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Abstract
Modern utility-scale wind turbines operate in the the lower atmospheric boundary layer (ABL), which is characterized by large gradients in mean velocity and
temperature and the existence of strong coherent turbulence eddies that reflect
the interaction between strong mean shear and vertical buoyancy driven by solar
heating. The spatio-temporal velocity variations drive nonsteady loadings on wind
turbines that contribute to premature wind turbine component fatigue failure,
decreasing the levelized cost of (wind) energy (LCOE). The aims of the current
comprehensive research program center on the quantification of the characteristics
of the nonsteady loads resulting from the interactions between the coherent energy
contain gin atmospheric turbulence eddies within the lower ABL as the eddies advect through the rotor plane and the rotating wind turbine blade encounter the
internal turbulence structure of the atmospheric eddies.
We focus on the daytime atmospheric boundary layer, where buoyancy due
to surface heating interacts with shear to create coherent turbulence structures.
Pseudo-spectral large eddy simulation (LES) is used to generate an equilibrium
atmospheric boundary layer over flat terrain with uniform surface roughness characteristic of the Midwest on a typical sunny windy afternoon when the ABL can be
approximated as quasi-steady. The energy-containing eddies are found to create
advective time-responses of order 30-90 seconds with lateral spatial scales of order
the wind turbine rotor diameter. Different wind turbine simulation methods of a
representative utility scale turbine were applied using the atmospheric turbulence
as inflow.
We apply three different fidelity wind turbine simulation methods to quantify
the extent to which lower order models are able to accurately predict the nonsteady
loading due to atmospheric turbulence eddies advecting through the rotor plane
and interacting with the wind turbine. The methods vary both the coupling to the
atmospheric boundary layer and the way in which the blade geometry is resolved
and sectional blade forces are calculated. The highest fidelity simulation resolves
the blade geometry to capture unsteady boundary layer response and separation
iii

dynamics within a simulation of the atmospheric boundary layer coupling the
effect of the turbine to the atmospheric inflow. The lower order models both use
empirical look-up tables to predict the time changes in blade sectional forces as
a function of time changes in local velocity vector. The actuator line method
(ALM) is two-way coupled and feeds these blade forces back into a simulation of
the atmospheric boundary layer. The blade element momentum theory (BEMT)
is one-way coupled and models the effect of the turbine on the incoming velocity
field.
The coupling method and method of blade resolution are both found to have an
effect on the ability to accurately predict sectional blade load response to nonsteady
atmospheric turbulence. The BEMT cannot accurately predict the timing of the
response changes as these are modulated by the wind turbine within the ABL
simulations. The lower order models have increased blade sectional load range
and temporal gradients due to their inability to accurately capture the temporal
response of the blade geometry to inflow changes.
Taking advantage of horizontal homogeneity to collect statistics, we investigate the time period required to create well converged statistics in the equilibrium
atmospheric boundary layer and find whereas the 10-minute industry standard
for ‘averages’ retains variability of order 10%, the 10-minute average is an optimal choice. We compare the industry standard 10-minute averaging period. The
residual variability within the 10-minute period to the National Renewable Energy
Laboratory (NREL) Gearbox Reliability Collaborative (GRC) field test database
to find that whereas the 10-minute window still contains large variability, it is, in
some sense, optimal because averaging times much longer would be required to
significantly reduce variability.
Turbulence fluctuations in streamwise velocity are found to be the primary
driver of temporal variations in local angles of attack and sectional blade loads.
Based on this new understanding, we develop analyses to show that whereas rotor
torque and thrust correlate well with upstream horizontal velocity averaged over
the rotor disk, out-of-plane bending moment magnitude correlates with the asymmetry in the horizontal fluctuating velocity over the rotor disk. Consequentially,
off-design motions of the drivetrain and gearbox shown with the GRC field test data
are well predicted using an asymmetry index designed to capture the response of a
three-bladed turbine to asymmetry in the rotor plane. The predictors for torque,
thrust and out-of-plane bending moment are shown to correlate well to upstream
rotor planes indicating that they may be applied to advanced feed-forward control
methods such as forward-facing LIDAR used to detect velocity changes in front of
a wind turbine. This has the potential to increase wind turbine reliability by using
controls to reduce potentially detrimental load responses to incoming atmospheric
turbulence and decrease the LCOE.
iv
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Chapter 1 —
Introduction
1.1 Motivations
The Department of Energy (DoE) has set a goal of providing 20% of the United
States’ energy demands using wind energy [6] by the year 2030. This is a difficult
task, because of the low percentage of the energy currently provided by wind power
(current estimates are near 5%, up from 2% in 2009 [7]) as well as technical problems with turbine reliability, power transportation, energy storage and resource
vs. population distribution. Additionally, the motivation to provide incentives for
renewable energies is highly dependent on current events, such as the increase in
relatively cheap natural gas production and litigation about potential wind farm
locations, and on the current political environment [8, 9]. The push for increased
use of wind energy, and renewable energy in general, has made research in these
topics important for clean and sustainable economic growth [10]. The wind energy
community continues to advance providing cheaper and more reliable energy production methods in an effort to achieve the DoE goal even with the obstacles in
the way.
A hindrance [8] to the wind energy community is the levelized cost of energy
(LCOE),
LCOE =

Capital Investment + 20-yr Operating Costs
,
20-yr Energy Production

(1.1)

of proposed wind farms. An LCOE less than 1 indicates that the wind farm is
economically viable. The operating costs include the standard cost of operation as
well as maintenance. Wind turbine reliability plays a role in the operating costs
1

and energy production [1, 11]. Catastrophic failures, such as a blade breaking
due to a lightning strike, cause the wind turbine to shut down increasing maintenance cost (replacement equipment and manpower) while reducing the overall
energy production [12]. Degradation, such as bearing roller wear, decreases the
efficiency of the turbine and increase the LCOE. Wind turbines can require maintenance after enough degradation failures occur. High rates of degradation failure
in wind turbine components occur with blades, bearings, and gearboxes (also primarily bearings). This high rate is well above that predicted in the design of the
components. The design methodology, frequency and strength of extreme loads
and fatigue loads are relevant reasons why wind turbine components are failing
prematurely.
The current wind turbine certification process, typically done for utility scale
turbines late in the design process, uses the International Electrotechnical Commission (IEC) 61400-22 [13] standard. The portion of this process associated with
fatigue loading uses engineering design methods with atmospheric inflow created
using mean velocity profiles with added turbulence. IEC 61400-1 [14] Annex A indicate that power-law profiles should be used and IEC 61400-1 Annex B indicates
the use of the Mann and Kaimal kinematic turbulence model. These standards
have been shown to have an effect on blade design [15]. Daytime atmospheric turbulence, where there are correlated eddy structures due to the interaction between
buoyancy from surface heating and shear, has been shown to be not well represented by the Mann and Kaimal turbulence model [16]. The certification process
may be improved by improving the tools used for certification and by expanding
the types of atmospheric inflow used.
The engineering design tools used for the certification process are one-way
coupled (atmosphere to wind turbine) strip theory (based on empirical 2-D lookup tables) methods, which have been well validated for steady flows. Vijayakumar
[17] found that this approximation works well on the outer two-thirds of a blade
rotating within the daytime atmospheric boundary layer. However, the inboard
portion of the blade is characterized by three-dimensional unsteady effects that
was only able to be resolved using fully coupled blade-boundary layer simulations.
Actuator line wind turbine simulation methods are an intermediate step where
the wind turbine is fully coupled with the atmospheric boundary layer while using
the empirical methods to ‘resolve’ the blade. These higher order methods are
2

more computationally expensive than the engineering design methods. However,
advances in recent years in computational capability and software parallelization
have made these higher order simulation methods more accessible to industry and
academic researchers.
The increased computational ability allows for loadings on wind turbines to be
characterized beyond what the certification standards provides. This may provide
additional insight into why wind turbine components experience premature failure.
This provides the basis for my thesis research. My broad objectives are:
1. to quantify and analyze the nonsteady response of the forces and moments
on wind turbine blades and rotor due to daytime atmospheric eddies passing
through the rotor plane,
2. to characterize the extent to which lower order models can capture this nonsteady response, and
3. to increase the knowledge of the unsteady response specific to drivetrain
bearing failures.

1.2 The ‘Cyber-Wind Facility‘ Program
The “Cyber-Wind Facility” (CWF) program at Pennsylvania State University
(PSU) is a DoE funded project to develop a computationally driven ‘experimental’
facility developed at high levels of fidelity for predicting non-steady response of the
blade boundary. The current CWF computational framework is developed specifically to capture the nonsteady loadings in space and time on wind turbine blades
in response to atmospheric boundary layer turbulence eddies passing through the
rotor plane. The computational nature, being able to extract data in many locations and being able to use controlled inflows, allows for data sets that would be
difficult to gather in field testing or wind tunnel experiments.
The “cyber-data” and analysis gathered from CWF “cyber-experiments” can
be used to influence wind turbine component designs and develop a more realistic
operating window for the overall design process. The CWF aims to provide high
fidelity quantifications of blade loadings, structural deformation, and wake development possible using modern numerical methods and high performance computing
systems. The current thesis research was developed under the CWF program.
3

The CWF is an advance of the current state-of-the-art for wind turbine modeling. Like all complex system development, the project has been built up piece
by piece. The CWF project consists of many module, centering around coupling
the atmospheric turbulence with a wind turbine rotor in the ‘Blade Aerodynamics,
Space-Time Loadings’ module as led by Dr. James Brasseur with students Adam
Lavely, Ganesh Vijayakumar, and Tarak Nandi. Further advances will come from
the additional complexities that are being pursued within the CWF project, as
shown in Figure 1.1. The other modules within the CWF are all advances in different aspects of wind turbines. The ‘Platform-Wave Hydrodynamics’ module was
lead by Dr. Eric Paterson and included Dr. Brent Craven and students Di Zhang
and Alexandar Dunbar. The ‘Blade and Tower Elastic Deformation’ module was
led by Dr. Robert Campbell and student Javier Motta-Mena. The ‘MesoScale and
Atmospheric Boundary Layer’ module was led by Dr. James Brasseur with Dr.
Susan Haupt (NCAR) and Dr. Balaji Jayaraman. The ‘Wake Turbulence’ and
‘Wake-turbine Interaction’ modules were led by Dr. Sven Schmitz with student
Pankaj Jha. The PIs, investigators and students involved with the various modules
of the CWF are show in Table A.1 on page 151 including the documentation of
their advances currently in the literature.
Future CWF simulations will be completed with the advances by the other
modules included. This will allow for insight into turbines operating in off-design
conditions and can be compared to experiments such as the SWiFT project, a joint
venture between Sandia and Texas Tech University [18]. The CWF will also target
offshore wind energy, the fastest growing [19] and one of the least studied [20] wind
energy segments, by using marine ABL inflow and floating turbines. Additionally,
in the future, CWF will provide additional insight into the quality of the non-steady
loads produced by engineering design and ALM wind turbine simulations methods,
which will continue to be widely used due to the complexity and computational
cost associated with CWF and similar fidelity simulations.
The creation of the CWF was a team effort, as was much of the background and
development of various parts of the simulation method. The author and Ganesh
Vijayakumar worked closely together on the creation of the CWF framework.
Whereas Ganesh’s focus was on coupling with the atmospheric boundary layer
and testing and running the full blade boundary layer simulations, the author’s
contribution to CWF development was the addition of rotation to the OpenFOAM
4

Figure 1.1: The various modules within the CyberWind Facility.
ABL solver, the development of complex blade/rotor meshes and the application of
the full blade boundary layer resolved simulations to analyze lower order models.
Ganesh’s work on coupling with the ABL involved validation of the OpenFOAM
ABL solver and the development of the hybrid URANS-LES turbulence model.
The author was involved with the original implementation of the transition model
that is a part of Tarak Nandi’s work into OpenFOAM. Additionally Tarak’s work
on the comparing GE experimental data set with ALM simulations and on oscillating airfoils allowed for comparison to the various simulations and NREL Gearbox
Reliability Collaborative data set found within this document. The oscillating airfoil cases also allowed Tarak to verify our mesh resolution. Pankaj Jha, under the
direction of Dr. Sven Schmitz, made advances to the way the force from actuator
lines is spread. I used Pankaj’s actuator libraries within the Vijayakumar-Lavely
ABL solver for all of the runs. The collaborations within the CWF team, comparing data from various sources and developing codes, simulations and data sets, have
allowed for advances that would have been unobtainable by individual researchers.
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The CWF began in 2009 with a National Science Foundation (NSF) award
(CBET 0933647) and support from the Applied Research Lab (ARL) with two
students and three faculty researchers, including the primary funding for the author
through a Walker Fellowship through the ARL. The CWF grew to its current form
using a DoE grant (DE-EE0005481) to support four additional students, a fulltime researcher and partial funding several additional faculty members. The CWF
has received computational awards from NSF’s XSEDE, and the DoE’s OLCF and
NREL computational facilities.

1.3 Thesis Objectives
This dissertation has three broad objectives: 1) to quantify and analyze the nonsteady response of the forces and moments on wind turbine blades and rotor due
to daytime atmospheric eddies passing through the rotor plane, 2) to characterize
the extent to which lower order models can capture this nonsteady response, and
3) to increase the knowledge of the unsteady response specific to drivetrain bearing
failures. In order to do that, I list here the specific objectives that I have in this
document. These are separate, but interrelated goals.
a Develop an ABL simulation to use as inflow for various wind turbine simulations
b Characterize and quantify the turbulent structures within the ABL
c Quantify the differences between the neutral and moderately convective boundary layers
d Identify differences due to the turbulence structures in conditioned wind
turbine loadings
e Quantify long-time means and variances for wind turbine loadings and identify the time required for converged statistics
f Analyze experimental data and different wind turbine models to compare
time requirements for converged statistics and residual variability within
short-period analysis windows

6

g Analyze blade boundary layer simulations with corresponding ALM and
BEMT simulations to find the extent to which lower order models can capture nonsteady loads
h Identify rotor loading characteristics important for drivetrain reliability measures
i Quantify the loading characteristics in the simulations as a function of the
reliability measures
j Create a quantification of the small scale eddy structure that relates to the
drivetrain reliability measures
The atmospheric flow I use is representative of conditions that occur on a
regular basis for common industrial wind turbines within the daytime atmospheric
boundary layer. We have also compared with the neutral atmospheric boundary
layer, the most common boundary layer for wind turbine computational analyses,
eg. TurbSIM. This state rarely exists in quasi-equilibrium, but is a useful canonical
state in which only shear generated turbulence structures exist. The true ABL
contains also strong buoyancy generated modulations to the turbulence structures.
This in and of itself is an advance compared to the methods used for wind turbine
certification. The methodology developed can also be used for other atmospheric
stability states and wind speeds to expand the current data set to more fully
understand the role of atmospheric turbulence and wind turbine simulation method
on unsteady loadings.

1.4 Thesis Road Map
This dissertation consists of several related investigations. Because of this, the
background information and technical details are given together in Chapters 2-4
as many of the individual investigations rely on the same underlying models and
methods. The results of this work are grouped in Chapters 5-8 of the thesis by
content rather than by method. Presented here is a road map for the thesis to
allow readers to understand the structure of the dissertation.
Chapters 2, 3 and 4 provide shared foundations for the following work. Chapter
2 provides motivations and background for the required topics, including relevant
7

information and cited work on wind turbines and atmospheric boundary layers.
The technical details of the various methods used are presented in Chapter 3,
along with information about why these methods were chosen and how they were
implemented. Chapter 4 is a discussion of the simulated atmospheric boundary
layer using high resolution LES. In order to precisely compare the different wind
turbine simulation methods in the Chapters 5-8, the same large eddy simulation
of the atmospheric boundary layer is used and is described in detail in Chapter 4.
The primary analyses and new knowledge are in Chapters 5 to 8. Chapter
5 describes the response of the wind turbine to atmospheric turbulence, how the
passage of ABL eddies induce unsteady response in wind turbine aerodynamic loadings. Chapter 5 to quantify and analyze the mechanisms underlying the dominant
aerodynamic loading transients. A direct comparison of the various wind turbine
simulation methods is given in Chapter 6, first with a comparison of BEMT, ALM
and blade resolved and a longer time comparison of BEMT and ALM. Chapter 7
investigates the dominant causes within the atmosphere of nonsteady wind turbine
loading. Chapter 8 applies the results and knowledge from the previous chapters
to analysis of the reliability of wind turbine drivetrain components - specifically
how nonsteady loadings affect reliability. Discussion and conclusions are given in
Chapter 9.
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Chapter 2 —
Background
This chapter provides an overview of the concepts and components applied throughout this document. This section is organized into subsections about wind turbines
(subsection 2.1) and the atmospheric boundary layer (subsection 2.2), which couples with Chapter 3, where details about the specific methods applied are described.

2.1 Wind Turbine Overview
Wind energy is a growing portion of the world’s electrical energy production.
The basic understanding of wind turbine operation and degradation is explained
throughout the following section. This section is organized in sections that describe
turbine operation (section 2.1.1), reliability (section 2.1.2) aerodynamics (section
2.1.4), and previous experimental and computational studies relevant to the current research (section 2.1.5.) We also present the two wind turbines being used,
the NREL 5 MW (section 2.1.6) and the NREL GRC field test (section 2.1.7).

2.1.1 Wind Turbine Operation
Modern utility-scale wind turbines [1, 21] are primarily three bladed upwind turbines with rotor diameter order 100 m. The tower can be anchored to the ground,
to the sea-floor or floating on a platform in the ocean. The blades of the rotor are
mounted to a ‘low-speed’ shaft via the hub. Pitch control hardware, located within
the hub, often allows each blade to pitch independently to control time variations
in rotor moments. The nacelle can yaw on top of the tower to align the rotor plane
with the incoming wind in order to maximize power extraction.
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The low-speed shaft transmits the rotor power through a gearbox in the nacelle
necessary to increase RPM to a ‘high-speed’ shaft that drives the generator. The
low-speed shaft typically has several bearings to overcome rotor weight (gravity)
and out-of-plane moments on the shaft generated by asymmetry of the individual
blade loadings. The power from individual wind turbines is often transmitted to a
processing station which converts and aggregates power for distribution onto the
local grid.
Turbines have three design-point wind speeds: cut-in (vin ), rated (vr ) and cutout (vout ) wind speeds, as illustrated in Figure 2.1. These speeds are typically 2-6
m/s, 8-12 m/s and 20-30 m/s, respectively, for modern utility-scale turbines but
vary depending on the size of the turbine, generator type and size, and gearbox
type. These design wind speeds separate the wind speed during wind turbine
operation into regions 1, 2 and 3 for almost all wind turbines.
In region 1, where wind speed is below cut-in as shown in red in 2.1, the turbine
is not in operation. The local mean wind speed doesn’t allow for enough power
production to make operational wear and tear on the turbine worthwhile. Some
turbine control schemes allow the turbine rotor to rotate without generator load
in region 1, allowing for easier start-up when the wind speed allows the turbine to
become operational.
Region 2 is the transition between the cut-in and rated wind speeds. It is
the portion of Figure 2.1 shown in green. The rated wind speed is the speed
at which the power from the wind matches the generator rated power. Typical
control systems keep the blade pitch, θp,0 constant in region 2 and vary the rotor
rotation rate, Ω, with wind velocity to maximize power, often measured using the
coefficient of power, Cp , defined as
Cp =

P

,
1
ρAU 3
2

(2.1)

which is the efficiency of the turbine producing power, P , from the available power
of the wind flowing through the rotor disk. Some wind turbine controls introduce a
region 2.5 near the rated wind speed where both the pitch and rotation rate change.
This reduces the variability in the power output during periods of time when the
wind speed changes would repeatedly move the turbine operation between regions
2 and 3.
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Region 3, shown in blue in Figure 2.1, is between the rated and cut-out wind
speeds. The power is maintained at the rated generator power through the use
of pitch controllers. The wind turbine stops rotation and has the blades pitch
out of the wind if the wind speed is above the cut-out wind speed to protect the
turbine from the more extreme loads that can occur at higher speeds and for the
safety of the area around the wind turbine. Older turbines, and many modern
small turbines, are stall regulated and do not require a pitch control system as the
increased wind speed causes the angle of attack to increase above the stall point on
the turbine, reducing the local lift and hence the rotor power. However, stall is an
unsteady phenomenon causing increased component degradation in stall turbines
and the industry-wide movement is away from stall regulation other than at the
smallest scales.

Figure 2.1: Typical wind turbine power curve.
The operating window is incorporated into blade design [22], with aerodynamic
simulations for nominal and extreme operating conditions. Quantifying and under11

standing the sources and of steady and unsteady aerodynamic loadings is important
to design interior blade structure, shape and material choice [23]. For typical wind
turbine blades, structural constraints are important for the blade region nearest
the hub. Very near the hub, cylinders are used for structural integrity and to better
interface with the hub. This transitions to thick airfoil cross-sections in the inner
portion of the blade and to airfoil cross-sections in the outer portion of the blade.
Blade twist, θT , and chord, c, are varied radially to optimize blade force for given
airfoil sections at rated, uniform wind speed. The chord and twist variation for the
NREL 5 MW blade are shown in Figure 2.5. The review of blade design by Schubel
and Crossley [24] includes an excellent outline of blade design methodology given
as required for various operating conditions as well as comprehensive diagrams of
the typical modern wind turbine components.

2.1.2 Wind Turbine Reliability
The driving factor in the Levelized Cost of Energy,LCOE, is wind turbine reliability. The cost of maintenance and the loss in energy production both due to
efficiency losses and downtime increase the cost of energy of existing wind farms
and decrease the likelihood of new farms being created. Wind turbines require
basic maintenance. In addition, wind turbine failures often require component repair or replacement. A comprehensive study of over 1500 wind turbines [12] over
a 15 year period shows the components responsible for wind turbine failures. Over
34,000 wind turbine failures occurred during this period, during which the downtime periods were tabulated. The costs [1] of the parts listed are taken from wind
turbines created in the late 1980’s through the mid 1990’s, which corresponds to
the age of the turbines in the breakdown study.
The studies above indicate that rotor blade failures are responsible for ≈7% of
total wind turbine failures, approximately one failure every 5 years, and cause an
average of 4 days of downtime per failure. A blade typically costs between 3% 7% of the total wind turbine price. The gearbox, generator and drive-train require
more than 5 days, on average, for repairs. According to [1], these components
account for 4%, 4% and 2% of wind turbine failures, respectively. The total cost
for replacing a gearbox, the cost of the parts, labor and crane, can be 15% of the
original cost of the wind turbine. The control systems for yaw and pitch account
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for 9% and 8% of wind turbine failures and require 3 and 1 days to correct while
costing 4-8% of the original wind turbine cost.
While modern turbines are generally able to operate 98% of the time [12], the
cost associated with replacement parts, lost income during downtime and cost associated with maintenance workers and equipment can significantly increase the
LCOE. Understanding the causes for breakdowns is an important step in future
design of components and control systems to reduce wind turbine failures. The
unsteady loadings due to atmospheric turbulence affect the blades and are transmitted through the entire drivetrain assembly including the ‘low speed’ shaft, gearbox, ‘high-speed’ shaft and generator. Additionally, the components that couple
the drivetrain to the nacelle, such as the bearings and gearbox attachments, are
affected by the unsteady transient loadings.

2.1.3 Control Systems
Control systems for utility scale turbines change yaw, pitch and rotor rotation rate
to maximize power production through region 2 and limit power to the rated power
in region 3. Control systems operate at different time scales. The blade pitch may
be changing every rotation of the blades while the yaw angle changes on the order
of tens to hundreds of rotations. A 10-minute window for control systems and
wind turbine health to be monitored is the industry standard. This ten-minute
period is long compared to the blade rotation time but short compared to weather
and diurnal changes. We investigate the variation in these long-time statistics in
Section 5.1.
While engineering design methods for wind turbines are designed to capture
the steady state, Schreck and Robinson [25] have shown that gusts with a crosswind component, indicative of non-optimal yaw angle, greatly increase the chance
of dynamic stall and separation. They show how dynamic stall can cause highly
unsteady loads on a small portion of the blade rotation due to the local angle
of attack. Schreck et al. [26] show that the separation location is highly dependent on local angle of attack for utility-scale turbines, indicating the importance
of pitch control. These unsteady effects are part of the reason that simulation
methods capable of predicting loadings due to unsteady boundary layer behavior
within nonsteady ABL turbulence must be applied. A comparison of the unsteady
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loadings using different wind turbine simulation methods is shown in Section 6.1.
Information about the incoming wind from forward-facing hub-mounted LIDARs, which measure incoming flow speed on a circle range-gated to tens of meters
of wind the rotor disk [27–29]. Understanding how inflow ABL turbulence influences wind turbine loadings could directly impact control strategies. Algorithms
could incorporate advanced understanding and measurement of the interactions between the wind turbine and atmospheric turbulence as a function of atmospheric
stability state. Although algorithms have been proposed [30] to control based on
non-uniform mean inflow, the impact of atmospheric stability state is not directly
incorporated. The changes in pitch would maximize power output, by increasing
the pitch angle to increase loads during lower wind speeds as well decreasing the
pitch angle to avoid stall. These changes in the pitching angle as a function of mean
incoming velocity have been shown to reduce the effects of small-scale turbulence
structures on stall regulated wind turbines [31]. In order to fully understand how
atmospheric turbulence affects nonsteady wind turbine loadings, the structures
within the atmospheric boundary layer must be understood and correlated with
wind turbine loads. We characterize atmospheric structures in Section 4.2.2 and
how the wind turbine responds to these in Section 5.3.

2.1.4 Aerodynamics of Wind Turbines
Wind turbine aerodynamics is the major subject of several books including those
by Manwell et al. [1], Burton et al. [21] or Hansen [32]. A brief overview is given
here, primarily to introduce the reader to the nomenclature applied throughout
the thesis.
While the actual flow over wind turbine blades is three-dimensional and nonsteady, with unsteady boundary layer separation and reattachment, wind turbine
aerodynamics can be understood by separating the blade into a series of airfoil
cross-sections down the blade with quasi-2D attached or unsteady flow. Blade
element momentum theory and actuator line models, the lower order models, discussed in Section 3.3.2 apply blade element ‘strip theory’ as the basis for their
formulation. Figure 2.2, taken from Manwell [1] shows the important forces and
angles with respect to the blade geometry for an airfoil cross-section.
Airfoil cross sectional forces are typically described with the lift and drag per
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Figure 2.2: The airfoil cross-section nomenclature, taken from Manwell [1] .
unit span as a function of the angle of attack, α of the flow with respect to the
chord line of the local airfoil cross-section. The total force per unit span vector
can be described using the airfoil-based coordinate system using FL for the lifting
force per unit span and FD for the drag force per unit span [33]. The forces that
are relevant to the wind turbine, the ones that can be integrated to find torque,
thrust and the out-of-plane bending moment, are aligned with the axis and plane
of rotation. The tangential force per unit span, FT , is aligned with the rotor plane
and is integrated along the blade,
Z

R

rFT · dr,

Qi =

(2.2)

0

to find the blade torque, Qi , for blade i. The summation of the blade torques
yields the rotor torque. The blade torques all align, allowing a scalar value to be
given for the torque. The normal force per unit span, FN , is aligned with the axis
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of rotation for the rotor. This can be integrated to find the thrust,
R

Z
Ti =

FN · dr,

(2.3)

rFN · dr.

(2.4)

0

or the out-of-plane bending moment,
R

Z
Mi =
0

The thrust found for each blade can be summed together for the rotor thrust,
similar to the torque. Also, similar to the torque, the thrust is a scalar quantity
by definition. However, the rotor out-of-plane bending moment, a vector quantity,
must be summed with the direction of each blade, also called the blade azimuthal
angle ψi , taken into account.
The force per unit span vector can be shown using the cross-section based
force components or the wind turbine based force components. The geometry of
the blade can be applied to describe the difference between the two coordinate
systems in order to determine the flow angle, φ, the angle between the incoming
wind and the rotor plane. The flow angle is defined as
φ = θP + α,

(2.5)

where θP is the total pitch angle and α is the angle of attack. The total pitch angle
is defined as
θP = θp,0 + θT ,
(2.6)
where θp,0 is the blade twist angle and θT is the local twist angle.
Figure 2.2 is an idealized view of the 2D airfoil cross-section. The velocity of
the wind, shown here as being purely in the direction of the axis of rotation, can
be in any direction. Wind turbines will yaw to reduce the flow across the rotor
plane; however the reaction time to these changes and non-uniformity across the
rotor disk can lead to portions of the rotor with non-aligned flow. The radial
flow is not captured in the strip theory analysis, where only the projection of
the velocity into the cross-section plane is used. The angle formed between the
portion of the velocity aligned with the cross-section radial velocity component is
β. Large β are caused by horizontal cross-flow, due to yaw angle misalignment,
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or vertical cross-flow, resulting from updrafts and downdrafts, depending on the
azimuthal angle of the blade, φ. The effect of the radial flow is not included in
lower order models but is important for nonsteady blade loading from atmospheric
turbulence. Additionally, real wind turbine blades and drivetrains are deformable,
in principle. Blades deform with aerodynamic loading and impact the drivetrain
with nonsteady out-of-plane bending moments at the hub. Furthermore, the tower
deforms and the nacelle can move. The local blade velocity due to these motions
is not included in Figure 2.2 but has been shown to have an impact on the local
blade loadings [34].
The NREL 5 MW wind turbine, described in more detail in Section 2.1.6,
) and a tip speed of ≈ 80 ms , or roughly
has a rotation rate of 12.1 rpm (1.27 rad
s
23% the speed of sound, below the limit of Mach 0.3 commonly cited [35] as
the speed at which compressible effects become important. The incompressible
approximation is valid for most turbines, though some researchers are now using
compressible algorithms to improve specific regions of the flow. These include
modeling of flow around the blade tip for more accurate wake development [36],
unsteady boundary layer effects including deep dynamic stall [37], and off-design
cases [38]. Compressible codes are also used to aid numerical stability [39] and to
take advantage of performance and pre-built capabilities, such as blade deformation
[40].
Effect of Atmospheric Turbulence
Atmospheric turbulence generates loadings on rotating wind turbine blades that
are spatially and temporally more complex than steady state models with steady
inflow [41]. Freestream turbulence intensity, coherence in atmospheric turbulence
eddy structure create time-varying angles of attack and velocity magnitude along
the blade. Freestream turbulence has been shown to have an effect on pitching
blades [42]. While experiments are typically performed in controlled wind tunnel
environments, pitching rates for oscillating airfoil experiments are similar to the
changes in angle of attack along wind turbine blades due to blade rotation through
atmospheric turbulence. Freestream turbulence intensity has been shown to vary
with the velocity profile [43], though this has been found using screens in wind
turbines and not atmospheric turbulence, with varies with stability and height.
The varying turbulence intensity affects power production [44] and 1/rev blade
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(a) The wake structure with uniform in-(b) The wake structure with atmoflow.
spheric inflow.

