReP
protocol there are two plag®r RVsto be evaluated; the structural model
(label 1 inFigure25) and the reliability analysis (label 2 ligure25).
Variables of interesthayvary depending on thepplication. Foawind
blade with defects, example RVs include constitutive properties, load
magnitude, flaw type, magnitude and locati®ften times these variables
are defined based on engineering or expert judgment. Many industries,
such as civil ifrastructure and steel buildings, have already created
standards which detail the variables that need to be consittascithe
hope that research like that preseriteckinmayhelp define such
standards for the wind industry.
. Define output variablesfanterest In a stochastic analysithe output
response will vary according to timput RVs. Output variables should be
selected according to needs of the particular analysis. One aspect to be
considereglis that if the output variables and input valesbare

designated appropriatelsignificant insight into theféect a RV has on the
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response can be evaluated through the use of sensitivity analysis. For the
wind bladeanalysis assessing the probability of failure for a blade with
defectss the primay interest Since failure has been defined by strain in
fatigue, the primary output response of interest is st€utputs variables
of interest are established in much the same way as the inputs. In many
casesstandards exsi to guide the analysis. Thoaitputs used in this
analysis were designed around the IEC standard for fatigue life evaluation.
For other cased may be necessary to use engineering judgment or expert
opinion.
. Performstructuralsimulations In the PReP protocgiwo simulation teps
are performed. The first the structural analyzer (FE model) and second
isthe probabilisticreliability analysis. The Monte Carlethodhas been
used with a high degree of succesbath analysis portiondviaterial and
load uncertaintiemaybe appledto the analysis and relevant strain data
generated.
. Extract relevantprobabilistic output response datad nput datainto
reliability analysis Spatially varying strain data is gathered from the
structural simulation and inputto the reliability analysis. For the wind
bladeanalysisuncertainty related to defects are applied in the reliability

analysis. Output of this analysis is probability of failure.
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CHAPTER 4

DEFECT OVERVIEW

Blade Survey

Critical to the develpment ofa manufacturing defedtased reliability prograns
identification ofthe precise geometric nature of flaws based on statistical commonality in
the structures of interesfeveral commercial scale wind turbine blades were revid¢wed
indentify these geomees for the work hereiriThe data set was limited to four blades
which were reviewed fooutOif-plane OP) waves and one fan-plane (P) waves.

However, this data provided a strong foundation for the development of a protocol
which other blademaybe examined andesulting flawcharacteriationin the future.

The process by whicli® wave,OPwave and adhesive joint data were collected
were collected fromptographdakenof asbuilt blade sectionwith visible flaws The
majority of the imageswer col | ect ed of bl a@iohaelWseg cti ons
Technology Center wheredr utility sized (1-MW to 2.5 MW) blades were examined.

Blade specimens had been previously subjected to structural testing at NREL. In the case
of OP waves and adhesive boimek, portions were cut out of blades to provide a eross
section view of the skin and spar cap laminates. A fifth blade located at Sandia National
Laboratories was also reviewed and thiexde provided data for IP waves only as it had

not been tested or&oned. IP waves werdearlyvisible under the clear surface gel

coat. It is of note that this blade was ngraduction blade, but ratheioae off

at
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experimental design. For all casascalemeasurement device was placed in the region

of interest.

Flaw Characterization

Process foParameterizationf Waves

All photographs were takeusing the same digital camera amdedtparameters
were assessed with analysis on the images. The digital images were imported into
Imagel, an open source image processing software package typically used in the medical
imaging field.[50] In the ImageJ environmerthe photos were converted téb& color,
and then the wave features were manually traced withck lahee. Examples of this

process are shown Figure26 for anOP wave andrigure27 for anlP wave.
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Figure26: Image of OP wave.
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Figure27: Image of IP wave.

The incorporation of the measuremsaoéleinto the photo made it possible to
develop a pixel based dimensioning systemmageJ, features can be measured in terms
of pixels thus arelationship between the number of pixels in virtual space and the actual
physical dimension is determined (mmi#glxusing the imaged ruler incremen®olors
in an 8bit space are represented with a number from 0 (black) to 255 (white), enabling
the application of mathematical operations to remove unwanted colors. Manipulating the
color depth of each pixel allowedrfthe removal of the background, leaving only the
feature tracing lineThis is easily performed by addiagcolor value o254 to allpixel
designations. What remaineatretwo pixel colors, 254 and 255. The original pixel color
for everypixel in the tacing line was Otherefore all pixels in the tracing line had a
value of 254. Subtracting kaycolor value 0254 returnedhe tracing pixels to a vaduof
0 and all other pixels bewee 1. Nextall pixel numbers were multiplied by 255. This
process craad a binary image where the tracing line pixels were black (0) and the

background was white (255)his image was then exported as a binary bittoddatlab
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where aseparate processing script wasized to extract the spatial coordinate dafa
each piel.

Tracing a feature with @@mputemouse can result in small deviations from the
actual featus andoften timesa thicker line than is necessaggults This spatial data
extraction process began by smoothing the tracing line to a single pixekiieptph the
use of a moving average scherfer each horizontal pixel increment, should there be
more than one vertical pixehe pixel locations were combined and averaged. This
resulted in single pixel thick tracing line. The pixel planar coordinaézs then
convertednto physical spaceoordinatedy means of the image specific pixel/physical
transformation facto-rom this data, each complete wave form was discretized into
separate individual wavefornag wave peak andhtough inflection pointsThis was
performed by assessing the change in slope down the length of the waveform. Inflection
points were automatically determined by the sign variation of the slope from one pixel to
the nextOne example of a complete waead theresultingwaveform dscretization
locationsis shown inFigure28.

Discretized waveforms
under analysis
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Figure28 ExampleOP Wavecomplete spatial data and discretization positions.
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Eachdi screti zed wave formds geometiny was

Excel Cubic splinegEquation19) and sinusoidal curvigEquation30) fits were both
evaluated fotheir applicabilityto mathematically describe the wave perturbation

Y=0w 6w O0wO (19

® O O Qw %o (20
where A, B, C, and D are polynomial coefficients. For the sine wave, E is the offset, F is
the amplitude, andisthephasee wavel ength

In order to fit the wave spatial data to the mathematical formulatoael's add
on Solver function was used to perform an optimization of a user built least squares
regression algorithm. The Solver function usesGkeaeralized Reduced Gradi¢®RG)
constrained optimizationgorithm. In aleastsquareslata fittingmethodthe most
accurate model is established by minimization of the sum of squared residredgiual
being the difference between an observed value and the fitted value provided by a
mathematicainodd. The GRG algorithm was used to manipulate model values (A, B, C,
D, E, F, ¥, G) wuntil theblum of the square
Both models (spline & sinusoidajjelded similar goodnessf-fit tendenciesThe

sinusoidal analysis proved to be faster and was chosen for utilization on the bulk data
analysisMoreover, the ability to reference model parameters which also have physical
meaning (amplitude, wavelength) was useful in performing statistical chaatiten of
wave parameter©nce a fit was performedach wave was characterized in terms of
wavelength, amplitude and edixis fiber angl€Figure29). While, someprevious studies

have used aspect rabo wave severity (amplitude/wavelength$tead of fiber angle as
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metric for characterization, such quantification may be slightly more challenging in the
field. Aspect ratio requires knowing both the amplitadel wavelength whereas the fiber

angle can be measurdirectly.[52; 53; 54]
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Figure29: Example of sine wave fit.

Waves Data Summary

Characterization of the various wave flawsrfdun the field data yielded 63 OP
and 48IP independent, discrete waveforms. Values for amplitude and wavelength of each
instance are shown Figure30 andFigure31for OP and IP waves, respectiveljere it
can be seen that there is significant variation within the data. However, the data are well
grouped indicating some consiency in the manufacturing processese results of
calculated offaxis fiber angles for OP waves and IP waves are shoWwigime32 and

Figure33, respectively. Specific attention should be paid to the outlying group of angles
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highlighted by the red circle iRigure32 because¢hese angles were collected from blade
sections which failed at these eaftplane flaw locationsWave parameter data for these
flaws werecollected postailure. Observing these locatigriswas noted that the
measuredvave misalignment angles were significantly perturbed after the deformation at
failure. Therefore, the value famisalignmentngle is notonsideredo be relevant and

was not used in aof the subsequenrdtatistical or structural analysis

Out-of-Plane Wave Data
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Figure30: Plot of collected OP wave data.
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Figure31: Plot of collected IP wave data.
OP Wave Fiber Angles
50
o 40 £
-05; 20 Failed at Flaw \>( ° )
= s
& % &
f 20
Q o
Ke) &
o 10 /._—-——/
0 -1 | | | |
0 20 40 60 80

Observation

Figure32: OP wave offaxis fiber angles.
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Figure33: IP Waveoff-axis fiber angles.

Mean andstandard deviatiorwere used todevelop Normal distributions to
describe thefrequency of flaw magnitude occurrences Weibull distributions (2
parameterjvere generatedsing Maximum Likelihood EstimatiorOP wave fiber arlg
values shows a strong inclination towards common distributions such as the Weibull and
Normal distributions. This can be seenHigure 34 and Figure 35, wherethe observed
frequency of occurrence is displayed with the distribution curi/ks. histograms were
generated by binning flaw angle dakar the case of owdf-plane waes, angles were
binned in one degree increments:plane wave angles were grouped in four degree

increments.
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Figure34: Outof-Plane fiber angle distributions.
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Figure35: In plane wave fiber angldistribution

Similar binning procedures where applied to amplitude and wavelength data for

both wave types. The distributions of this data are displayed in Figures AL 4. In
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general, the skewed populations with extreeradls lead to a better fit with a Weibull
distribution. The data on both-plane and oubf-plane waves can be summarized in
Table3 below. Parameters displayed forean and standard deviatis were those used to

generatehe normal distributions.

Table3: Wavedata summary.

OP Waves Amplitude, cm  Wavelength, cm  Fiber Angle, deg
Min 0.02 1.58 0.59
Max 0.85 21.49 14.3
Mean 0.17 6.74 6.54
Standardewviation 0.11 3.00 2.82
IP Waves Amplitude, cm  Wavelength, cm Fiber Angle, deg
Min 0.11 1.08 8.68
Max 1.18 28.12 50.66
Mean 0.37 4.75 26.73
Standard Deviation 0.23 4.96 9.26

Porosity
At the onsetof the BRC collaborators directed the MSU teas towhich flaws to

focuson. In addition to wavegorosity was highlighted as a significant problem. While
little information was giverroncerningvaves, the group did give a specific threshold for
an acceptable posdy levelof 2%.[55] Considering this and the fact that porosity is
extremely hard to characterizethre field without expensive NDEquipment, very little
data was collected as parttbéblade survey. An example of a porosity image collected
during the field surveis givenin Figure36. This image illustratethat entrained air can
be excessive in wid blades. This brings into question the definition of porosity. Resin
devoid pockets such as some of those fourkilgnre36 (label 1) can also be considered

voids,dry spots or delamination. However, another variation exists as a more uniform
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dispersion of small gas bubbldsdure36, label 2). This type of dispersed porositgs

the focus of this investigation.

Figure36: Image of porosity and voids

Adhesive Flaws

After reviewing the same group blade sectiommages for adhesive bondlines it
wasinferred that thereveretwo distinct cases where adhesives are used in wind turbine
blades. For the purposes of this reporting, the two casesenidiferred to aspsir, where
adhesives are used to bond the spar cap or shbapwiee skin of the blade and mold
line where adisves are used to bond the two molded halves of the bladeogkiher.

Representative images of the two cases are shown beleigure37.

e

Figure37: Spari Shear Weadesve bondlifieeft), Adhesive moldine (Right)
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In both casesroids were found to be extremely prevalent, nearly ubiquitous. The
general shape of voids tended to be elliptical. More@xary imageshowed some
porosity(smaller more uniform inclusionspntent Bonding of the spar cap and shear
web to the blade skidid notappeato incur a significant amount of defectdold lines
on the contrary exhibited a variety of negative manufacturindgpatés. All mold line
cases showed voids, some porosity, ply drops and in many cases extrafiplané
waves. Another artifact of the mold joining process was the use of laminate patches on
either side of the joint for reinforcemeithis design detailedas not considered further.

