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ABSTRACT

INTRODUCTION

The accurate numerical dynamic simulation of new
large-scale wind turbine designs operating over a
wide range of inflow environments is critical because
it is usually impractical to test prototypes in a variety
of locations. Large turbines operate in a region of the
atmospheric boundary layer that currently may not be
adequately simulated by present turbulence codes. In
this paper, we discuss the development and use of a
42-m (137-ft) planar array of five, high-resolution
sonic anemometers upwind of a 600-kW wind turbine
at the National Wind Technology Center (NWTC).
The objective of this experiment is to obtain
simultaneously collected turbulence information from
the inflow array and the corresponding structural
response of the turbine. The turbulence information
will be used for comparison with that predicted by
currently available codes and establish any
systematic differences. These results will be used to
improve the performance of the turbulence
simulations. The sensitivities of key elements of the
turbine aeroelastic and structural response to a range
of turbulence-scaling parameters will be established
for comparisons with other turbines and operating
environments. In this paper, we present an overview
of the experiment, and offer examples of two
observed cases of inflow characteristics and turbine
response collected under daytime and nighttime
conditions, and compare their turbulence properties
with predictions. *

Experience with the large, multi-megawatt prototype
wind turbines in the late 1970s and early 1980s
revealed the structural loads experienced by these
machines significantly exceeded predicted levels. In
some cases, this contributed to operating lifetimes
much shorter than expected. Closer examination of
these predictions showed that the excess loads were
directly attributable to the impact of atmospheric
turbulence encountered by the turbine rotor blades.
In 1988, an effort within the Federal Wind Program
established goals to develop (1) a physical
understanding of the role of inflow turbulence in the
structural response of wind turbines, and (2)
numerical simulations of this turbulence that
incorporate those properties of the flow that have
significant influence in the dynamic response of wind
turbines and can serve as the excitation for structural
design codes. Both of these objectives are critical in
the development of efficient, reliable wind turbines
with long operating lifetimes.

Previous Work

In 1988, Veers1 demonstrated the importance of the
stochastic turbulent wind through the use of a
numerical simulation of only the streamwise wind
component spatially across a rotor disk in a neutral
(adiabatic) atmosphere. Through the analysis of the
combined turbulence and turbine response based on
measurements made in a very large, 41-row wind
farm in San Gorgonio Pass, California, Kelley2,3,4
established the correlation of atmospheric stability
and the spatial variation of the three-dimensional
inflow wind vector; e.g., the crosswind and vertical
wind components as well as the streamwise
component, in inducing large structural loading
events. Sutherland and Kelley5 used the observed
structural response data to demonstrate that
turbulence conditions within a closely-spaced, multirow wind farm induce higher levels of fatigue
damage than occur in the equivalent of individual

*

This work was performed at the National Renewable Energy
Laboratory in support of the U.S. Department of Energy under
contract number DC-AC36-98-GO10337.
This material is a declared work of the U.S. Government and is not
subject to copyright protection in the United States.
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turbines operating in relatively uniform terrain.
Kelley6expanded
Veers’
original
turbulence
simulation code (called SNLWIND) to include all
three turbulent wind components using spectral and
cross-correlation models tailored to the environment
upwind, downwind, and within the San Gorgonio
wind farm environment as well as over flat, uniform
terrain. He called this expanded code SNLWIND3D. Kelley et al.7 and Kelley and Sutherland8 used
this code to simulate a full diurnal inflow variation
seen upwind and downwind of the San Gorgonio
wind farm for two turbine designs using three
different design codes of varying capability. The
predicted load spectra agreed reasonably well with
observations, though discrepancies between the
measured and predicted fatigue damage were more
pronounced.

•

code to bring the simulated properties into closer
agreement with observations obtained by LIST
field measurements up to heights of 60 m or
more above the ground
Establish sensitivities of turbine aeroelastic and
structural response to a range of turbulencescaling parameters and compare with other
turbines and operating environments.

