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ABSTRACT

The National Renewable Energy Laboratory conducted an
experiment to obtain detailed wind measurements and
corresponding wind turbine measurements in order to establish
a causal relationship between coherent turbulent structures and
wind turbine blade fatigue loads. Data were collected for one
entire wind season from October 2000 to May 2001. During
this period, the wind turbine operated under atmospheric
conditions that support the formation of coherent turbulent
structures 31% of the time. Using the equivalent fatigue load
parameter as a measure of wind turbine blade fatigue and using
statistical measures of the turbulent fluctuations of the wind,
general correlation between the turbulence and the wind turbine
response is shown. Direct correlation cannot be resolved with
10-minute statistics for several reasons. Multiple turbulent
structures can exist within a 10-minute record, and the
equivalent fatigue load parameter is essentially a 10-minute
statistic that cannot estimate turbine response to individual
turbulent structures. Large-magnitude turbulent fluctuations in
the form of instantaneous Reynolds stresses do not necessarily
correspond directly to large-magnitude blade root moment
amplitudes. Thus, additional work must be done to quantify the
negative turbine response and to correlate this response to

turbulent inflow parameters over time scales less than 10
minutes.
Keywords: wind turbines, turbulence, fatigue

INTRODUCTION

In order to maximize energy capture at lower annual
average wind speed sites, wind turbines are being placed on
towers approaching 100 m in height. At this hub-height, rotors
encounter turbulence with characteristics that differ from that
experienced at lower levels. Thus rotors are susceptible to
greater fatigue damage that results from turbulence. A better
understanding of these turbulence effects is necessary if the
current 20- to 30-year design life criteria are to be maintained.

Understanding the basic characteristics of these turbulent
structures is essential if advanced control schemes are to be
developed to mitigate loads. This investigation focuses on the
rotor/inflow interaction that results from embedded coherent
turbulent structures in an attempt to quantify those events that
give rise to the largest transient loads. Once identified, it is
presumed that simplified, analytic representation of the inflow
can be used to develop control paradigms for load mitigation.
These simplified models of the turbulent structure would serve
as disturbance models for wind turbine controllers based on



Disturbance Accommodating Control theory. In essence, the
effect of the disturbance—the turbulent structure—can be
mitigated through active control of blade pitch angle, for
instance.

To establish the causal relationship between these coherent
turbulent structures and the wind turbine response, an
experiment was undertaken by the National Renewable Energy
Laboratory (NREL). Detailed wind measurements along with
turbine measurements were made upwind of and on the 600-kW
advanced research turbine (ART) at NREL’s National Wind
Technology Center near Golden, Colorado. Data were collected
during an entire wind season from October 2000 through May
2001, in which the predominant wind direction is 292° from
true North.

Figure 1 depicts the wind turbine and the upwind planar
array. Using the wind turbine load response, the corresponding
turbulent inflow was examined in order to identify the primary
characteristics of the turbine/inflow interaction.

Figure 1. The ART turbine with planar array in the
primary upwind direction.

NOMENCLATURE
F = amplitude of the ith cycle counting bin, kNm

F, = equivalent fatigue load, kNm

g = gravity acceleration, m/s®
i = number of cycle counting bins (222)

m = material constant, exponent for the S-N curve (10 for
fiberglass composite material)

n = number of rainflow cycles in the ith bin

N = number of samples (24,000 samples per 10-minute record
at 40 Hz)

N, = cycles over 10-minute period (840)
Ri = Richardson Number

(o ) )

TI=turbulence intensity, (%),

t = time

Oy

U(z)

TKE = turbulence kinetic energy, (m/s)2 s
oy 07+ o0y]