In addition to identifying the function or type of adhesive applicattda also
necessary to define characterizing geometugh that an application can be
guantitatively analyzed. Defining characterisi{ieggure38) of the Spar case include:

adhesive thickness, void dimensions and percent porosity.

e 1

" _ 'Thickness
.- by

P -

Porosity

Al

Figure38: Spar case characterizing geometry N

Defining characterists of the nold line [Figure39] case includeadhesive height

andbase, void dimensions (same par3, number of plies, ply drop height, ply drop
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length,andply drop aspect ratio. Based on the images collected, the porosity level proved

difficult to obtain.
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Figure39: Mold line characterizing geometry

The characteristic data for each case is given in the follotallgs This data has
also been plottedt should be noted that this data is most likely specific to the blade

design and may only be relevant to those bl#u&isvere surveyedlhese figuresnay

be found in the Appendix; Figures A7

Table4: Summary of par case parameters

Spar Thi[il::]ess V\\//Iodltclj’l H\(/eci);t Porosity %
[cm] [cm]
Average 1.42 0.83 0.45 1.48
Min 0.70 0.22 0.13 0.71
Max 3.05 3.12 0.89 2.57




Table5: Summary of rold mine case parameters
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'\lflicr)]lg H[glr%]h t Base [cm] V\\;lodlt?l Voic;cl;]ﬁight # of Plies Pll)ér?grt?\p Pll-|yelijgrk?tp AI:\’S;t(ie(;: t
[cm] [cm] [cm] (L/H)
Average | 1.91 6.32 0.28 0.27 16.00 3.48 1.82 1.91
Min 1.43 2.63 0.12 0.18 12.00 2.16 1.13 1.73
Max 2.73 10.30 0.54 0.37 20.00 4.34 2.28 2.31
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CHAPTER 5

COUPON EXPERIMENTALWORK

Introduction

The goal of this work is to understand the effects of defects on composite structures.
While characterization of the fuicale structural responisetheoutputof interest;t
would be impracticadnd unrealistito develop the mechanical relationshigth a
singularnumerical/analytical approach or byly testing fullscale structures. Therefore
alaboratory testing program was developed. An understanding of the chatiges in
material properties associated with characterized flaws was achieved initially on a
coupon level. Physical testing was performed on many configurations of the different
flaw typeswith the goal develdpg criteriato describethe mechanical properties the
defect type®n a small scale, theapply those to larger structural analydikis goal was
accomplished with tieedistinctrounds of coupon scale testiager thecourseof this

project

Rourd 1 Test Program

Three wave forms for each type of flaw were systematically chosen for testing

based on geometry characterization and statistical signifi¢aabée6].

1.) Out-of-Plane WavesThe parameters for wave¥’1 & OP2A(Table6) were

chosen because their angles are almost identical however they had statisticalbasignifi
but varying amplitudes & wavelengths between them. The particularsactgbseno

yield two data points around the angular region of interest (data from a failed blade
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section). The third OP wave (OP4A)dwaean \alues for all three parameters and

thereforelandedin thecenterof all of the parameter distributions. 8¢eprovide

excellent data poistfor describing an OP wave common to the specific wind turbine
application. By desigrthe mean valualso deliveed baselinalues forcomparson of

the effects of amplitude and wavelength independently with the OP1 and OP2A results.

2.) In-Plane WavesSimilar to the OP test wave designationspliane test waves

IP2 and IB were chosen such that the angles are almost identical. Mgrémssr values

for off axis fiber angles are in the outer regions of the angle distributions. IP1 also

utilized mean values for all of the parameters. Additionahg amplitude and

wavelength match up with IP3 and IP8spectively allowing for analysid those

parameters independently.

Table6: Wave forms chosen for first round testing.

OP1 Wave As-Built | IP1 Wave As-Built
Max Amplitude, mm 8.5 Mean Amplitude, mm 3.7
Mean Wave Length, mm  67.4 r'\:?nan Wave Length, 47.5
Angle,deg 34.9 | Angle, deg 24.8
OP2A Wave As-Built | IP2 Wave As-Built
Mean Amplitude, mm 1.9 99% Amplitude, mm 9
Min Wavelength, mm 15.8 r'\:?nan Wavelength, 47.5
Angle, deg 35 Angle, deg 48.9
OP4A Wave As-Built | IP3 Wave As-Built
Mean Amplitude, mm 1.9 Mean Amplitude, mm 3.7
0,

Mean Wave Length, mm  67.4 rlnom/o Wave Length, 20
Angle, deg 9.7 Angle, deg 47.8
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3.) Scaling Consideration$he first round of mechanictdsting was on coupen

sized specimensPreliminary consideration was given to scaling coupon test specimen
flaw geometryto better describe the fedicale response oflaminate flaws The majority

of literature describing scaling effects of composite materials corsferdfee conclusion
thatthe Weibull approach to size effects and the statistical nature of fracture is valid as a
first order treatmen{56; 57; 58; 59; 60]n general, Weibull scaling analysis is based on
the secalled weakest link theory whidtescribes a phenomenatere,with increasing
material volume, the population of defects incregaed thereforgthe probability of a

failure from a flaw becomes more likely. This is expressed mechanically by a lowering of
fracture strength with increasing material volume. Assuming the same probability of
survival between small and largeale composites, the ratio between fracture strengths

can be found with the following expression:

- = (21)

wh e ryearelthe fracture strengths; ¥are the volumes and m is the Weibull moduli.
[61]

Research conducted glass/epoxy uraxial laminate test specimeanithout
flaws has shown a typical Wbull modulus of 29.1[60] It is apparent from this literature
investigation that application of results from coupon level testinfyll scale
projectionswill need to consider scaling effects. The question arises hoflatie found
in thick, asbuilt sections should be scaled for introduction into the smaller coupon level
specimen at the onset of a testing program. The theory behind the weakest link

phenomenon should still be applicable. Therefibtneas concluded thahe flaws
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themselves would be scaled volumetrically by the same volumetric ratio between the
coupons and alsuilt bladesections.

Review of the blade section images showed that OP wave flaws were found in
laminates thabad an average thickness of 2.8drhis is only considering the layupat
contained the flaw. Other features which may have contributed to the overall sectional
thickness such as gel coats, core material aneuna@hrectional plies that caed the
uni-axial layers were not considered. tandard deviation of the thickness data set is
0.13¢m (~10%), therefore one can conclude the average thickness value is adequate.
Comparisons were made between the coupons amasfacture sectionatilizing the
same length (coupon gauge length) and unit width. Tiblg faminate test specimen have
a thickness of 3.2mm which is 8.8 times small¢volumetrically) than actual asuilt
blade sectiondJsingthe volume fraction and modulus of 29.1ni Equatior?1, the
Weibull scaling expression, it was found that the fracture strength for the |afigeittas
blade sectionwasexpected to be approximately 7.1% less than the coupons.

In order to scale the dmiilt flaw waveforms, the mathematical deption of
each wave was integrated over the half wavelength to calculate theseotissal area
bounadby each OP flaw curve. Thisasthe only parameter needed as unit width was
considered. The volumetric ratio between the full scale blade sectidmsiatest
specimenwas then applied to the-asiilt flaw cross sectional area. Knowing the scaled
cross sectional area, the amplitude and wavelength of each wave was solved for. This
analysis is appropriate for the enftplane waves only. The{plane wavesdo not vary

with thicknessandtherefore a volumetric scaling approach was not takesteadeach
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wasscaled by the same ratio in order to fit within the coupon dimensions. The scaled

wave forms are shown ifiable7 it was he scaled waveakatwere built into the coupons

for Round 1 testing.

Table7: Scaled wave form designations for testing.

OP Wave 1 mm  As-Built Scaled| IP Wave 1, mm As-Built  Scaled
Max Amplitude 8.5 2.9 | Mean Amplitude 3.7 1.85
Mean Wave Lengtt 67.4 22.8 | Mean Wave Length  47.5 23.75
Angle, deg 34.9 36.8 | Angle , deg 24.8 24.8
OP Wave 2A,mm As-Built Scaled| IP Wave 2 mm As-Built  Scaled
Mean Amplitude 1.9 0.7 |99% Amplitude 9 4.5
Min Wavelength 15.8 5.4 | Mean Wavelength 47.5 23.75
Angle, deg 34.99 34.8 | Angle, deg 48.9 48.9

OP Wave 4mm  As-Built Scaled| IP Wave 3 mm As-Built  Scaled
Mean Amplitude 1.9 0.7 | Mean Amplitude 3.7 1.85
Mean Wave Lengtt 67.4 22.8 | 10% Wave Length 20 10
Angle, deg 9.7 9.4 | Angle, deg 47.8 47.8

Round 2 Test Program

Reviewof Round 1 testig exposed gaps in the data, includingre wereno fiber
angles between 0 and 15dagdporosity value®f only <2%. Moreoversome of the
results, in particular from the cof-plane waves were considered to be dubious.
Thereforga more comprehensive testing effort was undertakeitechniqueshat were
developed to characterize thelaslt flaw geometry showedhat it is possible to
completely characterize an-bgilt defect after manufacturing. With this in mjiRbund

2 targeted a wider range of defect varialbhedare detailed imable8
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Table8: Round 2 test matrix

Flaw Type Test Type Flaw Magnitudes | # of Tests
In-Plane Wave Compression 11-29 deg 14
In-Plane Wave Tension 11-36 deg 12
Out-of-Plane Waveg Tension 4-26 deg 13
Porosity Compression 1-8% 10
Porosity Tension 1-8% 13

Round 3 Test Program

Testing for Rounds 1 and 2 were completed -day4r, unidirectional glass
laminates only. While this data provided a foundation for defect assessment and model
validation it was necessary to develop a bridge from this data to more complex
composite architectures. In particyldre Round 3 test program was designed to address
three test groupsnore complicated flaw forms, flaws triax laminates and flaws in carbon

uni-axid laminates.

Materials & Methods

Materials and Processing

In all test casedaminates were infused utilizing a Vacuum Assisted Resin
Transfer Molding (VARTM) proceswith one layer of pegbly on the top and bottom
surfacesThere wa®ne layer of flowmedium on the top surface of the laminatecept
where noted in the manufacturing procedures alddwestly unidirectional PP&evold

1250 grarmpersquaremeterE-glass was used with a Hexion RIM 135 resin system in all
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casesLaminates were manufacturedth all fibers in the @ direction with the exception
of the Multi-Angle testing which hafiber directions 0f0°,+45°,-45°,0°]. [10] The cure
profile for each panel was 48 hours at room terafure followed by 8 hours adC.
The nominal fiber volume fraction of the panels was p&fth a nominal thickness of
0.8 mmfor each layer

Test coupons were cut from the panels for use in tension and compression testing.
Tensile coupons were cut to approximately 50 mm wide by 200amgnand were
tabbedwhich resultedn a gage length of 100 mr@ompression coupons were cut to
approximately 25 mm wide by 150 mmith an anticipated gage length of 25 or 38 mm
where the wavelengths were greater than 25 mm.

In-plane (IP) waves ar@fmed manuallyone ply at a time. The first step in the
method of forming IP waves is to lay the fabric over a piecediethylenetubing
oriented transverse to the 0° fiber angierder to form a wave of approximately the
desired amplitude and wavelength-ot{plane with the fabric. This is accomplished by
pressing the ply gently over the tubing by hand, using only enough force to cause the
tows to form around the tube. Toseme fiber integrity, this must be performed slowly
due to the stiffness of the tows. Next, steel bars are placed on either side of the tubing to
act as an anchor for the fabric when the hose is remé&vgar€40). Holding these steel
bars in place by hand, the hose is then unclamped and rentogece@l). Itis
essential that the steel bars remain in place to constrain the wave through the entire

process.
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Figure41: After the tubing is removed, the wavelepressed into an in plane wave.

Once thepolyethylenetubing is removedhe process of transforming thefasmed
out-of-plane wave into an iplane wave begins. First, the waves are manually pressed

over, or esseiglly rotated to lay at approximately 45° to their initial out of plane

orientation. Then the steel bars are removed and placed at a distance apart on the work
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table such that the fabric layer is laid between themas to use them as end constraints
for the tows Figure42). The partially formed waves are then manipulated further by
hand, with care taken to keep the peaks of the waves aligmsyersely to the 0° fiber
angle and to prevent fiber wrinkling. Once the wave form has the approximate desired
dimensions, the fabric is covered with glass, while still remaining constrained by the steel
bars Figure43). The purpose of the glass is twofold: first, the weight added friction
between the fabric and the work table so that the wave form will remain as prepared for
the time requiredat allow the tows to relax into the new form. Second, measurements
can be made through the glass to get a rough estimate of the off axis fiber angle in the
wave. The fabric must rest in this configuration for at least two hours allowing stresses
in the fibers to be relieved. Once this is complete, the plies are stacked on tifermold

the standard vacuum assistedin injection process.

Figure42: Partially formed wave constrained between steel bars.
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Figure43: Finished wave relaxing under glass ready to be measured.