In the summer of 2000, a capability was established
at the NWTC to meet at least some of these
objectives. A 42-m (137-ft) planar array consisting
of five high-resolution sonic anemometers and
supporting meteorological instrumentation was
installed 1.5 rotor diameters upwind of the 42-m
diameter, 600-kW NWTC Advanced Research
Turbine (ART). A limited number of aeroelastic,
structural, and supporting measurements were
provided on the ART. Precision timing derived from
the satellite-based Global Positioning System (GPS)
was used to synchronize the inflow and turbine-based
measurements recorded on separate data acquisition
systems. Data was collected during the NWTC
primary wind season from October 28, 2000, to May
17, 2001.

Using the San Gorgonio wind farm measurements
and those from testing a very flexible turbine at the
National Wind Technology Center (NWTC) Kelley
et al.9,10 applied wavelet analysis to expand the
details of the turbulence/rotor interaction. This
technique allows the examination of short-period
loading events in terms of the turbulent inflow and
structural response in the frequency domain. The
results clearly demonstrate that large, damaging load
events in turbine rotors occur when the blades pass
through organized or coherent patches of turbulence.
The results also explain the higher fatigue damage
accumulations within closely spaced, multi-row wind
farms because of the increased presence of higher
levels of coherent turbulence (particularly at night)
than is seen where there are no turbines operating
upstream. Thus wind turbines must be carefully
designed if they are destined to operate in wind farm
conditions or in regions of the earth’s atmospheric
boundary layer where energetic, coherent turbulence
is known to exist a significant percentage of the
turbine operating time.

In this paper we briefly discuss the NWTC LIST
experimental configuration used to measure the
turbine inflow and the measurements on the turbine
itself. We present two cases from the LIST data set
that, we believe, exemplify many of the issues that
need to be addressed. Finally we present some of our
initial conclusions and briefly discuss our future
activities in analyzing this new information and
follow-up field experimentation.

TURBULENCE SCALING
The planetary boundary layer (PBL) of the earth’s
atmosphere can be divided into at least three regions
or vertical layers. The upper two, the surface and
mixed layers, are important to wind turbines.

The LIST Program
In 1999 the Long-term Inflow and Structural Testing
Program (LIST) was established to obtain the
necessary measurements to answer several questions
that have been barriers to further progress in meeting
the goals stated earlier. In particular questions
related to the inflow translated into the following
objectives:
• Compare measured spatial inflow properties
important to wind turbine operations with those
simulated with the SNLWIND-3D turbulence
code, and establish any systematic differences as
a function of boundary-layer conditions
• Establish whether or not it is possible to modify
the present formulation of the SNLWIND-3D

Surface Layer
The surface layer, strictly speaking, is only defined
for flows over flat, homogenous terrain. Under some
conditions, it may not even exist. The turbulence
structure within this layer is amenable to scaling by a
relatively small number of parameters. Turbulence in
the surface layer is characterized by a near-constant
vertical flux of momentum with height and by a
positive (upward) heat flux during the day and
negative (downward) flux at night. The vertical flux
of turbulent kinetic energy (TKE) is positive; i.e.,
away from the surface due to friction. The daytime
or convective surface layer is considerably different

2

mixed layer because often the background turbulence
is low and unorganized but punctuated by brief bursts
of intense, coherent turbulent motions.

than its nighttime or nocturnal counterpart. During
the unstable daytime hours, the turbulent eddies are
very large, but at night, under stable conditions, they
tend to be much smaller and more coherent or
organized because of the retardation of vertical
motions by the negative buoyancy. The daytime
surface layer is usually much deeper. Under strong
surface heating, this layer can often extend up to 10%
of the entire boundary-layer depth, or 100 to 150 m.
The nocturnal or stable surface layer is usually much
thinner, ranging from 10 to 50 m, depending on the
strength of the wind and cloud cover conditions.
Thus wind turbines whose rotors operate either partly
or completely above about 50 m will experience
turbulence, the structural properties of which may not
be adequately simulated by currently available
simulation codes, particularly at night.

