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Abstract

Modern wind turbines are fatigue critical machines that are typically used to produce electrical
power from the wind. Operational experiences with these large rotating machines indicated that
their components (primarily blades and blade joints) were failing at unexpectedly high rates, which
led the wind turbine community to develop fatigue analysis capabilities for wind turbines. Our
ability to analyze the fatigue behavior of wind turbine components has matured to the point that
the prediction of service lifetime is becoming an essential part of the design process. In this
review paper, | summarize the technology and describe the “best practices’ for the fatigue
analysis of awind turbine component. The paper focuses on U.S. technology, but cites European
references that provide important insights into the fatigue analysis of wind turbines.
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1. INTRODUCTION

Somewhat over two decades ago, utility grade wind turbines were designed using static and
guasi-static analyses. At best, these rather simple analyses led to over-designed turbines, and at
worst, they led to premature failures. The latter is exemplified by high failure rates observed in
the early California wind farms. We, as designers, soon redlized that wind turbines were fatigue
critical machines; namely, the design of many of their components is dictated by fatigue
considerations. And, not only is this machine fatigue critical, its unique load spectrum greatly
exceeds our previous experience. This redlization led to alarge quantity of research that has now
matured to the extent that state-of-the-art designs can include detailed fatigue analyses of the
wind turbine.

The intent of this paper is to review these developments and to describe the “best practices’ for
the fatigue analysis of wind turbine components. The paper focuses on U.S. technology but cites
European references that provide important insights. Most major sections are introduced with a
“tutorial” section that describes basic concepts and defines pertinent terms. In al cases, an
extended reference list is provided. Illustrative examples are included, as warranted. The author
assumes that the reader is acquainted with the general architecture of modern wind turbines and
the genera concepts of their design. These concepts have been described in many previous
publications. The reader can draw upon severa references that examine the history of wind
turbines[1, 2] and their design [3-7].

To facilitate this discussion, the first major section of the paper uses the Palmgren-Miner linear
damage rule [8], commonly called Miner’s Rule, to formulate the fatigue analysis of wind
turbines. This damage rule is currently used throughout the industry, and it is a good starting
point to begin our discussions. After a genera introduction to this rule, the rule is specialized to
the analysis of wind turbines. In the form used for the analysis of wind turbine components, the
rule requires three main classes of input data: the load spectra, material properties, and inflow
characterization. Each of these components is discussed in a mgjor section of the paper. The
final magor section of the paper pulls these components back together into the evaluation of
service lifetime for a wind turbine component. Specific examples from various wind turbines are
used throughout the paper to illustrate important points and to provide the reader with the details
of typical fatigue calculations for wind turbines.






2. GENERAL FATIGUE NOMENCLATURE

Asillustrated in Fig. 1, the fatigue cycle is a closed stress-strain hysteresis loop in the stress-strain
time series of a solid material. For illustrative purposes, the cycle is usualy depicted as a
sinusoid, see Fig. 2. The maximum stress, Sma, IS the largest algebraic value of the stress in the
stress cycle (commonly called the peak) and the minimum stress, Smin, IS the least (commonly
called the valley). Tensile stresses are taken to be positive and compressive stresses are taken to
be negative.

The mean stress, sn, is the agebraic
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3. DAMAGE RULE FORMULATION

General fatigue analysis has been discussed in an exceptionaly large number of textbooks,
reference manuals and technical papers. The ones that | have found to be particularly useful are
listed in Refs. 9 through 14. These references provide both a general introduction and detailed
analysis techniques for the fatigue analysis of common structures. They provide a common
starting point for fatigue analysis of wind turbines. Fatigue analyses that have been specialized to
the prediction of service lifetimes for wind turbines are discussed in Refs. 4, 6, 15 and 16.

3.1.Miner’s Rule

The recognized standard [17] for the fatigue analysis of wind turbines is the Palmgren-Miner
linear damage rule, i.e., Miner’s Rule, [8]. The damage law may be written in the following
form:

M
Zl - 1 & + Ny + ...+ RLVIg D , (5
N, N, N, N,,

l

where the total damage D is sustained by a structure that undergoes n, stress cycles at stress level
S, N, stress cycles at stress level s, n; stress cycles at stress level s; and so on, for all stress
levels through the final level of M. N; is the number of cycles to failure at stress level s;.. The
number of cycles n; is usually taken to be the number of full cycles (closed hysteresis loops). But
it can aso be the number of reversals (two reversals for each full cycle) or the number of “cross-
overs’ (zero-crossings). And the stress level is usually taken to be the amplitude or range a a
given R value or mean stress.  Thus, one must be cautious with cycle counts and stress levels.
Always check the reference to ascertain the definition of the cycles used to characterize material
data and fatigue loads.

Miner’s Rule assumes that structural failure will occur when the damage equals one. As discussed
by Veers [18], the computed damage D at failure over a wide range of references varies between
0.79 and 1.53. When dealing with wind turbines, additional uncertainties arise from the variation
in material properties and applied loads. Thus, differences of a factor of 2 between damage
predictions and measured lifetimes are not only common in wind turbine applications, they
should be expected.

Typically, the fatigue cycles imposed upon a structure are analyzed or measured over some fixed
period of time. Thus, D, in Eq. 5, is usualy expressed as the damage rate DD, associated with the
sample timet. If this damage rate is equal to average damage rate over the service lifetime of the
component T (i.e,, DD; = DDr), then the service lifetime of the structure T is the reciproca of
DDy, namely:

(6)



Again, Eq. 6 is predicated on the assumption that failure will occur when the damage equals
one, and that the damage rate computed over timet is representative of the average damage rate
imposed upon the structure during its service lifetime. Namely, the number and distribution of
fatigue cycles contained in the sample are essentially identical to the number and distribution over
the structure’s service lifetime.

The number of cyclesto failure, N in Eq. 5, is a measure of the materia’s ability to endure stress

cycles. This materia property is typically described with an “S-N” curve. Actudly, the S-N
description of the fatigue characteristics for a given materia is a family of curves that depends on
both the mean (Eq. 1) and the range (Eqg. 2) or amplitude (Eq. 3) of the stress cycle. The R
variable (Eqg. 4) isalso used extensively in the description of SN data, e.g., see Rice et al. [9].

If we assume that the fatigue cycles imposed upon the structure may be described by some
function of s, and s, then Eq. 5 can be written in integral form as:

D = JJ MEm> Sa) ds ,Ods . (7)

Alternate formulation of Eqg. 7 could be written in terms of n(s,s,) or n(s,R). When counted
over a specific period of time, the damage is typicaly cast as a damage rate DD, namely the
damage D accumulated intimet. Rewriting Eq. 7 to include time dependence yields:

_ D _ N(Sm, Ca)
AD, = = = [ ] N Ga)dcadcm . (8)

If the damage rate computed over timet is representative of the average damage rate accumulated
by a component over its service lifetime, then the service lifetime T is the reciprocal of the damage
rate computed over timet. Thus, the predicted service lifetime T, see EQ. 6, becomes.

m?

1 _ N{Gm,0a) Ga

$— jj oo dc do. . 9)
For wind turbine applications, the cycle counts n(.) are typically taken to be an explicit function of
the short-term average inflow velocity U (typically, U is based on a ten-minute average). Wind
speed is chosen as an independent variable because most loads, performance parameters, and
control algorithms are directly related to the short-term average velocity of the inflow. Using the

probability density function py for the inflow velocity U, Eg. 9, may be written as:

= J pU J J )dG do ,du (10)

a)

and if the turbine is only operated between a cut-in velocity of U, and a cut-out velocity of Uqy,
then:

1
=



= 4D, = [ [, Mozt do a

in

The probability density function py is usualy taken to be the annual wind speed distribution at the
gte of the wind turbine (see the discussion in section 6.2 “Inflow Characteristics’ on p. 76).
Equation 11 describes the damage incurred on the wind turbine during normal operation. Other
terms, typically arising from transient events, are discussed in section 4.6 “Tota Load Spectrum”
onp. 33. Thisintegral equation is typically changed to a finite summation for numerical analysis
[19].

3.2.Linear Crack Propagation Models

In addition to a Miner’s rule based damage analysis, linear crack propagation models [12, 13]
have had successful applications to the analysis of wind turbine components. In this analysis
technique, a crack subjected to N load cycles will grow from an initial length of &, to afinal length
of & based on its crack growth rate of da/dn; namely,

a -a = LN (d8))on . (12)

The growth rate is material dependent. Typical formulations characterize this behavior in terms of
the stress intensity factor K, which has the form:

K=y()oJna |, (13)

where y(.) is the shape factor that is a function of specimen geometry and crack length [14]. For
very large bodies subjected to tensile stress, y(.) is aconstant equal to 1.

In an equivalent relationship to that shown in Eq. 11, Eqg. 12 may be expanded to the following:

Uou da K , Ka,
Aa = J‘UPUJ‘_ J; a[ - dn y( )]I nt((jm 1 Oas U) do,doc,, dU , (14)

where K, and K, are stress intensity factors associated with the mean and alternating stress,
respectively. Thisform is easily changed to afinite summation for numerical analysis, see Eq. 62
and Sutherland and Schiuter [20].



3.3.Summary

Thus, three sets of information are required to estimate the service lifetime of awind turbine: the
fatigue load cycles on the turbine as a function of the inflow conditions, the S-N behavior or the
linear crack growth of the material(s) being analyzed, and the annual wind speed distribution. The
following three sections describe these inputs in detail and present typical examples. Where
required, the examples have been obtained using the LIFE2 fatigue analysis code for wind
turbines [21]. This numerical smulation technique is described in section 7.2.1 “The LIFE Duo
of Fatigue Analysis Codes’ on p. 83.



4. LOAD SPECTRA

As implied by the formulation presented in Eq. 11, the spectrum of fatigue loads on a wind
turbine, i.e., n(s.,S,U), has a significant dependence on the operational state of the turbine. In
Eq. 11, this dependency is described as a function of the inflow conditions. This characterization
is rather simplistic in that the operation of the turbine is dependent on many variables, only one of
which is the inflow velocity. To make the problem tractable, most analysts divide the operational
states of the turbine into a series of (independent) operational states that describe the various sets
of fatigue loads on the turbine. A typical divison would be:

1) A searies of operation states that describes the loads on the turbine during normal
operation. In a typical formulation, these states are taken to be a function of the
inflow velocity. The range of the inflow velocity is from the cut-in velocity U, of the
turbine to its cut-out velocity U,.

2) A series of “start/stop” operation states that describes the loads on the turbine during
normal stops, emergency stops, etc.

3) A series of “buffeting” operational states that describes the loads on the turbine while it
is stopped, but its blades and other structura components are being buffeted by the
inflow.

4) Any additional operational states that impose significant fatigue loads on the structure
that are not covered by the other three operational states.

This division of load cases falls within the standard set of load cases that has been established by
the International Electrotechnical Commission, IEC, for the design of wind turbines[17, 22].

Once the load states are defined, each must be characterized through experimental and/or
analytical investigations. However, as wind turbines are subjected to random input from the
inflow, this task can be quite difficult. Typically, the analyst will obtain a representative sample of
the loads imposed on the turbine during each state and then weight them by their expected rate of
occurrence. In the above ligt, the first and third series of operational states are weighted by the
probability density function for the annual wind speed distribution p, (see Eg. 11) and the second
state by the number of expected events in each one of its categories. Typically, survival loads
under extreme wind conditions are not included in the fatigue analyses.

In each operational state, the object is to obtain a numerical or analytical description of the
n(smSaU) function. This function may take the form of tabular data or it may be an analytical
expression. The former is commonly called a cycle count matrix, that “bins’ the fatigue cycles by
their mean, amplitude, range R value and/or sequence [23]. The functional form of choice for the
description of n(s.,s,U) depends on the damage rule chosen to predict service lifetimes, e.g., the
linear damage rule cited in Eq. 11. The cycle count distribution is usually presented in one of
three forms [24]:

1) range spectrum
2) range and mean spectrum



3) Markov matrix

These three representations are listed in increasing order of information. The range spectrum is
simply a column of cycle counts, and the counts are placed in bins based upon their range, i.e., a
one-dimensional function. The range and mean spectrum is a two-dimensional (2-D) matrix of the
cycle counts that are placed in a two-dimensiona array of bins based upon their range and mean,
i.e.,, atwo-dimensional function. The Markov matrix retains the peak and valley from each cycle
and some information about their sequence. In the Markov “from-to” matrices, the sequence
information is a probability function that describes which peak will follow a given valley and
which valley will follow a given peak. For linear damage analysis, Eq. 11, the sequence of the
fatigue cyclesis not required. Thus, characterization (1) or (2) is the characterization of choice
for the typical fatigue analysis of a wind turbine.

In this section of the paper, | describe the three primary methods for creating the n(s.,s,U)
function: time series data, frequency domain spectral data and analytical expressions. Each of
these methods may be obtained from experimental investigations and/or analytical simulations.
After the major techniques have been discussed, | will discuss related topics that arise when
conducting the fatigue analysis of wind turbines.

4.1.Analysis of Time Series Data

In many cases, the results of an experimental or an analytical investigation of the stress and strains
produced in the turbine structure by the loads imposed upon it are plots that follow the stress
(strain) as a function of time. These time series are typically generated from an experimental or
analytical investigation of the turbine. Detailed discussions of the techniques used to obtain these
time series are beyond the scope of this report. And, they have been discussed extensively in
previous reports, e.g., Madsen [25] and Pedersen [26]. For the purposes of this report, | assume
that the necessary time series are available for the fatigue analysis. A few precautions related to
time series data are discussed in section 4.5 “General Topics’ on p. 29.

4.1.1. Rainflow Counting Algorithm

Time series data, either derived from analytical simulations or from actua measurements, have
been studied extensively by other researchers. The wind industry has drawn upon their techniques
for converting time series into cycle count matrices. A number of numerical techniques are
available from these previous studies. The technique typically used in the wind turbine industry is
the rainflow counting algorithm presented in Downing and Socie [27]. A complete description of
this algorithmis also provided in Rice et a. [9]. One adaptation of the technique to wind turbines
is described in Sutherland and Schluter [28]. Wu and Kammula [29] have developed a real-time
algorithm using rainflow-counting techniques that reduces memory requirements and speeds
computations.

The implementation presented by Downing and Socie [27], requires both a pre and a post
processor for its implementation into a form that is useful for analysis. This section discusses this

10



counting process from the input of a time series to the final output. Also, severa questions that
arise when this technique is used for the analysis of wind turbines are addressed.

4.1.1.1. Peak-Valley Sequence

The input to the rainflow counting algorithm is a simple series of peaks and valleys (troughs), i.e.,
local maxima and minima, that form hysteresis loops, see Fig. 1. To convert a time series to the
appropriate list, a pre-processor searches for local extremes in the series and lists them in
sequence [28]. Typically, the agorithm uses a change in lope as an indicator that the time series
is going though a peak or valley. Only the magnitude of the peak or valley isthen entered into the
rainflow counting agorithm. The algorithm defines the first point in the time series to be the first
entry in the peak-valley list.

4.1.1.2. Digital Sampling

Typically, the load time _e_ Daa Sampled at Constant
series that is being analyzed - Time nterval

by the rainflow counter is
based on a time series that
has sampled digitally. i
Because there is no
guarantee that the actual i
extreme value was sampled,
see Fig. 4, a curvefitting
algorithm may be used to
estimate the actual extreme.
In a typical agorithm [28
and 30], a parabola is fit to
the three data points that 25
surround each local
extreme. The correction
for sampling errors s
relatively small for the data
rates typically used to
sample loads data from
wind turbines. Figure 4
illustrates the extremes
predicted by this technique
with typical data.

----- Parabolic Curve Fit to Data
B @ O Extrapolated Maxima

20( |

S

151

Flap Bending Stress, M Pa

0 5 10 15 20
4.1.1.3. Range Filter Time, sec

To avoid counting the many
small cycles that result from Figure4. Extrapolated Peak in a Typical Time Series.

numerical jitter in the time
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series and/or to eliminate the many small cycles that do not contribute significantly to the damage
of the wind turbine, a range filter is typically used. This filter requires that successive local
extremes must differ by a minimum value, typically called the threshold, before they are
considered to be extremes that should be retained by the filter. Various algorithms have been
proposed for processing time series data. A useful one is the racetrack filter described by Veers
et a. [30].

4.1.1.4. Residual Cycles

The rainflow counting algorithm proceeds by matching peaks and valleys to form closed
hysteresis loops. When the algorithm reaches the end of time-series data record, a series of
unmatched peaks and valleys remains unclosed and, therefore, are not counted by the algorithm.
These so-called “half-cycles’ typically include the largest peak and valley in the record and they
may also include other large events. Thus, the potentially most damaging events (the largest
cycles) contained in the time series are not counted by the classical formulation of the rainflow
algorithm. If desired, the rainflow counting algorithm can be easily modified to include these
half—cyclesin the cycle count [28, 29].

Various researchers have proposed severa techniques for handling these half-cycles in wind
turbine applications. Some ignore them, some count them as half of a complete cycle (hence,
their name), and others count them as full cycles. The latter is the most conservative approach.
However, the recommended practice, as stated in Madsen [ 25], isto treat all unclosed cycles as
half cycles. Thisrecommendation is currently being retained in the IEC standards [ 31].

4.1.1.5. Cycle Count Matrix

The output of the rainflow counting algorithm is a characterization of the stress (strain) cycle by
its maximum and its minimum value. The counting algorithm counts each cycle in its order of
occurrence. The post-processor then puts this information into a form suitable for the fatigue
analysis package.

The first task of the postprocessor is to convert this characterization of a fatigue cycle to that
used by the fatigue analysis. As discussed above, the final data representation typically takes one
of three forms. range spectra, range and mean spectra, and Markov matrices. Thus, the post-
processor’s first task is to convert the maximum/minimum representation of the data into one of
these forms. The second task is to format the data for processing by the damage analysis. This
step typicaly includes placing each cycle in the appropriate cycle-count bint and writing that
information to file. The output file can take many forms, depending on the analysis and numerical
techniques being used to determine the damage. Thus, a specialized post-processor is usually
required for each fatigue analysis technique.

1 A fatigue cycle is added to a cycle count bin if its magnitude falls within the bounds of the bin. All cycle counts
within a bin are assumed to have the same magnitude. This characteristic magnitude is a function of the end
points of the bin. An example of a 2-D bining operation is shown in the next section of the paper.
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4.1.2. Typical Rainflow Counting Example

A typical rainflow counted load spectrum is shown in Fig. 5 for the edgewise-bending stress and
in Fig. 6 for the flapwise-bending stress. These data were collected from an NPS 100-kW turbine
The data are for normal operating conditions with a mean
inflow velocity of 11.0 m/s. As shown in Figs. 5a and 6a, the distribution of cycle counts that is
obtained from the rainflow counting algorithm was post-processed into a 2-D matrix that places
each cycle into a cycle count bin based upon its mean and range (or amplitude). In this form, a

in Altamont Pass, California [32].

cycle count is added to bin (i,j) when

(15)

(16)

i\
s
st

'«

o

,‘QIM ;‘\(/ ;()
{

|
A 7//0 A
‘/ Nasid 17\“ I/O'
i /%'

Figure5a. Range and M ean Spectra for
the Cycle Count Matrix.

Cycle Counts
8 oo .
8 8 & » w B
—
|
=

Alternating Stress Range, M Pa

Figure 5b. Range Spectrafor the Cycle
Count Matrix.

Figure5. Typical Cycle Count Matrix
for the Edgewise Bending Stressfor the
NPS 100 kW Turbine.

Logarithmic

QAR r\!\
L

23
N “-J O
V)

-0.3 0.5 1.3 2.1 2.9
=

Stress Cycles -

Figure 6a. Range and M ean Spectra for
the Cycle Count Matrix.

100

10F

Cycle Counts

o o
bW e
(| T

0.03 - I:l
0 5 10 15 20 25
Alternating Stress Range, M Pa

Figure 6b. Range Spectrafor the Cycle
Count Matrix.

Figure6. Typical Cycle Count Matrix
for the Flapwise Bending Stressfor the
NPS 100 kW Turbine.

13




where bin (i,j) has the a maximum mean stress of (sn,); and a maximum alternating stress (range)
of (sa); and the cycle being counted has a mean stress of (Sn,) and arange (or amplitude) of (S,).
The width of each of the bins in this matrix can significantly influence the fatigue calculations.
See the guidelines discussed in section 4.5 “General Topics’ on p. 29.

The 2-D form for the cycle count matrix may be smplified to a 1-D form for analysis (as noted
above) and/or for presentation of results. Figures 5b and 6b illustrate typical 1-D distributions of
the range of the cycle counts. The 1-D distributions in these two figures are derived from the 2-D
cycle count matrix by holding the range constant and summing over all means. In many analyses,
the 1-D distribution is used, because the range of mean stresses is typically not important for wind
turbine predictions. This observation is discussed in section 4.5.4 “Mean Vaue Bins’ on p. 30

4.2.Analysis of Spectral Data

Typically the development of the cycle count function n(s,s.,U) from experimental or analytical
data depends heavily on time series data. However, many structural analysis techniques yield
frequency-domain stress spectra, and a large body of experimental loads (stress) data is reported
in the frequency domain. To permit the fatigue analysis of this class of data, several approaches
have been developed to obtain cycle counts from frequency spectra. 1n one technique, a series of
computational algorithms based on Fourier analysis techniques has been developed [33, 34]. In
another technique, rainflow ranges are theoretically estimated directly from the power spectral
density (PSD) function for the turbine [35, 36]. Only the former technique will be discussed here.

4.2.1. FFT Analysis

The Fourier analysis technique developed by Sutherland [33, 34] uses an inverse Fast Fourier
Transform (FFT) to transform the frequency spectrum to an equivalent time series suitable for
cycle counting [37]. In this formulation, the input frequency spectrum is taken to be a uniform
series of N components with frequency intervals of Df. The spectrum is input as a series of
positive amplitudes Aj and phase anglesf , i = 1, N. Most FFT agorithms are optimized for
values of N that are a power of 2.

The inverse FFT agorithm converts the frequency spectrum into a time series of the form:

2N

oft)|, = FET{[AA(]) w
where the i'" component of the amplitude spectrum corresponds to a frequency of

f,=(i-)Af ,wherei=1,..,N, (18)
the j"" component of the time series corresponds to a time of

t; = (j-)At ,wherej=1,..,2N, (19)
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and,

1

= 20
2 N Af (20)
The output time series has atotal time length T equal to
1
T=2NAt= = . (21)
Af

Thus, the fina output of the agorithm is a time-series that may be counted using the rainflow
counting algorithm cited above.

The edgewise blade spectrum for a HAWT typically shows a very strong deterministic signal that
is the direct result of the gravity loads. This observation led Sutherland [33] to develop an
aternate formulation of the FFT shown in Eq. 17 that permits large deterministic signals to be
handled efficiently. This aternate formulation is not reproduced here.

4.2.1.1. Random Phase

The frequency spectrum of the operating loads on a wind turbine blade contains two classes of
signals. Thefirst is a deterministic or “steady” signal that is obtained by averaging the time series
data as a function of the position of the rotor (the azimuth-average). The second signal in the
gpectrum is the random (non-deterministic) variation about the azimuth-average. These random
components in the distribution imply that the synthesis of a time series from a frequency spectrum
for wind turbines does not have a unique solution, as implied by Egs. 17 through 21.

Akins [37, 38] handled the synthesis of both signals using the average amplitude spectrum with a
random phase angle for each component. He concludes, however, that the synthesis process
would be more redlistic if the phase angles used in the synthesis process have both deterministic
and random components. In particular, he notes that the phase angles for the azimuth-average
components are essentially deterministic, and, therefore, the components of the spectra that
correspond to the azimuth-average signal should have deterministic phase angles. And he further
suggests that the remaining components be synthesized using random phase angles.
Computationally, the non-uniqueness of the input phase angles in the frequency spectrum implies
that much iteration is required to achieve a statistically meaningful result.

