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The International Electrotechnical Commission (IEC) standard 61400-1

for the design of wind turbines does not explicitly address site-specific condi-

tions associated with anomalous atmospheric events or conditions. Examples

of such off-standard atmospheric conditions include thunderstorm downbursts,

hurricanes, tornadoes, low-level jets, etc. This study is focused on the simula-

tion of thunderstorm downbursts using a deterministic-stochastic hybrid model

and the prediction of wind turbine loads resulting from these simulated down-

burst wind fields. The wind velocity field model for thunderstorm downburst

simulation is first discussed; in this model, downburst winds are generated

separately from non-turbulent and turbulent parts. The non-turbulent part is

based on an available analytical model (with some modifications), while the

turbulent part is simulated as a stochastic process using standard turbulence

power spectral density functions and coherence functions. Tower and rotor

loads are generated using simulation of the aeroelastic response for models of

vi



utility-scale wind turbines. The main objective is to improve our understand-

ing from the point of view of design so that we may begin to address transient

events such as thunderstorm downbursts based on the simulations carried out

in this research study. The study discusses as well the role of control systems

(for blade pitch and turbine yaw), of models for representing transient turbu-

lence characteristics, and of correlated demand and loads on multiple units in

turbine arrays during thunderstorm downbursts.
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Chapter 1

Introduction

1.1 Nature of Thunderstorm Downbursts

Thunderstorms—violent, short-lived atmospheric disturbances—are quite

common in many regions of the world; at any given time, nearly 1,800 thun-

derstorms are occurring somewhere on the Earth’s surface. In the United

States, approximately 100,000 thunderstorms occur each year [70]. These

transient storms are generally produced at the base of convective clouds (su-

percell/cumulonimbus clouds) and are often accompanied by lightning and

thunder. As indicated in Fig. 1.1, a thunderstorm can produce both tornadoes

and downbursts. Unlike tornadoes, downbursts are difficult to detect visually.

The atmospheric scientist, T. T. Fujita was one of the first to study

thunderstorm downbursts since they posed a great threat to aviation [25–29,

58]. He defined them as strong downdrafts that include an outflow of poten-

tially damaging winds at or near the ground [28]. In a thunderstorm, a down-

draft of cooler air from above hits the ground and spreads outward forming

an outburst ; hence the term, downburst. A downdraft starts when raindrops

fall through dry air and evaporate; the air is cooled because the evaporation

demands a lot of heat. The cooler air descends as it has a higher density than
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DOWNBURST TORNADO 

(Fujita, 1985) 
MICROBURST 

A Convective Cloud 

Figure 1.1: Thunderstorms are sources of tornadoes and/or microbursts [28].

the warmer air around it. Falling precipitation drags the air down with it,

creating fast descending air (i.e., the downdraft) [68]. A downburst produces

straight-line winds at and near the surface. These winds have been noted to

be as high as 75 m/s. Fujita further classified downbursts as either “mac-

robursts” and “microbursts;” a microburst is a small, concentrated downburst

whose outflowing damaging winds extend about four kilometers or less while a

macroburst’s horizontal spatial extent can be greater than four kilometers. In

this study, even though we refer to the atmospheric event modeled as a down-

burst, we focus only on microbursts and their effects on loads on large wind

turbines. Microbursts do not form at or near the ground. Instead they descend

from the bases of convective clouds. A mid-air microburst may or may not

descend to the surface, depending on the near-surface stability. If one does,

the outburst (radial) winds develop immediately after its touchdown as shown

2



in Fig. 1.2.

Figure 1.2: The three stages of a descending microburst. [28]

If a downburst is perturbed by the boundary layer environmental wind

(or ambient wind), surface winds are faster in the front and slower at the back,

as indicated in Fig. 1.3. This is because of the interaction of the downburst

wind and the ambient wind. The ambient wind enhances the downburst wind

in the front and reduces it at the back. Depending on the movement of the

storm and the location of a stationary object or observer relative to the storm,

different scenarios can result. Referring to Fig. 1.3, a stationary object A that

is “behind” the storm during the event may experience first a drop in wind

velocity and then a peak in the reverse direction. This is because the downburst

surface wind first needs to overcome the ambient wind before becoming the

dominant influence at A. On the other hand, a stationary object B that is in

“front” of the storm will not experience an initial drop in wind velocity, but

will instead experience two velocity peaks as the storm progresses—first, a

larger forward peak is felt when the storm moves towards the object (ambient
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wind adds to the downburst winds) and, later, a smaller backward one is felt

when the storm is moving away (ambient wind subtracts from the downburst

winds). In addition to high wind speeds, depending on the location of the

object relative to the storm track, it may also experience significant wind

direction change of up to 180 degrees if the object is placed along (or slightly

offset from) the storm track. In downbursts, the variation in time of the wind

speed and changes in wind direction that occur can be very rapid; these are a

function of the storm’s translation speed as well as the location of the observer

or object relative to the storm track.

Downdraft 

Gust Front 

Storm  
movement 

Faster winds Slower winds 

cumulonimbus cloud  

Ambient 
Wind A B 

A 
Ambient 

Wind 

Plan View 

Storm Track 

Offset 
distance B 

Figure 1.3: Downburst scenarios.
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1.2 Studies on Downbursts

The 1978 NIMROD (Northern Illinois Meteorological Research on Down-

bursts) and the 1982 JAWS (Joint Airport Weather Studies) projects [25, 27,

28,33,58] were the first two major field projects conducted to investigate down-

bursts. Both studies utilized a network of Doppler radars (see Fig. 1.4) and

focused on the recording and study of downbursts since they were known to

pose a threat to aviation safety.

On June 24, 1975, a Boeing 727 airplane crashed while attempting

to land at New York’s John F. Kennedy International Airport. The aircraft

accident killed 112 and injured 12 [99]. It was speculated that the airplane

was struck by lightning. However, after analyzing the aircraft flight data

recorders, pilot reports, and an airport anemometer, Fujita hypothesized that

the crash was caused by a downburst (which he defined as a strong down-

draft that includes an outburst of damaging winds at or near the ground).

Fujita’s downburst theory was a controversial one in the scientific community

at the time because, despite the earlier work of Byers and Braham (Thun-

derstorm Project, 1949 [9]), it was generally believed that a downdraft would

dissipate its energy before reaching the ground and thus could not cause an

aircraft accident. The NIMROD project was conducted to establish the in-

fluence and effects of downburst winds. In Fig. 1.4, the sides of the radar

triangle for NIMROD were set as large as 60 km in order to increase the likeli-

hood of observing a downburst, while making it unlikely that radar data would

be able to accurately reconstruct the three-dimensional wind field [99]. The
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Figure 1.4: The NIMROD and JAWS projects. [28]
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NIMROD study in Northern Illinois ran from May 19, 1978 through July 1,

1978. Approximately 50 downbursts were recorded in those 42 days over an

area of approximately 7,000 square kilometers, thus proving the influence of

downbursts and their surprisingly high frequency of occurrence. The Yorkville

downburst of May 29, 1978 is the best documented case from the NIMROD

project [26, 28, 58]. A peak radial wind speed of 31 m/s was reported 70 m

above ground level (AGL). The radius to the maximum wind speed was about

1.5 km from the storm center. The downburst traveled from Yorkville, Illinois

to the O’Hare International Airport (approximately 36 miles or 57.6 km) in

one hour, suggesting a translation velocity of 16 m/s. Following these early

studies documented by Fujita, downbursts are now recognized as a hazard to

aviation.

In the NIMROD program, the low-level structure of recorded down-

bursts was not well understood due to the shallow characteristics of the in-

tense outflow winds and the 60-km spacing of the radar systems. The JAWS

project was conducted in 1982 to gain a better understanding of the structure,

evolution, and cause of downbursts over the High Plains [99]. There were 186

downbursts that occurred during the 86 days of this project in and around

Denver, Colorado over an area of approximately 750 square km. The maxi-

mum peak wind speed recorded during the JAWS program was 32.6 m/s, while

the minimum peak wind speed was 10 m/s [28]. The heights to the maximum

wind speed recorded were very near the ground—typically around 50-100 m

AGL, with an average of 80 m. The radial distance to the maximum wind
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speed at the peak of the downburst was about 1.5 km [33].

Soon after the NIMROD and JAWS projects, other field experiments

with a focus on downbursts were also carried out. These include the National

Severe Storms Laboratory’s Doppler radars database [24] collected in Okla-

homa from 1979 to 1984, the CLAWS (Classify, Locate and Avoid Wind Shear)

project [59] conducted in Denver in 1984, the PRE-STORM (Preliminary Re-

gional Experiment for the Stormscale Operational and Research Meteorology)

project [89] in Kansas in 1985, the FLOWS (FAA-Lincoln Laboratory Opera-

tional Weather Studies Project) project [100] carried out in the southeastern

United States from 1984 to 1986 and, more recently, the BAMEX (Bow Echo

and Mesoscale Convective Vortex (MCV) Experiment) project [21] carried out

in Illinois in 2003. These projects permitted the study of a large number of

downbursts with single and multiple Doppler radars. Observations on indi-

vidual downbursts were also reported in related studies [27, 32, 38, 47]. Of

all the downbursts reported upon, the Andrews Air Force Base (AFB) Mi-

croburst [27], observed on August 1, 1983 is one of the most noteworthy (the

wind speed 5 m above the ground recorded during the downburst is presented

later in Fig. 2.3). That downburst featured a peak wind speed of 67 m/s,

which was the highest wind speed recorded at an airport.

Recent field studies [20,22,23,40], especially those conducted at Texas

Tech University [30,54,55,74,75], have provided an improved understanding of

the time-varying characteristics of wind fields during downburst transients. It

is generally accepted that downburst winds are non-stationary in nature. Field
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records have confirmed the variation in time of both mean wind speed and wind

direction during a downburst. These are the two main characteristics of the

“mean” wind field in a downburst. Turbulence characteristics in a downburst

are also different from that in the neutral boundary layer. In addressing the

non-stationary characteristics of a downburst, Lombardo [54] showed that a

zero-mean “residual” turbulence resulted for downbursts in Lubbock, Texas if a

moving average over a window (segment) of at most 34 seconds was subtracted

from recorded wind speed data. For this residual turbulence, he also reported

that the turbulence intensity and integral length scale during downburst events

decreased with the averaging time. In contrast, using the residual turbulence

after applying 120-second segment moving averages on the wind speed records

from a rear-flank downdraft (RFD) event also in Lubbock, Texas, Orwig and

Schroeder [74] reported that in general, turbulence intensities and length scales

before, during, and after the downburst were higher than those for the neutral

boundary layer. Although available, information on the distribution of turbu-

lence energy in the frequency domain for downbursts remains limited. Using a

15-second moving average, Järvi et al. [40] reported that the turbulence spec-

tra before, during, and after a downburst in southern Finland were consistent

with traditional turbulence spectra for the neutral boundary layer. Also, using

a 34-second moving average, Lombardo [54] showed that at frequencies greater

than 0.03Hz, the residual turbulence power spectra displayed similar trends to

those of the well-established von Kármán and Kaimal power spectra. In con-

trast, upon applying intrinsic mode functions (IMFs) with the Empirical Mode
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Decomposition (EMD) method to generate a time-varying mean (TVM) and

thus compute turbulence statistics, Orwig [75] found that turbulence power

spectra during a downburst can deviate from more traditional spectra used

for the neutral boundary layer. The shape of the estimated spectra indicates

additional turbulent energy in the mid-frequency range and does not follow

the -5/3 slope in the inertial subrange. Despite difficulties in generalizing

trends in turbulence characteristics, results from such field studies have been

widely used in validation in experimental and numerical modeling efforts in

wind engineering that are related to the study of thunderstorm downbursts.

Additional details on mean wind speed and turbulence characteristics during

downbursts are discussed in Chapters 2, 3, and 7.

1.3 Review of Simulation of Downburst Wind Loads

Following the NIMROD and JAWS projects, atmospheric scientists and

wind engineers have attempted to simulate downbursts, both experimentally

and numerically. As stated previously, the motivation initially arose out of

a need for aviation safety improvement. From an atmospheric science per-

spective, numerical models employed to simulate downbursts fall into two

main categories: sub-cloud models and cloud-resolving downburst models [72].

Sub-cloud models include consideration of some sort of forcing that generates

negative buoyancy in a storm in the upper portion of the model domain in or-

der to initiate the downburst [3, 4, 73]; the cloud-resolving downburst models,

however, involve simulation of the full life cycle of the downburst-producing
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storm [34, 79, 80, 91].

From an engineering perspective, researchers have developed engineer-

ing models for downbursts with a focus on the effect that downburst winds

have on structures. In wind engineering applications, downbursts are typically

simulated as impinging jets. Numerical models include that of Nicholls et

al. [66], which involved a 2-D large-eddy simulation (LES) of downburst winds

flowing around a building. Kim and Hangan [48] developed a 2-D model using

commercial computational fluid dynamics (CFD) software (FLUENT) to in-

vestigate the macro-scale flow dynamics of an impinging jet with application

to downbursts. Sengupta et al. [85] performed numerical and physical sim-

ulations of thunderstorm downbursts and studied their effects on structures.

Mason et al. [56] developed a dry 2-D non-hydrostatic model implemented

within a CFD commercial code (ANSYS CFX11). While these models are

based on commercially available codes generally with 2-D LES models for tur-

bulence, Das et al. [44] attempted to develop a numerical code for 3-D LES

simulation of an impinging jet with application to downbursts.

Analytical models for impinging jets with specific application to down-

bursts have also been developed. Such models describe only the non-turbulent

(mean) wind field in a downburst. They include models developed by Oseguera

and Bowles [76], Vicroy [94], Wood [101], Holmes [36], and Chay et al. [10].

Of these, the model of Chay et al. [10] is a modified version of the Oseguera-

Bowles [76] and Vicroy [94] models, which were based on velocity profiles from

the Terminal Area Simulation System (TASS) study. These models describe
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an axisymmetric stagnation point flow and satisfy the mass continuity equa-

tion. The models include boundary layer effects near the ground and closely

match real-world measurements from the NIMROD and JAWS projects.

Actual downburst-related loading on structures has been studied over

several years. Chay and Letchford [12,13] investigated the pressure on a cube

in both stationary and moving downbursts. Using a deterministic-stochastic

hybrid model of downbursts, Chen and Letchford [16, 17] studied downburst

loads on a cantilevered structure and on a building. Due to frequent fail-

ures of high-voltage electricity transmission towers, downburst wind loads on

transmission lines are also of concern [36]. There have been several studies of

wind loads on transmission line structures, including those of Oliver et al. [71],

Li [52], Shehata et al. [86], and Chay et al. [11]. To date, there have been no

systematic studies carried out on the effect of thunderstorm downbursts on

wind turbines. The present study seeks to address exactly this problem.

1.4 Research Motivation

There are a number of reasons why a study of the effects of thunder-

storm downbursts on single or multiple wind turbine units is important. These

are listed here.

1. Thunderstorms are common intense short-duration (transient) atmo-

spheric events.

As mentioned earlier, in the United States, approximately 100,000 thun-
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derstorms occur annually. Figure 1.5(a) shows the average number of

thunderstorm days each year throughout the U.S. More thunderstorms

generally occur in the south-east United States. Given that wind farms

are located in many regions where thunderstorms occur, a study of the

influence of downbursts on turbine loads can offer useful insights in loads

studies, risk assessment, and design.

2. There has been an increase in wind energy development everywhere,

including thunderstorm-prone regions.

According to the American Wind Energy Association (AWEA), as of

the third quarter of 2011, the United States had the second largest

amount of installed wind capacity in the world, behind China. Still,

wind energy accounted for only approximately 3% of the electricity gen-

erated in the United States. The U.S. Department of Energy has defined

goals to increase this production to 20% by 2030. As a result, there has

been an increase in the number of wind farms installed everywhere, in-

cluding thunderstorm-prone regions, as can be confirmed from studying

Fig. 1.5(b). It is anticipated that some turbine units in the field are

not unlikely to be exposed to the intense wind fields associated with

thunderstorm downbursts.

3. There are documented reports of turbine damage and failures during

thunderstorms.

Although failures tend to be under-reported, there are documented re-
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(a) Number of thunderstorm days per year in the U.S. [69]

(b) United States installed wind power capacity as of 09/30/2011.

Figure 1.5: U.S. thunderstorm occurrence rates vs. wind power installed ca-
pacity.
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ports of turbine damage and failures during thunderstorms [65,81]. Fig-

ure 1.6 shows several turbines damaged by thunderstorms at the Buffalo

Ridge Wind Farm in Minnesota on July 1, 2011. Given experiences such

at this, it is of interest to assess loads on turbines during downbursts.

4. The International Electrotechnical Commission (IEC) standard 61400-1

for the design of wind turbines does not explicitly address load cases

associated with thunderstorm downburst-related velocity fields.

5. The influence of thunderstorm downbursts on loads on wind turbines has

not been the subject of any previous studies.

For all of these reasons cited, the study of thunderstorm downbursts

and their influence on wind turbines is believed to be of great importance. The

interaction of downburst-related wind fields with turbine units is the subject

of this study.
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Figure 1.6: Severe thunderstorms damaged at least six wind turbines at the
Buffalo Ridge Wind Farm in Minnesota on July 1, 2011. (Source: Lincoln
County Emergency Management Office.)
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1.5 Research Objectives

This study seeks to address several issues related to thunderstorm

downbursts and their influence on wind turbines. These are enumerated as

follows:

1. The simulation of thunderstorm downburst-related turbine loads relies

on inflow wind fields generated using a deterministic-stochastic hybrid

model. This model is developed based on the following assumptions:

• The wind velocity field can be described as the sum of component

non-turbulent and turbulent wind velocity fields.

• The mean (i.e., non-turbulent) winds are caused by large-scale flows

and thus may be treated as deterministic.

• Fluctuations are induced by small-scale turbulence and are modeled

stochastically.

2. In the prediction and understanding of downburst-related response of

wind turbines, loads are computed by aeroelastic response simulations

of a model of a utility-scale 5-MW wind turbine.

3. An investigation of the effect of storm touchdown location and track

direction (relative to the turbine system) on turbine loads is undertaken

to assess the influences of various downburst scenarios.

4. A study of correlated risks to different units in a wind turbine array is

carried out.
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5. An examination of the influence of alternative models to describe thun-

derstorm wind field turbulence on wind turbine loads is presented.

1.6 Organization of the Dissertation

The organization of this dissertation follows the outline of the research

objectives presented. In Chapter 2, we discuss the framework for a typical

turbine response simulation during a thunderstorm downburst, characteristics

of downbursts that influence turbine response, the 5-MW baseline wind turbine

model used in this study, and various simulation assumptions that are made.

Chapter 3 discusses in detail the wind velocity field model for thunderstorm

downbursts.

In Chapter 4, we employ the model presented in Chapter 3 to simulate

representative thunderstorm downbursts and study associated wind turbine

loads. In an incremental manner, we address the chief influences of the wind

velocity fields associated with downbursts—namely, large wind speeds and

rapid direction changes during the storm—by simulating various contrasting

velocity fields and studying associated turbine loads. Thunderstorm down-

burst winds are also compared with two IEC load cases that are widely thought

to be representative of downburst-like wind conditions that wind turbines may

be exposed to. The effects of a storm’s physical parameters and touchdown

location on wind turbine loads are also discussed.

In Chapter 5, information available in the literature on recorded down-

bursts is used to define a large number of downburst scenarios that are con-
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sidered in a Monte Carlo simulation study that investigates the influence of

storm touchdown locations and translation direction on turbine extreme loads.

Chapter 6 addresses the issue of correlated demands and associated risks on

multiple wind units in a wind turbine array during a downburst. Chapter 7

investigates alternative models to represent downburst-related turbulence and

their influence on wind turbine loads. Finally, in Chapter 8, we summarize

key findings and limitations of this study and offer some concluding remarks

and suggestions for related future work.
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Chapter 2

Problem Description

2.1 Turbine Response Simulation

In loads studies and current design practice, a wind turbine response

simulation involves: (i) generation of the appropriate inflow wind field; (ii) a

model for the selected wind turbine; (iii) definition of the control systems for

rotor speed, blade pitch, nacelle orientation (yaw), etc.; and (iv) a time-domain

numerical solver.

Figure 2.1 provides an overview of what is involved in a wind turbine

response simulation. The inflow wind field (1) can be either based on ex-

perimental measurements or generated as output from an atmospheric wind

simulation. A wind turbine is a system that extracts energy from the wind.

For horizontal-axis wind turbines, the rotor speed (2) is often a function of

the hub-height wind speed. A wind turbine model (3,4) describes the struc-

tural (dynamic) properties of the system (blades, tower, nacelle, etc.) and

the aerodynamic properties of the blades. In operation, as the rotor rotates,

depending on the azimuthal position of each blade, the blade pitch angle, and

the yaw position (nacelle orientation), each blade element will see a different

angle of attack from the wind; the corresponding aerodynamic coefficients are
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extracted from relevant wind-tunnel data to compute local forces acting on

that blade element. Control systems (5), in general, establish the rotor speed,

the blade pitch angle, and the yaw position as a function of wind speed and

direction. Pitch control is responsible for rotation of a blade about its long

axis, while yaw control adjusts the turbine nacelle orientation so as to track

the wind direction and minimize yaw error or misalignment. A solver (6)

numerically solves the equations of motion of the entire system in the time

domain at each time step. The relevant response or output (7), consisting of

loads, deflections, and other response quantities, is typically obtained in the

form of time series for further analysis.

2.2 Turbine Response Simulation in a Typical Down-
burst Scenario

A wind turbine response simulation in a thunderstorm downburst event

is different from that in the neutral boundary layer (NBL). In NBL simulations,

the wind velocity at any elevation above the ground is composed of a mean

wind speed and fluctuating components. Though the mean wind direction can

change, it is generally assumed as unchanging (hence, yaw control is generally

not of great concern over short periods of time). In a downburst event, the

wind velocity and wind direction that a wind turbine can experience (at any

point over the rotor) depends on the touchdown location and track direction

of the storm. Figure 2.2 shows a plan view of a scenario that depicts a wind

turbine and a generalized storm touchdown and track. The storm touchdown
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Figure 2.1: Framework for wind turbine response simulations.

point (i.e., its center at t = 0) is assumed to be defined by polar coordinates,

(R0, θ0), relative to a coordinate system defined at the turbine. The storm is

assumed to move in a straight line (its track) at a constant translation speed,

Utrans. In this study, the angle, φ, which defines the direction of the storm

translation relative to the ambient wind, Uamb, is assumed to be unchanging

during the downburst. The storm’s outflow is assumed to be perturbed by the

boundary layer environmental winds, Uamb(z) [33]; this ambient wind profile,

Uamb(z) (directed along the x direction), is modeled by a power law, with
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a shear exponent of 0.2 in this study. The wind velocities that the turbine

experiences at any time, t, during the downburst is related to the instantaneous

distance, d(t), from the storm center to the turbine at that time:

d(t) =
√

R2
0 + d2s(t) + 2R0ds(t)cos(θ0 − φ); where ds(t) = Utranst (2.1)

Of note, Ur is the radial velocity and rm(t) is the time-dependent radial dis-

tance to the maximum radial velocity, to be discussed in Chapter 3.

Figure 2.2: Downburst and wind turbine (plan view).

2.3 Downburst Characteristics that Affect Turbines

High wind speeds and large as well as rapid wind direction changes

are the two characteristics of thunderstorm downbursts that can affect wind

turbine performance. We will investigate these characteristics by first studying

recorded downburst wind fields.
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Thunderstorm conditions typically produce high wind velocities [30,

54, 75]. The occurrence of a downburst creates high wind speeds near the

ground that add to existing (ambient) wind field. Figure 2.3 shows the wind

velocity time series recorded 5 m above ground during the famous Andrews

Air Force Base (AFB) Microburst [27] that occurred on August 1, 1983. The

graph is to be read from right to left. Wind speeds indicated in pink denote

mean values of successive gust and lull speeds [27]. The observation station

in this case is probably best described by the Point B scenario indicated in

Fig. 1.3. As mentioned previously, if a stationary object is placed in the flow

field during a thunderstorm event, it may experience two velocity peaks as the

storm progresses: first, a greater forward one and, later, a smaller backward

one. For the Andrews AFB Microburst record shown in Fig. 2.3, too, there are

two peaks—one of 67 m/s at around 10.8 min and another of 43 m/s around

13.6 min. Before the microburst, the mean ambient wind speed (at 5 m above

ground level) was approximately 8 m/s. The storm translational speed or

track speed was likely 12 m/s which is equal to half the difference between the

forward (approaching) and reverse (retreating) maximum winds (i.e., 67 m/s

and 43 m/s) [27]. The entire downburst transient event experienced by the

observation point lasted about 10 min. At the time of this downburst, this

maximum (67 m/s) was the highest wind speed recorded at an airport. Wind

direction as well as wind speed are indicated by the wind barbs at the bottom

of the graph. Note that, at around 12.2 min, the wind speed was roughly

zero (this is indicated as the “eye of microburst” on the graph) and the wind
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direction appeared to start reversing then. A rapid wind direction change of

almost 180 degrees was observed over a period of around two minutes (from

t = 11 min at the “forward peak” to t = 13 min at the “backward peak”).

Thus, a 180-degree wind direction change is associated with the second peak;

this is consistent with the assumption that the storm was moving away from

the observation point and that the microburst wind and ambient wind were

in opposite directions.

1 knot = 0.514 m/s = 1.15 mph 

25 m/s 

67 m/s 

Time increases from right to left 

43 m/s 

8 m/s 

Figure 2.3: Andrews AFB Microburst on Aug. 1, 1983 at z = 5 m [27].

Figure 2.4 shows the wind speed time series(indicated by a solid blue

line) and wind direction time series (indicated by green dots) for a rear-flank

downdraft (RFD) observed at a station (Tower 4) at z = 10 m during the
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Thunderstorm Outflow Experiment conducted from May 20 to July 15, 2002

at Texas Tech University [30,74]. If a scenario and idealized downburst shape

is assumed as in Fig. 1.2 and the storm’s movement is along a straight-line

track and in the same direction as the ambient wind as shown in Fig. 1.3, then

the observation station in this case is best described by the Point A scenario of

Fig. 1.3. A hypothetical description of the observations may be considered as

follows. Before the storm (i.e., before t = 120 s), the ambient wind was about

15 m/s. A drop in wind speed and a wind direction change from below 90 deg to

below 270 deg (i.e., an approximately 180-degree change in direction) suggests

that the RFD winds were in a direction opposite to that of the ambient winds

at the tower. Downburst winds kept increasing and reached the ambient wind

level at around t = 280 sec; then, the horizontal wind speed dropped to zero

and the wind direction began to reverse. It took roughly 160 s for the RFD

winds to develop (or to reach the tower) and overcome the ambient winds

(i.e., from t = 120 s to t = 280 s). After t = 280 s, the downburst winds

were dominant. The storm reached its peak intensity over the period from t

= 480 s to t = 600 s; the peak wind speed was as high as 38 m/s at around

520 sec. Hypothetically, we can expect that the maximum wind speed that

the downburst alone could have produced was on the order of 53 m/s, which

is equal to the sum of the recorded peak wind speed, 38 m/s, and the mean

ambient wind speed, 15 m/s. If the downburst wind were in the same direction

as the ambient winds (i.e., if the tower were in “front” of the storm, suggesting

that the Point B scenario in Fig. 1.3 applied), the maximum winds that the
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tower experienced would have been close to the sum of the recorded peak wind

speed and twice the mean ambient wind speed, or 68 m/s in total.

After the peak intensity was reached, the storm began to lose energy

and the ambient winds picked up again. After around 720 sec, the ambient

wind speed and wind direction returned to similar conditions to those seen

at the outset—i.e., a mean wind speed of around 10 m/s and a 45-deg wind

direction. The total duration of the event was on the order of 15 min. In order

to confirm these various inferences, we need information on the storm touch-

down location and movement (direction and speed) and on the 3-dimensional

storm structure; the available wind speed and wind direction time series alone

do not provide us with all of this required information.

Figure 2.5 shows wind speed time series from a microburst event recorded

at a 200-m tower at Texas Tech University [54,55]. The downburst occurred at

around 1,700 s and lasted more than half an hour, comparable to the duration

of a macroburst. A strong downdraft is indicated by the vertical wind velocity

time series at 200 m, as is seen in the plot on the left. The horizontal speed

time series, in the plot on the right, indicates two peaks; the wind direction,

however, is not shown. Based on these recorded time series, this event lasted

considerably longer than the previous two events that were discussed. The

available data revealed that, at 200 m above ground, the vertical wind speed

was significant and strongly correlated with the horizontal wind speed near

the surface, i.e., at 10 m above ground.

Assuming that a downburst moves along a straight-line storm track
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Figure 2.4: Wind speed time series (green line) and wind direction time series
(green dots) for a rear-flank downdraft observed at z = 10 m for a station
(Tower 4) during the 2002 Thunderstorm Outflow Experiment conducted at
Texas Tech University [74].

that is aligned with the direction of the ambient wind, Fig. 2.6 illustrates in

detail how the wind direction (in the horizontal plane) varies during a down-

burst (Point B scenario in Fig. 1.3). As seen from Fig. 2.6, the ambient wind

velocity, Uamb, adds vectorially to horizontal velocities in front of the storm and

subtracts vectorially to those at the back. In general, at any elevation above

the ground, the combined horizontal wind velocity, experienced at a point,

as the downburst passes, is assumed to be the vector sum of the downburst

radial velocity, Ur, and the ambient velocity, Uamb [33,36]. Clearly, the change

28



0 600 1200 1800 2400 3000 3600

−10

−5

0

5

10

Time (s)

w
 (

m
/s

)

 

 

0 600 1200 1800 2400 3000 3600
0

5

10

15

20

25

30

Time (s)

√(
u2 +

v2 ) 
(m

/s
)

 

 

vertical wind speed at 200m horizontal wind speed at 10m

Figure 2.5: Time series from the May 20, 2006 “ramp-up” (microburst) event
showing (left) vertical wind speed at 200 m and (right) horizontal wind speed
at 10 m; measured at a 200-m tower at the Reese Center, Texas Tech Univer-
sity [55].

in wind direction is an important characteristic of a thunderstorm downburst

and it can have a significant influence on the response of a wind turbine during

such an event. If a downburst passes directly over a wind turbine, there will

normally be a change in wind direction by 180 deg. If, however, a downburst

passes at some offset distance, y, from a turbine—i.e., if the turbine does not

lie along the storm track—the wind direction changes will be less than 180 deg.