Figure 2.3: Comparing ALM generated wake structure with and without atmospheric turbulence [2].
loadings. Locally, the increased turbulence intensity [45] modifies separation onset
location and angle of attack for commonly used wind turbine airfoil sections.
Atmospheric turbulence has been shown [46] to increase the variability in the
integrated loadings on wind turbines. Figure 2.3 compares vortices shed from the
turbine using an actuation line model for with turbine blades comparing uniform
and atmospheric inflow. The stability and breakdown of the tip vortices is different
with atmospheric turbulence, showing the importance of incorporating appropriate
turbulence characteristics for accurate wake production. Recently, Hedevang [47]
has proposed modifications to the traditional wind turbine power curve that incorporate effects of turbulence intensity levels in the atmosphere. Gilling and
Sørensen [48] use a method that inserts the turbulence structures only in the regions required for the rotor. This method assumes that the turbulence structures
propagate through the domain unchanged by the interaction of the turbulence with
the ground or itself. Neither of these methods incorporate true ABL turbulence
structure for prediction of unsteady loadings due to atmospheric turbulence.
Research has been developed to incorporate turbulence models to capture unsteady flow phenomena associated with unsteady inflow from atmospheric turbulence. Dynamic stall [49, 50] models have been primarily developed for helicopter
applications [51–53] but have [54] been modified for wind turbine applications.
Gupta and Leishman [55] have shown that dynamic stall models validated for
helicopter airfoils work well for predicting the loads on an oscillating S809 airfoil [56–59], a common airfoil designed for smaller wind turbines. Varying separa18

tion characteristics have been measured in the field due to unsteady inflow [60].
Previous studies have demonstrated the importance of atmospheric turbulence
on the unsteady dynamics of wind turbines [61–66]. Stochastic turbulence models
[16,67] do not contain the coherences of true energy containing atmospheric eddies.
These coherent events have been shown [61] to cause time dependent, more extreme
loadings than those found in the typical Gaussian loading distribution [68]. Rather
than use stochastic turbulence, here we use atmospheric turbulence from highfidelity LES of the daytime atmospheric boundary layer to provide realistic inflow
for the prediction of nonsteady wind turbine blade response. The LES methods
applied in this thesis are described in Section 3.2.
Unsteady Aerodynamics
Blade section aerodynamics are classified as steady-state, quasi-steady or unsteady
based on the ‘reduced frequency’,
k=

ωb
V

(2.7)

where ω is the frequency, b is the semi-chord and V is the flow velocity. This
transition has been studied by Theodorsen [69], Karman [70], Küssner [71] and
Wagner [72] and is still an active area of research for both development and application [73]. Steady-state aerodynamics, where k = 0, has no unsteady effects. The
flow is quasi steady (i.e., nonsteady effects are small) when k is sufficiently small
compared to 1. It is common to take ‘small’ to mean k ≥< ???0.05 The blade
sectional forces are able to change at an equivalent rate to that of the incoming
flow angle changes and so at any instance in time, the steady-state sectional forces
are a good approximation for the quasi-steady sectional forces. Unsteady flows,
where k ≥???0.05, have sectional forces that do not correlate steady-state forces
with the flow angle at all times.
As a part of his thesis, Nandi [74] found that typical wind turbine cross sections
at nominal (non-stalled) angles of attack do not experience reduced frequencies
within the unsteady regime. Nandi’s development of a ‘hysteresis parameter space’
as a function of the reduced frequency, mean and amplitude indicate that off-design
operation of a typical wind turbine within the atmosphere may produce nonsteady
loading responses for short periods of time.
19

In our analysis, we discuss non-steady effects. We use this nomenclature to
identify that the angle of attack seen by an airfoil cross section as it rotates through
the turbulent atmospheric field is changing in time. However, the reduced frequencies are, on average, small and within the quasi-steady regime. Unsteady behavior
can still occur at various cross-sections due to local separation and inboard separation propagating out along the blade and during periods of large angle change.
We compare the unsteady behavior found in the blade boundary layer resolved
simulations with analytical models in Section 6.1.3.

2.1.5 Experiments and Computational Analyses
In this section we review four series of field and wind tunnel experiments using
large kilowatt and megawatt wind turbines that were highly instrumented, including on the blades, that produced unique datasets in the public domain for wind
turbine researchers. Early computations around rotating wind turbines applied
hybrid methods pairing a Navier-Stokes solution in the near blade region to a potential flow solver in the farfield [75]. Since then, research groups have applied the
experimental data sets to improve computational models with RANS, DES and
URANS applied globally. In what follows, we summarize the UAE, MEXICO and
other utility scale experiments and computational modeling advances using these
data [76, 77] producing significant movement in state-of-the-art computational capabilities as well as in understanding of wind turbine aerodynamics.
The NREL Unsteady Aerodynamic Experiments (UAE)
One of the highest quality, publicly available data sets available for verification and
validation of wind turbine models and codes is the NREL Unsteady Aerodynamic
Experiments (UAE.) This campaign involved six phases, each with increasing experimental sophistication and slightly varying aims. Phase II-IV and VI data have
been widely analyzed campaigns due to the quality of data.
The NREL Phase II - IV experiments [78] were conducted in the field at the
NREL National Wind Technology Center (NWTC) near Boulder, Colorado with
a downwind, 3 bladed rotor with ≈ 5 m blades. The NREL Phase II test applied
untwisted blades while the later tests applied twisted blades. Meteorological wind
data were collected from an array of cup anemometers covering the rotor disc area
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in the Phase II and cup with sonic anemometers and hot film probes over the
rotor disc and to the ground in later tests. The wind turbines were instrumented
similarly with more sensors added along the blades with each successive test. These
tests campaigns have provided valuable data that have been applied to validate
BEMT methods. However, the lack of highly resolved inflow information prompted
the development of well controlled wind tunnel campaigns [79].
The NREL Phase VI campaign [80] is a series of experiments with an upwind
- downwind (reconfigurable) two-bladed rigid turbine with varying inflow wind
speeds and yaw angles. The data were collected in the NASA Ames 80’ x 120’
wind tunnel in year 2000. This turbine was instrumented with pressure sensors at
several radial blade locations, strain gauges near the blade root to determine blade
bending moments, and sensors to record rotor thrust and power. Wind speed was
varied and wind turbine settings such as yaw, pitch and rotation rate, were varied
both on- and off-design. The on-design cases, with little separation and unsteady
effects, are useful for validating engineering design and higher-order wind turbine
simulation methods. The off-design cases, which often include unsteady effects and
blade boundary layer separation, have proven particularly useful for development
and validation of more advanced computational models over the past 16 years.
These cases include near-design and off-design configurations. Data with unsteady
separation and dynamic stall are useful for the development of models to capture
the onset of and fully unsteady dynamic stall. The high quality data for a wide
range of flow phenomena have made these data the basis for the current thesis.
Things not investigated in the NREL Phase VI experiments that are important
for unsteady flow phenomena for turbines in the field are varying blade roughness,
deformable blades and nonsteady loading due to atmospheric turbulence.
Blade-resolved simulations were first developed using steady Reynolds-Averaged
Navier-Stokes (RANS) models, which were compared to lower order models and
the NREL data sets. Duque et al. [81] were among the first to compute the loads
on a rotating wind turbine using a RANS model. The group later applied unsteady
RANS [82] and compared power and span-wise loadings to lower order models, including a vortex lattice method. The integrated blade loading for fully attached
cases and the fully separated cases have been shown to be predicted well using
unsteady RANS [83], though stall onset at near-design cases was unable to be accurately captured. Sørenson et al. [84] have demonstrated the ability to capture
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separation location as a function of the local angle of attack for several near-design
NREL Phase VI experiments. More recent work has shown how the separation onset on the blade is modified by rotation [85] an observation requiring fully blade
resolved simulations (e.g. the CWF.)
Unsteadiness in the NREL Phase VI wind turbine experiments resulted from
boundary layer dynamics and purposeful yaw misalignment. Schepers and van
Rooij [86] demonstrated that radial flow along the blade span affects separation
based on k-ω-SST and DES turbulence models. Their work and Stone et al. [87]
show the importance of capturing nonsteady response dynamics especially when
the wind turbine operates off design. Rapid changes in time in angle of attack due
to sub-optimal yaw angle have been shown to have an effect on the loadings [88]
where load response was found to be time-delayed relative to the time changes in
inflow velocity, a result that depended on the reduced frequency.
The far off-design experimental test cases have also been applied to study the
ability of computational methods to capture the effects of stall. The NREL Phase
VI blade has been shown to have unsteady loadings associated with the higher
wind speed cases, which correspond to fully separated flow [89]. Sørensen and
Schreck [90] were able to capture some level of hysteresis associated with dynamic
stall. This capability is important as shown by the level of change in the angle of
attack, even in steady flow, as detailed by Schreck and Robinson [25]. Additionally,
boundary layer transition from laminar near the blade leading edge to turbulent
can affect separation location and loading. Yu et al. [91] applied the k-ω-SST
turbulence model with a transition model and showed improvement for separation
location for near-design test cases with boundary layer transition.
Several groups have applied hybrid RANS-LES to model the unsteady conditions [92, 93] with reasonable agreement in blade and rotor integrated variables
with experimental data during stall and with improved prediction of blade sectional forces. The blade sectional data has allowed for quasi-3D simulations on
individual airfoil sections to identify stall characteristics and to predict noise on
separated sections using the Spalart-Allmaras DES model [94].These simulations
demonstrate the importance of nonsteady blade boundary layer resolved simulations to capture loads accurately along the blade, even for turbines with near
uniform steady inflow. The variation of velocity along the blade in space and in
time that occurs in the atmospheric boundary layer adds additional layers of com22

plexity that requires methods as represented by the CWF to capture nonsteady
wind turbine response.
The MEXICO Experiments
The “Model Experiments In Controlled Conditions” (MEXICO) experimental campaign [95] collected data on a 3-bladed 4.5 m diameter wind turbine with various
inflow conditions in the German-Dutch Wind Tunnel (DNW) at the Netherlands
Energy Research Center(ECN.) The turbine data sets include pressure profiles and
integrated quantities, as well as particle image velocimetry (PIV) around the wind
turbine blades for certain test cases. Wake profile statistics were gathered at various downstream locations. The MEXICO data is of high quality, but is currently
only available in full to partner organizations. While few CFD simulations currently exist of the MEXICO data set, wake data will prove valuable in the future
for modeling wake inflow on downstream turbines in wind farms [96].
Because geometry, flow conditions and farfield boundary conditions are not
in the public domain, few computations of the MEXICO experiment have been
published [97]. While there do exist several papers aimed at predicting wake
locations and momentum deficits, these generally use low-order models. Sørensen
et al. [98], showed that the k-ω-SST turbulence model is able to capture the wake
deficit reasonably well but does not match the local statistics on the blade better
than lower order models, even for attached flow.
Utility-Scale Turbines
Experiments in the public domain with large, utility-scale turbines are rare, in
part due to the proprietary nature of commercial wind turbines, especially blade
design and control systems. Additionally, utility-scale turbine campaigns are often
prohibitively expensive for academics and national lab researchers.
Two commercial-scale experimental wind turbine data sets partially in the
public domain are the Siemens 2.3 MW tests at the NWTC [26] and the DANAERO [99] tests in Denmark. The only data presented to the public, to date,
from the Siemens/NREL test was for proof-of-concept of an oil-flow visualization
technique. Schreck et al. [26] give a correlation between local angle of attack (minus an unknown reference angle) and the separation location. There is no given
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information about the blade design or the pitch, as necessary to asses separation
location. The Siemens 2.3 MW blade contained vortex generators in the region
where data are presented. The vortex generators, 6 and 8 mm in height and at the
50%, are shown to suppress separation at all shown angles of attack. The Seimens/NREL experiment is currently not useful for full-scale validation but the hope is
that useful data will be released to the wind energy community in the future.
The DAN-AERO experimental campaign compared wind tunnel to field test
data. Data were collected in the field relevant to the induction and wake of a 3.6
MW Seimens turbine and a NM80 2 MW turbine. The combination of limited
budget and broad scope limited the data that could be collected per turbine per
test. The experimental campaign and the data sets produced are very useful for
many applications, however the high spatial resolution and long-time statistics
required for validation of full wind turbine CFD within the atmospheric boundary
layer are insufficient.
There have been some computational studies of commercial scale wind turbines.
Laursen et al. [100] developed CFD simulations of a single Siemens SWT 2.3-93
45 m blade that compared reasonably well with an in-house BEM method. The
axial induction factors predicted with CFD simulations compared well with BEM
over much of the blade, while angle of attack is over-predicted on inboard portions
of the blade. CFD simulations by Chow and van Dam [101] indicate separation
on the inboard regions of the NREL 5 MW wind turbine blade and provide useful
quantifications of CFD domain requirements. Much of their research [102] focused
on designs to limit stall or decrease noise.
In addition to the complexity of the flow, the atmospheric inflow is also computationally complex. The IEC certification standards include power-law type
mean velocity profiles. Sørensen and Johansen [103]apply a non-real velocity at
the boundary to impose a log-law profile on the rotor disc. However, much of the
simulation research applies a simple uniform steady inflow. Bazilevs et al [19, 104]
developed a steady solution around a rotating NREL 5 MW blade for use with
a structural solver to quantify the deformation of the wind turbine blade during
nominal use. The computation was performed using a steady solver, uniform inflow conditions and a single blade with azimuthally periodic boundary conditions.
The CWF expands upon this with the inclusion of the atmospheric inflow and
azimuthal asymmetry as a central feature of response (Section 8.3.1 at the utility
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scale.
Boundary Layer Separation on Wind Turbine Blades
While there is a vast literature in general fluid mechanics on separation, there is
relatively little specific to rotating wind turbine blades beyond the NREL UAE
experiments, primarily Phase VI [80], and a recent closed-domain experiment at
NREL [26]. The NREL Phase VI campaign include several experimental cases
with high incoming wind speeds and collective pitch angles as well as data for
runs where the turbine is purposefully yawed. By changing the incoming velocity
but keeping constant pitch, the flow goes from fully attached to separating at the
mid-chord to separating from the leading edge. The experimental cases with yaw
error have dynamic stall caused by the changing flow angle as the blade rotates.
The primary reason that limited experimental data on wind turbine blade separation are available is that the cross flow that occurs during separation is important [85], requiring blade data uncommon in experiments due to the complexity
and difficulty in measuring the variable separation location along the blade. Additionally, providing accurate complete quantifications of inflow is difficult and costly,
especially in the field. Without accurate characterization of flow angles, for example, measurements of separation and dynamic stall have high uncertainty. Wind
turbine loading characteristics are typically described in terms of the freestream
turbulence intensity (Section 2.1.4), however, more global quantifications require
highly instrumented wind turbine and field meteorology not often done, for use
with complex simulation methodology, for example, the CWF.

2.1.6 The NREL 5 MW Wind Turbine
The NREL 5 MW [105] turbine is a test turbine designed by NREL. The design
was created by combining the properties of several similarly sized turbines and
is representative of the utility-scale turbines currently being deployed in offshore
wind turbine farms. There is no physical NREL 5 MW turbine so there are no validation data sets from field tests available. All three of the wind turbine simulation
methods used in this thesis use models of the NREL 5 MW turbine.
The NREL 5 MW turbine is a three-bladed, upwind turbine. It has a hub
height (h) of 90 m and a blade length (R) of 63 m, including the hub. The rated
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wind speed (vr ) is 11.4 ms with a rated rotation rate of (ΩR ) 12.1 rpm. The blade
sections range from cylinders near the hub to Delft airfoil cross sections in the midblade region to an NACA 64 series airfoil at the tip, shown in Figure 2.4. Note
that the airfoils are shown in normalized coordinates and are not representative
of the chord or blade twist through the blade. These are shown as a function of
radial position, r, in Figure 2.5.

Figure 2.4: The airfoil cross-sections that define the NREL 5 MW wind turbine
blade.
The NREL 5 MW turbine is a commonly simulated turbine for analyses that
use NREL’s FAST [106] and SOWFA [107] codes. Unfortunately, the NREL 5 MW
wind turbine is not a physical turbine that can be tested to validate models. Many
of the wind turbine models are tested using small scale experiments, including the
NREL Phase VI [80] campaign.
The NREL 5 MW definition includes information about the structural properties and nominal control algorithms. In order to analyze the effect of the turbulence
on the blade loadings rather than the materials used or control algorithms, these
characteristics are currently set to constant values. The controllers are set to the
mean for the entire large-domain ABL simulation, regardless of the local flow. This
includes the pitch (11 deg), rotation rate (12.1 rpm) as well as yaw angle, aligned
with the mean flow. The blades typically have a coning angle of 2.5 degrees in the
upstream direction, but are set to 0 degrees, allowing for easier analysis of the rotor
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Figure 2.5: The chord and twist of the NREL 5 MW blade.
plane data. The shaft-tilt angle is typically 5 degrees above the horizontal, but
is set along the horizontal for the current set of simulations. These modifications
allow the wind turbine simulations across the different simulation methods to be
compared.

2.1.7 NREL GRC Field Test
The NREL GRC is an ongoing effort to test gearboxes to develop better understanding of the effect of on- and off-design loadings on gearboxes and to develop
gearbox models that can accurately predict gearbox performance, degradation and
failure. The first phase of the GRC program included instrumentation and testing
of the gearbox on a dynamometer and then field-testing for approximately four
months taking various measurements on the gearbox and throughout the wind
turbine [108]. The instrumented gearbox was installed in a wind turbine located
at Xcel Energy’s Ponnequin wind farm located in Colorado near the Wyoming
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border.
The GRC field test was to operate with nominal operating procedures, including stops, starts and generator shifts, for a long period of time to gather data about
what loads occur at different locations through the gearbox for various operations.
Additionally, the turbine would purposefully be operated at off-design conditions
to quantify the effect of the asymmetry in the incoming flow with the non-torque
loads experienced through the drivetrain system. Unfortunately, an oil leak caused
the turbine to be shut down before all of the planned tests were run, however a
sizable amount of data still exists through various on-design operating conditions.
The measurements taken include strain measurements, displacements and accelerations on various shafts, gearbox housing attachments and gearbox components.
The data taken correspond to about one month of full instrumentation and 3
months of operation with partial instrumentation as systems were put into place
and validated.
The GRC test turbine is a three bladed upwind turbine [3]. The GRC turbine,
a peak 750 kW machine, is small compared to modern utility scale turbines with
a rotor diameter of 48.2 m and a hub height of 55 m. Additionally, the GRC
generator is a dual-speed generator that can produce two different power outputs
when rotating at different speeds. While the dual-speed generator is atypical of
today’s commercial turbines, the gearbox design is similar to those used today. The
gearbox consists of a planetary stage followed by two parallel shaft stages within
the gearbox, as diagramed in Figure 2.6. Additionally, the drivetrain assembly,
shown in Figure 2.7, is similar to modern wind turbine designs with the main
bearing being an important brace for non-torque loads.
Little analysis on the GRC field data has been completed due to the shortened
data gathering period and transition of the GRC program to testing on NREL’s
dynamometers. Additionally, the primary purpose of the testing was to gather
data on the gearbox and drivetrain components. These components are well instrumented, but there is very little placed elsewhere on and around the turbine
for individual blade loadings or meteorological data. Finally, commercial turbines
have grown almost an order of magnitude larger than the GRC turbine and have
moved away from dual-speed generators. We are able to compare characteristics
of the turbine response to atmospheric loading from the GRC data set and simulation data. The GRC data set is not instrumented as required by the CWF
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Figure 2.6: The gearbox of the GRC wind turbine, from [3].

Figure 2.7: The drivetrain of the GRC wind turbine, from [3].
to gather data on atmospheric stability or capping inversion height, nor are the
turbine configurations, in the size and control strategy, the same. Unfortunately,
there are no data sets that would meet these requirements for a one-to-one direct
comparison. The GRC data set, however, is well instrumented to identify the ef-
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fects of the aerodynamic loads as they pass into the gearbox, and is an candidate
for the comparison of the representative characteristics to our simulations.
The NREL GRC turbine is used for two different analyses in this thesis. First,
the residual variability within the signal over long time periods is compared to
that found within BEMT in Section 5.1. Second, the influence of out-of-plane
bending moment on the gearbox components is shown in Section 8.1 as an indicator
of how nonsteady aerodynamic loads are passed into the gearbox and can be a
cause of reliability problems. The total data set had to be reduced for these
analyses to eliminate the transients due to shifts. The dual-speed nature of the
generator introduces additional unsteady loads felt by the drivetrain assembly
due to generator shifts. The periods of time when shifts occur are eliminated to
provide a better comparison to modern commercial turbines. The GRC data sets
were also down-sampled to provide only cases where the turbine has atmospheric
inflow. The field test was conducted in a wind farm and periods of time where the
yaw angle indicated the turbine may have been in the wake up an upstream turbine
were eliminated from the data set. The final data-sets used for the GRC analysis
consisted of 2320 minutes at high power and 2840 minutes at low power, spread
throughout a 4 month period when all of the sensors of interest were operational.
The important quantifications obtained in the GRC field tests allowed for qualitative comparison with the statistical characteristics of nonsteady simulation response of the wind turbine rotor to the passage of atmospheric eddies. The GRC
data set, produced over multiple months, has stability states associated with many
diurnal cycles. The two-speed generator and small rotor diameter of the GRC is
not indicative of the NREL 5 MW or other modern, utility scale turbines. The
wind turbine simulations are also all of a single wind turbine sitting on uniform
terrain, which is not realistic of a typical turbine, nor of the GRC data set. These
differences do not allow for a full quantitative comparison between the simulations
and the experimental data set. However, the selection of a subset of the GRC data
to analyze will allow for a sanity check of the simulations found within this thesis.

2.2 Atmospheric Boundary Layer
The lower troposphere in the daytime is a complex atmospheric boundary layer
(ABL) with interacting shear and buoyancy (thermals) due to surface solar heat30

ing, and Coriolis force due to the rotation of the earth, clouds, topography, etc.
Weather patterns at daily, weekly and yearly time-scales affect the turbulence
in the atmosphere. An excellent reference for atmospheric turbulence is Wyngaard [109]. The Atmospheric Surface Layer (ASL), typically the lowest 15-20%
of the of the ABL, is characterized by large gradients in mean velocity and temperature. This is the region where wind turbines operate. The mean gradients
can cause large imbalances across the wind turbine rotor disc. Furthermore, the
energy-dominant turbulence fluctuations are strongly influenced by the surface in
this region. In Section 2.2.1 we discuss the importance of the stability state on the
structure of atmospheric boundary layer turbulence, which is discussed in detail
in Section 2.2.1. A brief overview of the experiments that have validation LES of
the quasi-equilibrium ABL is given in Section 2.2.2.

2.2.1 Stability State
The stability state of the atmosphere varies with the level of solar-induced heat
flux on the surface relative to shear induced by the mesoscale wind above the ABL
capping inversion. Heat will either be extracted from (nighttime) or imparted to
(daytime) the air depending on the difference in temperature between the air and
the ground. This is primarily due to the heating of the earth by the sun, which
then transfers heat into the cooler air above during the day and the opposite at
night. An idealized diurnal cycle is shown in Figure 2.8, which is modified from
Stull [4]. Surface heat flux alters the ASL turbulence structures. Figure 2.9 [5]
shows how the surface heating causes the inversion layer to grow from sun-up
and reaches roughly constant height for 2-3 hours in the early afternoon before
a rapid collapse near sunset. The 2-3 hour period of time when the atmospheric
boundary layer height is nearly constant allows the ABL to be approximately quasistationary, fully turbulent, fully developed and in equilibrium. This, combined with
the assumption of large horizontal scale relative to the boundary layer depth, zi ,
with homogeneous surface roughness, z0 , characterized by scale z0 << zi allows
for horizontal homogeneity and for the simulation of the atmospheric boundary
layer to be carried out with random initial turbulence fluctuations to generate an
equilibrium turbulent boundary layer with periodic boundary conditions in the
horizontal. My focus is specific to the operation of wind turbines in the daytime
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atmospheric boundary layer.

Figure 2.8: The atmospheric boundary layer as a function of time for a typical
day, modified from Stull [4].

Figure 2.9: The atmospheric boundary layer height measurements, taken from
Johansson et al. [5].
We developed LES for two stability states: the neutral atmospheric boundary
layer (NBL), and the moderately convective atmospheric boundary layer (MCBL)
in which buoyancy force competes with shear. The NBL is characterized by low
and high-speed streamwise-elongated coherent turbulence velocity structures. The
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neutral stability state, where the temperature of the air and ground are equal, occurs briefly shortly after sunrise or shortly after sunset in a highly nonsteady non
equilibrium state. The neutral boundary layer occurs as a brief transient phase
from unstable daytime turbulence to stable turbulence. The equilibrium neutral
boundary layer is a canonical state that does not occur over land but may approximate aspects of the marine ABL. The moderately convective boundary layer
(MCBL), where the thermal effects due to the warm ground and turbulence generated by buoyancy in addition to mean shear rate, are characterized by large
updraft and downdraft structures which impact the characteristic structure of the
low-speed and high-speed ‘streaks.’ The dominant energy structure that impacts
wind turbines and wind farms are predominantly in the ASL, the most inhomogeneous region of the ABL. The MCBL is characteristic of the afternoon on a sunny
dry day with significant wind.
The basic mean structure of the canonical daytime ABL is characterized by
1. the thermal inversion layer, or ‘capping inversion’, which grows during the
day to zi ≈ 1-2 km, acting as a soft lid, atypical of normal engineering
boundary layers,
2. the Coriolis force due to the rotation rate of the earth, with timescales on
the order of f −1 ≈ 104 s and
3. the shear with surface heating creates surface velocity scales u∗ ≈ w∗ ≈ 1 ms
combining to form turbulence eddy timescales of order 1000 seconds. The stability
i
state is characterized by the ratio of scales −z
, where zi is the boundary layer
L
depth and L is the Monin-Obukhov length scale, defined as
L=−

u3∗ θ0
,
κgQ0

(2.8)

where u∗ is the streamwise friction velocity, θ0 is the potential temperature, Q0 is
the surface flux, g is the gravity and κ is the von Kármán constant. This is also the
ratio of the shear and buoyant turbulent energy production. The three canonical
i
daytime boundary layer stability states are the neutral state, where −z
<< 1, the
L
i
moderately convective state, where −z
≈ 1 − 10, and the convective state, where
L
−zi
>> 10. The convective state typically occurs with wind speeds higher than the
L
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cut-off velocity for utility turbines and so is irrelevant for wind turbine applications.
The boundary layer depth is the height of the capping inversion, which typically
varies with the diurnal cycle but can be nearly constant through portions of the
day depending on atmospheric stability and capping inversion strength. The NBL
typically has a boundary layer depth of 500-1000 m and the MCBL typically has
a boundary layer depth of 1000-2000 m. We focus on the MCBL for the primary
analysis and include some NBL states to identify the importance of the structures
within the moderately convective boundary layer to wind turbine loading.
We focus on atmospheric states without extreme weather events that would
cause large deviations from the diurnal cycle illustrated in Figure 2.8. The neutral canonical boundary layer, shown in Figure 2.10, is characterized by smaller,
less coherent structures, while the structures increase in size and coherence in the
canonical moderately convective boundary layer, shown in Figure 2.11. The transition of the turbulence structures from neutral through moderately convective
regimes is a current topic of research [110, 111].

Figure 2.10: The neutral boundary layer.
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The atmospheric stability state has been shown [112–115] to factor into wind
turbine performance with increased variance in torque and thrust due to coherence
[41]. This increased variance and distribution of mean wind speeds as a function
of stability state has been investigated by Sathe et al. [116, 117] and Sumner and
Masson [118]. Alternatives to the IEC standard power-law profiles to characterize
different stability states have been proposed [119], however these are based on
mean velocity profiles. The effect of the stability state on wind farm power output
has been investigated [120] varying the mean velocity and mean boundary layer
profile as a function of stability state.

Figure 2.11: The moderately convective boundary layer.
A wind turbine in the field experiences many different stability states through
the diurnal cycle (Figure 2.8) with various height capping inversions and many
different mean wind speeds. The moderately convective case we use is representative of a typical afternoon in the Midwest, with variation in the boundary layer
height, mean velocity and stability. Turbulence structure similar to that experienced in the early-to-mid afternoon is anticipated on relatively cloudless days
with relatively steady winds. The equilibrium neutral atmospheric boundary layer
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state does not exist over land since the passage through neutral from the daytime
unstable to the nighttime state ABL occurs when the boundary layer is out of
equilibrium. However the equilibrium neutral state is important both as a base
case and to characterize changes in ABL turbulence structure during the day, for
example from morning to early afternoon. The two cases we show are representative of nominal operation and do not contain extreme events, such as storm fronts
passing through. These extreme events also may cause damage to wind turbines.
We focus on the possible fatigue type failures associated with repeated variation
over years of operation.