U(z) = mean horizontal inflow velocity at height z

u', V', w = streamwise, crosswind, and vertical instantaneous
component velocities in a right-handed coordinate system where
the longitudinal or streamwise wind component is parallel to the
mean streamline, m/s

u'w',u'v',v'w' = turbulent Reynolds stress components,
(m/s)*

u’w’ = vertical momentum flux, (m/s)*

w’(TKE) = vertical flux of turbulence kinetic energy, (m/s)’

w' 0; = vertical heat flux, K-m/s

X = mean value of X over time period t, for number of
samples, N



t9m = mean virtual potential temperature (between 3m and
61m), K

HV (z) = mean virtual potential temperature at height z, K

HV = virtual potential temperature instantaneous fluctuation

component, K
0,(1)-0,
o, = standard deviation of X

EXPERIMENTAL DATA

The wind turbine is a 43-m diameter, two-bladed, upwind
machine. The hub teeters to relieve the varied wind load across
the rotor. Strain gauge measurements include blade root flap
and root edge bending moment on each blade, as well as low-
speed shaft torque. Absolute position encoders measured rotor
azimuth position, teeter angle, yaw angle, and blade pitch angle.
Generator power was also recorded. An inertial measurement
unit (IMU) was installed on the forward bearing where the low-
speed shaft enters the gearbox. This device provided
accelerations in three orthogonal directions, as well as rotation
rate about each of the axes. This data system sampled at 512.8
Hz, and 20-Hz, six-pole, low-pass Butterworth filters were used
on all analog signals. The data was decimated to 80 samples
per second before being stored. Records of 10 minutes in length
were collected, resulting in 3,299 total records from the turbine
data system.

A second data system, consisting of a planar array situated
53 m upwind of the turbine, was used to measure the wind
inflow. Five high-resolution ultra-sonic
anemometers/thermometers were situated on three towers at
positions corresponding to the perimeter of the rotor-swept area
and at the hub height, as shown in Figure 2. Additional wind
speed and wind direction measurements were obtained on the
central tower using cup anemometers and wind vanes. Air
temperature, fast-response temperature, temperature difference,
and dew point temperature sensors were installed on the central
tower. Barometric pressure was measured at a height of 3 m.
The inflow system was sampled at 40 Hz, resulting in a Nyquist
frequency of 20 Hz. Records of 10 minutes in length were
collected, resulting in 6,791 total records from the inflow
system. This system collected data during periods in which the
turbine was not in operation due to high wind cutoff.

Post-processing routines further reduced the turbine data to
40 Hz for merging with the corresponding inflow records.
Further detail may be found in Kelley et al. [1]. A total of 2,818
10-minute records represent the merged database. Of this set,
1,569 records represent data in which the turbine operated
throughout the duration of the record and the mean wind
direction remained within +45° of the perpendicular to the
planar array.
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Figure 2. Inflow array instrumentation deployment.

INFLOW TURBULENCE GENERATION

The planetary boundary layer is divided into several
different layers that radically change throughout the diurnal
cycle. The layer near the ground is the surface layer, bounded
above by the mixed layer during the day and by the nocturnal,
or stable, boundary layer at night. The depth of each layer
grows and shrinks as the dynamic stability promotes or restricts
the development of turbulence.

Likewise, the static stability of the atmosphere also follows
a strongly diurnal pattern. During the day, the atmosphere is
statically unstable with homogeneous turbulence due to thermal
mixing. The depth of the surface layer can vary from 100 to
150 m during the daylight hours. The surface layer is
characterized by near-constant vertical flux of momentum with
height and positive (upward) heat flux during the day.
Turbulence is generated primarily due to convection, with large-
scale convective circulations forming in the mixed layer.

During the night, the boundary layer becomes statically
stable with turbulence constrained by negative buoyancy. The
surface layer depth can vary from 10 to 50m and is
characterized by negative (downward) heat flux and near
constant downward flux of momentum with height. Under the
proper conditions, the stable boundary layer may support the
formation of Kelvin-Helmholtz billows, internal gravity waves,
and low-level jets [2, 3]. Turbulence is generated as a result of
the mean shear accompanying the thermal stratification and the
overturning and breakdown of waves within the layer. It is
transported throughout the layer by various mechanisms.



The atmospheric conditions that can support turbulence
generation in the stable boundary layer were identified in the
experimental data. The gradient Richardson number (Ri), a
dimensionless representation of the atmospheric dynamic
stability, is positive in stable atmosphere conditions.
Additionally, negative heat flux, or transport of warmer air
toward the ground, is a characteristic of the stable boundary
layer. Vertical gradients in heat flux and vertical momentum
flux (or the v’'w’ Reynolds stress; see nomenclature) are
additional characteristics of the stable boundary layer that forms
above the surface layer (the surface layer is characterized by
near-constant vertical gradients in heat flux and vertical
momentum flux). Records in which the gradient of vertical
momentum flux and heat flux across the rotor exceeds 10% of
the mean indicate that the layer is stratified, i.e. not the surface
layer. Of the 1,569 collected 10-minute records, 31% of the
records represent atmospheric conditions that meet the above
stable boundary layer criteria. Thus the turbine operates in
conditions that can support the formation of turbulent structures
for a significant portion of a typical wind season.