It is clear from the preceding discussion that the ambient wind velocity, Uamb,

has a significant influence on the wind velocity and wind direction experienced

by a turbine during a downburst event.

The observations discussed above confirm that high wind speeds and

large wind direction changes can occur during thunderstorm downburst events.

These characteristics greatly affect overall wind turbine response as will be seen
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later. It is also noted that in a downburst event, the wind field (including wind

speed and wind direction) that a wind turbine can experience depends greatly

on the touchdown location and track direction of the storm.
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Figure 2.6: Illustration of the variation of wind direction in the horizontal
plane during a downburst. Note that Uamb = ambient wind velocity, Ur =
downburst radial wind velocity, Uh = horizontal wind velocity; Um and Vm =
longitudinal and lateral wind velocities. All the wind velocities shown are at
the turbine hub height.
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2.4 Procedure for Simulation of Downburst Wind Fields
and Turbine Loads

The problem we will discuss involves two parts: downburst simula-

tion and turbine response simulation as shown in the flow chart in Fig. 2.7.

The wind velocity field model for thunderstorm downbursts is simulated us-

ing a hybrid model; in this model, downburst winds are generated separately

from non-turbulent and turbulent parts. The non-turbulent part is based

on an available analytical model, while the turbulent part is simulated as a

stochastic process using standard turbulence power spectral density functions

and coherence functions. This full 4D wind field (describing three orthogo-

nal wind velocity components at discrete points in 3D space and at discrete

time instants) is imported into an aeroelastic simulation program, using a

user-defined subroutine. Aeroelastic simulation of the response of the selected

baseline wind turbine model then leads to time series of various loads, mo-

tions, etc. Of note, Π(t) is a time-dependent intensity function describing the

transient nature of a downburst, to be discussed in Chapter 3 where other

downburst-related parameters are also defined.

2.5 NREL 5-MW Baseline Wind Turbine Model

In this study, the NREL 5-MW onshore baseline wind turbine model

(Jonkman et al., [43]) is used in all the turbine response simulations. This

model was originally developed to support concept studies aimed at assessing

offshore wind turbine technologies. The model describes a conventional three-
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Figure 2.7: Flowchart for simulation of downburst wind fields and turbine
loads.

bladed upwind variable-speed collective pitch-controlled turbine. In addition

to the gross properties and dimensions given in Table 2.1, the turbine has a na-

celle yaw actuator spring stiffness of 9,028,320,000 N-m/rad and a nacelle yaw

actuator damping coefficient of 19,160,000 N-m-sec/rad. These turbine model

specifications are based largely on the REpower 5M, shown in Fig. 2.8. In

general, turbine foundation types and fixity assumptions will influence overall

system dynamics and can play an important role on turbine loads and per-

formance; this might be especially important for extreme downburst-related

conditions. In this study, we assume a turbine foundation fixed at the base

for the 5-MW turbine model. We believe that alternative tower/foundation

assumptions can have some influence on turbine loads during downbursts and
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Properties/Dimensions Values
Power Rating 5 MW
Rotor Orientation, Configuration Upwind, 3 Blades
Control Variable Speed, Collective Pitch
Rotor Diameter 126 m
Hub height 90 m
Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm
Rated Tip Speed 80 m/s
Rotor Mass 110,000 kg
Nacelle Mass 240,000 kg
Tower Mass 347,460 kg

Table 2.1: Gross properties and dimensions of the NREL 5-MW baseline wind
turbine model.

such evaluations need to be considered in further studies.

Figure 2.9 shows the steady-state pitch control, turbine rotor speed,

and power curve as a function of the wind speed at hub height (90 m above

ground level) from cut-in (3 m/s) to cut-out (25 m/s). Yaw control is either

disabled or the nacelle yaw rate is varied in the various numerical studies to

be presented.

2.6 NREL FAST Program and Simulation Assumptions

The program, FAST [42], developed at the National Wind Technology

Center of the National Renewable Energy Laboratory (NREL), is an open-

source code for simulation of the dynamic response of horizontal-axis wind

turbines (HAWTs). FAST is coupled with an aerodynamic subroutine (Aero-

Dyn) and a controller for aero-servo-elastic simulation of HAWTs; it uses
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> 90 m 

Total height > 153 m 

Figure 2.8: REpower 5-MW turbine. (Source: REpower Systems AG).

a combined multi-body (platform, nacelle, generator, gears, hub, etc.) and

modal (blades and tower) dynamics formulation. Up to 24 degrees of freedom

for a 3-blade HAWT can be modeled in FAST, as shown in Fig. 2.10.

For the turbine dynamic analysis, equations of motion (EoMs) are de-

rived and implemented using Kane’s method. FAST uses a 4th-order Adams-

Bashforth Adams-Moulton predictor-corrector fixed-step-size explicit integra-

tion scheme to solve the EoMs in the time domain. As summarized in Fig. 2.11,
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Figure 2.9: Pitch Control, Rotor Speed, and Power Curve.

at each time step, FAST provides AeroDyn with the positions, orientations,

and velocities (translational and rotational) for all the blade elements and

receives back from AeroDyn, the aerodynamic forces and moments for the

elements for use in the structural dynamics calculations. Figure 2.12 shows

the types of input parameters required by the FAST program and some typ-

ical available output variables. The required input is provided in the form

of formatted text files. All output is in the form of time series that are also

in readable text format. The program, FAST [64], and other wind turbine-

related open-source codes are available at the NREL website [62]. The reader

is referred to Jonkman and Buhl [42] for further information on the FAST

open-source simulator.
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Figure 2.10: Degrees of freedom for a 3-bladed HAWT modeled in FAST.

Appendix A briefly discusses the basics of aerodynamics of horizontal-

axis wind turbines that can help to understand the Blade Element Momentum

(BEM) model that AeroDyn [63] subroutines use to calculate aerodynamics

forces.

Several simplifying assumptions are made in turbine response simula-

tion during a downburst event.

(i) Large yaw errors can result from large and rapid wind direction changes

and limited or no yaw control during a thunderstorm—up to 45 degrees of yaw
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Figure 2.11: FAST and AeroDyn.

error/misalignment is permitted (i.e., the turbine is assumed to continue to

operate up to this limit).

(ii) When yaw control is implemented, the yaw adjustment is first set at a

time-varying moving average of the inflow wind direction if the rate of change

of wind direction is small; if/when this rate of change in wind direction be-

comes significant (i.e., greater than 0.5 deg/sec), the yaw rate is limited to 0.5

deg/sec.

(iii) When a shutdown sequence is not modeled or implemented, wind speeds

above cut-out are permitted; blade pitch control with associated pitch angle

changes is enforced and turbine loads are computed as if the turbine continues
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      Input Parameters 

§ Simulation control 

• Total time, time step 

§ Feature flags 

§ Initial conditions 

§ Turbine configuration: 

• Geometry 

§ Mass/inertia 

§ Distributed blade/tower 
mass/stiffness 

§ Blade/tower mode shapes 

§ Control settings 

§ Teeter, yaw, & furl 
springs/dampers 

§ Output variable selection 

     Output Variables 

§ Motions 

• Displacements 

• Velocities 

• Accelerations 

• Translational & rotational 

§ Loads 

• Shear forces 

• Axial forces 

• Bending moments 

• Torsion moments 

§ Performance 

• Wind 

• Power 

• Control settings 

Figure 2.12: FAST input and output.

to operate. When a shutdown sequence is modeled, wind speeds above cut-out

are only permitted for up to 10 revolutions or 50 seconds.

Figure 2.9 shows the steady-state blade pitch angle response as a function

of wind speed in the normal operating range. If/when yaw control is imple-

mented, it is discussed when the related numerical studies are presented.

2.7 Turbine Simulation - Ingredients Summary

As was discussed briefly in Section 2.1, turbine response simulations

require four main ingredients: (i) inflow wind input; (ii) a wind turbine model
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(iii) control logic for the rotor speed, blade pitch, nacelle orientation (yaw),

etc.; and (iv) a time-domain numerical solver. Below is a summary of these

for the downburst problem.

• Inflow wind input

– A hybrid downburst model (non-turbulent and turbulent parts)

• Wind turbine model

– NREL 5-MW Baseline Wind Turbine Model

• Control logic assumptions

– Pitch control: to deal with wind speeds above rated

– Yaw control: to deal with wind direction changes

– Shutdown sequence: for high winds and/or large direction changes

• Time-domain numerical solver

– Open-source code NREL FAST Program.
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Chapter 3

Wind Velocity Field Model for Thunderstorm

Downbursts

3.1 Introduction

A thunderstorm downburst is defined as a strong downdraft that in-

cludes an outflow of potentially damaging winds at or near the ground [28].

The 1978 NIMROD (Northern Illinois Meteorological Research on Downbursts)

and the 1982 JAWS (Joint Airport Weather Studies) field projects [28, 33]

were conducted to investigate downbursts since they posed a threat to avi-

ation. Both projects used a network of Doppler radar systems to study the

structure and life cycle of downbursts. In the NIMROD project, the low-level

structure of recorded downbursts was not well understood due to the shallow

characteristics of the intense outflow winds, and the 60-km spacing of the radar

systems. The JAWS project was conducted to gain a better understanding of

the structure, evolution, and cause of downbursts over the High Plains [99].

A schematic summary of the JAWS results as presented by Hjelmfelt [33] is

reproduced in Fig. 3.1.

After the NIMROD and JAWS projects, several approaches have been

developed to simulate downbursts. Creating realistic simulations of down-
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(a) Life Cycle.

(b) Effects of Vertical Wind Shear Below Cloud Base.

(c) Schematic JAWS Microburst Structure at Maximum Intensity.

Figure 3.1: Structure and Life Cycle of Microburst Outflows Observed during
the JAWS Project. [33]
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bursts has been a challenge to wind engineers, both experimentally and numer-

ically [31]. Three different model types to represent downburst winds have been

developed: the ring vortex model [39,83,95], the impinging jet model [33], and

the slot jet model [53]. In wind engineering applications for loading on build-

ings, downbursts have been most commonly simulated using the impinging wall

jet model where a wind field is developed from a steady-state flow of a column

of air (downdraft) that continuously impinges on the ground [16]. This model

forms the basis for downburst simulations in wind tunnels [12,13,35,50,51,78]

as well as for numerical/computational models [10,76,77,94,95]. Results from

such simulations have shown good agreement with some available full-scale

data [8, 84, 101]. In wind engineering analyses, turbulence is often simulated

separately from the “mean” component using a stochastic approach. Examples

of such use of stochastic techniques are available in the literature [46, 96, 97].

In thunderstorm downbursts, the mean (non-turbulent) winds are as-

sumed to by caused by large-scale flows and thus may be represented as de-

terministic physical components of the full wind field. Fluctuations about

the mean are induced by small-scale turbulence and thus may be modeled by

stochastic processes [19]. In the present study, downburst winds are assumed

to result from the summation of an analytically represented mean field and a

stochastic turbulence field; such a hybrid model was proposed by Chen and

Letchford [16]. The non-turbulent component builds on available empirical

models developed from data sets that include recorded downburst events; the

turbulent component is simulated as stochastic processes that make use of
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target turbulence power spectral density functions and coherence functions.

Recent field studies have provided an improved understanding of the time-

varying characteristics of downburst transients [30,54,55,74,75]. These studies

suggest too that downburst fluctuations are non-stationary in nature. In this

study, different alternative assumptions on the downburst turbulence compo-

nent modeling are considered in full wind field simulation for turbine response

analysis.

3.2 Downburst: Hybrid Model

Unlike wind velocity fields in the atmospheric boundary layer under

near-neutral stability conditions, the wind velocity processes during a thun-

derstorm downburst are non-stationary and quite different in spatial structure.

At any point in space, (x, y, z), and at time, t, during a downburst, the velocity

field can be expressed as the sum of two components [16]:

U(x, y, z, t) = Um(x, y, z, t) + u′(x, y, z, t) (3.1)

where U(x, y, z, t) is the “total” wind velocity field; Um(x, y, z, t) represents

the non-turbulent (deterministic) wind velocity field; and u′(x, y, z, t) repre-

sents the turbulent fluctuations. As Eq. 3.1 suggests, the non-turbulent wind

velocity is a function of spatial location as well as time.
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3.3 Non-turbulent Wind Velocity Field

Over time, several downburst models have been developed and im-

proved upon that are suitable for the generation of wind fields for use in

time-domain structural dynamic analyses in various applications including

the assessment of loads on wind turbines. These models describe the non-

turbulent wind field. They include models developed by Oseguera and Bowles

(1988) [76], Vicroy (1992) [94], Wood (1998) [101], Holmes (1999) [36], and

Chay et al. (2005) [10].

The model proposed by Oseguera and Bowles (OB model) was orig-

inally intended for estimation of wind shear in a stationary downburst [76].

This model is based on velocity profiles obtained from the Terminal Area Sim-

ulation System (TASS) study. It describes axisymmetric stagnation point flow

(i.e., it does not account for the storm movement) and satisfies the mass con-

tinuity equation. It does not simulate the ring vortex of the outflow. The

radial (Ur) and vertical (Uz) velocities are represented using three parameters:

(i) radius of downburst shaft; (ii) maximum radial velocity; and (iii) height of

maximum radial velocity. Figure 3.2 shows normalized radial velocity profiles

as a function of normalized elevation, where Urm is the maximum radial ve-

locity. As can be seen, the OB model accounts for boundary layer effects near

the ground and closely matches laboratory and field measurements.

Vicroy [94] suggested improvements to the OB model that included the

use of new shape functions to more accurately represent wind profiles observed

in the NIMROD and JAWS studies. As shown in Fig. 3.3, the Vicroy model
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Figure 3.2: Comparison of the OB Model Wind Speed Vertical Profile with
Experimental Results and with NIMROD Data [76].

agrees well with measured data from the two field studies over elevations of

interest for utility-scale turbines (in the figure, zm refers to the elevation where

the downburst’s maximum radial velocity occurs).

Wood et al. [101] proposed an empirical model to describe the develop-

ment of velocity profiles over a flat board (resulting from a static continuous

impinging jet). There is no explicit radial dependence in this model; a vertical

wind velocity profile was not provided either. Figure 3.4 shows that both the

Vicroy and Wood models agree well with field measurements (from JAWS and

NIMROD). Given that the range of zm is 50-100 m AGL (above ground level),

the Vicroy model especially represents wind profiles over elevations of interest
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(a) Comparison of Normalized Wind Speed Radial Profiles.

(b) Comparison of Normalized Wind Speed Vertical Profiles.

Figure 3.3: Comparison of Vicroy Model Wind Speed Profiles with NIMROD
and JAWS Data [94].
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for a utility-scale wind turbine (20-160 m) reasonably well.
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Figure 3.4: Comparison of the Wood et al. [101] Model Wind Speed Vertical
Profile with the Vicroy [94] Profile and NIMROD and JAWS Data.

Holmes and Oliver [36] proposed a model of the horizontal wind speed

and direction in a traveling downburst, generated by the vector sum of the

“environmental” wind speed and the radial wind generated by an impinging

jet. Figure 3.5 shows good agreement between the model and recorded data

from the JAWS study. There is no explicit height dependence in this model;

the vertical wind velocity component is also not available.

Other models and refinements to existing models have been devel-

oped [19]. Not all these models, however, are suitable for wind turbine loads

computations. We describe next the Chay et al. [10] model which we employ
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Holmes

Figure 3.5: Comparison of the Holmes and Oliver [36] Model Radial Wind
Velocity Profile with JAWS Data [36].

in this study with some modifications.

Chay et al. [10] proposed modifications to the Vicroy [94] model by

introducing a time-dependent storm intensity function to the flow field, in-

cluding consideration for the storm translational velocity, and accounting for

time dependence in the radial distance to the maximum radial wind speed.

Based on at least one downburst recorded in the NIMROD study, the height

at which the maximum radial velocity occurs could also, in general, be mod-

eled as time-dependent (this is a modification introduced in the present study).

According to this model, then, in cylindrical coordinates, the radial velocity
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(Ur) and vertical velocity (Uz) components may be expressed as follows:

Ur(r, z, t) = Π(t)Urm f(r, t) p(z, t) (3.2)

Uz(r, z, t) = Π(t)Urm g(r, t) q(z, t) (3.3)

where f(r, t), g(r, t), p(z, t), and q(z, t) are radial and vertical shape functions:

f(r, t) = (r/rm(t)) exp
[(

1 − r2α/r2αm (t)
)

/2α
]

(3.4)

g(r, t) =
(

2 − r2α/r2αm (t)
)

exp
[(

1 − r2α/r2αm (t)
)

/2α
]

(3.5)

p(z, t) =
exp (−c1z/zm(t)) − exp (−c2z/zm(t))

exp(−c1) − exp(−c2)
(3.6)

q(z, t) =
zm(t)

rm(t)

[exp (−c1(z/zm(t))) − 1] /c1 − [exp (−c2(z/zm(t))) − 1] /c2
exp(−c1) − exp(−c2)

(3.7)

in which r refers to the radial distance from the moving storm center, z refers

to the elevation AGL (above ground level), and t refers to time. Also, zm(t) is

the time-dependent height above ground to the maximum radial wind; simi-

larly, rm(t) is the time-dependent radial distance to the maximum radial wind.

Model constants, c1, and c2, are related to ratios of zm(t) to characteristic

heights outside and inside the boundary layer, respectively. The parameter,

α, controls the rate of change (radially) of the radial and vertical winds; Vi-

croy [94] recommended α = 2, c1 = 0.22, and c2 = 2.75 for use with this

downburst wind field model. For convenience, various parameters and func-

tions that describe the downburst according to Eqs. 3.2 to 3.7 are summarized

next:

1. Urm = maximum radial velocity;
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2. zm(t) = time-dependent height at which the maximum radial velocity

occurs, which is assumed to take the form:

zm(t) = zm0 − kzmt (3.8)

where zm0 = initial (t = 0) value of zm(t) and kzm = rate of change of zm(t)

with time;

3. rm(t) = time-dependent radial distance to the maximum radial ve-

locity, which is assumed to take the form:

rm(t) = rm0 + krmt (3.9)

where rm0 = initial (t = 0) value of rm(t) and krm = rate of change of rm(t)

with time;

4. Π(t) = time-dependent storm intensity function describing the tran-

sient nature of a downburst, which can be described by a period, t0, of linearly

increasing intensification from zero to maximum outflow speed, followed by an

exponential decay after that [10]

Π(t) =

{

t
t0

0 ≤ t ≤ t0

e
−

t−t0

t1 t > t0
(3.10)

where

t0 = storm build-up time

t1 = storm decay time parameter

or simply a sinusoidal function [49],

Π(t) = sin(π
t

td
) (3.11)
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where td = storm duration time.

5. Utrans = storm’s translational speed.

In summary, five storm parameters/functions are needed to define and

simulate a downburst and associated time-dependent non-turbulent fields for

radial and vertical velocity. Note that the model described above does not

simulate the ring vortex associated with outflow from a thunderstorm down-

burst.

Figure 3.6 shows non-turbulent (mean) wind field shape functions in-

dicating variation with radial distance and elevation as defined in Eqs. 3.4-3.7

as well as plots of the non-turbulent radial and vertical wind velocity profiles

at different times, t = td/6 (when Π(t) = 0.5) and t = td/2 (when the storm is

at its peak intensity, i.e., Π(t) = 1) where the intensity function is calculated

using Eq. 3.11.

The model of Chay et al. [10] was selected for this study because (i) it

is based on the Vicroy [94] model (which was shown to be in good agreement

with NIMROD and JAWS data); (ii) it incorporates improvements from other

models (e.g., consideration of the downburst translation speed from the model

of Holmes and Oliver [36], representation of the hybrid model concept and the

use of a time-dependent intensity function as proposed by Chen and Letch-

ford [16]); (iii) it is fairly comprehensive in detail for use in wind turbine loads

calculations (that entail time-domain structural and aerodynamic loads anal-

yses); (iv) it includes both the radial (Ur) and vertical (Uz) wind components

needed for wind turbine response simulations; and (v) it is reasonably accurate
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(c) Non-Turbulent Radial Wind Velocity
Profile when Storm Intensity, Π(t) = 0.5,
i.e., t = td/6.
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(d) Non-Turbulent Radial Wind Velocity
Profile when Storm Intensity, Π(t) = 1.0,
i.e., t = td/2.
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Figure 3.6: Non-turbulent Mean Winds: Shape Functions and Velocity Pro-
files.
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over elevations of interest of most utility-scale wind turbines. Additional dis-

cussion on the structure of a moving downburst using this model is presented

in the next chapter.

3.4 Turbulent Wind Velocity Field

In this study, three different approaches are adopted to simulate the

turbulent wind field during thunderstorm downbursts. In the simplest ap-

proach, the turbulent part is simulated as a stochastic process using standard

turbulence power spectral density (PSD) functions and coherence functions

adjusted using information on parameters such as the thunderstorm’s transla-

tion velocity. In other words, the turbulent component, u′(x, y, z, t) in Eq. 3.1,

of the full downburst wind velocity field is modeled in a similar manner as is

done for non-thunderstorm boundary layer flow fields. Note that the power

spectral density function conveys information on the frequency content of a

random process. The coherence functions describe how turbulence components

are correlated over various spatial separations and as a function of frequency.

In the second approach, the turbulent wind field is combined with the

non-turbulent downburst wind field based on a time-varying amplitude modu-

lation method proposed by Chen and Letchford [16] and summarized by Chay

et al. [10]. In this method, correlated Gaussian stochastic processes with zero

mean and unit variance are first simulated using standard turbulence power

spectral density functions and coherence functions. The wind speed fluctu-

ation, u′(x, y, z, t) in Eq. 3.1, is obtained by amplitude modulation of each
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simulated Gaussian process with the time-varying mean wind field:

u′(x, y, z, t) = ǫ · κ(x, y, z, t) · Um(x, y, z, t) (3.12)

where Um(x, y, z, t), representing the mean wind speed at location, (x, y, z),

and time, t, is the vector sum of the non-turbulent (deterministic) downburst

wind and the ambient wind; u′(x, y, z, t) represents the turbulent fluctuations;

κ(x, y, z, t) is a zero-mean, unit-variance Gaussian stochastic process; and ǫ is

the desired turbulence intensity. Equation 3.12 introduces non-stationarity

to the turbulent wind field; at the same time, it preserves a target tur-

bulence intensity throughout the simulated downburst event. Prior to the

downburst’s influence at any point, (x, y, z), Um(x, y, z, t)isequaltoUambient(z)

and the turbulence characteristics are the same as in the neutrally stable

or neutral boundary layer (NBL). During the downburst,
−→
U m(x, y, z, t) =

−→
U downburst(x, y, z, t) +

−→
U ambient(z), and the downburst winds contribute to the

turbulent wind field and the experienced turbulence intensity. After the down-

burst has completely dissipated,
−→
U downburst(x, y, z, t) =

−→
0 , and the turbulent

wind field reverts to its pre-downburst NBL characteristics.

In the third approach, the zero-mean, unit-variance Gaussian stochastic

process, κ(x, y, z, t), is simulated using empirical power spectral density and

coherence functions. Recorded downburst histories are used to estimate these

functions. Details related to this approach are discussed in Chapter 7.

In any of the approaches described, the simulation of correlated Gaus-

sian processes is required. We discuss here a procedure for simulating a Gaus-

54



sian process, κ(x, y, z, t), given turbulence power spectral density (PSD) func-

tions and coherence functions. There are two common approaches for sim-

ulating components of correlated wind velocity time series at specified loca-

tions, given PSD and coherence functions: the Autoregressive Moving Average

(ARMA) method applied in the time domain and a Fourier-based method ap-

plied in the frequency domain. The Fourier-based method is preferred due to

its computational efficiency; it does not require the extensive numerical in-

tegration computation that the ARMA method does. This efficiency of the

spectral method over the ARMA method is particularly advantageous when

the number of stations in space where simulation is needed gets large. Appli-

cation of the ARMA method to generate correlated Gaussian processes with

zero mean and unit variance in the time domain has been demonstrated, for

example, by Samaras et al. [82]. In the present study, the Veers method [93],

which is Fourier-based, is utilized to generate correlated wind velocity time

series.

Required inputs for the Veers method are the turbulence power spectral

density (PSD) and coherence functions. For each turbulence component, this

method simulates N correlated time series (corresponding toN points in space)

based on the spectral matrix, S(f), whose individual elements, Sjk(f), may

be defined as follows:

Sjk(f) = Cohjk(j, k, f, Ujk)
√

Gjj(f)Gkk(f) ∆f/2 (3.13)

where Sjk(f) (dimensions: L2/T 2)) is the cross-power spectral density function
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associated with spatial locations, j and k, at frequency, f ; Cohjk(.) is the

frequency-dependent target coherence function related to locations, j and k;

Gjj(f) (dimensions: L2/T ) is the continuous one-sided target PSD for location,

j, at frequency, f ; Ujk is the mean velocity between locations, j and k; and

∆f is the width of the discretized frequency interval used in the simulation.

The N correlated time series are generated by linear combinations of N

independent, white-noise processes. Thus, S(f) can be written as the product

of a transformation matrix, H(f), and the transpose of its complex conjugate,

H∗T (f) [87].

S(f) = H(f) H∗T (f) (3.14)

Since S(f) is a real-valued function, H(f) is also real and H(f) =

H∗(f). Additionally, S(f) is symmetric; it contains (N2 + N)/2 independent

entries. On the other hand, the full matrix, H(f), contains N2 entries; H(f)

is, therefore, not uniquely defined. If H(f) is assumed to be a lower-triangular

matrix, it can be derived by Cholesky decomposition of the spectral matrix,

S(f). The elements of the H(f) matrix can be thought of as weighting fac-

tors to be applied to a linear combination of N independent zero-mean unit-

variance white-noise inputs so as to yield the desired N correlated processes

consistent with the target spectral matrix.

The independent zero-mean unit-amplitude white-noise inputs are as-

sembled in an N ×N diagonal matrix X(f) such that:

Xjk(fm) =

{

eiθkm j = k
0 j 6= k

(3.15)
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where i =
√
−1 and θkm is the phase angle associated with the kth spatial

location and the mth frequency component, fm. Also, θkm is a uniformly

distributed random variable on the interval (0, 2π). The vector of complex

Fourier coefficients of the desired turbulent fluctuations, T(f), that are to be

simulated is given in terms of frequency-dependent components of the white

noise processes, X(f) , as follows:

T(f) = H(f) X(f) 1 (3.16)

where 1 is an N × 1 vector whose elements are all equal to unity.

Turbulence time series, κ(x, y, z, t), at all the desired locations are ob-

tained by taking the inverse Fourier transform of each element of T(f), result-

ing in full-field simulated wind velocity time series at all N spatial locations of

interest. The procedure ensures that each simulated time series will approach

a Gaussian process as the number of frequency components included becomes

large.

3.4.1 Turbulence Power Spectral Density Functions

A power spectral density function describes the variance of a stochastic

process as a function of frequency; it has, for example, dimensions of [variable

units]2 per Hertz (Hz). Intuitively, a PSD function describes the frequency

content of a stochastic process. In this study, Kaimal power spectra (Kaimal et

al. [45]) are used as the basis for simulating the three components of turbulence:

Gu(f) =
105u2∗z/Uref

(1 + 33fz/Uref)
5

3

(3.17)
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Gv(f) =
17u2∗z/Uref

(1 + 9.5fz/Uref)
5

3

(3.18)

Gw(f) =
2u2∗z/Uref

1 + 5.3 (fz/Uref)
5

3

(3.19)

where Gu(f), Gv(f), Gw(f) (in (m/s)2/Hz) are one-sided power spectra for the

longitudinal, transverse, and vertical wind velocity components, respectively;

f refers to the frequency of interest in Hertz (Hz); u∗ is the friction velocity

(in m/s); z is the height above ground (in meters); and Uref is a reference

wind velocity (in m/s). It should be noted that the Kaimal power spectra as

specified in the IEC wind turbine design standard [37] are slightly different

from the ones described by Eqs. 3.17- 3.19.

3.4.2 Turbulence Coherence Functions

The coherence function for any turbulence component is a frequency-

dependent measure of the correlation of that component at two specified spatial

locations. In this study, the coherence function is modeled as follows [88]:

Cohjk(j, k, f, Ujk) = exp

(

−f
[

c2y(yj − yk)
2 + c2z(zj − zk)2

]1/2

0.5 [Uref(zj) + Uref(zk)]

)

(3.20)

where Cohjk(j, k, f, Ujk) is the dimensionless coherence function for any tur-

bulence component, u′, at locations, (yj, zj) and (yk, zk), expressed as a func-

tion of frequency, f ; cy, cz are coherence decrement parameters (dimensions:

L−1) for spatial separations in the y (lateral), and z (vertical) directions, re-

spectively. Taylor’s frozen turbulence hypothesis is assumed to describe the

turbulent wind in the streamwise (x) direction.
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Figure 3.7(a) shows a typical (target) Kaimal PSD function at a single

location versus frequency along with the corresponding PSD function esti-

mated from turbulence time series simulated using the Veers method. Fig-

ure 3.7(b) shows typical estimated Kaimal power spectra (from simulations)

as a function of both frequency and elevation.

Figure 3.7(c) shows a typical (target) coherence function for the longitu-

dinal turbulence for two discrete spatially separated locations versus frequency

along with the corresponding coherence function estimated from turbulence

time series simulated using the Veers method. Figure 3.7(d) shows typical

estimated longitudinal turbulence coherence functions (from simulations) as a

function of both frequency and vertical separation.

3.5 Downburst Wind Field for Turbine Simulation

Figure 3.8 (same as Fig. 2.2) shows the plan view of a scenario that

depicts a wind turbine and a generalized downburst touchdown and track. It

is convenient to define an inertial frame of reference with origin at ground level

and located at the center of the turbine tower; in this system, we assume that

the x axis is in the longitudinal direction coincident with the ambient wind,

Uamb. The storm touchdown point (i.e., the storm center at t = 0) is assumed

to be defined by polar coordinates, (R0, θ0), relative to the chosen coordinate

system. The storm is assumed to move in a straight line (its track) and at a

constant translation speed, Utrans. The angle, φ, which defines the orientation

of the storm translation direction relative to the ambient wind, is assumed to
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Figure 3.8: Downburst and Wind Turbine (Plan View).

