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implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or refiect those of the United States
Government or any agency thereof.
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EXECUTIVE SUMMARY

Wind energy is a potentially
viable technology, but one that now
needs carefully planned research in
order that pressing design problems
can be solved. Wind turbine design
tools must be improved for the
adequate prediction of performance
and reliability. This is due in part
to the severe environmental demands
for wind energy systems, and in
part to a lack of understanding of
wind turbine aerodynamics.

TECHNICAL ASSESSMENT PANEL
AND PROCEDURE

The Wind Turbine Aerodynamics
Technical Assessment Panel (“Panel”)
was formed by the Washington Consult-
ing Group under the sponsorship of
the Office of Energy Research of
the U. S. Department of Energy,
and was directed to define the highest
priority research needs relating to
the aerodynamics of wind turbines.

In addition to its own meetings
and deliberations, the Panel attended
a DOE-sponsored seminar on the
aerodynamics of wind turbines at
Sandia National Laboratory in Albu-
querque, NM, in March 1985, a
briefing by wind turbine industry
representatives in Oakland, Cali-
fornia, in July 1985, and conducted
an inspection of a number of wind
farm installations at Altamont Pass
and the Boeing/PGE Mod-II wind
turbine in Fairfield, California.
The Panel also reviewed a substantial
number of technical reports document-
ing the research on the aerodynamics
of wind turbines.

The Panel’s goal was to develop
a prioritized list of wind turbine

aerodynamic research needs and
opportunities which could be used
by the Department of Energy program
management team in detailing the
DOE Five-Year Wind Turbine Research
Plan. The focus of the Assessment
was the basic science of aerodynamics
as applied to wind turbines, includ-
ing all relevant phenomena, such
as turbulence, dynamic stall, three-
dimensional effects, viscosity,
wake geometry, and others which
influence aerodynamic understanding
and design.

The study was restricted to
wind turbines that provide electrical
energy compatible with the utility
grid, and included both horizontal
axis wind turbines (HAWT) and
vertical axis wind turbines (VAWT).
Also, no economic constraints were
imposed on the design concepts or
recommendations since the focus of
the investigation was purely scientific.

RESEARCH NEEDS ASSESSMENT
METHODOLOGY AND WIND TURBINE
AERODYNAMICS STUDY AREAS

The Panel established a method
to identify the present research
needs: first a hierarchy of aero-
dynamic study areas relevant to
the engineering design of wind
turbines was established. The
study areas ranged from simple,
steady-state, two-dimensional
(2-D) airfoil studies, to the very
complex stochastic representation
of unsteady turbulence of the
wind. Each of these was further
broken down into specific subcate-
gories, developed in order of comp-
lexity.
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The first category is the inter-
action between the airflow and the
airfoil. This includes steady aero-
dynamics, on which most classical
aerodynamics and most present
design tools for wind turbines are
based, and unsteady aerodynamics,
which is concerned with airfoil and
rotor behavior under time-varying
conditions.

Each concept was then discussed
and evaluated for each aerodynamic
topic, and a numerical research
opportunity priority was established
for each.

WIND TURBINE AEROD~JAMIC
RESEARCH NEEDS AND PRIORITIES

The second major aerodynamic
topic is the inflow to the rotor,
which consists ofi

wind speed and direction
fluctuations,

terrain-induced fluctuations,
and

interference-induced
fluctuations,

all of which are unsteady.

In the third and last category
of aerodynamic study are interface
topics, for which the aerodynamics
plays a major role through the
unsteady airloading, but which
depend also on other disciplines.
These are aeroelasticity, control
systems, shutdown systems, and
interference.

Next, having established a frame-
work of topics for discussion, the
Panel chose seven generic design
approaches for wind turbines which
are the most significant and in the
Panel’s view, represent the best
potential for improving the cost
and reliability of wind energy systems.

These were

o Stall control
o Pitch control
o Variable speed HAWT
o Darrieus VAWT
o Straight blade VAWT
o High tip speed HAWT
o Free Yaw HAWT

The highest priority research was
identified as those topics which
are common to all design approaches,
that cut across design and configu-
ration boundaries, and will enhance
those approaches and others yet
to be identified.

The Panel agreed that the following
three subject areas and specific
subdiscipline are the highest
priority aerodynamic research
areas and opportunities for future
development of the wind-power
industry

Unsteady Aerodynamics

Dynamic Stall Understanding--

Develop an understanding
of the 2-D and 3-D hysteresis
effects of dynamic stall.

Testing Methodology for Unsteady
Flow--

Stimulate complex unsteady
flows in wind tunnel and
total system (field) tests in
order to exploit dynamic
staIl effects.

Airfoil Development Studies
for Unsteady Flow--

Initiate a design process
which will yield airfoils
specifically suited for unsteady
flow, and which considers
the significance ofi
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o

0
0

0
0
0

dynamic stall repeat-
ability and insen-
sivity
airfoil roughness
delayed stall and soft
stall

performance and prediction
rotor stability; and
airfoil control devices.

Wind Inflow Models The Develop-
ment of Aerometeorology

Establish a new study termed
aerometeorology, which will attempt
to develop realistic inflow models
for the assessment of unsteady
effects, including the specific
cases ofi

o

0

0

0

unsteady, uniform inflow- -
or representation of the
uniform gust front;
unsteady nonuniform inflow--
or representation of frozen
turbulence;
steady, nonuniform inflow--
or representation of steady
inflow fronts; and
stochastic inflow--
or representation of
inflow in the frequency/wave
number domain.