The first step in building a plateith OP wavesis to secure the bottom layer of
peel ply to the mold topto ensure it does not shift during the infusion process. A form
for the outof-plane wave is then constructed using individual fiber tows. The fiber tows
used for the wave buHdp are cut to the width of the laminate. The wave budds
created by stacking fiber toes in a pyramid fashpmrpendicular to the zero degree
laminateorientation,until the desired amplitude and wave length values are
approximately reachedrigure44). The outof-plane wave sections are then plaocatb
the secured peel plperpendicular to the direction of resin flopand to the orientation of

the laminate fiber toes.
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b) Chopped Tows as Implemented for Creation of-Otit Plane Waves

Figure44: Fiber tow sectionssed to build Oubf-Plane waveforms

Layers of fiberglass sheets are then placed on top of the witld ensuring that
the out of plane wave buHdps do not shift and remain perpendicular to the fiber
direction. The buileup is completed by securing the top layer of peel ply and flow media.
Once a vacuum is pulled, the out of plane wave buildups are rolled to ensure no air

pockets or voids had formed. Infusion is then completed using a VAR&tbd (Figure

45).
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Figure45: Plate under vacuum with OP waves

A simple, yet effective, manufacturing process was developed for inducing
porosity, by introducing air into the plate while injecting resin. Tinisthod employs a
Afdoubl e baggingo t echnb.Irmsguarsghd ofHolesiintheo | v e s
first bag and then sealing that with a second bag. As can be d&guored6, the second

bag also has an inlet hose for letting air into the bag.

Figure46: Double bagging witb.1cm x 5.1cngrid of holes in first Bag.
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Trials with this approach have found that opening the inlet hose after the plate is
infused results in low porosity contents. Higher porosity levels are achieved by allowing
air to leak in slowly through the inlet hose durthg entire infusion process. In short,
when air is introduced during the infusion process, air becomes encapsulated in the

laminate resulting in a porous laminate.

Defect Characterization

Manufacturing defectas well as in service damagan be hardo detect in
composite structures, particularly if the flaw is subsurface. Destructive inspection
procedures have their use in laboratory and forensics studies. Hoa®tee name
suggests, the part is no longer useable after the inspection procedarefoigthe use
of nondestructive evaluatiofNDE) is growing throughout the industry. There are
several NDE techniques used in detecting defects in composite structures. The most
commonly used techniques are vis@idiosonic(coin tapping), radiogrdyy,
ultrasonics, and mechanical impedance tesf6®).63]The Blade Reliability
Collaborativecontinues to bengaged in evaluating these and other technologiesasuch
shearography and thermograpfor ther applicability to wind turbine blades. One
technology that can be extremely useful in thetatory is Computed Tomography (CT)
scanning. Unfortunately, CT scanning is not feasible for extremely-$maje objects
such as whole wind turbine blades.

In CT a series of xays are taken of an object a=tt the scanner revolves 360
degrees. The images are then combined to form a three dimensional radiograph. This

technology is predominately employed in the medical field but does have some limited
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applicaton in industry. A medical imaging CT scaniteigure47-Left) wasused
successfully on the test specimen in this investigation. Idireensional renderings of
testspecimenallow for precise measuremesftthe actual flaw geometry introduced into
the couponsAccurate measurement of the introduced flawfisritical importance in

developing analytical/empirical damage correlations.

Figure47:. Image of CT scanndteft) Coupon with IP wave highlighte@ight)

Figure47-Rightshows an example of a coupon with a manufacturgxdiaine flaw.
This wavecan be measured on the surfdngt there is no guarantee that the subsurface
layers contain a flaw with the same geometry. In this particular case, they diignoe
48-Left showsathrough thicknesdayerby-layer radiographg/hich clearly indicate that
thereweremultiple wave forms within the four different laminate layers. The waves can
easily be measured with the software interface. The same process can be utilized to

measure odbf-plane waves. An example of one of these is showrigare48.
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Figure48: IP wave hyer by layer radiograptieft), OP wave radiograp{Right)

This analysis was carried out on all wave specimen. For the case oféB @anh
layers' off axis fiber angle was recorded. An example of the layer by layer variation in
fiber angle is given ifrigure49. Once testing of the IP wave sangpleas completedhe
results were reviewed for correlation to the maximum and avdragegh thickness
wave angle. The analysis revealed very similar correlations fFagsaverage wave
angle proved to have a slightly better correlation and was thene$edas the

characteristic parameter to descrasbuilt flaw magnituds.
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IP Wave Manufactured Fiber Angle
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Figure49: Example of layer by layer characterization

Characterization of porosity content in composites materials is particularly
troublesome in largeompositeparts. It is not uncommon for wind turbine blade
manufactures to be unsure of the porosity content in their blades. Even at the laboratory
scale, galuation of porosity content is labor intensive and time consumingmébed
employed by the Montana State University Composites Group with the most success is
microscopy. For this process specimegrecut into small pieces, mounted in acrylic
resin amwl then polished. Depending on the size of the voids either an optiSahoning
Electron Microscope (SEMyasused to take digital images of the cut surface plane.
Image processing techniquesreused to remove the background image such that only
the ga& inclusions are left. The image is converted to binary which allows for pixel
counting of the white porosity areas and the black backgrdéuonch thisimagea planar

area fraction of porosity content is established. This value is then extrapolateceta perc
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porosity by volume. An image taken by a scanning electron microscope on a specimen

with induced porosity is shown Figure50.

3/16/11 20kV WD31 X16 ———— 2 mm —

Figure50: SEM Images of a porosity test specimen.

A novelmethod for characterizing porosity in composite laminate platas
attemptedPreliminary results shadthat therevasa good correlation between
radiodensity and percent porosity by matvolume Figure51). Radiodensity is a
measure of the linear attenuation ofa§s and is related to both the density and atomic
number of a material. Measuring radiodensity is quick and easy withray iatine
and as these devices become more portable, this technique may prove to be an
inexpensive and efficient way to evaluate porosity in the field and on the manufacture

floor.
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Radiodenisty VS % Porosity
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Figure51. Correlation between porosity and radkadity

The Hounsfield Scale is a quantitative scale for describing the linear attenuation of
X-rays through a material. By definition, distilled water and air at standard atmospheric
pressure and temperature have values of GEI@D Hounsfield Units [HUtespectfully.

The CT scanner can measure the attenuation of the scanned material and calculate the

radiodensity in relationship to air and water using the following equation:

HU = 2~ Mheer 5 1000
Miater= M (22

wh e rye waande,, are the linear attenuation coefficients for the material under
inspection, distilled water and air respectivdlitis analysis was repeated by another
member of the MSUCG team without achieving convincing results. It was concluded that

the process inot repeatable and subjectth@ discretion of the investigator to chalse



104
region being inspected.dwever the techniqueloes have promise. For this reagbn
was not used to characterize the test specimen used throughout the Effects of Defects
investigations. Future efforts should utilize a CT scanner with better resolution such as
the microeCT scanner located in tiMontana State Universitgnow Sciencessearch

laboratory.

In-Plane Statid estMethod

Coupons were constructed with representative blade materials and construction

processeghough scale was reducesgtaling was required to achieve compatibility with
the Instron 8802 250 kN testing machimal ayrip capacityfFigure52). Static ramp tests
on the specimens were conducted aat@ of 0.05mm/s in tensiomnd 0.45 mm/s
compressiorfor all 4-ply coupon and MultiAngle laminatesTypical of the Montana
State University Composites Group (MSUCE@Ese tensiléests were performed based
on theASTM D 3039tensile testing of composites stand46d] This simple testan be
used to find the ultimate tensile strength
transition strainLikewise, compression testing is more loosely based on ABT3410
and D 6641[65; 66]Properties thatnay be derived include ultimate compressive
strength and strain, compressive modul us a

Failure within composite materials commomwlgcurs as the result of delamination
Significant work to understand the strain energgask rates has been performed.
Delaminationwas added to thether defecty(IP waves, OP waves and porokityr
testing and analysis iRound 2 With data on delaminations, calculations to determine

crack propagan can be performed-his information wa predominantly used by J.
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Nelson for progressive damage modeling. However, it is also a key aspect in a damage

tolerance methodology.
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Figure52: »Rpehtativtailed coupons in machine grips

Results & Discussion

Uniaxial Tersion Compression

It is the goal of this program, to be able to accurately predict the Effects of
Defects in thicker laminatesuch as those found in wind turbine blades. However testing
of thick laminates for model validation is resource intengiverefore only a small
number of larger scale testereperformed. The purpose of these larger teststo
validate the extrapolation of models developed on thinner laminates to larger ones. The
need for generating a comprehensive material propediasetcoupled with

improvements in manufacturing technigua®vided the impetus for continued thin
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laminate testing. These provide data at a much wider range of the key variables for each
flaw type allowing for more insightful analyses to be performiedaddition, these data
were utilized to provide loadisplacement and strestain curves. Thesgereof
particular use in correlizig to analytical models.

Analysis of the results shaathat strength degradation in laminates with waves
tend to corredte slightly better to the average fiber angle of all layers rather than the
maximum fiber angleFigure53 andFigure54 display the results of failure stress verses
average fiber angle for IP and OP wave respectively. Results from compression of OP
waves is not being presented as they are stikuimyestigationHowever, the data on
static strength reduction f@P wavesn compression was implemented in the reliability
analysis as a place hold&lo conclusions have been drawn relating to the reliability of a
structure with OP waves specificalAn OP wave embedded in a planar structure under
compression is inherently an eccentricégd is therefore subject to buckling
predominatelyWhile buckling is a common mode of failure in a wind turbine hlade
bucklingis driven in large part by theajbal structure and local geometry. With this in
mind, care must be given to ensure that the failure data, from a material standpoint, is
completely understood.

In analysis of the effects of porosity on laminates necessary to consider the
variationsin the fiber volume ratio. As porosity increases, one of two things must happen
as a direct function of encapsulated ga#esvolume of the part must grow (typical for
vacuum bag manufacturing),@hould the total volume remain the saftgpical of

hard/hard moldmanufacturing), there must be a reduction of resin content. Either case
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will cause variations in the fiber volume ratio. Test specimens in the investigation have
been manufactured using a vacuum bag techntfaeefore it is necessary to include
volume effects. A simplenethodfor comparing results in this case is to normalize the
failure stresses to 55% fiber volume rati@, Mgure55 shows a comparison between

porosity content and the reduced strength.

In-Plane Waves
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Figure53. Peak Stress of IP Waves at various fiber angles.
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Out-of-Plane Waves in Tension
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Figure54. Peak Stress of OP Waves at various fiber angles.

Summary of Porosity Results
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Figure55. Reduction in Strength due to porosity.
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The datan Figure55report the asneasured experimental data from mechanical
tests. The void content was determined by image analysis of specimens from the same
plates which were used for the test coupons. The void data are presented as a function of
void content in the congsite.Some discussion on the micromechanics of voids in the
composite is warranted. The influence of voids on the mechanical properties has the
effect of reducing the bulk modulus of the resin. While this does not have as great of an
effect in tension, th reduced modulus has a significant effect for compression strength as
the reduced modulus does not support the fibers in compression as well as a stiffer
matrix.

The first model for resin modulus reduction might be based on the rule of
mixtures:

Ex0 m(1-%) (23

whereE6 iIs the reduced m&tisgthexnoduosofielasticstyobf el a
the matrix without voids, and, is the void volume fractiarHowever, a void, modeled
as a spherical inclusipreduces the matrix modulus of elasticity to a greater exteant
would be predicted bgimple rule of mixtures because of the local strain concentrations
from the spherical void geomet$7; 68; 69]Additional studies, outside the scope of
this report may be necessary to apply these data to other material systems to predict the
influence of void content on mechanical properties.

The results of this testing effort have been considered in largeqhbe a
success. In particular, a comparison was made with a study on compression of fiberglass

composites containing porosiyerformed by BRC member TRlomposites[70] Both
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the TPl and MSUCG data sets are depiatdeigure56, where strong correlations
between the two can been seen. In general, correlation of ultimate strength to flaw
characterization parameteexhibit trends describable through regression with values for
coefficient of determination greater than 0.9. Morepn®del predictions of load

displacement curves are expected to be accurate to within £5%.

Porosity Compression Test Comparison
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Figure56. Comparisorof porosity testing

The following table lists the empirically derived equations for flaw knockdown
factors. Included with equation is an estimate of the mogletglnessof-fit and

variability using standard least squares regression.
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Table9: Summary of flaw knockdown equations for 4axial glass coupons

Flaw Tension/ KD Equation Goodness
Type Compression (% of unflawed strength) of Fit (R?)
Tension T pxH@ 8° 2 OEL_- p&u 0.95
P ©@® X
Compression @y x g8 0.97
OoP Tension pT&Q 8 0.9
Tension TIC 0w TWo p 03
Porosity
Compression TBIOTED P8I ¢ 05
where U is average off axis fiber angel anct

Triax Laminate Tension Compression

A small dateset was generated to addresses flaws in more complicated laminates.
In order to better address the blade, stipons were built with the same layup as the
Effects Of Defects (EOD) blade test article faux triax was built by alternating uni
axial plieswith double bias pliesSTwo new types of flaws were also examined; Chain and
Proximity Waves. A Chain Wavis a defect that consiststbfee contiguous disete
waveforms whichs moresimilarto the defects found in the field. A Proximity Wave
consistf three discreet waveforms sgpted by a specified distanceonfe wavelength.