The storm’s outflow is assumed to be perturbed by the boundary layer

environmental winds, Uamb(z); this ambient wind profile, Uamb(z), is modeled

by a power law, with a shear exponent of 0.2. The wind input for a turbine re-

sponse simulation requires three wind components: U -longitudinal, V -lateral,

W -vertical, associated with the three axes of the turbine coordinate system:

x, y, z. From Fig. 3.8, the location of the storm with respect to the turbine

system at time, t, is

xstorm(t) = R0 cos θ0 + t Utrans cos φ

ystorm(t) = R0 sin θ0 + t Utrans sinφ (3.21)

The horizontal radial distance from the center of the storm to a grid
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point of interest, (x, y, z), at any time, t, is

r(x, y, t) =
√

(x− xstorm(t))2 + (y − ystorm(t))2 (3.22)

Consequently, the three wind velocity components at grid point, (x, y, z),

are:

U(x, y, z, t) = Ur(r, z, t)(x− xstorm(t))/r(x, y, t) + Uamb(z) + u′(y, z, t)

V (x, y, z, t) = Ur(r, z, t)(y − ystorm(t))/r(x, y, t) + v′(y, z, t)

W (x, y, z, t) = Uz(r, z, t) + w′(y, z, t) (3.23)

where Ur(r, z, t)andUz(r, z, t) are the radial and vertical downburst wind ve-

locity components given by the model of Chay et al. [10] as in Eqs. 3.2-3.3;

u′, v′, w′ are the three orthogonal turbulence components. Note that Taylor’s

frozen turbulence hypothesis is assumed in order to describe the turbulent

wind variation with x. As stated earlier, the ambient wind profile, Uamb(z), is

modeled by a power law, with a shear exponent of 0.2:

Uamb(z) = Uref

(

z

zref

)0.2

(3.24)

where Uref is the ambient wind speed at the reference height, zref .

The non-turbulent and turbulent wind velocity fields are combined to

form the full velocity field, (U , V , W ). This full 4D wind field (describing

three orthogonal wind velocity components in a 3-D coordinate space and at

specified time instants) is imported into the open-source aeroelastic simulation

program, FAST [42], by making use of the UserWind module there. Aeroelastic
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simulation of the turbine then yields time series of the response and loads on

the 5-MW wind turbine model selected for this study [43]. It is important

to note that the wind velocity field experienced by the rotating blades of a

horizontal-axis wind turbine (HAWT) is different from that of a stationary

point. Rotational sampling is discussed in Appendix B.
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Chapter 4

Simulation of Thunderstorm Downbursts and

Associated Wind Turbine Loads

4.1 Introduction

As presented in Chapters 2 and 3, several downburst parameters and

functions as well as the downburst touchdown location with respect to the

turbine system must be defined in order to simulate turbine loads during the

thunderstorm downburst. Full-scale field data as presented, for example, in

reports from the NIMROD and JAWS studies [28, 33], provide useful under-

standing of the flow structure near the ground during thunderstorm downburst

events for our own study. Based on results from these and other studies, a

realistic range for each downburst-related parameter in the model of Chay et

al. [10] can be considered in turbine load simulations. We first consider a rep-

resentative downburst simulation to discuss the evolution and structure of a

downburst-related wind velocity flow field based on the model presented; this

is done to highlight the intensity of the extreme winds and the wind direction

changes that accompany a downburst event.

In this chapter, the evolution and structure of a representative down-

burst is discussed in Section 4.2. Next, in Section 4.3, four separate cases are
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considered in order to understand the intense transient inflow characteristics

of a downburst; these separate cases offer a step-by-step approach whereby dif-

ferent aspects of the transients are isolated and their effects on turbine loads

evaluated. Section 4.4 highlights the effects of different downburst parameters

and touchdown locations on turbine loads.

4.2 Downburst Simulation: An Example

A representative downburst simulation is considered; its non-turbulent

velocity field is computed using the model of Chay et al. [10]. Storm param-

eters defined in the context of Eqs. 3.2- 3.10 are summarized in Table 4.1.

Similar thunderstorm downburst simulations were carried out by Chay et

al. [10, 14] to generate a single-point wind velocity time series. Plots of the

time-dependent radial distance to maximum winds, rm(t), defined in Eq. 3.9

and the downburst intensity function, Π(t), defined in Eq. 3.10, are shown in

Fig. 4.1.

Parameter Urm Utrans zm0 kzm rm0 krm t0 t1
(m/s) (m/s) (m) (m/s) (m) (m/s) (min) (min)

Value 47 12 90 0 1000 1.0 6 12

Table 4.1: Storm Parameters used in Example of Downburst Simulation. (Re-
fer to Eqs. 3.2 to 3.11.)

The downburst is assumed to move in a straight line (its track) at a

constant translation speed, Utrans = 12 m/s. Furthermore, the storm’s outflow

is assumed to be influenced by the neutral boundary layer (NBL) environmen-
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Figure 4.1: Time-dependent radial distance to maximum winds and downburst
intensity function.

tal winds, Uamb(z) [33]; this ambient wind profile, Uamb(z), is modeled by a

power law with 12 m/s reference speed at z = 90 m and a shear exponent

of 0.2 (see Eq. 3.24). Figure 4.2 shows the structure of the non-turbulent

part of the downburst wind field (combined with the ambient winds) along

the storm track at peak intensity (see Fig. 4.2(a)) and at different times (see

Fig. 4.2(b)). Figure 4.2(a) shows that the downburst creates high wind shear

near the ground and that, due to ambient winds, the downburst creates faster

winds ahead of and slower winds behind the moving downburst. Differences

between downburst and NBL wind profiles are noted by studying the wind pro-

files at the center (at the center of the translating wind field, radial velocities

created by the downburst are equal to zero and, thus, the NBL wind profile is

seen) and in the front or back (at radial distances to maximum winds). NBL

winds increase with height while downburst winds have a jet-like profile. As

shown in Fig. 4.2(b), before t = 6 min, both the downburst’s spatial extent
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and its intensity increase; hence, velocities increase. At t = 6 min, the maxi-

mum downburst intensity and maximum velocities occur. After t = 6 min, the

downburst’s spatial extent keeps increasing but its intensity decreases; hence,

velocities decrease.

4.2.1 Evolution of the Non-Turbulent Velocity Field in a Vertical
Plane along the Storm Track

Assuming that the storm moves in the direction of the ambient wind,

Fig. 4.3 shows the evolution of the downburst’s non-turbulent velocity field

in a vertical (xz) plane along the storm track—i.e., a vertical section is taken

through the storm center. As the downburst progresses, its intensity, de-

scribed by Eq. 3.10, first linearly increases and then exponentially decreases

after reaching its maximum intensity (Π(t) = 1 at t = t0 = 360 s). Each

sub-figure in Fig. 4.3 depicts a snapshot of the downburst wind field at a spec-

ified time. The colors indicate varying wind speeds (in m/s, with variations

according to the color map) while the arrows indicate both the magnitude

and direction of the wind velocity at gridded points. Initially, the entire do-

main experiences the environmental velocity, Uamb(z), which is described by

a power law. The color gradients show the effects of the moving downburst

on the overall wind field. As can be seen from the plots, the wind velocity

profile during the downburst is quite different from that of neutrally stable

boundary layer winds. These profiles exhibit a peak value near the ground

(at the elevation, zm). At the center of the storm, the vertical wind velocities

are largest, and the wind direction points vertically downwards; at an offset
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radial distance, rm, from the downburst center, the radial velocity and, hence,

the horizontal velocity reach their maximum values, and the wind direction is

horizontal. The maximum radial velocity produced by the storm alone occurs

at elevation, zm, above the ground and at a radial distance, rm(t), from the

downburst center. The environmental velocity, Uamb(z), adds to the horizontal

velocity in the front of the downburst but it subtracts from it in the back. In

other words, the ambient velocity creates faster winds in front of the down-

burst than behind it. At the back of the passing downburst center, at some

radial distance that varies with elevation, the resultant wind velocity becomes

zero—i.e., the downburst-generated winds are exactly equal to the environ-

mental winds but are opposite in direction. In this illustrative simulation, the

maximum (non-turbulent) velocity during the downburst is 59 m/s. If a sta-

tionary object is placed in the flow field, it will experience two velocity peaks as

the downburst progresses (visualized as the two warm-color “columns” on the

plots)—one larger peak during forward motion of the downburst towards the

object (i.e., before the downburst wind reverses its direction), and a secondary

peak when the downburst has passed the object and the wind is reversed (this

second peak has a smaller absolute velocity than the first peak). Such wind

field characteristics are typical of downbursts and have been reported in the

NIMROD and JAWS studies.

69



 0  2  4  6  8 10 12
  0

0.1

0.2

0.3

0.4

0.5

Distance from touchdown, x (km)

E
le

va
tio

n,
 z

 (
km

)

 

 

0

10

20

30

40

50

60

(a) at t = 100 s.

 0  2  4  6  8 10 12
  0

0.1

0.2

0.3

0.4

0.5

Distance from touchdown, x (km)

E
le

va
tio

n,
 z

 (
km

)

 

 

0

10

20

30

40

50

60

(b) at t = 200 s.
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(c) at t = 300 s.
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Figure 4.3: Evolution of the Downburst Non-turbulent Velocity Field in a
Vertical Plane along the Storm Track. (Units: m/s.)
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Figure 4.4: Evolution of the Downburst Non-turbulent Velocity Field in a
Horizontal Plane 90 m above Ground Level. (Downburst Touchdown Point is
at x = 0; y = 0. Units: m/s.)
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4.2.2 Evolution of the Non-Turbulent Velocity Field in a Horizontal
Plane at 90 m Above Ground

Figure 4.4 shows the evolution of a simulated downburst’s non-turbulent

velocity field in a horizontal plane at z = 90 m, which is the hub height of

the 5-MW turbine. The origin of the coordinates in these plots is set at the

touchdown point of the downburst. The x-axis is selected to coincide with

the storm track, which is a straight line; the y-axis is orthogonal to the storm

track. The star indicates the location of the wind turbine. Each sub-figure in

Fig. 4.4 depicts a snapshot of the storm at a specified time. The colors indi-

cate varying horizontal wind speeds (in m/s, with variations according to the

color map) while the arrows indicate both the magnitude and direction of the

horizontal wind velocity at gridded points. The horizontal wind velocity ex-

perienced at any point as the downburst passes is the vector sum of the radial

velocity and the ambient velocity. Clearly, in addition to high wind speeds,

wind direction change is a salient feature of thunderstorm downbursts—both

these are important in computing the response of a wind turbine response

during such events. If a downburst passes directly over the location of a wind

turbine (i.e., the storm track is in line with the turbine), a change in wind

direction of 180 deg is expected at the hub. However, if a downburst passes at

an offset distance relative to the turbine i.e., if the turbine is displaced from

the storm track (see Fig. 2.6), the wind direction changes by less than 180

deg. Obviously, in the selected wind field model, the ambient wind velocity,

Uamb, has a significant influence on wind velocities and wind direction changes
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during downburst events.

4.3 Turbine Response Simulations

The effect on wind turbine loads of high wind speeds and large and

rapid wind direction changes that can occur during thunderstorm downbursts

has not been studied systematically. In this section, four separate cases are

considered in order to address these intense transient inflow characteristics;

these four cases offer a step-by-step approach whereby different characteristics

of these transients are isolated and their effects on turbine loads evaluated.

After consideration of these simpler loading cases, a full-field thunderstorm

downburst inflow field is simulated and associated turbine loads are studied.

Case 1 considers a steady (i.e., non-turbulent) wind field with neutrally

stable wind shear over the rotor plane; the hub-height mean horizontal wind

velocity is taken to be 12 m/s and the direction of this resultant horizontal

wind velocity is varied with respect to an inertial frame fixed at the turbine.

The wind direction relative to the rotor plane is held constant for the du-

ration of the response simulation; it is fixed at several values between zero

to 45 deg in separate simulations. Effectively, this case examines the tur-

bine response to steady winds from different directions in the absence of any

yaw control. Case 2 examines the influence of a single specified time-varying

change in wind direction on the turbine response, both in the absence of yaw

control and at different controlled yaw rates (thus, different yaw errors are

introduced). The hub-height horizontal wind velocity is maintained at 12 m/s
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without turbulence but the longitudinal and lateral wind velocity components

vary with time as the wind direction changes. Case 3 describes conventional

near-neutral boundary layer inflow wind velocity fields with turbulence while

the mean longitudinal velocity at hub height (z = 90 m) is set equal to 12

m/s. This case leads to simulated stationary wind velocity time series that

can be directly compared to Case 4 which represents a simulated downburst’s

non-turbulent mean velocity field combined with neutral boundary layer tur-

bulence similar to that of Case 3. Table 4.2 summarizes the four cases that

are considered in the turbine response simulations.

Case Mean Turbulence Wind Yaw Yaw
Velocity Direction Control Rate

1 12 m/s No 0-45 No N/A
2a 12 m/s No Eq. 4.1 No N/A
2b 12 m/s No Eq. 4.1 Yes 0.375 deg/s
2c 12 m/s No Eq. 4.1 Yes 0.45 deg/s
2d 12 m/s No Eq. 4.1 Yes 0.5 deg/s
3 12 m/s Kaimal [45] No No N/A
4a Eq. 3.2 No Fig. 4.11(b) No N/A
4b Eq. 3.2 No Fig. 4.11(b) Fig. 4.11(b) varying
4c Eq. 3.2 Kaimal [10] Yes No N/A
4d Eq. 3.2 Kaimal [10] Yes Fig. 4.11(b) same as 4b

Table 4.2: Description of Cases Considered in the Turbine Response Simula-
tions.
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4.3.1 Influence of Steady Winds, Wind Direction Change, and Neu-
tral Boundary Layer Turbulence

4.3.1.1 Case 1: Effect of Wind Direction with Steady Winds

Case 1 examines the turbine response to steady winds from different di-

rections in the absence of any yaw control. The direction of the wind (denoted

by α) is changed from 0 to 45 deg in five separate simulations for this case.

Table 4.3 summarizes the steady-state response of the wind turbine for Case 1.

In the table, various turbine response variables are shown, including OoPBM ,

the out-of-plane bending moment at the root of a blade; RotSpeed, the rotor

speed; GenPwr, the generator power; and BldP itch1, the blade pitch angle.

Wind Dir. OoPBM RotSpeed GenPwr BldP itch1
α, (deg) (MN-m) (rpm) (MW) (deg)

0 8.5 12.1 5.00 3.4
15 9.6 12.1 5.00 1.1

18.2 10.0 12.0 4.87 0
30 9.0 11.7 3.71 0
45 6.3 9.5 2.03 0

Table 4.3: Summary of Turbine Steady-State Response for Case 1 (No Yaw
Control).

In the absence of any yaw control, the 5-MW wind turbine behaves like

a fixed yaw machine. When the direction of the steady wind is between 0 and

45 deg, the turbine operates in its normal mode (i.e., as an upwind machine)

although the effective longitudinal wind velocity is only the cosine of the mean

horizontal wind velocity (12 m/s). The value of 18.2 deg for α corresponds

to the wind direction where the effective longitudinal wind velocity equals the
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Figure 4.5: Steady-State Out-of-Plane Bending Moment at a Blade Root,
OoPBM , in Case 1.

rated wind speed of 11.4 m/s; hence a zero blade pitch angle results (Fig. 2.9).

Figure 4.5 shows the out-of-plane bending moment at a blade root for

five different wind directions, α = 0, 15, 18.2, 30 and 45 deg; α = 0 deg

corresponds to normal operation with no yaw error and with positive out-of-

plane blade bending moments. As seen in Fig. 4.5 and Table 4.3, yawed flow

can result in either lower power production (α = 45 deg) or larger out-of-

plane bending moments at a blade root (α = 15 and 18.2 deg) or both (α = 30

deg). Under such specified yawed flow conditions, the generated power and the

blade loads are generally controlled by two main contributors—the effective

longitudinal wind velocity and the pitch control logic. By increasing the wind

direction from zero to 45 deg, what results is a lower effective longitudinal

wind speed (computed as the product of the cosine of the wind direction

and the mean horizontal velocity). The blade pitch angle is then reduced to
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maintain the rated power (5 MW). The lower longitudinal wind speed would

be expected to decrease the load on the blade; however, reduction in the

pitch angle increases the load in that simulation so as to more than offset the

reduction due to wind speed increase. This leads to an increasing out-of-plane

bending moment at the root of the blades, as seen in simulations where α is

less than or equal to 18.2 deg, the wind direction corresponding to a zero pitch

angle. In simulations where the pitch angle is equal to zero (because effective

longitudinal wind speeds are below cut-out), the loads are lower when the

longitudinal winds are smaller.

4.3.1.2 Case 2: Effect of Yaw Control and Wind Direction Change

Case 2 considers the influence of a specified time-varying change in wind

direction on the turbine response. The hub-height horizontal wind velocity

is steady (maintained at 12 m/s without turbulence) but the longitudinal

and lateral wind velocity components vary with time as the wind direction

changes. Turbine response is studied in the absence of yaw control as well

at three different yaw rates; thus, different yaw errors are introduced in the

simulations carried out in this case. Figure 4.6(a) shows an assumed variation

in the longitudinal wind velocity and the horizontal wind direction with time.

The longitudinal and lateral wind velocity components are chosen as sinusoidal

functions of time such that the hub-height resultant horizontal wind velocity

is maintained constant at 12 m/s; the horizontal wind direction changes from

0 to 180 deg over 360 s (at an effective rate of 0.5 deg/sec). The variation of
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wind direction with time was assumed as follows:

θ(t) =







0 0 ≤ t < 200
0.5(t− 200) 200 ≤ t ≤ 560
180 t > 560

(4.1)

where θ(t) describes the wind direction in degrees and t refers to time in

seconds.

Figure 4.6(b) shows different applied yaw control options in Cases 2b,

2c, and 2d; Case 2a assumes no yaw control. The same comments made in

discussing Case 1 can be made here—namely, large yaw errors can result due to

the large wind direction changes and the resulting yaw errors in Cases 2a, 2b,

and 2c (Case 2d assumes a yaw control rate that perfectly tracks the changing

wind direction, leading to no yaw error). The maximum yaw error in Cases 2a,

2b, and 2c is 45, 45, and 18 deg, respectively. Figure 4.7 shows the out-of-plane

bending moment at the root of a blade for Case 2. Note that in Case 2a, when

t is greater than 290 sec, significant yaw error (greater than 45 deg) results and

loads are not computed. With the same inflow wind velocity field, the different

yaw control options yield different turbine response variations with time. Some

of the discontinuities or “kinks” in the blade bending moment time series are

associated with changes in the pitch angle of the blades. For example, in

Case 2a (Fig. 4.7(a) where no yaw control is provided, at t = 200s, the wind

direction begins to change; this results in lower (effective) longitudinal wind

speeds (computed as the product of the cosine of the wind direction and the

mean horizontal velocity). The blade pitch angle is then reduced in order to
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maintain the rated power (5 MW). The lower longitudinal wind speed would

be expected to decrease the load on the blade. However, reduction in the pitch

angle increases the load so as to more than offset any reduction; this produces

an increasing out-of-plane bending moment at the root of the blades starting

at t = 200s.

When the pitch angle goes to zero, at t approximately equal to 230 s,

the loads begin to decrease as the longitudinal wind keeps decreasing. This

similar response was discussed in Case 1 but for various fixed-yaw steady flow

simulations instead of during a single simulation. Introduction of yaw control

helps reduce the yaw error (i.e., the offset between the mean wind direction

and the normal to the rotor vertical plane) and delays occurrence of the first

kink as can be seen in Cases 2b, 2c, and 2d. The beginning and ending of the

constant rate of wind direction change, seen in Fig. 4.6(a) at t = 200s and t

= 560s, also produce kinks in the turbine response variation with time. This

is a secondary influence of wind direction change on turbine loads. From the

results of Case 2, we note that yaw controls minimize the range (maximum to

minimum excursions) of the turbine loads during large wind-direction change

events.

4.3.1.3 Case 3: Neutral Boundary Layer (NBL) Turbulence

Case 3 describes conventional near-neutral boundary layer inflow wind

velocity fields with turbulence. The mean longitudinal velocity at hub height (z

= 90 m) is set at 12 m/s. This case leads to simulated stationary wind velocity
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Figure 4.6: Wind Velocity, Wind Direction and Yaw Control in Case 2.
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(a) Case 2a (No Yaw Control).
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(b) Case 2b (Yaw Rate = 0.375 deg/s).
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(c) Case 2c (Yaw Rate = 0.45 deg/s).
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(d) Case 2d (Yaw Rate = 0.5 deg/s).

Figure 4.7: Variation with Time of the Out-of-Plane Bending Moment at a
Blade Root in Case 2.
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time series over the rotor plane. No wind direction change is introduced in the

wind field simulation. Figure 4.8(a) shows the variation with time of the out-

of-plane bending moment at the root of a blade. Apart from the turbulence-

related fluctuations seen in the Case 3 time series in Fig. 4.8(a), this response

is not very different from that of Case 1 with zero-degree wind direction; in

fact, this Case 3 response is consistent with the Case 1 steady-state value of

8.5 MN-m (that can be confirmed from Table 4.3 and Fig. 4.5). A 60-second

segment of the load time series from Fig. 4.8(a) and covering a time range

from 600 to 660 s is presented in Fig. 4.8(b) which shows the presence of

low-frequency turbulence energy in the signal in addition to higher frequency

contributions arising from resonance and the rotor rotation rate and multiples

of it; this turbulence low-frequency energy is absent from load time series of

Case 1 (Fig. 4.5) which only modeled steady winds.
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Figure 4.8: Out-of-Plane Bending Moment at a Blade Root in Case 3.
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4.3.2 Influence of Downburst Winds

The representative downburst discussed in Section 4.2 is considered

now. The 5-MW wind turbine is assumed to be located such that x0 = -6,000

m relative to the storm touchdown point. There is an offset, y0, equal to -

1,000 m between the storm’s path and a line drawn through the turbine center

normal to the rotor plane (see Fig. 4.9).

Figure 4.9: Plan View showing Downburst and Wind Turbine. (Note that
x0 < 0 and y0 > 0 for this case.)

It is reasonable to assume that the flow field in the x direction has to

account for the environmental velocity, Uamb(z), as shown in Fig. 4.9 (no initial

yaw error) since, before the event, the turbine rotor plane is generally normal

to the environmental wind; the storm is assumed to move in the direction of

the environmental wind or in the x direction (i.e., in Fig. 2.2, φ is equal to 0

deg). For the wind velocity field simulations, a 140 m × 140 m × 140 m box

82



with 10 m grid spacing in all 3 directions and centered at the turbine hub is

employed; each thunderstorm downburst simulation is run for 1,000 seconds

with a time step, ∆t, equal to 0.05 seconds. Wind velocity time series are

generated at 153 points on the grid shown in Fig. 4.10; each time series is

comprised of 20,000 simulated wind velocity values.

14 x 10 m = 140 m 

90 m 

y 

z 

x 

z 

14 x 10 m = 140 m 

Side View Front View 

Figure 4.10: Grid used to Simulate Wind Velocity Field for Turbine Loads
Simulation.

The turbulent part of the wind velocity field during the thunderstorm

downburst, when considered, is generated using the Fourier-based Veers method [93]

over the same spatial grid and with the same temporal sampling and duration

as is used for the non-turbulent field. The turbulence intensity, ǫ, in Eq. 3.12

is kept constant at 0.1 in all the simulations.

There are two simplifications that are made regarding control actions:
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(i) large yaw errors can result from large and rapid wind direction changes

and limited or no yaw control during a thunderstorm—up to 45 deg of yaw

error/misalignment is permitted (i.e., the turbine is assumed to continue to

operate up to this limit); (ii) even when hub-height wind speeds are greatly

in excess of the cut-out wind speed, blade pitch control with associated pitch

angle changes is enforced and turbine loads are computed as if the turbine

continues to operate—i.e., no shutdown sequence is modeled. Figure 2.9 shows

the steady-state blade pitch angle response as a function of wind speed in the

normal operating range.

Case 4 includes four separate studies: Case 4a involves non-turbulent

velocity field simulation during a downburst and turbine response simulation

without any yaw control; Case 4b has the same wind field simulation as Case 4a

but yaw control is included in the turbine response simulation; Case 4c involves

full wind velocity field simulation (non-turbulent and turbulent parts) and

turbine response simulation with no yaw control; and Case 4d employs the

same wind field simulation as Case 4c but yaw control is included in the

turbine response simulation in the same manner as in Case 4b.

Figure 4.11(a) shows simulated hub-height longitudinal, lateral, and

vertical wind velocity time series including non-turbulent and turbulent con-

tributions; Cases 4c and 4d employ these wind velocity time series in turbine

response simulation, while Cases 4a and 4b employ only the non-turbulent

portions of such time series. The wind direction variation with time based on

only the non-turbulent velocity fields (used in Cases 4a and 4b) is shown in
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Fig. 4.11(b); also shown is the yaw control applied in Cases 4b and 4d. In these

controlled yaw cases, the yaw rate is first set at a time-varying moving average

of the inflow wind direction when the change in wind direction is small; later,

when the change in wind direction is significant, this yaw rate is fixed at 0.5

deg/sec.
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Figure 4.11: Wind Velocity, Wind Direction, and Yaw Control in Case 4.

As seen in Figs. 4.11(a), and 4.11(b), this particular thunderstorm

downburst generates very high wind speeds. Hub-height wind speeds in excess

of 25 m/s and reaching more than 60 m/s are well beyond the normal operating

range of wind speeds for the NREL 5-MW turbine whose rated wind speed is

11.4 m/s, cut-in speed is 3 m/s, and cut-out speed is 25 m/s (see Table 2.1).

The control system logic developed for the NREL 5-MW turbine [43] applies

only to normal operation; no control logic is specified for shutdown scenarios

that might be important when wind speeds get very high as they do in the
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(a) Case 4a (No Yaw Control; Non-
Turbulent Winds Only).
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(b) Case 4b (Yaw Control based on
Fig. 4.11(b); Non-Turbulent Winds
Only).
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(c) Case 4c (No Yaw Control; Non-
Turbulent and Turbulent Winds).
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(d) Case 4d (Yaw Control based on
Fig. 4.11(b); Non-Turbulent and Turbu-
lent Winds).
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(e) Case 4c: A 107-Second Segment Time
Series from Fig. 4.12(c).

350 400 450 500 550 600 650 700
−25

−20

−15

−10

−5

0

5

10

15

Time (seconds)

O
oP

B
M

 (
M

N
−

m
)

(f) Case 4d: A 375-Second Segment Time
Series from Fig. 4.12(d).

Figure 4.12: Variation with Time of the Out-of-Plane Bending Moment at a
Blade Root in Case 4.
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downburst. In addition to the assumption also made in Cases 1 and 2—

that up to a 45-degree yaw error/misalignment is allowed—the same blade

pitch control logic is assumed for wind speeds above the cut-out wind speed

and outside the normal operating range as below cut-out. At the beginning,

between t = 0 s and t = 300 s of the event, the environmental wind (12 m/s

at hub height) dominates and the turbine is in normal operation. As the

storm progresses, high wind speeds and large yaw errors occur; blade pitch

control assumptions with associated blade pitch angle changes are made, and

turbine loads are computed as if the turbine continues to operate, i.e., no

shutdown sequence is modeled but turbine loads are not computed if the yaw

error exceeds 45 deg. As a result, in Cases 4a and 4c, in the absence of yaw

control, a 45-degree yaw error occurs at t equal to 447 sec; no turbine loads

are computed beyond that. In Cases 4b and 4d, with the help of yaw control,

a 45-degree yaw error does not occur until t is equal to 715 sec; again, no

turbine loads are computed beyond that point.

Figure 4.12 shows the variation with time of the out-of-plane bending

moment at a blade root for Case 4. The turbine loads in Case 4 may be

interpreted in light of the findings discussed in Cases 1 and 2 since similar

behavior of the turbine is observed as the thunderstorm downburst progresses.

For example, yaw control introduced in Case 4b reduces the yaw error relative

to Case 4a which, in turn, leads to smaller response ranges in Fig. 4.12(b)

relative to those in Fig. 4.12(a). This is similar to what was observed in

Case 2 for steady winds with different yaw control rates. Again, as was seen in
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Case 2, kinks or sharp changes in the out-of-plane blade bending moment are

observed in Cases 4b and 4d around t = 675 s as the horizontal wind velocity

is on a decreasing trend (see Fig. 4.11(b)); the blade pitch angle reduces to

zero and the loads decrease as the longitudinal wind velocity keeps decreasing.

The turbine response pattern in the two cases without yaw control (Cases 4a

and 4c) is very similar; the introduction of turbulence in Case 4c is evident

in the larger amplitude cycles in the response seen in Fig. 4.12(c) relative

to Fig. 4.12(a). Similarly, the turbine response in the two cases with yaw

control (Cases 4b and 4d) are also very similar; here, too, the introduction of

turbulence in Case 4d is evident in the larger amplitude cycles in the response

seen in Fig. 4.12(d) relative to Fig. 4.12(b).

At very high wind speeds—i.e., from 20 m/s to more than 60 m/s—

the blade pitch angles become very large so as to maintain the power and

rotor speed at their rated values (5 MW and 12.1 rpm, respectively). While

the overall torque and thrust will remain positive in this case, the thrust can

get very low and outermost portions of the blades can see negative angles

of attack and, thus, negative lift forces. These forces can deflect the blades

upwind and, hence, cause negative out-of-plane blade bending moments. This

scenario occurs in all the downburst simulations in the absence of any yaw

control. For example, in Cases 4a and 4c, during the period between t = 340

s and t = 447 s, not only the longitudinal but also the lateral wind velocities

are very high—i.e., high wind speeds and large wind direction change occur at

the same time (confirmed by studying Figs. 4.11(a) and 4.11(b)); without any
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yaw control, the response becomes large and negative as seen in Figs. 4.12(a)

and 4.12(c). A 107-second segment of the load time series from Fig. 4.12(c)

covering the duration from 340 to 447 s is presented in Fig. 4.12(e) which

clearly shows the presence of high-frequency energy in the signal arising from

resonance and the rotor rotation rate (12.1 rpm corresponding to a period of 5

seconds) and multiples of it. Within a single revolution, the strong yawed flow

changes the sign of the response from negative to positive (and vice versa); this

means that the blades bend back and forth in a flapwise direction with each

turn of the rotor. This suggests that fatigue damage due to strongly yawed

flows during downburst events can be a significant concern; wind turbines

operating with significant yaw error are subject to larger fatigue loads than

those yawed so that they are in a perpendicular direction to the wind. A

375-second segment of the load time series from Fig. 4.12(d) and covering the

duration from 340 to 715 s is presented in Fig. 4.12(f) which shows similar

response but the bending moment ranges are reduced significantly due to the

assumed yaw control. In these particular simulations, during the first portion

of the storm’s development, not only are the wind speeds excessively high but

the wind direction change is also very large (i.e., these are strongly yawed

flows). Clearly, pitch control alone is insufficient to limit load ranges as can

be confirmed from Figs. 4.12(a), 4.12(c), and 4.12(e); both pitch and yaw

controls are required to limit load ranges as can be seen in Cases 4b and 4d

(Figs. 4.12(b), 4.12(d), and 4.12(f)).