4.2.1.2. Amplitude Variations

The frequency spectra for typical wind turbines vary significantly about the average spectrum due
to the random nature (both in time and in space) of the inflow. Two classes of variations are
noted: the first is the random (non-deterministic) variation of the spectral amplitudes about their
average at a constant average wind speed and the second is the variation of the time series with
wind speed. The variation of the latter is typically handled by using multiple wind speed bins in
the fatigue analysis, see the discussion above. But, the variation of the former must be handled
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within each wind speed bin. Sutherland [33] presents one technique for handling this variation in
amplitude. Histechnique is used in the example presented next.

4.2.2. Typical Frequency Spectra Examples

The frequency spectra for the NPS 100-kW turbine [32], are shown in Fig. 7. The spectrum for
the flapwise bending stress is shown in Fig. 7a, and for the edgewise bending stress in Fig. 7b.
The results of a rainflow count of the time series synthesized by the FFT analysis are shown as 2-
D cycle count matricesin Fig. 8. A comparison of the measured and the synthesized cycle-count
distributions is shown in Fig. 9. Similar results are presented in Fig. 10 for the 34-meter Test Bed
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stable if the normalized distribution of the cycle counts does not change when additional time
series are synthesized and counted. For these two examples, the cycle count matrix was
considered stable when the normalized number of cycle counts in each stress bin stayed within a
half cycle count of its previous value when the synthesis time was doubled.2 Also, the high-stress
tall of the cycle count distribution was used to judge the stability of the synthesis process.
Namely, the distribution was considered stable if the tail of the distribution was a relatively
smooth function. For the two examples discussed here, the total synthesized time required to
achieve a stable cycle count distribution was approximately 240,000 seconds in the NPS turbine
and 10,200 seconds for the Test Bed turbine.

The comparisons shown in Figs. 9 and 10b illustrate that time series data for the determination of
stress cycles imposed on a wind turbine blade may be effectively synthesized from average
frequency-spectra data. Moreover, the ability of the algorithm to generate long time series
permits the high-stress tail of the cycle count distribution to be defined within the accuracy of the
input frequency spectrum. However, the ability to fill out the tail of the distribution should not
be confused with the actual distribution of stress cycles imposed upon the turbine. The
frequency spectra used in the analysis are still based upon a rather limited set of data, and those
gpectra may not contain sufficient information to define the correct high-stress tail of the
distribution of cycle counts.

4.3. Analytical Descriptions of Normal-Operation Load Spectra

Analytical representations have been used extensively to describe cycle count distributions. These
representations not only provide the analysts with closed-form solutions for the fatigue analysis
but through the insight they provide, these formulations permit incomplete data to be interpolated
and/or extrapolated to fill voidsin the data. Moreover, these representations when combined with
reliability analysis permit the evaluation of the effects of randomness in the input variables on the
predicted service lifetime of awind turbine.

Severa analytical expressions have been used to describe the load spectra on a wind turbine blade.
These expressions are typicaly derived from best-fit analyses of experimental data. Most of the
successful expressions fall within a generalized Weibull distribution with the narrow-band
Gaussian distribution (Rayleigh distribution) being used extensively to describe the load spectra
on Vertical Axis Wind Turbines (VAWTS), and the exponential distribution for the load spectra
on Horizontal Axis Wind Turbines (HAWTS). [Weibull probability density functions for various
shape factors are shown below in Fig. 43.] In this section of the paper we discuss both of these
techniques and a generalized fitting technique that distorts a parent distribution to better fit the
loads on the machine.

2 The stability of a cycle count matrix (distribution) can also be defined based on the damage rate. Namely, the
cycle count distribution is considered stable if the damage rate represented by these cycles changes by some small
percentage when the synthesis time is increased significantly.
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4.3.1. Narrow-Band Gaussian Formulation

One of the first uses of an analytical expression to describe the load spectra on a blade was the
characterization of the load spectra on VAWTSs using a narrow-band Gaussian formulation by
Malcolm [41, 42], Veers[18, 43-45] and Akins[46]. In thisformulation, the distribution of cycle
counts takes the form of a Rayleigh distribution, a specialized form of the general Weibull
distribution (see Appendix A). For this distribution, the Weibull shape factor, a, has a value of 2.
This distribution may be written in the following form:

S s?2
Psy = L—z} exp [ 282 } : (22)
U U

where the probability density function ps of the cyclic stress s, is a function of the standard
deviation of the cyclic stress sy at awind speed U. To convert this probability density function
into cycle counts, the cycle count rate, which is discussed in section 4.3.6 “Cycle Rate” on p. 23,
is required. The cycle count distribution is obtained by multiplying the probability density
function shown in Eq. 22 by the cycle count rate.

Figure 11 presents a comparison of the measured (and rainflow counted) cycle count distribution
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and its Gaussian approximation for the 12 to 15 m/s wind speed bin for the 34-meter Test Bed
VAWT in Bushland Texas [39]. This figure illustrates the very good agreement between the
measured and modeled cycle count distributions in the body and the tail of the distribution. As
implied in this figure, this technique is only used to describe the distribution of the fatigue cycles
with respect to their aternating stress component. In cases where the SN material properties
are a function of the mean stress, this formulation of the cycle count distribution implies that the
damage calculations must be based on a constant (non-zero) mean stress across the entire
distribution [43].

4.3.2. Exponential Formulation

The exponential distribution used by Jackson [47, 48], Kelley [49, 50] and Kelley and McKenna
[51] is aso contained in the generalized Weibull distribution, see Appendix A. For this
distribution, the Weibull shape parameter a has a value of 1. The distribution may be written in
the following form:

1 S, 1 S,
Psp = |:_:| eXp|: :| = |:_—:| exp |:_ :| , (23
S U S U S U S U
where the probability density function ps, of the cyclic stress s, at a particular wind speed U is a
function of the standard deviation of the cyclic stress sy (in this case, sy is equivalent to the mean
of the cyclic stress S ;). Again, the mean stress is assumed to be a constant across this

distribution of cycle counts.

The distribution function that was proposed by Kelley [49] is actualy the sum of three
distributions, with the exponential distribution describing the high-stress tail of the distribution. A
Gaussian distribution is used to describe the low-stress region and a log-normal distribution is
used to describe the transition between the low and high stress regions.

4.3.3. Generalized Curve Fitting Techniques

4.3.3.1. Weibull Distribution

The Rayleigh and exponential distributions cited above can be generalized to the Weibull
distribution. Inits generalized form, the distribution becomes

o [T = {31)

where the Weibull parameters a and b can be expressed as functions of the mean and standard
deviation of the cycle count distribution (Appendix A).
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4.3.3.2. Higher Order Fits

A generdized curve fitting technique, named FITTING, that provides fourth order fits to the data
has been proposed by Winterstein et al. [52, 53]. This formulation optimally retains the statistical
information of the high-stress level data (i.e., the tail of the cycle count distribution) by distorting
a parent distribution to fit the first four statistical moments of the data. Importantly, this
technique distorts the parent distribution when the data indicate that the distribution differs from
the parent distribution.  The tail is fit to the observed distribution by warping the parent
distribution (two parameter distributions) using two additional parameters: the skewness (3"
moment of the distribution) and the kurtosis (4™ moment of the distribution). Three parent
distributions are available in the FITTING routine: a Gaussian, a Weibull, and a Gumbel. In
subsequent analyses, Winterstein and Kashef [54] demonstrated that for the one-sided
distributions typically encountered in cycle-counts, three-moment distributions provide better fits
of the data than four-moment distributions.

As discussed above, previous fits to cyclic load distributions from wind turbines have emphasized
Rayleigh and exponential distributions, which are special cases of the Welbull distribution.
Weibull distributions can model a wide range of behaviors with two parameters to describe the
central tendency of the distribution (i.e., the body of the distribution) and the spread of the
distribution (i.e., the tail of the distribution). With its versatility and the previous emphasis that
has been placed on its use, a generalized Weibull fit will be used exclusively in the examples
presented here.

Typical generalized curve fits for the data presented in Figs. 8 and 11 are given in Figs. 12 and 13,
respectively. As illustrated in these figures, the fit has excellent agreement with the data in the
body and the tail of the distribution. And, as discussed above, the low-amplitude portion of the
distribution is not included in the fit because it is of no consequence in the damage calculations.
Moreover, Winterstein et al. have recommended that the curve fit should not include the low-
amplitude cycles because they will decrease the accuracy of the fit in the body and the tail of
distribution where the damage is concentrated for typical blade materials. As with its specialized
forms, the generalized technique only describes the distribution of the fatigue cycles with respect
to their alternating stress component. And, the mean stress is assumed to be a constant across
this distribution of cycle counts. The elimination of the low-amplitude stress cycles and the mean
stress variations from the fitting process are particularly evident when Fig. 8 is compared to Fig.
12.

The importance of defining the correct functional form for the distribution of cycle counts is
discussed in Sutherland and Butterfield [55]. When the same cycle count distribution was fit with
an exponential distribution and with a Rayleigh distribution, the former was found to contain ten
times more damage than the latter. This significant increase in damage is a direct result of the
cycles contained in the tail of the distributions, with the exponentia predicting more cycles in the
tall than the Rayleigh. Thus, the fitting technique is extremely important, and its form should not
be prejudged. And, by using the generalized fitting routine, the fitting algorithm obtains the best
fit to the data by choosing both the form of the underlying distribution and its distortion.
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4.3.4. Low-Amplitude Truncation

The curve-fitting procedures described above are implicitly tied to the assumption that the initial
portion of the cycle count distribution is not important in a damage calculation. For example, the
analytical distribution shown in Fig. 13a matches the measured cycle counts very well above
approximately the 14 MPa bin. Below this bin, the distribution falls to zero, while the measured
distribution increases dramatically, with the smallest bin having several thousand counts. As
discussed in section 4.4.1 “Minimum Data Requirements’ on p. 24 and illustrated by Fig. 16,
these counts are typically not significant in the determination of damage and may be ignored in
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the curve fitting procedure. In special cases, these low-damage (approaching zero) cycles can be
included in the damage analysis by maintaining them as true cycle count bins, as shown in Fig. 12
or by adding multiple piecewise distributions together [49].

4.3.5. Load Parameters

For all of the above formulations, the functional relationship between the stress state parameters
and the characteristics of the inflow must be determined before they can be applied. As cited in
Egs. 22 and 23, the Rayleigh and the exponential formulations are one-parameter models that
describe this functional
relationship. In both cases, this
parameter is related to the RMS
blade stress sy; which is then i M easured Stresses

related to the average inflow i — Ll
wind speed U. To date, the b Analytical Stresses =
majority of the  work 10 F ---- 7
characterizing this relationship i
uses the Rayleigh modd to
characterize VAWT loads. A
typical relationship between sy
and U, for the 34-m Test Bed
turbine [39], isshown in Fig. 14
[56]. This relationship is
typically characterized as a Variable Speed
piece-wise, linear relationship 0 L — L L

for analysis [57]. 0 5 10 15 20 25
Wind Speed, m/s

15

RMS Stress, M Pa
N

As the formulations are

extended to higher orders, the | Figure 14. Comparison of the M easured and Predicted
descriptions of the parameter RM S Flatwise Stresses for the Test Bed for Variable
set required by the models can Speed Operation.

become dignificantly  more
complicated. Higher order
characterizations are reported in
Lange and Winterstein [58], Kashef and Winterstein [59] and Veers and Winterstein [60].

4.3.6. Cycle Rate

In most of these formulations, the distribution of stress cycles is represented as a normalized
digtribution. Thus, the tota number of stress cycles contained in the distribution (or, more
precisely, the average rate a which stress cycles are imposed upon the structure) is another
parameter required by the fitting procedure. There have been several techniques proposed for
assessing the value of this variable.
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Thefirst, and the most obvious technique, isto use one of the cycle counting techniques discussed
above to determine the average rate of cycle accumulation. This technique was used by
Sutherland and Veers [61] in their evaluation of the effectiveness of these models and in the
detailed analysis of the fatigue loads on the Sandia 34-m Test Bed [57]. Other methods, originaly
proposed by Veers, use the dominant frequency of blade vibration [43] or the rate of mean level
crossings [18] as the average cycle rate. In these two methods, the frequency is usually chosen to
be independent of wind speed. Typicaly for VAWTS, the cycle rate is chosen to be three times
the rotational rate of the turbine for edgewise stresses and two times for flatwise stresses. For
HAWTS, the edgewise rotation cycle rate is chosen equa to the rotation rate. In ther
comparisons of results, Ashwill et a. [57] illustrate that the measured cyclic rates were higher
than the estimated rate, but, when the damage from these two rates was compared, the differences
were not significant.

4.4.Representative Samples

Asindicated in Eq. 11, the normal operation cyclic loads are typicaly weighted using the annual
wind speed distribution and then summed to find the total operating load spectrum. This analysis
technique implicitly assumes that each normal-operation wind-speed bin contains a representative
sample for all of the inflow conditions characterized by the short-term average inflow velocity.
Each sample is typically extremely short in time when compared to the design lifetime of the
turbine, i.e., minutes or hours as opposed to years.

As discussed by Winterstein (his comments are reported in Sutherland and Butterfield [55]),
representative samples are adequate for this application because the fatigue analysis needs only to
accurately estimate the mean damage rate at a given operationa state. In other words, fatigue
analysis should not require more loads data if the service lifetime is increased from 30 to 60 years,
say. This observation is especialy important because it implies that the fatigue analysis can be
based on representative samples that can then be scaled to the lifetime of the turbine. However,
the representative sample conjecture requires that the sample be truly representative and that
statistical models can use this sample to extrapolate from relative short-term data to long-term
data.

4.4.1. Minimum Data Requirements

The importance of obtaining a truly representative sample has been graphically presented in
Sutherland and Veers [61]. In this paper, Sutherland and Veers demonstrate that the damage
contained in separate 10-minute data segments, taken for normal operation of the 34-m Test Bed
at a constant mean wind speed, can vary by two orders of magnitude.

In a follow-on analytical study, Kelley and Sutherland [62] examined damage predictions for a
Micon 65/13 turbine installed in Row 37 of a 41-row wind farm in San Gorgonio Pass, California.
They examine accumulated damage in the blades during a typical diurnal variation of the inflow at
the San Gorgonio site. Of the total 144 ten-minute smulations, 37 simulations had a mean inflow
velocity between 11 and 13 m/s. The normalized damage trgectory based on the sequential
analysis of the 37 ten-minute simulationsis illustrated in Fig. 15. In this plot, the average damage
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0.001 10 20 30 40 vaue after the first 19 10-

minute  smulations (3.1
hours). Thus, one would
surmise that a representative
sample requires a minimum of
19 dmulations for this
operational state and turbine.
However, if sequencing in the
trajectory is changed, a very different result is obtained. Namely, consider the upper and lower
bound trajectories shown in the figure. In these plots, the smulations are added in the order of
the damage they contain, with the upper bound sorted in descending order and the lower bound
sorted in ascending order. First, these trgjectories demonstrated that the simulation containing the
smallest damage underestimates the average damage by aimost two orders of magnitude and the
largest overestimates the average damage by over one order of magnitude. And, the sample
requires aimost all of 37 simulations before it stabilizes to the average damage rate. Thus, when
the trajectory is based on ordered members of the data set, the tragjectory essentially does not
stabilize until all members of the set have been added because the sample is not representative.
Techniques for insuring that a representative sample has been obtained are typically based on
obtaining a representative set of inflow conditions, such as turbulence intensity in each mean wind
speed bin. Criteriafor this technique are discussed in section 4.4.2 “Inflow Parameters’ on p. 26.

Number of 10-min Blocks

Figure 15. Normalized Damage Trajectory for a Micon
65/13 Turbine.

In another study, Winterstein and Lange [52] note that the data requirement for representative
samples aso depends on the coefficient of variation (COV) that is acceptable in the damage
calculation. Using the data from the Northern Power Systems 100-kW turbine and assumed
values for the COV of the damage and materia variability, they estimated that at least 280
minutes (4.7 hours) are required to define the cyclic load distribution for a composite blade.

As reported in Sutherland and Butterfield [55], Winterstein notes another critical concept when
determining minimum data requirements for fatigue analyses. In particular, fatigue analyses
depend heavily on both the loads and the fatigue behavior of the material; e.g., the dope of the
SN curve (i.e,, min Eq. 34, below) used to define damage rate (Eg. 8). Asshown in Fig. 16, the
damage contained in the flapwise bending stress spectrum, Fig. 16a (also shown in Fig. 6b), is
concentrated in the body of the distribution when the exponential ope m is small (typica of
welded materials), Fig. 16b, and in the tail of the distribution when the dope is large (typical of
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composite materials), Fig. 16¢.2 Thus,
the blade materia becomes an
important parameter when determining
whether a sample is representative and
sufficient. For small exponents, the
body of the distribution must be
determined accurately, and for large
exponents, the tail of the distribution is
more important.

Thus, these analyses indicate that the
current best estimate of the minimum
guantity of data required to obtain a
representative sample is on the order of
several hours for each operation state
with an m of approximately 10. This
statement is predicated on the
assumption that the external conditions
for that state are contained in the
sample and in their proper portions.
For example, each average wind speed
bin used to describe a norma
operational state should contan a
variation in turbulence levels that is
based on dte characteristics or
certification requirements.

4.4.2. Inflow Parameters

To assgt in collecting samples that are
truly representative, the data are usually
taken across a series of inflow
conditions. To the first order, normal
operational states depend mostly on the
mean wind speed, but secondary factors
are also important. These factors are
intended to describe the instantaneous
inflow velocity variations across the
rotor disk. They are typicaly
characterized by the vertical wind shear

3 Typical values of the fatigue exponent for steel and aluminum are 3 and 6, respectively. For typical fiberglass
blade materials, the exponent is larger than 10. The fatigue exponent is discussed in detail in section 5 “Material

Properties’ on p. 41.
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across the rotor and the single-point turbulence intensity measured at hub-height in front of the
turbine. Although these parameters are typicaly the only ones specified in the certification
process, several other parameters have been proposed for characterizing the inflow across the
rotor. These parameters warrant consideration when defining a representative sample for all of
the inflow conditions from short-term average inflow velocity data. Sets of parameters that have
been proposed for defining the inflow are discussed in section 6.2 “Inflow Characteristics’ on p.
76.

In another approach to the problem, Kashef and Winterstein [59] have demonstrated that the
dependence of the blade loads on mean wind speed and turbulence may be reduced to a single
variable that is based on the standard deviation of the high-frequency turbulence. Namely, when
the low-frequency components (well below the rotor speed) of the inflow velocity u are removed,
the resulting turbulence level §i,, can be correlated to the distribution of fatigue cycles across all

mean inflow velocities. The initial evaluation of this correlation was based on data from a single
turbine. When extended to another, smaller data set, the correlation to &, broke down and was

replaced by a dependence on the average inflow velocity U.

The crux of the analyses summarized here, as pointed out by Kashef and Winterstein [59], is that
the correlation between fatigue loads and inflow parameters is probably case dependent. At this
time, the appropriate distribution of inflow parameter(s) across a cycle count bin has not been
identified. The IEC Standards Committee, [17, 22] recommends that the turbulence intensity, as
afunction of average inflow velocity, should be the governing parameter for describing the inflow
for design load calculations. The IEC recommendations define this functiona relationship.
Implicit to this formulation is that the turbulence intensity will be a constant across a cycle count
bin. My view is that this approach is somewhat simplistic and that the fatigue load spectrum
should use, at the very least, a distribution of turbulence intensities across each cycle count bin.

From an analysis standpoint, the inflow is typically described using the SNLWIND model [63-65].
In this model, the mean inflow velocity, the integral length scale, and the shear velocity (related to
the turbulence @) are typical input parameters for the turbulence and coherence modeling of the
inflow. Thus, additional variations in length scales and/or the Reynolds stresses [particularly the

(uw ) term] are warranted when defining the inflow distributions across a particular cycle count

bin; see the detailed discussion of inflow parameters in section 6.2 “Inflow Characteristics’ on p.
76.

Cuerva-Tegjero et a. [66] have suggested yet another approach to solving this difficult problem.
They used “principal component” and regression analysis to identify combinations of inflow
parameters to develop a set of four factors that describe the inflow. In general, these four factors
may be associated with various parings of the common inflow parameters. One factor is
associated with the mean wind speed; the second with the high-level statistics of the wind speed
(skewness and kurtosis); and the third and fourth with the stochastic characteristics of the wind
speed (combinations of a length scale, a correlation coefficient and the standard deviations of its
three components), and the fourth is turbulence and the correlation between the horizontal
component and the vertical component).
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As discussed here, many parameters have been suggested as descriptors for the inflow. Which
descriptors are necessary and sufficient remain to be determined.

4.4.3. Scaling and Extrapolating Representative Samples

Once the representative sample of the loads has been determined, the sample must be scaled in
time to lifetime loads. Severa techniques are currently used to scale them. Many designers
simply scale the sample loads directly. For normal operation, this scaling is typically based on the
average annual wind speed distribution discussed in section 6.2 “Inflow Characteristics’ on p. 76.
These designers note that the samples define the main body of the load distribution, and thus, they
capture all of the necessary loads on the turbine to define its service lifetime.

Other designers note that the infrequent occurrences of high-stress events contained in the “tail of
the load distribution” are affected by the specific data set, and that the distribution tails fill in as
more and more data are added to the record [47, 67]. And, as noted above, the existence of a
“high stress tail” on the distribution has significant influence on the predicted service lifetime of
the turbine. Thus, they believe that it must be well defined for an accurate analysis. This group of
designers typically extrapolates from the body of the cycle count distribution into this tail region.

As discussed by Lange and Winterstein [58], the data contained in a representative sample defines
the main body of the load distribution on the turbine very well. However, the extreme loads in the
high-stress tail of the distribution may or may not be defined accurately. In section 4.3
“Analytical Descriptions of Normal-Operation Load Spectra’ on p. 18, curve-fitting techniques
are used to develop analytical descriptions of the load distribution. These fits may also be used to
extrapolate limited data to the prediction of the tail of the load distribution. Thus, statistical
measures of the data are potentially very useful for deducing the shape and magnitude of the low-
probability-of-occurrence, high-stress tail of the load distribution.

There are two critical issues for this technique. The first concerns the use of statistical modeling
to deduce the shape and magnitude of the low-probability-of-occurrence, high-stress tail of the
load distribution and the second concerns the extent of the predicted tail that is realized during the
life of the turbine.

For the latter, the argument is that under a probabilistic framework, large loads are possible, but
they are associated with a decreasing rate-of-occurrence (i.e., large return period or a decreasing
exceedence probability). Hence they may quickly become irrelevant in practical applications, such
as wind turbines with afinite service lifetime. While these large-load cycles may truly have afinite
probability of occurrence, their existence is controversial and typically difficult to estimate from
data. Several researchers have questioned the realism of the prediction in the tail of the
distribution [55]. Their skepticism is based on the redlization that the relatively small
representative sample is to be extrapolated to a 30-year lifetime. Consider the case where each
wind speed bin contains only a single 10-minute record. For an 8 nm/s Raleigh site (see the
discussion in section 6.1 “Annua Average Wind Speed” on p. 75), the turbine will operate
approximately 5.5 percent of the time in the 11-12 m/s wind speed bin. Thus, the extrapolation
technique is being asked to extend the data from the 1 per 10 minutes fractal to the 1 per 1.65
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year fractal (5.5 percent of 30 years); i.e, by a factor of approximately 90 thousand
(0.055x30x365x24x6)! Even if an hour of data is used in each hin, the extrapolation will be
amost 15 thousand.