2.2.2 Validation of ABL-LES Methods
Statistical characterization of the quasi-stationary and equilibrium daytime(moderately
convective) boundary layer is the focus two classic field campaigns, the so-called
Kansas and Minnesota experiments [121, 122] . The Kansas campaign, in 1968
was designed to test Monin-Obukhov similarity and was one of the first to deploy
sensors with high enough sampling frequency and computers to perform analysis
in real time. The experimental data were obtained from anemometers mounted
on MET towers within a wheat field. The Minnesota experiments, completed in
1973, included balloon measurements in addition to MET towers, allowing for
measurements further up into the surface layer, as well as providing intermediate
spatial data points. These two experiments provided experimental support for
the Monin-Obukhov similarity theory as well as provided data [123] and analysis
methods used by experimentalists and theorists alike.
Large Eddy Simulation methods have used the Kansas and Minnesota data
for validation. This has occurred over a series of decades [124, 125] and with
varying levels of computational capacity [121, 126] and with differing turbulence
models in different atmospheric conditions [127–129]. More specifically to this
project, these campaigns have lead to advances in algorithms for LES to align with
MO similarity [130, 131] and in the understanding of the coherence in turbulence
structures [132–134]. However, advances are still being made in order to improve
Law-of-the-Wall (LOTW) scaling near the surface for LES of the ABL [135]. The
problems that LES has with accurate prediction of rough-surface boundary layers
near the surface, specifically deviations from LOTW, is the focus of the analysis
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of Brasseur and Wei [135].
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Chapter 3 —
Methodology
3.1 Introduction
The CWF methodology applies a precursor ABL simulation to create atmospheric
turbulence and flow to use as inflow boundary conditions for a separate wind
turbine simulation from which rotor loads and moments caused by atmospheric
eddies advecting through the rotor plane can be predicted and analyzed. This
chapter discusses the creation of the atmospheric turbulence (Section 3.2), wind
turbine simulation methods (Section 3.3) and numerical techniques used in the
analyses in the current research (Section 3.4.)
We use Large Eddy Simulation (LES) of the atmospheric boundary layer to
create the turbulence inflow for the wind turbine simulation methods. We discuss
our LES method, including why it was chosen over alternate methods, in Section
3.2.
We apply three modeling approaches to predict nonsteady load response of wind
turbine blades to atmospheric turbulence. The differences in model approaches
address the coupling between the wind turbine and the turbulent atmospheric
boundary layer requiring resolution of blade geometry and loadings. The coupling
between the wind turbine and the atmospheric boundary layer can be either oneway, where the wind turbine does not feed back into the atmospheric boundary
layer, or two-way, where the atmospheric structures are modulated due to the
presence of the wind turbine and wake. The coupling methods are described in
Section 3.3.1. The wind turbine resolution method is investigated using methods
that resolve the geometry and unsteady boundary layer of the blade and using
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Method of blade
- force simulation

Resolved
Empirical

One-way
BEMT

Coupling with ABL
Two-way
Blade boundary layer resolved
ALM

Table 3.1: Wind turbine simulation methods applied in current studies.
empirical methods taking the blade definition and local velocity vector to find
sectional forces and moments. We use a highly resolved blade boundary layer simulation, using two-way coupling and resolving the full blade geometry, an actuator
line method, which uses two way coupling but empirical methods for the blade
forces, and an engineering design blade element momentum theory code, which
uses one-way coupling and the empirical method for the blade forces, as shown in
Table, 3.1. We discuss the different wind turbine simulation methods applied in
detail in Section 3.3.
In Chapter 6 we analyze the accuracy of lower order models to predict nonsteady wind turbine loading in response to atmospheric turbulence. The different
models are associated with differing computational costs. The computational time
required, in cpu-seconds, for one second of simulated time is shown in Figure 3.1.
There is a great need for lower-order models to reduce computational cost, especially for tasks that require many simulations or cover long time-periods. For this
reason BEMT is generally applied in design parameter sweeps [36] or testing for
wind turbine certification [13]. However, two-way coupling and resolution of the
boundary layer are required to accurately capture the nonsteady response of the
wind turbine to atmospheric eddies. We address the application of the ALM as
a higher-order method can be applied to capture nonsteady response in order to
improve engineering design methods, alter design methodology, or correct errors
in loading statistics from nonsteady dynamics in lower order results.

3.2 Large Eddy Simulation of the Atmospheric Boundary Layer
We simulate the daytime atmospheric boundary layer using large eddy simulation,
which is then used as inflow for the wind turbine simulations as described in
Section 3.3. This section is broken into the basics of LES of the ABL in Section
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Figure 3.1: The computational cost, in cpu-seconds, per second of simulated time
for different wind turbine simulation methods from our simulations.
3.2.1, alternate models of atmospheric turbulence in Section 3.2.2 and the details
of the LES code and input parameters used throughout the thesis in Section 3.2.3.

3.2.1 Large Eddy Simulation of the Atmospheric Boundary Layer
Large eddy simulation (LES) is a computational research tool in which the integral
scales are resolved for applications in which the energy-containing eddies are of primary importance. Our LES framework applies the incompressible Navier-Stokes
equations with the Boussinesq approximation for the buoyancy force. By resolving the energy containing eddies the LES can better predict the mean, relative
to Reynolds-Averaged Navier-Stokes (RANS) simulation, as well as to allow for
the prediction of energy-dominant turbulence fluctuations unavailable with RANS
models. By not modeling the Kolmogorov scales as is possible with Direct Numerical Simulation (DNS), the computational cost of LES is considerably less than
that of a DNS. The effect of the unresolved scales are modeled using a ‘sub-grid’
scale (SGS) model such as the Smagorinsky [136] or one-equation eddy model [137].
LES has been long been applied for producing high quality atmospheric boundary
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layer simulations [137] with resolved integral scale structure.
One of the indicators of high quality LES is the ability to match the lawof-the wall scaling in the boundary layer [135]. This is a function of the grid
spacing, the algorithmic dissipation, the ratio of resolved to modeled stress and
other parameters including the Smagorinsky constant. The requirement for high
accuracy LES near the surface has been documented using a variety of codes [138,
139] and numerical methods.
The ABL applied with the Cyber-Wind Facility numerical experiments and the
lower order models are ‘equilibrium’ boundary layers. The equilibrium state does
not have changes associated with weather or the diurnal cycle. The time scales
of the energy containing eddies in the micro-scale structures of interest are on
the order of minutes, which corresponds to tens of rotations of a standard utility
turbine. The characteristics of the atmospheric boundary layer applied in our
simulations are found in Chapter 4.

3.2.2 Alternate Atmospheric Turbulence Creation Methods
Two alternatives to produce ABL turbulence are kinematic turbulence simulators
and experimental data acquisition. Several kinematic turbulence simulators exist
with TurbSIM [140, 141], produced by NREL, commonly used for wind turbine
applications [142]. The neutral and stable boundary layers have been shown to
correlate well with experimental measurements in mean and variance [143, 144].
The high coherence between the vertical and horizontal features in the daytime
atmospheric boundary layer is not well predicted [16, 68] causing lower variation
in local and integrated blade loads for moderately convective stability states. The
turbulence structures that can be added in TurbSIM are scaled from a KelvinHelmholtz billow, associated with shear rather than the shear-buoyancy interaction
in the daytime boundary layer, calculated using a DNS simulation of a turbulent
boundary layer. These structures are added to a background turbulent field, making the turbulent statistics, such as u0 w0 , difficult to match for a given stability
state.
Experimental measurements can be used as atmospheric inflow for wind turbine simulations. Common MET towers have cup or sonic anemometers every
10 m in height, which would be close, if not sufficient resolution, for inflow for
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utility scale turbine. However, few research centers have replication of MET towers along the rotor disk. The spatial resolution required has deterred researchers
from documenting ABL turbulence with as high a fidelity of modeling as would be
required for wind turbine aerodynamics [54]. LES is used as it provides the spatial and temporal resolution with accurate representation of the energy-containing
coherent structures of the daytime atmospheric boundary layer.

3.2.3 Large Eddy Simulation Method
The LES code we use was developed at NCAR by Sullivan and Patton [145] and
uses a pseudo-spectral algorithm. This is an ‘embarrassingly parallel’ code where
the horizontal layers are discretized to allow rapid transfer between 1-D spectral
functions. The vertical differentiation is performed using a finite volume method.
We utilize the Moeng 1-equation turbulence model [137] and set ck = 0.1. The
surface roughness is set to a uniform value of 16 cm, similar to conditions found
within the Great Plains or Midwest regions of the United States. The domain
extends 5 km in each horizontal direction and 2 km in the vertical with 756 x 756
x 256 grid points which gives an analysis mesh of 512 x 512 x 256 after the reduction
due to the spectral padding. This resolution is finer than that of other researchers
working on similar problems [146–148] but is required to give resolution of order
the blade chord. For the moderately convective boundary layer, the surface heating
is set to 0.2 Km/s and the geostrophic wind at 15 m/s to give a mean velocity
of approximately 14 m/s at the hub height of the NREL 5 MW wind turbine.
The simulation is run until a quasi-stationary state is reached before flow features
are analyzed and data extracted from the precursor LES simulation for the wind
turbine simulations.

3.3 Wind Turbine Simulation
We use three wind turbine simulation methods to simulate the response of the
NREL 5 MW wind turbine, described in Section 2.1.6, to nonsteady atmospheric
inflow. These three methods can be characterized by the coupling with the atmospheric boundary layer and by the blade/force resolution method as shown in
Table 3.1. The different coupling methods are explained in Section 3.3.1, the differ-
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ent blade/force resolution methods in Section 3.3.2 and the specific methods used
throughout this thesis in Section 3.3.3 including information on alternate methods.

3.3.1 Atmospheric Boundary Layer - Wind Turbine Coupling
Wind turbines have an effect on the atmospheric boundary layer near the turbine. This is readily apparent in the wake of the wind turbine, with altered ABL
turbulence structures and the introduction of new turbulence structures such as
blade-tip vortices. Analyses using the momentum flux through the surfaces of a
control volume around a wind turbine [149,150] indicate that not only is the effect
of atmospheric turbulence on the wind turbine important for predicting loading
characteristics, the wind turbine modifies the incoming flow to the extent that
coupling is required for accurate load predictions.
The coupling of the atmospheric boundary layer turbulence with a wind turbine
can be completed using two different approaches. A fully two-way coupled model
can be applied that uses an atmospheric boundary layer calculation for the wind
turbine simulation. We use a two-domain approach rather than have a single,
large domain. The coupling of the precursor simulation with the small domain
ABL simulation itself is a single-way coupling. The size of small domain ABL
simulation is large with respect to the rotor, allowing for two-way coupling of
the wind turbine and the atmospheric boundary layer within the smaller domain.
Lower order models, such as BEMT, do not include a simulation of the atmospheric
boundary layer due to the computational cost. For these models, the coupling with
the atmospheric boundary layer is done using a one-way coupling model.
Two-Way Coupling
Two-way coupling, or having a wind turbine within an atmospheric boundary layer
simulation, is required to ensure that the interaction between the wind turbine and
the atmospheric turbulence is simulated accurately. The turbulence structures are
altered due to the presence of the wind turbine. These alterations cause a change
in the loadings on the wind turbines. In order to have two-way coupling, the
wind turbine simulation must be an atmospheric boundary layer simulation. We
choose to use a large domain, precursor LES to develop the boundary layer and
provide initial and boundary conditions for a smaller domain wind turbine-ABL
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simulation [17]. The nature of the large domain simulation, starting with random
perturbations and running until a fully developed boundary layer develops, do not
allow for meaningful wind turbine loadings until the boundary layer has developed.
Additionally, the time and length scales important in the atmospheric boundary
layer are large when compared to the time and length scales important for a wind
turbine. The mesh for the precursor simulation can be coarser and larger timesteps taken. This allows for less computational time to be used compared to a
method that has a wind turbine within the larger domain itself.
The smaller domain ABL simulation, using OpenFOAM, was tested to ensure
that the turbulence structures from the larger domain propagated through simulation correctly [151]. This validated the ability of the finite volume algorithm
with fine mesh to resolve the same turbulence structures as the pseudo-spectral
algorithm of the large domain simulation. The boundary conditions and numerical
methods were shown to allow for accurate propagation of the structures through
the small domain. The most difficult part of this task proved to be providing an
initial condition for the smaller domain that was equivalent to that from the precursor simulation and was numerically stable, as the mapping from one domain
onto another does not guarantee a divergence free velocity field. In order to create a divergence free initial condition in the smaller OpenFOAM domain from the
larger precursor ABL, the following steps were taken.
1. Map the solution from the coarse mesh onto the fine mesh using linear interpolation
2. Calculate the divergence of the velocity, V~ using a dummy scalar field, B, as
shown in Equation 3.1
3. Calculate a divergence free velocity V~ 0 by subtracting ∇B, shown in Equation
3.2
∇ · V~ ≡ ∇2 B

(3.1)

V~ 0 = V~ − ∇B

(3.2)

The velocity was prescribed at the inlet at 0.2 second intervals. This is near the
time-step of the precursor LES, which was run using a variable time-step to keep the
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maximum Courant number constant. The mesh for the inlet boundary conditions
is based on the precursor LES mesh, which was slightly coarser than the small
domain mesh at the inlet. The boundary condition applied linear interpolation in
time and space onto the inlet boundary. There was no attempt to ensure that the
velocity field entering was divergence free, though the solver corrects for this using
the pressure term. Because the time-step required for the near-blade mesh was an
order of magnitude smaller than that required for the ABL in the outer domain,
the divergence and interpolation did not cause numerical instabilities.
Other research teams applied a similar approach when using a smaller ABL
simulation containing a wind turbine taking inflow data from a larger ABL simulation. An NREL team [147, 152] applied the same approach for the two-way
coupling method, but had inflow on two sides and turbines along diagonals of the
domain. The primary reason for this was that it allowed, through the use of periodic boundary conditions, the wake structure to be studied further downstream
for the same size computational domain. This also reduces the numerical complexity as two of the planes have inflow only and two have outflow only. The CWF
simulation has a single inflow plane and an outflow plane and two side planes can
have inflow and outflow along each side varying in time and space. This alignment
is driven by the complexity of the rotating rotor fixed mesh.
One-Way Coupling
One-way coupling methods apply inflow planes from an ABL simulation to a wind
turbine without feeding back into the ABL. We use planes of data taken directly
from the precursor simulation. These planes are located at the wind turbine plane,
rather than the inflow plane applied in the two-way coupling methods. However,
one-way coupled methods can attempt to model the effect of the wind turbine on
the atmospheric boundary layer. The flow is slowed at the rotor plane and rotated
through the use of angular and axial induction factors in BEMT methods. This
velocity change is applied instantaneously when the flow is at the rotor plane. This
can be seen in Figure 3.2, which shows the angle of attack near the 75% span location for the NREL 5 MW wind turbine in the moderately convective boundary
layer using different induction models. Using the terminology from within FAST,
the WAKE model factors in only the axial induction; the SWIRL includes angular
and axial induction. The blue line, showing the result without induction model,
45

has an angle of attack change and not a time change when compared to the angles
of attack for the WAKE model, shown in green, and the SWIRL model, shown in
red. This is also evident in the rotor torque, shown in Figure 3.3 where the torque
is different by ≈ 50% but there is no time difference. Because there is no attempt
to model this time-delay that the induction causes, there is a time difference between when a turbulent structure hits the rotor using a one-way coupled method
compared to when it reaches the rotor using a two-way coupled method. This time
difference is investigated in more detail in Section 6.1.

Figure 3.2: The angle of attack near the 75% location for the NREL 5 MW wind
turbine in atmospheric turbulence using various BEMT induction models using
our ABL inflow.

3.3.2 Blade Resolution
The way that the wind turbine blade is modeled has an impact on the types of flows
that can be accurately simulated and the computational cost of the simulation.
46

Figure 3.3: The integrated torque for the NREL 5 MW wind turbine in atmospheric
turbulence using various BEMT induction models using our ABL inflow.
The blade can either be fully resolved, where the geometry of the blade is placed
within an ABL simulation and the forces are calculated by integrating on the blade
surface, or modeled using empirical data using look-up tables to find the forces for
given inflow conditions.
Resolved
The turbine blade boundary layer is unsteady and has separation and stall occurring at different times during wind turbine operation. In order to accurately
capture these unsteady phenomena, a high-order computational algorithm must be
applied. The highest fidelity strategy, Direct Numerical Simulation (DNS) is capable of handling these unsteady flow phenomena, but is prohibitively expensive.
The resolution required within the boundary layer would require billions, if not
trillions, of grid points. One level of fidelity below DNS is Large Eddy Simulation,
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as is applied in the large domain ABL solver, discussed in Section 3.2. Recently,
researchers [153] have started to use LES methods for single wind turbine airfoil blades, but this has been predominantly for noise prediction and has not been
shown to viable for long-time simulations, as are required to study the loadings due
to atmospheric turbulence. Unsteady Reynolds-Averaged Navier-Stokes (URANS)
is a computational methodology applied for high Reynolds number flows. URANS
is capable of solving higher Reynolds number flows than LES or DNS and is better suited due to computational cost for complex geometries such as wind turbine
blades.
While URANS allows for smaller meshes than DNS or LES, the meshes are still
large, order 100 million grid cells per wind turbine rotor. The large grids required
for the hybrid LES-URANS simulations of the wind turbine are predominantly due
to the mesh near the blades. In the various iterations of meshing for the blade
resolved simulations used in this work, using a domain multiple rotor diameters
wide, tall and long, the near-body mesh, within 3 chord lengths of the blade, was
between 88 − 94% of the total mesh. Away from the wind turbine, where the
locally dominant turbulent structures are due to the atmospheric boundary layer,
an LES model can be applied. A blending of the URANS near the blade and the
LES away from the blade, called Hybrid LES-URANS, can be employed to capture
the relevant flow physics in both regions with as high of a quality as possible [17].
The meshes required for the LES have aspect ratios near 1.
Empirical
Savings in computational cost and complexity can be made by modeling the effect
of the blade rather than than the blade itself as is done with strip theory. Striptheory is the basis for BEMT and ALM methods and has been well documented
for wind turbine applications [154]. At the heart of the method are look-up tables
for the different airfoil cross-sections that make up the blade. These tables are
typically based on 2-D wind tunnel experiments and list the force and moment coefficients at various angles of attack. They are often modified to include rotational
augmentation effects for cross-sections near the root of the blade [155]. Tip-loss
effects can be modeled using empirical formulas. The look-up data are mean values
at high angles of attack where separation and dynamic stall cause unsteady airfoil
loading. The tables are used by finding a local velocity and angle of attack for a
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given location along the blade and using the look-up table to calculate the forces
and moments at the analysis point. The number of points along the blade, their
spacing and the force spreading or interpolation can be varied, though typically
24-48 analysis points are used with cosine spacing for ALM methods and 15-20
points for BEMT.

3.3.3 Simulation Methods
We describe three different wind turbine simulation methods applied in this analysis and additional models. Additional information, including on alternate models
and model histories, can be found within review paper by Sanderse et. al. [36].
Blade Boundary Layer Resolved Simulations
Blade boundary layer resolved simulations are two-way coupled and use the actual
blade geometry within a CFD simulation. We apply an ABL solver with the
NREL 5 MW wind turbine geometry resolved within OpenFOAM [156] to do blade
boundary layer resolved simulations. OpenFOAM is an open source library used
primarily for CFD applications. OpenFOAM is an unstructured, finite volume
code. Second order schemes are used in space and in time. The atmospheric
solver uses a stress-wall boundary condition, the blended (Moeng 1-equation LES
to SAS) turbulence model, and a rotating region of the mesh containing the rotor.
OpenFOAM has proven capable for atmospheric boundary layer and wind turbine
simulations [138, 139, 157, 158].
The near blade mesh is characteristic of URANS and RANS type meshes - high
aspect ratio cells near the boundary layer with high resolution in the vertical. The
mesh around the blade resolved simulations has a y+ ≈ 1 and an aspect ratio at the
blade surface of ≈ 500. The near-blade mesh was built following the NASA ‘rules of
thumb’ [159] as well as with input from Seydel et al. [160] who show the importance
of the mesh near the tip of the rotor blade on local loading characteristics and
wake structure. A decomposition of the sliding interface between the rotating
inner portion of the mesh, containing the rotor, and the outer Earth-fixed frame
was done to minimize communication between processors during mesh motion.
The CWF blade boundary layer resolved simulation method is discussed in detail by Vijakumar [17] with an analysis focusing on the nonsteady blade boundary
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layer response. We compare the loadings found on the resolved simulation to lower
order models in Chapter 6. Vijayakumar outlines the verification and validation
process with several of the difficulties outlined in Appendix B. The verification
and validation process is difficult due to the range of relevant time and length
scales. Typical test utility scale wind turbines have only a few surface probes and
the atmospheric inflow is typically characterized by several measurements across
the rotor disk. The CWF runs require far greater fidelity for validation purposes.
Rather, the CWF team did a validation and verification process for different computational models and capabilities. The precursor turbulence was fed through
empty CWF domains with and without mesh rotation to verify that the solver
can properly resolve the turbulence structures. The hybrid URANS-LES turbulence model was verified using a non-rotating turbine blade. The actuator line
method and improvements have been validated using uniform inflow cases. These
components give us some level of confidence, even in the absence of full-scale experiments with fully instrumented blades and met data. The blade boundary layer
resolved simulations are compared to here as a ‘gold standard’ as they capture the
blade loading in a way that the lower order models cannot. This comparison is between the models. Real wind turbines operating in the atmospheric boundary layer
will have boundary layer transition, structural motion due to loading and controls
modifying the rotation rate and blade pitch angles. These are not included in the
currently analyzed CWF simulation or in the lower order models.
Actuator Line Method Simulations
Actuator Line Methods are two-way coupled and use an empirical method to resolve the blade geometry and forces. We apply an ABL solver with the NREL 5
MW wind turbine modeled using actuator lines within OpenFOAM. The solver
is the same as that used by the blade boundary layer resolved simulations with
a different mesh in the rotor region. The near-blade portion of the mesh, which
is blade-fitted in the blade boundary layer resolved simulation, is not fit to the
blade. Rather, the forces and moments found from the look-up tables are applied
at actuator points along the actuator line. This is done by including a body force,
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Fb , in the Navier-Stokes equations



∂u
ρ
+ (u · ∇) u = −∇p + ∇ × [µ (∇ × u)] + Fb .
∂t

(3.3)

Actuator line models are widely applied in the literature to examine the wind
turbine wake [161] or the effect of the wake on a second wind turbine. Researchers
at Johns Hopkins [162, 163] have applied an actuator method for an infinite wind
turbine array through the use of periodic boundary conditions. Other research
involves using actuator methods to develop the wake behind wind turbines [164]
to optimize wind turbine farm spacing. An active area of research is to improve
blade tip modeling and the force spreading based on mesh size [158].
We use ALM to investigate unsteady loadings due to different atmospheric
turbulence structures in Chapter 7. We compare the three wind turbine simulation
methods in Chapter 6. ALM is applied to analyze reliability issues, including
analyzing the effect of small atmospheric structures on in-plane and out-of-plane
bending moments in Chapter 8.
Blade Element Momentum Theory Simulations
Blade element momentum theory simulations are one-way coupled and use an
empirical method to calculate the blade forces. We use NREL’s FAST BEMT code.
The FAST [165] code is a blade element momentum theory code with aeroelastic
models for blade and tower bending and motion. FAST was first developed at
Oregon State University and is now produced by NREL. FAST relies on AeroDyn
[166] to calculate the local angle of attack and use look-up tables to find the local
force coefficients. This has been validated extensively for the attached flow cases
of the NREL Phase VI experiment [154], and is an industry standard for turbine
certification [14].
While BEMT is one-way coupled with the atmospheric boundary layer, the
angular and axial induction factors are calculated to modify the flow velocities at
the rotor plane, modeling the effect of a two-way coupling. This is well validated
for the NREL Phase VI experiment which did not include nonsteady atmospheric
inflows [154].
We apply BEMT methods to look at long-time statistics in the atmospheric
boundary layer in Chapter 5, where their low computational cost allows for more
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simulation time than the higher order methods. Loadings from BEMT are compared to both of the higher order models in Chapter 6. The effect of the out-ofplane bending moments on the low-speed shaft are discussed using BEMT results
in Chapter 8.
Alternate Wind Turbine Simulation Methods
Two other common wind turbine simulation methods are immersed boundary and
vortex panel. Both model the blade on a higher order than strip theory but below
resolving the actual geometry, and both use two-way coupling with the atmospheric
boundary layer. Vortex panel methods are applied for computing ideal flows over
a body. The body is divided into individual panels, each of which has a control
point as well as surface vortex filaments. The velocity field is calculated using the
induced velocity from the different vortex filaments, including tip vortices, with
no flow going through the panels at the control points. This method is useful for
nominal situations where the flow is attached [167] and has many applications for
understanding wake meandering and wake breakdown. More recent advancements
in vortex panel methods have allowed for periods of separation [168] and have been
applied for the design of wind turbine blades [169]. The ALM methods have a similar computational cost and have the added benefit of sharing the underlying theory
with BEMT, giving the opportunity to understand if the way the blade is modeled
or the way the atmosphere -turbine interaction is calculated more important for
producing accurate loads.
Immersed boundary methods (IBM) are a way of enforcing a geometry on a
mesh that does not conform to the geometry. The increased computational cost of
the additional terms to be solved is outweighed by the reduction in mesh size and
time required for mesh generation. The blade is ‘imposed’ by adding local forces
flow field to give a ‘solid’ boundary on a non-conforming mesh. IBM have been
applied to wind turbine simulations and with other wind energy applications [170]
such as the modeling of the tower or non-uniform terrain. These models can be run
at the resolution applied for ALM simulations, though the blade geometries are
not well defined. In order to accurately resolve the blade geometry, the cells must
be smaller than for typical ALM applications near the blade edges. While the size
of the cells do not reduce to the size required for blade boundary layer simulations,
the number of cells increases over ALM requirements as a large portion - wherever
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the blade geometry might pass through - must be small in size. With only a
small increase in computational cost, blade boundary layer resolved simulations
can be done, reducing the applications in which immersed boundary methods are
commonly applied.

3.4 Statistical Methods
In order to gather converged statistics on the nonsteady response to atmospheric
turbulence, a single wind turbine would need to experience the same stability state
inflow for a long period of time, longer than is available from our LES method. We
use horizontal homogeneity (section 3.4.1) within our ABL simulation to spread
many wind turbines out through the domain. These short-time runs are then added
together to create ‘infinite-time’ statistics (section 3.4.2), which can be analyzed to
describe what occurs on a single wind turbine in an infinite amount of time within
a constant stability state atmospheric boundary layer. We also can sort periods of
time within the atmospheric boundary layer based on different quantities within
the flow field. We create conditioned statistics based on the streamwise and vertical
velocity fluctuations, as described in Section 3.4.3.

3.4.1 Horizontal homogeneity
Horizontal homogeneity of the atmospheric boundary layer is the uniformity of the
statistics in the horizontal directions. The horizontal homogeneity within the large
eddy simulation of the atmospheric boundary layer provides the ability to use temporal and spatial averaging to create large samples for statistical purposes. This
allows for spatial averages to be taken over length scales on the order of kilometers
whereas most experiments take data at very few locations. The canonical simulations also allow for long periods of time with constant stability state that allows
for temporal averages to be used. Field experiments are rarely able to have near
constant stability state for long periods of time due to the diurnal cycle, weather
and other time changing conditions, including changing cloud cover.
The large sample size afforded by horizontal homogeneity allows one to build
global statistics of the atmospheric boundary layer at a specific stability state.
Through the use of temporal and spatial averaging, it is possible to find converged
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statistics using the ABL flow field. Mean profiles, such as the velocity, temperature
and Reynolds stresses, can be extracted from the flow field. It is also possible to
sort locations and periods of time within the atmospheric boundary layer based
on different quantities within the flow field.

3.4.2 ‘Infinite time’ statistics
The precursor atmospheric boundary layer simulation is used as inflow to the
BEMT wind turbine simulations. Each wind turbine is independent of the others
as the one-way coupling provides no turbine-turbine interaction that is found in
wind farm simulations. Wind turbines can be spread through the domain and
statistics collected from them aggregated using horizontal homogeneity just as was
done using the atmospheric boundary layer statistics. The inflow for the wind
turbines was extracted at many locations spread equally through the large eddy
simulation domains. The number of wind turbines was balanced by the desire to
spread the turbines out to reduce the correlation between nearby turbines in the
same large-scale turbulent structure with the desire to have turbines close together
to include the effect of the small-scale structures. A high number of turbines with
spacing within the typical large-eddy size was used with a randomized wind turbine
order for statistic collection in order to not allow the close spacing to influence
convergence time-scales.
The wind turbine simulations are run for the same period of time used for
the atmospheric boundary layer simulations and converged wind turbine statistics
assembled from all turbine simulations. These converged statistics can be thought
of as what a single wind turbine sitting in a constant stability state would see
for a long enough period of time to create statistics that would not change if the
time increased to infinity, or ‘infinite time statistics.’ This definition may lead one
to believe that the statistics have little physical meaning for actual wind turbines
in the field as the stability state isn’t constant for a period of time long enough
to create infinite time statistics. However, infinite time statistics are very helpful
in quantifying loadings that are characteristic of a certain stability state. Our
discussion of the infinite time statistics using BEMT is found in Section 5.1.
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3.4.3 Conditioning for Atmospheric Structure
Turbulent boundary layers have long been known to have coherent structures that
have been shown to have strongly negative correlation between horizontal and
vertical velocity fluctuations [133]. The atmospheric boundary layer can be sorted
based on the horizontal and vertical velocities to create conditional statistics. We
have chosen to condition the ABL statistics based on the velocity fluctuations at
90 m. While this height is low within the atmospheric surface layer, it is the hub
height of the NREL 5 MW wind turbine used in our analysis and is representative
of the structures passing through the rotor disk.
The conditional statistics are created using a two-step method [17]. First, the
velocity at the analysis plane is filtered using a low pass filter. This allows the
larger, energy containing eddies to be retained while the lower energy containing
eddies, or gusts of wind, are eliminated. The cut-off for the filter was placed
at three times the peak in the velocity power spectra, which is a wave number
of 20 for the moderately convective boundary layer. This value was found by
comparing the same flow field with various filter cut-offs and determining which
value eliminated the small-scale structures while retaining the large scale eddies.
The second step sorts the filtered flow field based vertical and horizontal velocities.
The probability density functions for the filtered horizontal and vertical velocities
are created. In the horizontal velocity, the highest and lowest 25% are called high
speed and low speed streaks, respectively. The vertical velocity is sorted using
the highest 30% and lowest 20% as updrafts and downdrafts, respectively. These
cut-off percentages were found using trial and error by looking at the structures
created in the unfiltered flow field and selecting the values that produced the best
representation of the large scale structures.
Each point on the analysis plane at each time is then classified using the filtered
flow field. Each location is classified as high speed, near mean or low speed for
the horizontal velocity and as updraft, near mean or downdraft for the vertical
velocity. Note that while the horizontal and vertical velocities are known to be well
correlated, the conditioning was done on each separately. The conditioned mean
profiles can then be collected using the unfiltered flow field to show differences
in the atmospheric structure, namely the effect of eddies of dominantly upward,
downward, forward, and backward motions. These conditioned statistics within
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the atmospheric boundary layer are shown and discussed in Chapter 4.
A different method for calculating conditioned statistics was attempted based
on temporal statistics from a single point in the ABL simulation. The sample size
in our large eddy simulations was too small to be of use in identifying the energy
containing eddies. This is unfortunate as current wind turbine control technologies
are based primarily on local data rather than the large spatial regions required for
properly identifying structures in the atmospheric boundary layer.
The conditioned statistics created in the atmospheric boundary layer can be
extended to the wind turbine. The loadings from the wind turbine simulation
can be sorted based on the hub velocity condition found using the filtering/cut-off
method. While the conditioning is based on a filtered velocity, the velocity that is
input into the wind turbine simulation is unfiltered. These conditioned statistics
can then be used to show the differences in wind turbine loadings when the turbine
is within high or low speed structures or updrafts and downdrafts, as discussed in
Section 5.3.
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Chapter 4 —
Statistical Structure of ABL Simulations
4.1 Introduction
We document the statistical structure of the atmospheric boundary layer relevant
to our study of nonsteady wind turbine response to atmospheric turbulence. Section 4.2 compares a neutral and a moderately convective boundary layer used for
the long-time BEMT statistics. We also compare to the engineering design model
TurbSIM to show the need for high quality LES to create ABL turbulence.
We apply higher resolution using a more parallelized algorithm to develop a
higher resolution LES of the MCBL for use with the CWF simulation. Section
4.3 characterizes the high resolution moderately convective boundary layer that
is applied as inflow for wind turbine simulations central to Chapters 5 - 8. We
characterize the turbulent structures within this flowfield for use with infinite time
statistics as well as for the CWF turbine simulation.