Both flaw forms are shown in the following figure.
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Figure57: Chain wave (upper), proximityave (lower)

The results of this testing effort are givien the following two figureskFigure58
displays the results from all of thH@P tensile testing performed with the glass triax layup.
It maybe seen that OP Proximitvave exhibis significant scatter in the ultin@ strength
response. Moreoveigr a given wave angle it appears that proximity waves have a more
sevee affect on static strength. Thisirgerestingto note, particularly because REA was
performed on the coupon geometry predicting that at approximately one wave length of
separation between the discrete wave fothere was no additional strength reduction
overone individual waveform. These samples were constructed with this geametry
mind. While the data has significant variatidrdoes seem clear that@mparison to a
single OP wavéhe proximity case is more deleterioldo testing of these complex

waveformshas beemerformed on uraxial specimen focomparison
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Out-Plane Wave Effects on Tensile Failure Stress in Triaxial
Samples
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Figure58: Glass triax tensile testing of Qot-Plane waves
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Figure59: Glass triax compression testing of euitPlane waves
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Carbon Laminate Tension Compression

A small data set was generated to address flaweinarbon spar EOD blade. This
hybrid triax was built by alternating uraxial carbon fiber plies with double bias glass
fiber plies.Prior to this testingit was deemed necessdhatuni-axial carbon laminates
with flaws, be tested for comparison ttags.Figure60 displays the test results of uni
axial carbon fiber control and OP Wave specimen. The consistency of these results
indicatal that the testing was suasful andhatthe results can be trustd®. waves were
not testedat this time due to concern over the effect of using a pin fixture to create the

wave forms.

Effect of Out-of-Plane Waves on Tensile Failure Stress
in Unidirectional Samples
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Figure60: CarbonUniaxial testing

Figure61displays the results of OP waves on the hybrid laminate. At first glance

one would have the impression that thesevtype is almost insignificajénd hat the
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effectof a particular wavangle on static strength is similar. Howewvbere is significant

scatter in the control datieading to the conclusion that the results of this test edfert

in need of furthemvestigation

Failure Stress (ksi)

Effect of Out-of-Plane Waves on Tensile Failure Stress in Triaxial
Samples
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Figure61: Carbon hybrid triaxensile testing of Owbf-Plane waves

laminate While limited, he data appears to beell grouped suggesting consistent

Figure62 displays the result®r compression testing @P Wavesn the hybrid

correlation between fiber angle and static strength. Howthacontrol compression

results, while describing miniam variation are much lower than would be expected

based on manufacture data and simple calculatidreseforeit is recommended that the

compression testing of the hybrid laminate be revisited.
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Figure62: Carbon hybrid triax compression testing of ©@t#lane waves
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CHAPTER 6

STRUCTURAL RELIABILITY

Reliability Analysis Intrauction/Setup

The general approac¢h incorporating finite element analysis into a probabilistic
reliability evaluationadheres to thiollowing stepspreviously described in detall
1. Build parametrically defined blade model
2. Define RandonVariables (RV) andheir distributions
3. Define outputs variables of interest
4. Define load scheme
5. Perform simulations
6. Extract relevant probabilistic output response data
7. Input data into reliability analysis
This methodologymaybe utilized for any applicatigtnowever the spdfics may
vary according to the structure and objectives of the analysésfollowing table lists in
detail the steps necessary to perform the anatysitned in PReP foawind blade
application In this tablea title for each step and task are given as well as a short
description of the task. A similar format is used in the following sections to describe the
origin of the data used in the analysis well asx qualitative designation of any
assumptions madehile using this datéollowing each of the tables (
Tablel1throughTablel6) are sections that detail the specific analytical approach

for each tep.
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Tablel1Q: Structural reliability analysis hierarchy

Step # Step Name Description

1 Analysis Article Set Up

1.1 | Article Designation Establish article of interest

1.2 Environmental Conditions Wind speed distribution

Operational Parameters: Tip Speed, RPM, Operating Hol

1.3 Governing Article Parameters Design Life

2 Structural Analysis

21 Finite Element Model 3-D Shell elements with dsuilt material properties and

59 | Flaw Location Discretization Irs?a;%pggggof elements for nodal solution of mechanical
2.3 | Load Introduction Uniform pressure distribution applied to HP side of blade
3 Development of Failure Criteria

3.1 | Fatigue Properties UN Curve for specific R ratios

3.2 | Constant LifeApproximation Piecewise Linear Approximation

33 Designation of Spectrum for Load Stan_dardized WISPER reversal spectrum for wind blade

Reversals loading
3.4 | Derivation of Total Fatigue Cycles Based on operational parameters

4 Flaw Data Implementation

Development of Flaw Distributions from | Collected data on waves angles fit to Normal distribution

Gt data w/nonzero mean.

Designation osimulatedflaw distributions | Analyst generated Normal distribution for wavegérosity

4.2 . : -
for comparative analysis w/zero mean and for porosity w/n@ero mean

Spatial distribution describing the probably of a flaws

4.3 Development flaw occurrence distribution| ~". . .
existing by location

Treatment of flaw structural performance | Mo d i f i c¢ aNtCuneesingte oycldlintercept with

S fatigue knockdown factor based on flaw magnitude

5 Model verification/tuning

Structural model and fatigue failure criteria used on test

5.1 Model Implementation :
article

Loadapplication (pressure) tuned to elicit a blade failure g

5.2 Development of Baseline "Design" Case 20 yeargwithout flaws)

6 Probabilistic Analysis

Calculated for all locations for each analysis case. Compa

e Probability of Failure to baseline to how conservatism

6.2 | Time to Failure Calculated for regions of interest (locations high Pf).

Figure63illustrates the flow of information and interconnections of the various

analysis components. Several of the steps identified in the previous table are notated by
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the corresponding step numimer the figure. The following sections detail these steps

well as the otheassumptionsiecessary to perform the PReP analysis.

5| 2 oo
- Material Constituent Load Uncertainties
Uncertainties (E,G, v) (Wind Spectrum)
: Structural Analyzer (FEA)
Flaw Location Stress Reversal
Uncertainty v Sensitivity (CLD)
Fabrication Probabilistic Fatigue
Uncertainties = Structural < Damage <
(Flaws) Response Accumulation
Flaw v S/e-N Curve Flaw
Magnitude Variations
Uncertainty Reliability/Risk Assessment
: Service Life Estimation e N curve
- OP Waves: Fiber Angle Distribution (P roba b‘ ‘ ‘ty Of Fa‘ ‘ u re) » .-
- (6] R b
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Figure63. FEA and Risk Analysis Overview

Figure63 consists of the core analysis necessary in PRaR reminder, the PReP
frameworkis displayedagain inFigure64. The analysis elements describedAiyure63
constitutea significantthe portion of Probabilistic Aalysis blockn Figure64. These
elementswhich are necessary to estim#éie probability of failureare highlight byared

box.
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Figure64: PReP framework for defect risk management and improved reliability

Defect

Step 1 Analysis Article Set Up

Tablell: Step 10verview

Step # Step Name Origin of Data/Assumptions Used in Analysis Level 0_f
- - Assumption
1 Analysis Article Set Up Integrity
. . . Blade material and structural design provide by Sandia. .
LAl ATl D) Consistent with test article used for model implementati e Lifteln
12 Environmental Usage ofWeibull distributionfor wind speedbinning of Hiah
’ Conditions speedsnto 1m/s intervals for 18. 9
13 Governing Article Values areehoserbased on length of blade and generaliz Hiah
’ Parameters analysis 9

Stepl.1 Article DesignationSincethe PReP algorithm has been bedthat any

compositestructure can be evaluated, the first step istalgishanarticle of interest
For the case of this investigatidhe Effects of Defects blade was used. The EOD blade

was built offof National Laborataes 8.3m Blade Systems Design Stu@sDS)blade
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platform.[71; 72] More discussion on the desighthisblade is given in Chapter 7:
Blade Testing.
Assumptions: The article designated for analysis represents the actual article of
interest. Considering the fattat the article used in this numerical analysis is consistent
with the actual test article of interest, the level of assumptiegrityis very high (i.e.

little error or discrepancy)

Stepl.2 Environmental @nditions Wind blade analysis requires anderstanding

of the environmentn which the blade will be place®ne of the most important features
of a wind site is the imd speed distributiarnTypically these inputs are derived from a
standard class of wind sites. For the purpose of understamdimgliability analysis
inputs, a custom Weibull distribution for wind speed was fit to a specifidaiteset
The resulting Weibulshape and scale parametesgd in this analysisere;a=1.896,
b=5.29 However, ay distribution would work within theontext of the sel€onsistent
reliability analysis. Wind speeds were binned in eighteen, 1m/s intervals. Further
discussion of the wind speed analysis is presented in Appendix B.

Assumptions: Weibull distributions are commonly useddscribewind speed
variability. The data used in this analysis fitllweith a Weibull distribution. However
the mean wind speed is not as high as a commercial wind site and therefore the level of

assumptionntegrity was given digh rating rathethanvery high.
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Stepl.3 Governing Article Parametefor the wind bladanalysisthe @erational

parametersecessary to perform a fatigue life calculation goeratinghours and dsign
life. Values chosem this analysigor operating hours and design life ar®@Dhrgyear
and 20yrs respectively. Any values for these inputs could be chosen and utilized for
comparative purposes successfully.

Assumptions: The governing article parameters are consistent with the blades
design or expected operati@pecific datdor correlating these parameters to tetual
blade design were not available. Twenty years is considered a standard design lifetime in
the wind blade industrgndwasused in this analysis=or comparative purposes, these
values are adequate within a sedihsstent analysisherefore the level of assumption

integrity is consideredtigh.

Step 2 Structural Aalysis

Tablel1l2: Step 2 Overview

Step # Step Name Origin of Data/Assumptions Used in Analysis Level of
: Assumption
2 Structural Analysis Integrity
21 Finite Element | Model Generated in ANSYS from Sandia provided NUMAD cq VervHigh
) Model Model is consistent with test article. yrig

Blade is divided into 100 approximately equal segments
. representingflaws approximately 8.3cm in length the full width
Flaw Location .
2.2 . o of spar cap. For each flaw element group, only the max nodal VeryHigh
Discretization . . S . T
strain in the material 1 direction (spanwise) is utilized for the
failure analysis.

Not a realistic loadingcenario. However provides an adequate
Load . . i .
2.3 . metric for comparing the traditional safety factor analysis to Low
Introduction L .
probabilistic techniques.

I Monte Carlo simulation of deterministic calculations has been
Probabilistic ) S .
2.4 - shown to accurately descritie probabilistic responsef a Very High

Finite Element . o

systemwith random variableénputs
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Step2.1 Finite Element Mdel Wind turbine blades are complex composite

structures andne cannot properly assdke integrity of any portion without considering
the global response and load share tendencies. It is well known that 2D shell elements
used in 3D Finite Element models are required to capture information s8th as
distortions,stress concentrations and buckling strengths. Gtleémdssuch as Beam
Property Extraction antiD classical beam section analysis are widely used for
preliminary calculationd.73] These techniques have been used by othestigators for
probabilistic analysis of wind turbingg4; 75] A full 3D finite elementblade model
was used in this analysiBhe blade geometry was initially generated using Sandia’s
Numerical Manufacturing and Brgn tool (NUMAD). NuMAD allowsheuser to select
from a library of standard blade airfoils and root geometries to build the global structural
elements. Locations and geometry for the spar cap and shearayeitso be
establishedFigure65 displays an example of the NUMAD design space. Once the
general blade shape has been designataterial properties can be applied from adiyr
of commonly used compositeaminates NuUMAD is then capable of generating an
ANSYS input file. This file is read into ANSY,§enerating the finite element model of
the blade complete with materials propertigig(re66). Layered3-D Shell elements
account for different lamina mechanical properties and thickness.

Assumption: The Finite Element Model is a good representation of the actual article
of interest. The model was generated based on the EOD blade design, consistent with

modeling techniques commonly used (3D, shell elements, etc). Strain values output from
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the model were nearly identical to-measured strain on the test article, therefore this

assumfpon integrity is consideredevy high.