The discussion on the existence and extent of this high stress tail is very important because, as
noted above, the tail of the distribution is critica to the prediction of service lifetimes for
composite turbine blades. Most designers fit the data with a distribution. In some cases, the
designer will use the entire predicted distribution while others will truncate the distribution at five
or ten times its RMS value (2™ moment of the distribution). However, at this time, there is no
consensus concerning the use of statistical models for predicting the shape and the extent of the
tail of the load distribution used in service lifetime predictions. For conservative predictions, a
distribution should be fit to the available data and used to extrapolate these data to long service
lifetimes. And, in no case should the distribution be truncated below the maximum measured or
simulated load level.

4.5.General Topics
4.5.1. Load Spectra Derived from Inflow Parameters

The analytical formulations cited in the previous section are descriptive models. Namely, they use
measured loads data at a given set of inflow conditions and operational parameters to obtain
mathematical formulations that describe the loads on the turbine. As discussed by Kashef and
Winterstein [59], the correlation between fatigue loads and inflow parameters is probably case
dependent, because each turbine will react to a turbulent inflow spectrum based on such
parameters as its size, architecture, moda frequencies, and damping characteristics. Thus, the
descriptive nature of these models implies that they are turbine and site specific.

A number of techniques have been proposed for extending the description of a turbine at one site
to another site or to another turbine. Jackson [68] offers a classical route to the extension of
these formulations from descriptive models to predictive models. In this analysis, dimensional
analysisis used to scale the size of the turbine. 1n another technique, Kashef and Winterstein [59]
use a de-trending analysis to change sites. Spera [69] uses empirical relationships, derived from
rotationally-sampled inflow data, to obtain fatigue loads from structural analysis codes. And, in
yet another approach developed by Kelley [49] and by Barnard and Wendell [70], the inflow time
seriesis rainflow counted. The inflow cycles are then related to the fatigue cycles using a transfer
function. They postulate that the transfer function is constant for a given turbine.

4.5.2. Structural Analyses

The only true prescriptive models that can be used to analyze the fatigue loads, without
experimental measurements, are based on analytical inflow and structural analysis codes [25, 26].
In this technique, an inflow model is combined with atmospheric design specifications and with
aerodynamic load and structural analysis models to prescribe the fatigue loads on the turbine [24].
The SNLWIND model, proposed by Veers [63, 64] and upgraded to three components by Kelley
[49, 65], is typically used in the U.S. The European models are typified by the work of Mann
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[71]. Popular aero/structural codes used in the U.S. are the analyses by Wilson et al. using the
FAST code [72], Hansen using the YawDyn code [73], and Elliott and Wright using the
Adams/WT code [74]. Detailed discussions of these codes are beyond the scope of this report.
Quarton [ 75] provides a detailed summary of wind turbine design analysis.

The direct application of the structural analysis codes for predicting of fatigue loads is beyond the
scope of this report and will not be discussed here. Direct ties between structural analysis codes
and fatigue analysis have been conducted by Wilson et al., [76] for the FAST code and Laino and
Hansen [77-79] for the YawDyn and Adams/WT codes.

4.5.3. Bin Size

Binsing rainflow cycle counts into count matrices is typically the technique of choice for analyzing
the cyclic loads on a wind turbine. However, the accuracy of this technique is limited by the size
of bins. In particular, the cycle counts within a bin are spread across the bin. Because the damage
contained within the bin, see EqQ. 5, is a non-linear function of its stress level, the characterization
of all the load cycles within a bin at a single level can significantly under or overestimate their
damage to the structure. Severa analytical techniques, based on materials properties and on the
assumed distribution of the loads contained in the bin, can locate the damage centroid for the bin.
However, these techniques are typically overkill. A conservative technique is to use the highest
stress level for each bin as stress level for al cycles in that bin and to keep the size of each bin
relatively small. For the latter, the minimum recommended number of binsis fifty [25], and the
expected maximum cyclic stress is typically set to fall within the 70 percent bin.4

45.4. Mean Value Bins

As discussed above, the fatigue load spectrum may be described usng one of three
representations. the range spectra in a column of cycle counts, a range and mean spectrain a2-D
matrix of cycle counts, and a Markov matrix of peaks and valleysin afrom-to matrix. The range-
mean (2-D) cycle-count matrix is the form favored by this author for most applications. The
inclusion of the mean value in the description of each cycle count adds important information
concerning the genera state of stress (strain) on the component. This information can be used
effectively by the linear damage models and the additional information is gained with little
additional complexity.

However, this view is not shared by all. In reduced formulations (2-D to 1-D), the variation of
the mean stress across cycles is replaced by a single average vaue in some fitting techniques and,
in others, the variation is totally ignored. In an apparent contradiction to the statement in the
preceding paragraph, the author has used several of the reduced formulations extensively, e.g., see
section 4.3.3 “Generalized Curve Fitting Techniques’ on p. 20. The use of areduced formulation

4 The purpose of the 70 percent value is to provide room-at-the-top of the cycle count matrix; in particular, if an
unexpectedly high stress cycle occurs, it will be included accurately in the cycle count matrix. If data are
preprocessed, the 70 percent value may be increased to reflect the known value of the highest stress cycle.
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is supported by several observations. For most turbine load spectra, the range of mean stresses is
relatively small. And, if the material properties are based on a mean stress or an R value that falls
somewhere near the middle of this range, service lifetime predictions are typically close to those
predicted using the mean stress information.> Thus, the variation of the cycle counts with mean
stress can sometimes be ignored if the material properties used in their evaluation are based on
an average mean value. However, designers should evaluate their designs and load spectra using
both techniques before using one or the other, to ensure that their choice does not lead to a non-
conservative estimate of the service lifetime.

4.5.5. Counting Cycles

As discussed above, the data samples forming the representative data set are formulated from
relatively short samples of data that are collectively on the order of several hours in duration.
Typically, the duration of each segment is 10 minutes. These segments are counted as series of
independent segments or concatenated into a single file for counting. As pointed out in Kelley
and Sutherland [62] and Mouzakis and Morfiadakis [80], the two techniques can produce

significantly  different service
lifetime predictions because the
closeout cycles may not be
matched correctly and the low-

100

80

Flatwise:
Concatenated —+——
Half Cycles -

Edgewise:
Concatenated ——
Half Cycles ——

occurrence cycles may be
missed entirely. Mouzakis and
Morfiadakis [80] demonstrate
that the service lifetime
predictions based on segmented
data can underestimate damage
by over 40 percent for materials
with large fatigue exponents. 2
For smaller material exponents, M
the effects are less dramatic.
Using time-series data that was
divided into 10-minute
segments, they  compared
predicted service lifetimes with
and without closeout and low-occurrence cycles. Their results are shown in Fig. 17. For this
figure, the time-series data were counted first in segments without closing the half-cycles. The
resulting damage calculation yielded the reference service lifetime. The data were then re-counted
in segments with the half cycles included in the count. The resulting service lifetime is compared
to the reference service lifetime in the plots labeled “ Half Cycles’ in the figure. The data were
recounted a final time with all of the time-series data concatenated into a single file. Half cycles
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Figure 17. Effect of Segmented Data on the Prediction
of Service Lifetimes.

5 As discussed in detail below, the fatigue properties of typical wind turbine materials are significantly more
dependent on the alternating stress level than on the mean stress level.
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were included in this count as well. This resulting damage yielded plots labeled “Concatenated” in
the figure. Thus, when the representative data set is segmented, the sets should be counted as a
single, continuous record. This discussion is continued in section 4.6.2 “Transition Cycles’ on p.
33 where the cycles between operational states are discussed.

4.5.6. Equivalent Fatigue Load

To describe the impact on fatigue from a spectral load distribution, the concept of an equivalent
fatigue load may be used [31]. In general, the equivalent fatigue load is determined using Miner’s
Rule (see Egs. 5 through 7) to determine a single, constant-rate fatigue load that will produce
equivalent damage. If the equivalent cyclic load F(.) has a mean stress level of (s.)., and an
alternating level of (s,)., then:

F[(Gm)e ' (Ga)e}l f0 _ M 5 do
N[(© ), . (02),] _J J NG, o, Cadn (25)

where f, isthe cyclic rate for F(-) and N(.) is the number of cycles to fallure at the specified mean
and alternating stress level, see Eqg. 9. In the absence of actual cycle counts, the frequency f, may
be taken to be 1 p (i.e., the blade rotation rate) for the edgewise bending moments and 3 p for
flapwise bending moments of three-bladed machines and 2 p for two-bladed machines. F(-) is not
unique. Typicaly, the mean value (sm)e IS chosen and then (s,). is calculated.

Obvioudly, this equivalent fatigue load is material dependent. As discussed in section 5 “Material
Properties’ starting on p. 41, this formulation may take one of several forms. For power law
formulations, see Eq. 31, with a constant mean stress, Eq. 25 may be written in the form:

Fn
ni
(o a)e = | : (26)

where m is the fatigue exponent, and T is the total time covered by the load spectrum. Typical
values for m are 3 for welded steel, 6 for extruded aluminum and 10 for fiberglass composite
materials.

The equivalent fatigue load is one method used to test wind turbine components in fatigue [81].
In this simulation technique, the spectral loads on a component are replaced with a constant
amplitude load cycle. This technique for simulating spectral loads significantly simplifies the
experiment. Moreover, by increasing the amplitude of the equivalent fatigue load (mean and/or
alternating stress level), the service lifetime of the component can be smulated in arelatively short
time period. However, these simulations are predicated on the validity of the assumed damage
law and a detailed understanding of material behavior.
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4.6.Total Load Spectrum

The load spectrum for normal operating states is typically obtained by summing the time-scaled
representative samples for each operational state of the turbine. This summation does not include
the fatigue cycles from transient events and from transitions between operational states. Because
these trangitional states can contain high load events, they should be included in the total load
spectrum for a turbine component. This section of the paper highlights these events.

4.6.1. Transient Events

Wind turbines may be subjected to a large number of transient events that can significantly reduce
their service lifetime. Typical events include, but are not limited to, start-stop cycles, high-rate
yaw events, hitting the teeter stops, non-operating high-wind buffeting loads, loss-of-grid
shutdowns and emergency shutdowns. Transent events are turbine dependent and must be
evaluated on a turbine-by-turbine basis. Some are created by inflow events, as with rapidly
changing inflow direction [78], others are created by the turbine's control system [82] and others
are created by starting and stopping the turbine [83]. Whatever their source, these loads can be
some of the largest loads on the turbine. Therefore, transient events should be analyzed and
included in the fatigue analysis of the turbine.

While survival loads are transient events, their extremely low rate of occurrence (probably zero
for at least half of afleet of turbines) and their very large size are not typical of the loads expected
on the turbine. Therefore, survival loads are typically not included in the fatigue analysis of
wind turbines.

4.6.2. Transition Cycles

As discussed above, the load spectra for an operating wind turbine are formulated from relatively
short representative samples of data that collectively are on the order of several hours in duration.
The operationa states are typically considered to be independent of one another. Thus, the
fatigue cycle produced by the transition from one operational state to another are missed when
the states are added together to form the total spectrum. Larsen and Thomsen [84] conducted the
initial analytical study of these cycles. In their analysis of the load cycles imposed upon turbine
blades during a year of operation, the transition cycles increase the damage rate by 3 percent in
materials with low fatigue exponents and by 60 percent in materials with high exponents. Two
other studies on how these cycles affect predicted service lifetimes have been conducted. Kelley
and Sutherland [62] have shown in their analytical study that the transition cycles are insignificant.
And, Mouzakis and Morfiadakis [80] in their analysis of experimental data indicate that these
loads increase damage by approximately 10 percent for low material exponents and by 70 percent
for high material exponents. The transition cycles between normal operational states of the turbine
are commonly called ground cycles.

Ground cycles are difficult to determine. However, they can be determined either analyticaly [62
and 84] or experimentally [62, 80]. In both cases, the smplest solution isto count all of the data
from al of the operational states together as a single record. Although smple in concept, the
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technique is very difficult in practice because alarge amount of data must be analyzed. Moreover,
each sample must be added in proportion to its expected probability of occurrence and in its
expected sequence. Larsen and Thomsen [84] have actually conducted such a simulation. In their
technique, the load spectrum for the transition between operational states is predicted analytically,
then long-term inflow simulations are used to predict the number of transitions between each and
every two states for the life of the turbine. Thelr results are cited above.

Thus, if ground-cycle data are available, they should be used in the service lifetime analysis.
However, because these data are difficult to obtain and predictions of service lifetimes are, at
most, only marginally affected by them, we conclude that that ground cycles may be ignored in
most service lifetime predictions.

4.6.3. Comment

While differences of 10 percent and 70 percent variation in the predicted service lifetimes seem
high, one should remember that for many applications, uncertainties in the loads, materials and
damage typicaly yield widely varying damage predictions. For wind turbine applications,
differences of a factor of 2 between damage predictions and measured lifetimes are not only
common, they should be expected. Once said, there are several places were these relatively small
uncertainties occur, see above and below. Unfortunately, most are non-conservative and they can
add to a significant result. Thus, the designer should include as many of these special-case fatigue
loads in the design calculations as practically possible.

4.6.4. Summation of Load States

Once the representative samples of the load spectra have been assembled, they must be summed
to estimate the lifetime of the turbine. Asindicated in Eq. 11, the normal operation cyclic loads
are weighted using the annual wind speed distribution and then summed to find the total operating
load spectrum. The number of significant transient events is projected and then added to the
operating spectrum. The result isthe total load spectrum on the wind turbine.

4.6.5. Partial Safety Factors

To assure a safe design, the IEC-61400-1 standard [17] uses partial safety factors to cover the
uncertainties and variabilities in the loads (and in the materials). Namely, the partial safety factors
account for the possiility of unfavorable deviations of the load from the characteristic value and
for uncertainties in the loading model. A discussion of partial safety factors and their application
to wind turbine design is beyond the scope of this report and will not be discussed here.

4.7.0ff-Axis Analysis

In most wind turbine blade analyses and experimental data sets, the loads are decomposed into
two primary bending moments along the primary blade axes. The first primary moment, called the
“flap” or “flatwise” bending moment, is bending out of the plane of rotation. The second, called
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the “edgewise” or “lead-lag” bending moment, is bending in the plane of rotation.6 In the initial
discussions here, these loads are treated independently. However, the critical fatigue loads (stress
cycles) imposed on the blade may not be along one of these primary blade axes [85, 86]. Rather,
the critical loads may occur along another axis. Sutherland [85] has presented both time-domain
and frequency-domain analysis techniques for determining the off-axis fatigue cycles from
primary-axis loads.

4.7.1. Geometric Load Parameters

To determine the off-axis stress states in a blade section, the two principal bending stresses at that
blade station may be added together vectorialy, see Timoshenko [87]. Combining the stresses
yields:

o() PEop(cos®) peog(Dsin®) . (27

where Sq is the bending stress at time t and angle g, s_ is the root flapwise bending stress, s_ is
the root edgewise bending stress, and _and _ are geometric correction factors. The angle q is
defined here to be the angle from the positive edgewise bending principal (neutral) axis toward the
negative flapwise bending principal axis; i.e.,

from the tension side of the flapwise bending
moment to the tension side of the edgewise
bending moment, see Fig. 18. For time-series
data, the timet in Eq. 27 is smply replaced by
tj, namely the jth component of the time series. (AR
The geometric factors g and g adjust the
bending stress at the outer fibers of the
principal axes to the bending stress at the outer
fibers at the angle g. The valuesfor _and

Edgewise Bending
Neutral Axis

E

are determined from:
{ FIapwiseB_ending
(y ) Neutral Axis

(pF)e = o’

(yO)F : (28) Figure 18. Geometric Parameters for an
(bo). = (yo)e( ) Elliptical Root Section.

0
Yo)e

where (yo)q is the distance from the intersection of the principal axesto the outer fibers at angle g,
and (Yo). and (y,), are the distances from the principa axis to the outer fibers along the flapwise
and the edgewise axes, respectively, see Fig. 18.

6 These definitions are not universal. For turbines with coned and/or pitch blades, the definitions of flapwise and
edgewise bending moments are typically modified to be perpendicular and parallel to the chord line of the blade.
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4.7.2. Typical Variations in Off-Axis Load Spectra

Using the time-series data summarized in Figs. 5 and 6, Sutherland [85] used Eq. 27 to add
vectorially, point-by-point, the flapwise and edgewise loads for values of 8 that ranged from 0 to
360 degrées. The resulting time series was rainflow counted to determine the load spectrum
around the root of the turbine. The spectra for various angles are shown in Fig. 19.

A typical result for the range load spectrum at +45’, i.e., halfway between the tension side of the
flapwise bending moment and the tension side of the edgewise bending moment, is given in Fig
19b.  Similar plots for -30°, -45° and -60° are shown in Figs. 19d, e and f. The range spectra at 0’
and 90" are duplicated in Figs. 19a and ¢ to enhance the comparison of results. As seen in both
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figures, the typical two-hump characteristic of the edgewise-bending stress is still strong in all of
the off-axis spectra. These plots are based on a frequency domain anaysis proposed by
Sutherland [85].

4.8.Specialized Load Spectra for Testing
4.8.1. Variable Amplitude Test Spectrum

The bulk of the fatigue testing of materials and wind turbine components is constant amplitude
testing over a large variety of both compressive and tensile loads. However, wind turbines are
subjected to a spectrum of loads that can significantly change their behavior; see the discussion by
Veers et a. [30]. Thus, constant amplitude testing may not be characterizing their fatigue
response correctly.

To determine if constant amplitude tests can be used to predict the service lifetimes of turbine
components under spectral loading, specimens must be tested under spectral loads that are
representative of the loads on the turbine. The European community was the first to develop a
test-load spectrum for wind turbine components. This spectrum is called WISPER (WInd turbine
reference SPEctRum) for short [88, 89]. It was designed to represent the loads on a generic
turbine operating alone in flat terrain. Because the loads in these conditions are relatively mild
when compared to the spectrum imposed on a wind farm turbine in mountainous terrain, a second
test spectrum, the U.S. Wind Farm spectrum, was proposed by Kelley [90].  This section
discusses these two variable-amplitude test spectra.

4.8.1.1. WISPER

The WISPER reference-loading spectrum was developed by an international working group
composed of thirteen different European research institutes and manufacturers [88]. The
objective of the effort was to specify variable-amplitude test-loading histories that model root
flapwise (out-of-plane) bending of horizontal-axis wind turbine blades in the field. These features
include exhibiting a spectral shape that is characteristic of the type of structure under test, while
also providing the interactions thought to be important in such a stochastic environment. Great
care was taken to ensure that the fina loading spectra did not represent any particular turbine
design or operating environment (e.g., the WISPER loads are not time correlated). These
features imply that this test-load spectrum is to be used for comparative purposes only.

WISPER is derived from eight load cases that are called classes or modes. The first two classes
are the loads for discrete events, specifically turbine start-up (Class 1) and stopping (Class 2).
The six remaining classes, 3 through 8, are based upon 10-minute load histories obtained during
continuous operation of the turbines over their operating wind speed range. Mode 3 contains
representative data for mean wind speeds below 9 m/s. Modes 4 through 7 contain data for mean
wind speeds of 9-11, 11-13, 13-15, and 15-17 mV/s, respectively. Finally, Mode 8 describes the
loads for mean wind speeds exceeding 17 nmv/s.
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The loads in WISPER are based on a large population of load measurements from nine two-
bladed and three-bladed turbines. Their rotor diameters ranged from 11.7 to 80 m. A tota of 65
rainflow counted load cycle matrices (sorted by WISPER Wind Speed Class) were used to
construct the WISPER spectrum. For Modes 3-8, the individual matrices from each turbine were
normalized by the magnitude of the load cycle occurring once per 1000 revolutions. The
normalized matrices for each wind speed class were then averaged together to reduce the
influence of individual turbines. Using this approach, six normalized load cycle matrices were
obtained; one each for Wind Speed Classes 3 through 8. The normalization of Operating Modes
1 and 2 (start-up/stop) was handled somewhat differently. A detailed discussion of this procedure
is not warranted here.

The WISPER protocol uses the six normalized load spectra as representative samples for the
operation of the turbine. The total load spectrum is obtained by adding each of these
representative samples together in proportion to the number of hours the turbine will operate
during a two-month period. The hours of operation used in the WISPER protocol are based on
the long-term wind statistics from two different sites along the northern coast of Germany.

While WISPER offers the complete range of loads on a wind turbine (approximately 130,000 load
cycles), researchers have found that its many small load cycles make testing somewhat difficult.
To provide a shorter testing sequence, the low-amplitude cycles have been removed from the
WISPER load spectrum to form the WISPERX load spectrum. The latter reduces the number of
load cycles by approximately a factor of 10 (approximately 13,000 load cycles remain) by
removing all cycles with an amplitude of level 17 or less (WISPER has a total of 64 load levels).
WISPERX maintains all of the larger cycles in both tension and compression. For testing rates of
2 Hz, a WISPERX test block will require approximately 2 hours to complete, while a WISPER
test block will require about 18 hours.

4.8.1.2. U.S. Wind Farm Spectrum

The U.S. wind farm spectrum was developed by Kelley [90] based on operating data obtained
from two Micon 65 turbines that were tested at Row 37 of a 41-row wind farm in San Gorgonio
Pass, Cadlifornia [91, 92]. The data set consisted of 397 10-minute records that were collected
over a wide range of inflow conditions during the late wind season (late July and early August).
These data were processed using the WISPER development protocol to form the load cycle
matrices for Modes 3 through 7.

The U.S. wind farm spectrum does not compare directly with the WISPER spectrum because they
are based on different wind speed distributions. To provide a comparison, the normalized load
cycle matrices from the WISPER spectrum were combined with the San Gorgonio wind speed
distribution to form an equivalent WISPER spectrum for the San Gorgonio site. The equivalent
WISPER distribution is compared to the U.S. wind farm spectrum in Figure 20. As shown in this
figure, the San Gorgonio spectrum has many more cycles than does WISPER. And as verified by
Sutherland and Kelley [93], the former is significantly more damaging.
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4.8.2. Load Spectra for Gears

The conventional design technique used for a non-wind generator gearbox is based on the
maximum torque transmitted through the box and by the spectral content of the operational loads.
The spectral content is usualy characterized by a service factor. Recommended service factors
for normal applications are supplied by gearbox manufactures and standardized by the American
Gear Manufacturers Association (AGMA). For example, a service factor of 1.0 is recommended
for relatively short duration applications involving uniform loads, as with rotary pumps for liquids.
A factor of 2.0 is recommended for continuous
applications involving reciprocating loads, as [
with cooling tower fans or beet dicers in the 600 I
sugar industry.  Unfortunately, the unique i
torque spectrum imposed upon gearboxes used
in wind turbines precludes designs based upon
any of the standard categories.

---------- High Turbulence Data

——  Low Turbulence Data
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In a technique that is used to characterize and 200 |-
analyze the loads on a typical wind turbine |
gearbox, McNiff et al. [83] developed a “time- o ._
a-level” histogram for the loads on the % o o = o
gearbox. In this technique, the torque applied Low Speed Shaft Torque, kN-m

to the gearbox is characterized by the tota time
the gearbox will be subjected to a given Figure21. High and Low Turbulence
magnitude of torque. Figure 21 presents the Torque Spectrum for the Micon 65.
annua time-at-level histogram developed by
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McNiff, Musia and Errichello [83] for the
Micon 65 turbine. The development of these 20— ——
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static manner; namely, the torque is a slowly
varying function of time.” Thomsen and
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dividing by the number of teeth on the gear. n 05; — 2h
Thus, the cycle count histograms and the A S L om
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The time-at-torque histogram for a Micon 002 | Ay Wind Speed
65 turbine is shown in Fig. 22. As shown in ' ! ‘ ‘ ‘
this figure, the time-at-torque is a function of 001, 2.2 24 26 28 3
sample rate. Sutherland and Burwinkle [95] Ln(Stress Range), MPa
have demonstrated that the time-at-torque

techniques yield essentially equivalent results Figure22b. Weibull Plot.

to rainflow counting the tooth loads; namely,
for the fatigue analysis of gears, torgque loads
may be considered to be dowly varying
functions of time.