4.2 Comparing the Neutral and Moderately Convective Boundary Layer
We use an in-house pseudo-spectral LES code with low numerical dissipation for
precursor simulations of the atmospheric boundary layer for the comparison between neutral and moderately convective canonical boundary layers. The runs are
initialized using random fluctuations in the four lowest horizontal levels and is
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Domain
Mesh
− zLi
ck
Geostrophic Wind
Surface Heating

Atmospheric Boundary Layer
Neutral
Moderately Convective
3km x 3km x 1km
5km x 5km x 2km
172 x 172 x 108
172 x 172 x 176
0
8
0.1
0.1
15 m/s
13 m/s
0 K m/s
0.21 K m/s

Table 4.1: Parameters for the in-house ABL code for the neutral and moderately
convective boundary layer runs.
run until the simulation reaches a quasi-stationary state, at which point the data
extraction for the ABL analysis and wind turbine simulation begins. Table 4.1
shows the relevant parameters for the neutral and moderately convective boundary layer simulations that were run. The domains are sized in order to capture
many large eddies for each stability state, with the MCBL domain being larger
due to larger energy containing eddies. The capping inversion is initially placed at
half the domain height with a temperature change of 10K over 10 cells. The Coriolis parameter for both simulations was set as 4x10−4 s−1 . The surface roughness
is set to 0.016 m. The geostrophic wind was chosen for each simulation to have
near-equal streamwise velocity at 90 m, the hub of the NREL 5 MW wind turbine,
for a comparison between the two simulations. The mean streamwise velocity at
the hub height for the NBL is 12.7 ms and is 12.3 ms for the MCBL.

4.2.1 Mean Statistics
The horizontal homogeneity found in these equilibrium cases allow for the equivalence of temporal and spatial averages. The atmospheric turbulence created in
the canonical boundary layers allows the structures at a particular atmospheric
stability state to be analyzed rather than in the non-equilibrium boundary layer.
Additionally, the geostrophic wind being held constant dictates a mean wind velocity through the ABL. The choice of the mean wind velocity is tied to the wind
turbine operation. While the choices of stability state and mean wind velocity give
unique ABL conditions, the particular parameters are chosen to be representative
of conditions that a wind turbine would commonly operate. The statistics presented should not be used to describe ABL turbulence or wind turbine loadings
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for all ABL stability states and velocities.
The atmospheric stability state can have a large effect on the atmospheric
turbulence structure, which in turn has a large effect on wind turbine loadings
and power production. While the overall structure of the turbulence, a strong
negative correlation between horizontal and vertical velocity fluctuations, remains
similar between the two stability states, the way that the two impact modern
commercial scale wind turbines is different. Figures 2.10 and 2.11 show horizontal
velocity fluctuations for the neutral and moderately convective boundary layers,
respectively, at the hub height for the NREL 5 MW turbine (90 m.) The MCBL
has larger structures, and the structures are stronger with larger variations in the
horizontal velocity. This is also similar to the vertical velocity fluctuations, which
are illustrated using iso-surfaces of upward vertical velocity imposed on the hub
height plane as shown in the same figures. The updrafts shown correlate very
well with low-speed streaks in the horizontal plane. These structures are large
with respect to the NREL 5 MW wind turbine which has a rotor diameter of 123
meters and a rotation rate of 12.1 rpm for these wind speeds.
The converged profiles for the neutral and moderately convective boundary
layers are shown in Figure 4.1. The streamwise velocity profile, shown in Figure
4.1a, shows the NBL has a larger wind shear vertically and horizontally across
the rotor disk, which will give rise to larger 1/rev transients in blade loadings
due to mean flow. The driver for the differences between the NBL and MCBL is
the introduction of surface heating in the MCBL. This gives rise to thermals and
creates the mean temperature gradient shown in Figure 4.1d and the variance in
the temperature in Figure 4.1e.

4.2.2 Conditioned Statistics
While differences between the stability states can be seen in the converged mean
profiles, the variations within each stability state are also large, as seen in the
strength of the structures illustrated in Figures 2.10 and 2.11. These differences
can be quantified using the conditioning method developed in Section 3.4.3 to show
the differences in the local flow. We do this conditioning at z = 90 m, the hub
height for the NREL 5 MW wind turbine. A mean ABL profile can be created
based on the spatio-temporal locations where a point is conditioned as being high
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(a) The Ux velocity profile.

(b) The Uy velocity profile.

(c) The Uz velocity profile.

(d) The temperature profile.

(e) The temperature variance profile.

(f) The u0 w0 Reynolds stress profile.

Figure 4.1: The global mean profiles for the neutral and moderately convective
boundary layers.
or low speed in the horizontal or an updraft or downdraft in the vertical. The mean
streamwise velocity profiles for the high and low speed streaks in the moderately
convective boundary layer are shown in red and blue, respectively in Figure 4.2a
with the global mean shown in black. At the hub height of the NREL 5 MW wind
turbine there is a difference of about 4 m/s in the horizontal, which is a large
difference for controls purposes for a wind turbine of any size.
The mean velocity profiles for updrafts and downdrafts are shown in dotted
red and dotted blue lines, respectively, on Figure 4.2a. The similarity between the
horizontal and vertical conditioning shows the extent of the correlation between
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(a) Horizontal velocity based on the dif-(b) Vertical velocity based pm the different conditions.
ferent conditions.

Figure 4.2: The velocity profiles of the ABL conditioned on streamwise and vertical
velocity fluctuations at 90 m.
updrafts with low speed streaks and downdrafts with high-speed streaks. The
vertical velocity profiles for the mean and the four outlying conditions are shown in
Figure 4.2b. An interesting observation is that while the updrafts and downdrafts
create a varying vertical velocity profile through the rotor disk, the high and low
speed streaks provide relatively constant vertical velocity through the rotor disk.
In addition to the average strength of the structures, the size of the structures
is also important. Because a single high-speed streak, or any other structure, can
hit a wind turbine at an angle or with some span-wise velocity, the time-scale
for an average structure on a discrete location within the ABL domain is only
partially related to the dimension of a turbulent structure at a given time. The
time-scale that individual locations are within each of the structures is averaged
for all locations within the domain for the entire time period. The mean value for
the time that a single structure exists in a certain location can then be calculated.
These time-scales are shown in Table 4.2 for the high and low speed structures in
the horizontal and Table 4.3 for the updraft and downdraft structures. The number
of rotations of the NREL 5 MW wind turbine for these time periods is also given
to show that the time-scale of the smallest energy containing eddy structures is
long with respect to the wind turbine rotation time-scale.
The time-scales for the structures are about twice as long in the moderately
convective boundary layer as the neutral boundary layer. In addition, the highspeed streaks are longer in time period than the low speed streaks for both stability
states. However, even though the high-speed streaks correlate well with downdrafts, the up-drafts have a longer time-period than the down-drafts for both
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MCBL
NBL

Streamwise Structure
Low Speed
High Speed
0.87 min (≈11 rev) 1.18 min (≈14 rev)
0.37 min (≈5 rev)
0.45 min (≈6 rev)

Table 4.2: The average time a location is within a streamwise structure, shown
with revolutions of the NREL 5 MW blade.

MCBL
NBL

Vertical Structure
Updraft
Downdraft
0.82 min (≈10 rev) 0.50 min (≈6 rev)
0.3 min (≈4 rev)
0.25 min (≈3 rev)

Table 4.3: The average time a location is within a vertical structure, shown with
revolutions of the NREL 5 MW blade.
stability states. All of the time-scales of typical periods of time on the order of
more than 5 revolutions of the NREL 5 MW wind turbine, which is much larger
than the time-scales important to unsteady aerodynamics of the individual wind
turbine sections. This allows for controls to help mitigate the large differences
in loading caused by the location of the wind turbine in or out of atmospheric
turbulence structures. The structures themselves cause large scale changes. The
time- and length-scales important to the blade boundary layer are far smaller than
the multi-rotation scales on which the energy containing eddies operate. The blade
cutting through the internal portion of a turbulence structure and the asymmetry
associated with the loading difference between the three blades, discussed in more
detail in Section 8.2, are important for smaller time-scales, including that of the
blade boundary layer.

4.2.3 Comparison with Lower Order Models
The large eddy simulation algorithms applied for the moderately convective and
neutral boundary layers run on O (100-1000) processors and take up to a week
to run. Stochastic turbulence generators such as NREL’s TurbSIM [140–142, 171],
can be run in minutes on a single processor. We applied matching mean statistics
for the MCBL to a TurbSIM case to identify if the lower order model is capable
of producing realistic daytime atmospheric turbulence structures [16]. The mean
values used as inputs for TurbSIM are found in Table 4.4 and include the mean
62

Parameter
Ux (z)
zo
Ri
∂ θ̄
∂z

θ̄
u0 v 0
u0 w 0
v 0 w0

Calculated from LES
0.085
z
12.415 85.22
0.016
-0.626
−3 · 10−3
302.2
-0.043
-0.61
-0.01167

Table 4.4: The mean values calculated from the LES of the MCBL and applied
within TurbSIM.
Reynold’s stresses.
The TurbSIM flow field was created and compared to the LES field. TurbSIM
accurately created the flow field with the mean values. However, the correlations
of wind turbine loads calculated using BEMT methods were different. The mean
integrated and local loads were similar, but the variances and low-frequency power
were lower for the TurbSIM inflow than LES. The TurbSIM flow field lacked the
coherent structures found within the moderately convective boundary layer. Figure
4.3 shows the joint PDF for the u0 w0 Reynold’s stress for similar sample sizes. The
LES and TurbSIM both match the mean (-0.61), but the distributions are not
similar. The LES u0 w0 distribution is uneven with pockets of high probability.
This is a result of the strong coherent structures within the afternoon boundary
layer. The TurbSIM u0 w0 profile is smooth and aligned with a slope corresponding
to u0 w0 = −0.61. The coherent structures are not well represented in the u0 w0
distribution. Prediction of the coherent structures requires the use of LES as the
structures characterize the afternoon boundary layer and are a dominant feature
in the CWF wind turbine loadings.

4.3 High Resolution Moderately Convective Boundary Layer
The moderately convective boundary layer simulations used in Section 4.2 had a
vertical spatial resolution of ≈ 11.4 m, or roughly 12 grid points across the rotor.
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(a) From the LES.

(b) From TurbSIM.
0

0

Figure 4.3: The joint PDFs for the u w Reynolds stress for the moderately convective boundary layer with matching statistics.
Domain
Mesh
ck
Geostrophic Wind
Surface Heating

5.12 x 5.12 x 2.048 km
512 x 512 x 256
0.08
15 m/s
0.2 K m/s

Table 4.5: Parameters for the moderately convective boundary layer run used for
the CWF simulation.
The horizontal spacing gives only 5 points across the rotor. A higher resolution
simulation was completed using the Sullivan and Patton code as described in Section 3.2.3 required for the CWF simulations. The parameters for the simulation
are given in Table 4.5. The mean wind speed of the MCBL at the hub height is,
14.1 ms , is higher than the previous simulation set.
The conditioning of the ABL field was carried out similar to the previous analysis. The time-scales for the horizontal structures are given in Table 4.6 and for
the vertical structure in Table 4.7. Note that these are shorter time scales than
for the previous MCBL. The time-scales are still several of rotations of the NREL
5 MW wind turbine, which may allow for collective pitch or rotational sped control for turbines in the field to control for the changes in velocity. The analyses
found throughout this document use constant controls in order to isolate the aerodynamic effects on the rotor due to the atmospheric turbulence from the quality
of the control systems being used and to be able to compare the different wind
turbine simulation methods.
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MCBL

Streamwise Structure
Low Speed
High Speed
0.78 min (≈9 rev) 0.75 min (≈9 rev)

Table 4.6: The average time a location is within a streamwise structure, shown
with revolutions of the NREL 5 MW blade.

MCBL

Vertical Structure
Updraft
Downdraft
0.47min (≈5 rev) 0.42 min (≈5 rev)

Table 4.7: The average time a location is within a vertical structure, shown with
revolutions of the NREL 5 MW blade.

4.4 Summary
We have developed a way to characterize the turbulence structures within the
atmospheric boundary layer on the horizontal and vertical velocities. By doing
so, we show that the time-scale of a typical structure passing through a location
is several rotations of the wind turbine for all characterizations and atmospheric
conditions shown. The time-scale difference between the neutral and moderately
convective stability states is also several rotations of a wind turbine, showing the
impact of atmospheric stability. We have also shown that lower order model,
TurbSIM, does not accurately capture the coherence of the turbulence structures
that can be found using a large eddy simulation. The time-scales for turbulence
passage are similar for a higher resolution moderately convective boundary layer.
The simulations are used as inflow for the wind turbine simulations throughout the
rest of this thesis. The characterization of the turbulence structures at the wind
turbine is used to identify differences in wind turbine loadings as these structures
pass through the turbine.
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Chapter 5 —
Statistical Response of Wind Turbine
Loadings to Atmospheric Turbulence
Eddies
Well-converged statistics are possible using large eddy simulation by taking advantage of horizontal homogeneity and the ability to develop near-equilibrium
atmospheric boundary layers. The same atmospheric stability condition can be
kept for a period of time that is atypical in the daytime atmospheric boundary
layer. We use atmospheric turbulence as inflow to a blade element momentum
theory simulation of the NREL 5 MW wind turbine. We quantify the ‘infinite
time’ statistics of the wind turbine response to moderately convective and neutral boundary layer inflow in Section 5.1. The residual variability in integrated
rotor loads found within short-time periods is analyzed in Section 5.2 comparing
to the residual variability of the NREL GRC field test. The conditioned statistics
for the wind turbine loadings in response to the vertically and horizontally conditioned atmospheric boundary layer are documented in Section 5.3. These analyses
are directed at the effects of the large-scale energy-containing atmospheric eddies
characterized in Chapter 4 on the aerodynamic response of the wind turbine both
on loadings in individual structures, as well as on the passage of multiple structures. The NREL GRC dataset allows us to compare results from our wind turbine
modeling method, which doesn’t include controls or blade deformation, to actual
wind turbine data. The differences in wind turbine size and lack of full inflow
conditions do not allow for full validation of all of the methods, but are useful in
showing the ability of the models being used.
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5.1 ‘Infinite-Time’ Statistics
Just as the statistics for the atmospheric boundary layer were able to be collected
over time and space to create converged mean profiles, the same can be done for
wind turbine loads with atmospheric inflow. The atmospheric boundary layer simulation is used as the precursor for many different wind turbine simulations spread
throughout the domain. We use the statistics from 29.6 minutes for each of 155
wind turbines through the moderately convective boundary layer and 18.3 minutes for each of 222 wind turbines through the neutral boundary layer to develop
‘infinite time’ statistics, or what a single wind turbine would see if it were in each
stability state for an infinite amount of time. This spatial to temporal convergence
is applicable because of the quasi-equilibrium state of the atmospheric boundary
layer simulation. The mean power for each of the NREL 5 MW turbines spread
throughout the domain are shown in Figure 5.1 for the moderately convective
boundary layer and in Figure 5.2 for the neutral boundary layer.
The length of time of the simulation is not enough for fully developed statistics. We use the horizontal homogeneity of the ABL to consider the various wind
turbines spread through the domain as a single wind turbine in the ABL for a long
period of time. The long-time statistics may vary with wind the order in which the
wind turbine simulations are placed. We randomly order the wind turbines spread
through the domain and vary this order to find a representative time required for
statistical convergence. Figure 5.3 shows the convergence of rotor power in the
moderately convective boundary layer for the 155 turbines. Each dot shows the
effect of an additional wind turbine simulation (29.6 min) on the running average for rotor power. This converges after about 60 wind turbine simulations, or
roughly 30 hours of simulated time. Figure 5.4 shows the convergence of the rotor
power within the neutral boundary layer at about 6 hours of simulated time. This
difference in convergence time comes from the differences in the time-scales of the
structures in the atmospheric boundary layer, discussed in Section 4.2.2. The 5 to
1 time-scale required for converged statistics is larger than the difference in timescale of the structures, shown in Tables 4.2 and 4.3, further indicating the strength
of the MCBL structures.
The mean values for integrated rotor loads are similar for the neutral and moderately convective boundary layer, as shown in Figure 5.5. The neutral boundary
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Figure 5.1: The mean power in kW for the moderately convective boundary layer
for the 5 km x 5 km domain. Axes numbered by turbine row and column.
layer has a larger mean velocity gradient across the rotor disk, (4.1a) which would
indicate larger 1/rev loadings and more variance. However, the standard deviation
of the integrated rotor loads, shown in Figure 5.6 show that the moderately convective boundary layer causes more variance. The variation due to the turbulence
structures is large compared to the variation found within the mean boundary
layer profile.

5.2 Residual Variability within Short Time Periods
A 10-minute time window is the industry standard for wind turbine statistics. The
≈ 6 − 30 hour range required for converged statistics for the neutral to moderately
convective boundary layer demonstrates that the 10-minute time window is too
short to adequately identify mean values for a wind turbine. However, the at68

Figure 5.2: The mean power in kW for the neutral convective boundary layer for
the 3 km by 3 km domain. Axes numbered by turbine row and column.
mospheric stability state does not allow for the time-scales required for converged
statistics. A time-window can be chosen based on the desired level of variability
within the stability state being sampled. This is quantified by the standard deviation as a fraction of the infinite time power as a function of time. This provides
a measure for the expected variability in the rotor power between different wind
turbines or two different time-periods on the same wind turbine within the same
atmospheric stability state. This is shown for the moderately convective boundary
layer in Figure 5.7 and for the neutral boundary layer in Figure 5.8.
The moderately convective boundary layer variance starts much higher, with
a standard deviation of almost 25% of the infinite time power. After ten minutes
the neutral boundary layer is down to 3.8% and the moderately convective to
11.9%. The ten-minute location lies near an elbow in both stability states. While
additional time does decrease the variability, especially in the moderately convec69

Figure 5.3: The convergence time for rotor power within the moderately convective
boundary layer.
tive case, the additional time does not change the variability as much as the time
preceding the 10-minute mark. This suggests that while the ten-minute sample
has a considerable amount of variability, the amount of additional time required
to significantly reduce the variability would increase the time periods significantly.
The NREL GRC field test data sets can be used to calculate the residual
variability within short-time samples for a wind turbine with atmospheric inflow.
(See Section 2.1.7 for more information about the GRC field test turbine and
experimental campaign.) The field test data covers many stability states, boundary
layer depths and mean wind speeds forcing a different normalization approach
than is used with the BEMT data, which is for a single stability state with nearly
constant boundary layer depth and constant mean wind speed. We analyze this
data first using all of the 10-minute data sets available and then using the long-time
data sets available. For the ten-minute analysis, only the data sets that do not
include shifts are used. We analyze the standard deviation of the low-speed shaft
torque and normalize by the standard deviation of all the 10-minute runs available.
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Figure 5.4: The convergence time for rotor power within the neutral boundary
layer.
This is shown in the dotted lines in Figure 5.9. The NREL GRC generator is dualspeed. We analyzed the time-periods for the low and high speed settings separately.
The low speed analysis is in red and the high speed in blue. The low- and highspeeds both appear to be coming to an elbow at the 10-minute mark, similar to the
BEMT analysis. The low-power setting has lower residual variability for the 10minute analysis period, indicating that the faster wind speeds have higher torque
variances.
We also completed a long-time analysis by selecting all of the unique 40 minute
long time periods without a gearbox shift event. The residual variability for the
long-time averages are shown with the solid lines with the lower power setting
in red and higher power setting in blue. Unlike in the simulation results, we do
not have an infinite time mean to normalize with, due to the inherent variation
of the diurnal cycle and multiple stability states coupled with using only select
time-periods based on the gearbox shift schedule. Instead, we normalize individual
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Figure 5.5: The mean values for rotor integrated quantities the neutral and moderately convective boundary layer.
periods using the operational mean, or the mean of the 40 minute time period, and
then aggregate the results across all of the time periods. Most of the variability
from a signal will come in the first 10-15 minutes for both power settings. The
high power setting, typically used at higher velocities, requires slightly longer time
periods to pass through the elbow of the curve and flatten out. This may be
indicative of the broad range of wind-speeds over which the high power has longtime statistics available. Typically the lower power only has long-time statistics
available when it is near but below the lower rated wind speed as either higher
or lower wind speeds will cause a shift. This self-selecting suggests that the low
power has a narrower range within the available data.

5.3 Conditioned statistics
Conditioned statistics, defined for atmospheric structures in Section 3.4.3, can be
calculated for wind turbine loadings. These conditioned statistics are shown for
the rotor power in Figure 5.10 and5.11 for conditioning on horizontal and vertical
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Figure 5.6: The standard deviations for rotor integrated quantities the neutral and
moderately convective boundary layer.
velocities, respectively. The differences in the conditioned statistics further exemplify the argument of increased strength mentioned earlier when discussing the
increased variance found in the MCBL. The horizontal velocity correlates better
with the integrated rotor loads than the vertical velocity as shown in 5.10 and
5.11. The blade velocity is with and against the vertical velocity fluctuation depending on the location of the blade within the rotor disk, assuming the entire
rotor experiences roughly the same structure. The loading change associated with
the vertical velocity conditioning may be due to the correlation of the vertical and
horizontal velocities rather than the actual change in vertical velocity. The strong
dependence of loadings on horizontal velocity is good for wind turbine controllers
that rely primarily on the incoming horizontal wind speed. This is investigated in
further detail using kinematic analyses and ALM in Chapter 7.
We have shown that the horizontal velocity is the most important parameter in
determining the loading on the wind turbine. The mechanism by which the horizontal velocity affects the loads is through the angle of attack rather than through
the dynamic pressure. This is evident by the use of the conditional sampling. We
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Figure 5.7: The residual variability within the rotor power of the NREL 5 MW
wind turbine within the moderately convective boundary layer.
first look at the integrated loads, represented by the rotor power, shown in Figure
5.10. This shows an increase in over 50% for the mean power when comparing the
power for high-speed streaks compared to low speed streaks for the moderately
convective boundary layer. We have chosen to look at how this variation in power
is derived by focusing on the local quantities at the 74% span location, which is
in the highest power-producing region of the blade. The lift per unit span at this
location is shown in Figure 5.12 conditionally sampled on the stream-wise velocity
for the moderately convective boundary layer. The 27% increase in lift from the
low-speed streaks to the high-speed streaks helps to give rise to the difference in
the conditioned rotor power. The local lift is a function of both the local angle
of attack and local flow velocity, which are shown conditioned by the stream-wise
velocity in Figures 5.13 and 5.14, respectively, for the MCBL. There is very little
change between the different conditions in the local velocity magnitude. This is
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Figure 5.8: The residual variability within the rotor power of the NREL 5 MW
wind turbine within the neutral boundary layer.
because the rotational velocity is large with respect to the changes in the inflow
velocity. Note that effect of the change in stream-wise velocity in the outboard
portion of the blade is smaller than it would be near the hub. However, the angle
of attack shows a large jump between the low-speed and high-speed conditioned
values. The stream-wise velocity changes are larger with respect to the stream-wise
velocity causing a greater change in angle of attack than in the velocity magnitude,
as was mentioned by Burton et al [21]. The dominance of the angle of attack on
the changes in loadings is fortunate for wind turbine operation as the angle of
attack can readily be changed by modifying the collective pitch angle whereas the
velocity magnitude, which is highly dependent on the rotational velocity, is more
difficult to optimize.
The highly resolved moderately convective boundary layer similarly shows that
the angle of attack change between the structures is the dominant driver in the

75

Figure 5.9: The residual variability within the torque of the GRC field test data.

Figure 5.10: The rotor power conditioned on the streamwise velocity.
local lift per unit span along the blade, especially in the outboard sections of
the blade. This is true both for streamwise and vertical velocity conditioning,
though the variation due to vertical velocity is smaller than horizontal velocity.
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Figure 5.11: The rotor power conditioned on the vertical velocity.

Figure 5.12: The lift per unit span at the 74% span conditioned on the streamwise
velocity.
We investigate why this is in Section 7.1.
The quantifications shown here have the simplistic view that the entire wind
turbine is in or out of a structure based on the location of the hub with respect
to the filtered velocity field. The energy containing atmospheric eddy structures
are large with respect to the wind turbine so this may often be the case. However,
the filtering causes some short time periods where the assigned structure is not
indicative of the wind turbine loading. For example, the rotor power as a function

77

Figure 5.13: The angle of attack at the 74% span conditioned on the streamwise
velocity.

Figure 5.14: The velocity magnitude at the 74% span conditioned on the streamwise velocity.
of the hub-height wind speed is shown in Figure 5.18 with coloring showing when
the turbine is characterized as low speed (blue), high speed (green) or near mean
(red) based on the filtered horizontal velocity. The general trends, lower speed
flows being classified as low speed streaks and giving low rotor power, are clearly
true, but the variation within these is large. Two sources of variation are the
filtering causing misclassification and variation on the rotor disk. Asymmetry in
the rotor plane is used to predict the out-of-plane bending moment in Section 8.3.1.
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Figure 5.15: The conditioned lift per unit span along the blade within the MCBL.

Figure 5.16: The conditioned angle of attack along the blade within the MCBL.

5.4 Summary
We have shown how the wind turbine loads vary due to atmospheric turbulence.
We show that the amount of time required for converged statistics is long with
respect to the blade rotation time-scale. The length of time required is longer than
the atmosphere has a constant stability state. We are able to show that a time
period of about 10 minutes, which happens to be the industry-standard, contains
much of the variability for the rotor power and blade loads. Large increases to the
time-window are required for improvements to statistical convergence.
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Figure 5.17: The conditioned velocity magnitude along the blade within the
MCBL.

Figure 5.18: The rotor power as a function of the conditioned horizontal velocity
fluctuations.
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The moderately convective boundary layer is shown to have more variation
in the local and integrated wind turbine loads than the neutral boundary layer.
Both stability states have larger variation in loads when conditioned based on the
horizontal velocity rather than the vertical, which we investigate further in Chapter
7.
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Chapter 6 —
Ability of Lower Order Models to Capture Unsteady Load Response of Turbulent Eddy Passage
In this chapter, we quantify the ability of lower order models to accurately capture blade loads due to atmospheric turbulence. In Section 6.1, we compare to
the Single Rotating Blade in Atmosphere (SRBiA), a blade boundary layer resolved simulation of a single NREL 5 MW blade by Vijayakumar as a part of the
CWF project [17], to single blade simulations using ALM and BEMT. The three
simulation comparisons allows for analysis of the coupling method and the blade
resolution method. The high computational cost has only allowed a short time
period for the blade resolved simulation. We compare the ALM and BEMT for
a longer time period using the 3-bladed NREL 5 MW wind turbine in Section
6.2. We quantify differences due to the different coupling strategies to show the
level of accuracy obtained using BEMT methods. These comparisons demonstrate
the utility, and boundaries of utility of less computationally expensive lower order
models (specifically, BEMT and ALM) for application in industry, for example.

6.1 Short-Time Comparison of a Single Rotating Blade
We compare a 9-second period for a single blade of the NREL 5 MW turbine
within the moderately convective atmospheric boundary layer. The start time is
dictated by identifying when the spatial and temporal variation are due to atmo-
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spheric turbulence rather than the simulation start-up transient. We compare the
integrated loadings and sectional loads at inboard, middle and outboard blade stations in Section 6.1.1. The cross sections chosen range from the 25% span, where
Vijayakumar found the effects of unsteady boundary layer behavior to be most
prevalent [17], to the 75% span location, representative of the portion of the blade
that has the largest influence on the integrated torque and largest out-of-plane
bending moment. Section 6.1.2 shows how the way the blade is resolved influences
the differences seen the loadings.
We calculate the differences in the various loadings by comparing specific events
across the simulation methods. Figure 6.1 shows the torque as a function of time
for the three different blade resolution methods for the time period used in this
analysis. The blade makes 1.8 revolutions during this time. For the purpose of
this analysis, we identify structures that correspond to the blade cutting through a
mean velocity profile, low velocity when the blade is at the bottom of the rotor disk
and high velocity when the blade is at the top. The 1.8 seconds can be broken into
the last part of a revolution, an entire revolution and the first part of a revolution.
We refer to these as events 1, 2 and 3. The break between event 1 and event 2
is at the first dotted local minimum that occurs, between 7-9 seconds. The break
between event 2 and event 3 occurs at the last local minima, between 12.5 and
13.5 seconds. The torque for the three events is shown in Figure 6.2 with marks
indicating internal structure to the events. The modulation of the atmospheric
structures by the different two-way coupled methods and the differences in how
the blade forces are resolved decrease the level of certainty in this analysis, but
care was taken to be as accurate as possible. The numbers in Figure 6.2 show how
the internal structures correlate to the events and how they compare between the
different simulation methods.
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Figure 6.1: The integrated torque for the single rotating blade using all three
methods.
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(a) Event 1

(b) Event 2

(c) Event 3

Figure 6.2: The internal structures of the torque events.
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6.1.1 Comparison of Sectional Loads
We focus on the leading edge and trailing edge of the three different events highlighted before. We define the trailing edge of Event 1 to be from station 1 to 2 in
Figure 6.2a. The leading edge is from station 0 to 1 and the trailing edge is from
station 6 to 7 for Event 2 as shown in Figure 6.2b. The leading edge of Event 3
goes from station 0 to station 1 in Figure 6.2c. The events with just the leading
and trailing edges are shown for the normal force per unit span in Figure 6.3 at the
25%, 50% and 75% span. The same locations are shown for the tangential force per
unit span in Figure 6.4. The similarity of the outboard sectional forces with the
torque at outboard sections is high but is almost unrelated for the inboard sections,
especially comparing the resolved simulation with the others. The unsteady separation that is occurring causes the correlation of the loads to the incoming angle
of attack to be low. Additionally, the two-way coupling becomes more important
near the hub. The geometry of the hub, modeled in the blade resolved simulation,
and the high solidity of the inboard blade sections effectively block a portion of
the flow, which accelerates around the hub and between the blades. This is not
the case outboard as the low solidity of the rotor causes negligible acceleration
around the blades. The loading on the inboard sections show the importance of
both two-way coupling with the atmospheric boundary layer and of the impact of
the unsteady boundary layer dynamics.
In addition to the unsteady separation, a vortex shedding event can be seen
in the inboard sections in both the tangential (Figure 6.3a) and normal (Figure
6.4a) force plots. This produces the largest gradients in the resolved simulation,
not counting periods of time affected by numerical stability. This vortex shedding
event causes a load change greater than 10% of both the tangential and normal
forces within less than one tenth of a second. This large change is not modeled in
the ALM or BEMT models, which use steady state flow tables. A blade boundary
layer simulation capable of resolving the unsteady boundary layer dynamics must
be used for vortex separation and other unsteady boundary layer phenomena to
be captured.
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(a) 25% Span

(b) 50% Span

(c) 75% Span

Figure 6.3: The normal force per unit span at various radial locations along the
blade.
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(a) 25% Span

(b) 50% Span

(c) 75% Span

Figure 6.4: The tangential force per unit span at various radial locations along the
blade.
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The 50% and 75% span loadings are qualitatively similar between the different
wind turbine simulation methods for both the normal and tangential sectional
forces. The angle of attack is low through these regions, indicating attached flow
without separation. The structure of the atmospheric turbulence is large compared
to the wind turbine blade and changes sectional flow angles as the blade passes
through the eddy structure. The turbulence structures are modulated by the blade.
The angle of attack and sectional force changes do not happen at the same time
for the different analysis methods. The lower order models capture the trends in
the outer portion of the blade, as well as in the integrated torque, but not the
correct timing and ranges. Additionally, the single blade simulations impart less
change on the flow than a three-bladed simulation. This decreases the modulation
on the atmospheric structures, making the structures look more similar across all
of the simulation methods than would occur for a three-bladed turbine.
The temporal variation associated with the beginning of the various elements of
the structure between the lower order simulation methods and the blade resolved
simulation can be quantified with a time-delay value.We identify the elements
of the structure primarily through the first derivative - changes in sign occur at
either end of a structure. The time-delay assumes that the structures being seen
are the same structure being propagated into the wind-turbine at a different time.
We note that this is not robust as the coupling between the wind turbine and the
atmospheric boundary layer can modulate the turbulence structures. Additionally,
the rotation of the blade causes the time-delay to also be associated with a different
location in space. We examine these differences in Section 6.1.2.
We calculate the time-delay between the lower order models and the blade
resolved simulation for each of the leading edges (on the left) and trailing edges
(on the right) for each of the different signals discussed. These are shown in Figure
6.5 with the BEMT in blue and the ALM in green. The time-delays are plotted such
that a negative time event (plotted upwards here for convenience) indicates that
lower order model predicts this to happen before predicted by the blade resolved
simulation.
The ALM predicts the times associated with changes in the inflow angle better
than the BEMT. The ALM is more consistent with the fully blade resolved simulation as the two-way coupled nature more accurately predicts the modulation
of turbulence structures advecting into the rotor. The one-way coupled BEMT,
89

which just alters the velocity at the rotor plane, cannot accurately predict these
changes.