/‘

S

G

Figure65: NUMAD feature visualization

Figure66: ANSYS FE model othe EOD blade

Step2.2 Flaw LocatiorDiscretization Flaws are represented in the FE model as a
group of elements. For this analygtse spar cap was the only structural component
where flawswvere modeledThe spar cap wadivided into 100approximatelyequal
length spanwisesegmentsEach segment consssif between 2 and 6 individual

elementsdepending on location and mesh density. These group®an@ally8.3cm in
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lengthandthe full width of spar capA particular set of element gups is displayed in
Figure67. The FE analysis is run based on the load criteria set forth in the following
section.For each flaw element grogmd lcad casethe maxmum nodal strain in the
material 1 direction (spanwise) fesd intothe failure analysi§post process)rhe
mechanical response described by this FE solution is consisthrthe body of test data
concerningcouponswith flaws: That isto say that the results describe tension and

compression of thBawed region

B w TR ooy

s A %
- A -

Figure67:. FE blade model and set of element groups which represent flaws

Assumption: Flaw discretization is of adequate fidelity and elementecatet
appropriately. The 8.3cm modeled flaw length is consistent with the laminate test
specimen used in the Effects of Defects laboratory efforts. Modeled flaw widths are
consistent with the asuilt flaws in the EOD blade test article. Assumption intgds

considered to beery high.

Step2.3 Load Introductionin standardladedesign aeroelastic simulations are

used to transform wind speeds iméeernal moment and forces along the blade $pan
use in the structural analysj8] This level of complexity was not necessary in this
analysigt's purpose is to addresses the applicability of a reliability framework that

focuses on probabilistic defect analysis. Therefar@mple load case is just aseetive
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as a more complicated analysis. Thausniform pressure distributiowasapplied tothe
HP side otheblade The magnitude of the pressure distribution corresponds to the wind
speeds defined by the distribution in Step 1.2. Development of tredatmn between
wind speed and pressure magnitude will be discussed later in Step 5.2.

Assumption: Thdéoadintroducednto the models appropriate for the analysis.
While this is ot a realistic windloading scenario, it is perfectidequate for conguing
the traditional safety factor analg to probabilistic techniquetherefore the assumption
integrity is consideretbw. However, the PReP algorithm has the capacity to implement

high fidelity loading scenarios, as deemed fit by the analyst.

Step2.4 ProbabilisticFinite Element Analysidn addition to the defect specific

uncertainty parameters discussed later, several material property variaiiplisAE 3 )
were incorporated into RrobabilisticFinite Element Analysis. These were evaluated in
the ANSYS PDS using user defined distributicarsd the ANSYS buittn Direct Monte
Carlo numerical sampling procedure discussed in Chapter 2. The distributions are
consistent with variations found in published data for glass fiber epoxy composites. The
distribution inputs for k; (Figure68) and E, were applied to thentirespar cap. In this
figure the redline represents the prescribed lognormatitmd/alues were sampde
continuously fromheinputdistributiors (red line inFigure68). The histogram
presented ifrigure68 showsampling frequencies of binned values frilrea Monte Carlo
simulation.

Strain in the material 1 direction was recorded for each discrete analystd tase

MC simulation Figure69 shows a histogram tlieresulting normalized strain
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distribution output from the MC solution for a particular flaw location. As each location
had different nominal strain valugke datalisplayed inFigure69 has been transformed
from r awtoshow change in(péhjestrainaround the mean valu€his
distribution of strain values was relatively consistent down the length of the spaheap.
variation in strain waapproximateyN O . 03 % (300e¢U). Load was no

analysis, the goal being to understand the effect of material propgetrores on strain.
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Figure68: Uncertainty in Modulus of Elasticity Used in Analysis
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Variation in Max Strain
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Figure69: Typical Distribution of Strain Results for one Flaw Location

The focus of the PRe#halysis is to evaluate the probability of failurensidering
a strain formulation of fatigue life. These results show that vagengtitutiveproperties
havelittle effect on the strain response. Thereftihesevariations were not considered
throughout the rest of the analysiEhere are other failure modes wharstiffness plays
a bigger rolesuch as tower strikes. Howey#rese are considered outside the scope of
the current workNeverthéess they could be included in future revissof the
algorithms. It is of notehowever that computational efficiency will become an issue.

Assumption:ProbabilisticFinite Element Analysis can be used to underskeavd
material property variabilitgffects a structuréMionte Carlo simulation of determiris
calculations has beearsedextensively(See Chapter 2) taccurately describe the
probabilistic response of a system wiimdom variablénputs The number of

simulations was increased umggligiblechange$<1%)in the mean and standard
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deviationof the resulting strain wei@servedestablishing aery high level of integrity

as it pertains to the results.

Step 3 Development of a Failure Criteria

Tablel13: Step 3 Overview

Step # Step Name Origin of Data/Assumptions Used iAnalysis Level of
. o Assumption
3 Development of Failure Criteria Integrity
. Material chosen for this analysis was MUSCG Database TT5. N
Fatigue . . . : .
3.1 . exact but very similar to actual material used in test article and High
Properties
model.
Constantife Utilizes three Ratio test data sets to interpolate a continuous
3.2 constant life diagram. Widely accepted but not as accurate as 5 High

Approximation independent Rratio data sets.

Distribution appliedS Ij dz- t t & G2 F ¢t ¢ AafdR

Designation of

3.3 Spectrum for derivation for CLD approximation e
Load Reversals
Derivation of . . .

34 | Total Fatigue Assumed cyclic events per revolutioAll of which are captured by Medium

the chosenspectrumof reversals
Cycles

Step3.1 FatiguePropertiesPrevious work by Mandellet al. have shown that

composites are sensi to the variations in fatio, and thereforgaccurate modeling of
fatigue damage accumulation requires usage of fatigue life estimations for specific R
ratios values. Castant Life Diagrams (CLD) are used for this purpose, such as the
example shown iffigure70. [76] Use of this data enalslg e n e r a tNicwvesfoo f U

specific Rratios
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Figure70: Example GFRP Constant Life Diagram

Assumption: The fatigue properties usedheanalysis are representative of the
material system used in the article of interddte materialdatasethosen for this
analysis washe MUSCG Databasmaterial designated d895. It is not the exact
materia) but very similar taheactual material used BOD fiberglasstestbladearticle

and modeltherefore a level odissumptionntegity of high has been designated.

Step3.2 Constant Life Approximatiomhe amount of data necessary togmate a

CLD is often prohibitivedue tocost and time constraints. Therefaenumber of

predictive algorithms have been developed in lieu of copious amounts of testing. Fatigue
data for the material systems used in the analysis presented ha®nly available for
R=10 andd.1. The Piecewise Linearethodology(Figure71) has shown good accuracy

with limited amount of test datandthereforeit was used. Thismethodrequires a

limited amount of test data and performs éineterpolation between the known data
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points. This proceduris an acceptablirmulation for a CLD However accuracy has
been shown to improve withindependent Ratio data set§77] For this case the known
data pointsrom the material testing program are R=10, R=0.1, Ultimate Tension Strain
(UTS) and Ultimate Compression Strain (UCS). Idetidlyy analystvould have values for
R=-1 to have a model that can predict fatigue life at all R ratios. Howlevehe wind
blade analysiperformed hereinthe high pressure sidgalways considered to be in
tension and the low pressure side in compres¥itnle an actual blade in operation will
see some cycles in other regimes, this approach was consistettieMiOD blade test
used to verify the defect analysithereforeit was only necessary to interpolate between

the points designated Figure71asUCS and 3 and between UTS and 1.

Ca

ucs | o ' UTS
Figure71: Approximation of CLD with a Piecewise Linear Representation

The equations for thRiecewisd.inear Approximation in compression (Equation

24) and tension (Equ@n 25 are as followsf77]

a
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i
A a7 @9
2

wherel is thevalueofa | t er nat i ng stress usegand & he pi

correspond to the single cycle intercept or power law coefficient for the material system

under evaluation for compression and tension respectiveBndRR correspond to the

known R raib data point for compression{R 10) and tension (R= 0.1) respectively,

R'is the R value for which the piecewise linear interpolation is being perfofithese

eqguations have been presented in the notation originally publisHekilippidiset al

[77]; however for the analysis presented herein stress was replaced by strain.
Assumption: The Piecewise Linear Approximation accurately represents the fatigue

response of the laminate. Additional accuracy could be gainetti®asing the number

of interpolation points. Howevgconsideringhatthe objective othis analysis is to

comparea safetyfactordesign with a probabilistiteatment of defecand the same

Piecewise formulation is ugen both caseshe assumptiointegrity is designatedigh.

Step3.3 Designation of Spectrum for Load Reversake wind loadspectrum

utilized for this analysis was derived from #@sily accessible arvdell-known WISPER

load reversasequenceHowever, it is important to note thany spectrum of load

reversals coulthave beerhosen. This spectrum has been used for example purposes, as
if it was intended for the design of a turbine. Considering that the objective of this
analysis is comparative, the spectrum is not of first dndportance. Moreover, for

simplicity the spectrum has been applied equally to all wind speeds. That is to say that

any one of the 18 wind speeds evaluated from the Weibull distribution had the same
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shape spectrum (probability distribution of max/min spauttoading cycles)The
WISPERProbability Mass Distribution and complimentary Cumulative Distribution for
the High Pressure side are displaye#igure72. More information of the usagmnd

derivationof the spectrum can be found in Appendix B.
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Figure72: Wind Cycle Distributions

AssumptionThereversakpectrum digibution can beapgdied equally to all wind
speeds. The validity of this assumptiotow. Thespectrundistribution describeR
ratio and therefore needs either max or min strain as an input. As max strain is directly

related to wind speegdthe distritution was applied to all wind speeds.

Step3.4 Derivation of Total Fatigue CycleEhe total number of fatigue cycles was

derived from standards defined in "Wind Energy Explained” by James Mafing|l.
This analysiss based on the operational parameters discussed eadezp 1and
assumes 4 cyclic events pewotution. All of which are assumed to baptured byhe

load reversaspectrumThe following equation was used
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~

¢ of O (26)

wheren;is the total number of cycles, k is the number of events per revolutipis tHe
number of hours in operation per yeaions the rotations per minute and Y is the
number of years in servicEor this analysisavalue of four events per revolution (k) was

used.A graphic representation ghriable loadings presented ifigure73.
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Figure73: Wind blade fatigue cycle

Assumption:Equationsused werdrom a reputable sourckowever some of the
inputs were based on the assumptions in Stepfiis chapterWhile this approach is
not used in commercial blade desigansidering the lack of design information and the
fact that this analysis is for comparative purpose, this derivation is adequate. Therefore,

an integrity level ofnedium has beedesignated.
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Step 4Flaw Data Implementation

Tablel14: Step 4 Overview

Step # Step Name Origin of Data/Assumptions Used in Analysis Level of
. Assumption
4 Flaw Data Implementation Integrity
Development flaw Analyst derived from heuristic experiences with test
4.1 T . Low
occurrencedistribution | article manufacture.
Data on OP waves collected from several utility scale
49 Development of Flaw | blade sections in production. Data collected on IP wave Medium
’ Distributions from data | from one utility scale research blade. Data possibly
surveyor influenced.
. . - No data exists for porosity distribution therefore they hg
Designation of fictitious AT
RV to be createdHalf Gaussiadistributions not represented .
4.3 flaw distributions for : - ; . Medium
. . in the data by heuristally believed to be appropriate for
comparative analysis :
analysis
Treatment of flaw Knockdown factors developed from regression of quasi Ve Al fof
. . . . safe surface;
4.4 structural performance | static tension &ompression testing performed on defec
: . . . Low for exact
in fatigue laden coupons with known flaw magnitudes. response

Step4.1 Development of Flaw Occurrence DistributioRfaw locations and

magnitude parameters were treated as stochastic variabtahis analysisonly a :D
distribution was used to allow for flaws existdown the length of the spar cdawo
cases for Probability of Flaw Occurrence (PFO) have beerseskeCase 1: Spatially

Varying PFO and Case Bialf Gaussian

Case 1: Spatially Varying PE®or this casgthe probability of a flaw occurring in

a specific locatiopwas described by a spline fit, spatially varying Probability Mass
Function(PMF). Onenovelty of this approagls the capability for updating procedures

that do not rely on the use of traditional, complicaiefgrence techniques. A user, such

as a quality control technician, performing inspections on the composite structure
records thdrequency and location of observed flaws. These points are treated as knots in

the subsequemiecewise polynomial fitting (cubic spline) proceduyenerated through
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a user defined Matlab algorithm. While the probability mass mapping procedure only
utilized 20 user defined locations (knotke spline formulation allows for smooth
interpolation between the pointaus enabling the sampling all locations between the
user defined location# this analysis, vertical PMF values per locations were géser
for finite widths of 1/100th of the blade lengtbonceptuallyonemightassume that
flaws are typically grouped around a region of the mdhds would indicate that thegre
notinherently found irdiscrete locationdut ratherhot spos for defects wouldbe
regionaloccurrencesFrequencies can easily be updated as more events are recorded
enabling the regeneratiof distributions used in throbabilistic analysisThis data is
hard to come by therefore a fictitious set of frequencies was selected by the author. The

chosen frequencies and corresponding PMF is display€idume74.
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Figure74: Spatial Distribution for the Probability of Flaw Occurrence

Case 2Half GaussianFor this case the probability of a flaw occurring at all

locations was assumedtie 100%.However, a user defined Normal dibution for flaw
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magnitude was generated withoaver limit of zeroand an upper limit of 50 degress
This distribution treats a zero degree misalignment as a defgate75 depicts a visual
a representation of the 100% probability of flaecurrencecase. Note that only the same

20 locations are depicted however all 100 locations were used in the analysis.
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Figure75: Half Gaussiartase, 100% probability of a defect occurring at all locations

Assumption: Probability of occurrence distributions are representative of actual
blade manufacture. The Case 1 distribution dexrsved from heuristic experiences with
the bladeest article maufacture The relative probability of one location compared to
another seems reasonglilased on the EOD team's experience with a blade. build
Unfortunately,no quantitative data exists concerning this. Case 2 is a purely academic
formulation however 1 stands to reason that if the flaw magnitude distribstene
correct, then this approach is meaningful. Considering that no data or prior analysis exist
to corroborate these assump#gihme integrity is considerddw. However this approach

is still valid for comparing a safety factdesign with a probabilistic approach.
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Step4.2 Development of Flaw Distribution¥he previous sectionapproachs

used in therobabilisticanalysis to ascertain the probability of a flaw occurring in a
specific locaton. When the sampling algorithimdentifies the existence of a flaw
according to these distributions, a second distribution describes the probability of the
flaw's characteristic parameter magnitude. The flaw magnitude distribution is different

for each otthe two analysis cases.