Figure22. Time-at-Torque Histogram for
the Micon 65.

A joint AGMA (American Gear Manufactures Association) and AWEA (American Wind Energy
Association) committee has developed design guidelines for gearboxes used in wind turbine
applications [96].

7 A “slowly varying function of time” implies that the torque loads on the gear teeth produce a single stress cycle
per each tooth engagement.
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5. MATERIAL PROPERTIES

Most of the materials used in the
construction of wind turbines are Aircraft Design
typical of those materials that are
used in rotating machinery and
towers. Thus, the turbine system
is primarily composed of materias
that are relatively common
structural materials with extensive
engineering  applications  and
databases. However, blades are , , , ‘ , ,
unique structural components of 5 6 7 8 9 10 11
wind turbines. They ae a
minimum  weight and  cost
component that must endure a very Figure 23. Schematic S-N Diagram for Various
large number of fatigue cycles Fatigue Critical Structures.

during their service lifetime. As
shown in Fig. 23, blades must
endure several orders of magnitude more cycles than an airplane, the origina fatigue critical
structure. Thus, turbine blades are also fatigue critical structures. Moreover, the cost of the
materials used in the turbine must be kept at a relative minimum to ensure a commercially viable
product.

Helicopter Design

30 Year Design Life

Cyclic Stress

Logl0(Cyclesto Failure)

Wind turbine blades have been made from a variety of materials that range from wood to metals
to composites. Wood (a naturally occurring composite material) has proven to be a successful
material. Its relatively high strength-to-weight ratio, and good stiffness and resilience yield high
quality blades. Wood was used in the early windmills (including the early Dutch windmills and the
U.S. water pumpers) and has remained a favorite with the designer of small and medium sized
wind turbines. However, wood's inherent problems with moisture stability and joining efficiency
[97] have forced designers to examine other materials. Metals were initially a popular material
because they yield a low-cost blade and can be manufactured with a high degree of reliability.
However, most metallic blades (steel) proved to be relatively heavy, which limits their application
in commercial turbines. Lightweight metals (auminum) have found some applications.
Composites have become the blade material of choice. High strength and stiffness and the ability
to tallor the material to the loads has led to its widespread use as a blade material.

The bulk of the fatigue properties developed for materials that are used in wind turbine
components are based on coupon tests conducted under constant amplitude loading. The
techniques used in these tests have varied widely. Swanson [98] provides a general reference for
typical testing techniques. This section provides a genera overview of the fatigue properties for
the various wind turbine blade materials and references to fatigue databases.
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5.1.Characterization of Fatigue Properties

Typically, the fatigue characteristics of materials are determined by subjecting test specimens to
fatigue cycles and counting the number of cycles to failure. In constant-amplitude fatigue tests,
the data are typically called S-N data, reflecting the number of cycles, N, at the stress (or strain)
level S required to fail the sample. For crack propagation the data, normally called da/dn data,
track the number of cycles required to extend a crack of length a by a length da. In both cases,
experimental procedures lend themselves to tracking the cycles to falure as a function of the
cyclic amplitude while holding the mean or R ratio constant. This testing procedure yields a family
of curves that describes the fatigue behavior of the material.

The information contained in these curves is typically characterized using several standard
techniques. The first and foremost is a presentation of the family of SN curves themselves. This
simple presentation can be somewhat deceiving, because various authors use various forms of S
and n; see section 2 “General Fatigue Nomenclature” on p. 3. In particular, the value of S can be
chosen to be the range of the cycle, the amplitude of the cycle, the maximum of the cycle
(tension) or the minimum of the cycle (compression). Moreover, these values may be normalized
by ultimate tensile or compressive strength. The number of cycles n is usually the number of full
cyclesto failure. But it can also be the number of “cross-overs’ (zero-crossings) or the number of
reversals (two reversals for each full cycle). Thus, one must also be cautious with SN data.
Always check the reference to ascertain the definitions of the variables used to characterize the
data.

In addition to the presentation of the family of curves, severa other graphical and mathematical
descriptions of the data have proven useful. A very popular graphical technique is the constant-
life Goodman Diagram, and log-linear and log-log curve fitting techniques. This section of the
paper discusses several of these

techniques.

10 R=-1 Ultimate Tensile Strength
5.1.1. Goodman Diagram Yield Strength
For design, a family of SN curves s > R=10 “10,00Q cycles
typically not very useful. Rather, the 056 ki
designer prefers constant-life curves /100,040 cycias:

that depict the locus of all stress

o
>
Py
1l
o
o

Normalized Stress Amplitude, S / S,

states that produce a given fatigue 10,000,0p0 cycles

life. These curves allow the designer 0.2

to determine quickly and accurately

the effect on lifetime of changes in 0.0 e Nler L
. -1.0 -08 -06 -04 -02 00 02 04 06 08 1.0

the stress or strain in a component Normalized M ean Stress, /S,

under design [10]. A typicd

Goodman diagram is illustrated in Figure 24. Typical Symmetric Goodman

Fig. 24. In this figure, the vertical
axis is a measure of the cyclic

Diagram.
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amplitude, and the horizontal axis is a measure of the mean stress. In both cases, theses stress
levels have been normalized by the ultimate tensile strength of the material.

Figure 24 illustrates that a constant R ratio plots as a straight line in this diagram. All constant R
ratio plots have their origin at zero mean and zero amplitude. Fully reverse bending, R = -1, isthe
vertical axis; i.e., the mean stress is zero.

In this figure, the constant life curves are bounded by the ultimate tensile strength of the material
on the tensile side (right side) of the diagram. This stress level plots as a straight line between
(0,1) and (1,0). Likewise, the ultimate compressive strength bounds the compressive side of
diagram (left side). It plots between (0,1) and (-1,0). Similar straight lines are shown in the
figure for the tensile and compressive yield stress. In this illustration, we assumed that the tensile
and compressive strengths are equal.

Three representative constant life diagrams are shown in this figure, at 10,000, 100,000 and
10,000,000 cycles. Each constant-life plot can be constructed from a family of S-N curves.
Depending on the data behind the plot, the constant-life curve may be straight-line segmented
curve or asmooth fitted curve.

Thisdiagramillustrated in Fig. 24 is called symmetric; namely the left side of the plot is the mirror
image of the right side of the plot. Thus, for symmetric materials, the ultimate tensile and
compressive strength must be equal, and fatigue life is dependent on the absolute value of the
mean stress. For symmetric materials, only the right half of the full Goodman diagram is typically
plotted. Metals are typically symmetric materias; fiberglass materials typicaly are not.

5.1.2. General Characterizations of Fatigue Behavior

5.1.2.1. Curve Fitting S-N Data

As discussed by many authors, the S-N behavior of composite materials at a constant R value is
typically fit using one of two equations. Thefirst isapower law of the form:

s = CNY™ = CNY* | (29)
or aternately,
log(s) = log(C) +% log(N) (30)

where N is the number of cycles to failure at stress level s, and the coefficient m, sometimes
denoted by k or b, is called the fatigue exponent. In this form, the fatigue exponent is a negative
number; i.e., the stress level decreases as the number of cyclesincreases. However, most fatigue
literature reports positive fatigue exponents;, namely, Egs. 29 and 30 have been rewritten with an
explicit negative sign. Thus, these two equations become:
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6 = CNY™ = CNY* | (31)
log(c) = log(C) % log(N) . (32)

In nondimensional form, Eq. 31 takes the form:

S -—CcNY" = CNY (33)
GO
or
o | _ 1
Iog[G—OJ = log(C) — log(N) (34)

where s, is the static strength of the composite. In this form, C' has a value of 1 when the curve
fit to the S-N data set passes through the static strength at 10° cycles, i. e., at static failure in the
first fatigue cycle. However, best fits for many materials yield values for C that are typically much
larger than one. Thus, a multi-segmented curve is typically required to characterize the low and
high cycle fatigue behavior of composites. For wind turbine applications where design lifetimes
are relatively long, this region of the curve istypically not important.

The second form is given by alog-linear function of the form:

c=C % log(N) = C -blog(N) (35)
or aternately,
10° = CNY™ (36)

where the inverse of m is typicaly denoted by b. In nondimensional form, Eq. 35 takes the
following form:

S _¢c.t =C -
- =C mlog(N) C -blog(N) . (37)

In this form, C' also has a value of 1 when the curve fit to the SN data set passes through the
static strength at 10° cycles. Best fits typically yield values of C that are very close to one.

The exponent min Egs. 35 and 37 is different. When a specific SN data set is fit with these two
equations, the respective fatigue exponents are comparable, but they typically will not have the
same magnitude. As discussed in section 5.4.6.2 “Predicted Service Lifetime” on p. 65, fits of
composite data with one of these two forms will have comparable goodness of fits. However,
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when used in damage analysis for spectral loads, the two fits produce significantly different
predicted lifetimes.

5.1.2.2. Goodman Fit for Mean Stress

As discussed in preceding section, the family of SN curves may be formed into the Goodman
diagram shown in Fig. 24. For many materials, the dependence of the constant-life curves on
aternating and mean stress may be collapsed into a single curve using a Goodman fit [8]; i.e., the
Goodman diagram is mapped into a single curve that is based on an equivalent stress level.
Typically, the data are collapsed to a single, zero-mean-stress S-N curve (equivaent to R = -1).

The Goodman Fit defines the relationship between mean and alternating stress levels. This rule
states that the fatigue life at aternating stress s, and mean stress s, is equal to the fatigue life at
an equivalent zero-mean-stress alternating stress state of s, through the relation:

c
G, = Ge|:1 - G—m} : (38)

()

u

where s, isthe ultimate strength of the material. Variations on this equation replace the ultimate
strength of the material with the yield stress, or various fractions and/or combinations of the
ultimate strength and yield stress. Usually the exponent c is taken to be equal to one, but other
values are often used to improve the fitting characteristics. The form chosen for a particular
material is usually determined using a best-fit algorithm.

5.1.2.3. Crack Propagation Model

A generalized crack propagation model was proposed by Forman et a. [99]. This formulation
takes the following form:

da _ C(1-R)"AK"(AK - AK,)" (39)
dn (1 - R)K, - AK]’ |

where da/dn is the crack propagation rate (see Eqg. 12), ?K is the change in the stress intensity
factor K at the crack tip for the n” cycle, and C, m, n, p, q, ?Ky, and K. are materia constants.
The equation reduces to traditional formulations via the specialized values shown in Table I. In
this table, m, is a material constant. This formulation has been fit to a selected set of materialsin
Forman et al. [100].
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Tablel. Specialized Valuesfor the Forman Crack Growth M odel.

Constitutive Exponent
Relationship
m p q
Paris 0 0 0
Forman 0 0 1
Walker (my=2)n 0 0
5.2.Wood

The Wood Handbook [101] is a genera reference for the structural properties of solid wood.
Wood is not a single material; rather, it includes many species with a wide range of mechanical
properties and densities. Density variations range over an order of magnitude, from
approximately 96 kg/m® (6 1b/ft?) to 960 kg/m® (60 Ib/ft?). In general, the mechanical properties
of wood, moduli and strength, are proportiona to density because the basic organic material is
essentiadly the same in al species. The design flexibility of wood is obvious. Low-density
species, e.g. balsawood, can be used as the core for sandwich panels where stiffness and buckling
resistance must be accomplished with a minimum weight design. And, high-density species, e.g.,
Douglas fir, are used for the blade skin and structura stiffeners where high strength is essential

[97].
5.2.1. General Properties

5.2.1.1. Mechanical Properties

The mechanical properties of wood are influenced significantly by a number of variables. As
noted above, moisture content is the most significant. The Wood Handbook [101] presents a
general empirical relationship that characterizes the changes in mechanical properties with
moisture content. This relationship is for “clear” wood at approximately 20'C. The mechanical
property P (i.e., the various anisotropic moduli and strength properties) is related to the moisture
content M (in percent by weight) by the following equation:

R, =
it

g

°
=
N

~—

_ b kTlE (40)

where Pi, is the property at 12 percent moisture content, M, is the moisture content at which
changes in the property first occur as the wood is dried, and Py is the property (in the green
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condition) for all wood moisture contents greater than M,. M, varies between 18 and 21 percent
for most wood varieties. And the property P varies on the order of + 20 percent for moduli and
up to 35 percent for strength. The ratio of Py, and Py, K, is a constant for a given wood and
property. The adjustment of physical properties for moisture content is also covered by standards
ASTM D 245 and 2915.

The mechanical properties of wood are aso a function of temperature, time-at-load and sample
volume. At constant moisture content and below about 150°C, mechanical properties are
approximately linearly related to temperature, with the properties decreasing as the temperature
increases. A change of 50'C from 20°C can produce as much as 50 percent change in modulus
and, typically, a 20 or 30 percent change in strength. Time at load can increase strain by
approximately 100 percent in a year's time, and decrease strength by 50 percent relative to
properties determined in short-term tests.

5.2.1.2. Grading

Wood is a natural material. Thus, natural variations within a given species are common and are
important to the design of structures made from wood. To obtain a consistent set of mechanical
properties, wood is typically graded by visual inspection. This qualitative measure of the grain
structure in a given piece (batch) of wood has proven to be a good indicator of the quality of its
mechanical properties. The Wood Handbook [101] provides a detailed description of a typical
visual grading system.

A quantitative grading system for grading veneer sheets was developed by Jung [102, 103]. In this
system, an acoustic wave (a 50 kHz wave was used in these studies) is passed along the length of
the sheet [2.44 m (8 ft.)]. The trangit time is then used to estimate the quality of veneer sheet.
While the trangit time is primarily a function of sheet’s modulus, this measurement also reflects
grain dope and knots, which can significantly reduce the quality of a veneer sheet. Gougeon
Brothers, Inc. [97] has used this system successfully for grading the veneers they use in the
construction of their laminated wood blades.

5.2.2. Laminated Wood

The techniques for manufacturing wooden wind turbine blades were drawn from the aircraft and
boating industries. The process uses a laminated wood manufacturing technique to create a wood
composite from sheet veneers [approximately 2.5 mm (0.1 in) thick] and epoxy. This process is
quite similar to that used for building hand-layup fiberglass composites structures. Wood veneers
arefirst cut to size and then wetted with epoxy. They are then placed into a female mold. During
the layup process, particular attention must be paid to the alignment of each sheet to ensure that
the intra-layer joints are properly aligned. And, to ensure that the sheets lay flat in the mold, the
curvature of each sheet is typicaly limited to a single axis of curvature. The entire stack of
veneers are then cured as a single block that is typically vacuum bagged to remove excess air and
to apply a uniform pressure to the stack as the bond is cured. In wind turbine applications, the
resulting laminate is approximately 20 percent resin. This relatively high resin ratio is used to sed
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al the veneer’s surfaces, thus controlling moisture, and to fill the voids and gaps that are typical
of this relatively low-pressure manufacturing process [97].

Although rather smplistic in concept, the design of a laminate structure is particularly complex in
practice. Namely, the manufacturing process requires that each sheet be cut and trimmed to a
shape that will fit precisely into the complex geometry of the mold. The shape of each piece of
veneer is dictated by a number of considerations. First, each piece must lay properly in the veneer
stack, i.e., the veneer’'s stiffness essentialy restricts each piece to a single axis of curvature.
Second, the inter-layer joints between pieces of veneer must be precisely aligned to ensure high-
strength, fatigue-resistant joints. And, third, the joints must be staggered between the various
layers to ensure that the final stack does not have joints occurring so close to one another that the
structural integrity of the stack is compromised. Thus, sizing each piece of veneer becomes a
difficult task in conformal geometry.

5.2.2.1. Moisture Content

The effects of moisture on a laminate-wood structure can be deduced by modifying Eqg. 40 [97].
For aweight fraction of epoxy that is given by we, the moisture content of the wood is given by:

M=(@1+w)M, (42)

where M, is the moisture content of laminate. Thus, Eq. 40 becomes:

_[(1+WE)ML-12]
M,- 12

g

(1+ WE)ML—lZJ

= P, [K][ M,- 12 (42)

The parameters contained in these two equations are described in the discussion of Eg. 40.

5.2.2.2. Attachments

As with most blades, the attachment of the blade root to the hub is critical to a reliable blade
design. For wood blades, a bonded stud system has proven to be quite successful, see the
discussion in section 8.2.3 “Bolted Studs’ on p. 96.

5.2.3. Laminated Douglas Fir

In the U.S,, laminated Douglas fir is the wood of choice for wood blades. Spera et a. [97] have
characterized this material.

5.2.3.1. Moisture Content

The effect of moisture content on the mechanical properties of a laminated structure may be
characterized using Eq. 42. In this equation, M, equals 24 percent for Douglas fir, we equals
0.22 and various values of the parameter K are summarized in Table 1.
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Tablell. Typical Mechanical Property Ratiosfor Laminated Douglas Fir.

Property K Vaues Used in Eq. 42.
Static tension parallel to grain 1.21
Static tension perpendicular to grain 1.13
Static compression parallel to grain 1.92°
Static compression perpendicular to grain 1.50
Static shear paradlel to grain 1.07
Modulus of elasticity parallel to grain 1.05
Tenson-tension fatigue parallel to grain 121
Compression-compression fatigue parallel to grain 1.92
Tenson-compression fatigue paralel to grain 1.57

"Properties of clear Douglas fir [101].

5.2.3.2. Fatigue Properties

A typica set of fatigue

results of this study is
shown in Fig. 25. 100 ¢
Three important
features in the fatigue s
design of these =
laminate structures are | 4
illustrated in thisfigure: | 2
grade, joint structure | ¢
and size. = Symbol | Joint Type | Veneer | Test Section
IS Grade Vol., cm
=< 20 — Scarf A+ 521
Grade Asillugtrated in | €& | [ But A 521
Fig. 25, the grade of ——T T o
the veneer does not L
imply consistent Yera 1E+4 1E+5 1E+6  1E47  1E+8
structural performance. Cycles to Failure, N
In this case, a grade A
veneer outperforms a Figure 25. SN Diagram for Douglas Fir/Epoxy Laminate.
grade A+  veneer.
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From a structural standpoint, the grading system quantifies the straightness of grain (grain
distortions). As discussed above, the veneer can be graded either visualy or mechanicaly. The
acoustic technique provides a quantitative measure of the veneer’s mechanical properties
(modulus) and has proven to be the most consistent technique for grading veneers for wind
turbine applications. This technique, to the extent possible, ensures a consistent structural grading
of the quasi-static properties of the veneer coming into their process line, but not its dynamic
(fatigue) properties. Thus, the designer must always remember that wood is a natural material
and can have subtle variations in properties that can only be detected with destructive testing.

Joint Structure: The second effect illustrated in Fig. 25 concerns how two pieces of veneer in the
same laminate layer are joined together. In this comparison, two interna joints are examined. In
the first, called a butt joint, the edges of both veneers are square and they are simply butted up
next to one another. In the second, called a scarf joint, the edges are tapered with complementary
angles that permit the veneersto overlay one another in the joint.

Figure 25 illustrates that a scarf joint decreases the static and the low-cycle fatigue strength of a
laminate structure. This measurement is in direct contradiction to what engineering judgment
would indicate. Namely, the increased surface area in the joint created in the scarf does not
trandate into an increase in strength and fatigue resistance. In retrospect, severa possibilities may
be the cause of this reduced strength. The first is that the larger area of the scarf alows the
veneer to out-gas during the layup process. Thus, the bond in the joint would contain a larger
number of voids and significantly degrade the bond. Another possihility is that the joint is not
aligned properly, which creates a thickness variation in the stack, namely the layer thickness is
increased if the veneers are too close together (too much overlap) and is decreased when the
veneers are too far apart (too little overlap). And, the thickness of the bond line will also be
changed accordingly. At this time, the cause(s) of the reduced static strength and low-cycle
fatigue resistance is unknown. These data aso illustrate that high-cycle fatigue strength is
increased by the scarf joint.

Size effects: As shown in this figure, wood, as with most natural materials, is subject to decrease
in properties with increasing size. For the scarf joint, data from two sizes of samples are
compared. In the first, the sample volume is 521 cm® (31.8 in®) and in the second, it is 81,804
cm® (4992 in®). Thus, the specimen volume has been increased by over two orders of magnitude.
The dataillustrate that the strength is decreased by approximately 20 percent from the first to the
second. The size effect for the laminate strength s, may be characterized using:

s,=AV® +C , (43)
where V is the volume and A, B, and C are empirical constants. For the tensile strength of

laminated Douglas fir, the values of these constants are 126 MPa (18300 psi), 0.320, and 56.2
MPa (8150 psi), respectively. The volume effect is typically less in compression than in tension.
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5.2.3.3. Goodman Diagram

The data contained in Fig. 25 and “00 R=-1 R=01
other data can be combined to R=25

form a Goodman diagram for the

Douglas  fir/epoxy  laminate. 200

Rather than show the entire Scarf Joint

diagram here, the partia diagram
for 107 cycles is shown in Fig. 26.
As shown in this figure, the
diagram is approximately
symmetric and, at 10" cycles, the
scarf joint outperforms the butt
joint. All of these data are for
521 cm® (31.8 in®) test sections, a
test temperature of 21°C (70'F)
and the moisture content
normalized to 6 percent.
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Figure 26. Goodman Diagram at 10’ Cycles for
Douglas Fir/Epoxy Laminate.

5.2.4. Other Wood Laminates

Douglas fir is the material of choice for U.S. companies. However, other woods have been
chosen and used successfully by other companies. Some of the woods that have been investigated
include Khaya ivorensis (an African mahogany) [104], Swedish spruce and birch plywood [105],
Sitka spruce [106] and Baltic pine, popular, beech birch [107].

5.3.Metals

Metals are the primary class of materials used to construct wind turbines. With the exception of
the blades, most major components are constructed with ferrous alloys (primarily steel). Ferrous
materials are favored by designers because there is extensive design experience with these
materias from the rotating machine industry, they are relatively cheap to purchase and machine,
and they can be fabricated easily usng conventional practices. Moreover, they typicaly have a
fatigue limit that permits the designer to design the turbine component to a stress level that
essentially precludes failure in unjointed material.

In the early years of windmills and in the initial designs of modern wind turbines [1, 2], most
blades were constructed exclusive from metals. The modern turbine has forced turbine designers
away from the relatively heavy metallic designs. Rather, they use composite materials to achieve
the relatively lightweight designs that typify modern wind turbines. However, metalic aloys are
the materials of choice for making strong, reliable bolted joints. Thus, most current blade designs
transition to aluminum or steel at the hub joint, debatably the most important joint in the entire
turbine assembly.
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From a material standpoint, this class of materials has been studied and extensively documented; e
g., see Fuchs and Stephens [11], Forman [100], Boyer and Gall [108], Aluminum Sandard and
Data [109], and Boyer [110, 111].

5.3.1. Steel

Most of a wind turbine’s structural components are constructed from ferrous aloys that are
typically a variety of steel. From a fatigue standpoint, the drivers in the design of these materials
are the joint structures used to combine the subcomponents of the wind turbine into its final
structure. Joints, both mechanical and welded, create high stress concentrations [112], introduce
flaws and/or leave residual stresses that lead to failure [113].