Figure 6.5: The difference in time of the events compared to the resolved prediction.
Negative time indicates the event occurs before the resolved simulation with BEMT
in blue and ALM in green.
We calculate the differences in the predicted values between the lower order
models and the blade resolved simulation for each of the leading edges (on the
left) and trailing edges (on the right) for each of the different signals discussed.
These are shown in Figure 6.6 with the BEMT in blue and the ALM in green. The
differences are plotted with a positive value being a prediction higher than that of
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the blade resolved simulation. Similar to the time-delay, the peak values found by
the ALM are more consistent with the blade resolved values than the BEMT. The
higher range within the BEMT leads to higher average temporal gradients, though
the blade resolved simulation has small periods of time, especially inboards with
far higher gradients than either ALM or BEMT.

Figure 6.6: The difference in value of the three events compared to the resolved
prediction. Positive values indicate the value is higher than predicted by the
resolved simulation with BEMT in blue and ALM in green.The left plots are from
the event leading edge, with only events 2 and 3 shown. The right plots are from
the event trailing edge, with only events 1 and 2 shown.
We show the mean torque moment per unit span for the 9 second time period
in Figure 6.7. The standard deviation at each location is also calculated. The
dotted lines show the mean plus and minus standard deviation at each blade lo91

cation. The difference in variance near the hub between the blade resolved and
the empirically modeled blades is large. The unsteady separation occurring in the
resolved simulation is causing load fluctuations that are not able to be predicted
by lower order models. A single angle of attack only has a single lift and drag
value using the airfoil look-up tables, while the sectional forces can vary due to
unsteady separation with the resolved geometry simulation.
The mean and variance for the empirical models show the effect of the discretization of the airfoil characteristics. The location of the actuator/analysis
points transition between the airfoils can be seen compared to the smooth curves
of the resolved simulations. The look-up tables use singular locations. These are
limited by the airfoil definitions as sectional forces of interpolated airfoil shapes is
not well understood. The variance near the blade tip is smaller for the two-way
coupled simulations than for the one-way coupled simulation. BEMT uses a tiploss correction factor to scale the velocity near the tip. The variance in normal
and tangential sectional forces near the tip with the tip loss model has been shown
to be high for BEMT models [172] compared to ALM models. The SRBiA shows
lower variance in this region than either of the engineering design models.

6.1.2 Causes for Differences
We quantify the response time of the different methods using a simulation of a
two-dimensional airfoil using the three different simulation methods. I used the
NACA 64 series airfoil that is on the outer portion of the NREL 5 MW blade. We
applied simulations for all three blade resolution methods in a wind tunnel with
width 10 chords. The simulation starts with uniform inflow with 0 degree angle of
attack with a Reynolds number of 1 million, typical of the outboard portions of the
blade. A vertical velocity component, giving an angle of attack, is then added to
the front of the domain and allowed to advect through the domain. We calculate
the normalized load magnitude, or the total load change from one steady state to
the other. These are shown for the different blade resolution methods in Figure
6.8. The time each simulation takes to go from the original force magnitude to the
new force magnitude is shown in Table 6.1. This response time of an airfoil to a
step change angle of attack describes the time-delay between the different models
in atmospheric flow. BEMT can respond nearly instantaneously to changes in
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Figure 6.7: The mean torque along the blade for the different wind turbine simulation methods. The dotted lines are the mean plus and minus the standard
deviation, indicating the range of values.
the local flow angle. (Note that the response is probably faster than shown in
the current study as the step change diffuses slightly as it passes through the
domain.) The actuator point responds very quickly, but because it feeds back into
the simulation, the flow field changes when the point force changes. Thus, the
time until the new steady-state is reached is extended. The blade boundary layer
resolved simulation also has the time expansion due to the coupled nature of the
simulation. In addition, the actual geometry, which requires one flow-through time
for the change to advect over the blade, also increases the response time. There
have been several attempts to model this delay in lower order models using various
functions [73,173,174] in order to increase the ability of lower order models. These
are not currently included in most standard engineering design models.
The step change in angle of attack is a for of the Küssner Function [71] gust
response, explained in detail in Leishman’s textbook [175]. Küssner predicts that
the response to a vertical gust will reach 90% after ≈ 8 flow through times, longer
than that predicted by any of the computational models in Table 6.1. Future
work may include adding a damping function to the lower order model based on a
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Simulation Method
Fully Resolved
ALM
BEMT

Response Time
3.1
1.4
0.3

Table 6.1: The number of flow through times required for each blade resolution
method to respond to a step change in angle of attack.
Küssner type damping function.

Figure 6.8: The response time for a step-change angle of attack.
The above analysis is for a step-change in angle of attack, which is not indicative
of the changes in angle of attack experienced by a blade section in the atmospheric
boundary layer, but can be used to help describe the blade response for nonsteady
flow angle changes. The delay difference can cause a change in the range of loadings
experienced during periods of rapid changes in angle of attack. This delay can cause
a change in the range if there is a subsequent change back to the original angle of
attack. If the flow reverted to the original angle of attack at some time after the
lower order models reached the new load but before the resolved simulation had
fully responded, the range for the resolved simulation would be smaller than that
of the lower order models as the load would reduce to the final angle of attack
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rather than continue to the stepped value. The difficulty in testing this within
the atmospheric boundary layer is to ensure that the flow is exactly the same
between an empirical method and a full blade-boundary layer simulation. Even
though the ALM is two-way coupled, the differences in how the blade is resolved
and the resulting coupled flow are large enough to eliminate the possibility for this
comparison. Vijayakumar developed a method for calculating the local flow angle
and velocity for each airfoil section to compare the SRBiA flow with the forces
found using two-dimensional look-up tables associated with the BEMT and ALM.
We apply his method at the 75% span location to calculate the sectional lifting
moment, which can also be calculated from the SRBiA simulation by integrating
the surface pressure on the blade. We show the two lifting moment values, and
the local flow angle in Figure 6.9.
There is a time difference between the changes in the flow angle and the changes
in the integrated lift. This represents the time that is required for the airfoil to
respond to the changes in the flow. This time-response is not apparent in the
estimated lift moment - a change in flow angle causes a corresponding change in
the force with no lag. The ranges for the estimated lift moment are larger in similar
fashion to if the step came back down before reaching the intermediate steady-state
in the step simulation set from above. While there is a time delay, this is nearly
constant through the simulation - affecting most events very similarly. The same
time for each event, though delayed, and larger ranges in the estimated lifting
moment leads to higher slope magnitudes.

6.1.3 Discussion
Two causes for variation in local blade loadings are the unsteady response of boundary layer dynamics and the nonsteady response to nonsteady inflow. The variability
associated with unsteady boundary layer dynamics are separation, dynamic stall,
radial pumping, etc, which occur on the inner portion of the SRBiA simulation.
The nonsteady response to nonsteady inflow is due to the change in the local flow
angle and velocity. As a wind turbine blade cuts through the turbulence in the
atmosphere the local velocity and local flow angle change. While the energy containing eddies of the atmospheric boundary layer of the order of the turbine and
larger, the smaller scale eddies the size of the chord have velocity differences that
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Figure 6.9: The flow angle and sectional lift moment, integrated from the resolved
simulations and calculated using the flow angle for the 81% span.
can cause changes in flow angle of several degrees as the blade passes through the
eddy.
We can rewrite the reduced frequency equation, 2.7, as
f=

Vk
πc

(6.1)

to find the frequency at which an airfoil cross-section begins to experience unsteady
effects. For the 75% span location on the blade, this frequency is near 1 Hz. While
most of the energy is at lower frequencies, the energy containing eddies and the
3/rev sycle, there is still energy at this and higher frequencies, as shown in Figure
7.8. These high frequencies tend to be located at transition periods between events,
causing short time periods of quasi-steady to unsteady flow, followed by periods of
time where the flow is steady to quasi-steady, similar to the step change analysis
in Section 6.1.2. These unsteady effects may be important to the local load values.
While lower-order engineering models often have dynamic stall models, only
blade-boundary layer resolved methods, such as the CWF, can accurately capture
the portion of the variability associated with boundary layer dynamics. We showed
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the unsteady boundary layer effects are primarily on the inboard sections. As they
do not contribute much to rotor torque, thrust and out-of-plane bending moment,
the general structure of the integrated blade loadings is very similar between the
different wind turbine analysis methods. The sectional loads show differences in
the time and in the range of the loads, which comes from the lower order models
not accurately capturing the response time of a blade in nonsteady flow.

6.2 Long-Time Comparison of Lower Order Models
While a wind turbine simulation method that is capable of resolving unsteady
boundary layer dynamics is required to accurately capture local and integrated
wind turbine loads due to atmospheric turbulence, actuator line methods have
been shown to capture the mean and variance well. The two-way coupling allows
for accurate modulation of the internal structures of atmospheric turbulence as
they pass through the rotor plane. The computational cost of ALM is orders of
magnitude less than that of full blade-resolved simulations. In this section we
quantify how ALM and BEMT compare for a long time period, longer than was
able to be produced using the blade resolved simulations with our computational
capabilities. I compare BEMT and ALM three-bladed NREL 5 MW wind turbines
within the moderately convective atmospheric boundary layer over 600 seconds,
which includes several different turbulent structures that pass through the domain.
We quantify the temporal variation due to the modulation of the loads due to
the difference in coupling method in Section 6.2.1. The equivalent atmospheric
structures are then compared for conditioned statistics in Section 6.2.2.

6.2.1 Temporal Variation Due to Coupling Methodology
We showed in Section 6.1.1 the temporal variation due to the coupling method.
The induction models within BEMT instantaneously slow the flow when it reaches
the rotor plane, rather than through the approach. This leads to a time difference
between the one-way coupled BEMT and the two-way coupled ALM and blade
resolved simulations.
We developed a method to quantify the time-delay due to the different coupling method. This can also be used to compare the ‘same’ structures, as is done
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in Section 6.2.2. The cross-correlation is computed for the two signals with the
starting point varying from t = 0 through the end. Taking the time-delay based
on the maximum signal gives a choppy signal. The signal is smoothed using a least
squares weighted regularization method. The time-delay is shown in Figure 6.10
for 300 seconds. The large change at the beginning of the simulations indicate
the development of the wake within the ALM computational domain. The large
dip near 175 seconds corresponds to a period of rapid change in the incoming flow
causing the wake to be partially shed and then begin to regrow.
This analysis was done using the torque output. The analysis was repeated
using the flow at the rotor plane with both Ux (see section 7.3.2) and the triaxial
index (section 8.3.3) and deviated less than 0.1 second for the first 300 seconds
from the torque values. However, in the period of time shortly after 300 seconds,
the three methods diverged from one another being off by as much as 5 seconds, or
1 entire rotation, for much of the later period. The vertical shear through the rotor
plane is small for much of the time with the high speed streak that the turbine
is in from second 220 to 314, which decreases the 1/rev and 3/rev portions of the
signals allowing other changes to dominate the cross-correlation locally.

Figure 6.10: The time-delay between BEMT and ALM calculated using a leastsquares approach using the torque.
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Structure
Near-Mean (1)
Low-Speed (1)
Near-Mean (2)
Low-Speed (2)
Near-Mean (3)
Low-Speed (3)
Near-Mean (4)
High-Speed (1)
Near-Mean (5)
High-Speed (2)

Start Time (s)
0
15
64
82
110
140
174
182
195
220

End Time (s)
15
64
82
110
140
174
182
195
220
314

Table 6.2: Table of structures for ALM - BEMT Comparison.

6.2.2 Statistical Comparison using Equivalent Structures
The time-delay quantified in Section 6.2.1 allows for the comparison of ‘equivalent’
structures. We define these as equivalent because the atmospheric structure is
the same but the blades of the turbine are at a different location due to the
time difference. We compare statistics for the equivalent structures as they pass
through the wind turbine. Table 6.2 shows the horizontal structures used in the
comparison using the unadulterated ABL time. Because the time-delays found
using the torque, Ux and triaxial index deviated starting around 300 seconds, only
the data up to that point is used to be sure that we are comparing equivalent
structures.
We calculate the mean and standard deviation of the torque using both ALM
and BEMT for the different structures. The comparison of BEMT to ALM is
shown in Table 6.3 where a positive percentage means that the BEMT is higher
than the ALM. The variation within the BEMT is always larger than in ALM, as
was also found in the short time statistics. The mean torque is lower in the BEMT
for all the low speed structures and higher for all of the high-speed structures,
indicating that the induction model within the BEMT may require tuning to get
the inflow velocity aligned with that found using two-way coupling. The difference
in the mean values is small, indicating that the BEMT does reasonably well for
non-local statistics. Additionally, the difference in the mean is related to the length
of the structure. The longer the structure, the more similar the torque mean values
99

Structure
Near-Mean (1)
Low-Speed (1)
Near-Mean (2)
Low-Speed (2)
Near-Mean (3)
Low-Speed (3)
Near-Mean (4)
High-Speed (1)
Near-Mean (5)
High-Speed (2)

Mean
-2.2
-2.6
-2.4
-2.1
1.1
-1.5
3.5
1.4
-1.7
0.2

Standard Deviation
3.9
4.8
4.0
4.1
4.3
5.2
6.1
3.3
4.5
2.4

Table 6.3: Comparing BEMT to ALM for torque; positive percentages indicate
BEMT is higher than ALM.
are. Any rotor quantity will vary locally, due to the different ψ when a structure
hits. Over many rotations, this difference reduces, further indicating the ability of
BEMT to match averages for long simulations.
The BEMT out-of-plane bending moment magnitude is also compared to the
ALM. The change in magnitude is on average smaller for the bending moment than
the torque. The bending moment changes as a function of the asymmetry across the
rotor disk, which is not altered as much as the average velocity advecting through
the rotor plane. There is more variance in the out-of-plane bending moment than
in the torque. A possible cause may be that the angular induction can cause some
mixing when it is applied to the flow coming into the turbine rather than at the
rotor plane alone. This mixing reduces the asymmetry across the rotor plane,
decreasing the out-of-plane bending moment magnitude.

6.3 Summary
Comparison was made between the fully resolved simulation with the lower order
models by studying a single blade within a moderately convective boundary layer.
The largest differences occur inboard, where separation occurs but is not captured using the engineering design methods. The time-delay difference between
the BEMT, which is one-way coupled, and the ALM and resolved simulations,
which are two-way coupled, shows the impact of the rotor on the incoming flow.
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Structure
Near-Mean (1)
Low-Speed (1)
Near-Mean (2)
Low-Speed (2)
Near-Mean (3)
Low-Speed (3)
Near-Mean (4)
High-Speed (1)
Near-Mean (5)
High-Speed (2)

Mean
-1.1
-1.6
1.6
-2.1
-2.2
-1.5
2.5
-2.4
-0.9
1.3

Standard Deviation
5.7
5.1
3.2
4.8
4.4
3.9
4.2
4.7
5.4
3.9

Table 6.4: Comparing BEMT to ALM for low-speed-shaft out-of-plane bending
moment magnitude; positive percentages indicate BEMT is higher than ALM.
Comparison was made between the ALM and BEMT for a long period of time
to show the importance of the coupling method with increased statistical variance.
The change in the loading caused by transition of turbulence structures causes a
change in the time-delay between the two simulation methods. When the equivalent structures are compared, the BEMT has more variation, possibly due to the
inability of the induction models to accurately capture the effect of the turbine on
the incoming flow.
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Chapter 7 —
Fundamental Drivers of Load Response
Chapter 5 showed that wind turbine load statistics changed with the streamwise
velocity, and that the angle of attack, α, had more variance than the velocity
magnitude along the blade due to this velocity component, when isolated based on
the large, energy containing eddies of the atmospheric boundary layer. As these
large structures advect through the rotor plane, the blades cut through the smaller
eddy structures found within the large structures previously analyzed. The local
angle of attack changes as a function of the local velocity vector, which is influenced
both by the undulations of the energy containing eddies and by slicing through
the internal structures.
This chapter contains two kinematic analyses of wind turbine loadings to quantify the importance of the different velocity components on wind turbine loadings.
The first analysis, in Section 7.1, describes the dominance of the angle of attack
in the sectional loads. The second analysis, Section 7.2, shows the primary dependence on the streamwise velocity fluctuations on the angle of attack when compared
to the vertical velocity fluctuations. An actuator line method wind turbine simulation is used in Section 7.3 to validate the accuracy of kinematic analyses using a
wind turbine in atmospheric flow.
The analyses are done using velocity and are independent of atmospheric structures defined in Chapter 4 and applied to condition the wind turbine statistics as
shown in Section 5.3. The size of the structures, on the order of the rotor diameter
and larger, indicates that there will be times when the turbine is partially in and
out of the structure. This indicates the importance of understanding the flow features most dominant on local loading, as investigated here, in understanding the
causes of asymmetry on the rotor plane, investigated in Section 8.3.1. The choice
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of flow variable, ux , used in the asymmetry parameter in Section 8.3.1 is chosen
based on the analyses shown here.

7.1 Dominance of the Angle of Attack on Sectional
Loads
In Section 5.3, we show that the change in sectional forces are related to the change
in angle of attack and not changes in the local velocity magnitude when conditioning on streamwise and vertical turbulence structures. Here, we use a kinematic
approach applying partial derivatives of the expanded lift equation to determine
reasons for this including the relationship to the conditioning. We first expand the
lift equation for an airfoil section and take partial derivatives to compare between
the influence of the angle of attack and the velocity. We do this both for a generic
wind turbine as well as for the NREL 5 MW turbine.

7.1.1 Expansion of the Lift Equation
The textbook definition of lift,
−−→ 2
1
L = ρc Urel cl
2

(7.1)

can be expanded to include the relevant wind turbine geometry and flow terms.
Thin airfoil theory states that the cl − α curve for an arbitrary airfoil has a nearlinear relationship,
cl = 2πα,
(7.2)
for a large range of α. While there are periods of time where airfoils are not
within this α range, this range is a reasonable approximation for wind turbines
in standard operating conditions. Additionally, we assume the simplified rotor
geometry applied throughout the thesis: no bending, coning or shaft-tilt.
The flow angle, φ, can be used to relate the angle of attack to the velocity
components. The geometrical definition of the flow angle.
φ = θp + α,
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(7.3)

and the velocity definition of the flow angle,
tan (φ) =

Ux (1 − a)
,
Vrot (1 + a0 )

(7.4)

can be used to write the angle of attack as a function of the velocity components
and the sectional geometry as
α=

Ux (1 − a)
− θp .
Vrot (1 + a0 )

(7.5)

The two local velocities used in the equation for α are the rotational velocity,
Vrot = rΩ − Uy cos ψ + Uz sin ψ,

(7.6)

and the relative velocity,
−−→
Urel =

q

2
Vrot
(1 + a0 )2 + Ux2 (1 − a)2 .

(7.7)

The local velocities come from the rotation of the blade, the rΩ term in Vrot and
the decomposition of the incoming velocity,
→
−
U = (Ux , Uy , Uz ) .

(7.8)

The lift equation, Equation 7.1, can be expanded using these definitions to give


−1

L = πρc tan



Ux (1 − a)
Vrot (1 + a0 )


− θp

h

2
Vrot

0 2

(1 + a ) +

Ux2

(1 − a)

2

i

.

(7.9)

We have written this as the product of three terms - i) a constant for each airfoil
cross-section (πρc), ii) a term that is a function of the flow angle, shown in the
first set of brackets and iii) a term that is a function of the velocity, shown in the
second set of brackets. The streamwise velocity, Ux , and rotational velocity, Vrot =
f (Uy , Uz ) appear in both the second and third terms indicating that these velocity
components have an impact both on the flow angle and on the local velocity. A
partial derivative of the lift with respect to one of the velocity components, Ui ,

104

will have two terms and can be written
∂L
= Lαi + Lvi .
∂Ui

(7.10)

The first term, Lαi , is the change in lift with respect to the change in α caused by
the change in the velocity component. The second term, Lvi , is the change in lift
with respect to the change in the local velocity magnitude caused by the change
in the velocity component. The ration of the two terms can be taken,
Lαi
,
Lvi

(7.11)

to quantify the influence of α and the local velocity magnitude on the lift for
changes in the inflow velocity field.

7.1.2 Partial Derivatives of the Lift
The partial derivatives with respect to the various velocity components with the
lift, shown in Equation 7.9, can be calculated to determine which velocity component has the largest impact on the sectional lift. The derivative with respect to
the streamwise component, Ux , is




Ux (1 − a)
∂L
2
−1
= 2Ux ρπc (1 − a) tan
− θp +
∂Ux
Vrot (1 + a0 )
h
i
πρc (1 − a)
2
2
0 2
2


V
(1
+
a
)
+
U
(1
−
a)
. (7.12)
rot
x
2
2
x (1−a)
Vrot (1 + a0 ) 1 + VUrot
(1+a0 )
Note that this uses the definition of the derivative of the arctan function,
d
1 du
tan−1 (u) =
.
dx
1 + u2 dx
The partial derivative of the lift with respect to Uy is





Ux (1 − a)
∂L
0 2
−1
= −2 cos (ψ) ρπcVrot (1 + a ) tan
− θp
∂Uy
Vrot (1 + a0 )
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(7.13)

+ cos (ψ) πρc 

h
i
Ux (1 − a)
2
0 2
2
2

(1
−
a)
, (7.14)
(1
+
a
)
+
U
V
x
rot
2
2
2
0)
1 + VU2x (1−a)
V
(1
+
a
rot
(1+a0 )2
rot

and the partial derivative of the lift with respect to Uz is




∂L
Ux (1 − a)
0 2
−1
= 2 sin (ψ) ρπcVrot (1 + a ) tan
− θp
∂Uy
Vrot (1 + a0 )
h
i
Ux (1 − a)
2
2
0 2
2

V
(1
+
a
)
+
U
(1
−
a)
. (7.15)
− sin (ψ) πρc 
rot
x
2
2
2
0)
V
(1
+
a
1 + VU2x (1−a)
rot
(1+a0 )2
rot

To calculate these partial derivatives the chain rule is applied with Vrot as the pivot
for Uy
∂L
∂L ∂Vrot
=
(7.16)
∂Uy
∂Vrot ∂Uy
and for Uz

∂L
∂L ∂Vrot
=
.
∂Uz
∂Vrot ∂Uz

(7.17)

These derivatives with respect to Uy and Uz are different due to the different
trigonometric function used with the azimuthal angle, ψ, which comes due to the
partial derivatives of Vrot . For Uy this is

and for Uz this is

∂Vrot
= − cos (ψ) ,
∂Uy

(7.18)

∂Vrot
= sin (ψ) .
∂Uz

(7.19)

The blade azimuthal angle, ψ, is found in the partial derivatives of lift with
respect to Uy and Uz but not in Ux . This is important given the size of the
turbulence structures. When the wind turbine is fully in an updraft structure, the
blade sees the same upward velocity across the rotor disk. This affects the blade
in opposite ways when it is across the rotor plane from one another, adding the
velocity magnitude or subtracting from it depending on if the blade rotation and
upward velocity are in the same or opposite directions. This 1/rev dependence in
the lift on ψ indicates that the vertical and horizontal structures have a reduced
effect on mean wind turbine loads.
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7.1.3 Quantifying the Relationship between Velocity and Load
Changes
The ratios of partial derivative parts are used to identify α or the local velocity
change as the dominant influence on the sectional lift. The ratio for Ux is
2 (1+a0 )2 +U 2 (1−a)2
Vrot
x


2 (1−a)2
Ux
0
Vrot (1+a ) 1+ 2
0
Vrot (1+a )

L αx

i,
h

=
Ux (1−a)
Lvx
−1
− θp
2Ux (1 − a) tan
Vrot (1+a0 )

(7.20)

for Uy is
L αy
=−
Lvy
2V

2 (1+a0 )2 +U 2 (1−a)2
Ux (1−a)(Vrot
)
x


2 (1−a)2
Ux
2
0
Vrot (1+a ) 1+ 2
Vrot (1+a0 )

h


i
Ux (1−a)
0 )2 tan−1
(1
+
a
−
θ
rot
p
Vrot (1+a0 )

(7.21)

and for Uz is

L αz
=−
Lvz
2V

2 (1+a0 )2 +U 2 (1−a)2
Ux (1−a)(Vrot
)
x


2 (1−a)2
U
2
x
Vrot (1+a0 ) 1+ 2
Vrot (1+a0 )


i.
h

Ux (1−a)
0 )2 tan−1
−
θ
(1
+
a
p
rot
Vrot (1+a0 )

(7.22)

The sign of these ratios is not consistent. LLαv x is positive, meaning that a change
x
in Ux will cause a change in both the angle of attack and velocity that either both
increase the load or both decrease the load, depending on the sign of the change.
L
However, Lαv y and LLαv z are both negative. A change in Uy or Uz will cause an
y
z
increase or decrease in the load due to α but the opposite effect on the load due
to the velocity magnitude. This indicates that perturbations in Uy or Uz will have
a smaller total change in load than Ux as changes in Ux cause both the velocity
magnitude and α to modify the load in the same direction.
These ratios are currently generalized for any flow over any wind turbine with
the wind turbine geometry approximations used. The values for Ux , Uy , Uz , rΩ
and a(r) and a0 (r) must all be specified for the turbine and type of flow of interest.
In order to further our understanding of the effect on lift of different changes in
the flow field, the ratios will be simplified by prescribing no axial and angular
induction and no pitch or twist angle.
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With these approximations, Equations 7.21 and 7.22 both simplify to
Lαy
Lα
= z =−
Lvy
Lvz
2V

rot

Ux
tan−1



Ux
Vrot

.

(7.23)

The negative sign, indicating the opposite reaction in lift due to angle and velocity
changes, still exists. The ratio for Ux , shown in Equation 7.20, simplifies to
2 +U 2
Vrot
x 

U2
Vrot 1+ 2x

Lαx
Vrot

.
=
Lvx
x
2Ux tan−1 VUrot

(7.24)

These equations can be applied to a generic wind turbine to see regions of the
blade in which the change in lift is more affected by the flow angle or local velocity
change for a given change in the velocity component. We add the assumption that
the wind turbine is correctly yawed with the incoming flow and that the turbine
is not in an updraft or downdraft. These assumptions lead to Uy and Uz being
0 which simplifies things greatly with Vrot = rΩ and eliminating the dependence
partial derivative ratios on the blade azimuthal angle, ψ.
Figure 7.1 shows the value of LLαv x for ranges of Ux and Vrot with a black line at 1.
x
Anything less than 1, shown in blue colors, are regions where the lift is influenced
more by the velocity magnitude than α. The regions larger than 1, shown in green,
yellow and orange, are where the lift is influence more by α than the velocity for
changes in Ux . The value of Vrot is affected both by the rotational velocity of
the blade and by the radial location of the airfoil cross section. For example, the
NREL 5 MW wind turbine at rated wind speed (11.4 ms ) has a rotational rate of
12.1 rpm. The inner portion of the blade, up to ≈ 12 m, would be below the black
line, indicating that the velocity change has larger impact on the lift. The outer
portion of the blade, from ≈ 12 m out, would all be dominated by the change in
the flow angle.
L
Figure 7.2 shows the value of Lαv y or LLαv z using a different color scheme.
y
z
Anything below 1, shown with the black line, indicates that the velocity magnitude
has a larger effect on the lift than α’s effect. The large portion of the plot with
dark blue indicates that the velocity magnitude is the dominant variable through
most of the region. However, the fact that the lowest value shown on the plot is
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Figure 7.1: The value of
turbine.

Lαx
Lvx

for various values of Ux and Vrot for a generic wind

L

0.48, which is below the lowest value of Lαv y or LLαv z , indicates that while the
y
z
velocity magnitude is more important than α, they are of the same order, differing
at most by a factor of 2.
These plots can be difficult to interpret for a specific wind turbine. Rather than
plot for an arbitrary wind turbine, I show the same information for the NREL 5
MW turbine. The value for Vrot , used in the y-axis for the previous plots, can
be calculated using the blade rotational velocity Ω, a function of the incoming
velocity, and the radial location. A linear change in RPM with respect to Ux is
applied in region 2 giving

Vrot = rΩ

Ux − 3.0)
8.4




2π
5.2 + 6.9
.
60

(7.25)

This is based on a cut-in velocity of 3 m/s and rated wind speed of 11.4 m/s with
a cut-in RPM of 6.9 and rated RPM of 12.1.
Figure 7.3 shows the value of LLαv x along the NREL 5 MW wind turbine blade
x
as a function of Ux . The value 1, where the variable of importance changes from
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Figure 7.2: The value of
generic wind turbine.