Case 1: Spatially Varying PF®igure76 displays thalata for an example flaw

magnitude treated as ancertainty parametersed in this analysis. All of the other flaw
distributions can be found in Chapter 5 and the Appendix. It was thandff-axis fiber
angles of waves collectedin a survey ofvind turbine bladedollow typical distributions
such as Normal and WeibuRurther information otthe acquisition and generation of the
variousflaw distributions and thenechanicatesponse correlating to the characteristic
parametefe.g. wave offaxis fiber angletan be found imef [79] and[80].

The PReP code utilized a normal distribution for flaw magnitude. It should be noted
that Normal distributions allow for the existence of values less than zero. As defect
magnitudes cannot have a value less than zeropaddanvoked to resample any values
less than zero, according the Normal distribution. This same strategy was applied to
values greater than 50 degrees, the reason being that no fiber angles were recorded
greater than 50 degrees. These loops continuddhmpredefined number of samples
was generated, all with values between 0 and 50 dediigese 77 shows the asampled

values for misalignment angle accordinghe defined Normal distribution.



139

Out of Plane Waves Fiber Angle Distribution
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Figure76. Example of distribution for flaw magnitude
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Figure77: Distribution of sampled (MCM) flaw characteristic parameter magnitude
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Case 2Half GaussiarFlaw Magnitudeln Case 2, every location has a 100%

chance of a flaw occrting. It is well known that ikommercially manufactured

structures, defects do not exist at every locatiomveverit could beconcedd the fact

that they could. In order to endwe these competing conceptsiser definetialf
Gaussiardistribution was generated with a mean of zero. This distribution treats a zero
degree misalignment as a defect. Since the distributitsergeret! around the value of
zero, the zero degree angdehe most likely situation. It stands to reason that this type of
distribution B more representative of the actual manufacturing proEegpse78
displaysassanpled values for misalignment angbecording to the definedalf
Gaussiardistribution. Once agajma loop was utilize to sample vakiequal to or greater
than zero and less than 50.
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Figure78: Half Gaussiardistribution and MCM sample set for flaw magnitude

Assumptions: Flaw magnitude distributions are representative of actual industry
distributions. Articles interrogatedas part of théield survey were limited but the data
did conform to standard distriban forms and isherefore considered to be oedium

integrity.

Step4.3 Designation of Porosity Distributionklo data presently exists for defining

the frequency of occurrence or magnitude for porasityind bladesHeuristically, it is
well known that porosity is quite common in the wind industry. Accept/reject standards
do exist oncerning the level of porosity, wheregeneralanything over 2% is
considered unacceptable and in need of rework. Considering #tends to reson that
a paper trail of work orders for the repair of porous laminates skaidtjand therefore
a statistical analysis could performed However none werebtained for this body of
work. Other investigators in the past have performed stochastigsiusing values for
porosity. The origin of this data is not discussed in these publications. The analysis
presented herein assumed these same distribution as a place holder, describing porosity
variability through a normal distribution with a mearl® and standard deviation of
3%. [13; 42; 75]

AssumptionThe prosity distribution used is representative of actual blades.
data exists for porosity distributiptinerefore they had to be creatétie Half Gaussian
distributionis not represented in the dabat heuristically believed to be appropriate for

thisanalysis An assumption integrity level of mediumasdesignated.



142

Step4.4 Flaw Performance in Fatigu&t presentvery little fatigue data xstson

composites containing flaws found in wind turbine bladestudy performed by
Mandell, et alshowed significant decreases in fatigue ¢éif@ composite in compression
containing inplane waveg54] This study willbe discussed in more detail@hapter 9
Otherstudieson generaldamaged composites have shown that the fatigue life slope
remains largely unchanged with damg@é] Considering thisan idealizedapproacthas
beentaken to adjust existing material datd&Ng o +N) clitves by a shift in the static
failure values applied tthe single cycle intercepir power law coefficien#\, The typical
power law formulation is given by EquatiB&7 [82; 83] The modified equation for flaw
fatigue life is give in Equation28.

Y 00 (27

Y 0@ (28)
where S is the maximum applied stress (or strain) N is the numfagigofe cycles, A is
the power lower fit coefficient (often referredas the single cycle intercepB,is thefit
parameter for the power law slope, and K is the flaw knockdown factor.

An illustration of this concegbr a flaw that resulted in a 25%déced static strain

to failureg is shown inFigure79. Note that the figure includes an extrapolation of fatigue
test data out to 10"®yclesto illustrate the difference in cycles to failure for a given

applied strain
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Figure79: Example of a shifted-8l curve

The failure strengths of compositegh defectswere collected by use of quasi

static tension and compression testingall cases, these failure strengths/strains were

correlated to the characteristic flaw parameter. An example of the knockdown factor data

and trendor In-Plane waves is shown kigure80. [79] The static strength and

knockdown results for other flaws are found in Chapter 5.
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Figure80: Test data on failure stress forPlane wave§r9]

The analysis presented herein used the traditional power lawl&drom described
by Equations 2and28. For this analysis, where the methodology wasiedrthrough a
controlled, accelerated blade test, this approach is adequate. However, in practice one
would want toconsider usinghe 95/95 confidence limit variations. Usage of this
approach takes into account things like environmental effects (tetm@eraumidity etc).

The equations for the 95/95 fatigue life confidence limit is given in the following

equations.

YO pm (29)

and
o0& a0 ;YO (30)
whereb is the intercept, SD is the standard deviation, is theone sided tolerance

limit multiplier with confidence levep | and probability of survival is [76]
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Assumption: Fatigue of flaws can be described by a modification of the power law
coefficient.Knockdown factors developed from regression of gateic tension &
compression testingerformed on defedaden coupons with known flaw magnitudes
areaccurate. The level of assumption integrity is considered weriyehigh for safe
surface conservative analysisutlow for describing thexact responsd he latter could

easily be validatedith coupon fatigue test of laminatesth defects

Step 5 Mdlel Verification/Tuning

Tablel5: Step 5 Overview

S:fp Step Name Origin of Data/Assumptions Used in Analysis Asl_sivrﬁlp?i]:)n
5 Model verification/tuning Integrity

51 Model Known, builtin flaws used imliscrete fatigue analysis. Coupq Medium- Single
) Implementation to structure scaling factored "tuned" based on test results. data point

No true design existfor the test article. Therefore a baseling
case for which the probabilistic analysis can be compared {
had to be developed. This case uses the IEC fatigue stand
and assumes a 20 year failure.

Development of
5.2 | Baseline "Design"
Case

In general Low but
appropriate for
objective

Step5.1 Model ImplementationThe structural analysis discussed in pineceding

section has been validated a fullscale structural test. As part of the Blade Reliability
Collaborative effortsa subscale (818) version of a multmegawatt wind turbine blade

was manufactured with intentional defects. The article was fatigue tested at the National
Wind Technology Center. Forced hydraulic actuation was used at three lockigurs (

81, Figure82 left), allowing for the assessment of multiple flaw and regional
considerations. The test was comparable to tbmegples of &onte Carlo simulation
wherein theandom variable(flaw type, location & magnitudeyere known. This test

gave significant insight into the scaling factors for transitioning from laboratory coupons
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to full structures and indications tHat this type of structurea local failure constitutes a
global structural failure. One failure location at an-ofaplane flaw which was
consistent with numerical predictigns displayed irFigure82 (right). The detailed

testing, analysis and code verification procedures can be found in Chapter 7.

7 AN
Test Location3 —4.37m Test Location 2 — 6m Test Location1 —7m
Figure81: Blade test layout & progression

Figure82: Blade test (left), Failure at flaw location (right)

Assumption:Scale factor for modifyingaminate fatigueesponse from coupdn a
full structure is appropriat&nown, builtin flawswereused inadiscrete fatigue
analysis.The @upon to structure scaling factoreds"tuned" based onnetest result.

Assumption integrity is considerededium based on the limited data set.
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Step5.2 Development of Baseline, Casdrlormation on the design of the BSDS

blade was not readilgvailable thereforgethe blade was reverse engineered to develop a
load scenario whichesults ina fatigue failureafter20 yearsof operation using the
prescribed IEC safety factors, and the same ématispectrunparameters described
earlier in this chpter The pressure load designation was considered arbitrasedd
only to provide a referencing point to objectively evaluate analysis techniques. For this
Baseline Caséhe International Electrotechnical Commission (IEC) Safety Factor
Fatigue fornulation was used. IEC recommends the usage of traditional linear damage
accumulationemploying the PalmgreNliner'srule. Highlights of the IEC fatigue
analysis process can be paraphrased as folleatgjue damage shatlonsider effects of
both cyclic range and mean straiall partial safety factorgload, material and
consequences of failurehall be applied to the cyclic strafor stress) range for
assessing the increment of damage associated with each fatigud&4iclhe three
safety factors are furthelefined by the IEC as follows:
A o= 1.25; Safety Factor for loading
A o,=1.3; Safety Factor for materials. IEC states that this factor shall be
determinedn relation to the adequacy of the available material propesdi
data. Therefore it will be the target of the probabilistic analysis
A 2,=1; Component class. Blades are considered class 2rwrafditsafe”
structural components

A 2=1.625; Combined Safety Factor
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These safety factors or load factors, were applied to the input strain \Winess
rule for fatigue damage accumulation (Step 6) was used with the afore mentioned
spectrum loading distribution and operation parameters. The relationship between wind
speed and pressure magnitude was varied until the model indicated that the blade would
fail in 20 years. This case did not consider defects and was therefore capable of being
used to compare the probabilistic approach to assessing defects.

Assumption: The Badine case is representativetbéactual blade desigiNo true
design exists for the test article. Therefore a baseline case for which the probabilistic
analysis can be compared bad to be developed. This case uses the IEC fatigue
standards and assusna 20 yealifetime, so it seems reasonable generakhe integrity
is considereddw, butit is entirelyappropriate fothe objectiveof comparing a SF

approach to a probabilistic one.

Step 6 Probabilistic Analysis

Table16: Step 6 Overview

S:;p Step Name Origin of Data/Assumptions Used in Analysis Level of Assumption
6 Probabilistic Analysis Integrity
6.1 E;(i)lg?:'“ty of Each location's Pf is considered statistically independent. Low
. Assumes wind speed and load reversals are not chronologic High for yearly
Time to . . . . . )
6.2 Failure independent. i.e. at any given time through the year, a maintenance intervals,
particular wind speed and load reversal has the probability.| Low for shorter intervals

The Monte CarldMethodwas chosen becagi®f ease in adaptation to thEEA
approach and ability to evaluate discrete input values. Morgibvedata generated in the

sampling procedure has the capability of being e&sihysferredo a Statistical Learning
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methodfor development of low computational requirement surrogate mduiehich

enable the fast disposition of arlaslt structure[12]

Step6.1 Probability of FailuréWind is variable andhus the resulting bending

momentthatablade experiences is subsequently variable. Application of these loading
scenarios to design and testing is unreasonable therefore rainflow counting is typically

used to convert a spectrum of wind speeds (momeritsaiset otycles The fatigue life

can then be used in conjunction with the Palmdgvienn er 6 s r wdmagef or | i ne &

accumulation (Equation 31/85]
O B — (3D

whereD is the cumulative damagejs the number of load cycles at the applied st&ess
andN is the number of cycles to failure at the applied stgedxatigue failure is defined
to occur wherD exceeds a value of The power law (Equation 2describinghe

fatigue life of compositess then used to identify values for the input into EquaBibn

The natural extension to this discussion is then to translate a design life of years into
cycles. In doing so one can construct the compact limit state funct@msh Equation

32

y

Qo p O p B (32
wherein the resulting applied streSg)(is a function of the uncertainty parameter vector

X. The power of this formulation is it its ability model any fatigue loading spectrum and

in its flexibility to predict failure as a function of applied cycl&gpical wind turbine
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designis based on aeroelastic simulations however this analysis has staadadized
wind loadingdescribed through @rcannual distribution.