Discussions of these mechanisms are outside the realm of this report and are not discussed here.
However, they are extremely important to building a reliable wind turbine and should not be
overlooked in the design process.

5.3.2. Aluminum

The use of auminum in wind turbine blades is an outgrowth of vertical-axis wind turbine
(VAWT) technology. In this class of turbines, the blades do not require the twisted and tapered
sections of HAWTSs to achieve relatively high aerodynamic efficiencies. Moreover, through the
use of extrusion technology, VAWT aluminum blades can be constructed quickly and relatively
inexpensively [114]. Additional innovations in the manufacturing process aso allow some
variations in the aerodynamic cross sections of the blade through step tapering [115]. For these
applications, the material of choice is 6063-T5 aluminum.

5.3.2.1. SN Data Base

General properties for aluminum are provided in Aluminum Sandard and Data [109] and Boyer
[110, 111].

VanDenAvyle and Sutherland [116] have developed a specialized database for extruded 6063-T5
auminum. 6063-T5 auminum had a measured yield stress of 205 MPa (29.7 ksi) and a measured
ultimate stress of 244 MPa (35.4 ks)). The fatigue database for this material contains
approximately 100 fatigue data points obtained from bend specimens cycled at five aternating
stress amplitudes and at four mean stress levels. The samples were tested to a maximum of 5x108
(500,000,000) cycles.

When the S-N data are mapped into the equivalent stress state using the Goodman rule, see Eq.
38, there are two distinct regions to the curve, see Fig. 27. Each segment may be fit with a
straight line on alog-log plot of the form shown in Eq. 37; namely,

log,, [6.] = C + blog, [n] . (44)
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This segmented curve fit is
shown in the figure as a solid 25
line (labeled least squares curve
fit). The respective confidence
limits on the data, based on a
statistical analysis for a Weibull
fit to the variations about the
least-squares fit, are also shown
in the figure.
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turbine applications.
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Figure 27. Normalized S-N Diagram for 6063-T5
Aluminum.

5.3.2.2. Spectral Loading

As noted above, typical SN data are based on constant amplitude tests. The data plotted in Fig.
27 are no exception. As discussed by Mitchell [117], if the aluminum specimens had been based
on spectral loads instead of constant amplitude loads, the observed break in the data would
probably disappear and the S-N data would follow a linear extension of the initial ope of the
curve. Thisextension to the least-squares fit is shown in Fig. 27 as the short-dash line. Mitchell’s
argument is based on a crack-propagation view of the process. Under both classes of loading, a
plastically deformed region surrounds the crack tip. Under high-stress constant-amplitude testing,
each cycle is strong enough to overcome the residual stress field and, thereby, open and propagate
the crack. However, under relative low-stress testing, the residual stresses restrict the crack
opening displacement, and thereby, significantly reduce the growth rate of the crack. When
spectral loads are applied, the relatively large components of the load spectra drive the crack into
virgin material with little or no residual stresses. Thus, the crack growth rate is not restrained
under low-stress loads, and the crack grows at the high stressrate.

Ashwill et al. [57] have investigated the influence of this extension on the fatigue life of a Sandia
34-m Test Bed [39]. In those calculations, the linear extension is shown to have little effect on
the predicted service lifetime of this turbine. As noted in section 4.4.1 “Minimum Data
Requirements’ on p. 24, the fatigue exponent for metals (i.e., the reciprocal of b in Eq. 44) is
typically relatively small, and the damage to the structure is governed primarily by the main body
of the fatigue-load distribution. As the stress levels on this turbine are primarily above the stress
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threshold, see Fig. 27, the low stress region
is of minor importance in the prediction of
service lifetimes for this turbine, i.e., these
cycles do not count when lifetimes are
relatively short.

As with al designs, the finding that this
region is not important for the prediction of
service lifetimes in the Test Bed should only
serve as a guide. In other turbines, this
extenson may be significant.  Thus, to
remain conservative in the fatigue design of
a turbine, the linear extension should be
examined during the fatigue analysis of the
turbine.

5.3.2.3. Linear Crack Propagation Data
Base

In addition to the development of S-N data,
da/dn crack propagation curves have been
developed for auminum. Rolfe and Barsom
[118] reported the genera crack
propagation properties of aluminum. The
properties of 6063 aluminum are reported in
Van Den Awyle and Sutherland [116],
Hatch, Van Den Avyle and Laing [119] and
Warren and Pelloux [120].
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Figure 28. Fracture Mechanics
Characterization for Aluminum Alloys.

Sutherland and Schluter [20] have
investigated this analysis technique to
predict crack propagation in an aluminum
blade on the 34-m test Bed Turbine [39].
In this analysis, the crack growth rate for
aluminum was taken to be the generalized
form developed by Rolfe and Barsom
[118], see Fig. 28. Starting from a rather
small crack of 0.025 mm (0.001 in), the
crack will grow to critica length
(essentialy infinite growth rate) in less
than 6 months, see Fig. 29. Thus, this
linear fracture analysis suggests that the
service lifetime of this aluminum blade is
relatively short once a crack is present.
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Veers and Van Den Avyle [121] have investigated the application of the constant amplitude data
to spectral loading conditions. Using the constant amplitude data obtained by Van Den Avyle and
Sutherland [116], the behavior of 6065-T5 aluminum is characterized using Eg. 39 with the
constants m, p and g set equal to zero. Predictions based on this model are then compared to
crack propagation data obtained under spectral loads. They find that linear models yield
predictions that are not
conservative for this material.
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5.3.3. Gears

Alloy Steel Case Carburized
Grade 2, L1
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The AGMA has developed material
properties and design practices for
typical gear materials [122, 123].
A typical S-N diagram used by the
AGMA for dloy steels case
carburized to Rockwell C (R.) 58-
63 case hardness and 30-42 core | | | |
hardness is shown in Fig. 30. The T T TSV S T A T=
bresk in the curve, a Cycles to Failure

approximately 2x10° cycles in Fig.
30, is representative of a fatigue or Figure 30. S-N Diagram for Carbonized Steel
endurance limit. The slope of the Gears.

curve after the break is a 34.5 MPa
(5 ksi) drop between 2x10° to 10°
cycles (see the discussion directly
above). Additiona S-N diagrams for gear materials are available in the literature and directly
from gear manufacturers (proprietary data).
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5.4.Fiberglass Composites

Composites constructed with fiberglass reinforcements are currently the blade materials of choice
for wind turbine blades. This class of materials is called smply fiberglass composites or fiber
reinforced plastics (FRP). In turbine designs, they are usually composed of E-glass in a polyester,
vinyl ester or epoxy matrix. Blades are typically produced using hand-layup techniques, but
recent advances in RTM (Resin Transfer Molding) and pultrusion technology have blade
manufacturers examining new procedures for increasing the quality of the final product and
reducing manufacturing costs.

General references on designing with composite materidls are provided in Composites,

Engineered Materials Handbook [124] and Tsai and Hahn [125]. Mayer [126] describes the use
of fiberglass composites for the design of wind turbine blades.
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5.4.1. Databases

There are two main fiberglass composite databases for wind turbine applications. The first is the
DOE/MSU database that has been developed in the U.S. by Mandell and Samborsky [127], and
the second is the European database. The latter is the compilation of the work of many
researchers, that has been compiled as the FACT database by de Smet and Bach [128] and the
recent compilation by Kensche [16]. The European database is best characterized as the study of
afew materialsin great depth, and the former is best characterized as a study of many materialsin
not as much depth. Here, the DOE/MSU database will be used to illustrate data trends and the
European database will be used to bring out the details that are important to the fatigue design of
awind turbine blade.

5.4.1.1. DOE/MSU

The DOE/MSU database was developed by Mandell et al. in a series of papers [127, 129-137].
This database for E-glass composites contains over 4500 data points for 130 material systems. A
high frequency database provides a significant data set for unidirectional composites to 10° cycles.
Most of the data are presented in terms of maximum initial strain measured in the early stages of
the test. The database explores such material parameters as reinforcement fabric architecture, fiber
content, matrix materials and loading parameters (R values).

5.4.1.2. European Database

The European database is a compilation of data from many research groups. Most of these data
was collected under the auspices of the European Commission (EC). The objective of the EC's
program was to develop the basic information required to set design limits for rotor blades
constructed with Glass Fiber Reinforced Plastics (GFRP). The compilation of these data is the
FACT database [128]. A complete collection of the database, an evaluation of results and a
detailed list of the references are provided in Kensche [16]. Only selected references from this
database are discussed here.

5.4.2. Trend Analysis

As discussed by van Délft et a. [138] and used by many other authors, the S-N behavior of
composite materials at a constant R value is typically described using either Eq. 34 or 37.
Typically, Eq. 37 has been used to characterize the DOE/MSU database [127]. The European
database is typically fit with Eq. 34, [128, 138].

Equation 37 was chosen to characterize the DOE/MSU database because the fit yields a value for
C that is very close to 1. As discussed below, this property is extremely important when
characterizing composite data, because normalization to the static strength may then be used to
eliminate batch-to-batch material variation in the fatigue data.

The formulation shown in Eq. 37 has led to the “ten percent” rule that is typically used as a
general rule-of-thumb for the tensile fatigue behavior (R @0.1) of uniaxial composites [139].
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Namely, the fatigue strength of the composite is reduced by ten percent by each decade of fatigue
cycles, i.e., when C is one and b is one tenth (i.e., a fatigue exponent of 10). A similar rule-of-
thumb for compressive fatigue behavior (R @ 10) reduces the compressive strength by
approximately 7 to 8 percent for each decade, i.e., when Cisone and b is0.07 or 0.08. This form
is typically used for composites when comparing different material systems because it normalizes
out variations in the static strength. Other typical values for the fatigue exponent m are 3 for
welded steel and 6 for aluminum.

Both forms of the material representation have been used extensively to fit composite fatigue data
and, as discussed later, they have important implications to damage calculations for spectral data.

5.4.3. General Data Trends

A large number of data points from the DOE/MSU database are plotted in Fig. 31. These data
are for fiberglass composites with at least 25 percent fiber in the loading direction tested at R =
0.1. When fit with Eq. 37, the good materials have a dope of 0.10 and the poor have a dope of
0.14. Thus, the good materias in this figure are approaching the best fatigue behavior that can be
obtained for fiberglass materials in tensile fatigue (the ten percent rule for uniaxial composites at
R = 0.1) [139], while the poor materials do not perform nearly as well. Indeed, the small
appearing variation in the fatigue slope b produces significant differences in fatigue performance.
As shown in the figure, at 20 percent of static strength, the good materials have aimost 2.5 orders
of magnitude longer life than

the poor materials.

12

Figures 32 and 33 illustrate the
trends for compressve and
reverse  fatigue. For
compressive fatigue, the good
materials have a dope of 0.07
and the poor materials have a
dope of 0.11. For reverse
fatigue, the slopes are 0.12 and
0.18, respectively.
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Figure 31. Extremesof Normalized S-N Tensile Fatigue
Data for Fiberglass Laminates, R=0.1.

materials, respectively.8 Thus,

8 |n this case, the variation in properties is a direct result of varying the overall volume fraction from 31 percent
for the good material to 54 percent for the poor material. This result is discussed in detail described in section
5.4.3.2 “Fiber Content” on p. 60.
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Figure 32. Extremes of Normalized S-N Figure 33. Extremes of Normalized S-N

Compressive Fatigue Data for Fiberglass Reverse Fatigue Data for Fiberglass
Laminates, R = 10. Normalized to the Laminates, R =-1. Normalized tothe
Ultimate Compressive Strength. Ultimate Tensile Strength.

a mgor objective in the development of this
database has been to sort out the differences
between the good and the poor materials.

=
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R=0.1 Materials (Volumn Fraction of Fibers:
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5.4.3.1. Fabric Architecture

b=0.10

o
o

b=0.14
The geometry of reinforcing fabrics plays a
major role in static and fatigue properties.
Woven glass-fabric composites typically show o |
poorer tensile fatigue resistance than well- fEr0 1B+ 1Ew2 1E+(3:yc|1§1‘:) F;ﬁ;e, ;‘ae 1E+7  1E+8  1E+9
aligned, uniformly dispersed composite

systems [139]. Samborsky et al. [136] givea | Figyre34. Extremes of Normalized S-N
comparison of static and fatigue properties for Fatigue Data for a Single Family of
severa types of E-glass fabric laminates with Fiberglass L aminates with 72% 0° Plies
0° plies. Ultimate tensile strength and elastic and 28% +45° Plies, R = 0.1.
modulus are relatively insensitive to fabric
type, but ultimate compressive strength is
significantly lower for fabrics like A130 with a
weave geometry that produces an out-of-plane curvature in the strands. Woven fabrics have
about half the compressive strength of fabrics with straight strands. Mandell and Samborsky [127]
note that the compressive fatigue resistance, when normalized by the ultimate compressive
strength, is insensitive to fabric type or fiber content.®

Maximum Normalized Stress, s /So
i
T

o
)

% =1 - b log(N)

9 The straight-strand fabrics will also have significantly reduced compressive strength if the fibers become “ wavy”
during fabrication.
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Typically, the fabrics used in
wind turbine application
have either stitched or woven
stand structures, see Fig. 35.

A maeria tha  was
investigated early in the
development of this database
was a stitched-triax material,
i.e.,, the material contains 0°
and +45° layers that are
stitched  together  with
organic fibers at the factory
to save handling costs during
blade fabrication. Two
laminate constructions with
the same triax fabric were
studied. The first had a 35

percent volume fraction of ! il RN
fibers and the second had a WIFER 'R Ay AN AN |
40 percent volume fraction VI TR N muw ﬁ\\\xmmmw\, |

Both laminates,  called UC1018Y 2
Material AA in the database
[127], behaved uniformly in
the poor category, as did Figure 35. Dry Fabric Samples.
many other types of triax
fabrics [127]. They are very
important in this study because they provide an understanding of the basic difference between the
best and worst materials in the entire database.

2 cm

The essence of the results is that when the stitching is removed, the unstitched-triax behaves as
one of the best materials. This observation is also true for an equivalent laminate (same layup
schedule) constructed from unstitched 0° and +45° layers. This result was explained with the aid
of a detailed finite element analysis (FEA) of the local fiber stress in the composite near off-axis
matrix cracks [129, 131, 135]. As the composite is loaded in tension, the matrix in the off-axis
(45°) layers cracks (these cracks start forming at stress levels that are relatively low when
compared to the static strength of the laminate). The FEA analysis of one of these cracked
regions demonstrates that a local stress concentration factor of approximately 2.5 is generated in
the 0° strands at the crossing of a 0° and a 45° layer. This large stress concentration is a direct
result of the construction techniques used in the triax material. Namely, the organic fibers that are
used to tie the various layers of the laminate together hold the glass fibers very close to one
another, essentialy touching. Under normal separation (obtained by not stitching the 0° and +45°
layers together), the stress concentration is approximately 1.4 to 1.7. Thus, the large loca
stresses produce early failure and uniformly poor fatigue behavior in the stitched triax material.
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5.4.3.2. Fiber Content

The implication of the previous 016"
discussion is that behavior of
composite systems  will, in
general, degrade as fiber content,
is increased [127]. In earlier
work, Mandell [139] found that
many woven glass-fabric 01
composites show poorer tensle
fatigue resistance than the well- 008

aligned, uniformly dISpel’SGd Fiber Volume Content, percent

systems. Fig. 36 illustrates this
behavior in several materials for Figure36a. Fatigue Sendtivity Coefficient for
fiber content, by volume, between | Various Fiber Contentsin Fiberglass L aminates with
approximately 30 and 60 percent. | 0° and £45° Plies.

The materials cited in this figure
are both cross-plied composite * A130 B D155

laminates, [0/£45/0],, (Materials o b2 O D155, unstitched *
AA and DD) and uniaxid
laminates (Materials A130 and
D155). Asillustrated in Fig. 36a,
material AA (stitched triax plies)
has uniformly poor behavior, but
when the separate, unstitched 0°
and +45° layers are used, there is 008 ‘ ‘ ‘ ‘ ‘ ‘ ‘
a transition from good to poor 7Y havoumecontent parcent
behavior that begins a an
approximate fiber content of 35 | Figure36b. Fatigue Sensitivity Coefficient for

percent (see Fig. 34). Note once | Unidirectional Fiberglass Laminates.
again that the main difference

b
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Cosfficient, b
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between the AA triax and the DD Figure 36. Fatigue Sensitivity Coefficient for
laminate is that the 0° and +45° Fiberglass Laminates as a Function of Fiber Content,
layers in the AA materia are at R=0.1

stitched together.

Similar data for unidirectional

materials are shown in Figure 36b. As shown by data for the A130 (woven), D092 and D155
(loosely held together with organic fibers) composites, the optimum fatigue performance is
achieved with a fiber content of approximately 40 percent. Moreover, as illustrated by unstitched
D155 material data, if all stitching, be it relatively loose or otherwise, is removed, the progression
from good to poor fatigue behavior is delayed to aimost 50 percent fiber volume.
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As discussed above, the origin of the sharp decrease in fatigue resistance as the fiber content
increases apparently liesin atrangition to a condition where the laminate fails in fatigue soon after
the matrix cracks, usually along the stitching or weave cross-over [127]. When 45° plies are
present, poor performance is observed if the 0° plies fail soon after the +45° plies form matrix
cracks. Good performance is associated with the 0° fiber wearing-out gradually, as occurs in the
testing of a single strand of materia [127, 139].

Thus, the fiber separation is an important parameter for defining the fatigue behavior of
composite laminate systems. And, although stitching makes fiber layers and bundles easier to
handle in the manufacturing process, they degrade the fatigue behavior of the composite system.

5.4.3.3. Normalization

The above discussion uses normalized data to enable arelatively large number of laminate systems
to be compared directly to one another. As the static tensile strength is approximately
proportional to fiber volume fraction, the minimum fatigue coefficient b does not guarantee the
optimum fatigue behavior. Rather, the increased strength offered by more fibers will offset a
small amount of the decrease in the fatigue performance, depending on the design loads for the
blade. However, the strain-to-failure in fatigue is much lower (by a factor of approximately 2)
for the materials with the poor behavior.

5.4.3.4. Matrix Material

700
. . I M ial DD5
Three matrix materials are commonly i [(354'5/0)(/0/:45/0)]

used in the construction of composite 36% Fiber Content
blades for wind turbines. They are
vinyl ester, polyester and epoxy. As
reported in the DOE/MSU database
[127] and the FACT database [128],
the matrix material has minimal effect

on the static and fatigue properties of . EZE’:? “
this class of composites because ! | | | | | .-
typical blade materials are primarily Pfe0 1Es1 1Es2  1E3  1E+4  IE/5 16 IE.7  1E4B
uniaxia. The various resin systems CydlestoFailure, N

are compared in Fig. 37. These data
are for tension fatigue (R=0.1) in an
unstitched  [0/£45/0]s composite.
Similar results are obtained in both
compressive and reverse fatigue.
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Figure 37. Effect of Matrix Material on Tensle
Fatiguein a Fiberglass Laminate with 0° and
+45° Plies.

5.4.4. Modulus Changes

The composite laminates that are typically used in wind turbine blades have very low strain-to-
fallure in the transverse direction. This characteristic implies that matrix cracking will be present
in the off-axis £45° plies of a laminated structure long before it fails. As shown in the MSU/DOE
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database [127], the transverse
ply’s ultimate strain-to-failure is
approximately 0.24 percent. This
value trandates to 0.39 percent
strain in £45° plies along the 0°
direction of a [0/£45]s laminate.
At a million cycles in tensle
fatigue, the strain to failure in the

Material DD5
[(O/+45/0)(/0/ +45/0)]
0.95 36% Fiber Content

0.9

0.85

Normalized Longitudinal M odulus, E/Eo

45's reduces to approximately Eo=3.57 MPa

0.14 percent strain. The early [ N Z 08,000 cycles

loss of the matrix function in L

these layers trandates into a %001 02 03 04 05 06 07 08 o8 1
decreasing laminate modulus. Normalized Cyclesto Failure, N/No

Figure 38 illustrates the drop in Figure 38. Reduction of Tensle Modulusin a
modulus for a cross-plied | FiberglassLaminatewith 0° and +45° Plies Damaged
composite laminate, as a function in Tensle Fatigue.

of the normalized fatigue lifetime,
i.e,, /N. Asshown in thisfigure,
the longitudina modulus drops initialy by 10 to 15 percent and then remains approximately
constant for most of the laminate's lifetime. As the laminate approaches failure, the modulus
drops precipitously.

Mandell and Samborsky [127] used standard laminated plate theory to estimate stiffness reduction
asthe off-axis plies are damaged. Their results, shown in Table I11, are presented as the expected
drop in laminate stiffness for several composite laminates. This prediction is based on the
assumption that the transverse modulus Er and the shear modulus G, 1 of the £45 layers decreases
to 25 percent of the origina value when their matrix material cracks. The 25 percent value was
derived empirically and only appliesto low cycle fatigue. When empirical data are not available,
the conservative approach to predicting stiffness reduction is to delete or severely decrease the
properties of the matrix-dominated, off-axis plies, i.e., assume that the off-axis plies will be fully
cracked almost immediately after the blade has been put into service. Thus, Er and Gt for the
off-axis plies are reduced to zero (or a dightly positive number).

Tablelll. Predicted and Measured Percent Decrease in Longitudinal Modulus due to
Cracking of the +45 Plies.

Layup Volume Fraction of Decrease in Longitudinal Modulus
Fibers, percent percent
Predicted Measured
[0/+45/0] 38 6.2 10
[0/+45], 36 16 10- 20
[£45/0/+£45] 36 31 31-42
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After the initial loss of modulus, the laminate continues to lose stiffness, see Fig. 38. This
reduction should not be attributed to the cracking of the +45 layers alone. Rather, the additional
reduction is due to damage accumulation in the other layers of the laminate.

Mohamadian and Graham [140] have found similar results in composites constructed with
chopped mat.

5.4.5. Predicting Service Lifetimes

5.4.5.1. Industrial Materials

Sutherland and Mandell [141] have
demonstrated how the MSU/DOE
database may be used to predict
service lifetimes for wind turbine
blades. Because the high-cycle
portion of the database is primarily
composed of data obtained from
specialized material coupons, the
requiste Goodman diagram is
constructed using  normalized
coupon data. It is then de
normalized to typical industria
laminates for the analysis of service
lifetimes. The  procedures
described in this reference should
be used to ensure the blade materia
used in the construction of the wind
turbine is the same as the blade
material being analyzed. The
anaysis is based on materid
coupons, which perform close to
the good line in Fig. 31 and will be
non-conservative for poor
laminates.
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A comparison of the Goodman ) )
Diagram from the two databases is Figure39b. Goodman Diagram Based on the

shown in Fig. 39. Of particular FACT Database.
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?h%?l IC?LEG Igiag:zrr(l:sompfirrlsontr:: Figure 39. Goodman qugramsfor Fiberglass
MSU/DOE and the European Composites.

(FACT) database are very similar
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to one another on the tension side (right side) of the diagram and very dissimilar to one another
on the compression side (left side). This variation is a significant change in the form of the
Goodman diagram. In particular, the MSU/DOE database yields a highly non-symmetric diagram
with a strain to failure of 2.7 and 1.5 percent for tensile and compressive strengths, respectively
[132]. This ratio of the tensile and compressive failure strains of 1.80 is significantly different
from the European database which has aratio of 1.33. Namely, the European database yields an
approximately symmetric (about the zero mean-stress axis) Goodman diagram with strain-to-
fallure of 2.58 and 1.94 in tension and compression, respectively [128]. A symmetric diagram
implies that there are only small differences between tensile and compressive failures.