EXPERIMENTAL OVERVIEW
The experiment was conducted at the National
Renewable Energy Laboratory's (NREL) NWTC,
which is located downwind of the Front Range of the
Colorado Rocky Mountains and about 40 km (25 mi)
northwest of Denver, Colorado. While the terrain
becomes quite complex several kilometers to the west
of the NWTC, it is locally quite homogenous
immediately upwind of the test turbine, rising only on
the order of 25-30 m over an upwind horizontal
distance of 2 km. The ART test turbine is located
near the easternmost boundary of the NWTC
property. The winds at the NWTC are predominately
from the west to west-northwest. Strong downslope
winds are common during the primary wind season
of October through May. Banta et al.11, using highresolution Doppler lidar measurements, documented
the existence of nocturnal low-level jet streams
passing over the NWTC that originate as outflows
from steep-walled Eldorado Canyon to the westnorthwest.
Figure 1 displays the turbine,
measurement array, and upstream topography in the
direction of the prevailing wind. Eldorado Canyon is
in the background to the right of the turbine tower.
The experiment was designed to measure the
turbulent inflow in a plane immediately upwind of

Mixed-Layer
The region between the upper limits of the surface
layer and the top of the PBL is called the mixed layer.
The flow dynamics of this layer are quite different
from those that dominate the surface layer and
therefore
follow
other
turbulence-scaling
relationships. For example, the influence of the
earth’s rotation (Coriolis force) can be ignored in the
surface layer but not in the mixed layer. The daytime
mixed layer is also dominated by large-scale
convective circulations whose strengths are
influenced primarily by heat rising from the surface
(vertical heat flux) and the depth of the PBL. The
influence of the ground is minimal. The thermal field
is much more important in the mixed layer.
The stable, or nocturnal mixed layer, is often
characterized by its independence of what is
happening at the surface; i.e., flow conditions here
are decoupled from those below. The formation and
evolution of nocturnal low-level jet streams is a good
example. Here the flow near the surface becomes
retarded as the ground cools, and eventually the
stronger winds aloft suddenly overshoot and
accelerate under the influence of only the pressure
gradient and Coriolis forces initiating the jet
evolution. The nocturnal mixed layer is often
strongly stratified with height, as evidenced by the
large vertical gradients of wind speed and
temperature.
Locally these gradients can be
responsible for the development of internal gravity
waves and Kelvin-Helmholtz instabilities that serve
as the source of intense, coherent turbulent structures
when they form, propagate, and decay. The region
immediately below the peak wind speeds of the lowlevel jet is particularly well suited to the generation
of atmospheric wave motions. There is no clear
consensus on turbulence scaling in the nocturnal

Figure 1. NWTC LIST 42-m inflow
measurement array upwind of ART
turbine and looking towards prevailing
wind direction
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sensors. Barometric pressure was measured at a
height of 3 m. GPS-based time was recorded to a
resolution of 1 millisecond. The raw data was
collected at rate of 40 samples per second. A
schematic of the inflow measurement array is shown
in Figure 2.

58 m
∆T FT

37 m

There was a concern for the amount of movement of
the sonic anemometers at the end of the 3.5-m (11.5ft) support arms installed on the central tower under
high wind loads. We were worried about the
possibility of having motions within the frequency
range of the sonic anemometers and corrupting the
integrity of the velocity measurements. Three steps
were taken to minimize induced motions. The first
was to install a guying system that incorporated two
torque arms to increase the torsional stiffness of the
tower as much as possible. The second step was to
develop a dynamics model of the tower to assess the
maximum response amplitudes of the instrument
supports and tower combination at frequencies within
the sonic measurement range.12 This was done and
the model was excited with a simulated strong,
turbulent wind with a mean wind speed of 30 m/s (67
mph) at the 37-m (121-ft) elevation. This was
statistically similar to that which could be expected at
the NWTC. It was found that, under such conditions,
the support velocities in the frequency range of
interest would likely exceed the acceptable minimum
of 0.1 m/s. As a result, three-axis, ±2g force-balance
accelerometers were attached to each sonic
anemometer in order to remove tower-motion
induced velocities above the allowable minimum of
0.1 m/s using velocities derived from the integrated
measured accelerations during the post processing of
the data. Finally, special support arms were designed
and constructed that damped motions in the support
over the 0-10 Hz range, leaving the only uncontrolled
motions originating from the tower itself12