We once again note as we did in discussing Cases 1 and 2 that the large
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wind speeds that exceed the cut-out wind speed and the large wind direction

changes that occur during the thunderstorm downburst simulated in Case 4

correspond to inflow conditions that are likely outside the range of validity

for aerodynamic loads computation in FAST. It is reasonable to expect that

shutdown sequences might be triggered for the high wind speeds generated

during a downburst; then, the loads computed in the simulations would not

be realized. The blade pitch control logic that we have assumed will apply at

high wind speeds may not be realistic. Also, large yaw errors that result, due

to the large and rapid wind direction changes during a downburst, lead to non-

axisymmetric loads on the rotor that are likely not well described using the

aerodynamic loads module in FAST. These are some limitations of the findings

from the present study. Enhancements or refinements to loads models to deal

with such transient events and associated rapid changes in the inflow field are

needed. We have made numerous assumptions here in computing loads during

the thunderstorm downburst, especially as they relate to yaw control, blade

pitch control, and the turbine operational states in the presence of high winds

and large wind direction changes. These assumptions for computing loads may

well be outside of the range of validity of loads models employed; the loads

computed during such a thunderstorm downburst likely require further review.

4.3.3 Thunderstorm Downburst Winds versus Two IEC Transient
Load Cases

We are interested in assessing the differences in loads simulated during

thunderstorm downbursts with those resulting from discrete events such as
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in the Extreme Direction Change (EDC) and the Extreme Coherent Gust

with Direction Change (ECD) load cases specified in the IEC standard [37].

Note that the EDC and ECD IEC design load cases analyzed in this study

correspond to a single scenario where the hub-height wind speed is 12 m/s and

a positive direction change is considered (while the turbine rotates clockwise).

Furthermore, according to the IEC standard, the EDC load case is to be

applied during start-up and the ECD load case is to be applied during power

production. In this study, both these load cases are applied during normal

operation (power production) only to permit direct comparison with turbine

response to the simulated downburst winds.

Figures 4.13(a) and 4.13(b) show hub-height longitudinal and lateral

wind velocity variations with time for the IEC61400-1 EDC and ECD load

cases, respectively. There is a 34-degree change in wind direction that occurs

over 6 seconds (starting at 44 seconds) in the EDC load case; similarly, there is

a 60-degree change in wind direction that occurs over 10 seconds (also starting

at 44 seconds) in the ECD load case. Figures 4.13(c) and 4.13(d) show the

variation with time of the out-of-plane bending moment at a blade root for

the IEC 61400-1 EDC and ECD load cases, respectively. Of the two, the ECD

load case results in the larger blade bending moment maximum of 15.5 MN-m

as seen in Fig. 4.13(d).

In comparing the downburst response that was shown in Fig. 4.12 for

Case 4 to those of the IEC design load cases shown in Figs. 4.13(a) and 4.13(b),

we see that in the absence of any yaw control, the (absolute) maximum re-
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Figure 4.13: Wind Velocity and Load Time Series for the EDC and ECD Load
Cases in IEC 61400-1 [37].

sponse for the simulated downburst (Case 4c) is approximately 140% higher

than that for the EDC load case and 55% higher than that for the ECD load

case. With the help of yaw control, even though higher wind velocities were

experienced relative to the EDC and ECD load cases, the loads computed dur-

ing the simulated downburst are smaller than those obtained for the ECD load

case. This might be explained by the fact that in the IEC ECD case, the co-
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herent gust and the wind direction change occur significantly faster than in the

simulated downburst; blade pitch control cannot respond sufficiently fast to

prevent excessive loads and deflections. We note though that thunderstorm-

related loads are highly non-stationary and can potentially lead to strongly

yawed flow conditions and large load ranges that may be critical in fatigue

limit state evaluations. We also note that only a single thunderstorm scenario

was simulated in this study. This scenario represents a single sample of a po-

tential ensemble of thunderstorm downbursts and associated wind fields and

turbine loads. To evaluate the effect of downbursts on wind turbines, loads

need to be simulated for a range of storm scenarios and the results weighted

by the likelihood of each scenario. Even in the presence of effective yaw con-

trol logic, it is possible that the IEC load cases may not consistently generate

larger loads relative to those from downbursts in all scenarios.

4.3.4 Concluding Remarks for the Simulated Downbursts Study

We studied the effects of thunderstorm downbursts and associated large

wind speeds and large/rapid wind direction changes in an incremental ap-

proach using several separate cases. From Cases 1 and 2 that involved steady

(non-turbulent) wind fields, we saw that implementing some yaw control can

help limit yaw error and reduce the range of turbine loads if the wind direction

change is large. For thunderstorm downbursts studied in Case 4, very high

wind speeds and large wind direction changes occur; we must rely then on

assumptions for aerodynamic loads computations that are likely outside the
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range of validity for the turbine studied. Shutdown scenarios in the event of

very large wind speeds in excess of the cut-out wind, blade pitch control logic,

and yaw control logic all need to be addressed if realistic simulation of turbine

performance during a thunderstorm is desired. When high wind speeds occur

along with large and rapid wind direction changes, blade pitch control and yaw

control are both needed to limit turbine loads; downburst-related load ranges

especially in the absence of yaw control can be large and of concern in fatigue

damage evaluations.

Comparisons of the turbine response resulting from simulated thunder-

storm downbursts to that from discrete events such as the Extreme Direction

Change (EDC) and the Extreme Coherent Gust with Direction Change (ECD)

load cases specified in the IEC 61400-1 standard [37] were presented. Without

yaw control, simulated downburst-related loads were found to be much higher

than those from both the EDC and ECD load cases.

In the IEC 61400-1 design standard, there are design load cases (such

as EDC and ECD as well as others) that were perhaps meant to capture the

effect on flow fields of transient events such as thunderstorm downbursts. The

present study serves, at least in part, to illustrate that characteristics of both

the mean wind fields and the associated turbulence during such events can

differ considerably from those standard design load cases. On its own, this

study also offers an approach for modeling extreme thunderstorm-associated

flow conditions that are accompanied not only by high winds but also large and

rapid wind direction changes. Such procedures, as outlined here for simulation
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of downburst-related inflow wind fields, are not computationally expensive and

can readily be included in site assessment for regions where thunderstorms

occur frequently. They might also be considered in future standards-related

design load case definitions.

4.4 Effect of Downburst Parameters and Touchdown

Locations

In this section, with the help of a few assumptions particularly regard-

ing control strategies, we address the chief influences of wind velocity fields

associated with downbursts—namely, large wind speeds and large as well as

rapid wind direction changes—by considering different storm scenarios and

studying associated turbine loads. Two different storm scenarios arising from

contrasting initial locations (touchdown points) with respect to the wind tur-

bine system are chosen to illustrate the influence of the storm’s track on the

resulting wind speed and wind direction changes as well as to evaluate their

effects on wind turbine loads. Finally, a critical storm scenario is presented

to illustrate that certain combinations of downburst parameters and storm

touchdown locations can result in excessive loads on a wind turbine even when

control associated with a turbine shutdown sequence is implemented. When a

shutdown sequence is not modeled or implemented, wind speeds above cut-out

are permitted; blade pitch control with associated pitch angle changes is en-

forced and turbine loads are computed as if the turbine is allowed to continue

to operate. When a shutdown sequence is modeled, wind speeds above cut-out
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are permitted for only up to 10 revolutions or 50 seconds.

Note that a turbulent wind field is superimposed on the non-turbulent

field in the turbine response simulations to be discussed. In this section, the

turbulent component of the full downburst wind velocity field is modeled in a

similar manner as is done for non-thunderstorm boundary layer flow fields, ex-

cept that the turbulence intensity for each turbulence component is assumed to

scale with the storm’s translation speed; the turbulent wind field is simulated

using Veers’ method as discussed in Section 3.4.

The representative downburst discussed in Section 4.2 is again con-

sidered in Case I. The storm touchdown point is assumed to occur at x0 =

-6,000 m and y0 = -100 m relative to the turbine coordinate system defined in

Fig. 4.9. Next, Case II is considered where all the storm parameters are the

same as in Case I, except that the offset distance, y0, from the storm track is

changed from -100 m to -1,000 m to illustrate the effect of the initial location

(touchdown point) of the storm on the wind speeds and wind direction changes

that result. Case II is similar to what was investigated in Section 4.3.2, and is

discussed here in more detail and compared with Case I. As distinct from the

previous consideration, Case II presented here is investigated with a different

yaw rate limit and for a different turbulence modeling assumption as stated.

In Case III, a different downburst simulation (compared to Cases I

and II) is considered—the downburst parameters are as follows: Urm = 47

m/s; Utrans = 14 m/s; zm0 = 70 m; kzm = 0.05 m/s; rm0 = 610 m; krm =

0.05 m/s; t0 = 9 min; t1 = 10 min. Also, the downburst touchdown point in
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Case III is assumed to occur at x0 = -7,570 m and y0 = -610 m relative to

the turbine coordinate system defined in Fig. 4.9. Table 4.4 summarizes the

storm parameters and touchdown locations for Cases I, II and III.

Urm Utrans zm0 kzm rm0 krm t0 t1 x0 y0
(m/s) (m/s) (m) (m/s) (m) (m/s) (min) (min) (m) (m)

Case I 47 12 90 0 1,000 1.0 6 12 -6,000 -100

Case II 47 12 90 0 1,000 1.0 6 12 -6,000 -1,000

Case III 47 14 70 0 610 0.05 9 10 -7570 -610

Table 4.4: Downburst Parameters and Touchdown Locations with respect to
the Turbine for Cases I, II, and III.

Two separate studies are discussed for Case I—Case IA involves the

full velocity field simulation during a downburst and the associated turbine

response simulation without any yaw control; Case IB employs the same wind

field simulation as in Case IA but yaw control is included in the turbine

response simulation. Figure 4.14(a) shows three simulated hub-height wind

velocity time series including non-turbulent and turbulent contributions for

Case I. The time-varying horizontal resultant velocity and wind direction are

shown in Fig. 4.14(b); also shown is the yaw control applied in Case IB. In the

controlled yaw case, the yaw control is set to a time-varying moving average

of the inflow wind direction as long as the rate of change of wind direction is

small (i.e., less than 0.3 deg/s); if/when the change in wind direction is more

rapid, the yaw rate is limited to 0.3 deg/s.

It is worth noting that the first part of the velocity time series—between

t = 0 s and t = 300 s in Fig. 4.14(a)—shows very similar characteristics to
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winds in the neutral boundary layer (NBL). Furthermore, no yaw error results

in that period, as can be seen in Fig. 4.14(b). Hence, that initial period can

be used as a basis to compare with the subsequent downburst transient period

when studying turbine response.

4.4.1 Variation with Time of the Out-of-Plane Bending Moment at
a Blade Root in Cases I and II

As can be seen in Fig. 4.14(a), the thunderstorm downburst generates

very high wind speeds. The maximum hub-height longitudinal wind speed is

approximately 60 m/s, occurring at t = 370 s. Hub-height longitudinal wind

speeds in excess of 25 m/s and reaching up to 60 m/s are well beyond the

normal operating range of wind speeds for the NREL 5-MW turbine whose

rated wind speed is 11.4 m/s, cut-in speed is 3 m/s, and cut-out speed is 25

m/s (see Table 2.1). The control system logic developed for the NREL 5-MW

turbine [43] applies only to normal operation; no control logic is specified for

shutdown scenarios that might be relevant when wind speeds get very high as

they do during the downburst. Assuming that the same blade pitch control

trend applies for wind speeds above cut-out and outside the normal operating

range (see Fig. 2.9) and that wind speeds above cut-out are permitted for brief

periods, the turbine response is simulated for Case I (where y0 = -100 m). In

this particular downburst simulation, the hub-height horizontal wind direction

first changes by greater than 45 deg (from initial conditions) at approximately

t = 521 sec; hence, no turbine response is simulated beyond t = 521 s when

no yaw control is introduced (Case IA). Figures 4.14(c) and 4.14(d) show
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the variation with time of the out-of-plane bending moment at a blade root

without and with yaw control (i.e., Cases IA and IB, respectively). Note that

Case IB continues only a few seconds longer than Case IA before the yaw error

exceeds 45 deg; this is because the wind direction change is very rapid.
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(c) Case IA: Variation with Time of the
Out-of-Plane Bending Moment at a Blade
Root (No Yaw Control).

0 200 400 600 800 1000
−20

−10

0

10

20

t = 524 sec.
(yaw error = 45 deg.)

with Yaw Control

Time (seconds)

O
oP

B
M

 (
M

N
.m

)

(d) Case IB: Variation with Time of
the Out-of-Plane Bending Moment at
a Blade Root (Yaw Control based on
Fig. 4.14(b)).

Figure 4.14: Wind Field and Turbine Response Simulation for Case I: Urm=
47 m/s; Utrans = 12 m/s; zm0 = 90 m; kzm = 0 m/s; rm0 = 1,000 m; krm =
1.0 m/s; t0 = 6 min; t1 = 12 min; x0 = -6,000 m; y0 = -100 m.
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(b) Non-Turbulent Wind Direction Vari-
ation with Time and Yaw Control Rate
in Case IIB.
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(c) Case IIA: Variation with Time of the
Out-of-Plane Bending Moment at a Blade
Root (No Yaw Control).
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(d) Case IIB: Variation with Time of
the Out-of-Plane Bending Moment at
a Blade Root (Yaw Control based on
Fig. 4.15(b)).

Figure 4.15: Wind Field and Turbine Response Simulation for Case II: Urm=
47 m/s; Utrans = 12 m/s; zm0 = 90 m; kzm = 0 m/s; rm0 = 1,000 m; krm =
1.0 m/s; t0 = 6 min; t1 = 12 min; x0 = -6,000 m; y0 = -1,000 m.
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In Case IA, during the period from t = 320 s to t = 370 s, the wind

speed increases from 25 m/s to 60 m/s. Initially, the load decreases as the

longitudinal wind speed increases due to the blade pitch control. Basically, at

t = 300 s, the wind velocity starts to increase; this results in higher (effective)

longitudinal wind speeds (computed as the product of the cosine of the wind

direction and the mean horizontal velocity). The blade pitch angle, which is

already at approximately 3.4 deg due to the 12 m/s mean wind speed at hub

(NBL wind), is then increased further in order to maintain the rated power (5

MW). The higher longitudinal wind speed would be expected to increase the

load on the blade; however, the increase in blade pitch angle reduces the load

at a much faster rate and produces a decreasing out-of-plane bending moment

at the root of the blades starting at t = 300 s. If the turbine continues to

operate during this period, the blade pitch angles become very large so as

to keep the power and rotor speed at rated values (5 MW and 12.1 rpm,

respectively). While the overall torque and thrust remain positive in this case,

the thrust gets very small and the outermost portions of the blade experience

negative angles of attack and, thus, negative lift forces. It is these forces that

can deflect a blade upwind and, hence, lead to negative bending moments

as are seen. This negative response (bending moment) is the main distinction

between the turbine response due to the downburst (during the period between

t = 320 s and t = 370 s) and the more “normal” response due to NBL winds

(during the period from t = 0 s to t = 300 s). In Case IB, yaw control is

introduced to limit the yaw error. However the wind direction change is so
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rapid in this particular case, as can be seen in Fig. 4.14(b), that it takes only

a few seconds more than in Case IA before the yaw error reaches 45 deg. No

turbine response is simulated beyond t = 521 s in Case IA and beyond t =

524 s in Case IB. Because of the rapidly changing wind direction, only small

differences in response are seen between Cases IA (without yaw control) and IB

(with yaw control), as can be confirmed by studying Figs. 4.14(c) and 4.14(d).

Figure 4.15(a) shows three simulated hub-height wind velocity time

series including non-turbulent and turbulent contributions for Case II, in which

all the storm parameters are the same as those in Case I, except that the

offset distance, y0 (defined in Fig. 4.9), is changed from -100 m to -1,000 m.

Case IIA (without yaw control) and Case IIB (with yaw control) are analogous

to Case IA and Case IB, respectively. The time-varying wind direction and

velocity are shown in Fig. 4.15(b); also shown is the yaw control applied in

Case IIB.

In general, very similar load behavior is observed in Case II as was seen

in Case I—e.g., negative moments result due to large blade pitch angles as

wind speeds increase during the downburst. It is worth noting, however, that

in Case IIA, during the period from t = 300 s to t = 447 s, the longitudinal

and lateral wind velocities both get very high—i.e., high wind speeds and large

wind direction changes occur over the same period, as can be confirmed from

Figs. 4.14(a) and 4.14(b). In other words, earlier in time than for Case I, the

turbine experiences a strongly yawed flow (with the change in offset, y0). The

difference between the downburst response (over the period from t = 300 s to
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t = 447 s) and the NBL response (over the period from t = 0 s to t = 300 s)

is clear. Without yaw control, the response amplitude cycles are much higher

in Case IIA (see Fig. 4.15(c)) than in Case IA (see Fig. 4.14(c)). In contrast

with Case I, there are large differences in the simulated turbine responses in

Case IIA (without yaw control) and Case IIB (with yaw control) as can be con-

firmed by studying Figs. 4.15(c) and 4.15(d). Clearly, yaw control introduced

in Case IIB is effective in reducing the yaw error relative to Case IIA—this,

in turn, leads to smaller response ranges in Fig. 4.15(d) relative to those in

Fig. 4.15(c). We note too that Case IIB continues for a lot longer (715 sec)

than Case IIA (447 sec) before the yaw error exceeds 45 deg; this is in contrast

to what was observed when Cases IA and IB were compared. In summary,

after considering Cases I and II, we conclude that strongly yawed flows can

lead to large load ranges; for such strongly yawed flows, both pitch and yaw

control are needed to limit load ranges.

4.4.2 Variation with Time of the Out-of-Plane Deflection at a Blade
Tip in Cases I and II

Figures 4.16 and 4.17 show the variation with time of the out-of-plane

deflection at a blade tip for Cases I and II, respectively. As expected, these

out-of-plane deflection plots are very similar in nature to those for the out-of-

plane bending moment shown in Figs. 4.14(c), 4.14(d), 4.15(c), and 4.15(d).

Note again, that the first portion of the deflection time series, i.e., between t =

0 s and t = 300 s, can be treated as the response to NBL flow conditions; this

first portion can serve as a basis for comparison with the downburst-related
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response. During downburst events, large wind speeds can lead to large pitch

angles, leading even to negative angles of attack at the outermost portions of

the blades. Negative lift forces deflect the blades upwind—this explains the

negative tip deflections seen in Figs. 4.16 and 4.17. These upwind (negative)

deflections that occur during the downburst are quite different from the NBL

blade out-of-plane deflections that remain systematically positive. The maxi-

mum (negative) deflection seen in Case IIA is even larger in magnitude than

the positive deflections seen during operation under NBL conditions. Yaw con-

trol introduced in Case IIB reduces the yaw error relative to Case IIA; this,

in turn, leads to significantly reduced response ranges in Fig. 4.17(b) relative

to those in Fig. 4.17(a). The negative deflections during the downburst in

Case IIB are of similar magnitude to those of Case I (y0 = −100 m) where the

yaw errors are small. We note, in summary, that large yaw errors can cause

large (upwind) deflections. In the absence of a yaw control, a larger offset

distance of the storm track relative to the turbine (i.e., Case IIA) can cause

large (upwind) deflections relative to a downburst at a shorter offset distance

(Case IA).

4.4.3 Variation with Time of the Yaw Moment at Top of the Tower
in Cases I and II

Figures 4.18 and 4.19 show the variation with time of the yaw moment

at the top of the tower for Cases I and II, respectively. Similar load patterns as

for the out-of-plane blade root bending moment are observed. Specifically, yaw

errors resulting from large wind direction changes during the downburst event
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(a) Case IA: Variation with Time of the
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(b) Case IB: Variation with Time of the
Out-of-Plane Deflection at a Blade Tip
(Yaw Control based on Fig. 4.14(b)).

Figure 4.16: Case I: Variation with Time of the Out-of-Plane Deflection at a
Blade Tip.
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(a) Case IIA: Variation with Time of the
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(b) Case IIB: Variation with Time of the
Out-of-Plane Deflection at a Blade Tip
(Yaw Control based on Fig. 4.15(b)).

Figure 4.17: Case II: Variation with Time of the Out-of-Plane Deflection at a
Blade Tip.
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cause large (negative) yaw moments, compared with zero-mean fluctuations

seen during the early NBL operation period. This can be seen in Figs. 4.18

and 4.19. Yaw control introduced in Case IIB reduces the yaw error relative to

Case IIA; this, in turn, leads to smaller response ranges in Fig. 4.19(b) relative

to those in Fig. 4.19(a). We note that even small yaw errors can cause large

yaw moments, as can be seen in Figs. 4.18(b) and 4.19(b). In the absence

of any yaw control, the change in storm track offset (relative to the turbine)

from y0 = -100 m to y0 = -1,000 m results in greatly increased yaw moments,

as can be seen in Figs. 4.18(a) and 4.19(a). We conclude that yaw moments

are very sensitive to yaw errors, which can be significant during thunderstorm

downbursts.
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(b) Case IB: Variation with Time of the
Yaw Moment at Top of the Tower (Yaw
Control based on Fig. 4.14(b)).

Figure 4.18: Case I: Variation with Time of the Yaw Moment at the Top of
the Tower.
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(a) Case IIA: Variation with Time of the
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(b) Case IIB: Variation with Time of the
Yaw Moment at Top of the Tower (Yaw
Control based on Fig. 4.15(b)).

Figure 4.19: Case II: Variation with Time of the Yaw Moment at the Top of
the Tower.

4.4.4 Case III

A different downburst scenario and associated turbine response simula-

tion is considered. Storm parameters, defined in the context of Eqs. 3.2-3.10,

include Urm = 47 m/s; Utrans = 14 m/s; zm0 = 70 m; kzm = 0 m/s; rm0 = 610

m; krm = 0.05 m/s; t0 = 9 min; t1 = 10 min. As distinct from the previous

cases (Cases I and II), this is a faster moving storm (Utrans = 14 m/s com-

pared to 12 m/s before) while its spatial extent is not only smaller initially

(rm0 = 610 m compared to 1,000 m before) but it grows radially at a very

slow rate (krm = 0.05 m/s compared to 1.0 m/s before). The maximum radial

wind speed is the same as before (Urm = 47 m/s) but this maximum speed

occurs closer to the ground (zm = 70 m compared to 90 m before). This storm

takes longer to intensify to its maximum intensity (t0 = 9 min compared to 6

min before) but decays in slightly less time (t1 = 10 min compared to 12 min
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before). The downburst touchdown is assumed to occur at x0 = -7,570 m and

y0 = -610 m relative to the turbine coordinate system defined in Fig. 4.9. Note

that, in this particular case, the offset distance, y0, is equal in magnitude to

the initial radius to maximum winds, i.e., rm0 = 610 m. All of the downburst

parameters as well as the storm touchdown point are summarized in Table 4.4.
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Figure 4.20: Wind Field Simulation for Case III: Urm= 47 m/s; Utrans = 14
m/s; zm = 70 m; rm0 = 610 m; krm = 0.05 m/s; t0 = 9 min; t1 = 10 min; x0
= -7,570 m; y0 = -610 m.

Case III is comprised of three separate studies: Case IIIA involves a full

turbulent velocity field simulation during a downburst and associated turbine

response simulation without any yaw control; Case IIIB involves the same

wind field simulation as in Case IIIA but yaw control is included in the turbine

response simulation; Case IIIC involves the same wind field simulation as in

Cases IIIA and IIIB but a turbine shutdown sequence is modeled in the turbine

response simulation, if necessary. This shutdown sequence as modeled implies
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(a) Case IIIA: Variation with Time of the
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Root (No Yaw Control).
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(b) Case IIIA: Variation with Time of the
Yaw Moment at Top of the Tower (No
Yaw Control).
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(c) Case IIIB: Variation with Time of
the Out-of-Plane Bending Moment at
a Blade Root (Yaw Control based on
Fig. 4.20(b)).
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(d) Case IIIB: Variation with Time of the
Yaw Moment at Top of the Tower (Yaw
Control based on Fig. 4.20(b)).
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(e) Case IIIC: Variation with Time of the
Out-of-Plane Bending Moment at a Blade
Root (Shutdown Sequence).
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(f) Case IIIC: Variation with Time of the
Yaw Moment at Top of the Tower (Shut-
down Sequence).

Figure 4.21: Case III: Urm= 47 m/s; Utrans = 14 m/s; zm = 70 m; rm0 = 610
m; krm = 0.05 m/s; t0 = 9 min; t1 = 10 min; x0 = -7,570 m; y0 = -610 m.
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that if the hub-height wind speed exceeds cut-out for more than 10 revolutions

or 50 seconds and/or if the yaw error exceeds 45 deg, the blades will be pitched

to feather state (with a 90-degree pitch angle) to minimize loads. (The wind

speed and yaw error used in this shutdown sequence criterion refer to azimuth-

averaged mean values rather than instantaneous values.) In Case IIIC (where

the turbine shutdown sequence is modeled), the turbine shuts itself down at t

= 528 s after 50 seconds of exceedance of the cut-out wind speed.

Figure 4.20(a) shows three simulated hub-height wind velocity time

series including non-turbulent and turbulent contributions for Case III. The

time-varying wind direction and velocity are shown in Fig. 4.20(b); also shown

is the yaw control applied in Cases IIIB and IIIC. It is interesting to note that

the lateral velocity component, indicated by “V-comp” in the figure legend,

reaches higher peak values than the longitudinal component, indicated by

“U-comp,” during the downburst’s intensification period, as can be seen in

Fig. 4.20(a). This indicates, too, that a very rapid and large direction change

occurs leading to a strongly yawed flow, as can be confirmed from Fig. 4.20(b).

Figures 4.21(a), 4.21(c), and 4.21(e) show the variation with time of the

out-of-plane bending moment at a blade root for, respectively, Case IIIA with-

out yaw control, Case IIIB with yaw control, and Case IIIC with yaw control

as well as implementation of a shutdown sequence. Figures 4.21(b), 4.21(d),

and 4.21(f) show the corresponding variation with time of the yaw moment at

the top of the tower for the same three cases.

Similar overall turbine load behavior is observed in Case III as was seen
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in Case II—i.e., large negative moments result due to large blade pitch angles;

however, the peak loads in Case III are considerably larger. For example, in

Case IIIA (without yaw control), the out-of-plane bending moment at a blade

root reaches approximately -20 MN-m in Case IIIA compared to -10 MN-m

in Case IIA. Even though yaw control is introduced in Case IIIB and it helps

reduce the yaw error (a 45-degree yaw error does not occur until t = 540 s

in Case IIIB, later than for Case IIIA), the turbine loads keep increasing as

compared to Case IIIA—this can be seen by studying out-of-plane blade root

moments in Figs. 4.21(a) and 4.21(c). This might be explained by the fact

that because both high winds and rapid wind direction changes occur, blade

pitch control is insufficient and the yaw control rate is also not able to keep

pace with the wind direction changing rate to effectively prevent excessive

loads and deflections. Figure 4.21(e) shows the variation with time of the out-

of-plane bending moment at a blade root for Case III (with yaw control and

shutdown sequence capability). As soon as the shutdown sequence commences

(at t = 528 s), i.e., when the blades pitch to 90 deg, the blade root out-of-plane

bending moment decreases almost to zero (in the mean). The yaw moment

at the tower top, however, is more sensitive to yaw error which is large and,

hence, this yaw moment continues to increase for some time after the shutdown

sequence is in effect before ultimately decaying to zero—this can be seen in

Fig. 4.21(f).
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4.4.5 Discussion

As seen from the preceding numerical studies, the location of a wind tur-

bine with respect to the storm touchdown point is an important consideration

when assessing potential loads during a thunderstorm downburst. Different

locations can result in different wind fields, both in terms of the wind speeds

and the extent of the wind direction change that the turbine can experience;

these differences can lead in turn to different turbine response levels. In Case I,

the offset distance, y0, is small, i.e., the turbine is close to the storm’s track.

Very high wind speeds occur but they are accompanied by small wind direc-

tion changes at the early stage of the storm—between t = 300 s and t = 500 s

or around the period of the first peak winds, as can be seen in Fig. 4.14(b).

Large wind direction changes do not occur until the storm reaches its second

peak period, between t = 500 s and t = 720 s. During that second peak period,

the wind direction change is extremely large and very rapid; however, then,

the wind speeds are relatively small compared to those during the first peak

period. In fact, the wind velocity goes to zero after the first peak and changes

direction before reaching its second peak. Although it is not feasible for the

turbine to track the rapidly changing wind direction, the response is not too

large (if the turbine continues to operate) because of the relatively low wind

speeds. In Case I, pitch control is effective in reducing turbine loads.

As can be seen in Figs. 4.14(a)-4.15(a), a ten-fold increase in the lateral

distance y0 from the turbine coordinate system to the storm track (going from

Case I to Case II) leads to a reduction in the longitudinal wind speed and
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an increase in the lateral wind speed. Specifically, the maximum hub-height

longitudinal wind speed decreases from 65 m/s to 50 m/s, while the lateral

wind speed increases from 4 m/s to 40 m/s. The wind direction change is

different both in magnitude and in rate. In Case I, the accumulated wind

angle change is 175 deg with a maximum rate of 6.3 deg/s; compared to

corresponding values of 130 deg and 0.6 deg/s in Case II, as can be seen in

Figs. 4.14(b) and 4.15(b). In Case II, the wind direction changes along with

the increasing wind speed during the first peak period: thus, in this case, not

only are the wind speeds very high but the wind direction changes are very

large, leading to a strongly yawed flow. Turbine loads in Case IIA become very

large because pitch control alone is insufficient to reduce turbine load ranges;

in such strongly yawed flows, both pitch and yaw control (as in Case IIB) are

required to limit turbine load ranges.