Although they could not prove it, Sutherland and Mandell [141] suggest that the discrepancy in
the compressive fallure-strain reflects the difference in compressive testing techniques. In
particular, the compressive tests conducted for the MSU/DOE database used gauge sections with
no lateral supports, whereas, the FACT database has a preponderance of data obtained from
compression tests with lateral congtraints. A sample of the more recent data from the MSU/DOE
database illustrates that the ratio of the ultimate tensile to the ultimate compressive strain varies
from 0.94 to 2.23 with an average value of 1.50 [127]. Thus, differences in the databases can be
attributed entirely to materia variation. However, the differences in the testing techniques should
not be discounted. Detailed comparisons of fatigue data from identical materials will be required
to sort out the differences in the two databases.

When the two databases are compared on a non-normalized basis, the FACT data are found to
contain a preponderance of the data that behave as the good material in the MSU database. Thus,
the MSU/DOE database will predict a service lifetime that is equal to or shorter than that
predicted by the FACT database.

Sutherland and Mandell [141] investigated the effect of these differences on predicted service
lifetimes. Using the WISPER-protocol U.S. wind farm load spectrum (see the discussion in
section 4.8.1.2 “U.S. Wind Farm Spectrum” on p. 38), the predicted service lifetimes for tensile
faillure were comparable (44.9 to 67.5 years based on the MSU/DOE and the FACT databases,
respectively). However, for compressive fallures, the predictions differed by approximately a
factor of 5 (23.5 and 136 years, respectively).

5.4.6. Spectral Loading

As discussed extensively above, wind turbines are subjected to spectral loads that are unique to
this structure. Test spectra have been proposed, and fatigue data on material behavior are being
obtained. However, to date, these data are limited in extent. Van Déelft et al. [138, 142, 143]
have examined the differences between the response in fiberglass to constant and variable
amplitude loading using the WISPER and the WISPERX spectrum. Their experiments on a
polyester fiberglass laminated with 0° and £45° layers at approximately 32 percent fiber volume
provide insight into using constant amplitude S-N data to predict service lifetimes under the
spectral loads normally encountered by wind turbines.



5.4.6.1. WISPER vs. WISPERX

As discussed in section 4.8.1.1 s =s,[1+blog(N)]
“WISPER” on p. 37, the
WISPERX load spectrum is the
WISPER spectrum with the small
cycles removed. Damage estimates
predict that the removal of the
small cycles should have less than a
10 percent effect. However, the
measured data indicated that a WISPERX ©
difference of the order of 50 100 e
percent (a factor of 2) is actually ! 3 Y b of Sequle?;’ws %0 1000
observed, see Fig. 40. These data

imply that the low-amplitude cycles Figure40. SN Diagram for a Fiberglass Laminate

are more damaging than suggested | ivh 0° and +45° Plies, under WISPER Loading
by the constant amplitude S-N Conditions

data
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Also the fatigue exponent b is changed from approximately 0.10 for the constant amplitude data
to approximately 0.12 for the spectral data, a significant change.10

5.4.6.2. Predicted Service Lifetime

Van Délft et al. [138, 143] have used the constant-amplitude European database to predict the
response of composite coupons to the WISPER and the WISPERX loads. Lifetimes were
predicted using Miner’s rule and a power-law fit, see Eq. 32, to constant-amplitude S-N data for
an R-value of a-1 (reverse loading). The data were expanded to a full Goodman diagram using a
Goodman rule of the form shown in Eq. 38. The predicted service lifetime is approximately two
orders of magnitude higher than the measured lifetime. However, when the S-N data were fit to
alog-linear curve, Eq. 35, the predicted and measured service lifetimes were essentialy the same,
with the predicted service lifetime being dightly conservative.

In another study, Echtermeyer et al. [144] compared the predicted and measured fatigue life for
several composite laminates to WISPERX spectral loads. These predictions of service lifetimes
were based on a Goodman diagram constructed from S-N data for R-values of 0.1, -1 and 10.
These data were fit best using a log-log representation. 1n one laminate, the predictions agreed
with measured lifetimes. In two others, the prediction was a factor of approximately 5 higher
than the measured lifetime. And in the final laminate, the predictions varied between a factor of 4
higher to afactor of 0.6 lower.

10 |n this case, the exponent being compared is based on the fit of the S-N curve for the number of the WISPER or
WISPERX load sequences to failure.
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Thus, the behavior of composites under typical wind turbine loads is not well understood and is
the subject of on-going research in various wind programs throughout the world. Based on the
limited data discussed above and the data presented in Fig. 40, we can surmise that the low
amplitude fatigue cycles are more damaging than indicated by the constant-amplitude S-N data.

5.4.7. Structural Details

The extension of coupon data to the behavior of full-size structura components is being studied
by Mandell et al. [127, 134, 145-148]. The results of their studies on such details as ply drops,
local fiber content and transverse cracks are summarized in Table IV. The “knock-down” factor
F in this table is defined to be the ratio of the maximum cyclic strain (R = 0.1) of a uniform
coupon to that of a structured coupon at one million (10°) cycles; namely:

Uniform Coupon Strain @ 10° Cycles

= : 5 (45)
Structured Coupon Strain @ 10° Cycles

5.4.7.1. Ply Drops

One common feature of blade structures is the use of ply drops to tailor the thickness of the
composite structure to meet loads criteria while minimizing weight. In the detailed studies by
Cairns et al. [134, 146], severa configurations for the ply drops have been experimentally
investigated and analyzed. As shown in Fig. 41, the ply drop may be internal (covered by at least
one layer of fabric) or external.

The internal ply drop creates local stress concentrations that initiate failures. As shown in Table
IV, these local stress concentrations can
significantly reduce fatigue lifetimes. .
The investigation illustrated that
internal ply drops are less susceptible

to delamination than external ply drops Figure4la. External Ply Drop.
and that for the same ply drops, thicker

laminates are better in resisting Resin Rich Area
delaminations. As indicated by an E f

increased knockdown factor [127],
dropping two plys in the same location
istwice as harmful as dropping a single Figure4lb. Internal Ply Drop.
ply, and that feathering (i.e., staggering
adjacent tows) or “ Z-spiking!l* the ply Figure4l. Typical Ply Drop Configurations.
will significantly decrease delamination
growth rate.

11 Z-spiking consists of plunging some of the fibers from the ply drop edge into the adjacent layers (the z-
direction).
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TablelV.

Knock-Down Factors for

Compression for Approximately 70% 0° Materials.

Selected Structural Details

in Tension

DETAIL

SKETCH

KNOCK-DOWN FACTOR, F

A 130
Fabric

uC1018Vv
Fabric

D155
Fabric

Simple Coupon
(Straight Material)

*

H 10

'

1.0 1.0

Surface Indentation
Tension, R=0.1
(Vs increased, thickness reduced by
25%)

t

V; = 45-52%

vV, = 35-37% r=6mm 16
\

25 12

Surface Indentation
Compression, R=10
(Vs increased, thickness reduced by
25%)

4

V, = 52%

V, = 37% [{r=6mm 10
!

1.4 -

Locally Higher Fiber Content
Tension, R=0.1
(2-90° Pilesin center)

t

V, = 47%
Vi = 3% 2.1

15 --

Locally Higher Fiber Content
Compression, R=10
(2-90° Pilesin center)

V, = 47%
= 3404
Vi=une 1.0

Exterior Cracked Transverse
Tension, R=0.1
90° Patch

Double Interior 0° Ply Drop
Tension, R=0.1

t

Vv, < AO%H
14

'

16 --
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5.4.7.2. Locdly Higher Fiber Content

As discussed above (see the discussion in section 5.4.3.2 “Fiber Content” on p. 60), the fiberglass
laminates typically used in wind turbine blades are susceptible to significant degradation in their
fatigue properties if fibers are forced very close to one another. The effect is noted in the
dependence in fatigue coefficient on fiber density shown in Fig. 36. This effect also trandates
into local manufacturing defects, simulated by surface indentations and excess fiber layers. As
shown in Table 1V, a surface indentation produces a knock-down factor of 2.5 for alocal increase
in fiber content from 35 percent to 47 percent in tension. In compression, the knock-down factor
is 1.4 for alocal increase in the fiber volume from 37 percent to 52 percent.

5.4.7.3. Transverse Cracks

In typical lay-ups of composite structures and especially for wind turbine blades, a high percent of
the fibers is aligned with the primary load direction. Additiona off-axis layers are added to
prevent splitting and to increase shear properties. As discussed above, these off-axis layers are
typically more susceptible to fatigue damage. ldeally, these layers would split off from the
underlying layers that carry the main loads without causing them to fail prematurely.12 Thus,
Table IV supports the concept that no knock-down factor is required for the propagation of
transverse cracks into uniaxial composites. As discussed above, this factor is based on the
assumption that fiber separation is adequate to prevent the fiber density effects discussed above.

5.4.7.4. Environmental Effects

As discussed by Kensche [16], wind turbine blades are subjected to a hostile environment
throughout their service lifetimes. The primary effects include ultra violet (UV) radiation;
temperature fluctuations; rain, ice, humidity; thunderstorms/lighting; hailstones; erosion from sand
particles;, and extreme dryness in desert environments. A matrix-rich outer-layer of gel coat is
typically applied to the blades to provide UV protection and to seal the exterior surface of the
composite.

Kensche [16] summarizes the degradation of the mechanical properties of various laminate
systems used in wind turbine blades and presents a general discussion of the topic. Bach [149]
presents a general discussion of the influence of moisture on bolted joints in composite materials.

In terms of fatigue behavior for composite laminates in turbine applications, the three most
important environmental factors are attacks on the matrix material by temperature, humidity and
UV radiation. The gel coating offers good protection from UV radiation. Temperature alone is
typically not an important environmental parameter because the turbine blades are designed for a
specific range of operating temperatures and the laminate’'s matrix is chosen to meet those

12 Thus, the resulting failure of the cross section will be a relatively slow event that can be detected before
catastrophic failure of the section (and the blade) occurs.
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conditions3  However, temperature and humidity combined to become the primary
environmental factors that must be considered in the fatigue design of the blade. The discussions
here will concentrate on these two environmental factors.

5.4.7.5. Equilibrium Moisture Content

Under time-varying environmental loads, Fick’s law [16] may be used to predict moisture content.
Severa authors have used this technique to analyze the yearly cycle of environmental loads of
temperature, humidity and rain on a turbine blade. Kensche [16] used this technique to analyze
the moisture content of a blade subjected to a yearly cycle of cold-wet and warm-dry conditions.
His predictions indicate that the moisture content will stabilize at 0.4 to 0.5 percent. Similar
simulations have been conducted by de Bruijn [150, 151] for the Dutch climatological cycle; see
the discussion in section 5.4.7.8 “EN-WISPER Spectrum” on p. 70. For this set of conditions,
the total moisture content is predicted to stabilize at approximately 0.25 percent. Measurements
from a blade exposed to the Dutch environment for approximately four years agrees with the 0.25
percent prediction.

A guestion does arise concerning the use of the Dutch (northern European) climatological cycle
for a general characterization of the behavior of composites under environmental loads. The
Dutch cycle, and for that matter, atypical U.S. climatological cycle, isrelatively benign. Turbines
designed for deployment in other regions, e.g. India, will have significantly higher environmental
loads. Designers of advanced composite structures (e.g., those using carbon fibers) consider
Vietnam's climatological cycle as their extreme case. Thus, a moisture content of of 0.4 to 0.5
percent is non-conservative for many applications.

5.4.7.6. Matrix Degradation

The matrix materials used in turbine blades are typically polymeric materials that absorb moisture
from the humidity in the surrounding air and/or from water lying on their surfaces. The
temperature governs the velocity of the diffusion process, and the humidity governs the moisture
content. As the moisture content increases, the glass trangition temperature, T,, of the matrix is
depressed, and the matrix will swell. Eventually, microcracks (crazing) may form in the matrix.
Depending on the physical and chemical properties of the matrix (i.e., toughness, etc.), these
changes may destroy the structural integrity of the laminate. This damage to the matrix has
minimal effect on the tensile behavior of the laminate because the fibers are the primary load
carrier. However, these effects are significant in compression and shear, where the matrix is the
primary load carrier.

13 Differential thermal expansion can damage components of the wind turbine blade. However, as thermal
expansion is more of a structural design problem than a material problem, it is not considered here.
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5.4.7.7. Property Degradation

Kensche [16] presents a detailed examination of the effects of absorbed moisture on the physical
properties of a typical epoxy laminate system. In this set of data, the test specimens have been
preconditioned using continuous hot-wet conditions. These conditions are 90 percent humidity at
45°C. Under these conditions, specimens reach equilibrium in approximately 120 days with
moisture content between 0.4 and 0.5 percent.

When comparing the properties of moist and dry virgin specimens, the static tensile strength was
essentialy not affected by absorbed moisture (as one would anticipate). The static compressive
strength was reduced by approximately one third and the interlaminar shear strength by dightly
over ten percent.

Figure 42 compares the fatigue
performance of wet and dry samples
under reverse loading (R = -1). These
dataillustrate that the strain-to-failure for
a given lifetime (number of cycles to
faillure) is reduced by 15 to 20 percent.
With the larger value occurring in the
low-cycle region.

B Dry R=-
1l * Wet

1
[N

Maximum Normalized Strain, e /eo
o
(o2}

Mandell [152] predicts similar results in -

compression tests of fiberglass coupons | | | | | | | R“29”t
subjected to distilled water at 40°C for TEr0 1E41 1E+2 1643 1644 1E+5 1E+6  1E+7 1E+8  1E49
approximately 190 days. Under these CydlestoFailure, N
conditions, the polyester matrix has a
weight gain of approximately 3 percent.
The compressive strength of these
coupons is reduced by 10 to 20 percent

when tested at room temperature. When

Figure42. SN Diagram for a Fiberglass
Laminate with 0° and £45° Plies, under Wet
and Dry Environment Conditions.

tested at 50°C, the compressive strength
is reduced by 20 to 35 percent.

5.4.7.8. EN-WISPER Spectrum

As discussed above, many of these tests are based on pre-conditioning the samples in a hot-wet
environment. However, wind turbine blades in the field undergo a series of environmenta
changes, typically on an annual cycle that both adds and removes absorbed moisture from the
blade. To help quantify the effects of field environment, de Bruijn [150, 151] and Joosse [153]
have proposed a reference environmental spectrum. The spectrum is based on the annual Dutch
climatological cycle, summarized and idealized (simplified) in Table V. The accelerated pre-
conditioning cycle they proposed to smulate this climatological cycle is shown in Table VI. Both
simulations and field measurements were used to validate that the accelerated cycle reproduced
both the moisture profile and the moisture content.
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TableV.

Idealized Annual Climatological Cycle for the Dutch Environment.

Condition | Time, days | T, °C DT, Relative Humidity,
°C/hour percent
Normal 228 10 5 80
Hot 55 32 5 50
Frosty 22 -15 5 85
Wet 109 8 100

"Rate of change of the temperature from the current to the next condition.

TableVI. Accelerated Climatological Cycle for the Dutch Environment.

Condition | Time, days | T, °C DT, Relative Humidity,
°C/hour percent
Normal 105 18 50 85
Hot 25 45 50" 40
Frosty 10 -23 50 100
Wet 49 16 100

"Rate of change of the temperature from the current to the next condition.

When tested, the SN data from samples that have been pre-conditioned by the EN-WISPER
spectrum are not significantly different from non-conditioned specimens; in contrast with the
hot-wet pre-conditioned specimens discussion above. Joose [153] attributes this apparent
discrepancy to a dominance of the test on the ambient conditions during the test. Implications of
this observation are many. However, as noted by Joose, some test procedures have been called
into question and require more study. Thus, the pre-conditioned hot-wet samples do bound the
problem, but the penalties in material performance they predict are probably too high for actual
field conditions in Northern Europe and in most of the U.S. This may not be the case for India
and Southeast Asia.

5.4.7.9. Effects of the Environment

At this time, environmental effects on composite turbine blades are not well understood, and are
currently a subject of research, discusson and speculation. For instance, some studies of
advanced composites for aircraft indicate that the dally maximum use temperature is more
important than the average temperature. Thus, current databases may yield non-conservative
designs for environmental loads. And, the designer should use them only with extreme care.

5.4.8. Comments

The design of composite materials for wind turbine blades has relied heavily on fiberglass
technology. This material system has proven adequate to the task, even though it must withstand
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extremely large numbers of fatigue loads with varying amplitudes under extreme environmental
conditions. Potential areas for increasing the performance of this system have been identified and
are being pursued. In addition to increasing the performance characteristics of the materials
system, an understanding of the influence of spectral and bi-axial loading on cumulative damage
rules must be developed [154]. Also, design criteria for full-sized structures that are based on
coupon data must be determined.

As blades become larger, stiffness considerations are becoming more and more important to the
design. Fiberglass systems may not be able to meet these requirements within reasonable design
constraints on weight. The obvious answer to this design issue is to introduce stiffer fibers, i.e.,
carbon fibers, into the composite system. Typically, carbon fiber designs have been too expensive
for wind turbine applications. However, mixed fiber designs are currently under consideration
and appear to be cost effective. These systems are not represented in the databases described
above, but will need to be added. Specifically, the composite system with a mix of glass and
carbon fibers will have to be addressed.

5.5.Fatigue Limit Design

The use of a fatigue limit for the fatigue analysis of structures is based on the observation that
some metals have an essentially infinite life when tested at or below the value of their fatigue limit.
Thus, the structural design is based on reducing the stress level at the highest load to the fatigue
limit.

In terms of the S-N curve, an infinite life trandates to a zero dope. Most materials do not have a
true fatigue limit. However, many metals exhibit a significant reduction in the slope of their SN
curve as the number of cycles to failure gets very large. Figures 27 and 30 illustrate this behavior
in aluminum and steel, respectively. For this class of behavior, a fatigue limit analysis can be
conducted by assuming a quasi-fatigue limit that corresponds to the largest number of the cycles
the structure will have to bear. In Fig. 27, the quasi-fatigue limit would be between 60 and 80
MPafor 10° cycles; in Fig. 30 the limit occurs at approximately 2x10° cycles.

The existence of atrue or quas fatigue limit is usualy based on the experimental data obtained
from constant amplitude fatigue tests. In many cases, when these materias are tested with
variable amplitude loads, the initial dope of the SN curve does not change as the number of
cycles become very large, see section 5.3.2.1 “S-N Data Base” on p. 52. Because wind turbines
are subjected to spectral loads, the use of constant-amplitude fatigue limit is probably not
appropriate for most materials used in wind turbine structures.

5.6.Partial Safety Factors

The IEC has adopted a set of partia safety factors in IEC-61400-1[17] to account for the
uncertainties and variabilities in material properties (and in loads). For material properties, the
partia safety factors are included for the following: unfavorable deviations of the strength of
material from the characteristic value; inaccurate assessment of the resistance of sections or load-
carrying capacity of parts of the structure; uncertainties in the geometrical parameters; and
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uncertainties in the relation between the material properties in the structure and those measured
by tests on control specimens. A discussion of partial safety factors and their application to wind
turbine design is beyond the scope of this report and is not discussed here.
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6. INFLOW

6.1. Annual Average Wind Speed

The determination of damage in a wind turbine is predicated on the development of a load
gpectrum for the turbine. As shown in Eq. 11, the typical formulation uses the annual average
probability density function for the wind speed as a primary parameter in the description of the
load spectrum. Rohatgi and Nelson [155] provide a detailed discussion of annual wind speed
distributions and they provide a compilation of the annual average wind speed for numerous sites.

6.1.1. Formulation

The annual wind speed distribution is typically posed as a probability density function [155]. The
Weibull distribution that is discussed in Appendix A has proven to be particularly effective in
depicting the annua wind speed distribution above approximately 3 m/s at a number of U.S. and
world sites[4]. This two-parameter distribution takes the following form:

p, = {%} [%Tl exp{-[%}a} , @>0b>0U>0 |, (46)

where py is the probability density function, a and b are the shape factor and the amplitude factor
of the distribution, respectively. As cited in Eq. A-3, the average annual wind speed, U, is given
in terms of the Weibull parameters by:

U:bG[1+ﬂ , (47)

where (-] is the gamma function.

6.1.2. Typical Distributions

1 10- Exponentia 24
Distribution ) o
2.0- I8igh Distribution
N

Extensve data have been gathered,
collated and published that describe the
annual wind speeds for the U.S. and
vast regions of the world [3, 155, 156
and 157]. Typical annua wind speed
distributions for several characteristic
members of the Weibull distribution T T
family are shown in Fig. 43. For this Normalized Wind Speed

example, b is normalized to a value of
one. Figure 43. Weibull Probability Density
Functionsfor Various Shape Factors.

16
12

05

Probability Density Function

Because the measurement and analysis
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of these data are outside the scope of this report and they appear elsewhere in the open literature,
detailed discussions of this subject are not presented here.

6.2.Inflow Characteristics

While “...tempting to think of wind as a constant homogeneous velocity field of fixed direction,”
the inflow is actually a three-dimensional, inhomogeneous, and unsteady flow field [4]. The
challenge to the modeler is to describe those characteristics of the inflow that produce loads on
the turbine. The three principal characteristics that have found favor with designers are the mean
horizontal wind speed, the turbulence and the vertical shear.14 As discussed above, this parameter
set is probably not sufficient. Moreover, at this time, there is no clear picture as to which inflow
parameters govern the loads on the various machine configurations. This section describes some
of the atmospheric/inflow parameters that are currently being studied as potentia predictors of
turbine loads through the characterization of the inflow.

6.2.1.1. Turbulence

The primary characterization of the instantaneous flow field into the rotor has been the single-
point turbulence intensity measured at hub-height in front of the turbine [5]. If the instantaneous
horizontal velocity at rotor height, denoted by u(t), is separated into its long-term component U
and its fluctuating value (about zero mean), such that,

u(t) =u(t) +U ,where (48)
17
U= Jou(t) at (49)

As noted above, the averaging time T is typically 10 minutes. The turbulence intensity 1, is the
RMS of u' divided by itslong-term average U. Namely,

T be:
St

The parameter 6 is commonly called the turbulence.

When determining operational loads on a turbine, each mean wind speed bin is assumed to have a
weighted summation of the loads across the expected distribution for turbulence intensity.

14 variations in the inflow velocity can be separated into mean and turbulent components (i.e., long-term
variations can be separated from short-term variations) because the power spectrum of the velocity of the inflow is
divided naturally into two peaks. The low-frequency peak defines the variation of the mean inflow velocity and the
high-frequency peak defines the turbulence. The peaks are separated by a spectral gap that covers the range from
approximately 5 minutesto 2 hours[5].
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6.2.1.2. Vertical Shear

The wind shear exponent a is typically used to characterize the variation of the mean wind speed
from the bottom of the rotor disk to itstop. In thisform, the wind speed U as a function of height
is given by:

U(z,) _ { z } | (51)

where z isthe height above the prevailing terrain.

Wind shear is an integral part of the certification standard for wind turbines, and must be included
inal structural analyses.