Lαy
Lvy

or

Lαz
Lvz

for various values of Ux and Vrot for a

α to the velocity magnitude is shown again in black. The white dotted line shows
the first airfoil cross-section on the NREL 5 MW blade. The airfoil cross sections
below the dotted line are cylinders. The majority of the blade depends more on α
than velocity for all values of Ux . This effect is exaggerated at lower wind speeds.
L
Figure 7.4 shows the value of Lαv y or LLαv z along the blade, again with a dotted
y
z
white line at the first airfoil cross section and a black line showing the location
of the transition of importance. The entire portion of the blade with airfoil cross
sections has the velocity being more important than the angle of attack. However,
again the minimum value is above 0.5 which indicates the velocity provides less
than twice the change in lift as the angle of attack.
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Figure 7.3: The value of

Lαx
Lvx

for Ux on the NREL 5 MW wind turbine.

7.2 Dominance of Streamwise Velocity on Angle of
Attack
The horizontal homogeneity of the atmospheric boundary layer can be applied to
quantify the importance of the different velocity components on the angle of attack.
I modify the concept of the ‘infinite time‘ statistics introduced for discrete turbines
spread throughout the atmospheric boundary layer simulation domain in Section
5.1. Rather than use discrete turbines spread through the domain, I use every
grid point in a horizontal plane as a spanwise location of a rotor blade as it passes
through the plane. We chose the 75% span location as this is representative of the
power producing portion of the blade. Figure 7.5 shows the velocity components
for the CWF box (500 m x 500 m) at the hub height of the NREL 5 MW wind
turbine (90 m) at time t=0 with respect to the wind turbine simulations.
In order to quantify the influence of the streamwise (high-speed and low-speed
streaks) and the vertical (updrafts and downdrafts), we choose the horizontal plane
to be at the hub height for the wind turbine, where these structures were defined.
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Figure 7.4: The value of

Lαy
Lvy

or

Lαz
Lvz

for Ux on the NREL 5 MW wind turbine.

The Uy velocity component is in the radial direction, which is not taken into
account in the look-up tables for BEMT and ALM simulation methods. The angle
of attack for the location is calculated using Ux , Uz , and the blade geometry as
shown in Figure 2.2. This is shown in Figure 7.6c. Note that I use constant RPM
and pitch angle through the domain and approximate the induction factors as 0
for this analysis. The correlation between the angle of attack and Ux is 0.94, which
is much higher in magnitude than the correlation with Uz at -0.48. Note that
the correlation coefficient between Ux and Uz is -0.52. Because Ux and Uz are
correlated, there are two explanations for Uz ’s correlation with the angle of attack:
1. Uz influences the angle of attack
2. Uz does not influence the angle of attack directly, but is correlated with Ux ,
which does influence the angle of attack.
To partially answer this, it is possible to calculate the angle of attack based on
the fluctuations of each of the velocity components separately. To eliminate the
influence of the different vertical structures on the angle of attack, I calculate the
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(a) The streamwise velocity.

(b) The cross-flow velocity.

(c) The vertical velocity.

Figure 7.5: The velocity at the CWF start time without any wind turbine loading.
angle of attack using the Ux velocity field with Uz throughout the domain set to 0,
the global average Uz value. This is shown in Figure 7.6b. The same can be done
to eliminate the effect of the streamwise fluctuations by calculating α using the
fluctuating Uz field with the mean Ux , 14.1 ms . This is shown in Figure 7.6a. The
correlation coefficient between the total angle of attack and the streamwise-only
angle of attack is 0.98. The correlation coefficient between the total angle of attack
and the vertical-only angle of attack is -0.25. The streamwise fluctuations account
for nearly all of the fluctuations within the angle of attack. This is evidence that Ux
is the dominant velocity component for the angle of attack. Because the correlation
coefficient is so near to 1 for the streamwise velocity, any correlation between the
angle of attack and Uz is due to the correlation between Ux and Uz . The analysis
applies only for a blade rotating in one direction, upward, through the hub-height
plane. The Uz will have the opposite effect on the angle of attack when the blade
has rotated π radians, and the blade is going downward through the hub-height
plane, further reducing the effect of Uz on blade loading.
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(a) The angle of attack with Ux = 14.1. (b) The angle of attack with Uz = 0.

(c) The angle of attack.

Figure 7.6: The angle of attack plots.

7.3 Comparison of Torque and Thrust to Incoming
Velocity
The kinematic analyses show that the changes in lift are primarily driven by α,
which in turn is primarily driven by the Ux freestream velocity component. We use
an ALM simulation to verify this finding, identifying if the assumptions made and
the simple angle-of-attack at one blade location throughout the domain approximation are valid. The ALM simulation is for the same 600 seconds of atmospheric
boundary layer used in Section 6.2 for the long time statistics.
The comparison between the streamwise velocity components and the loadings
is done using rotor plane averages, defined as
Z

R

Z

2π

Ui =

Ui dr dθ,
0

0
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(7.26)

where the integration is based at the hub and integrates over the rotor disk. The
BEMT conditioned statistics used the blade local velocity and angle of attack and
found that for high and low-speed streaks the local velocity had very little change
where as the angle of attack and the sectional lift both had differences between the
different atmospheric streak structures. This is useful for the local loadings. However, this is dependent upon the wind turbine and the turbine’s initial conditions,
including the blades azimuthal angle, ψ. We introduce the method of using rotor
disk analysis as a way to make the analysis independent of specific blade locations.
This analysis allows one to look upstream of the turbine as a predictive method
possibly of use for controls at a later time. The rotor disk radius and height can
be varied to allow for the same analysis to applied to other wind turbines. The
use of rotor planes upstream is also used in Section 8.3.1 to define asymmetry due
to atmospheric turbulence in the rotor plane and how this affects the out-of-plane
bending moment.
We compare the kinematic analyses from Sections 7.1 and 7.2 with data from
an actuator line method simulation in Section 7.3.1. Section 7.3.2 extends this
analysis to upstream locations to identify if these methods are of use for LIDAR
control systems or the one-way coupled BEMT simulations that only slow the flow
structures. The question of if the correlation of rotor loading with Uz is due to the
correlation between Ux and Uz or from Uz alone is revisited in Section 7.3.3 using
the ALM data set.

7.3.1 Verifying the Dependence of Wind Turbine Loads on Ux
The kinematic analyses found that the streamwise velocity component, Ux , is the
dominant velocity component in determining the local loading and it does primarily
through the angle of attack, α rather than through the local velocity magnitude.
The current analysis expands on the local loadings to the entire rotor to allow for
blade angle independence and to investigate long periods of time rather short local
variations. The angle of attack at 75% span is shown for a period of 200 seconds
in Figure 7.7. The spectrum for this signal is shown in Figure 7.8. There is a spike
in power at the 1/rev frequency, corresponding with the blade cutting through
the local velocity profile in the mean. This signal can be decomposed to look at
the low-frequency portion. A cut-off frequency of 21 the 1/rev peak is chosen and
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shown in red. We define the low-frequency portion of any signal to be to the left
of 12 the dominant per rev frequency, either 1/rev on for blade variables or 3/rev
on rotor variables when all three blades are integrated together such as the rotor
torque or thrust. The low frequency portion of the angle of attack at the 75%
location is plotted in red in Figure 7.7. The signal and low-pass filtered signal for
the torque (Figure 7.10) and thrust (Figure 7.9) look very similar and correlate
at 0.98 between the low-frequency signals. Our analysis moves forward with the
torque only, but the high correlation between the two integrated loads indicate
that the thrust follows the same general trends.

Figure 7.7: A representative time period of α at the 75% span location for the full
signal (blue) and low-frequency (red).
A rotor-plane average of the velocity is calculated to compare to the blade and
rotor loads for each velocity component, Ux , Uy and Uz . The rotor plane velocities
do have a 3/rev component due to the ALM slowing the flow near the blades
that is not present at planes upstream of the turbine, though the dependence on
the rotation is smaller than found in the sectional or integrated loads. The lowfrequency components of the rotor velocities were not used for the current analysis.
The low-frequency portion of the angle of attack correlates well with the rotor
loads and the streamwise velocity component. Figure 7.11 shows the magnitude of
the correlation of the low-frequency portion of the angle of attack at the 75% span
location with the full and low-frequency rotor torque, the full and low-frequency
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Figure 7.8: The power spectra for α at the 75% span location with a dotted line
at the cut-off frequency.

Figure 7.9: The thrust total- and low-pass filtered signal.

Figure 7.10: The torque total- and low-pass filtered signal.
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rotor thrust and the rotor averaged velocity components. The Uz rotor velocity
correlates about half as well as the Ux component, and in the opposite direction.
The Uy rotor velocity has low correlation with the angle of attack. The difference
between Uy and Uz is investigated in Section 7.3.3.

Figure 7.11: The correlation coefficient with the low-frequency portion of α at the
75% span location.

7.3.2 Using Ux to Predict Torque
The velocity inflow is characterized by the mean value for each velocity component
on the rotor disk. The mean values are also identified upstream of the turbine
before the turbine alters the turbulence structures. The two-way coupling of the
ALM allows for quantification of the alterations on the turbulence structure due
to the wind turbine. The rotor averaged Ux was shown in Section 7.3.1 to be a
good predictor for the low-pass filtered α. Rotor averaged values for Ux can be
taken upstream from the wind turbine and compared to the rotor torque. The
upstream Ux are shown at 40, 20, and 10 m in front of the rotor plane as well as
at the rotor plane in Figure 7.12. There is a time-shift, indicating the importance
of using the peak cross-correlation for the upstream planes. The rotor averaged
velocity decreases closer to the rotor, but this has little effect on the shape of the
signal.
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Figure 7.12: The rotor plane averaged streamwise velocity Ux upstream of the
rotor.
The correlation between the upstream Ux and the torque is shown in Figure
7.13. The maximum cross-correlation coefficient is used to account for the time it
takes for the upstream velocity characteristics to advect to the wind turbine. This
is done for the total torque signal, in blue, and the low-pass filtered torque in red.
The planes of data are taken at the wind turbine located at x = 240 m within the
ALM simulation domain and upstream. There is a decrease in the correlation with
the torque upstream from the turbine. However, the level of correlation, always
above 0.93, is high indicating that the upstream Ux are a good predictor for both
the full torque signal and the low-pass filtered torque signal.
High correlations upstream indicate that the turbulence structures are not modulated from their original form as they advect to the rotor plane. The influence of
the rotor on the atmosphere, captured by the two-way coupled ALM simulation,
is small when measured by the rotor disk averaged Ux . The velocity does change,
as indicated by the difference of ≈ 1 ms in the velocity at and 40 m in front of the
wind turbine, shown in Figure 7.12. Additionally, the Ux is not altered by rotation
of the structures, occurring due to angular induction, within the rotor disk.
The ability to use unaltered inflow planes as good predictors for rotor torque
and thrust upstream has several positive consequences. Feed-forward control systems such as LIDAR rely on data taken upstream of the turbine. We found that
the upstream rotor planes correlate well with the loads indicating that feed-forward
control algorithms will be able to optimize wind turbine settings to maximize power
and transients associated with being off-design for the incoming flow. Additionally,
one-way coupled methods, such as BEMT, that rely on axial and angular induction
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models will be able to predict the mean and low-frequency fluctuations in torque
and thrust well.

Figure 7.13: The maximum cross-correlation between torque and the rotor averaged streamwise velocity, Ux , upstream of the rotor.

7.3.3 On the Correlation with Uz
The correlation coefficient for the torque with the rotor averaged streamwise velocities is shown in Figure 7.14. The correlation with Ux is high, while the correlation
with Uz is non-negligible; the Uz velocity component has an impact on the torque
and thrust. The possibilities discussed in Section 7.2 Uz influencing the mean rotor
loads (if Uz itself causes loading changes or if Uz ’s correlation to Ux causes loading
changes) can be investigated using the additional data available from ALM. In the
kinematic analysis, one radial location of a single blade was used at one azimuthal
angle. We found that the variation in Uz caused very little change in α when the
effect of Ux was eliminated. Using ALM, we can compare the entire rotor for long
periods of time including all φ angles.
The use of ALM also allows for an additional comparison. The wind turbine
geometry used (no blade coning, rigid blades and no shaft tilt) puts the rotor
within a single plane. Uz fluctuations give velocity up and down on the plane. Uy
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Figure 7.14: The correlation between torque and the rotor averaged streamwise
velocities.
fluctuations are left and right across the plane. The thrust and torque will see
no difference between horizontal or vertical velocity across the rotor plane. There
will be local differences as the blade rotates in the plane seeing a velocity increase
with one blade azimuthal φ0 while seeing an equivalent decrease when the blade
passes through φ0 + π. There is no difference based on the direction of the crossflow - it acts equally regardless of the direction. Thus, the difference between the
correlations of Uy and Uz with the torque do not come from the direction of flow
across the rotor plane.
Figure 7.15 shows the correlation of the rotor averaged Uy and Uz with Ux .
There is very little correlation between Ux and Uy while Ux and Uz have a correlation coefficient of -0.56 near the u0 w0 = −0.61 for the moderately convective
boundary layer. This is also near the correlation between Uz and the torque, -0.54.
This indicates that the correlation of Uz and the torque occurs not because Uz
directly influences torque, but because Uz and Ux are correlated and Ux influences
torque, as indicated in the kinematic analyses.
While the kinematic and ALM analyses indicate the importance of Ux in determining the loads, the analyses were based on observations in mean values and
low-frequency characteristics. The flow across the rotor plane does induce a 1/rev
121

Figure 7.15: The correlation between torque and the rotor averaged streamwise
velocities.
oscillation as the velocity adds and subtracts from the blade sectional velocity
magnitude based on the rotation of the blade into and out-of the flow. This additional non-steady loading, a high-frequency characteristic, may be important for
the time-varying response to atmospheric turbulence structures. This indicates
the importance of a) not ignoring the Uy and Uz fluctuations for wind turbine applications and b) using true atmospheric turbulence with coherent structures and
correlation between the streamwise and vertical velocity components.

7.4 Summary
We use a kinematic analysis to show that changes in the angle of attack cause
larger changes than the velocity magnitude on the section loads for almost all
blade locations and flow conditions. Additionally, the streamwise velocity component causes larger changes in the angle of attack than the vertical velocity. We are
able to show that the streamwise velocity is a good predictor for the mean torque
and thrust experienced by the rotor. We show that the streamwise velocity averaged over the rotor plane upstream of the rotor is a good predictor for the rotor
torque, which may be useful in feed-forward control systems. A similar approach
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is used to predict the non-torque moment on the low speed shaft in Section 8.3.1.
Additionally, the correlation of the wind turbine loads with the vertical velocity is
shown to be due to the correlation between the vertical and horizontal velocities
rather than between the vertical velocity and the loads directly.
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Chapter 8 —
Applications to Drivetrain Component
Failure and Wind Turbine Reliability
In this chapter, we investigate how the unsteady loadings have an effect on wind
turbine reliability, and thus the levelized cost of energy (LCOE). Chapters 5-7 have
shown how nonsteady atmospheric turbulence affects wind turbine rotor loads with
large, energy containing eddies driving the long-time undulations and with the local blade loads changing by cutting through the internal structure of the large scale
structures. The streamwise velocity, ux , was shown to the be the best predictor for
the local angle of attack, α and the loading. We use this to analyze field test data
to identify the primary drivers for motions within the gearbox that may lead to
premature component failure. We then use the primary drivers to develop a predictor for the motions based on the incoming flow field to quantify the local eddy
structure to the drivetrain reliability measure. The moderately convective boundary layer we use is a nominal boundary layer, which would cause fatigue loading
type failures. These failures, which are caused by small degradations happening
repeatedly over long periods of time, are different from catastrophic failures that
may occur due to a storm front or extreme gust of wind.
The Gearbox Reliability Collaborative (GRC) field test data is analyzed in
Section 8.1 to show the impact of unsteady loadings from the rotor due to aerodynamic forces on drivetrain shaft components. Section 8.2 shows how the low speed
shaft moment changes with respect to time, which can cause motions similar to
those found in the GRC analysis. Section 8.3.1 describes how the local structure
of the turbulence changes the in-plane and out-of-plane rotor loading.
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8.1 Analysis of Gearbox Reliability Collaborative Field
Turbine
The GRC field test, described in Section 2.1.7, data is used to show how the
out-of-plane bending moment on the low-speed shaft causes off-design motion of
the gearbox and gearbox components. The sensors used are described in Section
8.1.1 and the correlation of the off-design motions with the low-speed shaft outof-plane moment are shown in Section 8.1.2. Whereas the rotor diameter and
power of the GRC wind turbine are 48.2 m and 750 kW , modern industrial wind
turbines are increasing in size, with 2-3 MW and rotor diameters > 100 m now
common. However, the front of the drivetrain assembly, the hub, low-speed shaft
and planetary section of the gearbox, is similar to those currently being used. We
focus on comparing the aerodynamic loads with the motions within the gearbox
as these indicators will be similar to modern commercial scale turbines.

8.1.1 GRC Sensors for Analysis
Four different sets of sensors were used in the analysis of the GRC data: the lowspeed shaft, the gearbox housing, within the gearbox and on the high-speed shaft.
The loadings on the low-speed shaft, predominantly from the aerodynamic loading
due to atmospheric turbulence and the mass of the rotor, can be correlated with
loadings along the drivetrain to see how the unsteady loads are transferred.
The three low-speed shaft channels, torque (LSS TQ) and the out-of-plane
moments (MSBM YY and MSBM ZZ), are all chosen. The two components can
be combined to find the out-of-plane moment angle and magnitude or used as
reported as pitching and yawing moment components.
The gearbox housing accelerometers from the port side (ACC port XX, ACC port YY
and ACC port ZZ) were chosen to be included in this analysis with the location
on the gearbox where the sensors are placed shown in Figure 8.1. The original
intent of the analysis was to focus on the internal components of the gearbox.
However, preliminary work suggested that the transient loads were passed to the
gearbox housing causing the whole gearbox to move. The importance of this is
two-fold. First, it indicates the complexity of building a gearbox that is reliable
as the types of loadings and motions are more complicated than what would be
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found on a typical dynamometer. Second, the motion of the gearbox can cause
misalignment of the low- and high-speed shafts on either side of the gearbox. The
gearbox includes a spline to isolate the non-torque loads in the planetary stage of
the gearbox. The planetary stage will be affected by the non-torque loadings from
the low-speed shaft. Non-torque loadings may be introduced due to this misalignment of the high-speed side due to displacement of the gearbox housing that would
affect the parallel stages of the gearbox.

Figure 8.1: The gearbox assembly showing the location of triaxial accelerometers
on the port side used for the GRC analysis.
The radial displacement of the internal low speed shaft holding the sun pinion
is measured in two directions. These channels, Sun radial ZZ and Sun radial YY,
can be used to find when the sun gear is displaced which typically indicates uneven
loading of the planet gears. The measurement method for this is shown in Figure
8.2.
In the planetary stage, the channel Planet RIM 0 is used to measure the displacement of the planet gear forward and backward. This measurement is shown in
Figure 8.3. The importance of this measurement is that the planetary gear shafts
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Figure 8.2: The sensors on the gearbox’s internal low-speed shaft used for analysis
of the GRC data.
can be misaligned causing the planetary gears to wear on either the front or back
on either the ring or the sun gear.

Figure 8.3: The sensor measuring misalignment of a planetary gear used for analysis of the GRC data.
The final measurement used is the high-speed shaft torque, HSS TQ. Unfortunately the strain gauges used were not instrumented in a way to provide the
bending moment on the high-speed shaft.

127

8.1.2 Correlation of Loads on Drivetrain
The correlation coefficients for all of the different sensors are calculated for each
of the ten-minute data sets. The mean and standard deviation for the ten-minute
intervals are calculated. The most important correlations, with the out-of-plane
moment angle and magnitude and with the high-speed shaft torque, are shown
for the different sensors in Figure 8.4. The mean values are shown with the line.
The mean plus and minus one standard deviation are shown in the shaded region,
indicating the variability within each of the correlation coefficients. The x-axis
show the different signals, with the gearbox motion on the port side calculated
from the accelerometers displayed as GB X, GB Y and GB Z for the three motions.
The motion of the sun-gear pinion in the Z and Y direction are shown in Sun Z and
Sun Y, respectively. The out-of-plane translation of the planetary gear is shown
with the label Planet.

Figure 8.4: The 10-minute correlation coefficient means (lines) and standard deviation (shaded) for the GRC analysis.
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The low-speed shaft magnitude and angle have higher correlation with the
gearbox housing and gearbox components than the high-speed shaft. The data
analyzed do not include periods of braking and shifting, which would cause transients to enter the gearbox from the high-speed shaft. However, the low correlation
of the high-speed shaft with the motions of the gearbox and within the gearbox,
especially on the planetary gear motion, show that much of the non-steady aerodynamic loading is absorbed by the drivetrain before it reaches the high-speed
shaft.
The low speed shaft out-of-plane magnitude correlates better with the gearbox
motions than the low speed shaft angle. The magnitude of the out-of-plane bending
moment is large when there is a velocity asymmetry in the rotor plane. Large angle
changes can be found with very little change in actual out-of-plane bending moment
if the rotor plane is near uniform, as a small change in blade loading can cause the
out-of-plane bending moment to flip direction. Additionally, the angle change is
driven by the shaft rotation rate for a mean velocity profile, driven by the 1/rev
cycle of each blade for a 3/rev cycle. During periods of time when there is not
asymmetry in the flow due to turbulence, the 3/rev dominates. This appears to
be the reason the low-speed shaft out-of-plane bending moment angle correlates
better with the high-speed shaft torque than with the low-speed shaft moment
magnitude. Additionally, the increased dependence on the rotation rate, which
is not shared by the gearbox motions, is why the correlations of the internal and
external gearbox motions are higher with the low-speed shaft magnitude than with
the low-speed shaft angle.

8.2 Influences on the Low Speed Shaft Moment Vector
The GRC data show that the out-of-plane bending moment magnitude correlates
better with off-design motion of the drivetrain components than the out-of-plane
bending moment angle. The high levels of variance in the 10-minute averages
indicate that both the moment magnitude and angle are relevant for the GRC
data. The GRC field test data includes periods of time where the low-speed shaft
rotation rate is changing to control the rotor power as a function of the incoming
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wind speed. This makes for a comparison to show whether the out-of-plane bending
moment vector changes more due to angle changes or magnitude changes difficult.
ALM data can be used to quantify the relative importance of the magnitude and
angle changes to the vector change as the rotation rate is constant. Additionally,
the ALM data is for a single stability state and has little yaw error, decreasing the
impact of off-optimal settings that may be providing some of the variance in the
GRC data.

8.2.1 Identifying the Driver for Out-of-Plane Motions
The pdf for the low speed shaft out-of-plane moment vector is shown in Figure 8.5.
The vector is plotted with respect to the vertical (z) and cross-plane (y) coordinate
system typically used for wind turbine applications. Decomposing the vector in
this way describes the yawing and pitching rotor moments. For much of the run,
the out-of-plane bending moment is small, but there are periods of time when this
is large.

Figure 8.5: The joint pdf for the moment vector.
The out-of-plane bending moment can also be decomposed into a magnitude
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and direction. The magnitude of the vector as well as the rate of change are important for understanding the transient loads propagating from the rotor through
the gearbox. The joint pdf of the time-rate of change for both is found in Figure
8.6 with the full sample in Figure 8.6a and zoomed in to the region with the bulk
of the data in Figure 8.6b. Most of the changes in the angle and magnitude are
small. The largest magnitude changes are in a wider angle-change range.
We use the swept area to better quantify the change in the out-of-plane bending
moment. This allows for the magnitude of the bending moment to be taken into
account. A small vector change with near zero length can cause a large angle
change, but the swept area will be small. The periods where the out-of-plane
bending moment are high are more important for wind turbine reliability as they
can cause more damage to the drivetrain assembly. The swept area, A, can be
found using
Z
θ1

0.5 · r(θ)2 dθ,

A=

(8.1)

θ0

where r is the bending moment magnitude. We assume that the magnitude changes
linear with angle change. The swept area can be shown as a function of the change
in angle and the change in magnitude, as shown in Figure 8.7. The largest changes
in swept area come at low angle changes, as illustrated in the sharp peak in Figure
8.7b. The large angle changes have small swept area changes as illustrated by the
long tails on either side of the peak. The swept area as a function of the magnitude
change has a much more spread peak - large changes in swept area for a wide range
of magnitude changes.

8.3 Effect of Turbulence Structures on Low Speed
Shaft Out-of-Plane Bending Moment
The previous analyses, correlating the out-of-plane bending moment angle and
magnitude with motions in and on the GRC field test gearbox and identifying the
drivers for the largest rates of change in the out-of-plane bending moment, both
indicated that the out-of-plane bending moment is more relevant to wind turbine
reliability than the angle. We create an asymmetry index for the incoming flow to
predict the out-of-plane bending moment magnitude on the rotor.
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(a) The full view.

(b) Zoomed in.

Figure 8.6: The joint PDF for out-of-plane bending moment angle and magnitude
changes.
The rotor averaged velocity Ux does not correlate well with the out-of-plane
bending moment magnitude. While the torque and thrust are vector quantities
that by definition are aligned in one direction, the out-of-plane bending moment is
a vector in the rotor plane. The blade integrated bending moments are not scalars
that can be added. This shows that the asymmetry in the rotor plane is more
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important for the out-of-plane bending moment than the torque or thrust.

8.3.1 Asymmetry in loadings
We show here the development of the method to quantify the amount of variability
associated with the atmospheric turbulence. The primary requirements for the
quantification of the asymmetry in the atmosphere are:
• Dependence on Ux : The primary driver of changes in blade loading is the
local flow angle and the dominant velocity component in determining the
flow angle is Ux . Any analysis method to determine the amount of variability
caused by the ABL should primarily depend on the changes in Ux through
the rotor plane.
• Primary dependence on locations where the variability is important: The
portions of the blade that produce the most power and, because of that
can have the greatest influence in the changes in power due to unsteady
forcing, are between the middle and close to the tip of the blade due to both
the moment arm available and the loading characteristics of typical airfoils in
these sections. Any quantification of variability from the ABL should depend
heavily on these regions.
• Importance of large scale asymmetry across the rotor plane in any direction:
A mean velocity profile will cause unsteady moments on the low-speed shaft,
just as an asymmetry horizontally across the rotor disk.
• Agnostic to blade location: The blade location is important for the instantaneous levels of variability in the flow, but the precise location of the blades
should not be a requirement for identifying a quantification method for the
ABL, which may be used for different sized wind turbines or turbines with
different controllers or different initial conditions.
• Not heavily influenced by the rotor : We desire the fluctuations of the asymmetry index to be similar whether these are taken at the rotor plane or some
location upstream.
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The ability of potential asymmetry quantifications to fulfill these requirements
can be identified to be able to compare various methods. The mathematical definitions are given for several of the asymmetry parameters. These are rotor centered
values, giving
(
y =0
At Rotor Hub
.
(8.2)
z =0
The radius, r, can be found using
r=

p
y2 + z2,

(8.3)

and y and z can be found from the cylindrical coordinates with
y = r cos θ,

(8.4)

z = r sin θ.

(8.5)

and

Note that x is the streamwise component, z is up and y across the rotor plane
such that a right-handed basis function is formed. This puts the axes as -Y and Z
when looking at the wind turbine rotor plane from upstream and Y and Z when
looking from downstream.

8.3.2 Declined Options
We go through several of the declined options for the asymmetry parameter and
discuss their shortcomings.
Aerodynamic Inflow Plane (AIP) distortion indices
The SAE Aerospace group has a series of standards for distortion indices used
to calculate ‘distortion’ at an inflow plane [176, 177]. These are typically used for
inlet and compressor design on turbo-jet and turbo-fan engines. These were first
considered as they are both commonly used for inflow analyses and also are defined
using the flow information only. However, because the indices are defined only at
certain radial locations (typically 50% and 75%), they lack the radial component
required for wind turbine analyses. Additionally, the indices are almost all defined
using maximum differences between different angular sections, such as the DC10
index, which looks at the ratio of the highest average pressure over a 10 degree
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slice and the lowest average pressure over a 10 degree slice. While this is important
for wind turbines, it is more relevant on compressors where the solidity is high and
where the distortions are consistent, such as in the wake of an upstream strut.
Spatial Velocity Profile
Typically the largest asymmetry on the rotor plane is the difference between
the high velocity near the top of the rotor and the low velocity near the ground.
By computing the mean velocity profile for the rotor disk, it is possible to quantify
the level of shear across the disk. The mean velocity profile is calculated to be
Ux = 13.838

 z 8.5886·10−2
h

90

,

(8.6)

which gives a difference in Ux of ≈ 2 ms between the top and bottom of the rotor
plane. This method shows potential as it is able to capture many of the largest
periods of variability as it gets the largest difference in the dominating cause,
Ux , for fluctuations. The limitations that cause it to fail are that the left-right
asymmetry is ignored as well as much of the fluctuations along the blade.
Rotor-based Velocity Center
The stream-wise velocity can be used to find the ‘velocity center,’ (ȳ, z̄) at
a particular instance in time. This is similar to looking at the mean shear from
before but adding a left-right asymmetry parameter to this. We define the ‘velocity
center’ in a similar manner to the center of mass for a uniform solid with height
Ux on the rotor disk area with
ZZ
1
y · Ux (y, z) dA
(8.7)
ȳ =
V
A

and

1
z̄ =
V

ZZ
z · Ux (y, z) dA.

(8.8)

A

The integration is over the rotor disk area, A. The denominator, V is the flux
through the rotor disk, or ‘volume’ of Ux in the center of mass analogy, calculated
using
ZZ
V =

Ux (y, z) dA.

(8.9)

A

The downside to this method is that it treats the entire rotor disk equally. The
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outer portions of the blades are treated the same as the area near the hub. It is
possible to improve this method for the particular wind turbine, by doing a bladebased method instead of the rotor-based method. This causes only the portions of
the ABL that the blade is interacting with to cause fluctuations but it does take
away from the desire to be independent of the blade locations.
Rotor-based Velocity Moment Center The rotor-based velocity center can
be expanded by multiplying by the moment arm, giving the rotor-based moment
center. This index, IL is a measure of the magnitude of the moment center of
the rotor plane due to the Ux velocity component. A large index means that the
streamwise velocity component is larger on one side of the disk than the other.
The components form a meaningful vector. The velocity moment is given by
ZZ
VL =

r(y, z) · Ux (y, z) dA,

(8.10)

y · r(y, z) · Ux (y, z) dA

(8.11)

z · r(y, z) · Ux (y, z) dA.