Case III is similar to Case II in the sense that the wind turbine experi-

ences strongly yawed flows in both cases. Case III is of greater concern, how-

ever, because both the rate of wind direction change and the rate of increase

of wind speed are higher than in Case II. Hence, turbine loads are significantly

higher than in Case II. In such yawed flow conditions with large and rapid

wind direction changes, even pitch and yaw control together are insufficient to

reduce load ranges as is seen in Case IIIB. A shutdown sequence can reduce

loads quite effectively when it is implemented. Nevertheless, as can be seen

in Figs. 4.21(e) and 4.21(f), the turbine was already subjected to very high

loads before the blades were pitched to feather. Table 4.5 summarizes realized
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maximum magnitudes and rates of change of wind speed and wind direction

as well as turbine load maxima for downburst simulations in Cases IA, IIA,

and IIIB; also indicated is whether or not the flow field can be classified as

strongly yawed.

max. Uh max. U̇h max. α max. α̇ Strongly max. max.
Case (m/s) (m/s2) (deg) (deg/s) Yawed OoPBM YawBrMzp

Flow? (MN-m) (MN-m)

IA 60 0.7 175 6.3 No -5.9 -9.5

IIA 55 0.5 130 0.6 Yes -18.5 -24.5

IIIB 55 1.0 110 1.2 Yes -22.5 -26.8

Table 4.5: Summary of (i) Maximum Magnitudes and Maximum Rates of
Changes of Wind Speed (Uh) and Wind Direction (α); and (ii) Turbine Load
Maxima for Cases I, II and III.

Depending on the availability of information on storm downburst pa-

rameters and likely storm locations and tracks relative to wind farms, it may

be useful to undertake detailed studies on turbine extreme and fatigue loads

as well as reliability analyses in which all downburst-related parameters are

treated stochastically.

In closing, we note again that the large wind speeds that exceed the

cut-out wind speed and the large wind direction changes that occur during

thunderstorm downbursts simulated as in Cases I, II and III correspond to

inflow conditions that might arguably be outside the range of validity for aero-

dynamic loads computation in FAST. The blade pitch control logic assumed

to apply at high wind speeds may not be realistic. Also, large yaw errors that

result, due to the large wind direction changes during a downburst, can lead
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to large asymmetric loads on the rotor that are likely not well described using

the aerodynamic loads module in FAST. These are some of the limitations

associated with the findings from the present study. We have made numerous

assumptions in computing loads during thunderstorm downbursts, especially

as they relate to yaw control, blade pitch control, and the turbine’s operational

state in the presence of high winds and large wind direction changes. Enhance-

ments or refinements to aerodynamic load modeling are needed to deal with

such transient events and the associated rapid and large changes in associated

wind inflow fields.

4.4.6 Concluding Remarks for Alternative Downburst Scenario Sim-
ulation

We discussed the effects of thunderstorm downbursts and associated

large wind speeds and large/rapid wind direction changes on a 5-MW wind

turbine model’s response in different storm scenarios. Results have shown

that assumptions on available wind turbine control options clearly influence

the overall system response. Blade pitch control, effected by changes to blade

pitch angles, influences the rotor aerodynamics and can lead to a reduction in

turbine loads during high winds that accompany downbursts. Yaw control lim-

its yaw misalignment and can, as well, reduce turbine loads especially in yawed

flow conditions as when wind direction changes are large and rapid. Different

downburst touchdown locations result in contrasting wind fields and, hence, in

variable turbine response. Some downburst touchdown points relative to the

wind turbine can lead to strongly yawed flows. In such strongly yawed flow
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conditions, both pitch and yaw control are required to minimize load ranges.

Nevertheless, if, in addition to high wind speeds, the rate of wind direction

change and the rate of wind speed change are both very high, pitch and yaw

control even together are insufficient to reduce turbine load range as seen in

one of the three cases considered. In such rapidly and strongly yawed flow

conditions, a shutdown sequence can minimize loads effectively as soon as it

is implemented; however, it is likely that the turbine might already have been

subjected to very high loads before the shutdown sequence starts. Still, making

shutdown scenarios available in the event of very large wind speeds in excess of

the cut-out wind and having blade pitch control as well as yaw control can help

improve turbine performance during a thunderstorm. Given their influence on

simulated flow fields and turbine loads, downburst parameters, touchdown lo-

cations, and storm tracks may all be considered stochastically in extensions to

the present study.
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Chapter 5

Uncertainty in Downburst Touchdown

Location and Translation Direction

5.1 Introduction

As discussed in Chapter 3, the non-turbulent portion of the wind ve-

locity field in a downburst may be defined using available analytical mod-

els [10,76,94] with some modifications, while the turbulent field may be simu-

lated using well-established frequency-domain approaches [41,93]. Such full 4D

wind fields (describing three orthogonal wind velocity components at discrete

points in 3D space and at discrete time instants) are imported into the open-

source aeroelastic simulation software, FAST [42], for turbine loads studies. In

this chapter, aeroelastic simulation of the response of the selected 5-MW NREL

(National Renewable Energy Laboratory) baseline wind turbine model [43] is

undertaken; this leads to simulated time series of various turbine loads. The

storms and associated downburst characteristics selected are taken from the

NIMROD (1978) and JAWS (1982) project observations. An illustrative sin-

gle thunderstorm downburst and associated turbine response simulation is first

described in some detail to highlight important characteristics of the flow fields

and specific turbine response and performance characteristics (e.g., related to

turbine control systems). Then, a study of the variability in downburst char-

117



acteristics on the study turbine is carried out by investigating the influence of

variation in the downburst track and touchdown location on turbine extreme

loads. The problem description and wind field simulation are discussed in

some detail in Section 2.2 of Chapter 2 and Section 3.5 of Chapter 3.

Assumptions on turbine control and performance are made as follows:

(i) When yaw control is required, the yaw rate is first set at the rate of the

non-turbulent wind direction change as long as this rate of change in wind

direction is small; if/when this rate of change in wind direction becomes sig-

nificant, this yaw rate is set to a maximum of 0.3 deg/sec. Up to 45 degree of

yaw error/misalignment is allowed (i.e., the turbine is assumed to continue to

operate as long as the yaw misalignment stays below 45 deg). (ii) Wind speeds

above the turbine’s cut-out wind speed are permitted during the downburst;

the pitch control logic for wind speeds above cut-out is assumed to be the

same as that for wind speeds below cut-out. Figure 2.9 in Chapter 2 shows

the pitch control, turbine rotor speed, and power curve as a function of the

wind speed at hub height (90 m AGL).

5.2 Definition of Downburst Cases

Many thunderstorm downbursts were recorded as part of the NIMROD

and JAWS studies. We discuss the characteristics of a few of these down-

bursts and then perform simulations of turbine loads based on wind fields for

the selected events and associated downburst parameters. To account for un-

certainty in the effect of these storms on the selected wind turbine, we vary
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R0, θ0, and φ in a Monte Carlo simulation study that follows.

5.2.1 NIMROD Project: The Yorkville Downburst of 29 May 1978

The Yorkville downburst of 29 May 1978 is the best documented case in

the NIMROD project [26,28,58]. A peak radial wind speed of 31 m/s between

2136:04 and 2137:03 CDT was reported at 70 m AGL. Six minutes later, the

height to the maximum wind speed was about 30 m AGL. The radius to the

maximum wind speed was about 1.5 km from the storm center. The downburst

traveled from Yorkville, IL to the O’Hare International Airport (approximately

36 miles or 57.6 km) in one hour, implying a translation velocity of 16 m/s. The

estimated duration until the downburst peak gust speed (greater than 30 m/s)

was 10 min. The ambient surface wind before the storm was approximately

5 m/s. Based on the available information which was far from complete, the

required parameters/functions for the Yorkville downburst simulation were

selected as summarized in Table 5.1.

Downburst Urm zm0 kzm rm0 krm td Utrans Uamb(10m)
(m/s) (m) (m/s) (m) (m/s) (min) (m/s) (m/s)

Yorkville 31 130 0.1 940 0.5 20 16 5

Table 5.1: Parameters/Functions for the Yorkville Downburst of 29 May 1978
from the NIMROD Project.

5.2.2 JAWS Project Downbursts

In the NIMROD project, the low-level structure of recorded downbursts

was not well understood due to the relatively shallow characteristics of the
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intense outflow winds, and the 60-km spacing of the radar systems. The

JAWS project was undertaken in order to gain a better understanding of the

structure, evolution, and cause of downbursts over the High Plains [99]. There

were 186 downbursts that occurred during the 86 days of the project in and

around Denver, Colorado over an area of approximately 750 square km. The

maximum peak wind speed recorded during the JAWS program was 32.6 m/s,

while the minimum peak wind speed was 10 m/s [28]. The height to the

maximum wind speed was very near the ground—typically around 50-100 m

AGL, with an average of 80 m. The radial distance to the maximum wind

speed at the peak of the downburst was about 1.5 km. The average lifetime

of a downburst was about 13 min. The surface environmental wind varied

from very light conditions to about 11 m/s [33]. A set of downbursts from the

JAWS project was chosen for the Monte Carlo simulation study with varying

touchdown location and direction of translation. Given the selected downburst

model used in this study and its associated required parameters, unavailable

information was either estimated using what information was available or this

information on downburst parameters and functions was assumed. Table 5.2

summarizes downburst parameters/functions for the downbursts selected from

the JAWS program that are simulated; we include one “average” case in this

study.

Figure 5.1 shows time series of simulated non-turbulent horizontal and

vertical winds based on characteristics of six selected downbursts for a fixed

point along the storm track (i.e., θ0 = φ = 0) at z = 90 m. For illustration,
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Downburst Urm zm0 kzm rm0 krm td Utrans Uamb(10m)
(m/s) (m) (m/s) (m) (m/s) (min) (m/s) (m/s)

average 21 80 0 1000 1.0 16 8 4

5 Aug C 16 50 0 1500 0.5 15 6 5

20 Jul A1 13 90 0 1500 0.0 12 4 3

14 Jul A 26 100 0 1000 2.5 20 8 2

6 Aug A1 14 60 0 1000 3.125 16 4 5

Table 5.2: Parameters/Functions for selected Downbursts from the JAWS
Project.

only in the figures (i.e., not in the Monte Carlo simulation study), a horizontal

distance, R0, of 10 km is assumed from the storm touchdown point to the point

of interest (where the wind fields are simulated) for the Yorkville downburst;

similarly, for all of the JAWS downbursts in Fig. 5.1, a value of 4 km is assumed

for R0.

5.3 An Illustrative Turbine Response Simulation—JAWS
“Average” Case

An illustrative single thunderstorm downburst and associated turbine

response simulation is first discussed in some detail to highlight important

characteristics of the flow fields and specific turbine response and performance

characteristics (e.g., related to control systems). The JAWS “average” down-

burst is chosen for this purpose; its non-turbulent velocity field is computed

using the model of Chay et al. [10] with some modifications by the author. The

storm parameters needed for use with Eqs. 3.2-3.3 are provided in Table 5.3.

The storm touchdown point and direction of translation are chosen such that
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Figure 5.1: Variation with Time of Non-Turbulent Horizontal and Vertical
Winds at a Fixed Point (z = 90 m) along the Storm Track for 6 Simulated
Downbursts.

R0 = 4 km, θ0 = 180 deg, and φ = 15 deg (see Fig. 5.2). Two values of

the ambient wind speed at 90 m are considered—a base case of 6 m/s (below

rated) as shown in Table 5.3 and another case of 12 m/s (above rated). The

turbine response is simulated for two scenarios: with and without yaw control.

Although turbine response computations were carried out after includ-

ing the turbulent component, for clarity in presentation, the various plots

presented in Fig. 5.3 include time series that depict effects due to the non-

turbulent wind field alone. Figure 5.3(a) shows a plan view of the moving
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Figure 5.2: Downburst and Wind Turbine (Plan View).

Touchdown R0 θ0 φ
Variable (m) (deg) (deg)

4,000 180 15

Case Urm Utrans zm0 kzm rm0 krm td Uamb(90m) Yaw
(m/s) (m/s) (m) (m/s) (m) (m/s) (min) (m/s) Ctrl

A 21 8 80 0 1,000 1.0 16 6 Yes
B 21 8 80 0 1,000 1.0 16 12 Yes
C 21 8 80 0 1,000 1.0 16 6 No
D 21 8 80 0 1,000 1.0 16 12 No

Table 5.3: JAWS Average Downburst Parameters and Touchdown Locations
with respect to the Turbine for the Illustrative Turbine Response Simulations.
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downburst and the turbine for the selected downburst simulation. The cen-

ters of the circles describe the downburst locations at the beginning of the

event and after 8 min. Since the duration of the downburst, td, is 16 min,

the storm is at its peak intensity at 8 min, when the maximum radial velocity

is 21 m/s. Points on the circumference of these circles are locations where

the maximum radial velocity occurs; note that the radius to maximum winds,

rm(t), increases with time (at t = 8 min, the radius to the maximum winds is

1,480 m). The downburst touchdown point is initially 4 km from the turbine;

in this simulation, the moving downburst is within 1.5 km of the turbine at t

= 8 min, and the radial velocity experienced by the turbine then is less than

21 m/s.

5.3.1 JAWS “Average” Case A: Uamb = 6 m/s; with Yaw Control

Figure 5.3(b) corresponds to the scenario where the ambient wind speed

at 90 m is 6 m/s and yaw control is applied. The upper panel of the figure

shows the variation with time of the distance, d(t), separating the center of

the storm from the turbine; the radial distance from the storm center, rm(t),

where the maximum velocity occurs; and the radial velocity at the turbine,

shown with color variation, on the d(t) plot. The storm-to-turbine distance,

d(t), indicates whether the storm is moving toward or away from the turbine.

The radial distance to the maximum velocity is an indication of the changing

size (i.e., spatial extent) of the storm. The plots of d(t) and rm(t), taken

together, give an indication of the changing strength of the wind velocity that
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(b) Uamb = 6 m/s; with Yaw Control.
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(c) Uamb = 12 m/s; with Yaw Control.
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(d) Uamb = 6 m/s; No Yaw Control.
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(e) Uamb = 12 m/s; No Yaw Control.

Figure 5.3: Simulation of Wind Fields and Turbine Loads for the JAWS “Av-
erage” Case with R0 = 4 km; θ0 = 180 deg; φ = 15 deg. Note that d(t) =
distance from downburst to turbine (see Eq. 2.1); rm(t) = radius to maximum
winds; Unorm = wind speed normal to the rotor plane; Pitch Angle = blade
pitch angle; F lapBM = flapwise bending moment at blade root.
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the turbine experiences through the storm. At points in time where plots of

d(t) and rm(t) intersect, the turbine is experiencing the largest instantaneous

winds—for instance, at t ≈ 350 s and, again, at t ≈ 640 s, the turbine is at

points during the storm where radial velocities are largest. Note that these

identified time instants are not when the storm is at its peak intensity.

The next panels in Fig. 5.3(b) show the yaw misalignment angle time

series; the simulated wind velocity normal to the rotor plane at hub height,

Unorm; the time-varying blade pitch angle; and the variation with time of the

flapwise bending moment at a blade root. Between t = 0 s and t = 200 s,

i.e., before the storm’s intensity is felt at the turbine, the mean wind speed

at hub height (z = 90 m) is approximately 6 m/s, which is below the rated

wind speed (11.4 m/s) for this turbine. At these low winds, the blade pitch

angle is zero and the power generated is less than the rated 5 MW level (see

Fig. 2.9). As the storm picks up in intensity, the wind speed increases and the

flapwise bending moment increases as well, while the blade pitch angle remains

at zero until the rated wind speed is reached. At the rated wind speed, i.e., at

t ≈ 260 s, a first peak (or kink) in the flapwise bending moment time series is

seen. Since the winds are continuing to increase, the blade pitch angle must

increase in order to maintain the rated power of 5 MW and to limit structural

loads (see Fig. 2.9). Higher wind speeds would be expected to increase loads

on the blades; however, the increase in blade pitch angle leads to an offsetting

greater reduction in the blade loads and eventually to a decreasing flapwise

bending moment starting at t ≈ 260 s. It is the change in blade pitch angle
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from a zero value that produces the kink in the response time series. As the

winds get stronger, the blade pitch angle continues to increase and the flapwise

bending moment continues to decrease. As the winds begin to decrease after

t = 480 s, the blade pitch angle decreases and the flapwise bending moment

starts to pick up. At t ≈ 700 s, the blade pitch angle goes to zero while the

winds keep decreasing; then, flapwise loads also begin to decrease (this explains

the second peak or kink in the flapwise bending moment time series). From

this discussion, one can see that pitch control clearly influences the turbine

response; whenever the pitch angle increases from zero or decreases to zero,

there is a noticeable abrupt change or kink in the response. Note that the

applied yaw control is adequate until t = 821 s when the yaw error exceeds 45

deg and the simulation is stopped.

5.3.2 JAWS “Average” Case B: Uamb = 12 m/s; with Yaw Control

Figure 5.3(c) presents the similar scenario as in Figure 5.3(b) except

that the ambient mean wind speed at hub height (z = 90 m) is increased from

6 m/s to 12 m/s. Before t = 200 s, for a 12 m/s wind speed at hub height, the

blade pitch angle is already at about 3.5 deg (since the hub-height wind speed

of 12 m/s is above the rated wind speed of 11.4 m/s), while the power output

is at the rated value of 5 MW. As the wind speed increases further during the

downburst, the flapwise bending moment decreases since the blade pitch angle

has to increase while it maintains the rated power output of 5 MW. As the

winds begin to decrease after t = 360 s, the blade pitch angle decreases as well
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and the flapwise bending moment starts to pick up. At t ≈ 680 s, the blade

pitch angle goes to zero while the winds keep decreasing; then, flapwise loads

also begin to decrease (which results in a peak or kink in the flapwise bending

moment time series). Note that the wind speed normal to the rotor plane,

i.e., Unorm, can drop below the rated wind speed of 11.4 m/s, even while the

mean ambient (x-direction) wind speed at hub height is 12 m/s, either because

the turbine orientation is not perpendicular to the ambient wind direction (due

to yaw misalignment) or because the downburst winds are directed opposite

to the ambient winds, which can occur when the instantaneous location of

the moving downburst is downwind of the turbine. Interestingly, this higher

ambient wind speed case (12 m/s at hub height) leads to smaller yaw error

levels compared to when the ambient wind speed was 6 m/s; hence, the applied

yaw control is adequate throughout the simulated downburst. Also, there is

only one kink in the flap load time series in this case where the ambient winds

are above the turbine’s rated wind speed.

5.3.3 JAWS “Average” Case C: Uamb = 6 m/s; without Yaw Control

Figure 5.3(d) presents a similar scenario as that in Fig. 5.3(b) (Case A)

except that no yaw control is imposed. In the absence of yaw control, the

turbine experiences strongly yawed flows. High wind speeds and large as well

as rapid wind direction changes result in larger turbine load ranges in compar-

ison with the case with yaw control presented in Fig. 5.3(b). Note that, in the

plots presented, for the sake of clarity, turbulence is excluded in the simulation.
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When turbulence is included, even larger response ranges (greater differences

between two scenarios—i.e., with and without yaw control) are found, as dis-

cussed in Chapter 4. In the absence of yaw control, the yaw error exceeds 45

deg in a shorter time (compared to Case A) and the simulation is stopped at

t = 444 s before the second response/load peak is reached (this would have

occurred at t ≈ 470 s when the pitch angle would have dropped to zero).

5.3.4 JAWS “Average” Case D: Uamb = 12 m/s; without Yaw Con-
trol

For the larger ambient wind case (12 m/s), similar to the case discussed

in Fig. 5.3(c) (Case B), when turbine yaw control is not available, larger load

range levels result as seen in Fig. 5.3(e). At very high winds, up to ≈ 30

m/s, which is above the cut-out wind speed, blade pitch angles get very large

while the power output and rotor speed are at their rated values (5 MW and

12.1 rpm, respectively). With high winds and large yaw error, the outermost

portions of each blade can see negative angles of attack and, thus, negative

lift forces. It is these forces that can deflect the blade upwind and, thus, cause

negative bending flapwise moment values as seen in Fig. 5.3(e). Also, with no

imposed yaw control, the yaw error exceeds 45 deg around t = 480 s.

5.4 Uncertainty in Downburst Touchdown Location and

Translation Direction

Different downburst touchdown locations and translation directions rel-

ative to a wind turbine will result in different wind fields and, hence, different
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response/load levels experienced by the turbine. We discuss now the variabil-

ity of such loads that result from the use of randomly selected values of R0,

θ0, and φ (see Fig. 5.2) where (i) only those downburst-specific R0 values are

selected that can potentially cause significant loads; (ii) only downbursts that

begin upwind of the turbine are considered (i.e., where θ0 varies between 90

and 270 deg); and (iii) only downbursts with tracks defined such that φ lies

between -45 deg and +45 deg are considered, as summarized in Table 5.4. For

the six storms defined by the parameters/functions in Tables 5.1 and 5.2, 1,000

turbine response simulations (with yaw control) were carried out with random

realizations of R0, θ0, and φ.

Downburst R0 θ0 φ
(km) (deg) (deg)

Average (JAWS) (0, 6) (90, 270) (-45, 45)

5 Aug C (JAWS) (0, 5) (90, 270) (-45, 45)

20 Jul A1 (JAWS) (0, 4) (90, 270) (-45, 45)

14 Jul A (JAWS) (0, 7.5) (90, 270) (-45, 45)

6 Aug A1 (JAWS) (0, 8) (90, 270) (-45, 45)

Yorkville (NIMROD) (0, 12) (90, 270) (-45, 45)

Table 5.4: Lower and Upper Bounds for the Uniformly Distributed Ran-
dom Variables chosen in the Monte Carlo Simulations to Describe Downburst
Touchdown Locations and Translation Directions.

For each of the six downbursts considered, Fig. 5.4 shows histograms of

the extreme flapwise bending moment at a blade root from Monte Carlo sim-

ulations that account for uncertainty in downburst touchdown location and

translation direction. Load statistics based on the Monte Carlo simulations

are summarized in Table 5.5. Depending on simulated values of the downburst
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touchdown location and translation direction, the turbine may or may not ex-

perience the peak intensity of the storm transient. If the downburst winds do

not quite reach the turbine, the maximum loads experienced are simply those

resulting from the neutral boundary layer (NBL) winds. Histograms shown

in Fig. 5.4, show bimodal features to varying degrees, where the influence of

turbulence in the NBL winds leads to the lower mode for extreme loads. This

lower histogram mode (shown in blue in Fig. 5.4) is an indication of the effect

of the variation in ambient winds on extreme loads; the higher mode (shown

in red in Fig. 5.4) indicates the influence of the variability in downburst pa-

rameters on extreme loads. This bimodal histogram character is seen with

the Monte Carlo simulations corresponding to all the five JAWS downbursts

(Average, 5 Aug C, 20 Jul A1, 14 Jul A, and 6 Aug A1). The JAWS 14

Jul A downburst shows the largest deviation between NBL-related extremes

and downburst-related extremes since that storm is preceded by the weakest

ambient wind (2 m/s at 10 m AGL); this is also the reason for the highest co-

efficient of variation (CoV) for this storm, as can be confirmed from Table 5.5.

Note that the Yorkville (NIMROD) downburst has the lowest CoV since the

extreme load histogram shows a single mode and not as much dispersion as is

seen with the JAWS downbursts.

Figure 5.5 shows the distribution of the extreme flapwise bending mo-

ment at a blade root resulting from 1,000 simulations for the six downbursts;

the tail of each arrow indicates the touchdown location of the simulated down-

burst while the head of each arrow indicates the translation direction of the
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(f) NIMROD Yorkville Downburst.

Figure 5.4: Histograms of the Extreme Flapwise Bending Moment (MN-m) at
a Blade Root accounting for Uncertainty in Downburst Touchdown Location
and Translation Direction. (Blue color indicates effects of ambient winds while
red color indicates effects of downburst winds.)
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storm in the associated turbine response simulation. The color of the arrows

gives an indication of the magnitude of the corresponding peak load.

Downburst Mean Standard Deviation Max. Min CoV
(MN-m) (MN-m) (MN-m) (MN-m)

Average (JAWS) 9.52 2.78 15.42 4.98 0.29

5 Aug C (JAWS) 11.36 1.77 14.87 6.83 0.16

20 Jul A1 (JAWS) 9.74 3.39 14.76 3.81 0.35

14 Jul A (JAWS) 8.48 4.08 15.09 2.32 0.48

6 Aug A1 (JAWS) 11.42 1.76 15.33 6.33 0.15

Yorkville (NIMROD) 13.27 0.79 17.05 9.56 0.06

Table 5.5: Statistics of the Extreme Flapwise Bending Moment at a Blade
Root, based on Monte Carlo Simulations with Variable Downburst Touchdown
Location and Translation Direction.

For the JAWS Average downburst shown in Fig. 5.5(a), depending on

the storm scenarios that are realized in the Monte Carlo sampling, the turbine

may or may not experience the strongest intensity of the storm transient. If

the downburst does not quite reach the turbine or if the touchdown is close to

the turbine but the storm is not fully developed then, low loads result (shown

as blue arrows in the plot). These low loads make up the lower of the two

modes in the histogram of extreme loads (shown in blue in Fig. 5.4(a)). Red

arrows indicate cases where the downburst arrives at the turbine at close to

its fully developed state (at its peak intensity); maximum loads are produced

in these scenarios. These high loads lead to the higher of the two modes in the

histogram of extreme loads (shown in red in Fig. 5.4(a)). Figure 5.5(a) also

reveals downburst touchdown locations and associated translational directions

that are critical to turbine loads. Note that the turbine is depicted by a star
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at (x = 0, y = 0) on the plot. It appears that, in this particular case, a

downburst that hits the ground in a 90-degree sector centered symmetrically

relative to the x-direction in the turbine’s upwind area and that moves towards

the turbine causes large extreme loads. Similar results are observed for the

other JAWS downbursts considered, as can be seen in Figs. 5.5(b)-5.5(e).

In contrast to the JAWS downbursts, the NIMROD Yorkville down-

burst has quite different inflow characteristics and, hence, different load vari-

ability features (see Fig. 5.5(f)). It has both a larger maximum radial velocity

(31 m/s) as well as a faster translation speed (16 m/s). Furthermore, the

ambient wind speed is 8 m/s at hub height (compared to 6 m/s for the JAWS

Average downburst) which is closer to the rated wind speed (11.4 m/s). Ac-

cording to the turbulence model used in this study, turbulence intensity scales

with the downburst’s translational speed. In ambient conditions with a (below-

rated) wind speed of 8 m/s at hub height, the turbine response and loads are

already fairly high. Strong turbulence during the downburst, on its own, is

expected to lead to large extreme loads. If, additionally, the downburst ap-

proaches the turbine after touchdown, higher loads will arise also from the

non-turbulent portion of the downburst’s wind field. In fact, peak turbine

loads due to the strong turbulence (with mean wind speed close to rated) and

those caused by the downburst non-turbulent wind field are of almost the same

order of magnitude; this is why a unimodal extreme load histogram (shown

in Fig. 5.4(f)) results from the Yorkville downburst simulations. Figure 5.5(f)

134



(a) JAWS Average Downburst. (b) JAWS 14 July A Downburst.

(c) JAWS 5 August C Downburst. (d) JAWS 6 August A Downburst.

(e) JAWS 20 July A Downburst. (f) NIMROD Yorkville Downburst.

Figure 5.5: Distribution of the Extreme Flapwise Bending Moment (MN-m) at
a Blade Root accounting for Uncertainty in Downburst Touchdown Location
and Translation Direction.
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confirms the reason for this unimodal load distribution as all the arrows shown

have almost the same color regardless of downburst touchdown location and

translation direction.

From the discussion related to the illustrative example presented in

Section 5.3, it is clear that large loads are not always associated with high

winds. Excessive loads may result from fast-changing wind fields during which

pitch and yaw controls may not respond sufficiently well to limit loads. For

example, rapidly changing winds from below rated to above rated, especially

if accompanied by fast wind direction changes, will likely cause large loads. It

is the downburst translation velocity and its duration that determine how fast

a wind field will change. Fast-moving downbursts generally create unfavorable

conditions for a wind turbine. In such events, both the wind speed and the

wind direction can change very fast. It is important to note that the ambient

wind also has some effect on the turbine response during a downburst event;

if the ambient wind (at hub height) is below the rated wind speed (11.4 m/s,

for the 5-MW turbine), loads will likely get higher during downburst events

as was discussed in Section 5.3 (all the six downbursts selected for this study

fall in this category). If the ambient wind is already above the rated wind

speed, turbine loads could even decrease somewhat during the downburst as

winds increase, assuming available pitch and yaw control; this scenario was

considered in Chapter 4.

Figure 5.6 shows a single Monte Carlo simulation based on the JAWS

14 Jul A downburst. This simulation corresponds to a case that belongs to
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(c) Upper: Hub-Height Wind Velocities, Wind Direc-
tion, and Yaw Correction/Control; Lower: Flapwise
Bending Moment at a Blade Root (No Turbulence).
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(d) Upper: Hub-Height Wind Velocities, Wind Direc-
tion, and Yaw Correction/Control; Lower: Flapwise
Bending Moment at a Blade Root (with Turbulence).

Figure 5.6: An Example of a single JAWS 14 Jul A Downburst Monte Carlo
Simulation: R0 = 3,363 m; θ0 = 156 deg; φ = -8.6 deg.
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(b) Storm-to-Turbine Distance; Radius to Maximum
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(c) Upper: Hub-Height Wind Velocities, Wind Direc-
tion, and Yaw Correction/Control; Lower: Flapwise
Bending Moment at a Blade Root (No Turbulence).
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(d) Upper: Hub-Height Wind Velocities, Wind Direc-
tion, and Yaw Correction/Control; Lower: Flapwise
Bending Moment at a Blade Root (with Turbulence).

Figure 5.7: An Example of a single JAWS 14 Jul A Downburst Monte Carlo
Simulation: R0 = 4,716 m; θ0 = 108 deg; φ = 36.6 deg.
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(c) Upper: Hub-Height Wind Velocities, Wind Direc-
tion, and Yaw Correction/Control; Lower: Flapwise
Bending Moment at a Blade Root (No Turbulence).
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(d) Upper: Hub-Height Wind Velocities, Wind Direc-
tion, and Yaw Correction/Control; Lower: Flapwise
Bending Moment at a Blade Root (with Turbulence).