CORRELATION OF LOADS AND TURBULENCE

Turbulent fluctuation about the mean wind causes load
fluctuations that affect the fatigue life of the blade. Wavelet
analysis was used by Kelley et al. [4] to demonstrate the role of
coherent turbulence structures (as revealed by the Reynolds
stress field) as a contributor to large load excursions. The
equivalent fatigue load parameter (F,) is currently the wind
industry’s primary measure used to quantify these amplitude
variations observed over a 10-minute time period in relation to
the fatigue damage attributed to the fluctuations [5-7].
Essentially, the equivalent fatigue load weights each cyclic
variation of the load over the 10-minute record using Miner’s
Rule. The equivalent fatigue load represents a constant-
amplitude, sinusoidal load applied at a constant rate (in this
case 84 cycles/minute or 2 cycles per rotor revolution) over a
10-minute period that would cause equivalent fatigue damage to
that sustained by the fluctuating load amplitudes resulting from
the wind. In this study, a rainflow cycle counting routine [8]
was used to count full cycles.

Figure 3 illustrates the mean hub-height wind speed as a
function of the Richardson number, or atmospheric stability.
Because the Richardson number is computed using 10-minute
averaged values, it represents the background or mean state of
the atmosphere over a time period. As the wind speeds
increase, the atmospheric stability approaches neutral
conditions (Ri = 0) because thermal gradients dissipate as shear
increases.

A similar correlation between blade flap equivalent fatigue
load and atmospheric stability is shown in Figure 4. The colors
represent the wind speed classifications delineated in Figure 3.
The highest mean wind speeds (in red) do not correspond to the
highest equivalent fatigue loads. This corroborates the notion
that turbulent fluctuations about the mean contribute to blade
load fluctuations that correspond to fatigue damage. It is also

important to note that the highest equivalent fatigue loads occur
at low, positive values of the Richardson number. In other
words, the turbulence that affects the wind turbine blade fatigue
loads primarily occurs under slightly stable atmospheric
conditions. Similar results were reported by Kelley [9] using a
different blade fatigue indicator.
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Figure 3. Ten-minute average, hub-height, wind speed as a
function of atmospheric stability, Ri.
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Figure 4. Blade root flap bending moment equivalent
fatigue load as a function of atmospheric stability, Ri.

To quantify the turbulent fluctuations about the mean,
inflow streamline fluctuation parameters «’, v’, and w’ are used.
Using a coordinate system translation to align the sonic
anemometer component measurements with the mean
streamline, the turbulent fluctuations about the mean are
determined. The Reynolds stress components that consist of
combinations of the primary components (u'w’, u’v’, and v'w’)
suggest rotation of the flow at the point where the measurement
is made.



350 ‘ o AllData
300 . ga,) ,,,,,,,,,,

Top 2% Flap F,

250 -
200’”’@;6"’
150 -

50f-----------—-- : ,,,,, o

e :
100 : 505 -

Blade Flap Equivalent Fatigue Load (kNm)

N o

1
N

Hub-height u'w' (m/$)

1
SW
o
OA

Hub-height u'v' (m/)

Richardson Number

N
o

N
(&)

-
o

Hub-height Wind Speed (m/s)

-0.5 0 0.5
Richardson Number
4 T
(d) !
Y S i
|
|

Hub-height v'w' (m/s)

Hub-height Turbulence Intensity (%)

Richardson Number

Figure 5. Top 2% blade flap equivalent fatigue load in relation to balance of database. Inflow parameters represent 10-
minute mean values from hub-height anemometer.