6.2.1.3. Additiona Inflow Parameters

While turbulence and vertical shear are the two parameters typically used to describe the inflow,
many additional inflow parameters are being investigated as descriptors for the inflow, or thereby,
as predictors of turbine loads. In one of the more comprehensive experimental examinations of
the relationship between inflow and fatigue loads to date, Mouzakis et al. [158-161] examine a
long list of inflow statistics to determine which are important for introducing fatigue loads into the
turbine. Their list includes mean horizontal velocity, standard deviation of the inflow in three
directions, wind shear exponent, the skewness and kurtosis of the inflow in the primary flow
direction, turbulence length scales in three directions and the Davenport decay factors for time
and space between the hub and the top of the rotor. The turbulence length scale is a measure of
the average size of eddiesin theinflow [5]. The longitudinal length scale *L, is defined in terms of
the cross-correlation function R(r) by the following:

L, = JO R(rydr (52)

where

_1 e u(xt)  u(x+rt)
R(r) = J/ = ¢t (53)

Using a regression analysis on three wind-speed bins that cover 7-9, 12-14, and 16-18 m/s,
Mouzakis et a. calculate the correlation coefficient between fatigue loads and inflow statistics.
Their evaluation of blade loads in mountainous terrain illustrates that the standard deviation of
the vertical component of the inflow, W , dominates the flatwise blade loads. This parameter was
followed in importance by the average inflow velocity U, the standard deviations of the horizontal
wind speed components (parallel and perpendicular to the direction of the average wind speed)
and the wind shear exponent a. Some additional dependencies were noted for the skewness and
kurtosis of the inflow. For edgewise blade loads, the inflow velocity U was the primary
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parameter, with standard deviations of the vertical and horizontal wind speed components, and
the shear exponent a following in their order of importance.

6.2.1.4. Reynolds Stresses

Kelley [49, 50] and Kelley and McKenna [51] have examined severa other parameters for
describing the inflow. The first are the Reynolds stresses. In a 3D flow field, these stresses are
the average cross products of the fluctuating components of the inflow,

(uw) , (uv) and (vw) (54)

where u' and V' are the fluctuating components of the wind speed in the horizontal direction
parallel and perpendicular to the direction of the average wind speed, respectively, and w' is the
vertical component.

Richardson Number: Continuing the evaluation, Kelley et al. [49, 51] examined the gradient
Richardson number, Ri. This parameter is a measure of the atmospheric stability between two
elevations. For wind turbine applications, the two elevations are typically chosen with the
reference elevation relatively close to ground level, denoted here with the subscript 1, and the
other, the subscript 2, at the top of the rotor disk. If T is the temperature in degrees centigrade
and the atmospheric pressure in hPa, then the layer mean potential temperature is given by:

()= [f + 273.16] {%ﬂ o (55)

The over bar on a quantity denotes its 10-minute average. The index i refers to the vertical
position z of the measurement, i.e.; i = 1 refers to the reference height (typically near ground
level) and i = 2 refersto an elevated height. Then the Ri is given by:

(2 )
_2+g_ _ (z, - 21)2 | (56)
( . zj [(U2 . 1)(22 _ Zl)]

where g is the gravitational acceleration (m/s”). Based on the Richardson number, the atmosphere
is said to be unstable when Ri < 0, near-stable when O £ Ri < 0.01 and stable when Ri 3 0.01.

Ri

Obukhov Length Scale: The final parameter investigated by Kelley et al. [49, 51] is the Obukhov
length scale. This length is measured at a single elevation. This parameter is used in boundary
layer turbulence scaling and is related to the gradient Richardson number. When divided into the
elevation of the measurement, the result is the Monin-Obukhov stability parameter. In unstable
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flows, the Richardson number is identical to the Monin-Obukhov stability parameter [49]. The
Obukhov length scale is given by:

o || ww)|]*

049 (W)

L = - , (57)

where (uw ) is the time average of the cross product of the fluctuating velocity components u'

and w' described in Eq. 54 and (w'0') is the time average of the product of w' and the
temperature ¢ is fluctuating temperature components about the average temperature 9 .

Kelley found that the flap bending loads were dominated by the vertica component of the

Reynolds stress (uw ) . Thus, this term and the Richardson number dominate the edgewise-
bending loads.

6.2.1.5. Summary

The effects of many inflow parameters have been shown to significantly influence turbine loads.
Current practices reduce inflow descriptions to the mean horizonta inflow velocity, wind shear
and the turbulence intensity. However, additional parameters must be examined to ensure that a
complete set of loads on an operating turbine has been obtained; see section 4.4.2 “Inflow
Parameters’ on p. 26.
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7. SOLUTION TECHNIQUES

The solution of Eq. 11,

Ups p¥ ¥
:DDt:JpUJJ nSaY)ye g5 qu | (1)
Up ¥-¥d0 N(Sm’sa)

for the damage rate in a wind turbine component can take many forms, depending on the
assumptions about its characteristics. In this section of the paper, various solution techniques are
presented.

=l

7.1.Closed Form Solution

Although most solutions to Eqg. 11 are numerical in form, Veers et a. [162, 163] have posed a
closed form solution.  The groundwork for this solution was laid by Veers in his analyses of the
service lifetimes for VAWTS[18, 43-45]. Aswith al solutions, and in particular with closed form
solutions, the assumptions behind the solution are very important.

7.1.1. Basic Assumptions

7.1.1.1. Annual Wind Speed Distribution

The wind speed distribution is assumed to be a Weibull distribution of the form cited in Appendix
A and shown in Eg. 46. This two-parameter distribution is a function of the average annual wind

speed U and the shape factor ay.

7.1.1.2. Cyclic Stress

The distribution of cyclic stressesis also assumed to have a generalized Weibull distribution of the
form shown in Eq. 24. The standard deviation of the cyclic stresses is assumed to depend directly
on the mean wind speed. In this case, the dependence takes the form of a power law, namely:

p
S = KSchar(uu J ’ (58)
char

where K is the stress concentration factor that relates global stresses to local stresses, and Schar IS
the standard deviation of the cycle count distribution at a wind speed of Ugy. The Weibull
parameter for this distribution isas. The stress cycles are al assumed to have the same mean S,
see the discussion in section 4.5.4 “Mean Vaue Bins’ on p. 30.

The rate at which these cycles are occurring is assumed to be a power series in wind speed of the
form:
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7.1.1.3. Materia Behavior

The SN curve is taken to be a straight-line fit on a log-log scale of the form cited in Eqg. 31.
Veers et a. have chosen to write the equation as follows:

b

c
N(c,0,) C—3—
1 K Ol

c

u

, (60)

where the Goodman correction, see EQ. 38, based on the ultimate stress s, is used to include the
effect of the constant mean stress s,

7.1.1.4. Damage Rule

Miners Rule assumes that failure occurs when the damage equals one; i.e., when the damage rate
DD: in Eq. 11 for arepresentative time t multiplied by the projected lifetime T equals 1, see Eq. 6.
However, depending on the material and the load spectrum, failure can occur at values of D that
vary widely from one. For this analysis, failure is assumed to occur at avalue of d.

7.1.1.5. Run Time

The turbine is assumed to be available for the fraction A of each year of its operationa lifetime,
and the turbine is assumed to operate in al wind speeds between 0 and the cut-out wind speed
Vout.

7.1.2. Solution

For the case, V,, and F = f,, the predicted service lifetime T equals

Lo 2 Y Kew Y[ T V(n)ftm)|
T_foA{[(Z/aS)J [1- K|6m|/GU}[Ucha(1/O€U)!} [QSJ![GUJ!} , (61)

where the factorial (.)! isthe gamma function.

The solution of this equation can be computed directly or by using the FAROW computer code
[163].
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7.2.Numerical Solutions
7.2.1. The LIFE Duo of Fatigue Analysis Codes

The initial analysis of the load spectra on a VAWT was addressed by Veers [18, 43-45]. These
analyses laid the foundation for the LIFE series of fatigue analysis codes [164]. This formulation
is essentially the numerical solution of Eq. 61 with a more restrictive set of assumptions; namely,
the narrow-band Gaussian model for the stress spectra with a constant mean stress and cyclic
frequency, a Rayleigh wind speed distribution, and a log-log description of the SN curve. The
initial code was later modified and used by Akins [165] and Malcolm [166]. Sutherland et al.
[167] released the final version.

The great strength of the LIFE code was its simplicity. A VAWT could be analyzed relatively fast
and with a minimum of input. However, its relatively restrictive assumption set soon led to a
reformulation of its numerical agorithms that permitted the analysis of components from other
classes of wind turbines. The code was completely rewritten and released by Sutherland et al.
[168, 169]. The code, called the LIFE2 code, is essentially a solution for Eq. 11 with all of the
functions described as tables. The table for each function can be input directly into the code or it
can be generated using an internal algorithm. A six-volume set of reference manuals for this code
isavailable [170-175].

The code is a PC-based, menu-driven FORTRAN code that is written in a top-down modular
format. The package leads the user through the input definitions required to predict the service
lifetime of a turbine component. The damage calculation may be based on Miner's rule or a
linear-elastic crack propagation model [169]. Plotting capahilities are also included as an integra
part of the code.

The LIFE2 code is used for most of the examples discussed above.

7.2.1.1. Numerical Formulation

The numerical formulation of the LIFE2 code is discussed in detail in Sutherland [171] and its
numerical implementation in Schluter and Sutherland [170]. The numerical formulation starts
with Eqg. 11. Theintegralsin that equation may be discretized to the following finite summations:
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with
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(TU)q = TyJ.pU du (63)

Ug1
where Uy = U, and Ug = Uoy, and T, is the time in one year (in appropriate time units). The time
steps in the second term, (Sy)q are similar to those in the first, but they start at Ug = Ugy and Ug =
maximum anticipated wind speed in term 2. In the first two terms, the matrix n(-) contains the
cycle counts observed in time Dt. In each wind speed bin U, (the bin size is from Ug.4 to Uy), the
cycle counts are binsed in R mean stress bins and S aternating stress bins.  Although their form is
identical, these terms have been separated in this analysis for convenience because the cycle count
matrices, n(-), are typically derived from different data sets and/or analyses. In the last term, n(-)
is the cycle count matrix for m, occurrences of the discrete event g. These discrete events occur,
on average, M, times per year. In al three terms, the N(-) matrix is number of cycles to failure at
the mean stress (S,)r and alternating stress (S,)s.

In this form, Eqg. 62 expresses the three classes of damage events explicitly. The first represents
the damage from the operationa stresses that occur between the cut-in and the cut-out wind
speed. The second is the buffeting stresses that occur above the cut-out wind speed when the
turbine is not operating. And the third is the transient events that occur during operation but are
not covered by the first term. The latter termis typically used to describe stress cycles that occur
during start/stop cycles, emergency shutdowns of various varieties, and any other transient events
that damage the turbine.

In the LIFE2 formulation, all of the factorsin Eq. 62 are held internally in tabular form. The input
does not require that the tables match in size, bounds or intervals. Thus, the computational
algorithms contained in the code typically interpolate between tabular inputs to obtain the size,
bounds and intervals required to perform the summation cited in this equation.

7.2.1.2. Input Variables

Following Eq. 62, the LIFE2 code requires four sets of input for the prediction of the service
lifetime of a turbine component. The first is the annual wind speed distribution at the site under
investigation. The second is a description of the SN (fatigue data) or crack growth rate data
(linear crack propagation) for the material comprising the component under investigation. The
third is the stress cycles on the component as a function of the operating state of the turbine and
the average wind speed. And the fourth is the operating parameters and stress concentration
factor(s) for the component.

The LIFE2 code contains many of the wind speed distributions, material models and load
spectrum models that are discussed above. To use these interna models, the user supplies the
parameters for the model, and the code constructs the appropriate discretization.
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7.2.2. The ASYM Code

The ASYM code, originally started by McNerney [176] and continued by Vachon [177-182],
performs a time-domain simulation that creates a random wind forcing function and predicts the
second-to-second on-line control and damage of a wind turbine. Its output summarizes the
energy produced, the sources of lost energy, the number of starts and stops at low and high wind-
speed cut-outs, and the predicted service lifetime of the turbine.

The key elements of the code are a Markov wind simulator [183], the LIFE fatigue analysis [167]
and a control module. The control module is rather simplistic in that the controller can only start
and stop the turbine based upon current wind speed, moving averages of the wind speed and wait
times following a shutdown. Control decisions are based on one-second updates of the inflow
velocity. Initial formulations were limited to constant speed operation and instantaneous turbine
response. Subsequent formulations [180, 182] added variable speed and inertial terms for the
rotor. In addition to the standard LIFE fatigue analysis, ASYM includes the damage from
start/stop cyclesin its prediction of service lifetime.

ASYM is a unique analysis tool in that it permits a direct comparison of energy production and
fatigue damage under various control algorithms. Vachon [179] used the Sandia 34-m Test Bed
turbine (see Appendix B) to illustrate the ability of this code to evaluate control parameters. In
this test case, the ASYM code was used to estimate the influence of the low-speed cut-in power
on energy production and fatigue life at various Rayleigh wind speed sites with moderate
turbulence. The basic controls for the turbine were assumed to have the following form: 1) The
turbine is started after a moving average of the power in the wind, “low wind speed cut-in
power,” was exceeded; 2) the turbine coasts if it is running and the inflow fails to produce
positive power; 3) if the turbine is coasting and the rpm falls below a low-rpm set point, the
turbine is stopped; 4) if the inflow exceeds the “low-high” cut-out wind speed for a relatively
long low-high moving average the turbine is stopped; 5) if the inflow exceeds the “high-high” cut-
out wind speed for the relative short high-
high moving average; and 6) once stopped,

the turbine will remain stopped for a 3 47 ,
minimum time determined by the wait East Auerage An i Spesd
period set point. Typical vaues for these s Tmis e
parameters are:  a 30 kW (6 m/s) cut-in S50 gmis

power for a 300-second moving average, s Ll

low-high set point of 18 m/s for a 20- 2 .l

second moving average, a high-high set &

point of 22 Vs for a 4 second moving A

average and a 120-second wait time. As 05 a0 0 s 100

Low Wind Speed Cut-In Power, kW

shown in Fig. 44, for various annuad
average wind speeds, the annua number of
start/stop cycles is highly dependent on the
low speed cut-in power control parameter
and has dignificant sSite-to-site variability.

Figure44. Variation of Low Wind Speed
Start/Stop Cycleswith Cut-In Power.
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The evaluation continues with the
determination of annual energy capture and
fatigue life, see Figs. 45 and 46. Similar
plots for the other control variables are
provided in Vachon [179]. This
information then permits current value
analyses to project earnings and thereby
optimize the control parameters.

The ASYM code is an excellent code for
setting the initial parameters in a turbine
control system based on predictions of
service lifetimes and cash flow. However,
the code is based on a rather restrictive set
of conditions that limits its effectiveness.
Its obvious limits are the simplistic
approach to turbine dynamics and the
limited set of control options. Finally, the
limited fatigue formulation hampers its use
on awide variety of turbines.

7.2.3. Gear Codes

As discussed in section 4.8.2 “Load
Spectra for Gears’ on p. 39, the large
variations in the torque supplied by the
blades generally happen relatively dowly
when compared to the time of gear teeth
engagements. Thus, time-at-torque
histograms are adequate for the analysis of

fatigue of turbine gears and many commercial packages and propriety codes can be used for this

analysis.

One code that has been applied successfully to the analysis wind turbine gears is the AGMA218
code developed by Errichello [83]. This code uses Miner’s rule to perform either life ratings or
power ratings of spur or helical gears. The code assumes that the gears conform to at least
AGMA grade 2, their geometric accuracy conforms to at least AGMA quality No. 11, gear mesh
alignment under load gives full-face contact consistent with a maximum load distribution factor of
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Figure45. Variation of Annual Energy
Production with Cut-In Power.
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1.2, and gear tooth stresses remain within elastic limits.
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8. SPECIAL TOPICS

8.1.Reliability Analysis

After all of these analyses for fatigue are said and done, one must ask the question: “ Have we
asked the correct question?”  All of the analyses discussed above are based on the question: “ How
long will this component last?” This question assumes that all of the inputs required to predict
service lifetime are known with a relatively high degree of confidence and that we can describe
mathematically the behavior of the turbine, the inflow, and its materials. The above discussions
illustrate that this is smply not the case. The inflow has a random component that significantly
affects the loads on the turbine. The turbine is a highly complex rotating structure that at the very
least is subject to changes in its reaction to loads. These variations are due to the differences in
individual components that arise from different suppliers and variations, within tolerance limits, of
their manufacturing processes, and variations in the system resulting from the assembly of its
many components. Further, the structura properties of each component are subject to statistical
variations. These variations are especidly large in the composites used in turbine blades. In
addition to these deterministic variations in properties, there are even larger uncertainties in the
state-of-nature, measurement, and modeling uncertainties and other approximations. Thus, in
summary, perhaps we should be asking: “ What is the probability that this turbine will achieve its
design life?’

Obvioudy, fatigue analysis is the starting point for the answer to this question, so that our
previous work has not been in vain. Moreover, reliability analysis is, at this point, relatively
poorly understood and has not gained acceptance in the wind turbine community. Thisis not the
case in many other structures that are subjected to random loads, e.g., the design of off-shore oil
platforms. And, with all of the uncertainties and randomness in the prediction of service lifetimes
for wind turbines, thisis the wave of the future. Studies are currently being conducted in the U.S.
[162, 163] and in Europe [184-187].

8.1.1. The Farow Code

The reliability studies by Veers et a. [162, 163] produced the FAROW code for the reliability
analysis of turbine blades (see the discussion in section 7.1 “Closed Form Solution” on p. 81).
This code, upgraded to do numerical integration and thus alow for more general inputs, is used in
the following analysis.

8.1.2. Economic Implications

The form of the underlying fatigue question posed above raises a significant point concerning the
type of fatigue failures one might see in a fleet of identical wind turbines [188]. If a single
component has been under-designed,> each machine will have the same flaw that will produce

15 For example, the design loads are under-estimated, or a seemingly minor change in the manufacturing process
resultsin an inferior product, or the materials are behaving at the lower end of their performance spectrum
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fallures at approximately the same service lifetime. This class of falures will require a large
capital outlay in a single installment to fix the fleet. In the opposite case when the turbine is not
under-designed, the fleet will smply wear out over some period of time. Equivalent components
on the various turbines will fail at some statistical variation about their mean service lifetimes. As
a result, the capital outlays for maintaining the fleet will be distributed over time, rather than be
concentrated in a single outlay.

Reliability analyses permit the designer to quantitatively determine the probability of failures over
the operational life of a fleet of wind turbines based upon the statistical variations of the input
parameters used to estimate the service lifetime of the fleet. Veers [188] details the techniques
used in a typical evaluation. Once known, the failure probability can be incorporated into a
financial analysis program to determine the financial risk for investors.

8.2.Analysis of Bonded Joints

The success or failure of a structure subjected to dynamic loads depends on the details of its
design. This is especialy true for wind turbine blades because they have both minimum weight
and cost congtraints placed on their design. One particular design detail that has proven to be
very difficult is the bonded joint. This classical joint is used throughout wood and composite
blades as the process of choice for joining blade parts. Primary applications have been for the
blade root and for bonding span-wise beams (spars) to the blade skin, with the root joint being of
paramount concern because all of the blade loads must be transferred through this structure to the
hub. Detailed discussions of typical techniques for designing bonded joints are widely discussed
[189-192], as are composite materials [193].

In classical wind turbine designs, two classes of bonded joints are favored. In the first, the root
section of the blade is captured in metallic clamshell. The clamshell is typically bonded to the
root. Inthe second, a hollow metallic cylinder isinserted into the blade root for bonding. In both
cases, the metallic component contains the necessary attachment points that permit a metal-to-
metal joint at the hub.

The bonded joints do not lend themselves to the fatigue or structural analysis techniques described
above for other classes of structural components. The significant difference between the two is
that the bond contains high-stress singularities at each of its ends. These singularities severely
limit our ability to analyze these joints, and, therefore, most bonded joints must be tested to
validate their design. Thus, the bonded joint is unique, and it is addressed in this special section of
the paper. The section starts with a discussion of the singularities and then proceeds to
discussions of the two classes of bonded joints.

8.2.1. The Bonded Joint

For illustration purposes, consider the bonded joint shown in Fig. 47a.  Goland and Reissner
[194] have analyzed this joint. Their analysis for a uniform, thin, elastic adhesive yields the shear
stress distribution shown in Fig. 47b. As seen in this figure, the shear stresses are relatively small
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along the bond line, except for
very high stresses at each X
end.’6 Because the load on ': 2c 4‘

this joint is not symmetric, the P -

bond is subjected to an internal ;l_‘—)_— P
bending moment that imposes
a uniform tensile stress across Figure47a. Corner of aLap Joint.
the bond. This tensile stress,
commonly called the *“peel 0.25
stress,” is pulling the adhesive-
adherend interfaces  apart. 0.2
And, the combined stress state
produces premature failure of
the bond joint; namely, the
measured strength in this bond
joint will be less than the
strength of an equivalent 0.05
symmetric joint with no peel
stress across the  bond. 0

0.15

0.1

Nominal Stress

_ _ 0 05 1 15 2
Moreover, if compressive peel Distance Along Bond, Fraction of ¢

stresses are placed across the
bond, its apparent strength Figure47b. Shear Stressin a Lap Joint.
would increase.

Figure47. A Typical Lap Joint.
For perfectly elastic materials,

the singularities at both ends of
the adhesive have an infinite
stress level. When real materials are introduced into the problem, the adhesive at the end of the
bond is deformed plastically and the stress is reduced to a finite level. As noted in the literature,
e.g. see Carpenter and Patton [195], the singularity must be analyzed before the joint can be
modeled adequately. When geometries are relatively simple, a fracture mechanics analysis that
uses stress intensity factors works reasonably well. And when combined with specialized finite
element analyses, more complex joint structures can be anayzed, e.g., see Habib, Aivazzadeh and
Verchery [196]. However, most bonded joints must be tested to validate design loads.

8.2.2. Tubular Lap Joints

As discussed above, the bonded root joint for a turbine blade generally is cylindrical in geometry
with a relatively thick layer of adhesive that varies in thickness in both the radial and
circumferential directions. The bonded joint is required to support both axial and bending loads.

16 As noted by Carpenter and Patton [195], “this solution is based on certain assumptions about the behavior of the
adhesive ... these assumptions can violate the equilibrium or compatibility equations as well as the boundary
conditions.” However, for our discussions here, this solution is adequate.

89



Adhesive Thickness

0.25
[ -
[ 152.4 > +
¢ E-GLASS COMPOSITE 6.35
12.45 ALUMINUM le—— 762 4.|‘\ )
T I< 152.4 >I Inner Bond End 3175
Axis of Revolution
Specimen
ALUMINUM Midplane
/| E-GLASS COMPOSITE
Outer Bond End
N
¢

Figure 48. Geometry of the Tubular Lap Joint.

In a series of papers, Metzinger et a. [197-203] have combined state-of-the-art finite element
analysis (FEA) techniques with experimental validation to examine idealized tubular lap joints that
approximately represent the root connections in wind turbine blades. The joints that they
analyzed, for the most part, are metallic (aluminum or steel) cylinders bonded to a fiberglass
cylinder. Depending on the test series, the fiberglass cylinder was bonded either to the interior or
the exterior of the metalic cylinder. For testing purposes, the specimens were constructed
symmetrically, with the metallic cylinders bonded to either end of a composite cylinder. A typica
specimen from this series of testsis shown in Fig. 48.

8.2.2.1. Axial Loads

To analyze this joint, detailed finite element analyses of the joint were first conducted for axial
loads using two-dimensional (2D) axisymmetric meshes [198]. In two of the analyses presented
in that paper, the adhesive is characterized as an unflawed (uncracked), elastic-plastic materia
and, in the another analysis, an elastic fracture mechanics methodology is used. The effective
(von Mises) and the radial (peel) stress distributions along the joint, shown in Fig. 48, are plotted
in Fig. 49. As shown in Fig. 49a, the percentage of the adhesive in plastic yield (i.e., at a von
Mises stress of 60 MPa) increases to a significant portion of the bond length as the average shear
stress is increased from 0.9 to 20.4 MPa. When loaded in tension, the ped stressis tensile at the
outer bond end and compressive at the inner bond end. Thus, atensile load places a compressive
peel stress on the large plastic zone. When the joint is subjected to a compressive load, the sign is
reversed, and the plastic zone is subjected to a tensle pedl stress. Thus, the joint would be
expected to fail at alower load in compression than tension.
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The joint was tested under quasi-static loading
to fallure and under low-cycle fatigue loads,
with R values of 0.1 and 10. These results are
shown in Fig. 50. As shown in this figure and
surmised above, the joint is weaker in
compression than in tenson and bond failures
gart in the regions with high plastic
deformations (the inner bond end). These
results also illustrate that bond failure is very
susceptible to cyclic loading, with failure
occurring in less than 10,000 cycles a 70
percent of its static strength.