Assumption:Each location'grobability of failureis statistically independerithe
blade design (geometry) is known to affect flaw occurrence theredot@nregions can
have higheconcentrations of flawgéometric transitions.g.into and out of max
chord).Solving the performance function without correlation requaresissumption of
statisticalindependenceThis assumptiohas been applied to bo@ase and Case 2. No
data exsts concerning the frequency of flaw occurrence therefore some assumptions had

to be made. fie assumption iegrity can be considered to lwau.

Step6.2 Time to FailureBased on this estimatidhe performance function (Eq.

36) can be evaluated two wayassessing the probability of failure for a specific design
life (e.9.20 years) or assessing the time to failure based on an acceptable probability of
failure valueIn this analysis once a specific probability of failure is design#ted
operationalm service time can be calculatédhis information can then be used to
designate maintenance or inspection intervals.

Assumption: Whd speed and load reversals are not chronologicalpendent;
i.e. at any given time through the year, a particular wind speed and load reversal has the
sameprobability. This assumption hasigh integrity for designatedgearlymaintenance
intervals as the probabilities hold up of the course of a year. Howeveershtervals

ontheorder months could be considered to hal@alevel of integrity.
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Solution Technique

The majority of the reliability analysis was performed with a post processing script
written in Matlab.A routine was written to perform the sampliand necessaiC
calculations (all of which are mathematically described in the preceding sections). The
structural analyzer (FEhode) provided strain data for each potential flaw location under
the uniform pressure distribution. It was found earlyhat the resulting strain scaled
linearly with the magnitude of the load. Therefore the wind speed distribution described
by Step 1.2 was implemented through scaling the local strain values accordingly. The
result was a probabilistic strain distributionaainction of wind speed.

Flaw occurrence and magnitude distributions were sampled using the Matlab built
in functionnormrnd Normrndgenerates an array obmmally distributed pseudorandom
numbes acording to the input parameteraean, standard deviah and array
dimensions (number of samples). All of the array values are generated at one time for
each distribution using this function. Each value of the array is then called later by the
model to perform a discrete evaluati@very flaw instance caldation is evaluated with
theusing the previoudiscussioron fatigue formulation, wherein the damage is
accumulated linearly according to the applied load cycle distribution and the power law.
In other words the number of applied cycles and cyclesltodaaccording to the power
are calculated for every array instance at every wind magnitude and R ratio. A Miner's
summation is performed to assess the damage index after the application of the load
spectrum. All load cycle frequencies are circannudl@mstitute one year of infield

operation. The full twenty year operational lifetime is simply applied linearly.
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Probability of failure for every location down the length of the spar cap is then
cdculated according to Equation 33imulations that re#in a failure are those where
the limit state is exceeded; i.e. the Miner's summation yields a value greater than 1. This
formulation allows for assessment of the probability of failure for any particular location
down the spar cap. Howeverdesigners typically interested in the total probability of
failure for the blade as a wholBhe analysis presented here has focused on the spar cap
region only. The assumption has been made that a local failure constitutes a global failure
of the wind blade. Tlsiformulation is consistent withraliability assessment ofseries
systemaA series system is one where the entire sygtels if any component in the
syst ems f atlihksn-thec h & i Thedpfoleleility lof failure of a series system
is thejoint union of all the failure states of the components whigexpressed by the
following equation{14]

0 f 0z Q& ™ (33

For mutually exclusive eventthis can be approximated by the sum ofailure
states, following the addition rule, if the individual compor@obabilities of failure are
small. The mutual exclusivity clause would assume that only one location can fail at any
given time. This is @nsistent with weakest link concept. Should two locations fail
simultaneously in the physical world the result is the same, global fdiltine.
individual component probabilities &dilure are largethenusing Equation 38ould
resultin aprobabilitylarger than unityThis is not possibleggndthe rule breaks down and

the compliment of the product of all failure states provides the exact afsdjdt.is
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this computation (EquatioBthat is used to assess the probghdf failure for the

entire bladeEither case describes the same set of independent events.

0 0p B Q& T (34)

Results & Interpretations

In conventional analyses or certificationsstuctures, the reliability is done with a
deterministic analysis. The goal is to provide some conservatism to ensure that minimal
failures will occur over the lifetime of the structure. Where availaume parameters
receive a statistical treatment (engaterial strength allowalsg while others may not.

To account for thisa scalar quantity is applied to the analysiaddress thainknown or
nontquantified variables. In the wind energy certification, thisalled a Safety Factor
(SF).The SF willtypically have some basis in testing, analysis, or experience and is
meant to provide additional conservatism to increase the reliability of a system over its
lifetime.

It is difficult to make a one to one comparison to the probabilistic approach
presered herein. However, in this section we make some important comparisons to
illustrate several points for the advantage of the current analyses. First, if there are
manufacturing defects outside of the database used for certification, it will be shown that
premature failure can occur, much shorter than the design lifetime, even with a safety
factor applied. This implies that the safety factor approach is not conservative, and does
not accomplish its intentit will also be shown that, if a probabilistic appch is taken,

safety factors can be decreased resulting in more efficient wind turbine blade structures.
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This has the additional advantage in that the reliability can be quantified as opposed to
simply assuming the safety factor will accommodate all ankrs.

For this analysis, it was not known wizaiceptablg@robability of failure was
implied in the IEC safety factors. However, it can be assumed that there was an intended
low probability of failure over the 20 year lifetime. A scheme is proposed ahgtares a
baseline analysithat hasan assumed low probability of failure, inherent to the Case 0O
(Baseline), with the probability that failure is reached within the 20 year lifetime with
manufacturing flaws which are not inherent in the certificatiocgsgCase 1 and 2)
While the results are presented as probabilities of failure they are in fact, the probability
of reaching the implied probability of failure as designated but the safety factor approach.
In a sensghis is relative probability of faire which allows for the comparison to the
two techniques. Should one know the original design probability of failure, the absolute
probability of failure could be tracked as easily through the 20 year life.

Both Casel and 2were evaluated with the usétbe prescribed IEC safety factors
and with a reduced matersdfety factor This treatment allows for comparison of the
conservatism in the safety factor approdnhotal, 1,000,000 simulations were
performed in two stages. 1,000 runs were performeda structural analyzer (SA)

addressing variations in wind loading pressure distributions and material properties.

Case 1Spatially Varying PFO

Figure83a displays; by location down the length of the blade when applying the
IEC safety factors to the FEA simulation output strains and treating defeatsdasn

variables. Considering the time dependant formulation of linear fatigue damage
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accumulatior(based on number of cycle$) can also be described as a function of time
in service. This is graphically depicted Bygure83b wherein can be seen that location
22 essentiallyhas al00% P after 7 years of operation. It can easily inferred by these
results that there is a significant chance of fajldesmonstrating that when usititge SF
with aprobabilisticsimulationof defectghe blade will end up being overdesigrned

achieve an acceptable probability of failure

Casel, IEC=1.3
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Figure83: Pp by location (3, P> as afunction of time for location 2go)

The analysis can thée repeated by reducing the IEC Material Safety Faotor (
to 1.15. The results from this analysis are displayddgnre84. With the reduce&F,
the Ris significantly lowered thereby eliminating the need for additional structural
reinforcementslue to additional uncertaint¥his has significant implications for
reducing weight and cost while providing quantifiable reliability estimatiomiod

turbine blades.
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Case 1, IEC=1.15
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Figure84: P; by location with reduced SF

Case 2Half GaussiaMagnitude Results

The same analysis can be performed usingdtidéGaussiarapproach. The results
of the probabilistic analysis both with te@andard IEC SEop) and with the reduced SF
(top) are displayed iRigure85. Ornce again the conservatism of the IEC SF approach can

be interpreted in the same manner as Case 1.



158

Case 2, IEC=1.3
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Figure85: P; by location with IEC SF (tgpand Pf with the reduced SF (bottgm
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Discussiomof Results

The previous sections reportBdas aspatial probability mass distribution. This
methodis extremely useful in understanding the sensitivity of a region to flaws. It
provides the designer withformation on where changes in the design are needed or
regions around which to develop a quality controgpam.However these detailed
results are not useful in the preliminary design stages where a@sigybe using a
parametric study to evaluatealde design changes. In this case it is more useful to
quickly ascertain the; for the entire blade. As discussed in the previous section, the
probability of failure of a series systeran beestimated using Equation 34

This approaclis also relevant to understanding the differences in a pure safety
designbased on the recommended IEC safety factors discussed in Steyl & 2lefect
focusedprobabilisticmethodology For this comparison, the first analysis was performed
combining thdEC recommended SF of 1.3 with a probabilistic treatment of defects. This
scenario would consider the case where information on the variability material and
manufacturing system are known but the blade designer is bound by regulations to still
use the fulkafety factor. The second portion of the analysis considers the case wherein
the designer reduces the Safety Factor to a value of Th&5EC guidelines require that
the Safety Factors be used in essence as load fapfaliedto the stress/strain angdis
outputs.If the Safety Factor can be reduced then the structure can be modified
accordingly. The most obvious way to do this would be though reduction of laminate
thickness however other structure design components could rxlakenell.

Regardlessthe result should be a leaner, less expernsiveanufacturédlade.
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The series system analydisr both Safety Factor values was applied to both of the
analysis cases described earlier; Casgpatially Varying PFGnd Case 24alf
GaussianThe result of these analyseare given iTablel7. Here it can quickly be seen
thatutilizing the full Safety Factor and performing the defect reliability analysis results in
anear guarantee of premature failuraus indicating that the blade design needs to be
significantly alteed, pssibly byadding additional laminate layers antlich will
ultimatelydrive up the costs. Howevgny reducing the Safety Factor value by 1&P6
applying the defect reliability assessmehe Py is significantly reducedT his indicates
that the current design configuration is acceptable or atdabstantiallycloser to
acceptable depending timetarget probability of failure for the lifetime of the blade.
Tablel17: Probability of failurefor a series system analysis
Case1l Case 2

W/SF =1.3 W/SF = 1.1 W/SF = 1.2 W/SF =1.15
P 100% 22% 100% 46%
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CHAPTER 7

BLADE TESTING

Motivation

The Hade Reliability Collaborativenitiative manufacturedtwo Blade System
Design Study(BSDS blades as validation test pieces to examine effects of defects
(EOD) and nordestructive inspection (NDI) at a sedarger than coupolevel andan
asbuilt wind blade. The BSDS blade was chosen due to a wealth of previous test data,
proportional geometric similarity to modern blade designs, and proven structural
efficiency of the design. Both glass and carbon spar versions of the Bladere
producedo examine the difference in response of the two material systems

The EOD validation blades were fabricated by TPl Composites in Warrean&l
tested athe National Renewable Energy Laboratsrilational Wind Technology Center
The Mortana State University team was primarily responsible for the blade analysis. This

effort provided for verification of the PReP algorithm.

Blade Design

Introduction

The BSDS blad§71; 72]was selected as the test bedthe Effects of Defects and
Inspection Validation blades. The SNL BSDS blade design consists of three distinct sub
components, a loyressure (LP) skin, a higbressure (HP) skin and a shear web (SW).
The LP and HP skins and shear web are fabricatedagelyawith eab consisting of

several layersf composite materials. Within each skin (LP and HP) there is a spar cap,
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which itself consists of severalyers The spar cap in each slgtarts at the blade root
and terminates close to the blade tip. Tire¢ subcomponents are then assembled and
bondediogetherinto a blade. In the first blade assembly step, the shear web is bonded to
the HP skin, and then the LP skin is bonded to the cured assembly of shear web and HP
skin. The illustration irFigure86 show key areas in one skin of a BSDS blade. The

laminates in the other skin are symmetrically very simj&g]

Span (m)
Figure86: Diagram of key areas in a BSDS blade.