Figure 5a shows the top 2% blade flap equivalent fatigue
loads as a function of atmospheric stability in relation to the
blade flap equivalent fatigue loads for the entire database.
Again, hub-height wind speed is not a strong indicator of the
top equivalent fatigue loads as shown in Figure 5b. The mean
Reynolds stress components are shown in Figures 5c-e. The
Reynolds stress values with the highest magnitudes tend to
occur in slightly stable atmospheric conditions, but these peaks
are not strongly correlated with the top equivalent fatigue
loads. A commonly used measure of turbulence, the turbulence
intensity (shown in Figure 5f), also does not provide a strong

correlation. Others have used 10-minute statistics to show that
the vertical and lateral wind components, sometimes in the
form of Reynolds stresses, are related to elevated equivalent
fatigue loads [5, 6, 7, 10]. However, Figure 5 indicates that 10-
minute statistics are not sufficient for developing a causal
relationship between a turbulent event and the wind turbine
response.  Further examination of the time-series signals
supports this observation.
An example of a 10-minute record corresponding to

one of the top 2% equivalent fatigue load cases is presented in
Figure 6. The Reynolds stresses in Figure 6b suggest multiple
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Figure 6. Ten-minute record showing turbulent "events'" and turbine response. Data collected on

February 5, 2001 at 0605 UTC.



File name Time Highest Highest Highest Rootflap Root flap
within magnitude magnitude magnitude bending equivalent
record uw' uv’ vw' moment fatigue

(m/s)*2 (m/s)*2 (m/s)A2 range load
(kNm) (kNm)

02050605 | 50-175s 20 33 32 466 287

12190900 [425-485s 34 91 47 511 276

02050605 250-300s 44 65 26 521 287

12190900 | 25-100s 32 42 44 524 276

02050505 |480-550s 110 129 65 621 238

02050605 (380-500s 37 54 36 658 287

Table 1. Comparison of turbulence parameters and load indicators for turbulent “events”

turbulent “events” within the 10-minute record. When the
Reynolds stress magnitudes are not zero for short duration, the
cyclic amplitude variation of the root flap bending moment
increases. The equivalent fatigue load for this record is 287
kNm. A histogram of the equivalent fatigue loads for the entire
population is shown in Figure 7. Table 1 compares three
“events” within the time series presented in Figure 6 (shaded
rows) with three other “events.” They are sorted according to
the root flap bending moment range over the time period of
each “event.” This range is used in computing the equivalent
fatigue load—the higher the range, the higher the equivalent
fatigue load. Note that the highest bending moment range
corresponds to one of three “events” within a 10-minute record.
This also corresponds to the record with the highest equivalent
fatigue load. However, the record with the lowest equivalent
fatigue load contains a single, large, “event” that produces a
significant bending moment range. Because the equivalent
fatigue load is computed over a 10-minute record, a single,
large “event” surrounded by many low range cycles may appear
to result in significant fatigue damage. Also, the equivalent
fatigue load computed over a 10-minute period cannot
distinguish between multiple “events” within a record. It is
essentially a 10-minute statistic that does not lend itself to
determination of a causal relationship between turbulent inflow
properties and the corresponding blade load response.

This wind turbine uses full-span blade pitch control to
regulate generator power when the wind speed produces
generator power in excess of 600 kW. As the blade pitch
increases, the flap bending moment decreases according to
design. This is illustrated in Figure 6¢ and 6d just prior to 300
s and near 425 s. The equivalent fatigue load computation will
include the load reduction that results from blade pitch
changes. This “mean shift” in the root flap bending moment
signal that results from power regulation through blade pitch
adjustments complicates the turbine response to turbulent
fluctuations. A different approach to quantifying fatigue
damage must be developed in order to establish the direct
correlation between turbine response and inflow turbulence.
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Figure 7. Histogram of equivalent fatigue load population.

Another important consideration is the magnitude of the
turbulence fluctuation components—the deviations from the
mean value over the 10-minute record. Averaging over a
different period would produce different fluctuation values.
When attempting to use 10-minute statistics to establish a
correlation between a turbulent inflow structure and the turbine
response, peak values appear to be valuable. The peak
absolute value of each Reynolds stress is included in Table 1.
The highest magnitude Reynolds stresses do not correspond to
the highest root flap bending moment range. Even within the
same record, the highest bending moment range does not
correspond to the highest magnitude Reynolds stresses. Based
solely on the magnitude of Reynolds stresses, the single
“event” record should produce a significantly larger load than
all the other examples, but it does not.