Figure 5.8: An Example of a NIMROD Yorkville Downburst Monte Carlo
Simulation: R0 = 8,785 m; θ0 = 225 deg; φ = 38.5 deg.
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the second (larger) mode of the extreme load bimodal histogram (see Fig. 5.4),

which represents extreme loads that are entirely due to the downburst, not to

the ambient wind. Figure 5.6(a) shows a plan view indicating the locations

of the downburst touchdown point and the turbine. Upon touchdown, the

downburst moves toward the turbine. Given that the ambient wind is below

the rated wind speed, the loads are expected to increase during the storm. As

shown in Fig. 5.6(b), there are two points in time when the distance from the

center of the downburst to the turbine is equal to the radial distance at which

the maximum radial wind velocity occurs: the first is at t ≈ 240 s and the

second is at t ≈ 740 s. The corresponding downburst intensity values at those

two times are roughly 60% and 90%, respectively, of the peak intensity. Wind

speeds are large around these times as can be verified in the upper panels of

Figs. 5.7(c) and 5.7(d). The lower panels of these figures show the variation

with time of the flapwise bending moment at a blade root corresponding to

non-turbulent downburst winds (Fig. 5.6(c)) and to turbulent downburst winds

(Fig. 5.7(d)). As can be confirmed from studying the figures, turbulence causes

the extreme loads to increase. Note too that the JAWS 14 Jul A downburst has

a very rapid rate of change in the radial distance to maximum winds, krm, of

2.5 m/s which effectively enhances the influence of the storm translation speed,

Utrans, on the wind field, primarily on the rate of change in wind direction and

in wind speed.

Figure 5.7 shows another example of a JAWS 14 Jul A downburst Monte

Carlo simulation. The simulation corresponds to a case that belongs to the
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first (smaller) mode of the extreme load bimodal histogram (see Fig. 5.4),

where it is not the downburst but rather the ambient wind with superimposed

neutral boundary layer (NBL) turbulence that causes the extreme loads, which

are not as large as for the case in Fig. 5.6 where the downburst influence

on extreme loads is great. Figure 5.7(a) shows the relevant plan view for

this downburst simulation. Upon touchdown, the storm moves away from

the turbine. As shown in Fig. 5.7(b), there are no points in time when the

distance from the center of the downburst to the turbine is even close to the

radial distance at which the maximum radial wind velocity occurs—hence,

the turbine experiences only the ambient low winds as seen in Fig. 5.7(c)

without superimposed turbulence, and in Fig. 5.7(d) with turbulence included.

Turbine loads shown in the lower panels of Figs. 5.7(c) and 5.7(d) are not

significant; they correspond to steady and turbulent NBL winds, respectively,

with virtually no influence of the downburst at all.

The situation with simulations of the NIMROD Yorkville downburst is

quite different from that for the JAWS downbursts. The Yorkville downburst

has both a larger maximum radial velocity (31 m/s) as well as a fast translation

speed of 16 m/s. With the model assumed for turbulence, turbulence intensity

during the downburst is enhanced for greater storm translation speeds. In

ambient conditions with a wind speed of roughly 8 m/s at hub height (note that

the turbine’s rated wind speed is 11.4 m/s), the turbine response and loads are

already fairly high. The strong turbulence during the downburst, on its own, is

expected to lead to increased loads. Furthermore, if the downburst approaches
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the turbine, large loads will also result from the non-turbulent portion of the

downburst’s wind field. In fact, maximum turbine loads caused by the strong

turbulence (with mean wind speed close to rated) and those caused by the non-

turbulent effects of the downburst are almost of the same order of magnitude;

this is the reason for the single-mode histogram for turbine extreme loads in

the Yorkville downburst simulations. Figure 5.8 presents results from a single

Monte Carlo simulation of the Yorkville downburst. Figure 5.8(a) shows a

plan view indicating the locations of the downburst touchdown point and the

turbine. Upon touchdown, the downburst moves towards the turbine. As

shown in Fig. 5.8(b), between t = 500 s and t = 600 s, the distance from the

center of the downburst to the turbine is close to the radial distance to the

maximum radial wind velocity; additionally, during this period, the downburst

is close to its peak intensity. As a result, wind speeds at the turbine are

high in this time interval, as can be confirmed by studying the upper panels

in Figs. 5.8(c) and 5.8(d). The fast downburst translation speed (Utrans =

16 m/s) brings about a rapid change in wind velocity and wind direction.

Such a strongly yawed flow can lead to very high blade loads, as can be seen

in the lower panels of Figs. 5.8(c) and 5.8(d). The strong turbulence also

contributes significantly to the maximum load, as can be verified by comparing

turbine loads in Fig. 5.8(d) to those in Fig. 5.8(c). It is important to note

that even before the downburst gets very close to the turbine, the response

to the ambient wind alone with turbulence already indicates peak loads of

approximately 12 MN-m before t = 100 s. This suggests that loads caused
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by strongly turbulent ambient winds (with hub-height wind speed close to

rated) and by the downburst at its peak intensity are almost of the same order

of magnitude; this explains the single-mode turbine load histogram for the

Yorkville downburst simulations as seen in Fig. 5.4(f).

It is worth noting that even though the durations of the JAWS 14

Jul A downburst and the Yorkville downburst are the same (20 min), the

transient effect as experienced by the turbine is much shorter in duration for

the Yorkville downburst; this is mainly because the Yorkville downburst has a

translation speed, Utrans, of 16 m/s, which is twice as fast as that of the JAWS

14 Jul A downburst. Another difference between the two storm downbursts is

that the rate of increase, krm, of the radial distance to the maximum radial

velocity for the JAWS 14 Jul A downburst is five times larger than that for

the Yorkville downburst; hence, for the JAWS 14 Jul A downburst, even if it

moves away from the turbine, high wind speeds can result at the turbine. In

general, besides Utrans and krm, other characteristics of the flow field during

a downburst influence peak turbine loads; as well, the ambient winds before

the storm, whether they are below or above the rated wind speed, and the

associated turbulence characteristics all influence turbine loads.

5.5 Concluding Remarks

Several recorded downbursts were selected for a study on wind turbine

loads based on available information from the field data. Different downburst

touchdown locations and directions of translation result in different wind fields
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that a turbine may experience and, hence, in variable turbine response. A

Monte Carlo simulation study was performed to investigate the influence of

variable downburst touchdown locations and translation directions on extreme

loads for a 5-MW turbine. Depending on the simulated values of the touch-

down location and the translation direction, it was found that the turbine

might or might not experience the peak intensity of the storm transient. Re-

sults indicated the important effects of both, the ambient winds as well as the

downburst winds, on turbine extreme loads. For the downbursts studied, if the

ambient winds were close to the turbine’s rated wind speed and for fast-moving

downbursts, extreme loads followed a single-mode distribution or histogram; if

these ambient winds were much lower than the rated speed and/or were slower

moving, the separate effects of the ambient winds and those of the downburst

winds led to very different peak turbine loads and markedly bimodal turbine

extreme load distributions.
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Chapter 6

Thunderstorm Risks to Wind Farms

6.1 Introduction

As has been noted in recent times [65, 81], thunderstorm downbursts

can cause damage to turbine units that are part of a wind farm because of the

correlated wind inflow fields that these units can be subjected to simultane-

ously. We extend a model for simulating downburst events and their effects

on a single turbine unit to situations where multiple units in a wind farm are

subjected to correlated input from moving storms. The end-to-end simulation

we describe involves first the generation of a downburst touchdown with as-

sociated wind field and subsequent movement in the vicinity of a wind farm,

assumed to be comprised of a 6×4 rectilinear arrangement of 5-MW 90-m

hub-height turbines.

In Chapter 5, we developed and demonstrated the use of a simulation

framework for studying the effects of a thunderstorm downburst on a single

wind turbine. In this chapter, this model and framework are extended to

consider thunderstorm risks on an array of turbines in a wind farm. Because

of the computational effort involved, high-performance computing (HPC) re-

sources are employed and two thunderstorm downburst events with distinct
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track scenarios (relative to the wind farm) are analyzed. Risks to the turbine

units as a result of their spatial distribution in the array and the correlated

wind fields resulting from the simulated downbursts are discussed.

Downbursts from the NIMROD (Northern Illinois Meteorological Re-

search On Downburst) and JAWS (Joint Airport Wind Shear) [28,33] projects

are considered in this chapter. For the selected downburst model, parame-

ters and functions required for its complete description were estimated using

available information for the selected downbursts. Table 6.1 summarizes pa-

rameters/functions for the two downbursts that are simulated.

Storm Parameters NIMROD Yorkville JAWS Average
Urm (m/s) 31 21
zm0 (m) 130 80
kzm (m/s) 0.1 0.0
rm0 (m) 940 1000
krm (m/s) 0.5 1.0
td (min) 20 16
Utrans (m/s) 16 8
Uamb(z = 90m) (m/s) 8 6

Table 6.1: Thunderstorm Downburst Parameters used in the Simulations.

6.2 Scenario Description

Figure 6.1 shows a plan view of the scenario that depicts a wind farm

and a generalized downburst’s touchdown and track; the downburst touches

down at a distance, R0, from the center of the wind farm. The downburst

touchdown point (i.e., its center at t = 0) is assumed to be at (x0, y0) relative
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to an inertial frame of reference defined at the center of the wind farm; thus,

x0 = R0 cos θ0 and y0 = R0 sin θ0, where θ0 is as defined in the figure. The

downburst is assumed to move in a straight line (its track) at a constant

translational speed, Utrans; hence, the angle, φ, which defines the direction

of the downburst translation relative to the X-axis of the inertial frame is

assumed to be constant. At any time, t, the storm’s center is at (xt, yt),

where xt = R0 cos θ0 + tUtrans cosφ, yt = R0 sin θ0 + tUtrans sin φ; the distance,

d(t), from the storm center to the wind farm center is then [xt
2 + yt

2]1/2. To

account for variability in that downbursts that can occur, we treat R0, θ0,

and φ as random variables. The outflow from the downburst is assumed to

be influenced by the boundary layer environmental winds, Uamb(z) [33]; the

vertical profile of this ambient wind, Uamb(z), is modeled by a power law with

a shear exponent of 0.2. The direction of the ambient winds is assumed to be

aligned with the X-axis of the inertial frame. The wind farm is assumed to

have turbines arranged so that they are separated by eight rotor diameters in

both the longitudinal and lateral directions; this separation is 1,008 m since

the rotor diameter, D, is 126 m for the 5-MW turbines considered for the wind

farm.

6.3 Simulation Framework

Figure 6.2 shows a flowchart that defines the framework for risk assess-

ment of a wind farm in simulated thunderstorm downbursts. Downburst pa-

rameters are selected, based on observed events in the NIMROD and JAWS [28,
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Figure 6.1: Plan View showing Turbines in the Wind Farm and the Path of a
Moving Storm.

33] project databases. The downburst touchdown location (i.e., R0, θ0) and

direction of translation, φ, are represented as random variables and are system-

atically sampled (see Fig. 6.1). For the non-turbulent wind field simulations,

a 140 m × 140 m × 140 m box with 10 m grid spacing (on each side) and

centered at each turbine hub is employed. The duration for each simulation

depends on the downburst; for instance, for a JAWS Average downburst whose

duration, td, is 16 min, simulations are run for 1,000 seconds with a time step,

∆t, of 0.05 seconds. Non-turbulent wind velocity time series are generated

at 153 or 3,375 points on the spatial grid described; for the JAWS Average

cases, then, each time series is comprised of 20,000 simulated values of the
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Figure 6.2: Integrated Assessment of Turbine Units in a Wind Farm for Sim-
ulated Thunderstorms.

non-turbulent longitudinal, lateral, and vertical wind velocity.

Simulation of the turbulent portion of the wind velocity field during

each thunderstorm downburst uses the Fourier-based Veers method [93] on

a rectangular grid in a vertical plane; the same temporal sampling and same

duration are used as for the non-turbulent field. Turbulence is generated using

the turbulence simulator, TurbSim [41], and input to the FAST code [42]

with the help of the UserWind module. Taylor’s frozen turbulence in the

longitudinal direction is assumed at the level of a single unit. On the other

hand, because the turbines are well separated (by 8D or 1,008 m), coherence

in turbulence from one turbine unit to another is assumed to be negligible and

turbulence fields at each turbine unit are simulated independently.
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The full 4-D wind field (describing three orthogonal wind velocity com-

ponents at discrete points in 3-D space and at discrete time instants) is

imported into the open-source aeroelastic simulation program, FAST [42].

The equilibrium inflow model, i.e., the steady-state blade element momentum

(BEM) model, is used because it assures numerical stability of the simulations

over the wide range of simulated wind speeds. We note that the BEM model

can be less accurate than other model choices in predicting dynamic loads; the

suitability of an alternative generalized dynamic wake model has been explored

elsewhere [5], where some instabilities were noted at low wind speeds.

The downburst touchdown location, defined by (R0, θ0) values, and

its translation direction, φ, are treated as uniformly distributed random vari-

ables. We assume that the variable, φ can only take values between -45 deg

and +45 deg (see Fig. 6.1); effectively, this limits storm track directions that

are offset by at most 45 deg from the ambient wind direction. With reference

to Fig. 6.1, the upper bound of R0 is chosen as the sum of the length of the

track (covered over the storm duration), the radius to maximum winds at the

end of the downburst, and 1.5 times the turbine-to-turbine spacing, 8D; thus,

R0,max = Ltrack + rm(td) + 1.5(8D), where Ltrack = Utranstd is the length of

the track. For the NIMROD Yorkville downburst, R0,max = 16(m/s)×1,200(s)

+ [940(m) + 0.5(m/s)×1,200(s)] + 1.5×8×126(m) = 22,252 m or 22.2 km.

If the downburst touches down such that R0 = 22.2 km and θ0 = 180 deg

and moves towards the center of the farm (φ = 0 deg), it will have dissipated

all its energy before it reaches the first row of the turbine array. The ratio-

150



nale for selection of R0,max ensures that all potentially important downburst

touchdown locations in the upwind area are included. For the JAWS Average

downburst, R0,max was computed to be 11.1 km. In order to consistently com-

pare the spatial influence of the two downbursts, R0,max was chosen as 22.2

km, the larger of the two values obtained from the JAWS Average and NIM-

ROD Yorkville cases. Selected upper and lower bounds for all the uniformly

distributed random variables (describing the downburst touchdown point and

translation direction) are summarized in Table 6.2.

Table 6.2: Lower and Upper Bounds for Uniformly Distributed Random Vari-
ables used to Describe Downburst Touchdown Locations and Translation Di-
rections.

Downburst R0 θ0 φ
(km) (deg) (deg)

JAWS Average (0, 22.2) (0, 360) (-45, 45)

NIMROD Yorkville (0, 22.2) (0, 360) (-45, 45)

The DAKOTA software framework [1] is used for management of the re-

quired random variable sampling and for execution of all the simulations. The

Latin Hypercube Sampling (LHS) option in DAKOTA is utilized; it offers effi-

ciencies over simpler Monte Carlo sampling [60]. LHS is a stratified sampling

procedure that divides the domain of each sampled variable based on inter-

vals of equal probability; a single realization is randomly selected from each

such interval. Compared with Monte Carlo sampling, LHS guarantees more

even and representative sampling and leads to better estimation of the out-

put distribution or statistics with fewer samples. DAKOTA spawns a number
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of concurrent turbine response simulations on all available CPU cores, auto-

matically creating a temporary workspace and executing a user-defined job

script. The job script first populates needed FAST/UserWind input files with

LHS-based storm touchdown and track information and, then, executes FAST

for loads computations at each of the turbine units in the wind farm. Output

from FAST is post-processed to extract load extremes and other statistics that

can then be passed back to DAKOTA. For each storm simulation, DAKOTA

saves extreme values for all load variables of interest and associated storm

parameters; these are useful should specific simulations merit more careful

examination later.

The FAST code was compiled within the Linux environment using the

Intel Fortran90 compiler; turbine aeroelastic simulations were run on the San-

dia Ebird computing cluster, a 5.5 teraflop Linux computing cluster. Ebird has

383 nodes, each with dual 3.6-GHz processors and 6 GB of RAM; this yields

a total of 766 available cores, of which 256 cores were used for this study. The

computing resources available allowed for simulation of 512 days of turbine

operation in approximately 20 wall-clock hours. The use of a greater fraction

of the available cluster would result in faster simulation times; however, Ebird

is a shared resource and execution time must be balanced by queue wait time

for jobs that request a relatively large number of cores. The 256-core usage

was found to allow for efficient job throughput on Ebird.
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6.4 Thunderstorm Downburst Risks for a 6x4 Turbine
Array

In the simulations, for each downburst scenario, a job script executes

FAST to loop over the 6×4 wind turbines and simulate the response at each

unit. The extreme hub-height wind speed and extreme flapwise bending mo-

ment on the blades are recovered from each simulation. To isolate the influence

of the downburst characteristics on the wind farm, it is useful to first omit the

(random) turbulent portion of the downburst wind field in the FAST turbine

load computations. Once critical downburst scenarios are identified, the tur-

bulent wind field is easily added for a closer examination of turbine load time

series.

Figure 6.3 shows the distribution of the array-average extreme hub-

height wind speed and extreme flapwise bending moment at a blade root re-

sulting from 10,240 simulations of the JAWS Average and NIMROD Yorkville

downbursts based on non-turbulent wind fields; the tail of each arrow in-

dicates the touchdown location of the simulated downburst while the head

(direction) of each arrow indicates the translation direction of the downburst

in the associated turbine response simulation. The color of each arrow pro-

vides an indication of the magnitude of the array-average extreme hub-height

wind speed or extreme flapwise bending moment at a blade root. As seen in

Fig. 6.3, if the downburst touches down too close to the center of the farm,

it will not be at its peak intensity when it is likely to most influence all the

turbine units; thus, low hub-height winds and low loads are seen to result (as is
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indicated by the blue arrows in the plots). Red-colored arrows represent cases

where a downburst arrives at the turbine farm at close to its fully developed

state (i.e., at its peak intensity); larger extreme winds and loads result in such

scenarios. The plots in Fig. 6.3 help identify downburst touchdown locations

and tracks that are critical to array-average extreme winds and loads. Note

that the center of the wind farm is at x = 0 and y = 0; it is apparent that a

downburst that touches down in the 90-degree sector centered symmetrically

relative to the X-direction (upwind of the wind farm) and that moves toward

the center of the wind farm causes large extreme hub-height winds and rotor

loads.

Figure 6.3 also indicates that the NIMROD Yorkville downburst pro-

duces distinct wind field characteristics compared to the JAW Average down-

burst; extreme winds and loads on the turbine array are notably different. The

NIMROD Yorkville storms are associated with both a larger maximum radial

velocity (31 m/s) and faster translation (16 m/s) compared to the JAWS Aver-

age storms. Also, the ambient wind speed is 8 m/s at the hub height (compared

to 6 m/s for the JAWS Average downbursts); this wind speed is closer to the

rated wind speed of 11.4 m/s. As a result, the NIMROD Yorkville downbursts

influence a larger area and have a greater likelihood of producing high winds

and large loads at the individual turbine units.

Figure 6.4 shows the worst case (largest array-average extreme load)

resulting from 10,240 simulations of the JAWS Average downburst. The small

circles in Fig. 6.4(a) are the locations of the turbine units; the colors of these
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(b) Distribution of the Array-Average Extreme Flap-
wise Bending Moment as a Blade Root based on 10,240
simulations for the JAWS Average Downburst.
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(c) Distribution of the Array-Average Hub-Height Ex-
treme Wind based on 10,240 simulations for the NIM-
ROD Yorkville Downburst.
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(d) Distribution of the Array-Average Extreme Flap-
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Figure 6.3: Distribution of Array-Average Hub-Height Extreme Wind Speed
and Extreme Flapwise Bending Moment at a Blade Roots, accounting for
Uncertainty in Downburst Touchdown Location and Direction of Translation.

155



−12  −9  −6  −3   0   3   6   9
−6

−3

 0

 3

 6

#17

U
amb

(90m)=6 m/s

U
trans

=8 m/s

x (km)

y 
(k

m
)

 

 

Units: MN−m

4

6

8

10

12

14

(a) Storm Track and Extreme Flapwise Bending
Moment at a Blade Root due to Non-turbulent
Wind Field.

0

10

20

30

40

V
el

oc
ity

 (
m

/s
)

@WT #17

 

 

100 200 300 400 500 600 700 800 900 1000
−10

0

10

20

Time (s)

F
la

pB
M

 (
M

N
−

m
)

 

 

14.6

100 200 300 400 500 600 700 800 900
−180

−120

−60

0

60

120

180

A
ng

le
 (

de
g)

 

 

HorWndV HorWndDir
Yaw

100 200 300 400 500 600 700 800 900 1000
0

10

20

30

40

P
itc

h 
(d

eg
)

 

 

FlapBM1
FlapBM2
FlapBM3

Pitch

(b) Hub-Height Wind Speed, Nacelle Yaw, Blade
Pitch Angle, and Flapwise Bending Moment at
Blade Root of Turbine #17 (see Fig. 6.4(a)).

Figure 6.4: The worst case out of 10,240 simulations for the JAWS Average
downburst (where R0 = 5.3 km, θ0 = 144.5 deg, and φ = -36.8 deg) that re-
sulted in the largest array-average extreme load. (Utrans = storm translational
speed; Uamb(90m) = ambient wind speed at 90 m; HorWndV = horizontal
wind speed at hub height; HorWndDir = horizontal wind direction at hub
height; Y aw = yaw position of turbine nacelle; F lapBM1 = flapwise bending
moment at root of Blade 1 (similar variables for Blades 2 and 3); Pitch =
blade pitch angle.)

circles indicate extreme blade-root flapwise bending moments at each turbine

due to the non-turbulent wind field. The storm track is indicated by the

dashed line. The larger circles along the track indicate the downburst location

and spatial extent (radii of the circles are rm(t)) at touchdown (i.e., at t = 0),

at peak intensity (i.e., at t = td/2 = 480 s), and at the end of the downburst

(i.e., at t = td = 960 s). Of the 10,240 storm simulations, the worst scenario

(with regard to extreme blade loads) results from a touchdown location and

track that bring the downburst very close to and directed towards the center of
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(b) Hub-Height Wind Speed, Nacelle Yaw, Blade
Pitch Angle, and Flapwise Bending Moment at
Blade Root of Turbine #8 (see Fig. 6.5(a)).

Figure 6.5: The worst case out of 10,240 simulations for the NIMROD Yorkville
downburst (where R0 = 10.7 km, θ0 = 185.5 deg, and φ= 2.5 deg) that resulted
in the largest array-average extreme load. (Utrans = storm translational speed;
Uamb(90m) = ambient wind speed at 90 m; HorWndV = horizontal wind speed
at hub height; HorWndDir = horizontal wind direction at hub height; Y aw
= yaw position of turbine nacelle; F lapBM1 = flapwise bending moment at
root of Blade 1 (similar variables for Blades 2 and 3); Pitch = blade pitch
angle.)

the wind farm at close to its peak intensity. As a result, most of the turbines

in the array experience large loads, except for the two units at the farthest

corners offset from the storm track; the extreme blade loads at these two corner

units result from the ambient winds of 6 m/s at hub height (not from the

downburst winds). The largest extreme blade load occurs at Turbine #17 (see

Fig. 6.4(a)). Figure 6.4(b) shows time series related to the hub-height wind

velocity, the nacelle yaw, the blade pitch, and blade loads at Turbine #17

when both non-turbulent and turbulent parts of the wind field are included
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in the simulation. Two peaks in the hub-height horizontal wind velocity time

series—one at t = 260 s and a smaller one at approximately t = 560 s—can be

seen. This “two-peak” feature is often observed in recorded downbursts in the

field—see, for example, Fujita [27] or Orwig and Schroeder [74]. At four time

instants, around t=180, 400, 525, and 660 s, the blade pitch angle rises from

or falls to zero deg; there are four associated “kinks” in the load time series at

those times, as is expected based on the discussion presented in Section 5.3 in

Chapter 5. Note that the highest load peak of 14.6 MN-m occurs at around t

= 560 s when there is a large yaw error (evident from the difference between

the wind direction and the nacelle yaw angle then).

The situation with simulations of the NIMROD Yorkville downburst

is quite different from that for the JAWS Average downbursts. Although the

NIMROD Yorkville downburst moves faster (16 m/s) and causes a larger peak

radial velocity (31 m/s), it is more compact; its spatial influence is smaller than

that of the JAWS Average downburst. The radial distance to maximum winds,

rm(t), is smaller at the start (rm0 = 940 m) and its rate of increase is slower (krm

= 0.5 m/s) (compared with the JAWS Average downburst, where rm0 = 1,000

m and krm = 1 m/s). Furthermore, the ambient wind speed is 8 m/s at hub

height (compared to 6 m/s for the JAWS Average downburst); this ambient

wind speed is closer to the turbine’s rated wind speed of 11.4 m/s. In some

simulated downburst scenarios, the faster storm translation speed (Utrans = 16

m/s) brings about a rapid change in wind velocity and wind direction which, in

turn, causes simultaneously, both fast wind speed increases/decreases from/to
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the rated wind speed as well as large yaw misalignments. These conditions

are unfavorable for wind turbine load extremes. The very fast translation is

an important characteristic of this downburst. Figure 6.5(a) shows the worst

case (largest array-average extreme load) that results from 10,240 simulations

of the NIMROD Yorkville downburst. The track direction, φ = 2.5◦, is almost

aligned with the ambient wind direction. Similar to the case for the JAWS

Average downburst, largest loads occur for a touchdown location and track

that brings the storm close to the center of the wind farm when it is its peak

intensity. In this case, the turbine row farthest offset in a transverse direction

from the storm track experiences the weakest loads. Extreme blade loads at

these four turbines in the top row of Fig. 6.5(a) result from the ambient winds

(8 m/s at hub height), not from the downburst winds. The largest extreme

blade loads occur at Turbine #8. Figure 6.5(b) shows various time series

related to the turbine response and hub-height wind velocity for this single

downburst scenario where non-turbulent and turbulent parts of the wind field

are included in the simulation. The hub-height horizontal wind velocity time

series does not show two obvious peaks. Also, there are three time instants

when the blade pitch angle rises from or falls to zero—around t=630, 810,

and 820 s; three associated “kinks” in the load are seen at those times. The

last kink and load extreme results mostly from turbulence fluctuations. Note

that the largest peak, around 15.0 MN-m, which occurs at t = 810 s, is also

associated with large yaw error (as is evident from large difference between

the wind direction and the nacelle yaw angle then).
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(b) Hub-Height Wind Speed, Nacelle Yaw, Blade
Pitch Angle, and Flapwise Bending Moment at
Blade Root of Turbine #16 (see Fig. 6.6(a)).

Figure 6.6: Wind field and turbine loads for a NIMROD Yorkville downburst
simulation (where R0 = 7.4 km, θ0 = 172.6 deg, and φ = 3.8 deg) that resulted
in the largest loads at a single turbine unit. (Utrans = storm translational
speed; Uamb(90m) = ambient wind speed at 90 m; HorWndV = horizontal
wind speed at hub height; HorWndDir = horizontal wind direction at hub
height; Y aw = yaw position of turbine nacelle; F lapBM1 = flapwise bending
moment at root of Blade 1 (similar variables for Blades 2 and 3); Pitch =
blade pitch angle.)

Of the two downbursts, the NIMROD Yorkville case is seen to be more

critical with regard to wind turbine loads. The storm’s faster translation speed

(Utrans = 16 m/s) can bring about rapid changes in wind velocity and wind

direction at a turbine unit. Although the NIMROD Yorkville downburst lasts

longer (20 min, compared with the 16-min duration for the JAWS Average

downburst), the peak intensity period for the transient loading on a turbine

in the wind farm can be significantly shorter for some simulations of the NIM-

ROD Yorkville downburst compared to that for the JAWS Average case, as

160



is easily verified in the two worst-case array-average load extremes described

in Figs. 6.4(b) and 6.5(b). In very short wind field transients, together with

high wind speeds, a turbine unit can experience very rapid wind direction

changes and wind speed changes; then, pitch and yaw control even when ap-

plied together may be incapable of limiting turbine loads. Figure 6.6 shows a

downburst scenario that resulted in the largest turbine load on a single tur-

bine unit from among 10,240 NIMROD Yorkville simulations × 24 turbine

units in the array or 245,760 turbine response simulations. It is interesting

to note that this “worst single-unit extreme load” scenario is quite similar

to the “worst array-average extreme load” scenario for NIMROD Yorkville

downbursts that was presented in Fig. 6.5 except that in this simulation, the

storm track is somewhat offset from the center of the farm when it is at its

peak intensity. This difference results in a scenario where a single turbine unit

(Turbine #16) experiences larger loads than any other turbine from among

all the 10,240 simulations and relative to any other turbine unit in the array.

Figure 6.6(b) shows time series related to the wind field and response of the

Turbine #16 simulation where both non-turbulent and turbulent parts of the

wind field are considered. Response characteristics are similar to those of Tur-

bine #8 in Fig. 6.5(b). Note that the largest peak blade load for Turbine #16

of 18.8 MN-m, occurring around t = 605 s, is larger than the peak load for

Turbine #8 in Fig. 6.5(b) of 15.0 MN-m (which occurred in a simulation that

led to the largest array-average extreme load). It is interesting to note that

this downburst-induced load on Turbine #16 is roughly 4% larger than the
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50-year load in non-downburst-related near-neutral boundary layer conditions

associated with IEC Design Load Case 1.1 [37] as reported by Barone et al. [5].

Figure 6.7 shows histograms of the array-average extreme hub-height

wind speed and extreme flapwise bending moment at a blade root result-

ing from only “significant” simulations of the JAWS Average and NIMROD

Yorkville downbursts based on non-turbulent wind fields; low extreme load

cases were omitted from Fig. 6.7. One can see that, while it produces a lower

array-average extreme hub-height wind speed, the JAWS Average downburst

brings about a larger range of array-average extreme flapwise bending mo-

ments. This is due to the fact that the spatial extent of the JAWS Average

downburst is larger than that of the NIMROD Yorkville downburst. The ra-

dial distance to maximum winds, rm(t), is larger at the start (rm0 = 1,000 m)

and its rate of increase is faster (krm = 1.0 m/s) (compared with the NIMROD

Yorkville downburst, where rm0 = 940 m and krm = 0.5 m/s). As a result,

in similar track and touchdown scenarios, the JAWS Average downburst can

affect more turbine units in the array than the NIMROD Yorkville downburst

can. Hence, the array-average extreme flapwise bending moment at a blade

root can be higher in the JAWS Average case. While the NIMROD Yorkville

downburst is seen to be more critical with regard to loads on a single wind

turbine, the JAWS Average downburst is more critical with regard to extreme

loads on the entire 6×4 array.