15 m
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Figure 2. Schematic of NWTC LIST inflow
measurement array instrumentation
deployment

the 42-m (137-ft) diameter turbine rotor and the
corresponding response of key turbine structural
parameters. The inflow instrumentation consisted of
a planar array of anemometry, temperature, and
moisture measurements installed 1.5-rotor diameters
upstream of the turbine rotor. Turbine response
measurements were made with a combination of
strain gauges, accelerometers, and rate gyroscopes in
addition to the operational measurements of blade
pitch, teeter, and yaw angles, and generator power.
Each set of measurements was recorded by its own
data acquisition system along with a common highresolution time base derived from the GPS to allow
each data set to be synchronized during post
processing. Following is a brief discussion of the
details of the inflow and turbine measurement
systems.

During post processing, no corrections were made to
the sonic-derived velocities of an individual 10minute record unless one of the peak mount
velocities exceeded 0.1 m/s. We have found this
occurred in only a very few of more than 7000
records. One in particular was during the period
when the highest peak gust of 45.9 m/s (103 mph)
was recorded within the array on April 7, 2001,
between 02:10 and 02:20 local standard time (LST).
The 10-minute mean hub wind speed was 29.5 m/s
(69 mph). Histograms of the instantaneous support
velocities parallel to the support arm (Vx ), lateral to
the arm (Vy), and vertical (Vz) for the 15-, 37-, and 58m (49-, 121-, and 190-ft) elevations are plotted in
Figure 3 for this record. It is clear that the induced
velocities in the sonic anemometer signals were held

Inflow Measurements
The inflow instrumentation was mounted on three
towers located 1.5-rotor diameters upstream of the
turbine rotor.
A total of five high-resolution
Kaijo
Model
DA-600
ultrasonic
anemometers/thermometers, which have a 10-Hz data
bandwidth and a minimum resolution of 0.005 m/s or
less, were deployed. In addition, cup anemometers
and wind vanes were installed on the 61-m central
tower at three levels, along with air temperature, fastresponse temperature, temperature difference
between 3 and 61 m, and dew point temperature
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58-m level

Number of occurences

10000

interpretation. A comprehensive database consisting
of time series and statistical summaries has been
developed.

Vx
Vy
Vz

1000

100

Turbine Measurements

10

The ART turbine was used as a sensor to help
interpret the impacts of the inflow turbulence
structure on operating wind turbines. The ART is a
600-kW, two-bladed upwind machine with a teetered
42-m (137-ft) rotor diameter and a hub height of 37
m (121 ft). Full-span pitch control is used to
modulate peak power at constant rotor rotational
speed of 43 rpm. The turbine cut-in and cutout wind
speeds are approximately 6 and 22 m/s (13 and 49
mph), respectively.

1
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Strain gauges were used to measure flapwise and
edgewise root-bending moments on each blade and
low-speed shaft torque. Absolute digital encoders
were used to measure the blade pitch, rotor teeter,
and nacelle yaw angles. Generator power was also
measured. An inertial measurement unit (IMU)
consisting of an orthogonal triad of ±2g force-balance
accelerometers and three ±100 deg/s rate gyroscopes
was mounted on the forward low-speed shaft support
bearing housing immediately behind the rotor. The
sensitive axes of the accelerometers were aligned in a
right-handed coordinate system with the X-axis
parallel to the low-speed shaft, the Y-axis lateral to it,
and the Z-axis vertical. The rate gyros measured the
angular rotation rate about each of these axes or Ωx
(roll), Ωy (pitch), and Ωz (yaw). During post
processing, the zero-mean accelerations were
integrated both singly and doubly to obtain velocities
and displacements along the X, Y, and Z axes.