SPATIAL VARIATION OF TURBULENT STRUCTURES

A more detailed examination of the turbulent structures
that are associated with large blade responses suggests that the
scale of the structure is comparable to the rotor scale or larger.
Figures 8 and 9 contain time series traces of the Reynolds
stresses at each anemometer for particular “events” that
occurred under stable boundary layer conditions. As noted in
the figure caption, an offset is added to each anemometer signal
to reduce overlap of the traces on the plots. The turbulent
fluctuations extend from the top (58 m) to the bottom (15 m)
anemometers and from the North (37 m) to the South (37 m)
anemometers. Figure 8 represents the second “event” listed in
Table 1, and Figure 9 represents the sixth “event” (also shown
in Figure 6). The Reynolds stresses at the bottom of the rotor
tend to be somewhat muted from those at higher levels,
suggesting that the turbulent structure weakens as it approaches
the surface. Because the structure is seen in all five signals, its
scale probably exceeds that of the rotor. Similar features at all
five positions are apparent in each of the Reynolds stress
components. This suggests that the fluid contains similar
rotational components at each of the five anemometers, which
indicates the coherent nature of the structure. The strength of
the structure at the higher levels indicates that it was generated
above the turbine rotor and is dissipating as it moves toward
the ground.

The blade loading that corresponds to that shown in Figure
9 is contained over the same time period (380-480s) of Figure
6. The blade experiences a large cycle at about 425 s. The
Reynolds stress field contains fluctuations that begin at about
400 s and continue to 440 s, which corresponds to the same
time period in which the blade load cycle occurs. There is a
time delay between the inflow signals at the array upwind of
the turbine and the signals at the turbine itself that varies with
the convection rate. However, the correlation between high
load events and turbulence is evident. The load response that
corresponds to the inflow shown in Figure 8 is similar,
although it is not presented here.

The vertical flux of turbulence kinetic energy represents
the vertical transport of turbulent energy. Figures 8d and 9d
illustrate this. The magnitude of the vertical flux of turbulence
kinetic energy at the top of the rotor exceeds that at the bottom
of the rotor. Negative flux indicates transport of turbulence
kinetic energy down toward the ground. This characteristic is
indicative of atmospheric conditions (stable boundary layer)
that support the generation of turbulence above the surface
layer.

CONCLUSIONS AND FUTURE WORK

Field data indicate that turbulence causes increased fatigue
loads on wind turbine blades. Under some atmospheric
conditions, the turbulence can be generated above the surface
layer and transported down to the rotor level. The atmospheric
conditions supporting turbulence production through dynamic
instabilities occur during a significant percentage of the turbine
operation regime. The equivalent fatigue load parameter does

not correlate turbulent “events” and turbine response because it
is based on a 10-minute period. These “events” were observed
to occur at much shorter periods on the order of 10-100s.

Cycle counting routines commonly used by the wind
turbine industry to estimate fatigue damage are designed to
select important features of the time-series but neglect the time
history. Different criteria for determining fatigue-related load
amplitudes in relation to turbulent events must be found. Some
possibilities include amplitude range over time periods on the
order of seconds or variation in standard deviation of root
bending moments over similar time periods. These methods
focus on the amplitude fluctuations of the bending moment that
correspond to turbulent indicators.

Development of analytic models of potential turbulent
structures will be necessary for control algorithm design.
Further correlation of turbulent structures using the spatial
resolution available from this experiment will yield insight into
the shape and size of these structures. Mitigation schemes
using advanced control methods will then be pursued.
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Figure 8. Spatial variation of turbulent structure and vertical flux of total TKE. Each trace offset from zero for clarity [S8m
+400 (m/s)2 or 800 (m/s)3; North +300 (m/s)z; 37m +200 (m/s)2 or 400 (m/s)3; South +100(m/s)2]. Data collected December 12,
2000 at 0900 UTC.
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Figure 9. Another example of spatial variation of turbulent structure and vertical flux of total TKE. Each trace offset from zero
for clarity [58m +400 (m/s)” or 800 (m/s)*; North +300 (m/s)*; 37m +200 (m/s)” or 400 (m/s)*; South +100(m/s)’]. Data collected
February 5, 2001 at 0605 UTC.
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