These results ae based on specimens
constructed with the fiberglass cylinder bonded
to the external surface on the steel cylinders.
When this geometry is reversed, the sign of the
peel stress will also be reversed [201]; namely,
the peel stress is compressive with the joint in
placed in tension and tensile when the joint is
place in compression. The change in sign of the
peel stress (tensile to compressive) is a direct
result of the relaively large radia
expansions/contractions (due to Poisson's
effect) of the composite compared to that of the
stedl.
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8.2.2.2. Bending Loads

The axia loading results discussed above were extended to bending loads in Refs. 200 and 201.
In the initial study [200], the tubular lap joint, depicted in Fig. 51a, was tested and analyzed using
both a three-dimensional (3D) and
a two-dimensiona (2D) finite
element model. Both FEA models
illustrate that the pedl stress is
relatively large at the inner bond Symmetry
end at the 0° circumferential Plane
position and the outer bond end at
the 180° circumferential position.
Post-failure examination of the test
specimens using C-scan images
(see section 8.3 “Nondestructive
Testing” on page 99) illustrated

that the bond failed in these high- Symmetry or
stress locations, see Fig. 51b. Ule— i, Anti-symmetry
“ 7 Plane

Metzinger and Guess [201]
analyzed turbine-size joints
subjected to bending loads. They
also used both 2D and 3D FEA
models.  Figure 52 presents a
portion of the mesh used for the 3D
finite element analysis of a circular
turbine joint. As described above,
relatively large peel stresses are

Figure52. 3-D Finite Element M esh of a Circular
Bond Joint.
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Figure53. Composite Peel Stress
Distribution Along the Top of the Joint (0°
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found at the 0° and the 180° positions. A typical set
of distributions for the composite peel stresses (near
its surface) the top of the joint (0° circumferential
position) is presented in Fig. 53. These distributions
are a function of the adhesive geometries shown in
Fig. 54. The distributions along the bottom of the
joint (at the 180° circumferential position) would be
equal in magnitude and opposite in sign from this
plot. These analyses indicated that the yield zones
and the pedl stress riser are moved into the dab or
dollop of adhesive, but they remain approximately
the same in magnitude and extent, see Fig. 53.

In addition to locating the areas where failures will
probably occur and using the geometry of the
adhesive to inhibit failure, Metzinger and Guess
[201] did a detailed comparison of the 2D and the
3D FEA predictions. Based on the results shown in
Fig. 55, they conclude that a 2D axisymmetric

analysis of a joint under axial loads can be used effectively to analyze the shear stress distribution
in a circular joint under bending loads. However, if the joint has an éliptical cross section, their
results indicated that the 3D model is required. Because the 3D analyses typically require an
order of magnitude more degrees of freedom than a 2D analysis, their results provide an effective
technique for reducing the cost and computational capacity required to perform an analysis of a

bonded joint under bending loads.

93
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Figure54b. Dab of Adhesive.

Figure 54c.Dollop of Adhesive.

Figure 54. Partial Finite Element
Mesheswith Varying Adhesive
Geometries.




8.2.2.3. Geometric Considerations

The magnitude of the plastic zone at 80|
the end of the bond line and the sign I
of the ped stress can be controlled,
somewhat, by the geometry of the
joint. To Iinvestigate how the
geometric  variables might be
manipulated to improve the joint,
Metzinger and Guess [201-202]
addressed both the geometry of the I
adhesive and the adherents. s
0 10 20 30 40 50
Tapered Adherentss A common Axial Distance, mm

technique for reducing the stress
risers at the ends of the bond joint is Figure 55. Normalized Shear Stress Distribution
tapering the adherents to eliminate Along the Joint.

abrupt changes in the section
modulus. This strain matching technique seeks to reduce the size of the singularities at the end of
the bond, i.e. the extent of the plastic von Mises stresses in the adhesive, by having smooth
transitions between the two adherents and minimizing all changes in section modulus. As noted in
section 8.2.2.4 “Contraction of the Adhesive During Cure” on p. 96, this technique can increase
the performance of the joint. In the limited studies conducted by Reedy and Guess [198] and
Metzinger and Guess [202], the results are inconclusive because of the limited number of
specimens tested and because no attempts were made to optimize the taper. However, these first
look results do indicate that for this geometry, tapering the adherents will probably be a second
order effect to the sign of the peel stresses (see the “Pedl Stress’ discussion in section 8.2.2.3
“Geometric Considerations’ on p. 95).

— 2D
.......... 3D Bending

Normalized Shear Stress

Excess Adhesive: As discussed above, a common technique used to increase the performance of
abonded joint is to form the shape of the adhesive at the end of the bond. In the results reported
by Metzinger and Guess [201], severa adhesive geometries were investigated, see Fig. 54. These
analyses indicate that for bending loads, the yield zones and the peel stress riser are moved into
the dab or dollop of adhesive but they remain approximately the same in magnitude and extent,
see Fig. 53.

In another examination of the influence of adhesive geometry on joint performance, Metzinger
and Guess [202] examined a geometrically different joint with two additional adhesive geometries,
see Fig. 56. In this case, the extra adhesive configuration lowers the maximum tensile peel stress
and produces a section of large compressive pedl stress, see Fig. 57. As discussed in the next
section, the minimization of the tensile pedl stresses increases the performance of the joint in both
guasi-static strength and fatigue life. Thus, adding adhesive to the end of the joint may or may
not help its performance, depending on the geometric and material considerations. A FEA of
the joint is required to evaluate enhancement to joint efficiency through the use of additional
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adhesive, and testing of the joint
is required to determine if the Steel Tube —}

excess adhesive is predisposed 4445 mm
to the formation of cracks that - Baseline
can fail the joint prematurely. 7.0mm —e| |e—

Peel Stress: In the initial studies i
of the bonded joints, the extent
of the plastic strain region in the Extra
adhesive and the sign of the peel : Adnesve
stress  were identified as
important parameters in the M
design of the joint. These | .. = | |«
results are based on the static o 635mm
analyses and the limited number

of quas-static and low-cycle
fatigue tests that are cited
above. To clarify the relative Figure 56. Schematic of the Joint Geometries.
importance of these two
parameters  on high-cycle
fatigue, Metzinger and Guess
[203] began a systematic —— Truncated
investigation of the bonded joint N Dollop
structure  under axia  and == - Tapered Adherend

Tapered
Adherend

Composite Tube
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bending loads with quasi-static | & ,5f
and fatigue applications. Inthis | = |
study and in previous studies, | E 20|
they noted that the plastic strain | & | -
distribution in the joint would | & (— =
remain essentially constant when | 8 20|

the joint was loaded with either
atensle or compressive load of i
equal magnitude, while the peel 60| :
stress would reverse sign. To N
facilitate the fatigue study, a 6 1 2 3 4 5 6 7 8 9
high-speed testing  technique Bond Length, cm

(based on resonance techniques)

was developed to permit high- Figure 57. Composite Peel Stresswith a Dollop of
cycle fatigue testing of bending Adhesive and aTapered_Adherend for an Axial
specimens. Compressive Load.

To date, the results have
demonstrated that the initial adhesive fallure (debonding of the adhesive at the adhesive/stee
interface) occurs where the ped stressis tensile, in both quasi-static tests and in a limited number
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of high-cycle fatigue tests (10’
cycles). Additiona tests are
on-going  to  determine j Truncated

consistency of these results in [ Dollop \
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measures of these results. = 7 :
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8.2.2.4. Contraction of the g 4r !

Adhesive During Cure B 2k

As adhesives cure, they 3 ol —— —/“

undergo volumetric 7 K !
contractions. This contraction
is relatively small, on the order i
of a few tenths of a percent, _40“1“2“3‘4‘1%‘6‘3“7‘5‘3‘9
for most adhesives used for
industrial applications. And,
most of the shrinkage occurs
before the adhesive has
solidified. However, in the
FEA of atubular lap joint with
a tapered adherend, Metzinger
and Guess [203] demonstrated that the contraction of the adhesive can produce high tensile
residual peel stressesin the adhesive, see Fig. 58, and thereby, reduce its performance.
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Figure58. Composite Peel Stressdueto Adhesive
Contraction.

8.2.3. Bolted Studs

Another class of bonded joints used in wind turbine applications is the bonded stud. In this
technique, the stud is bonded directly into a preformed or drilled hole in the cross section of the
blade. The connection has found favor in many designs because it provides metallic coupling
elements between the root and the hub. The initial application of this jointing technique has been
for the root joint of laminated wood structures, but additional applications as root joints in
composite blades are also appearing.

A typical stud is shown in Fig. 59, [97, 204]. Inthisversion of the design, the shank of the stud is
a linear-tapered tube with a smooth exterior. The shank is bonded into a step-tapered hole in the
root of the blade with an epoxy adhesive. The length and angle of the exterior taper and the size
of the interior hole are adjusted in a strain-matching scheme to provide the necessary strength
requirements and to improve its performance. Although sted is typicaly the material of choice
for the studs, titanium studs have been used in optima designs because the lower modulus of
elasticity of titanium is closer to that of wood. In designs similar to that shown in Fig. 59, the
exterior of the shank is threaded with rounded rings (threads with a zero helix angle). The shape
of these threads varies between designs, but generally follow a rounded Acme or “Zuteck” thread
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Figure59. Typical Metal Stud Design.

profile [204]. Other designs have a hollow stud with a tapered internal cavity and a smooth
exterior shank [149].

As reported by Pedersen and Clorius [105], the strength of a bonded stud is in genera
proportional to the square root of the glued-in length and directly proportional to the diameter. A
balanced design calls for the quasi-static strength of the studs to be approximately the same as the
shear strength of the bond. Faddoul [204] demonstrated that reinforcing the adhesive and the
wood laminate can enhance the performance of a bonded stud system in wood laminates. He
suggests reinforcing the adhesive with short chopped carbon fibers and the wood laminate with
plies of carbon fibers. Chopped asbestos fibers also may be used to reinforce the adhesive, but
they are not as effective as the carbon fibers and may create environmental problems. Additional
performance gains can be achieved by using a non-linear taper on the shank.

The typical fatigue behavior of a bonded stud system is shown in Fig. 60 [97]. The curve fit to
the data takes the form shown in Eq. 32, with a fatigue exponent of approximately 14. As one
would anticipate, this joint performs better in compression than in tenson. Reverse loading

reduces tensle fatigue
performance by
approximately 25 percent,
and, even moderate
temperatures of 38°C
(100°F) with high relatively
humidity, degrades
performance by 30 to 50
percent.

20

4140 Tapered Steel Studs
Bonded with Epoxy Resin

Run Out
02 B —

R=0.1
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In similar experiments on
studs that were bonded into | | | | | | |
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epoxy, Bach [149] showed Cyclesto Failure

shown a fatigue exponent of

approximately 9, with most Figure 60. Fatigue Behavior of a Typical Metal Stud

fallure occurring a the Bonded into a Wood L aminate.
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In a recent study, Pedersen and Clorius [105] investigated the residua quasi-static strength of
hollow, tapered bonded studs. These studs were bonded into a Swedish spruce glulam!’ blade.
The 20-m blade was mounted on a wind turbine for 9 years (the turbine was operated only 3 of
these 9 years). The authors estimate the studs had endured 5x10” fatigue cycles when the blade
was removed from the turbine because it had been struck by lightning. Based on a sample of 11
pull-out tests, the ultimate strength of the stud had been reduced by 5 percent from previously
tested studs of this design. Failures were like a cork pulled from a bottle with all falures
occurring in the immediate proximity of the wood/adhesive interface. The individual failures were
either at the interface or afailure in the wood near that interface, with the former dominating.

8.2.4. Adhesives

The reader may note that this section of the paper does not include a detailed discussion of the
material properties of the adhesive. Unfortunately, this is not an oversight. Rather it reflects a
lack of materia characterizations for typical adhesives that are in the public domain. Although
some references are available, e.g. DeLollis [191] and Kinloch [205], only limited properties are
available and those are usually limited to a single surface preparation and/or primer.

Typically, the designer is forced to develop the required material characterization as part of the
design process, e.g. see Guess et a. [199], or use proprietary information obtained directly from
the manufacturer. In most cases, the designer is forced to take a best practice approach and use
supplier specifications and recommendations for the design and manufacturing of the complex
joint structures. And, finally, component tests must be used to qualify the joint.

8.2.5. Comments

Although not proven conclusively, the performance of tubular lap joints appears to be directly
related to the peel stress that acts across the adhesive. Because the stresses are singular at each
end of the adhesive, the analysis of these joint systems are difficult at best, and even FEA must be
used with extreme care because its predictions are mesh dependent. However, the designer can
use FEA effectively to investigate the geometry of the joint that minimizes these stresses and,
thus, maximizes the performance of the joint.

Unfortunately, the quasi-static and fatigue strength of joints typically used for wind turbine
applications cannot be predicted accurately. A fracture mechanics approach based on stress
intengity factors has had reasonably good success when geometries are relatively simple. And
when combined with specialized finite element analyses, more complex joint structures can be
analyzed, but failure strength typically cannot be predicted accurately. And as the design process
for bonded studs indicates, most bonded joints must be tested to validate design

17 A wood composite created from sheet veneers and epoxy. See the loads discussion in section 5.2.2 “Laminated
Wood" on p. 47.
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8.3.Nondestructive Testing

Nondestructive Testing and Evaluation (NDT and NDE) offer proven techniques for the
ingpection of structural components. General descriptions of techniques and applications exist in
the literature [206, 207]. Aswell as applications of these techniques to wind turbines [208-210].

Two techniques that have proven to be especially useful in wind turbine applications are ultrasonic
testing and acoustic emissions. The former uses the propagation characteristics of ultrasonic
(acoustic) waves to measure material properties throughout the volume of an object. This
technique is especially useful for the detection and characterization of surface and subsurface
flaws. Acoustic emissions (AE) are elastic waves generated by the rapid release of energy from
localized sources within a material. By monitoring AE events, typically an array of acoustic
transducers is used, information concerning the location and structural significance of the detected
events can be ascertained.

In the discussion entitled “Tubular Lap Joints’ on p. 89, ultrasonic testing techniques [211] are
used to detect damage, debonds and cracks in bonded joints that are tested to fallure. This
technique was extended to the inspection of bonded joints in wind turbine blades [ 200, 208].

Ultrasonic wave propagation techniques have also been used very successfully to grade veneers,
see the discussion entitled “ Grading” on p. 47.

Acoustic emissions have shown great promise in detecting the primary failure site of blades, in
real time, while they were being tested in laboratory environments [209, 212]. Of primary
importance is the ability of this technique to also identify areas of secondary damage. These are
areas of high damage that typically do not fall during the test, and, therefore, are difficult or
impossible to locate. They are important to designers because they identify weak points in the
blade design. These sites will probably be the location of blade failures if the primary failure site is
reinforced. Or, if the fallure mechanism changes under field loads, these secondary sites may
become primary failure sites.

Wel et a. [213] have used acoustic emissions to follow the damage of composite coupons under
l[aboratory testing.

Additional applications of standard and non-standard NDT and NDE techniques to wind turbine
components, in both laboratory and field environments, have been explored [209, 210, 214, 215].
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8.4.Full Scale Testing

Once the design of a wind turbine blade has been completed and the turbine has been built, there
is no guarantee that it will perform as intended. These highly complicated structures are
susceptible to size effects, manufacturing variations, and inadequate designs. The only real tests
of a blade design are through rigorous testing of the blade in a laboratory environment and on an
operating wind turbine.

Musia et al. [81] and Musia and Allread [216] discuss full-blade testing in a laboratory
environment. An IEC committee is currently developing a set of recommended practices for the
full-scale testing of turbine blades [217]. Their guide identifies commonly accepted practices and
provides guidance in establishing blade test criteria.  Although outside the scope of this report,
these testing techniques should be taken into consideration and used as a very important tool in
the design of wind turbine blades.
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9. CONCLUDING REMARKS

Wind turbines are fatigue critical structures that require detailed analyses to ensure survival under
normal operating conditions in a turbulent environment. While these designs are difficult, they are
not impossible. The research of the past few years provides the designer with most of the tools
and knowledge to address design problems with a high degree of confidence. Some questions
have yet to be answered, but research is ongoing. This paper was intended to guide the wind
turbine designer through the issues that affect fatigue performance of turbine components and to
describe best practices when appropriate.
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11. APPENDICES

Appendix A The Weibull Distribution
The Welbull distribution, see Ref. [218], has been used extensively in this report to describe
various physical phenomenologies. A discussion of this distribution is included here for
completeness.
A.1. Generalized Distribution

The generalized Weibull distribution is given by:

Py = [%} [ﬂa_l exn{-[ﬂa} , @>0,b>0,x>0 |, (A-1)

where px is the probability density function for the variable x, and a and b are the shape factor
and the amplitude factor of the distribution, respectively. The equivalent expression for the
cumulative density function, CDF, of the Weibull distribution is given by:

CDF = 1 - exp[-[%} ] . (A-2)

In this formulation, the average value of X, X, is given in terms of the Weibull parameters by:

Y:bG[1+ ﬂ , (A-3)

where (-] is the gamma function. The standard deviation s(x) of this distribution, cited in Eq.
22, isrelated to b through the relationship:

12
4a +7)
s(x) = X al—-l . (A-4)
e+
a
And, the coefficient-of-variation (COV) is given by:
cov = %

17 . . (A-5)
@—= for=<a<?2
o 2
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The shape of these distributions for various values of a are given in Fig. 43. In this figure, the x
parameter has been replaced with awind speed parameter and b has been normalized to a value of

one.

A.2. Special Distributions

The generalized Welbull distribution contains several named distributions.
importance to this discussion are the Rayleigh and the exponential distributions.

A.2.1. Rayleigh

Of particular

For the special case of a Rayleigh distribution, the shape factor a equalstwo. Thus, Eq. 1 takes

the form:

Py = [%} exp{-[ﬂz} . (b>0,x>0)

and Eq. 2 becomes:

el

The average value of x reduces to:

X =b G[ﬂ = (0.8862..) b

and the standard deviation reduces to:
12
s(x) = x|-22 4| = (046320
o(3)
2

and the COV becomes a constant:

cov = 0(_x) _ (046320 _ o,
X (0.8862...) B
1 _1
@ 3
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As noted in this equation, the approximation for the COV given in Eg. 5 holds even at the end of
the defined range.

A.2.2. Exponentid

For the special case of an exponential distribution, the shape factor a equals one. And, in
common notation, the parameter (1/b) iscalled | . Thus, Eg. 1 takes the form:

p, = E} epoﬂ} =lep{ixt , (b>0x>0 |, (A-11)

and Eq. 2 becomes:
CDF =1 - exp[-(%ﬂ =1-exp-1x] . (A-12)

The average value of x reducesto:

x=bG[2l=b=¥% | (A-13)
the standard deviation to:
v2
s(x)=i[§((32))-l} =x=b=¥ (A-14)
and the COV to:
COV = 1 =1
o

A.3. Time Series Relationships

As used in section 4.3.1 “Narrow-Band Gaussian Formulation” on p. 19, the Weibull distribution
is used to represent the distribution of the peaks and valleys in a time series. The standard
deviation s of the time series, easily deduced from the time series, is not equal to the standard
deviation of the distribution s(x). Unfortunately, a direct relationship between the two for the
generalized Welbull distribution does not exist. However, this relationship can be approximated
for the standard Weibull distribution.

For aWeibull distribution, b can be approximately by:

b=4+2s (A-15)
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X = (0.8862.)b = (0.8862..) (vV2s) = (1.2533.)s (A-16)
and

s(x) = (04632.)b = (0.4632..) (vV2s) = (0.655L.)s . (A-17)
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Appendix B Turbine Data

The data and analysis of severa turbines are reported throughout this report. Rather than
describe each turbine within the report, a thumbnail description and appropriate references are
provided here.

B.1. Sandia/DOE 34-m VAWT Test Bed

The Test Bed (see Fig. 61) is a 34-meter diameter VAWT erected by Sandia National
Laboratories near Bushland, Texas (just west of Amarillo) for research purposes. The turbine has
a nomina power rating of 500 kW
electric with a peak power rating of
625 kW. The generator’'s torque,
and thus speed, is controlled by a
load-commutated-inverter (LCl)
variable speed motor drive. The LCI
connects the turbine to the utility
system by converting the variable
voltage and frequency of the
generator to the constant voltage and
frequency of the utility system. The
turbine is operated over a speed
range from 18 to 39 rpm. The
turbine€s two blades incorporate
variable chord and variable section
profiles, including the first VAWT-
gpecific, natura laminar flow airfoil
sections.  Each is step-tapered with
five sections. They are constructed
from extruded 6063-T6 aluminum.

Figure61. The Sandia 34-m Test Bed Turbine.

The turbine and dSite have been
equipped with a large array of sensors that permit the characterization of the turbine under field
conditions [39, 56, 219, 220]. The extensive experimental database allows us to illustrate the
fatigue analysis of a wind turbine component and to examine the sensitivity of lifetime predictions
to various estimates of the input data.

B.2. Northern Power Systems 100kW Turbine

The Northern Power Systems (NPS) 100-kW turbine is a horizontal-axis turbine, see Figure 62.
The turbine is a two-bladed, upwind, teetering hub design utilizing full-span hydraulic passive
pitch control. The fiberglass blades, including the elastomeric teetering hub, span 17.8 meters
(rotor diameter). The rotor's low speed shaft turns a two-stage, two-speed gearbox. The high-
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speed shaft of the gearbox is connected to one of two fully enclosed induction generators. Its
100-kW generator israted at full power when rotating at 71.8 rpmin a 14 m/s wind.

Severa of these turbines were erected and tested, under the auspices of the NREL Cooperative
Research Program, in Altamont Pass, California in 1988 [32]. The test program produced an
extensive data set for this turbine. Several turbine configurations were tested. For the data set
discussed above, the turbine configuration was “locked yaw” (stiff spring) and “free teeter” with
damping and stiffness elements.  During this data collection period, the turbine was operated
continuously at approximately 71.6 rpm.

B.3. Micon

The Micon 65/13 turbine is a horizontal
axis turbine. It is a three-bladed, up-
wind fixed-pitch turbine. Its rotor
diameter is 16 m with a hub height of 23
m. The blades turn a paralle shaft, 3-
stage gearbox with a 25:1 gear ratio.
The turbine has two generators. a 65
kW generator and a 13 kW generator.
The 65 kW generator is the main
generator. It reaches full power ina 15
m/s wind. Rotor speed is 48 rpm. The
13 kW generator is only used for low ]
wind-speed operation. ]

The data sets for this turbine were Fl
obtained from two turbines located in a ) ]
wind farm in San Gorgonio, CA [91,
92]. Both turbines were located in Row
37 of the wind farm. The first turbine
was fitted with standard 7.4 m blades
(Aerostar) and the second was fitted
with special 7.9 m blades. The former | Figure 62. The Northern Power Systems 100
design used conventional airfoils while kW Turbine.

the latter used SERI thin airfoils
specially designed for this turbine.
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