Effects of Defects Validation Blades

Two Effects of Defets Validation Blades were built by the teahe first Effects
of Defects Validation blade followed the standard BSDS blade desiuch is
fabricated with a carbon spar cap in the LP and HP skins. The second blade was built
with a fiberglass spar cap in the LP and HP sKih& standard BSDS blade desigas
modified byJosh Paquettef SNL to incorporate a fiberglass spar cap ie L and HP
skins. TPl Composite, Inc., engineers generated theétgoof blade layup drawings.
The MSU and SNL teams then added additional information to certain pages in these
layup drawing for the implementation of each flaw during the blade mantfagtiPI
Composite, Inc., engineers also created the drawings for the carbon and fiberglass spar

caps, which are shown the Appendix[86]
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The purpose athis testwasto produce significant insight intbe effect defects
have onwind turbine blade structures and to help in the design of future programs. To
this end flaw types, sizes and locations were designated such thategtsgy analysis
would betractable. Flaws were introduced into the blade to mimic coupon testthg
existing models as closely as possible. For instance, flaws in the spar region traversed the
entire width of the spar. Th&tuation more closely resemblptkviouslaboratorytesting
to help reduce the number of variables in correlating from coupam$ull-scale blade.

Knockdown factors were applied to the regior®re defects were locates
reduced strength multipliers foundrthg testing of thin couponsResults from these
tests were most applicable to the glass spar. A reduced testing set on carbon and hybrid
laminates with flaws waalsoperformed. In general, flaws were originally designated
that they increase in severity with increasing distarm®a the root. Conceptually, this
would allow for multiple failures starting from the tip and moving inwaitbwing for
more insighto be gained by having several failures at different locations and varying
flaw types. This is visually shown by the preinary reduced strength targets described
in Figure87. A subset oflaws were placed in the panel regions purely for NDI
purposes. A preliminary stctural analysis provided two pieces of conclusive

information; avoid the triangular region and focus on the spar cap.
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Figure87: Target reduced strengthwlo the length of blade

A description of the impet for the chosen fies follows;

AdhesivesData obtained on adhesive flaws from the field show that some flaws,
such as ply drops, are predominantly driven by geometry efféatds are extremely
prevalent in bondlines. iBcussios with manufactures, indicate that voids arcaused
predominately in the manufacturing process when blade halves must be repositioned after
the adhesive has come in contact with the part. Based on the data collected to date, voids
in the spar cap to shear web connection tend to be larger thannv/thid leading and

trailing edgebondlines

Waves in GeneraAn attempt was made to use three different angles for each of

the wave types. Initially, onealuewas designed to embody the highest frequency, the
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other two filling out theails of the distribution or providing extremal event data. At a
minimum, two different angle ranges were introduced. In addition, analytical testing was
performed to optimize the distance between proximity waoedisat peak s#sses would
not overlap as they do in chain waves. It was found that this optimal length was equal to

one wavelength between waves.

Out-Of-Plane WavesThe midpoint of thesurveyed OP wavdistributionwas7°,

typical high angle values are in the-12° range and max angles were observed over 40°.
An attempt was made to introduce th&sand 1213° values. Strength data on the low

end of the distribution for OP waves in tension sedmild effects.

In-Plane WavesThe surveyed distribution is centered on,2@th a significant
amount of theeumulative probability happening between 22° and 383wever, these
data were from a limited source and believed to be extreme. Waves of approximately 15°
were estalished as the higlend extreme for blade testing. For the lower end of the

distribution an angle around 7° was chosen.

Porosity Little data exists to develop a distribution of percentageseverin
general 2% is considered unacceptable in industta Bhowed minimal effects on
strength for porosity levels up to -1®% range. Larger values, such asl#®,are
interestingfrom an academic standpoint; however, it does not seem that this is a relevant
number. Anecdotal information suggests that poydsitels in the 5% range are

statistically significant and may prove to have an impact in combined flaws.
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Preliminary Structural Analysis

A first pass structural analysis was performed to ensure that the chosen flaw
placement and magnitude were reastsmfilom a testing perspective. In doing so, two
efforts were performedtandard closed form beam bending and 3D finite element

analysis. The equations describing a beam in fatigue bending are as follows:

z z

0 ———hd Dzw (35
wherek is the percent reduction as a function of a flaw in ultimate static strength or
strain,Jis fatigue life coefficient or cycle failure interceptthe number of applied
fatigue cyclesB is the fatigue slope expone#i, is the flexural stiffness of the blade by
location, andy is the distance from the bending neutral axis.

Loads were then evaluated through an optimization approach wher® thunela

combinations vary within constraints to minimize difference betwaeyet and actual

moment. The local strain was then corroborated with a FEA model. The process for the

FEA analysis was as follawv

1) Build mode| choose flaw locations by creating components.

Figure88: Finite Element Model, Blde Spar Cap (left), Flaw elements (right)

2) UseP andx from beam bending analysis as inputs.
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Figure89: Applying static load cases at three test locations

3) Run all three fatigue load cases independently in a staticsemaly

Thenodal resultsvere outpufor strain and stress the material 1 direction
(tension & compression) for all components and run in fatigue analysdatigue life
can then be used in conjunction with the Palmdvian n e r dos linearnndaneage
accumulation[85] Miner's ruewas wsed in combination with the power law for fatigue
life as described in Chapterlé.general, flaws were chossathat they increase in
severity with increasing distance from the root. Sdlags were placed in the panel
regions purely for NDI purposes. The preceding FE analysis offered two pieces of
conclusive information; avoid the triangular region and focus on the spar.

Theidealized approacbf adjusing material data N ( Y curiés by a shift in
the static failure values applied to the single cycle intersep$ described by Equation
28, was used in this analysi&n illustration of this concept for a flaw that resulted in a
25% reduced static siin to failurewasshownearlierin Figure79. The failure strength

of compositesaminates with defectsere collected by use of quasatic tensiorand



168
compression testing. In all cases, these failure strengths/strains were correlated to the

characteristic flaw parameter. An example of these results-flaime waves is shown

in Figure90. [79]

In-Plane Wave

m Tension Data

—— Correlation

A Compression Data

80
— Correlation

Failure Stress (ksi)
N Y ()]
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0 5 10 15 20 25 30 35
Average Off Axis Fiber Angle (deg)

Figure90: Test data on failure stress forPlane waves

Blade Manufactur¢86]

The test arties were manufactured by TEbmpositesat the Warren, Rl facility.
Theblades were fabricated with a clegl coaton the outside blade surfacéhe BRC
Effects of Defects Validation blades, subsequently referred to as simply BRC blades, are
based onite SNL BSDS design. TWBRC blades were deliveredne with a glass spar

and another with a carbon spd list of the defects and locations are given in the

following two tables.
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Tablel18: Location of Bondline Flaws iEOD Blades.

Region Flaw ID Flaw Type Flaw Size Infg;r;[izlr?w Fla\;vmsr;?tlon

SW1 (AANC &) Pillow Insert | 0.5" (12.7 mm) (;irsf;’:scs 2100

Bubble/PTFE SW surface
SwW2 . 1.0" (25.4 4100

Shear Web - Void ( mm) (Interface 2)
HP SW3 (AANC 9) Microballoon [0.75" (19.0 mm (lsr:?é;:::‘;‘; 5400

: SW surface
SW4 (AANC 12) Pillow Insert | 0.5" (12.7 mm) (Interf:ce 2) 6750

{ KSFNJ B So . . Ssu?
Lp SW% PTFE Strip |[M®n € O H p(lnté-'rfa:(? )L 4000
LE1 PTFE Strip [n ®p € 0 M HIPTSUfAC¥ U 750
Leading Edge LE2 PTFE Strip [n ®p ¢ & N H IPTSUIfACE U 3000
LE3 PTFE Strip [M®n € 0 H p l[PrsurfaC¥ 7500
TE1 (AANC 10) Pillow Insert [ 0.5" (19.0 mm), HP surface 4500
TE2 (AANC 13) Pillow Insert | 0.5" (19.0 mm)] LP surface 5500
Trailing BAge| rr4 (AANC 11) Microballoon [0.75" (19.0 mm)  LP surface 6000
TES PTFE MPné O H pHPBUICE (| 7500
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Tablel19: Location of Laminate Flaws in Carbon Blade

egion | FIaw!D | FlawTye | oot | Thae | DentorFaw ]

AANC 7 | Pillow Inserf n ®p ¢ 6 M H® surfacey 0 Layer 39 320

AANC 5 [Pillow Inserf n ®p ¢ 6 M H® surfacey 0 Layer 28 350

AANC 2 [Pillow Inserf n ®p ¢ 6 M H® surfacey 0 Layer 15 305

Szgt(i’;n CH1 | Porosity TBD HP surface Al 400
CH2 OoP 6.5 HP surface Approx Layer 38 165

CL1 Porosity TBD LP surface All 400

CL2 OP 4 LP surface Approx Layer 38 ??
Pillow Inserf n ®p ¢ 6 M HH® surfacef 0 Layer 10 5750
Pillow Insert n ®p ¢ 0 M HI® surface v Layer 26 3000
Pillow Insert n ®p ¢ 0 M HI® surfacel v Layer 18 5500
CH3 IP 4.95 HP surface| Layers 7, 11, 15, 19, 23, 27, B1 1600
CH4 Porosity TBD HP surface All 1800
CH5 OP-Prox 5.7 HP surface Layers 10-31 2250
CH6 OP-Prox 5.77 HP surface Layers 10-31 2300
Spar Cap| CH7 OP 55 HP surface Layers 10-31 2750
HP CH8 Porosity TBD HP surface All 3200
CH9 OoP 9.95 HP surface, Layers 10-31 3750
CH10 IP 6.89 HP surface| Layers 7, 11, 15, 19, 23, 27,81 4215
CH11 OP-chain 6.04 HP surface Layers 10-31 4700
CH12 IP-chain 7.62 HP surface| Layers 7, 11, 15, 19, 23, 27, B1 5017
CH13 IP-Prox 5.63 HP surface| Layers 7, 11, 15, 19, 23, 27, B1 6220
CH14 IP-Prox 5.59 HP surface| Layers 7, 11, 15, 19, 23, 27,81 6270
CH15 Porosity TBD HP surface All 7000
CL3 IP 5.01 LP surface| Layers 7, 11, 15, 19, 23, 27,31 1600
CL4 Porosity TBD LP surface All 1800
CL5 IP-Prox 4.72 LP surface| Layers 7, 11, 15, 19, 23, 27,81 2240
CL6 IP-Prox 4.92 LP surface| Layers 7, 11, 15, 19, 23, 27,31 2300
CL7 OoP 2.9 LP surface Layers 10-31 2750
CL8 Porosity TBD LP surface All 3200
Spaipcap cL9 oP 4.68 LP surface Layers 10-31 3750
CL10 IP 7.69 LP surface| Layers 7, 11, 15, 19, 23, 27,31 4200
CL11 OP-chain 2.6 deg LP surface Layers 10-31 4700
CL12 IP-chain 7.72 LP surface| Layers 7, 11, 15, 19, 23, 27,31 5000
CL13 OP-Prox 3.12 LP surface Layers 10-31 6200
CL14 OP-Prox 3.63 LP surface Layers 10-31 6250
CL15 Porosity TBD LP surface All 7000




171

In-Plane Wave Manufacture

In-plane wavesvere createth a laminate using the jig shownkigure91. Thejig,
designed and builby undergraduate assistant Julie Workmaas made up of 19 bars
with a linear row of pins in each bar. Each bar (with pins) was free to meplaria. At
the location of each iplane wave,he fabric of the spar cap laminate was pressed down
on to the pins, as is shown kigure92. When thebar was shiftedin-plane it forced the
spar c@ laminate at that locatiorio be displaced or shifted in the plane of the skin.

Masking tape temporarily held the bars in place and the setup was left untouched for at

least 15 minutes so the fibers making up thplame wave would stabilize in place.
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Figure91: Photo of MSU jig creating three IP Wavs in on fiberglass laminate



172

e}

Figure92: Photo showing IP wavdsrmedinto one carbon laminate of the spar cap

After each inplane wave was created, the geometry of thplane wave was
measured, as is shown kigure 93, to determine the Fiber Angle Misaligemt. To
verify the geometry of each-plane wave had not changed in the handling process, the
Fiber Angle Misalignment was checked and rechecked several times until the laminate
was covered up in the layup process. It turned out Hpdaime wave geometmnyas very

stable and did not change.

Figure93: Photoshowing an IP wave Fiber Angle Misalignment being measured.

In-plane waves were created in a spar cap by creatiptame waves at the same

point in each of the seven lamiea that made up the spar cap. The MSU team
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constructed the Hplane waves, and the TPI blade fabrication shop floor staff worked
with the teams from MSU and SNL to carefully and accurately install and align the flaws
in the Effects of Defectsalidation Bades. Each wplane flaw in and along the spar cap
laminate was carefully aligned and stacked onto the underlyiptame flaw, as is shown

in Figure94.

Figure94: Photo showing a group effort to align the IP waves in the carbon spar cap.

Out-of-Plane Wave Flawlanufacture

Outof-plane waves were created by stacking a defined number of precut layers of
PPG 125026 glass fabric onto the spar céjpgure 95 shows severaprecut layers

being cut from a strip of fiberglass fabric.































































































































































































































