0.15

15-m level

10000
Number of occurences

0.10

1000

100

10

1
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

Sonic anemometer mount velocity (m/s)

Figure 3. Frequency distributions of sonic
anemometer support velocities for 15-, 37-,
and 58-m heights on central tower

within acceptable limits (< 0.1 m/s), even under these
extreme conditions, when only a few samples were
observed outside the desired maximum.
The data was recorded in 16-bit accuracy by a PCbased, real-time data acquisition system using
National Instruments interfacing electronics and
LabView® software13. Two acquisition modes were
used. One started and stopped the recording (after
completing a 10-minute record) when a discrete
signal from the turbine data acquisition system
indicated the turbine was operating and it was
collecting data. The other started and stopped
recording based on operator furnished time limits and
independent of the state of the turbine. The latter was
often used when wind speeds above the turbine
cutout velocity were expected in order to capture the
details of high-wind events. The discrete signal
indicating that turbine data was being collected is
also included in the recorded information. A total of
7035 10-minute inflow records were collected. An
extensive post processing of the raw data was
performed to place the turbulence information in the
proper coordinate system for analysis and

A pulse-code-modulation (PCM) digital data
acquisition system was used to store the turbine
measurements and ancillary information.
This
system was originally developed for the NREL
Unsteady Aerodynamics Experiment described by
Simms14. Two PCM streams collected measurements
in the rotating and non-rotating frames respectively
with 12-bit conversion resolution and a native
sampling rate of 500 samples per second. Six-pole,
low-pass Butterworth filters with 20 Hz cut-off
frequencies were provided on all of the analog
channels. A GPS receiver and time base was
incorporated into one of the PCM streams to provide
time synchronization with the inflow recording
system. A PC-based real-time acquisition program
decimated the sampling rate to 80 samples per second
after the PCM streams were decommutated and prior
to storage on the computer hard disk drive. A total of
3549 10-minute records were collected for analysis.
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perturbation velocity components, respectively, This
feature is not available in the IEC Kaimal (IECKAI)
turbulence model because in the IEC definition, the
Reynolds stresses are not dealt with explicitly. It
uses only bulk statistics, such as the mean wind speed
and a definition of the turbulence level as boundary
conditions.

This number is about half of the available inflow
records because often the winds were above the
turbine cut-out speed and at other times the inflow
system was run in synchronization with data being
collected on the NWTC 82-m (270-ft) site
meteorological tower in order to gather spatial
information. During the last step of the post
processing, the sample rate was further reduced to 40
samples per second to allow precise time
synchronization with the corresponding inflow data
stream. A comprehensive database consisting of time
series and statistical summaries of the turbine
measurements has been developed.

The logarithmic spectra for the measured hub-height
turbulence components as well as for those predicted
by each of the three turbulence models are compared
for both the daytime and nocturnal boundary layer
cases in Figure 4. There is reasonable agreement
between the observed and predicted streamwise or u’
velocity component spectra for both cases. However,
there is more energy present in the observed lateral
component spectra (v’ and w’) at low frequencies
(longer wavelengths) than is predicted by any of the
models. The high-frequency (shorter wavelengths)
portion of the daytime IECKAI spectra shows higher
energies than either that observed or predicted by the
SMOOTH or WFUPW models (which are in close
agreement). This is a consequence of the IECKAI
assuming neutral stability conditions while the actual
flow is unstable.

EXAMPLE CASES
To illustrate the relationship between atmospheric
stability and wind turbine load conditions, two 30minute wind conditions were selected from the LIST
database. Both conditions had similar mean hubheight wind speeds and wind directions, but
atmospheric stability, turbulence intensity, and
friction velocity within the layer occupied by the
turbine differed between the two cases, as shown in
Table 1. The nocturnal, stable case (Ri > 0) occurred
on February 5, 2000, at about 22:00 LST, while the
daytime, unstable case (Ri < 0) occurred on March 1,
2000, at about 10:00 LST.