(8.12)

A

and the components (yL , zL ) by
1
yL =
VL

ZZ
A

and

1
zL =
VL

ZZ
A

The magnitude of the components can be used to find the index,
IL =

q

yL2 + zL2 ,

(8.13)

which can be compared to the out-of-plane bending moment magnitude.
We found that IL correlates very well with the out-of-plane bending moment
magnitude. However, the reliance on the y,z coordinate frame showed cyclical
motion in the vector form due to the rotation of the blades.
Y-Z Reflection Index
The Y-Z reflection Index, IB , is a measure of the magnitude of the moment
center of the differences about the Y- and Z- axes. The components are both positive definite and so do not constitute a meaningful vector. This can be integrated
for one half of the area and multiplied by two based on symmetry. The reflection
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across the y axis,
δUxY = |Ux (y, z) − Ux (−y, z)| ,

(8.14)

δUxZ = |Ux (y, z) − Ux (y, −z)|

(8.15)

and z axis,

are calculated to show the asymmetry across these axes. The asymmetry is then
integrated over the rotor plane to find
ZZ
VBy =

r(y, z) · δUxY dA

(8.16)

r(y, z) · δUxZ dA.

(8.17)

A

and

ZZ
VBz =
A

A coordinate can be found aligning with the asymmetry in both directions,
1
yB =
VBy

ZZ
|y| · r(y, z) · δUxY dA

(8.18)

|z| · r(y, z) · δUxZ dA

(8.19)

A

for y and
1
zB =
VBz

ZZ
A

for z, that can be used to calculate an asymmetry index,
q
IB = yB2 + zB2 .

(8.20)

Note that because the left-right symmetry in UxY in Equation 8.14, the y in 8.18
needs to have an absolute value in order to not be 0 and similarly in the z in 8.19.
Again, the choice of the (y, z) axes is arbitrary with respect to the wind turbine
an causes rotation of the index components at the rotor plane. Furthermore, the
index components are not directional. Flipping the rotor disk will result in the
same (yB , zB ). Additionally, because of the reflections across y and z, a pure
rotation of Ux will result in a time-varying IB based on when the reflections cancel
out.
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8.3.3 Definition of the Triaxial Asymmetry Index
The Y-Z reflection index uses the Y- and Z- axes for comparison. Because typical
wind turbines have 3 blades, these reflection axes do not provide a meaningful
comparison. We created the triaxial (A) index based on a more meaningful set of
reflections. The comparison is done for a wind turbine blade in arbitrary location
with the location of the other two blades, +/-120 degrees from the current location.
We take the maximum difference between the three blade locations,

δUxT = max


Ux (r, θ) − Ux

2π
r, θ +
3




, Ux (r, θ) − Ux

2π
r, θ −
3


,
(8.21)

and integrate with the radius of the blade over the rotor disk,
ZZ
r(y, z) · δUxT dA,

IA =

(8.22)

A

to find the triaxial asymmetry index, IA .
In addition to the 120 degree reflections being more meaningful in calculating
asymmetry, they also allow the index to be used on the rotor plane as well as far
in front. The influence of the individual blades on the local velocity at the rotor
plane are similar for all 3 blades, causing no additional asymmetry regardless of
the velocity changes.
Because of the nature of the 120 degree shift, there is no meaningful vector
from the components of the index. Additionally, there is not a good physical
description that comes with the index; the value of the index can be correlated
with blade sectional loads or integrated loads.

8.3.4 Application of the Triaxial Asymmetry Index
The out-of-plane bending moment magnitude total signal and low-pass filtered
signal predicted using an ALM simulation are shown in Figure 8.8 for 200 seconds
of the 600 second analysis time. The low-pass frequency signal is the frequencies
less than 12 3/rev, similar to that for the torque and thrust in Section 7.3.1. The
low-frequency bending moment has large fluctuations, but these do not correlate
with the torque (figure 7.10) or the rotor averaged Ux (figure 7.12.)
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The triaxial asymmetry index is calculated at the rotor and at locations 10,
20 and 40 m in front of the rotor. This is shown in Figure 8.9 with the dark blue
being far upstream and the cyan being at the rotor plane. Similar to the Ux shown
in Figure 7.12, the asymmetry index has little change between the value at the
rotor and the upstream locations. The shift in value does not change the general
shape of the index. A cross-correlation can be applied to the signal to find the
time-delay and the maximum correlation with a signal.
The correlation of the out-of-plane bending moment magnitude and the triaxial
asymmetry index is shown in Figure 8.10 for a 600 second ALM simulation. The
maximum cross-correlation coefficient for the upstream calculations of the triaxial
index with the out-of-plane bending moment are also shown with the rotor at
x = 240 and the upstream locations at 10, 20 and 40 m in front of the turbine.
This is shown both for the total out-of-plane bending moment in blue and the
low-frequency portion in red. The correlation with the low-frequency portion is
very good both at and in front of the wind turbine. The correlation with the total
signal is not as high, but still indicates that the triaxial index is a good predictor
of the moment magnitude.
The drop between the correlation of the asymmetry index and the total and lowfrequency out-of-plane blade bending moments is ≈ 0.25, which is larger than the
drop between the total and low-frequency torque with the rotor-averaged streamwise velocity Ux (figure 7.13) of ≈ 0.04. The high frequency oscillations are larger
with respect to the low-frequency values for the out-of-plane bending moment magnitude than for the rotor torque and thrust. The vector addition is the cause for
this. When the individual out-of-plane bending moment magnitudes for each blade
are summed as scalars instead of vectors, the reduction between the low-frequency
and total signal is ≈ 0.07. The asymmetry in the rotor plane increases the highfrequency oscillations which are amplified by the way the out-of-plane bending
moment is calculated.
Similar to the Ux -Torque comparison, the upstream triaxial indices are a good
predictor of the out-of-plane blade bending moment at the rotor with some timedelay for the advection of the structures to the rotor. This can also be used
with forward-facing LIDAR as a predictive tool for wind turbine control systems
a the structures of interest are not modulated due to the presence of the wind
turbine. The alterations to the flow, slowing down near the blade, affect the 120
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degree asymmetry equally so the net effect on the asymmetry index due to the
interaction of the wind turbine with atmospheric inflow is reduced. The lack of
large modulations within the two-way coupled result suggest that the one-way
coupled BEMT can be used as a reasonable proxy for the low-frequency out-ofplane bending modes.

8.4 Summary
Data from NREL’s GRC field test are correlated to show that the motions within
the gearbox are largely driven by the magnitude of the non-torque moment on the
low-speed shaft. We create a predictor for this magnitude, the asymmetry index,
that is based on the incoming flow. The asymmetry index is shown to correlate
well with the out-of-plane motion of the low-speed shaft, which may be useful for
feed-forward controllers attempting to mitigate off-design motion.
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(a) The swept-area magnitude joint pdf.

(b) The swept-area angle joint pdf .

Figure 8.7: The joint pdfs for swept area and the out-of-plane bending moment.
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Figure 8.8: The out-of-plane bending moment magnitude total and low-pass filtered signal.

Figure 8.9: The triaxial asymmetry index at and upstream of the rotor.

Figure 8.10: The maximum cross-correlation of the out-of-plane bending moment
with the asymmetry index at upstream locations. The wind turbine is at 240 m.
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Chapter 9 —
Summary and Future Advances
9.1 Summary of Primary Results and Conclusions
Nonsteady wind turbine loadings due to interactions with daytime atmospheric turbulence are quantified for varying fidelity wind turbine models within the ‘Blade
Aerodynamics’ and ‘Atmospheric Turbulence’ modules of the Cyber Wind Facility
at the Pennsylvania State University. We used a large eddy simulation to create
realistic atmospheric turbulence representative of conditions on an afternoon with
steady winds at moderate speeds representative of wind turbine operating conditions over flat land and horizontally uniform surface roughness representative
of wind farm locations in the wind belt of the United States. The energy containing eddies of the atmospheric boundary layer are characterized by advective
time-responses of order 30-90 seconds with lateral spatial scales of order the wind
turbine rotor diameter depending on the height of the capping inversion and time
of day. The atmospheric turbulence generated with LES was used as inflow for
different wind turbine simulation methods applied to the NREL 5 MW turbine, a
utility scale wind turbine model similar to the RePower 5 MW wind turbine.
One aim underlying the CWF concept is to provide a simulation framework
in which the model for the wind turbine blades can be systematically changed
within the same ABL and with minimal adjustments to the simulation grid. In
this way, lower and higher order wind turbine model predictions can be systematically compared. The wind turbine models differed in their coupling to the
atmospheric boundary layer, therefore modeling differently the wind turbine interactions with and alterations to the energy-dominant atmospheric turbulence
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coherent structures, the level of detail in blade geometry and the fidelity by which
the blade sectional forces were resolved. The highest fidelity CWF is a fully resolved blade boundary layer simulation using hybrid URANS-LES with two-way
coupling and resolution of the blade geometry and blade aerodynamics to capture
nonsteady responses within the near-blade viscous layers to be capable of resolving unsteady boundary layer response and separation dynamics. An actuator line
method (ALM) simulation uses two-way coupling with the atmospheric boundary
layer but relies on empirical look-up tables to predict the time changes in blade
sectional forces as a function of the time changes in local velocity vector at actuator points along the blade. A blade element momentum theory (BEMT) wind
turbine simulation is one-way coupled and relies on empirical tables for the blade
loads using the same method as ALM but with no alteration of the local flow
by the rotating blades. Both ALM and BEMT models are based on using the
local two-dimensional approximation of sectional loads underlying blade element
methods.
The fully resolved blade boundary layer simulations are capable of capturing
the unsteady boundary layer effects which occur the inner portion of the blade.
The method of blade force resolution is shown to have an effect on the timing
and and range of individual events on the blade due to the time-scale associated
with flow around a blade geometry rather, in contrast with the lower order models
that predict nonsteady response to nonsteady loading due to atmospheric inflow
at actuator points. Our analysis has shown that the one-way coupled BEMT code
is not able to properly capture the interaction of the blade with the atmospheric
turbulence showing a time-shift in loads in the long-time comparison with ALM but
has similar mean and variance statistics when compared using the same turbulence
structures.
The diurnal changes in the atmospheric stability state and turbulence structure, with time-scales order hours, and shorter changes from passage of frontal
and weather events do not allow for the temporal-sample required for converged
statistics at a particular stability state. Our analysis of neutral and moderately
convective boundary layers, representative of stability states typical for wind turbine operation, show that the time-scales associated with the energy containing
eddies are order minute for the neutral and longer for the moderately convective,
both long compared to the rotation of the wind turbine. These structures lead to
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variability within short-time data analyses and are investigated using many individual wind turbines spread through the atmospheric boundary layer simulation.
We find that the 10-minute industry standard analysis window still has residual
variability for the moderately convective boundary layer of ≈ 10%. The 10-minute
window provides a reasonable approximation as it is near the ‘elbow’ in the variability where time-extension provides little gain. The horizontal homogeneity of
the simulation allows for the spatial distribution of wind turbines to approximate
a single wind turbine for a long period of time to calculate the ‘infinite time’ statistics and the period of time required for these converged data. The time required
for convergence in an equilibrium stability state is longer than the stability state
stays constant for both neutral and moderately convective cases.
As a wind turbine blade passes through the atmospheric eddies in the rotor
plane the velocity field over the blade sections change in time in a manner that
directly forces the time changes in local velocity magnitude and velocity vector
direction, in particular the local angle of attack. We find that the time changes
in local wind velocity angles of attack are the primary drivers of the nonsteady
sectional load changes. We have shown that the time changes in horizontal velocity
component perpendicular to the rotor plane (Ux ) are the dominant contributors
to the time changes in flow angle, or ‘angle of attack.’ The vertical velocity,
in contrast, is indirectly important to nonsteady loading characteristics through
the strong correlation between horizontal and vertical fluctuations in atmospheric
turbulence as a function of the stability state of the lower troposphere.
Our detailed and comprehensive analysis showing that the time changes in sectional and blade-integrated loadings are largely driven by the time variations in
the horizontal component of the turbulence embedded within the energy-dominant
atmospheric eddies is important in that the result has implications in the nature
of the basis for and characteristics of the nonsteady loads that affect wind turbine
function. This occurs both in the nonsteady nature of power production and in the
nonsteady transients associated with premature component failure and increased
levelized cost of energy from the reduced reliability of individual wind turbines
within wind farms. We show that whereas rotor torque and thrust are accurately
predicted by a rotor-disk-averaged Ux , the out-of-rotor-plane bending moments
that force time changes in the motions of the low-speed-shaft that contribute to
premature fatigue-driven bearing failure depend on the distribution of of horizontal
145

wind fluctuations as the blade passes through coherent energy-containing atmospheric eddies. We have designed an asymmetry index based on ‘triaxial reflection’
to predict the out-of-plane bending moment magnitude. This ‘asymmetry parameter’ could be applied, for example, with advanced feed-forward control methods
that use forward-facing LIDARs mounted within the wind turbine hub to detect
wind structures tens of meters upwind of the wind turbine rotor. The prediction
of large out-of-plane bending moment transients will can be mitigated through
individual blade pitch control, reducing the fatigue type loading associated with
use over the multi-decade life-span of the turbine. Using the NREL GRC field
test data, we have shown these out-of-plane bending moment transients to be potentially major contributors to the moments on the low-speed shaft that impact
gearbox bearings for nominal wear-and-tear.

9.2 Future Work
We propose three sets of extensions based on findings from the current analyses.
The sets of extensions are improvements to the blade-resolved simulation to better
quantify the differences with lower order models (section 9.2.1), improving lower
order models (Section 9.2.2) and extensions of the current analyses to include other
inputs and capture secondary influences on nonsteady loadings (Section 9.2.3).

9.2.1 Improvements to the Blade Resolved Simulations
The current work compared nonsteady wind turbine loadings due to atmospheric
turbulence using a single wind turbine blade for a short period of time for three
wind turbine simulation methods. Our analysis would be improved by using a
three-bladed wind turbine for a long period of time. The reasons why this was not
done are highlighted in Appendix B, modified from an NREL report prepared by
Dr. James Brassuer for NREL, and include the computational cost, the complexity
of the meshes, difficulty in decomposing and visualizing and validation.
The current iteration of the CWF uses rigid blades and does not include a
nacelle, tower or controllers. Deformable blades have been introduced to ALM
as a part of the ‘Blade and Tower Elastic Deformation’ module of the CWF but
have not been included in the blade resolved simulations. These attributes, while
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increasing the computational complexity, will yield a response more indicative of
wind turbines in the field.

9.2.2 Improvements to Lower Order Models
We have identified several types of loadings that require higher order models to
capture. While the lower order models are unable to capture these characteristics
due to their limitations, the effect of these can be modeled and included in lower
order model predictions.
The lower order models experience load changes due to inflow changes faster
than the fully resolved simulation as they model the sectional blade with a single
point rather than a cross-section with length. This is a well known issue with
geometry-less engineering design models and response delay models have been created for other applications [73,173,174]. These models could be extended for wind
turbine analysis. The delay would improve the timing and range of the local loads
predicted by ALM and BEMT models. The BEMT models use induction models
to predict the effect of the turbine on the incoming flow field, but are not capable
of accurately capturing the changes found using a two-way coupling method. Oneway coupled wind turbine simulations may require a dynamic induction model to
take into account the time-changes associated with the incoming flow being slowed
by the turbine.
The largest difference in sectional loads between the resolved simulation and
the lower order models was found along the inboard section of the blade. A difference between the fully resolved simulations and the lower order simulations is the
unsteady boundary layer flow phenomena. Some wind turbine lower order models
do include a dynamic stall model, which acts as a delay to the local angle of attack
when the angle of attack is changing and above a ‘dynamic-stall-threshold.’ While
the actual unsteady loading due to separation would be difficult to match, adding
variance when the local angle of attack is above some ‘stall-threshold’ would allow
increased variances in the local loadings. These inboard regions, where the solidity
is high, may also be improved by modifying the local flow to approximate the effect
of the hub and other blades. The flow accelerates around the hub increasing the
velocity in the near-hub region of the rotor that is not taken into account by lower
order models.
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A tenant of strip theory is that the blade sections can be treated independently.
While not visible in the resolved blade results documented in this thesis, the CWF
did find evidence of radial pumping of separation. Lower order models may be able
to include this blade interdependence by modifying the look-up table results if a
blade section inboard is experiencing stall. Quantification of the conditions that
promote radial pumping and the distance affected would be required to modify the
sectional loads of outboard sections.

9.2.3 Extensions of Current Analyses and Methods
The ‘infinite time’ statistics have been developed for quantifications on the wind
turbine at a single atmospheric stability state and mean wind speed. An extension
of this work would be to document the statistical response for a series of stability
states and wind speeds. This would be limited to the afternoon, when the capping
inversion is roughly constant and the boundary layer is in an equilibrium state
for our precursor LES methodology to be used. The same types of wind turbine
statistics could be gathered for stable boundary layers through the night and for
non-equilibrium daytime states. The non-equilibrium boundary layer is an active
area of research [110, 111, 178] but has not been applied to wind turbine statistics
similar to the current analysis.
The implementation of the NREL 5 MW turbine used, with rigid blades, no
coning angle, no shaft-tilt, and pitch, yaw and rpm controllers set to the global
mean, was chosen to isolate the aerodynamic effects and to be able to compare
better between the models. Comparing wind turbine loading statistics with and
without the controller and geometry modifications is a logical extension of the
current work. We expect that the energy containing eddies with time scales of order
ten rotations, would be mostly smoothed out by most wind turbine controllers. The
asymmetry on the rotor plane from small atmospheric structures may be able to
be smoothed using individual blade pitch. The atmospheric data sets may prove
very useful in future investigations into control system algorithms.
Our analysis showed the Ux rotor disk average to be a good predictor for torque
and thrust and the asymmetry index to be a good predictor for the out-of-plane
bending moment. These predictions align very well with the low-frequency portion
of the integrated loadings. Our analysis did not focus on the high-frequency portion
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of the integrated signals, but predictors for the high-frequency envelope could prove
useful for fatigue loading studies. Additionally, our focus was on the primary driver
of the rotor loads, Ux , and the primary driver of gearbox component motion, the
out-of-plane bending moment magnitude. The secondary influences, Uy and Uz in
the atmosphere and the out-of-plane bending moment angle, may be important
for other types of atmospheric inflow or turbine conditions.
The predictors for the rotor loadings correlate the best with the loadings at
the rotor plane and well with upstream disks with a time-delay. The asymmetry
index was chosen in part because the changes associated with the influence of the
wind turbine near the rotor did not change the variation of the asymmetry index.
The rotor averaged velocity is very similar in this - the level itself may change
near the rotor, but the variation is similar to that found upstream. An important
outcome of this is that the index is usable for the two-way coupled simulations,
one-way coupled BEMT and field experiments. Both the Ux rotor disk average and
the asymmetry index use the entire rotor disk. Current wind turbine controller
techniques that use incoming data, LIDAR controllers, sense the velocity in rings
of data at different locations upstream. The asymmetry index and Ux rotor disk
average would not be able to be calculated by current LIDAR strategies. An
interesting extension of this work would be to compare the two predictors using
the full rotor disk and the limited LIDAR data. Either the predictors themselves
or a modification based on the reduced data availability, may be able to be used
to help control for torque, thrust and out-of-plane bending moment using current
LIDAR technology on wind turbines now deployed.
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Appendix B—
Issues related to Creating an OpenFOAM high-Fidelity modeling Environment for Blade-Boundary-Layer Resolved Wind Turbine Simulations
B.1 Background
As a part of a contract with the National Wind Technology Center, a document
highlighting the complexities of creating a high-fidelity modeling environment in
OpenFOAM for blade-boundary-layer-resolved wind turbine simulations was produced by Dr. James Brasseur. Several members of the CWF team had contributed
to this document. A modified version of that document is reproduced here.

B.2 Introduction
The purpose of this chapter is to present the essential difficulties and issues associated with developing complex computational fluid dynamics (CFD) simulations of
blade-boundary-layer-resolved simulations of wind turbine rotors. There are many
essential issues that make this CFD particularly difficult. The dynamics that must
be captured by the simulations are exceptionally multiscale in nature in both space
and time, and output is required that is resolved to capture both very large and
very small spatial and temporal scales simultaneously. Correspondingly there ex152

ists a high degree of complexity associated with different dominant physics: in the
highly turbulent atmospheric boundary layer (ABL) flow surrounding the wind
turbine with energy-dominant at the wind turbine rotor scale vs. the aerodynamic
interactions with highly nonsteady spatially-evolving boundary layer dynamics adjacent to moving wind turbine blade surfaces. The exceptionally high blade chord
Reynolds number creating viscous layers within the blade boundary layer that are
6-7 orders of magnitude smaller in scale than the turbulent atmospheric eddies,
both dynamics of which must be captured accurately. The geometric complexity
of long thin blades larger than a jet liner but rotating and cutting through the atmospheric eddies creates practical difficulties in capture relative motions of blades
to outer flow. Finally there are a myriad of issues specific to the application of
the OpenFOAM computational environment. These issues are summarized in this
document from several years of experience in the development of the Penn State
”Cyber Wind Facility” (CWF), a blade-boundary-layer-resolved simulation of an
NREL 5 MW reference rotor in the daytime atmospheric boundary layer created
with large-eddy simulation (LES).

B.3 CAD Model and Near-surface Grid Generation
Issues
Grid generation is both central and difficult in all complex geometry CFD. The
requirement that the viscous layers near the surface of the blades be resolved in order to capture three-dimensional time-dependent blade boundary layer dynamics,
especially nonsteady boundary layer separation and dynamic stall, create extreme
resolution requirements for the cells adjacent and near to the blade surface. Normal to the blade surface, the grid must resolve the thinnest viscous layer with 5-10
levels, so that the first grid cell must be at y + ∼ 1 from the surface, or less, at the
blade airfoil section with the highest chord Reynolds number. On the NREL 5MW
wind turbine ( [105] based on the RePower 5 MW wind turbine with LM Glasfiber
blade) the highest chord Reynolds number is 1.2×107 which creates a viscous layer
of order 25µm thick within a boundary layer of order a mm or less. For y + ∼ 1 resolution adjacent to the surface at max Rec , our first grid level is 5.2µm on a blade
that is 62.7 m in length. The horizontal scale of atmospheric eddies in the daytime
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ABL is typically of order 30 − 100m from the lower to upper margin of the rotor
disk from late morning to later afternoon. Thus the scale of the atmospheric eddy
scale is of order the rotor radius or diameter, so a blade-boundary-layer-resolving
grid must capture motions separated in scale by of order 107 from the blade surface
into the atmospheric eddy-resolving part of the computational domain.
However, to capture, the boundary layer dynamics that contribute to nonsteady blade loadings, it is necessary to resolve the nonsteady dynamics of threedimensional blade boundary layer separation (Figure B.1). For this, the span-wise
resolution of the grid adjacent to the surface must be sufficiently high (and the
numerical algorithm sufficiently nondissipative) to allow the boundary layer to respond to spanwise instabilities of separating shear layers over the suction surface of
the blade (Figures B.1a,c). In the chordwise direction the grid must be sufficiently
fine over the suction blade surfaces to resolve the shear layer that is in process
of separation (Figure B.1b,c). Using parked rotor simulations (Figure B.1), the
concentration of vorticity in the mid-chord chord regions, where boundary layer
separation tends to occur, was used to determine the required grid resolution. Our
finest resolution is at the leading and trailing edges where grid resolution is 1/1000
chord, while the grid expands to ∼ 0.03 chord in the mid-chord regions, as shown
in Figure B.2. The blade span is resolved with 709 grid cells root to tip, with
the finest resolution being near the tip (1/10 the resolution near the tip Vs. the
hub with relatively gradual reduction in grid scale until near the tip, where grid
resolution increases more rapidly). As a result, 85% of the total number of grid
cells for our ”Cyber Wind Facility” simulations (58 M) are within three chords of
the blade surfaces.
Difficult and serious practical challenges surround the need for accurate simulation on extremely find grids necessary to resolve the very thin separating viscous
layers adjacent to the blade surfaces grids on large blades that operate at extremely
high chord Reynolds numbers. A major practical problem is the need to generate
a high quality structured grid with hexahedral cell structure near the blade surface so as to minimize numerical dissipation and maximize accuracy in the most
dynamically critical region of the blade boundary layer (see Figure B.2). Tetrahedral grids require more complex interpolations that introduce additional numerical
dissipation. The lack of surface orthogonality to inflow velocity vectors and lack of
parallel faces perpendicular to local flow vectors reduces the accuracy of discretized
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Figure B.1: Development of the surface grid taking into account blade boundary
layer separation using parked rotor simulations. (a) Blade surface streamlines
showing the spanwise variations in separation and 3D nature of the separated
region; (b) Showing he relatively broad region of vorticity gradient representing
the separating shear layer; (c) The 3D nature of the vorticity gradient in the
separating shear layer; (d) The need for high resolution at the trailing edge.
terms.
Our grid is generated using Pointwise mesh generating software [223]. To generate a structured grid adjacent to the blade surface, one “extrudes” a grid normal
to the surface from a surface grid which is itself generated from a CAD model.
The extreme resolution of the near-surface grid makes the extrusion process extremely sensitive to the smoothness of the surface grid, and therefore the CAD
model. Slight “bumps” in surface curvature easily cause extruded mesh lines to
cross, creating a singularity in the solution of the elliptic equations upon which the
extrusion process is built. For this reason, it is necessary to create an exceptionally
high-quality CAD model of the blade surface with extreme smoothness. On this
smooth surface the surface grid is defined and forms the boundary condition for
the extrusion process. The SolidWorks CAD software package [224] was used to
develop our refined model of the NREL 5 MW model turbine rotor. The software
interpolated between airfoil sections that are defined for the NREL wind turbine
blade in [105]. However, before this could be done, it was necessary to obtain two
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Figure B.2: The near-surface grid. To minimize numerical dissipation and maximize accuracy in predicting the blade-boundary-layer at the extreme resolutions
required, the grid near the surface must be hexahedral and of exceptional quality.
airfoil sections not listed in the report for proprietary reasons. This was eventually
provided by N. Timmer at Delft University and is now freely available as an excel
file from the NREL Wind Forum [225].
Several iterations of progressively smoother CAD models generated in SolidWorks were required until extrusion of a near-surface structured hexahedral grid,
used in Figures B.1 and B.2, was successful. Figure B.3 shows the final CAD
design for a single blade and Figure B.4b shows all 3 blades. These figures, and
particularly Figure B.4a and d, also show the interface between the hub and blade.
This is a particularly problematic region for generating the grid.
The surface grid is shown in Figure B.5a and the extrusion in Figure B.5b. To
couple the blade and hub grids at the interface between them, it was necessary to
slightly “over-resolve” near the hub and fill in spaces with structured grid cells.
Another problematic grid region is the tip of the blades, beginning with the
fact that Jonkman et al. [105] do not specify a tip. Thus one has be designed. We
both designed our own tip and borrowed a tip designed by Raymond Chow and
Case Van Dam at UC Davis [226]. Ultimately we used our own design, shown in
Figure B.4c. The grid surrounding the tip posed special challenges. In particular,
the grid around the tip and blade body was extruded as a unit. This process is
illustrated in Figure B.6. Figure B.6a shows the surface grid at the tip which
must be generated within particularly high resolution to capture the large surface
pressure and vorticity gradients there and the tip vortex generation and rollup
process. From this surface grid the grid in the interior is extruded, as shown in
Figures B.6b and B.6c, where the tip extrusion is shown adjacent to the surface
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Figure B.3: Images of the final CAD model for the NREL 5 MW reference wind
turbine rotor. (a) and (b) Show the blade; (c) and (d) show the transition from
cylindrical geometry near the hub to airfoil sections.

Figure B.4: The final CAD model of the NREL 5 MW reference rotor. (a) and
(d): the interface between the rotor and hub; (b): the three blades; (c): the tip.
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Figure B.5: Grid complexity at the interface between blade and hub. (a) The
surface grid, generated from the CAD model shown in Figures B.3 and B.4; (b)
Extrusion from the surface grids.

Figure B.6: Tip grid details. (a) High-resolution surface grid; (b) and (c): Grid
extruded around tip with (d) a close-up of interior grid extrusion from surface
shown in (c).
grid on the body of the blade. Due to the high curvatures around the tip, the
interior structure is also highly curved, as shown in Figure B.6d where an interior
surface of grid cells extruded from the blade surface is shown to be highly curved.
Similar difficulties occur at the trailing edge of the blade, as shown in Figure
B.1b and 1d. It is not possible to represent a sharp cusp, and a perfectly sharp
trailing edge cannot exist in reality, so the trailing edge is rounded and covered
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with cells around the highly curved surface at high resolution, necessary to capture
the high pressure and vorticity gradients around the trailing edge (Figure B.1d).
The process of generating the grid around the blade is first to generate the grid
surrounding one blade, including the tip and one third of the hub, then to rotate
this blade ±120◦ to generate the grid around the other two blades. Although the
process of copying the grid twice to create a perfectly symmetric grid design surrounding a 3-bladed rotor is supposed to be relatively straightforward in Pointwise,
we had a great deal of difficulty make it work perfectly. The software often left a
slight displacement in the positioning of the copied grids at the hub.
Some of the complexities could be reduced by use of overset grids, where the
grid on each blade is be made individually and overlapping grids handled through
Overset interpolation. Unfortunately the Overset software available at the time
we were developing our CWF is ITAR restricted and was not released from that
restriction as we had hoped. Furthermore, overset comes with its own difficulties
in mass conservation, stability, and parallelizability.
The process of generating a successful grid is one of major problems that develop and must be solved in the course of development and testing as part of the
process of creating blade-boundary-layer resolved simulations of wind turbine rotors in the atmospheric boundary layer. Furthermore, the grid issue is intertwined
with algorithmic issues surrounding accuracy and numerical stability (Section B.6)
and with parallelization issues surrounding domain decomposition and mapping
(Section B.7).