Figure 6.8 shows conditional probability of exceedance estimates for

the array-average extreme hub-height wind speed and extreme flapwise bend-
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(a) Histogram of the Array-Average Hub-Height
Extreme Wind based on 2,490 “significant” simu-
lations for the JAWS Average Downburst.
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(b) Histogram of the Array-Average Extreme
Flapwise Bending Moment as a Blade Root based
on 2,490 “significant” simulations for the JAWS
Average Downburst.
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(c) Histogram of the Array-Average Hub-Height
Extreme Wind based on 2,689 “significant” simu-
lations for the NIMROD Yorkville Downburst.
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(d) Histogram of the Array-Average Extreme
Flapwise Bending Moment as a Blade Root based
on 2,689 “significant” simulations for the NIM-
ROD Yorkville Downburst.

Figure 6.7: Histograms of Array-Average Hub-Height Extreme Wind Speed
and Extreme Flapwise Bending Moment at a Blade Root, accounting for Un-
certainty in Downburst Touchdown Location and Direction of Translation.
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(c) Conditional Probability of Exceedance for the
Array-Average Hub-Height Extreme Wind based on
2,689 “significant” simulations for the NIMROD
Yorkville Downburst.
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a Blade Root based on 2,689 “significant” simulations
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Figure 6.8: Conditional Probability of Exceedance Plots for Array-Average
Hub-Height Extreme Wind Speed and Extreme Flapwise Bending Moment at
a Blade Root, accounting for Uncertainty in Downburst Touchdown Location
and Direction of Translation.
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ing moment at a blade root resulting from “significant” simulations of the

JAWS Average and NIMROD Yorkville downbursts based on non-turbulent

wind fields. In each subplot, the three color bars on the right give an indi-

cation of associated downburst touchdown location, (R0, θ0), and direction of

translation, φ, defined according to Fig. 6.1. Similar to Fig. 6.3, Fig. 6.8 helps

identify downburst touchdown locations and tracks that are critical to array-

average extreme winds and loads. For the JAWS Average downburst, critical

touchdown locations include those clustered around R0 = 5 km and φ = 180

deg, as can be seen in Figs. 6.8(a) and 6.8(b). Because of the faster translation

speed, the NIMROD Yorkville downburst touchdown locations can be farther

away from the turbine array, as can be seen from Figs. 6.8(c) and 6.8(d). Al-

though important touchdown locations cover a wider range than for the JAWS

Average downbursts, the most critical of these include downbursts where R0

values are around 10 km, which is the distance that the storm travels as it

strengthens from zero to peak intensity. Similar to the JAWS Average case,

critical φ values are clustered around 180 deg. The translation direction, φ, is

assumed to only take on values between -45 deg and +45 deg (see Fig. 6.1);

effectively, this limits storm track directions that are offset at most 45 deg

from the ambient wind direction. Given this assumption on the translation

direction, it is interesting to see that any value of φ can lead to a critical

array-average wind or load; as discussed earlier, the most critical scenarios

were associated with φ ≈ 45 deg in the JAWS Average case and with φ ≈

0 degree in the NIMROD Yorkville case. Figure 6.8 confirms that, while the
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JAWS Average downbursts cause more localized and less intense maximum

wind speeds, they can bring about more critical array-average extreme loads.

6.5 Concluding Remarks

Two recorded downbursts, based on available information, were selected

for a study of loads on an array of twenty-four 5-MW wind turbines. The down-

burst’s touchdown location and track direction relative to the turbine array

were modeled as random variables. Ambient winds were assumed in a direc-

tion normal to the long side of the selected rectilinear 6×4 turbine array. With

the help of high-performance computing (HPC) resources, thousands of down-

burst scenarios were simulated. The different simulated downbursts exhibited

contrasting physical characteristics; hence, single-unit and array-average tur-

bine load characteristics showed some differences as well. Results from the

simulation studies suggest that the demands on turbine units in a wind farm

can be great in downbursts that touch down upwind of the farm, have a track

direction in a 90-degree sector centered symmetrically relative to the ambient

wind direction, and move towards the farm. For both the downburst cases

studied, the worst-case downburst scenario (from the point of view of largest

array-average extreme blade loads) resulted from a touchdown location and

track direction that brings the downburst close to the wind farm center when

it is at its peak intensity. For the JAWS Average downburst, the worst-case

scenario involved a storm translation direction that was at angle of about 45

deg relative to the ambient wind direction; for the NIMROD Yorkville down-
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burst, the storm track was almost aligned with the ambient wind direction.

Other scenarios where, for example, a downburst touches down very near the

center of the wind farm but then moves away, were found to not be critical.

In one NIMROD Yorkville downburst simulation that resulted in the largest

single-unit extreme blade load from among 245,760 simulations, this experi-

enced largest load during the downburst exceeded the 50-year return period

load in normal operation and in near-neutral atmospheric stability conditions.

While the NIMROD Yorkville downburst was seen to be more critical with

regard to a single-unit extreme load, the JAWS Average downburst was more

critical with regard to the entire 6×4 wind farm. The framework presented in

this study illustrates how one might evaluate potential sites where thunder-

storm downbursts are a concern from the point of view of potential damage,

risk, and losses.
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Chapter 7

Influence of Turbulence Models on Wind

Turbine Loads

7.1 Introduction

Information on characteristics of turbulence during downbursts is very

limited and turbulence data from field studies, which is useful for wind turbine

loads studies, is not widely available. A few recent field studies [20,22,23,40],

especially those conducted at Texas Tech University [30,54,55,74,75], have pro-

vided useful understanding of the time-varying characteristics of wind fields

during downburst transients. It is generally accepted that downburst winds

are non-stationary in nature. Field records have confirmed the variation in

time of both mean wind speed and wind direction during a downburst. These

are the two main characteristics of the “mean” wind field in a downburst.

Turbulence characteristics in a downburst are also different from that in the

neutral boundary layer. In addressing the non-stationary characteristics of

a downburst, Lombardo [54] showed that a zero-mean “residual” turbulence

resulted for downbursts in Lubbock, Texas if a moving average over a window

(segment) of at most 34 seconds was subtracted from recorded wind speed

data. For this residual turbulence, he also reported that the turbulence in-

tensity and integral length scale during downburst events decreased with the
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averaging time. In contrast, using the residual turbulence after applying 120-

second segment moving averages on the wind speed records from a rear-flank

downdraft (RFD) event also in Lubbock, Texas, Orwig and Schroeder [74]

reported that in general, turbulence intensities and length scales before, dur-

ing, and after the downburst were higher than those for the neutral boundary

layer. Although available, information on the distribution of turbulence energy

in the frequency domain for downbursts remains limited. Using a 15-second

moving average, Järvi et al. [40] reported that the turbulence spectra be-

fore, during, and after a downburst in southern Finland were consistent with

traditional turbulence spectra for the neutral boundary layer. Also, using a

34-second moving average, Lombardo [54] showed that at frequencies greater

than 0.03Hz, the residual turbulence power spectra displayed similar trends to

those of the well-established von Kármán and Kaimal power spectra. In con-

trast, upon applying intrinsic mode functions (IMFs) with the Empirical Mode

Decomposition (EMD) method to generate a time-varying mean (TVM) and

thus compute turbulence statistics, Orwig [75] found that turbulence power

spectra during a downburst can deviate from more traditional spectra used

for the neutral boundary layer. The shape of the estimated spectra indicates

additional turbulent energy in the mid-frequency range and does not follow

the -5/3 slope in the inertial subrange. Despite difficulties in generalizing

trends in turbulence characteristics, results from such field studies have been

widely used in validation in experimental and numerical modeling efforts in

wind engineering that are related to the study of thunderstorm downbursts.
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In this chapter, three turbulence models that can be combined with

a non-turbulent downburst model are presented. The influence of these three

models on extreme and fatigue loads for the 5-MW wind turbine is investigated

first. Then, a parametric study on the longitudinal turbulence length scale,

turbulence intensity, and turbulence vertical component in downburst turbu-

lence modeling is carried out. The influence of these various turbulence-related

parameters on loads on the 5-MW wind turbine is discussed.

7.2 IEC Kaimal Stationary Turbulence - Model 1

The Kaimal model, defined in the IEC wind turbine design standard

(IEC 61400-1) [37], assumes neutral atmospheric stability. The model is widely

used in turbine loads studies and is presented here as the basis for turbulence

modeling and, later, it is combined with a steady wind profile to form the

neutrally-stable boundary layer (NBL) case; this case serves as the “base case”

to compare with two downburst cases when studying turbine loads. The power

spectral density functions for any of three turbulence components, K = u′, v′,

or w′, are given as follows:

SK(f) =
4σ2

KLK/Uhub

(1 + 6fLK/Uhub)
5

3

(7.1)

where SK(f) (in (m/s)2/Hz) is the one-sided power spectrum for turbulence

component, K (which can be equal to u′, v′, w′); σK is the standard deviation

of turbulence component, K; f refers to the frequency of interest in Hertz

(Hz); Uhub is the ambient hub-height mean wind speed; and LK is an integral
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scale parameter that can be computed as follows:

Lu′ = 8.10ΛU

Lv′ = 2.70ΛU

Lw′ = 0.66ΛU (7.2)

where ΛU is a longitudinal turbulence scale parameter taken to be 42 m for

a 90-m hub-height wind turbine [37]. Turbulence standard deviations may be

computed as follows:

σu′ = Iref(0.75Uhub + 5.6 m/s)

σv′ = 0.8σu′

σw′ = 0.5σu′ (7.3)

where Iref is the expected value of the turbulence intensity at a hub-height

mean wind speed of 15 m/s. For turbulence category B (medium turbulence

characteristics) in wind turbine design, Iref = 14%. The cross-power spectrum

between point i and j (for any turbulence component) is defined as follows:

Sij(f) = Cohij(f)
√

Sii(f)Sjj(f) (7.4)

where Cohij(f) is the coherence function. For turbulence component, K, we

have:

K = u′, v′, w′ : Coh
(K)
ij (r, f) = exp



−12

√

(

fr

Uhub

)2

+

(

0.12
r

LK

)2




(7.5)
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in which r is the separation (distance) between points i and j.

The variance of each turbulence component can be calculated by inte-

grating the velocity spectra, SK(f):

σ2
K =

∫ ∞

0

SK(f) df (7.6)

Thus, from Eq. 7.1, we have:

∫ ∞

0

4LK/Uhub

(1 + 6fLK/Uhub)
5

3

df = 1.0 (7.7)

Examples of normalized PSD functions (such that σ2
u′ = 1.0) and co-

herence functions for the IEC Kaimal turbulence model with Uhub=90m = 15

m/s are shown in Fig. 7.1.

A series of stationary turbulence time series may be simulated as Gaus-

sian random processes using only the power spectral density functions (PSD)

in Eq. 7.1 and the coherence functions in Eq. 7.5. Specifically, in an ensemble

sense, such simulated turbulence time series will have a zero mean, a variance

that satisfies Eq. 7.3, a zero skewness and a kurtosis of 3. The three turbulence

components can be easily simulated using the Veers method that is discussed

in Chapter 3.

7.3 IEC Kaimal Non-Stationary Turbulence - Model 2

This time-varying amplitude modulation method was proposed by Chen

and Letchford [16] and summarized by Chay et al. [10]. In this method, a

correlated Gaussian stochastic process, κ(x, y, z, t), with zero mean and unit
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Figure 7.1: IEC Kaimal PSD and coherence functions [37].

variance is first simulated by setting the standard deviation in Eq. 7.1 to unity,

i.e., σu′ = 1.0:

Sκ(f) =
4Lκ/Uhub

(1 + 6fLκ/Uhub)
5

3

(7.8)

where Sκ(f) (in 1/Hz) is a one-sided representative power spectrum for κ

(equal to u, v, or w) representing normalized wind velocity fluctuations; Uhub

is the mean ambient wind speed at hub height; Lκ is an integral scale parameter

given by Eq. 7.2.
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The wind velocity fluctuations are obtained by amplitude modulation

of the normalized process, κ(x, y, z, t), using the time-varying mean wind field.

Thus, we have:

κ′(x, y, z, t) = ǫκ′ · κ(x, y, z, t) · Um(x, y, z, t) (κ ≡ u, v, w) (7.9)

where Um(x, y, z, t) represents the mean wind speed at a general point, (x, y, z),

in space and at time, t (in this study, Um(x, y, z, t) is the vector sum of the

non-turbulent downburst wind and the ambient wind); and ǫκ′ is the desired

turbulence intensity for the κ′(x, y, z, t) component. Note that κ′(x, y, z, t) has

units of m/s while κ(x, y, z, t) is dimensionless. Equation 7.9 introduces non-

stationary character to the turbulence random processes; at the same time, it

preserves a target turbulence intensity throughout the simulated downburst

event. Prior to the downburst’s influence at any point, (x, y, z), Um(x, y, z, t)

is equal to Uambient(z) and the turbulence characteristics are the same as in

the neutrally stable or neutral boundary layer (NBL). During the downburst,

−→
U m(x, y, z, t) =

−→
U downburst(x, y, z, t) +

−→
U ambient(z), and the downburst winds

contribute to the turbulent wind field and the experienced turbulence intensity.

After the downburst has completely dissipated,
−→
U downburst(x, y, z, t) =

−→
0 , and

the turbulent wind field reverts to its pre-downburst NBL characteristics. For

the IEC Kaimal model, the standard deviations (or, equivalently, turbulence

intensities) for the three components are related to each other as follows:

ǫv′ = 0.8ǫu′

ǫw′ = 0.5ǫu′ (7.10)
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and ǫu′ is usually specified at some target level. In simulations, the coherence

functions given by Eq. 7.5 are assumed with integral scale parameters as in

Eq. 7.2.

7.4 Rear-Flank Downdraft Turbulence - Model 3

A Rear-Flank Downdraft (RFD) was recorded during the Thunder-

storm Outflow Experiment conducted from May 20, 2002 to July 15, 2002 at

Texas Tech University [30, 74]. Time-varying turbulence characteristics esti-

mated from that data set serve as a basis for the development of this empirical

model for downburst turbulence.

As shown in Fig. 7.2, the recorded downburst featured sharp variations

in time of both the horizontal wind speed and the wind direction as well as

strong correlation among the data from the various elevations. A numerical

model for downburst turbulence is proposed based on the recorded time series

in this event. The goal is to simulate turbulence whose characteristics are sim-

ilar to what was observed in this RFD. The model first involves extracting the

“residual” turbulence from the record horizontal wind speed. There are several

approaches for doing this. Orwig and Schroeder [74] used 120-second segments

is this RFD to estimate turbulence intensities and length scales before, during,

and after the downburst. They separated the computations for the longitudi-

nal, u, and lateral, v, components using a 120-second mean wind direction in

each segment. Lombardo [54], working with different data, performed a statis-

tical analysis on the horizontal wind speed of five downburst events. He used
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Figure 7.2: Wind speed (solid red) and direction (dotted grey) time histories
for a rear-flank downdraft (RFD) observed at five elevations for Tower 4 in
the 2002 Thunderstorm Outflow Experiment conducted at Texas Tech Uni-
versity [74]. The green lines indicate a time-varying mean using a 40-second
moving window.
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a moving window whose length ranged from 1.1 up to 723 seconds to separate

the time-varying mean wind speed and the residual turbulence and to estimate

turbulence statistics during those events. He proposed a segmentation algo-

rithm that divides the residual turbulence time series into segments using tests

for stationarity such as the run test and the reverse-arrangement test. While,

in its entirety, each residual turbulence time series is non-stationary, each seg-

ment is stationary. It was found that 34 seconds was the longest averaging time

that could yield a zero-mean residual (horizontal) turbulence for downbursts

in Lubbock, Texas. The horizontal wind speed was not separated, however,

into longitudinal, u′, and lateral, v′, components. When analyzing the RFD

data, Chen and Letchford [18] utilized a wavelet shrinkage tool to separate the

original wind speed time series into component time-varying mean speeds and

fluctuating speeds. They found that the normalized fluctuations of the RFD

data set were stationary [15,19]. As in the study by Lombardo [54], Chen and

Letchford [18] did not decompose the horizontal wind speed into longitudinal

and lateral components; for wind turbine loads analysis, such decomposition

is important.

In wind turbine loads studies, the simulation of turbulence, to be com-

bined, in this study, with the non-turbulent downburst wind field, requires

information on all three turbulence components—longitudinal, u′, lateral, v′,

and vertical, w′. With this in mind, the RFD wind speed time series are first

separated into their time-varying mean speed and residual turbulence using

a moving window. When computing the time-varying mean wind speed, the
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length of this moving window is chosen as 40 seconds because this window

length, as shown in Fig. 7.3, is the longest value that results in a zero-mean

residual turbulence. This window length is also comparable with the 34-second

value reported by Lombardo [54]. Using a 40-second window, the time-varying

mean wind speed time series for the five elevations at Tower 4 are computed

and shown by green dashed lines in Fig. 7.2. The residual turbulence is ob-

tained by subtracting the time-varying mean wind speed from the original

time series. The next step is to decompose this residual turbulence into u′

and v′ components. This is done based on the assumption that the ambient

wind direction, which is associated with the longitudinal, u′, component, is

the mean wind direction before the RFD effect is measured at the tower. This

ambient wind direction is computed as the mean wind direction over the first

240 seconds of the recorded time series in Fig. 7.2.
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at z = 10 m for Tower 4 during the RFD.

179



0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800
0
5

10
15
20
25
30
35
40

W
nd

S
pd

 (
m

/s
)

Horizontal wind velocity at Tower 4 at 10m

 

 

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800
0
45
90
135
180
225
270
315
360

W
nd

D
ir 

(d
eg

)

 

 

WndSpd
Mean

WndDir

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800
−10
−5

0
5

10

u′
 (

m
/s

) µ
u′

 = −0.01m/s

Longitudinal residual turbulence, u′, and evolutionary spectrum (units:(m/s)2/Hz)

F
re

q 
(H

z)

 

 

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800

0.025
0.1
0.2
0.3
0.4
0.5 0

20

40

60

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800
−10
−5

0
5

10

v′
 (

m
/s

) µ
v′
 = 0.00m/s

Lateral residual turbulence, v′, and evolutionary spectrum (units:(m/s)2/Hz)

F
re

q 
(H

z)

 

 

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800

0.025
0.1
0.2
0.3
0.4
0.5 0

20

40

60

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800
0

50
100
150
200

Time (s)

Λ
U

 (
m

)

 

 

Longitudinal turbulence scale parameter, Λ
U

Figure 7.5: Wind Speeds and Estimates of Turbulence Evolutionary Power
Spectra and Longitudinal Turbulence Scale Parameter using a 40-second Mov-
ing Window at z = 10 m for Tower 4 during the RFD.
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The top panel in Fig. 7.4 shows the recorded times series of the hori-

zontal wind speed and direction as well as the time-varying mean wind speed

estimated using a 40-second moving average window at z = 10 m for Tower

4 during the RFD. The next two panels show the time series of the longi-

tudinal, u′, and lateral, v′, components, respectively. The two plots at the

bottom present estimates of the power spectral density (PSD) functions in

various 120-second segments for the u and v components—before the RFD

(one segment, t = 120 s - 240s); during the RFD (three segments, t = 300s

- 420s; 420s - 540s; 540s - 660s); and after the RFD (one segment, t = 720s

- 840s). The IEC Kaimal PSD for u′ and v′ components are also plotted for

comparison. All the PSD functions plotted are normalized such that the area

under each PSD curve is equal to unity. The PSD functions are estimated us-

ing Welch’s method [98] with the built-in function, pwelch, in MATLAB [57].

Since the RFD event was recorded at 1 Hz, no information is available above

0.5 Hz (the Nyquist frequency). Figure 7.4 suggests that the RFD power spec-

tra estimates have higher energy at frequencies ranging from 0.02 to 0.2 Hz

but lower energy at frequencies below 0.02Hz compared to the IEC Kaimal

spectra. Most of the turbulence energy is concentrated in the 0.02-0.2 Hz

frequency range. These observations are consistent with those of Chen and

Letchford [19]. When estimated in this manner, it is obvious that the energy

distribution of downburst turbulence by frequency (before, during, and after

the transient event) deviates from that in standard turbulence models (such

as for the neutral boundary layer).
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Similar to Fig. 7.4, Fig. 7.5 shows estimates of evolutionary power spec-

tra for the u′ and v′ turbulence components. These evolutionary power spectra,

shown in contour plots, are also estimated using Welch’s method and a moving

window with a length of 40 seconds. The spectra are plotted as a function of

both time and frequency and have units of (m/s)2/Hz. The contour plots in

Fig. 7.5 clearly reveal the non-stationary character of the residual turbulence;

they indicate also the times when the turbulence energy (i.e., the contribution

to variance) is large. These times, around t = 480 s and 700 s, are associated

with a high mean wind speed then. At the bottom of Fig. 7.5 is the estimated

evolutionary longitudinal length scale parameter at z = 10 m for Tower 4. Us-

ing a 40-second moving window, this longitudinal turbulence scale parameter

is estimated by directly integrating the positive portion of the normalized au-

tocorrelation function to obtain a time-varying time scale. This time-varying

time scale is then multiplied by the time-varying mean wind speed to yield an

evolutionary longitudinal turbulence scale parameter [74]. The bottom plot

in Fig. 7.5 shows that the longitudinal turbulence scale parameter is larger

during the RFD than before and after the event.

The vertical wind velocity, while it can be significant during down-

bursts [54], is not available for the RFD data set. In order to fully defined

our empirical three-component turbulence model, some assumptions need to

be made for the vertical, w′, turbulence component. In this chapter, two

approaches are considered. In one approach, w′ is assumed to have similar

characteristics as in the neutral boundary layer, i.e., as in Model 1, except
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Figure 7.6: Vertical Wind Speed and Estimate of Evolutionary Power Spec-
trum using a 40-second Moving Window at z = 10 m for a Downburst
Event [55].

that its standard deviation varies with the time-varying mean wind speed of

the downburst. In a second approach, w′ is simulated based on analysis of

a different data set (a different downburst than the RFD). An example of a

recorded w′ time series during a downburst is presented in Fig. 7.6. The time

series plotted in Fig. 7.6 is from a downburst event recorded 10 m above the

ground [55]. The observed large vertical wind speeds will be assumed to be

correlated with large horizontal wind speeds.

In time-domain simulations, the turbulence time series at point j =

1, · · · , N is obtained by summing harmonics at discrete frequencies that are
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comprised of deterministic amplitudes and random phases [87]

u′j(tn) =
N
∑

k=1

M
∑

m=1

√

2∆f Hj,k(fm, tn) cos(2πfmt + φkm) (7.11)

where N denotes the number of points in space; M denotes the number of fre-

quency bands considered between the lowest and highest frequencies; fm is the

center of the mth frequency band; ∆f is the frequency bandwidth; H(fm, tn)

denotes the transformation matrix at frequency, fm, and time, tn (H(fm, tn)

can be obtained by Cholesky decomposition of the evolutionary spectral matrix

Ŝ(fm, tn)); and φkm is a random phase angle modeled as uniformly distributed

between 0 and 2π.

The evolutionary spectral matrix at frequency, fm, and time, tn, Ŝ(fm, tn),

is written in the following form (see Section 3.4 for more details):

Ŝ(fm, tn) =















Ŝ1,1(fm, tn) · · · Ŝ1,N(fm, tn)

...
. . .

...

ŜN,1(fm, tn) · · · ŜN,N(fm, tn)















N×N

(7.12)

in which the diagonal terms, Ŝj,j(fm, tn), are estimated from measurements

(see, for example, Figs. 7.5 and 7.6). The off-diagonal terms, Ŝj,k(fm, tn) (j 6=

k), are calculated as follows.

Ŝj,k(f) = Cohj,k(fm, tn)

√

Ŝj,j(fm, tn)Ŝk,k(fm, tn) ∆f/2 (7.13)

In principle, the coherence function, Cohj,k(fm, tn), may also be estimated
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from data if available. Here, it is assumed to take the IEC standard form [37]:

Cohj,k(fm, tn) = exp






−12

√

√

√

√

(

fmr

Uj,k(tn)

)2

+

(

0.12
r

L̂K(tn)

)2





(7.14)

where r is the distance between points j and k; Uj,k(tn) is the mean wind speed

between points j and k at time, tn; and L̂K(tn) is the integral length scale at

time, tn, estimated using Eq. 7.2 and Fig. 7.5.

If only a single record (i.e., a single point in space) is used for simulation,

Eq. 7.12 becomes

Ŝ(fm, tn) = Ŝ(fm, tn)















1.0 · · · Coh1,N(fm, tn)

...
. . .

...

CohN,1(fm, tn) · · · 1.0















N×N

= Ŝ(fm, tn) Coh(fm, tn) (7.15)

in which the coherence matrix, Coh(fm, tn), is a symmetric matrix whose

diagonal terms are all unity.

7.5 Influence of Turbulence Models on Turbine Loads

The JAWS Average downburst Case A, as discussed in Section 5.3,

is studied here as an example. The storm parameters are summarized in

Table 5.3. Figure 7.7, which is the same as Fig. 5.3(a), shows a plan view of

the moving downburst and the turbine for the scenario to be investigated.
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Figure 7.7: Plan View showing Storm Track and Turbine.

Three cases are studied. Case 1 considers only the ambient wind field

with NBL wind shear over the rotor plane; the hub-height mean wind speed

is taken to be 6 m/s. The standard deviation of the longitudinal component,

u′, is computed using Eq. 7.3 with Iref =14% (IEC Category B for medium

turbulence characteristics [37]). As a result, the equivalent turbulence intensity

for the longitudinal component, u′, at hub height is σu′/Uhub = 24%.

Case 2 includes the non-turbulent downburst wind field, the NBL wind

shear, and a turbulent field simulated as discussed in Section 7.3. The turbu-

lence intensity parameter for u′, as in Eqs. 7.9 and 7.10, is chosen as 10%.

Case 3 is similar to Case 2, except that the turbulent part is based

on Model 3, as discussed in Section 7.4. The longitudinal, u′, and lateral, v′,

turbulence components are simulated directly from the estimated evolutionary

power spectra and IEC coherence functions, given in Fig. 7.5 and Eq. 7.14,

respectively. In the simulations, the portion of the estimated evolutionary

power spectra with the highest energy (around t = 480 s in Fig. 7.5) is adjusted
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to coincide in time with the peak intensity of the JAWS Average non-turbulent

wind field. The vertical component, w′, is assumed to be similar to that of

Case 1, except that its time-varying standard deviation is calculated as based

on Eq. 7.3. Thus, we have:

σw′ = 0.5 × 0.14 × (0.75Um(x, y, z, t) + 5.6m/s) (7.16)

where Um(x, y, z, t) represents the mean wind speed at point, (x, y, z), and

time, t.

The choice of turbulence intensities in Cases 2 and 3 is such that the

total turbulence energy (sum of turbulence variances) input is comparable.

The two seeds required for generating turbulent wind fields are modeled

as random. They are the sources of variability in the simulations presented

next. These random seeds are each sampled from a uniform distribution rang-

ing from -2147483648 to +2147483647, and truncated to integer values. For

each of the cases studied, 1,000 simulations are carried out on Sandia Na-

tional Laboratories’ Ebird cluster with the help of the DAKOTA Toolkit [1].

Figure 7.8 shows an example of the wind speed time series at hub height for

the three cases resulting from the same set of two random seeds. Figure 7.9

presents the corresponding time series of the flapwise bending moment at the

root of a blade (FlapBM). Note that every simulation is carried out for a du-

ration of 1,000 seconds; however, only the portion from t = 200 s to t = 800

s is considered for extreme and fatigue analyses (to be discussed later). For

the selected scenario, this 10-minute segment includes the most interesting
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and intense portion of the downburst that the wind turbine experiences. The

unwanted portions of the time series, that are shaded in Figs. 7.8 and 7.9,

are discarded. This avoids inconsistencies in the turbulence portions before,

during, and after the downburst.
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Figure 7.8: Hub-height Horizontal Wind Speed for the Three Turbulence Mod-
eling Cases.
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Figure 7.9: Flapwise Bending Moment at the Root of a Blade for the Three
Turbulence Modeling Cases.

From 1,000 simulations of each case, extreme and fatigue loads are

estimated. Estimation of fatigue damage in the time domain is carried out

using the rainflow cycle-counting method [2,67]. This is a method that converts
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a load time series into a sequence of cycles and, ultimately, yields a load range

histogram. In fatigue testing with constant-amplitude load cycles, one has:

NF · Lb = K0 (7.17)

where NF is the number of cycles to failure at load level, L; b is the Wöhler ma-

terial exponent (b = 10 for carbon-fiber composite); K0 = material parameter

related to fatigue capacity.

To compute the damage resulting from Nc cycles of distinct load am-

plitudes, Li, we have:

D =

∑Nc

i=1 L
b
i

K0
(7.18)

where D is the damage fraction and D = 1.0 corresponds to failure.

We address fatigue damage by examining the so-called “equivalent fa-

tigue load” for any simulated load time series. The EFL estimate [92] rep-

resents a constant load amplitude, which if run for a fixed number of cycles

(N0), will result in the same damage as that of the actual number of variable-

amplitude load cycles in the load time series. Thus, EFL may be defined by

equating Eqs. 7.17 and 7.18:

EFL =

{

∑Nc

i=1 L
b
i

N0

}1/b

(7.19)

In the following analysis, N0 = 400 is chosen based on the number

of load cycles estimated from the non-turbulent downburst simulation. This

means that it will take 400 cycles of the constant-amplitude load, EFL, to

obtain the same fatigue damage as results from each simulated load time series.
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Figure 7.10 presents histograms of extremes of the FlapBM from 1,000

simulations for the three cases. These downburst-related extremes are most

likely associated with the first “kink” at t ≈ 260 s in the load time series

shown in Fig. 7.9. Extreme loads in the two downburst cases, i.e., in Cases 2

and 3, shown in the two bottom panels, are higher than that for the NBL case,

i.e., Case 1, shown in the first panel. The two models for downburst turbulence,

i.e., Model 2 (Kaimal non-stationary) and Model 3 (RFD turbulence) have

mean values of the extremes that do not deviate much from the extreme value

caused by the non-turbulent part of the downburst alone (shown in magenta

color), i.e., 12.3 MN-m and 12.4 MN-m versus 12.1 MN-m, or 1.6% and 2.5%

increases, respectively, for Models 2 and 3. Given the downburst scenario and

assumptions on turbulence, it can be concluded that the blade load extremes

are driven mainly by the non-turbulent downburst wind field.