In Figure 5 we compare the observed and predicted
logarithmic spectra of the corresponding three
instantaneous Reynolds stress components; i.e., u’w’,
u’v’, and v’w’. As is the case with the eddy
components, there is reasonable agreement between
the observed and simulated u’w’ stress component
spectra for the unstable daytime case. The lowfrequency contributions for the u’v’ and v’w’ stress
components tend to be underestimated by the
simulations, particularly for the latter. Again, the
high-frequency range of the IECKAI stress spectra
are overstated due to the neutral stability
specification. For the stable nocturnal case, there is
considerable disagreement between all three of the
observed and simulated stress components at
frequencies below about 0.5 Hz. The measured stress
spectra indicate that there are considerably higher
levels of coherent turbulent energy occurring at
periods longer than about 2 seconds. The greatest
discrepancy is with the u’w’ and v’w’ stress
components predicted by the IECKAI simulation.
However, there is reasonably good agreement at
higher frequencies.

Table 1. Inflow Statistics for Two Example Cases
Daytime
Nocturnal
(unstable)
(stable)
Hub mean wind speed (m/s)
Hub mean wind direction
(deg)
Turbine layer gradient
Richardson number, Ri
Hub turbulence intensity
Rotor disk power law
exponent
Hub Friction velocity,
u∗ (m/s)

13.6

13.7

283

287

−0.056

+0.016

15%

25%

0.098

0.142

0.722

1.140

For comparison with inflow measurements, the
SNLWIND-3D turbulence simulation code was run
using three of the available turbulence models for
both of the above inflow cases. The eddy velocity
component cross-correlation coefficients of the
SMOOTH terrain and upwind wind farm (WFUPW)
models were perturbed until the three mean, hubheight Reynolds stresses for each simulation were
within 5% of those of the measured values for each
inflow case.
The mean Reynolds stresses are
turbulent flow properties defined as the covariances
u ' w ', u ' v ', and v ' w ' , where u’, v’, and w’ are the
streamwise, crosswind or lateral, and vertical eddy or

The temporal behavior of the inflow Reynolds stress
field can be more closely examined using probability
density distributions for each of the three
instantaneous Reynolds stress components. These
are presented in Figure 6. Being consistent with its
neutral stability, the IEC turbulence model over
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and nocturnal boundary layer example cases
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Figure 6. Probability density distributions of measured and predicted instantaneous Reynolds
stress components for daytime and nocturnal boundary layer example cases
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maximum roll angle rate occurred later in the record.
The magnitude of these excursions is generally
higher during the nocturnal case. During this event,
the root of the blade experienced a flapwise load
cycle of 560 kNm (+300 to −260 kNm) over a period
of 10-12 seconds. A 10-minute time series for
daytime conditions is shown in Figure 8 for
comparison. Noteworthy is the absence of turbulent
burst events and associated turbine IMU parameter
response seen in Figure 7. The corresponding
flapwise alternating load spectra are shown in Figure
9. It is clear that the stable atmosphere case with the
turbulent burst induces a greater number of higher
amplitude cycles in the flap bending moment,
including the 560-kNm cycle discussed above.

predicts the maximum Reynolds stresses relative to
the other predictions and observed data for the
daytime boundary layer. With the exception of the
u’v’ stress component, the smooth terrain and upwind
wind farm model predictions agree quite well with
observations. In the nocturnal boundary layer case,
the smooth terrain and wind farm models perform
better than the IEC model in matching the
magnitudes of the measured Reynolds stress
components.
However, the extreme measured
Reynolds stresses (distribution tails) are not
adequately simulated by any of the three models.
The occurrence of the extreme magnitude Reynolds
stresses is concentrated in one segment of
approximately 30 seconds within the 30-minute
nocturnal (stable) boundary layer record. A 10minute time series of Reynolds stresses containing
these extreme values is shown in Figure 7(b) and are
associated with the strong wind gust shown in Figure
7(a) near 500 seconds into the record. The burst of
high levels of the instantaneous Reynolds stresses
and turbulent kinetic energy or TKE = e =
in Figure 7(c) indicates the
1/ 2 u ′2 + v′2 + w′2