B.4 Domain Grid Design Issues
Blade-boundary-layer resolved simulation must integrate the extreme-resolution
near-surface viscous-layer-resolving grid described in Section B.5 with a nearsurface outer domain that captures separating boundary layers, vortex roll-up,
tip vortex formation and near wake that scales from boundary layer scale to chord
scale. The grid must be designed correctly to handle this transition near the surface
and to integrate with the turbulence model and solver applied in the simulation.
In the Cyber Wind Facility construct we have been extremely careful to resolve
this transition so as to transition from URANS in and near the viscous surface
layers to effective LES in the outer and separating boundary layer regions where
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the transition from nonsteady RANS-like to LES-like is handled near the surface
using the Menter-Egorov k − ω − SST − SAS model [227] (Section B.5). This
LES-like simulations then transitions to a full LES with a 1-equation eddy viscosity model within roughly three chord-lengths from the surface (Section B.5). For
hybrid URANS-LES methods to correctly and accurately transition from URANS
to full LES, the grid must transition correctly both in resolution grid aspect ratio.
Specifically, near the surface grid aspect ratio must be large compared to 1, while
in fully turbulent regions away from the surface simulated with LES the grid aspect
ratio should be order one in all directions.
Figure B.7 shows the process we used to design the grid in the transition region
from the blade surface into the near wake. To confirm that grid resolution is
adequate in both resolution and aspect ratio, parked blade simulation was carried
out and the grid was overlaid on predicted turbulence structure visualized with
vorticity and second invariant of velocity gradient (Q). Several adjustments in the
grid, both in resolution and in design, resulted from a prolonged and careful series
of simulations, visualizations and grid comparisons.
Figure B.8 shows a similar process that we applied to design adequate resolution
and good transition in both the scale of the grid and the grid cell aspect ratio from
adjacent to the blade surfaces (high aspect ratio URANS cells) into the near-surface
region where boundary layer separation and vortex generation occur (aspect ratio
approaching order one). We designed a parked rotor simulation specifically to
stimulate nonsteady boundary layer separation on the suction side of the blade as
expected near the hub when the blade boundary layer is responding atmospheric
boundary layer turbulence.
The grid and rotor blades are embedded within a much larger domain that
must accommodate the rotation of the rotor relative to an external domain with
atmospheric boundary layer eddies passing through the rotor plane relative to
the ground. As the rotor rotates it slices through pieces of atmospheric eddies,
generating turbulence fluctuations at time scales shorter than the blade rotation
time scale. Thus, the complexities of extruding extreme-resolution grids near blade
surfaces from a high quality CAD model (Figures B.1-B.4), coupling to a hub grid
model Figure B.5), and then extending the near-surface grid to the near blade
region adjacent to the blade and in the near wake (Figures B.6-B.8) must interface
with the complexity of grids designed in outer domains.
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Figure B.7: Process for designing grid in near-wake to capture vortices with sufficient resolution and proper aspect ratio for LES. (a) Near-wake vortices visualized
by vorticity magnitude; (b) close-up with grid overlaid and check for reasonable
resolution of vortical structures; (c) 3D vortical structure visualized using Q with
grid overlaid to examine grid resolution and aspect ratio relative to scale and
structure of needed wake vorticity.
Figure B.9 illustrates the global computational domain, including the blade and
the near-blade grid elements discussed above and in Section B.3. The three-bladed
rotor is fixed within a cylindrical domain that rotates as a unit at the blade rotation
rate relative to an outer grid. At the inlet plane to the outer flow Dirichlet boundary conditions on velocity determine the specification of the mean and turbulent
velocity field that passes through the rectangular domain, through the boundary of
the rotating cylindrical domain with wind turbine rotor, and over the rotor blades
generating blade surface stresses from nonsteady boundary layer dynamics in response to a highly nonsteady velocity field. In our Cyber Wind Facility we feed
into the outer grid the flowfield generated from a low-dissipation high-resolution
spectral large-eddy simulation of the daytime atmospheric boundary layer that
requires surface heating, buoyancy force, a capping inversion, Coriolis force, and
a surface stress model that includes effects of roughness. It is imperative that the
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Figure B.8: Demonstrating the design process near the blade surfaces to capture boundary layer separation and vortex formation with resolution sufficient for
URANS-SAS and the transition to LES.
wind turbine computation on the outer and inner sections of Figure B.9 contain
the same dynamics as the precursor simulation from which the inflow boundary
conditions are obtained in order that the structures maintain the correct dynamical structure as they advect through the rotor disk and over the rotating turbine
blades.
The “sleeve” regions surrounding each blade contain a structured grid from the
blade surface to the sleeve boundary with rather dramatic changes in both grid
resolution and grid cell aspect ratio as the grid transitions from the blade surface
to the sleeve boundary. It is very important, both for computational accuracy
and to minimize numerical dissipation, that the grid be structured and hexahedral adjacent to the blade surfaces, and as close to hexahedral as possible with
faces perpendicular to the flow direction away from the surface. A well-designed
near-surface grid is necessary to meet resolution requirements for the blade surface boundary layers to dynamically respond to high nonsteady inflow, especially
separation and nonsteady vortex formation, and minimally dissipative so as to not
damp near-wake vortex instability and the proper development of wake turbulence.
Between the sleeve and the boundary of the cylindrical inner region is most easily designed if unstructured. This is partly because the grid should contain aspect
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Figure B.9: Overview of the computational domain and its sub elements. The
blades form a rotor within a rotating cylindrical domain relative to fixed outer
grid sections. A sleeve surrounds each blade at the edge of which the grid transitions from structured to unstructured. Operations at the the AMI surface are
parallelized separately from the inner and outer domains.
ratio order one grid cells. As importantly, however, the grid within the rotating
cylindrical domain must match the cells in the outer grid sections at the surface
of the cylinder. This is necessary to allow for accurate and mass conserving interpolation using the Arbitrary Mesh Interface (AMI), built into the OpenFOAM
framework. The need for grid interpolation puts demands on balancing parallelization. Specifically, for good scaling it is necessary for the domain to be decomposed
(Section B.7) in balanced fashion among cores. That is, if one core has an order of
magnitude more cells or fewer cells than others, the load imbalance creates major
latency problems and reduces quality of scaling. However the decomposition at
the AMI surface must be handled so as to allow the solver to access cells adjacent to and across the cylindrical surface. Thus these grid cells require special
decomposition that does not fit into the standard decomposition approaches using Scotch [228] or Metis [229] (Section B.7) and special coding is required that
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integrated with Scotch or Metis.
External to the cylindrical “AMI surface” the grid must expand to the boundaries of the rectangular computational domain. As illustrated in Figure B.9, we
have done this in domain patches that match at their boundaries. The essential
requirement is that the grid size at the inflow boundary be close to the grid size of
the precursor simulation and that the rate of grid contraction from inflow to cylinder AMI surface, and then from AMI surface to sleeve, and finally from sleeve to
blade surface, be sufficiently gentle to allow the dynamics to generate smaller-scale
turbulence supported by the shrinking grid. A proper daytime ABL simulation requires a domain no smaller than 5km × 5km in the horizontal and 2km in the
vertical. Thus for the precursor LES grid to have resolution not too much larger
than max blade chord (3-4 m) in order to capture most of the eddying motions
with significant turbulent kinetic energy, the precursor grid must be quite large
(we use a 768 × 768 × 256 grid (before truncation). In any event, it is important
that the grid resolution in the outer grid be sufficiently refined to capture most of
the turbulent kinetic energy in the atmospheric turbulence in the resolved scales
of the LES.
The grid outside the rotating cylindrical domain containing the wind turbine
rotor, in our simulations, is structured, necessitating the need for a dozen or so
coupled sub-grid volumes (Figure B.9). The grids within our sleeves are fully structured and extremely carefully designed. Currently the only unstructured nonhexahedral grid cells are between the sleeve and cylindrical AMI surface. This was
necessitated by the need for the grid to match at both the sleeve and AMI surfaces
and to expand relatively rapidly between the two. However, there are accuracy
reasons why a future aim should be to generate a fully structured grid even in
the transition between sleeve and cylinder. This is particularly the case in the
wake where higher resolution and hexahedral grid cells are needed to both resolve
the formation and capture the instabilities of trailing vortices from the blade tips
within minimum numerical dissipation.

Grid-generation Software
To develop our grids we have used Pointwise mesh generating software [223]. Pointwise has a user-friendly interface and can output directly in OpenFOAM format
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with the ability to set the boundary conditions at grid boundaries. The serious
difficulties are in
1. the requirement to produce high-quality hexahedral cells of extraordinary
resolution adjacent to the surface,
2. the need to transition between domains with very different grid resolution
and aspect ratio requirements,
3. the value of scripting the development of the grid to allow for ease of modification and repetition,
4. the need to copy grid domains precisely (for example, from one blade to
another), and
5. difficulties in nonorthogonality hexahedral grid faces leading to numerical
instability.
Items (1), (4) and (5) were particularly difficult . For example, Pointwise was
supposed to allow copying, however the copy was not precise, producing small gaps
between grid and surface that caused the code to break. Grid anomalies from (4)
and (5) often had to be fixed by hand, requiring significant time.
We have since learned about GridPro, which may allow for the generation of
higher quality fully structured more complex grids than Pointwise. We are told
that this software has a steeper learning curve than Pointwise, in part because it
has a less user friendly interface, However we are also told that it is a more advanced more sophisticated gridding approach than Pointwise that does not involve
extrusion, a process for solving an elliptic equation for the grid that is sensitive to
the smoothness of the blade surface geometry with the extremely fine grids needed
to resolve the viscous surface layers. The other disadvantage of GridPro is the lack
of a direct OpenFOAM interface, with consequent requirement to manually set
boundary conditions and use a 3rd-party tool to output the grids in OpenFOAM
format. Thus there are extra steps required compared to OpenFOAM. However
to develop higher quality fully structured grids between the sleeve and cylindrical
AMI surface, in future it may be advisable to explore its use.
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B.5 Issues in the Transition in Simulation and Models: hybrid URANS-LES
Coupled to the design of the grid is the transition in the unsteady Reynoldsaveraged Navier-Stokes (URANS) modeling of nonsteady three-dimensional turbulent boundary layer dynamics near blade surfaces to Large Eddy Simulation
with sub-filter scale (SFS) models momentum and temperature in the atmospheric
boundary layer turbulence away from the blades. In between these two limits it
is necessary to capture accurately boundary layer separation and rollup within a
chord of the blade surfaces, and the formation of trailing and wake vortices in the
near-wake. To model the transition from URANS to LES requires a well-designed
hybrid URANS-LES approach.
It is impossible to simulate the near-surface boundary layers using LES: the resolution requirements are astronomical. Thus it is necessary to model the boundary
layers adjacent to the blade surfaces using high-quality URANS. In our application,
the primary distinctions between URANS and LES are:
1. in URANS regions the energy-containing scales should not be resolved by
the grid while in LES regions all energy-dominant eddies should be resolved
by the effective grid (including implicit filtering from numerical and modeled
dissipation), and
2. in the URANS regions the SFS model must be consistent with not resolving
the energy-containing eddies (i.e., the modeled length and velocity scales
in the eddy viscosity should be an appropriate integral scale and turbulent
kinetic energy square root), while in the LES regions the SFS model decouples
from the integral sales and the modeled eddy viscosity length and velocity
scales should characterize the grid scale.
However, to capture the dynamics of the near-surface boundary layer separation
with high three-dimensionality and, especially, time-resolved to capture nonsteady
behavior and dynamic stall, outside the viscous surface layer, the URANS model
must transition rapidly to LES-like where the integral-scale motions are resolved by
the grid. As discussed above, the grid must transition from very high aspect ratio
in the viscous and transitional viscous-inertial surface layers, to order one aspect
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ratio in the outer inertial surface layer (with corresponding severe difficulties in
grid generation).
As importantly, the SFS model must transition from RANS-like to LES-like,
the latter containing length and velocity attached to the grid scale (rather than
the integral scale). To effect this transition near the surface in the boundary layer
is very difficult. We therefore use a two-step process. Seamless transition from
viscous to inertial layer, especially including boundary layer separation and vortex
formation in the boundary layer, is handled using the k − ω − SST − SAS model of
Egorov and Mentor [227]. This model works particularly well when the boundary
layer is highly unstable, as is the case with significant boundary layer separation.
We then use our own blending method [62] to transition from URANS-SAS to full
LES with a 1-equation SFS stress model. As discussed in Section B.5 and shown in
Figure B.9, the grid transitions from structured to unstructured grid outside the
sleeve boundary. The blended transition between URANS-SAS below and pure
1-eq. LES above takes place within the sleeve and is controlled by a blending
function that varies from 0 to 1. Figure B.10a shows an isosurface of the blending
function value 0.5. Figure B.10b shows the cross section with the blending function
transition from URANS-SAS within to pure LES without.
The grid resolution requirements in the transition from URANS to URANSSAS to pure LES have been described above. To summarize, there are two essential
requirements on the grid: grid cell size (resolution) and grid cell aspect ratio.
Adjacent to the surface the grid cells must be very high aspect ratio with extreme
resolution in the normal to the surface to capture the viscous wall layer, and well
enough resolved along the blade surface to capture three-dimensional instabilities
in the separating surface boundary layers and near-surface vortex rollup. Outside
the blended region the grid should be aspect ratio order 1 and sufficiently fine to
resolve all energy-dominant turbulence eddies. From a spectral perspective, the
aim should be to resolve all integral-scale eddies to a factor of 5-10 smaller than the
local integral scale. In the transition from the high grid cell aspect ratio viscous
layer to the outer inertial boundary layer, the grid should be approaching order
1 aspect ratio and should be well enough resolved to capture the high vorticity
layers in separating boundary layers, vortex rollup, and in the subsequent vortices
after rollup.
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(a) The tanh function used to blend the (b) Isosurface of F 11eqSAS = 0.5 around
URANS and LES regions.
one blade.

Figure B.10: Showing the blending from URANS-SAS to LES within 3 chords
from the blade. (a) cross section to the blade showing blending change in blending
function, identifying the transition from URANS-SAS (red) to full LES with the
1-eq. SFS stress model; (b) Isosurface of the blending function value 0.5.

B.6 Algorithmic and Simulation-specific Issues
Four issues dominate considerations for the solver to advance the velocity field in
time and, correspondingly, predict accurately the nonsteady spatially-dependent
details of blade surface boundary layer dynamics and blade surface stresses, particularly time variations in surface pressure and surface shear stress vector distribution over the blades which integrate to produce to all-important temporal
variations in blade and shaft bending moments, rotor torque and rotor power.
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These issues are: numerical stability, numerical accuracy and numerical efficiency
for time-resolved output, and practical limits on time-to-completion of simulation
(related to time step and parallelizability). The first three issues surround the
solver method and limitations on time step for temporal accuracy. The last issue
is directed at the practicalities and realities of carrying out the simulations on
currently existing HPC platforms and the current realities of CPU allocation, job
scheduling priorities, and competition for machine resources. The latter issue will
be discussed in Section B.7. Here we focus on algorithmic and simulation-specific
issues.
Since wind turbine aerodynamics is closely incompressible, the pressure-Poisson
equation must be solved accurately to maintain local solenoidal velocity field. The
pressure-Poisson equation is a fully elliptic 3D equation with solutions that couple the flowfield volume. Pressure-Poisson solvers require effective matrix inversion
that limit parallelizability and severely restrict scalability to huge numbers of cores
without severe loss of efficiency. The need to accurately solve the pressure-Poisson
equation with small residuals in flowfields driven by high complexity in geometry,
scale separation, and nonlinear dynamics, and requiring extremely complex grid
design and the integration of multiple turbulence models that operate at disparate
length scales puts blade-boundary-layer resolved simulations of wind turbines at
a major disadvantage for use of DOE Advanced Scientific Computing Research
(ASCR) resources. This is because simulations with such extreme levels of complexity are inherently limited in their ability to scale to very large numbers of cores
while maintaining reasonable levels of efficiency.
To a large extent the limitations center on the sensitivity between numerical
stability and the degree of precision by which a divergence-free velocity field can be
maintained in the pressure solve. To maintain the requisite level of precision in discretized continuity often requires many iterations in the pressure solver, interfering
with parallelization to huge numbers of cores with good efficiency. Practicalities of
numerical stability and accuracy lead naturally to the requirement for semi-implicit
time-advance methods where tradeoffs between stabilization from the implicit part
of the time advance are balanced with spatio-temporal accuracy from the explicit
part of the time advance. An alternative strategy to make the pressure solution
much more amenable to parallelization is to apply either a compressible code in the
low Mach number limit, or to solve pressure using a pseudo-compressibility strat169

egy. The tradeoff, however, is the requirement for much smaller time steps with
high loss of efficiency and unacceptable CPU cost. With such methods, stability
can be maintained at larger time steps by applying costly preconditioning and reducing parallelizability. The inherent tradeoff between scalability and efficiency of
incompressible solvers on highly complex geometries with highly multiscale complex grid structure is at the core of the difficulty with fully blade-boundary-layer
resolved simulation of utility-scale wind turbine operating within LES of atmospheric boundary layer turbulence.
Within the OpenFOAM framework, the semi-implicit approach is based on
a combination of the PISO algorithm for the pressure solve and the SIMPLE
algorithm for time advance —what the OpenFOAM developers have labeled the
“PIMPLE” algorithm. This is a finite-volume based solver. The practical tradeoffs
in the application of the solver are:
1. The number of corrector loops between the linearized predictor solution of
the momentum equation and the pressure Poisson solution (SIMPLE);
2. The number of loops to converge the pressure-Poisson solution to smaller
tolerances on the solenoidal (continuity) requirement (PISO)
3. The number of non-orthogonal corrector loops within the pressure-Poisson
solution in order to improve estimates of derivatives in the source term within
cells by improving estimates of cell face distances.
4. The number of gradient limiters to artificially suppress instability from growth
in gradients in momentum, temperature and/or turbulence prognostic variables1 by placing local limits on gradients in variables of choice. The suppression of instability comes at the cost of increased effective artificial dissipation.
The first two steps above —inner pressure loops and outer velocity-pressure
corrector loops —indirectly create a tradeoff between explicit and implicit time
advance, implicitly improving stability; the second two steps above explicitly improve stability. When the simulation starts, initial “shocks” must be suppressed by
reduction in time step (compared to later when the transients have settled down)
1

Turbulence variables are those calculated in prognostic equations for eddy viscosity: k (turbulent kinetic energy) and ω for the URANS model and e (SFS kinetic energy) for the LES SFS
stress model.
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and by the introduction of high levels of artificial (numerical) dissipation. The
latter is done by increasing the number of gradient limiters and by changing to
a first-order purely upwind solver. However, maintaining high levels of numerical dissipation suppresses the development of the smallest resolved fluctuations so
that vortex formation, natural instability and turbulence are all suppressed, significantly affecting both the time-local accuracy and the temporal evolution of the
flow-field. Thus, every attempt should be made to minimize numerical dissipation after the simulation passes through transients by changing to a second order
scheme and reducing gradient limiters to the lowest possible number on the fewest
number of variables. It is particularly important to remove limiters from velocity
and temperature.
The inner-outer looping of the algorithm must be determined by trial and error
in relationship to creating sufficiently strong coupling within the flow via more
accurate solution of the pressure-Poisson equation (effectively integrating nonlocal information in the source term) and tighter coupling between the solution for
pressure and the solution for velocity. Furthermore, due to the highly nonsteady
and large-scale nature of the atmospheric turbulence passing through the rotor
disk, a calculation that is stable over a few blade rotations can go unstable as
the eddy inflow structure changes. For this reason, CWF-like simulations must
be constantly monitored for impending loss of numerical stability and regularly
the simulation must be stopped and restarted at an earlier time with change in
time step, inner-outer PISO-SIMPLE loop structure, and/or gradient limiter level
on different variables. This need to carefully monitor runs puts adds major human effort to a run and seriously limits the rate at which a major simulation can
progress. Furthermore, accuracy and stability requirements must be balanced by
the desire to minimize CPU cost: each additional loop comes with the price of
additional cost.
For example, as shown in Figure B.9, the wind turbine rotor in the CWF simulations is within a cylindrical region that rotates relative to a fixed outer gridded
domain. As has been discussed, the grid reduces, in this region, from the chord
scale (∼ 1m) to the viscous wall layer scale (∼ 5µm), 5-6 orders of magnitude. A
serious consequence of the physical need for such a dramatic change in grid size
is a corresponding difference in time step requirements and consequent stiffness
in the coupling between inner vs. outer solution. We discovered, from trial and
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error, that if the number of inner and outer loops in the PISO-SIMPLE algorithm
is not sufficiently large, the outer domain decouples from the inner domain and
develops a serious incorrect temporal lag. Tight coupling is required. However,
there is a strong need to minimize computational expense and clock time, so a
series of parameter-variation studies were carried out to determine the optimal
looping structure. Coincidentally, time step, the number of pressure loops and the
number of non-orthogonal correctors in the pressure loop were chosen to maintain
stability, again optimally to maintain minimum required CPU cost. The practical
time requirements for this trial and error process combined with serious limitations in terms of CPU resources, system usage, and queuing biases, were among
the more serious issues in developing and carrying out of simulations at the level
of complexity required for blade-boundary-layer resolved wind turbine simulation.

B.7 Technical Aspects of Running OpenFOAM in Parallel on HPC Platforms
As was alluded to just above, there are a wide range of practical issues and limitations that make the development and carrying out of simulations at the complexity
level of the Penn State Cyber Wind Facility extremely difficult and time-consuming
in ways that extend well beyond algorithmic, modeling and physics issues. Some
of these are summarized in this section.

Domain Decomposition, Mapping and Parallelization: RAM Requirements and AMI
To parallelize the simulation the domain must be decomposed so that the computational load is over the domain is carried by N cores over N subdomains of the grid
with the aim to minimize the surface area between subdomains while maximizing
subdomain volume. Standard utilities that automate the decomposition process
that integrate with OpenFOAM are “Scotch” [228] and “Metis” [229]. Although
we have used both, Scotch is the primary utility of choice as it interfaces directly
with OpenFOAM.
Quality domain decomposition directly impacts the quality of parallelization
and scaling during simulations. The aim is to balance cells-per-core and minimize
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surface area to volume of decomposed patch as a function of number of cores
(i.e., cells per core). There is some dependency on computational architecture and
major dependency on the complexity and structure of the grid in relationship to
the algorithmic details of the discretized dynamical system. Cell-count-balancing
among cores is a major issue and is strongly impacted by the AMI interpolations
illustrated in Figure B.7. The central nature of a wind turbine simulation is a
rotor rotating with respect to an atmospheric boundary layer flow which contains
powerful energy-dominant turbulence eddies that sweep through the rotor disk and
cause major time dependent wind turbine load responses that are at the heart of
the types of simulations underlying this document.

Options for Resolving Rotating Blades
There are three options to consider in order to resolve the blade surface boundary
layers on rotating wind turbine blades: (1) move the blade through a fixed grid
(i.e., with immersed boundary methods), (2) rotate the entire grid with blades, and
(3) rotate a grid local to the rotor relative to a grid fixed relative to the ground
and tower. The first approach cannot work for blade-boundary-layer-resolved simulation since, to resolve the extremely thin blade boundary layer adjacent to blade
surfaces, the grid would have to be extraordinarily refined over the entire rotor volume through which the blade passes, a wholly impractical approach. Option (2)
would cause great difficulties in the specification of surface stress boundary conditions along the rough ground surface and on surfaces fixed relative to the ground,
such as the tower and nacelle. Thus the only viable option is (3): rotate grids
with the blades relative to fixed grids. This can be done using the Arbitrary Mesh
Interface functionality within OpenFOAM or using grid overset methods which
currently do not exist for OpenFOAM. Given the latter fact, we applied AMI interpolation across the cylindrical boundaries of the inner grid domain shown in
Figure B.7.

Parallelizing AMI Interpolations
Domain decomposition is hampered by the special requirements to interpolate
between two grids, one rotating and one fixed. The grid cells involved in the
interpolation must be specially handled with respect to decomposition and paral173

lelization. To minimize inter-processor communication, cells involved in the interpolation should reside on the same processor. In Figure B.7 we show the cylindrical
AMI surface. This surface extends to the downstream boundary of the domain,
but ends approximately 2-3 rotor diameters upstream of the rotor, before the inlet
to the domain where Dirichlet boundary conditions in velocity are applied from
the LES ABL simulation. The AMI surface is decomposed into N patches of cells
across pieces of the AMI surface that are indicated by the different colors. The
cylindrical surface, for example, is separated into cylindrical bands of axial width
∆z. The cells involved in AMI interpolation across each band are assigned to a
single processor. Similarly cells involved in AMI interpolation across the circular
bands in the front of the AMI surface (Figure B.7) are assigned to a single core. To
incorporate these elemental surface patches into the decomposition using Scotch or
Metis is not straightforward and for good scaling it is necessary that the cells/core
be balanced among all cores. Balancing cells/core from the AMI surface patches
with those from volumetric regions is a function of the number of the cores.
OpenFOAM interpolates data across overlapping AMI patches. To reduce communication overhead during the interpolation process, it is desirable to have the
cells corresponding to the overlapping patches on the same processor. If the AMI
surface patches across which interpolation takes place were dedicated to a single
core, the number of patches would have to be adjusted each time the number of
cores changes. To avoid this practical difficulty, Ganesh made a clever adjustment to OpenFOAM. The existing decomposition strategy in OpenFOAM uses
Scotch to decompose the grid into the desired number of processors without any
constraints and then modifies the decomposition for the cells containing the overlapping patches to be on the same processor. This leads to a non-optimal decomposition. Ganesh modified the strategy to agglomerate the cells surrounding each
AMI patch before passing it to Scotch for decomposition. This allows Scotch to
optimally decompose the mesh within the desired constraints.
Once grid decomposition is accomplished, this can be used on any parallel
platform. However, a simulation cannot initiate until all simulation and boundary
condition data are assigned to each cell on each core. We carry out this data decomposition as a second step. Both grid and data decomposition are accomplished
by first placing all grid and data information required for the decomposition on a
single processor. For this reason, the decomposition process requires a platform
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with large memory accessible by a single core. On the XSEDE network we have
used, for this purpose, Blacklight at Pittsburgh Supercomputing Center (PSC) —a
machine with large shared memory —and Stampede at Texas Advanced Computing Center (TACC), one of the largest and most versatile HPC platforms on the
XSEDE network with some nodes that can assess very large memory.
Occasionally, there is a need to interpolate data from one grid onto another, for
example to initiate a more refined simulation with data from a coarser simulation.
This requires use of the “mapping” tool within OpenFOAM and, depending on the
number of variables mapped and the order of interpolation, the mapping process
on the inherently unstructured OpenFOAM grids can consume several CPU hours
and many more person hours.

File System Metadata Server Problems with OpenFOAM: the
need for HDF5
As we developed our codes, we began serious production runs several months ago
on 9M, 58M and 158M grids on XSEDE and DOE platforms using different levels
of parallelization from < 1000 to > 4000 cores. A few months ago, our prime
computational resource (the XSEDE Stampede platform with Lustre file system)
was taken from us due to a problem with the way in which OpenFOAM writes
and reads from disk. It turns out that when variables are output to disk from
OpenFOAM, each variable is output in a separate file from each core. Thus if one
is running on 1000 cores, for example, and one must 30 variables, then each time
data are output, the file system must manipulate 30,000 files.
Because the focus of blade-boundary-layer resolved simulation is time-resolution
of data output, it is necessary to output frequently, typically every 10-100 time
steps. The output must be written also as input to restart the simulation if the
calculation were to stop for some reason that does not allow for a final restart file
to be written. (This is not an uncommon occurrence. With simulations this large,
and with the practicalities of queue wait times and clock time restrictions in HPC
schedulers, will we cannot continually start simulations over.) Therefore, every 10100 time steps the metadata server within the Lustre filed system between RAM
and disk must handle 30,000 files. With 4000 cores the number is 120,000 files, and
if we are ever able to scale to 10,000 cores or more, the metadata server would have
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to handle over 300,000 files every 10-100 time steps. The result is that while it is
handling such huge numbers of individual files, the metadata server is blocking the
bandwidth between main memory and the file system. For this reason, the TACC
XSEDE personnel have blocked our use of Stampede for large-core OpenFOAM
usage until the problem is resolved.
To resolve the problem we have been working for the past several months with
Dr. Anirban Jana of Pittsburgh Computer Center (PSC) and Dr. Si Liu of Texas
Advanced Computing Center (TACC), financially supported by XSEDE to work
with us, to incorporate the Hierarchical Data Format (HDF) Version 5 [230] into
OpenFOAM with I/O structure specific to the data structure of our CWF simulations. As indicated on the HDF5 website, the HDF group of libraries was initiated
at NCSA (University of Illinois) in 1987 and “HDF5 users and enthusiasts have
created and are maintaining a variety of add-ons, high-level libraries, plugins, language bindings, and applications.” Anirban is leading the effort to develop code
to incorporate HDF5 applications in OpenFOAM that allow the output and input
of all necessary data, including all information needed to specify the decomposed
grid, grid boundary conditions, and data on the grid, on all cores, to restart the
simulation from a single output/input file. Given the general nature of the decomposed grid and grid boundary conditions and the need to access all cores to
both compile and redistribute this information to recreate all processes required
to restart the run, this is a far from trivial exercise. The development of this code
is complete and has been incorporated into our CWF and tested on large numbers of cores. This code will be available to others to modify and adapt to their
computational environments.

OpenFOAM’s use of Dynamically Linked Libraries: Problems
with Large Core Numbers
There exists another potential metadata server problem with OpenFOAM that,
like the issue above, becomes increasingly severe as the number of cores used
increases. OpenFOAM uses libraries that are dynamically linked at runtime and
each core must search for library files on its own at startup. For example, typically
44 libraries are linked, so a simulation with 1000 cores produces 44,000 searches
at runtime, swamping the metadata server. We aim to use several thousand cores,
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however as the number of cores is increases as required to run on major HPC
platforms, the metadata server can completely clog. However, even with a couple
thousand cores, when the metadata server is not clogged, the initiation of the
simulation can be delayed by a couple hours as dynamic linking takes place. This
not only wastes resources, but given that clock time is often limited to a few hours,
dynamic linking with large numbers of cores, delaying start time, can often use a
significant portion of total run time.
Furthermore, the lack of an optimal executable in the compilation process increases run time. Solving this problem requires altering the OpenFOAM environment to allow statically linked libraries. This reduces flexibility in the general
applicability of OpenFOAM (the reason why dynamic linking is built in), but removes the startup barrier that will limit OpenFOAM usage as the number of cores
increases into the thousands with many library calls.

Data Extraction and Analysis: a Serious Issue with Systems designed for Unstructured Grids
It should also be recognized that, because the OpenFOAM discretization environment is designed on an unstructured grid framework (even if the grid is structured),
data are not stored in simple “i,j,k” format, accessible through relatively simple
read statements into post-processing software that can easily identify and manipulate subsets of data. Instead, data are stored in patches in OpenFOAM format
and can only be accessed using OpenFOAM-provided classes. This highly limits
accessibility and flexibility in the way data are stored for subsequent data analysis. Custom classes must be designed for targeted data extraction. For example,
to access volumetric data from the external atmospheric turbulence surrounding
the wind turbine rotor, it was necessary to reduce resolution in some regions to
make the data manageable. If the data were stored in structured grid format, the
down-sampling could have been done in many ways in straightforward manner.
However, this was not possible within the OpenFOAM environment. Instead we
found it necessary to define another grid, much coarser than the simulation grid,
onto which the data were interpolated using the OpenFOAM mapping utility. This
coarse-grid dataset was then stored and later manipulated using other OpenFOAM
data extraction tools. Data analysis requires runtime tiered data extraction, and
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data analysis requires the combined use of Paraview and python scripting at high
levels of sophistication. We have developed a large suite of data-extraction analysis tools, in addition to volumetric regions, extract data from planes perpendicular
to the blade axis, from cylinders surrounding each blade, from planes parallel and
perpendicular to the rotor plane and ground, and from lines perpendicular to blade
surfaces.
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