Figure 7.11 shows histograms of the equivalent fatigue load for FlapBM

from 1,000 simulations for the three cases. As expected, the EFL in the two

downburst cases, shown in the two bottom panels, is considerably higher than

that for the NBL case, shown in the first panel. Also, the non-turbulent

downburst alone produces an EFL of 6.1 MN-m. In contrast, a non-turbulent

downburst together with a non-stationary Kaimal turbulence component (Case

2) produces a 13% higher EFL mean than for the non-turbulent downburst

alone, while with the RFD turbulence model (Case 3), the increase is even

higher (about 25%). Thus, assumptions on turbulence modeling influences

blade fatigue loads more than they do blade extreme loads.
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Figure 7.10: Histograms of Extremes of the Flapwise Bending Moment at the
Root of a Blade from 1,000 Simulations for the Three Turbulence Modeling
Cases.

192



1 2 3 4 5 6 7 8 9 10 11
0

20

40

60

80

100

 

 

1 2 3 4 5 6 7 8 9 10 11
0

20

40

60

80

100

 

 

1 2 3 4 5 6 7 8 9 10 11
0

20

40

60

80

100

FLapBM EFL (MN−m)

 

 

Case 1: NBL Wind, U
hub

=6 m/s, mean=2.9; var=0.09; skew=1.1; kurt=5.2

Case 2: Downburst w/ Kaimal Turbulence, 6.9;  0.11;  0.5;  4.1
Non−turbulent Downburst Wind Field only, 6.1MN−m

Case 3: Downburst w/ RFD Turbulence, 7.6;  0.15;  1.0;  4.5

Figure 7.11: Histograms of Equivalent Fatigue Loads of the Flapwise Bend-
ing Moment at the Root of a Blade from 1,000 Simulations for the Three
Turbulence Modeling Cases.

193



7.6 A Parametric Study for Case 3

Downburst data analysis is different from NBL data analysis. It is

difficult to quantify time-varying characteristics of downbursts based on lim-

ited available data. When a downburst occurs, given its spatial extent that

covers several kilometers and its translational speed, different observation sta-

tions will experience the wind fields differently. Furthermore, alternative data

analysis approaches will yield at different insights. Usually when analyzing

downburst data, researchers seek to decompose the recorded time series into

a “mean” component and residual turbulence. Depending on the application

if interest, different approaches can be utilized to extract the mean and to

compute turbulence statistics. For example, using a 120-s segment mean wind

speed, Orwig and Schroeder reported that in general turbulence intensities and

length scales before, during, and after a downburst are higher than in NBL

conditions. The turbulence length scale was estimated to be as high as 220

meters at 15 meters AGL and turbulence intensity was up to 23% during the

RFD event [74]. In contrast, Lombardo [54], working with a different data set,

concluded that turbulence intensity and length scales during downburst events

lie within the range of typical NBL conditions, if an averaging time between

20 to 60 seconds is applied to the downburst data. The differences may be

partly because Orwig and Schroeder [74] used a constant mean wind speed in

each segment while Lombardo [54] used a time-varying mean throughout the

time series. Given variations in the approaches taken to quantify downburst

characteristics, one can expect variations in resulting downburst turbulence

194



simulations and, hence, in turbine loads. In the following, a parametric study

is carried out to investigate the variation in turbulence loads due to variation

in different parameters in turbulence modeling. The influence on turbine loads

of variations in the longitudinal turbulence scale parameter, ΛU , turbulence

intensity, T.I., and vertical turbulence component, w′, in turbulence modeling

is discussed. Case 3, considered in Section 7.5, serves as the base case for this

parametric study.

Figure 7.12 shows histograms of extremes and equivalent fatigue loads

of the FlapBM from 1,000 simulations for three different assumptions on the

longitudinal turbulence scale parameter, ΛU , in Case 3: (i) the same Case 3

as considered in Section 7.5 (with time-varying ΛU shown in the bottom of

Fig. 7.5); (ii) Case 3 with a constant ΛU = 42 meters (per the IEC standard

for the 90-m hub-height wind turbine [37]); and (iii) Case 3 with ΛU = 150

meters (a value estimated for the RFD at 15 m AGL during initial surge to

peak surge transition [74]). As shown in Fig. 7.12, the change in the longi-

tudinal turbulence scale parameter, ΛU , has little influence on both extreme

and fatigue loads for the 5-MW turbine. All the statistical moments remain

unchanged compared to the base case with the time-varying ΛU . Given the

downburst scenario and assumptions on turbulence, it can be concluded that

longitudinal turbulence scale parameter, ΛU , is not of great importance in

turbine load estimation during a downburst.

Figure 7.13 shows histograms of extremes and equivalent fatigue loads

of the FlapBM from 1,000 simulations for (i) the same Case 3 as considered
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Figure 7.12: Histograms of Extremes and Equivalent Fatigue Loads of the
Flapwise Bending Moment at the Root of a Blade from 1,000 Simulations for
Different Assumptions on the Longitudinal Turbulence Scale Parameter, ΛU :
Same Case 3 as considered in Section 7.5; Case 3 with ΛU = 42 m; Case 3
with ΛU = 150 m.
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Figure 7.13: Histograms of Extremes and Equivalent Fatigue Loads of the
Flapwise Bending Moment at the Root of a Blade from 1,000 Simulations for
Different Assumptions on Turbulence Intensity, T.I.: Same Case 3 as con-
sidered in Section 7.5; Case 3 with T.I. reduced by half; Case 3 with T.I.
doubled.
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Figure 7.14: Histograms of Extremes and Equivalent Fatigue Loads of the
Flapwise Bending Moment at the Root of a Blade from 1,000 Simulations for
Different Assumptions on Vertical Turbulence Component, w′: Same Case 3
as considered in Section 7.5; Case 3 with w′ simulated from Fig. 7.6; Case 3
with w′ simulated from Fig. 7.6 but doubled intensity.
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in Section 7.5; (ii) Case 3 with T.I. reduced by half for all three turbulence

components; and (iii) Case 3 with T.I. doubled for all three turbulence compo-

nents. Unlike the longitudinal turbulence scale parameter, turbulence intensity

has a significant influence on the 5-MW turbine extreme and fatigue loads. As

shown in Fig, 7.12, large turbulence intensity levels increases the turbine loads

and flatten their distribution (i.e., suggesting greater variability) while small

turbulence intensity levels reduce the loads and narrows their distributions

(i.e., suggesting smaller variability). Very small turbine intensity levels yield

load distributions that converge to the non-turbulent result which is shown in

magenta. Doubling the turbulence intensity level results in a 13% increase in

the mean of the extreme loads and a 40% increase in the mean fatigue loads.

Similar to NBL simulations, turbine extreme and fatigue loads scale with input

turbulence intensity during downbursts.

Lombardo [54] reported large variations in vertical wind speeds during

downbursts, especially at high elevations (200 meter AGL). As an attempt

to investigate the influence of the vertical turbulence component, w′, on tur-

bine loads, three different assumptions on the vertical, w′, component are

considered: (i) the same Case 3 as considered in Section 7.5 (in which w′ is

modeled as a non-stationary process by using the Kaimal spectrum and vary-

ing its standard deviation as a function of the time-varying mean wind speed,

Um(x, y, z, y)); (ii) Case 3 with the w′ component simulated directly using

Fig. 7.6; and (iii) Case 3 with w′ component simulated directly using Fig. 7.6

but with its turbulence intensity doubled. Figure 7.14 shows histograms of
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extremes and equivalent fatigue loads of the FlapBM from 1,000 simulations.

Different assumptions on vertical turbulence, w′, modeling have a limited ef-

fect on the 5-MW turbine extreme and fatigue loads. Similar to the case for

the longitudinal turbulence scale parameter, ΛU , one can conclude that ver-

tical turbulence component, w′, is not of great importance in turbine load

estimation during a downburst.

7.7 Concluding Remarks

One recorded downburst and a turbine simulation scenario were se-

lected for a study on the effects of alternative turbulence models on wind tur-

bine loads. For the particular scenario studied, an empirical model based on an

observed rear-flank downburst, Model 3, was found to produce higher turbine

loads (especially for fatigue) than the IEC-Kaimal spectral model. At moder-

ate turbulence intensity levels, extreme loads were found to be driven largely

by the non-turbulent part of the downburst. A parametric study revealed that

the 5-MW turbine loads are much less sensitive to variations in the longitu-

dinal turbulence scale parameter and to modeling of the vertical turbulence

component than they are to turbulence intensity. In turbine load simulations

during downbursts, the empirical turbulence model is recommended because it

conveys important downburst-specific physical characteristics; however, more

data with higher resolution is required for an improved understanding of the

influence of downburst turbulence on turbine loads.
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Chapter 8

Summary and Conclusions

8.1 Summary of Research Objectives

The simulation of thunderstorm downburst-related wind velocity fields

using a deterministic-stochastic hybrid model and prediction of associated

loads and response on a utility-scale wind turbine were the primary goals of this

dissertation. In particular, we had five main research objectives: (i) to under-

stand downburst characteristics that affect turbines; (ii) to predict downburst

loads/response on a utility-scale wind turbine under different assumptions on

control; (iii) to investigate the effect on turbine loads of downburst touchdown

location and track direction relative to a turbine system; (iv) to investigate

thunderstorm risks to wind farms; and (v) to investigate the influence of tur-

bulence models on wind turbine loads.

8.2 Conclusions

In the following, we summarize conclusions related to each of the five

main objectives listed above.
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8.2.1 Downburst Characteristics that Affect Turbines

High wind speeds and large wind direction changes are the two main

characteristics of thunderstorm downbursts that influence wind turbine per-

formance. Thunderstorm downburst conditions typically produce high wind

velocities. The occurrence of a downburst can create very rapid wind speeds

near the ground that add to any existing (ambient) wind field. If a station-

ary object is placed in the flow field during the event, it may experience two

velocity peaks as the storm progresses: first, a greater forward one and, later,

a smaller backward one. The change in wind direction is an important fea-

ture of a thunderstorm downburst and it has significant influence on the wind

turbine response during such an event. When the downburst passes directly

over the location of a wind turbine there will normally be a change in wind

direction of 180 deg. However, if a downburst passes over the location at

an offset distance—i.e., if the turbine is displaced from the storm track—the

wind direction changes by less than 180 deg. The ambient wind velocity has

a significant influence on the wind velocity and wind direction experienced by

a turbine during a downburst event. In a downburst event, the overall wind

field (including the wind velocity and wind direction at all points of interest

over the rotor-swept area) that a wind turbine can experience depends greatly

on the touchdown location and track direction of the storm.
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8.2.2 Turbine Response Simulation

We discussed the effects of thunderstorm downbursts and associated

large wind speeds and large/rapid wind direction changes on a 5-MW wind

turbine model response in different downburst scenarios. Results suggest that

assumptions on available wind turbine control options clearly influence the

overall system response. Blade pitch control, affected by changes to blade

pitch angles, influences the rotor aerodynamics and can lead to a reduction

in turbine loads during high winds that accompany downbursts. Yaw con-

trol limits yaw misalignment and can, as well, reduce turbine loads especially

in yawed flow conditions as when wind direction changes are large and rapid.

Different downburst touchdown locations result in contrasting wind fields and,

hence, in variable turbine response. Some downburst touchdown points rela-

tive to the wind turbine can lead to strongly yawed flows. In such strongly

yawed flow conditions, both pitch and yaw control are required to minimize

load ranges. Nevertheless, if, in addition to high wind speeds, the rate of wind

direction change and the rate of wind speed change are both very high, pitch

and yaw control even together are insufficient to reduce turbine load ranges

as seen in one of the cases discussed. In such rapidly and strongly yawed

flow conditions, a shutdown sequence can minimize loads effectively as soon

as it is implemented; however, it is likely that the turbine might already have

been subjected to very high loads before the shutdown sequence starts. Still,

making shutdown scenarios available in the event of very large wind speeds

in excess of the cut-out wind and having blade pitch control as well as yaw
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control can help improve turbine performance during a thunderstorm.

8.2.3 Influence of Storm Touchdown Location and Track Direction
on Turbine Loads

Several recorded downbursts were selected for a study on wind turbine

loads based on available information. Different downburst touchdown loca-

tions and directions of storm translation result in different wind fields that

a turbine may experience and, hence, in variable turbine response. A Monte

Carlo simulation study was performed to investigate the influence of variable

downburst touchdown locations and translation directions on extreme loads for

a 5-MW turbine. Depending on the simulated values of the downburst touch-

down location and the translation direction, it was found that the turbine

might or might not experience the peak intensity of the downburst transient.

Results indicated the important effects of both, the ambient winds as well

as the downburst winds, on turbine extreme loads. For the storms studied,

if the ambient winds were close to the turbine’s rated wind speed, extreme

loads followed a single-mode distribution or histogram; if these ambient winds

were much lower than the rated speed, separate effects of the ambient winds

and those of the downburst winds led to very different peak turbine loads and

markedly bimodal turbine extreme load distributions.

8.2.4 Thunderstorm Risks to Wind Farms

Two recorded downbursts, based on available information, were selected

for a study of loads on an array of twenty-four 5-MW wind turbines. The
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downburst’s touchdown location and track direction relative to the turbine

array were modeled as random variables. Ambient winds were assumed in a

direction normal to the long side of the selected rectilinear 6×4 turbine array.

With the help of high-performance computing (HPC) resources, thousands of

downburst scenarios were simulated. The different simulated downbursts ex-

hibited contrasting physical characteristics; hence, turbine load characteristics

showed some differences as well. Results from the simulation studies suggest

that the demand on turbines units in a wind farm can be great in downbursts

that touch down upwind of the farm, have a track direction in a 90-degree sec-

tor centered symmetrically relative to the ambient wind direction, and move

towards the farm. For both the downburst cases studied, the worst-case sce-

nario (from the point of view of largest array-average extreme blade loads)

resulted from a touchdown location and track direction that brings the storm

close to the wind farm center when it is at its peak intensity. For the JAWS

Average downburst, the worst-case scenario involved a storm translation direc-

tion that was at angle of about 45 deg relative to the ambient wind direction;

for the NIMROD Yorkville downburst, the storm track was almost aligned

with the ambient wind direction. Other scenarios where, for example, a down-

burst touches down near the center of the wind farm but then moves away,

were found to not be critical. In one NIMROD Yorkville downburst simula-

tion which resulted in the largest single-unit extreme blade load from among

245,760 simulations, the experienced largest load during the downburst ex-

ceeded the 50-year return period load in normal operation and in near-neutral
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atmospheric stability conditions. While the NIMROD Yorkville downburst

was seen to be more critical with regard to a single turbine unit’s extreme

load, the JAWS Average can be more critical with regard to the whole 6×4

wind turbine array. The framework presented in this study illustrates how one

might evaluate potential sites where thunderstorm downbursts are a concern

from the point of view of potential damage, risk, and losses.

8.2.5 Influence of Turbulence Models on Wind Turbine Loads

One recorded downburst and a turbine simulation scenario were se-

lected for a study on the effects of alternative turbulence models on wind

turbine loads. For the particular scenario studied, an empirical model based

on a recorded rear-flank downburst (RFD) was found to produce higher tur-

bine loads (especially for fatigue considerations) than the IEC-Kaimal spec-

tral model. At moderate turbulence levels, extreme loads were found to be

driven largely by the non-turbulent part of the downburst studied. A para-

metric study revealed that the 5-MW turbine loads are much less sensitive to

the longitudinal turbulence scale parameter and modeling of the vertical tur-

bulence component than they are to assumed turbulence intensity levels. In

turbine load simulations during downbursts, empirical turbulence model based

on recorded downburst data is recommended; however, additional data with

greater resolution is required for an improved understanding of the influence

of downburst turbulence on turbine loads.
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8.3 Research Limitations and Suggestions for Future
Research

This study was focused on the simulation of thunderstorm downbursts

using a deterministic-stochastic hybrid model and the prediction of wind tur-

bine loads resulting from the simulated downburst event’s wind field. While

we believe this study is likely the first one to directly address the influence

of thunderstorm downbursts on turbine loads, we have made some controls-

related assumptions in this work—for one, we allowed for significant yaw errors,

during periods of rapid wind direction change, in computing loads; addition-

ally, for brief periods when high winds are in excess of cut-out, the turbine is

assumed to continue to operate with similar blade pitch control rates as for

winds close to and below the cut-out speed.

Based on insights gained from this research, we recommend the follow-

ing areas for further research.

• Simulation of inflow fields could be done using different approaches if

more realistic downburst flow conditions are desired. Large-Eddy Simu-

lation (LES) and/or Weather Research and Forecasting (WRF) models

appear to be good alternatives. However, these models are far more

computationally expensive than the hybrid model presented here.

• There is a need for enhancements to models for aerodynamic loads com-

putation that can more accurately address large yaw error, yaw control,
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blade pitch control, and transitions from turbine operational to possi-

bly parked states that are especially important in dealing with transient

events such as thunderstorm downbursts.

• In the wind farm risk assessment problem, models to account for turbine-

turbine wake interactions during downbursts should be explored; their

effects on extreme/fatigue loads on wind turbines should be investigated.
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Appendix A

Blade Element Momentum Model

We present here the basics of aerodynamics of horizontal-axis wind tur-

bines [7] that can help to understand one of the models that the AeroDyn [63]

subroutines use to calculate aerodynamics forces—namely, the Blade Element

Momentum (BEM) Model. A wind turbine is a device that extracts energy

from the wind. As the air passes through the rotor plane, there is a change

in both pressure and velocity. The region of the flow downstream of the rotor

disc with reduced static pressure and speed is called the wake. A wind turbine

wake model calculates induced wind velocities and forces on the blades using

assumptions on the behavior of the downstream wake.

A.1 The Actuator Disc Theory

An actuator disc is a device that extracts energy from the wind. Fig-

ure 1 shows such an energy-extracting actuator disc and stream tube. The

cross-sectional area of the stream tube is smaller than that of the disc up-

stream but larger than that of the disc downstream. This is because the mass

flow rate must be the same everywhere (mass continuity). The mass of air

that passes through a given cross section of the stream tube per unit time is

ρAU , where ρ is the air density, A is the cross-sectional area and U is the flow

210



Stream-tube

Velocity

Pressure

Actuator disc

p
∞

p
∞

U
∞

Uw

p+
d

Ud

p–
d

Velocity

Pressure

Figure 1: An Energy Extracting Actuator Disc and Stream Tube [7].

velocity. The mass flow rate must be the same everywhere along the stream

tube and so, we have:

ρA∞U∞ = ρAdUd = ρAwUw (1)

where the subscripts ∞ refers to conditions far upstream, d refers to conditions

at the disc and w refers to conditions in the far wake. The axial flow induction

factor, a, is defined such that:

Ud = (1 − a)U∞ (2)
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A.2 Momentum Theory

The rate of change of momentum is equal to the overall change of

velocity times the mass flow rate at the disc:

Rate of change of momentum = (U∞ − Uw)ρAdUd (3)

The force causing this change of momentum comes entirely from the pressure

difference across the actuator disc, noting Eq. 2:

(p+d − p−d )Ad = (U∞ − Uw)ρAd(1 − a)U∞ (4)

(p+d − p−d ) is obtained by applying Bernoulli’s equation, assuming the flow to

be incompressible.

upstream:
1

2
ρU2

∞ + p∞ =
1

2
ρU2

d + p+d

downstream:
1

2
ρU2

w + p∞ =
1

2
ρU2

d + p−d

=⇒ (p+d − p−d ) =
1

2
ρ(U2

∞ − U2
d ) (5)

Inserting Eq. 5 into Eq. 4 yields

Uw = (1 − 2a)U∞ (6)

=⇒ a ≤ 1

2

This is the fundamental constraint on axial induction, a. Rearranging Eq. 7,

noting Eq. 2, gives

1

2
(U∞ − Uw) = aU∞ = U∞ − Ud (7)

Equation 7 reveals that half the axial speed loss in the stream tube takes place

upstream of the actuator disc and half downstream.
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A.3 Power Coefficient & the Betz Limit

From Eq. 4, the force on the air, noting Eq. 7, is

F = (p+d − p−d )Ad = 2ρAdU
2
∞a(1 − a) (8)

The power available from the air at the disc is equal to

Available Power =
1

2
ρAdU

3
∞ (9)

The power extracted from the air by the disc is equal to the rate of work done

by this force and, noting Eq. 2, we have:

Extracted Power = FUd = 2ρAdU
3
∞a(1 − a)2 (10)

A power coefficient is defined as the ratio of extracted power to available power

in the air:

CP =
2ρAdU

3
∞a(1 − a)2

1
2
ρAdU3

∞

= 4a(1 − a)2 (11)

The maximum value of CP occurs when dCP

da
= 4(1 − a)(1 − 3a) = 0 which

gives a = 1/3 and, hence, we have:

CP,max =
16

27
= 0.593 (12)

This maximum value is known as the Betz limit after Albert Betz, a German

aerodynamicist and, to date, no wind turbine has been designed that is capable

of exceeding this limit [7].
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A.4 Blade Element Momentum Theory

In the case of a rotating wind turbine, the flow behind the disc rotates

in the opposite direction to the disc. With reference to Fig. 2(a), let us assume

(i) the blades rotate with an angular velocity of Ω; (ii) upstream of the disc,

i.e. at (1) and (2), the flow rotational velocity is zero; and (iii) behind the disc

(at (3)), the wake rotates with an angular velocity ω. Thus, over the disc,

wake rotation has been introduced. The average angular velocity at the disc

due to wake rotation is therefore ω/2. Define the tangential flow induction

factor, a′, such that

a′ =
ω/2

Ω
(13)

The total tangential velocity at the blade element is therefore given as:

Ωr +
ωr

2
= (1 + a′)Ωr. (14)

Before we proceed to the Blade Element Momentum Theory formulation, let

us make a few other assumptions with reference to Fig. 2(b):

• The force of a blade element is solely responsible for the change in mo-

mentum of the air that passes through the annulus swept by the element.

• Rotor plane is broken into annuli (concentric rings) and blades into seg-

ments.

• There is no radial interaction between the flows through contiguous an-

nuli.
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Figure 2: Blade Element Momentum Theory [7].
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• Each airfoil is treated as 2-dimensional.

• An instantaneous blade/wake equilibrium applies.

• The annulus area is approximated as 2πrdr.

The angle of attack, α, is determined from the velocity components. Shown in

Fig. 2(c), φ is the angle between the net tangential velocity and the resultant

relative velocity, W , at the blade element. Given airfoil lift and drag coeffi-

cients Cl(α) and Cd(α), the forces on the blades for given values of axial and

tangential induction factors a and a′ can be determined. Let us consider a

turbine with N blades, tip radius R, chord length c, pitch angle β measured

between airfoil zero lift line and plane of the disc, blade rotating velocity Ω,

and wind speed at far upstream U∞. The net tangential velocity at the blade

element is computed as:

Ωr + a′Ωr = (1 + a′)Ωr. (15)

From Fig. 2(c) the resultant relative velocity at the blade is

W =
√

U2
∞(1 − a)2 + Ω2r2(1 + a′)2 (16)

The angle of attack is given by

α = φ− β (17)

where

φ = atan
U∞(1 − a)

Ωr(1 + a′)
(18)
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The lift force acting on a spanwise length, δr, of each blade, normal to the

direction of W , is therefore

δL =
1

2
ρW 2cClδr (19)

and the drag component parallel to W is

δD =
1

2
ρW 2cCdδr (20)

The axial aerodynamic force acting on N blade elements is

δFx = δL cosφ+ δD sinφ =
1

2
ρW 2Nc(Cl cosφ+ Cd sinφ)δr (21)

The torque acting on N blade elements is equal to N times the tangential

force times radius

δT = (δL sin φ− δD cos φ)r =
1

2
ρW 2Nc(Cl sinφ− Cd cosφ)rδr (22)

Equations 21, 22 constitute the Blade Element theory.

On the other hand, with reference to Fig. 2(a), noting that δAd ≈

2πrdr, the axial thrust of element is given by the Momentum theory applied

to the case of actuator disk with rotation as follows:

δFx = 2ρ(δAd)U
2
∞a(1 − a) = 4πρrU2

∞a(1 − a)rdr (23)

The torque of the element is the rate of change of angular momentum which

is calculated as the product of the mass flow rate, the change of tangential

velocity and the radius.

δT = ρδAdU∞(1 − a) · 2a′Ωr · r = 4πρU∞(Ωr)a′(1 − a)r2δr (24)
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The Blade Element Momentum (BEM) theory is the marriage of Blade Ele-

ment Theory and Momentum theory; its formulation is obtained by equating

the thrust and torque in Eqs 21, 22 and in Eqs. 23, 24, i.e.

δFx,Blade Element = δFx,Momentum

δTBlade Element = δTMomentum (25)

Carrying out some algebra yields

a =

[

1 +
4 sin2 φ

σr(Cl cosφ+ Cd sinφ)

]−1

a′ =

[

−1 +
4 sinφ cosφ

σr(Cl sinφ− Cd cosφ)

]−1

(26)

where σr = Nc
2πr

is defined as the blade solidity. There are two equations and

three unknowns; hence (a, a′, φ) can be solved iteratively. Once computed,

(a, a′, φ) can be used to determine the forces on the blades.

Because of its simplicity, BEM theory has its limitations [61]. One

limitation is that the calculations are static; i.e., the airflow field around the

airfoil is always in equilibrium. Another limitation of BEM theory is that it

assumes the forces acting on the blade element are essentially two-dimensional,

meaning that spanwise flow is neglected. In spite of its limitations, BEM

theory has been used widely as a reliable model for calculating the induced

velocity and elemental forces on wind turbine blades.

There is another wake model that is available in FAST/AeroDyn; this

is the generalized dynamic wake (GDW). This model is believed to be able to
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analyze conditions such as operation at large yaw angles and wind turbine re-

sponse during short-term transients more accurately. However, GDW assumes

that the induced velocities are small relative to the mean flow. This assump-

tion leads to numerical instability of the method at low wind speeds when the

turbulent wake state is approached [61]. In this dissertation, the BEM model

is used in all wind turbine simulations during downbursts. This is required in

order to maintain numerical stability of the simulations over all wind speeds

when large wind direction changes and yaw misalignments are present. While

the obvious unstable results may be filtered out, it becomes difficult to differ-

entiate unphysical instabilities and real, large-amplitude extreme events like

downbursts [5].
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Appendix B

Rotational Sampling by HAWTs

The wind velocity field observed by rotating blades of a HAWT is dif-

ferent from that of a stationary point. The wind speed distribution is far from

uniform over the area swept by the blades, as illustrated in Fig. 3. For exam-

ple, if the mean wind speed at 10 m AGL is 10 m/s, a 5-MW wind turbine

(with a rotor radius of 63 m and a hub height of 90 m AGL) has a rotor-swept

area equal to 12,469 m2; mean wind speeds (power-law wind shear assume

with a shear coefficient α = 0.2):

Ubottom(27m) = 10

(

27

10

)0.2

= 12.2 m/s

Uhub(90m) = 10

(

90

10

)0.2

= 15.5 m/s

Utop(153m) = 10

(

153

10

)0.2

= 17.2 m/s (27)

Due to spatial variation, a blade element, s
r
, experiences different wind speeds

as it rotates. If we assume the wind field is frozen during a revolution, the wind

speed experienced by s
r

is periodic with a frequency related to the rotation

rate. This frequency is denoted as the 1P (or “1 per rev”) frequency. The wind

speed experienced by a rotating point is called rotational sampling. Rotational

sampling produces cyclic perturbations to the aerodynamic thrust force and

the torque that must be supported by the blades. The wind speed as seen by

220



Figure 3: Illustration of spatial distribution of the wind passing through the
area swept by the turbine [6].

a rotating HAWT blade can, hence, be separated into a deterministic and a

stochastic component-the former is due to the spatial variation of mean wind

speed (wind shear) whereas the latter is due to turbulence.

Given the rotational rate, ψ (rad/s), the time-varying elevation, hr,

above the ground of the blade element, s
r
, shown in Fig. 3 is given as follows:

hr(t) = h+ r cos(ψt) (28)
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where r is the distance from the hub (center) to the blade element; h is the

hub height.

The time-varying mean wind speed at blade element, s
r
, due to spatial

variation (wind shear) can be computed using the power law with a shear

coefficient α :

Um(hr, t) = Uref

(

h+ r cos(ψt)

zref

)α

(29)

where Uref is the reference wind speed at the reference height zref .

In addition, there is also a fluctuating component, u′(hr, t). Finally, we

have for the total wind velocity at the blade element:

U(hr, t) = Um(hr, t) + u′(hr, t) (30)

The total wind velocity spectrum observed by a rotating blade element will

differ from that of a stationary point. Part of the energy in the turbulence

moves towards higher frequencies. This energy transfer depends on: rotational

frequency, ψ (rad/s), distance of the blade element to the hub, r (meters),

turbulence bandwidth, correlation length, Lu. Observations [90] show that the

rotationally sampled wind spectrum has peaks at the multiples of the rotating

frequency, 1P . To illustrate this effect, let us assume that the rotational

frequency is much higher than the turbulence bandwidth, hence wind field can

be assumed to be frozen. A rotating blade element will experience a cyclic

wind fluctuation hence the spectrum will consist of “spikes” at multiples of

1P . As r/Lu increases, correlation of wind sampled at points in a revolution

decreases. Spectrum peaks are larger for blade elements near the tip (large r);
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peaks are smallest for blade elements near the hub (small r); the hub sees no

rotational sampling (r = 0). If the rotor speed decreases, the wind “unfreezes”;

the energy in the spikes spreads out. In the limit, if rotational speed is very

low, there would not be any difference between the spectrum at a fixed point

and at a rotating point. In real wind turbines, the rotational frequency may

be several times higher than the turbulence frequency bandwidth (i.e. wind

field can be assumed to be frozen), hence the wind experienced by the blades

will have high energy concentrated around 1P and multiples of it as shown

in Fig. 5. Of note, Fig. 4 shows that about 80% of IEC Kaimal longitudinal

turbulence energy lies within 0.001Hz and 0.2 Hz.
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Figure 4: Illustration of IEC Kaimal Turbulence Frequency Bandwidth.
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Figure 5: Examples of Wind Simulation (discussed in detail in Chapters 3
and 7) and Illustration of Rotational Sampling. Number of points = 12; Rotor
radius R = 40 m; Rotor speed in Hertz, ψ = 1 Hz. The velocity spectrum
observed by the rotating blade tip shows energy concentration around 1P =
1Hz and multiples of it.
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