(

The differences in inflow and accompanying turbine
responses for the daytime and nocturnal cases are not
surprising given the discrepancies noted previously in
the velocity and Reynolds stress components shown
in Figures 4 and 5. A clue to what is happening with
the intense event contained in the nocturnal case can
be seen by examining the vertical flux of turbulent
kinetic energy plotted for the 15-, 37-, and 58-m
heights in Figure 10. Here the 200-second segment
in the vicinity of the event shows a very strong
downward flux (w’e) of high levels of TKE at the 58m level into the layer occupied by the turbine rotor
disk. It also shows that this energy is being
increasingly damped as it reaches the hub of the
turbine (37 m) and the lowest rotor elevation (15 m)
because of increasing stability closer to the ground.
The plots of Figure 10 demonstrate that the source of
this coherent turbulent energy was above the rotor,
possibly arising from the breakdown of nocturnal
atmospheric wave phenomena associated with a low-

)

presence of an intense coherent turbulent structure at
the turbine hub height. Table 2 shows the maximum
and minimum values for the inertial measurement
unit (IMU) angular rate and displacement
measurements over each of the three individual 10minute records included within the total 30-minute
record (30-minute maxima and minima are shaded).
Typically, the extremes associated with the nocturnal,
stable case are twice those seen during the daytime
case. These extreme values occurred within the
record near the coherent turbulent structure near 500
seconds as illustrated in Figures 7(d-f). Only the

Table 2. Turbine IMU Measurements Extreme Statistics for Both Cases
IMU Roll
IMU Pitch
Angle Rate Angle Rate
(deg/s)
(deg/s)
Nocturnal
Maximum
Values
Daytime
Maximum
Values
Nocturnal
Minimum
Values
Daytime
Minimum
Values

0.71
0.48
0.81
0.35
0.37
0.56
-0.65
-0.46
-0.50
-0.38
-0.38
-0.40

2.14
1.32
1.53
0.73
0.79
0.99
-1.97
-1.44
-1.35
-0.72
-0.81
-0.88

IMU Yaw
Angle Rate
(deg/s)

IMU X
Displacement
(mm)

IMU Y
Displacement
(mm)

IMU Z
Displacement
(mm)

2.22
1.34
1.61
1.02
1.04
1.47
-1.91
-1.29
-1.54
-1.06
-1.01
-1.33

0.26
0.21
0.20
0.11
0.13
0.14
-0.28
-0.21
-0.20
-0.14
-0.13
-0.14

0.24
0.13
0.20
0.11
0.12
0.14
-0.21
-0.14
-0.17
-0.11
-0.12
-0.13

0.20
0.15
0.14
0.08
0.07
0.10
-0.23
-0.15
-0.14
-0.09
-0.09
-0.09
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Figure 7. Ten-minute record of inflow and turbine time-series responses for nocturnal boundary
layer example case
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case

12

1

10

1000

Nocturnal Boundary Layer
Daytime Boundary Layer

58 m

0

(m/s)3

0

-1

10

-1000
400

-2

10

450

500

550

600

450

500

550

600

450

500

550

600

560 kNm cycle

1000

37 m

-3

(m/s)3

10

-4

10

0

100
200
300
400
500
Peak-to-peak Amplitude (kNm)

600

Figure 9. Comparison of blade
alternating root flapwise loading
spectra for daytime and nocturnal
boundary layer example cases

400
1000

level jet stream above the NWTC similar to those
found by Banta et al.11
The failure of the turbulence models to simulate this
extreme Reynolds stress event suggests that
phenomena not included in the models are occurring
in the nocturnal stable case. Further, this case
demonstrates the failure of surface layer scaling
because the source of the intense turbulence is not
associated with surface roughness features but
turbulence generating mechanisms located in the
mixed layer above. In fact, most of the rotor disk is
not within the surface layer for the nocturnal, stable
case, as it is for the daytime, unstable case. This is
demonstrated by the contents of Table 3. In the
unstable case, the vertical variation of the mean
Reynolds stress component u ' w ' is constant in the
lower elevations and the mean vertical TKE flux is

Height (m)

u'w '
(m/s)

2

Mean
Vertical
TKE Flux
3
(m/s)

(m/s)

2

Time (seconds)
Figure 10. Detail of time-series of vertical
TKE flux at 15-, 37-, and 58-m elevations for
the nocturnal boundary layer example case

positive, signifying the presence of a surface layer.
However, in the nocturnal case, the mean stress
increases with height and is associated with the
negative flux or downward transport of TKE from
above. These properties do not conform to the
definition of a surface layer, and therefore the
turbulence scaling necessary for this situation cannot
be accommodated with currently available inflow
turbulence simulation codes. Marht15 has dubbed this
situation as the “upside-down” boundary layer where
he notes that the primary turbulence generation
mechanisms are elevated and not due to the effects of
surface friction.
Thus new mixed-layer scaling
relationships will need to be developed in order to
adequately simulate the inflow turbulence conditions
associated with important loading events, such as
have been demonstrated here.

Mean
Vertical
TKE Flux
3
(m/s)

58 (Upper) -0.242

0.165

-1.851

-5.234

-0.534

0.240

-1.238

-2.994

15 (Lower) -0.539

0.227

-0.616

-0.965

37 (hub)

0

400

Nocturnal (stable)

u'w '

15 m

-1000

Table 3. Turbulent Stress and TKE Vertical Flux
Variation with Height Above Ground
Daytime (unstable)

0

-1000

(m/s)3

Cycles/second
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CONCLUSIONS
Current stochastic inflow turbulence simulators
generate planar turbulence fields that are reasonably
representative of conditions that exist in the unstable

13

interest to wind turbine operations; i.e., wind speeds
for both operating and parked turbines. We hope to
expand these results as measurements at heights
above those measured in the NWTC LIST Program
become available.
We also wish to more
quantitatively establish the impact specific properties
of the flow have on the fatigue life of turbine
components and operational reliability.

surface layer region of the planetary boundary layer.
However, as turbine rotors reach higher into the PBL,
this may no longer be true. We have presented
limited evidence that even at moderate heights, the
current simulation codes do not adequately reproduce
the intermittent bursts of intense, organized
turbulence that frequently occur in the nocturnal
boundary layer. As was demonstrated by wavelet
analysis in Kelley et al.10 and in our stable flow
example, these turbulent bursts have the potential to
induce significant loading events on wind turbine
structures. This situation is expected to worsen as
turbine rotors continue to reach deeper into regions of
the stable, nocturnal boundary layer that support
phenomena such as low-level jet streams, which are
responsible for generating intense coherent turbulent
motions beneath them. How much worse will depend
on the rate of occurrence of these motions in a
specific location, something currently we do not
know.
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We have demonstrated, with these two examples, that
turbulence-scaling relationships employed with the
present turbulence simulation codes do not
adequately generate the flow conditions seen in the
stable, nocturnal boundary layer above 30 m
(~100 ft). Even in unstable, daytime conditions at
higher elevations, the upper limits to which surfacelayer scaling can be applied acceptably for wind
turbine operations is not presently known.

FUTURE WORK
The NWTC LIST data set will be used to examine
the properties of the flow entering the turbine rotor
disk. We intend to establish the percentage of time
all or parts of the rotor disk are located within the
surface and mixed layers in order to ascertain how
important an inflow simulation of the mixed layer
would be for analyzing the structural and fatigue
performance of a turbine the size and height of the
NWTC ART. We also will establish if it is feasible
to suitably modify the existing stochastic turbulence
simulators to generate turbulent structures
characteristic of heights at which turbines operate in
the mixed layer, in particular the nocturnal mixed
layer, or if simulations based directly on the
fundamental equations of motion will be required.
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