Interface Topics

Aeroelasticity --

Develop a methodology for
defining the unsteady airloads

. which must be included in the
structural dynamic models.

Control Systems- -

Investigate the performance
and reliability benefits to be
obtained with external control
actions, such as ailerons, in
steady and unsteady flow.

Wake Model Interference Develop-
ment--

Develop and verify a model
for the structure and decay
of the unsteady wind tur-
bine rotor wake.

Component Wake Interference
Development--

Develop and verify models
for the structure and decay
of the unsteady wakes caused
by turbine components such
as towers.

Shutdown (Emergency) Systems--

Develop an understanding
of the behavior of airfoils
under extreme conditions,
and at very high angles of
attack, such as a moving
aileron in separated flow.

In addition, further steady-state
aerodynamics studies should be
continued in order to provide a
suitable data base for the above
investigations and lend insight
into the new physical and mathe-
matical models and design tools
which must be used.

Steady Aerodynamics

Three-Dimensional Flow--

Assess the degree of 3-D
or spanwise flow which
occurs under typical conditions,
and relate that to the inflow
and turbine wake geometry.

Wake Modeling--

Develop and verify a model
of the turbine vortex wake
geometry suitable for perfor-
mance and stability studies.,.
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Effect of Roughness in Steady
State--

Develop an understanding of
environmentally-induced airfoil
surface roughness on airfoil
transition and separation in
steady flow.

Airfoil Mechanisms--

Investigate the effect of
airfoil mechanisms, such as
vortex generators, on delaying
turbine rotor stall and
separation,

Two-Dimensional Airfoil Develop-
ment--

Develop a verified methodology
for tailored wind turbine
airfoil design in steady state
to establish a database for
future unsteady airfoil design.

Testing Methodology for Steady
Flow- -

Continue steady-state wind
turbine testing in wind tunnels
and in the field, to acquire
long-term performance data
and to investigate the benefits
of new airfoils.

THE NEEDS FOR BASIC RESEARCH
AND AEROMETEOROLOGY

The Panel determined that the major
work should be in unsteady aerody-
namics and rotor inflow and recom-
mends that the emphasis be on
basic research rather than on applied
research. The basic research which
is called for here must establish a
technology base strong enough so
that design decisions can be made
with confidence and not by trial
and error as is often the case now.
The Panel believes that very sign-
ificant improvement in the perfor-

mance, reliability, and economics of
wind turbines is possible given a
proper unsteady aerodynamics tech-
nology base. This basic research
program should include a strong
experimental emphasis from the
beginning.

The Panel also calls for the
development of a new branch of
aerodynamic study, termed aerometeor -
ology, which combines the unsteady
aerodynamics of the wind turbine
design community and the unsteady
physics of the meteorologists.
The center of expertise for the
study of unsteady rotor inflow is
the atmospheric physics community.
However, sufficient guidelines do
not exist since the wind turbine
community cannot yet adequately
assess airfoil response to fluctua-
tions. A better understanding of
unsteady aerodynamics and new
attempts to relate the extensive
body of micrometeorological data
on turbulence structure to engi-
neering applications are needed.
Therefore, the basic goal of aero-
meteorology is:

To define a disciplinary area
of collaboration between the
wind turbine engineering com -
munity and the micrometeor-
ology community, both experi -
mental and theoretical.

In aerometeorology, the emphasis
will be on representing realistic
unsteady inflows to the aerody -
namicists who will be assessing
various wind turbine design concepts.
For example, two of the immediate
projects that could be undertaken
by aerometeorologists would be the
determination of effective rotor
inflow length scales and micro-
siting, or the representation of
terrain interference inflow effects
on distributions of mean inflow
velocities.
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DIFFICULTY OF THE PROBLEM

The nature of the basic research
goals makes it difficult to estimate
the time or cost needed for the
recommended research study areas.
Innovations and discovery of new
approaches and solutions will modify
any set of strategic goals or milestones
adopted. The most that can be
done is to define the higher payoff
directions which are clear now, and
will eventually bear fruit. We
expect that these directions will
also change in the future as knowledge
is gained.

This course of action is not a
short-term strategy, but a major
patient, continuing long-term commit-
ment. It depends on substantial
directed resources and talent that
carefully constructs theoretical
programs coupled with strong experi-
mental support, and is allowed to
gain momentum over a span of
years, probably decades.

APPLICATIONS STUDIES

Additional studies that merit
attention are in the area of applica-
tion.x noise, rotor economy of
scale, advanced concepts, and new
descriptors.

Rotor noise, especially blade tip
noise due to high tip speed, will be
an important siting criterion. The
capability to predict aerodynamic
noise is well in hand provided the
unsteady airloads can be determined.
For wind turbines, the technology
need is to provide these unsteady
loads to the prediction programs.

An economy of scale is possible
with larger wind turbine rotors.
However, it is clear that the effects

are not simple. Clearly, more
needs to be known about the unsteady
performance of large rotors and the
representation of the unsteady
inflow, before a definitive conclusion
can be made about economy of
scale of large wind turbines.

A variable speed rotor which
operates at constant tip speed
ratio is attractive since the rotor
operates at maximum power coefficient
(efficiency) when it is at constant
tip speed ratio. Another advantage
that is not so easily quantified is
the equilibrium of operation.
Simply stated, for constant tip
speed ratio the aerodynamic and
inertial rotor blade loads are in
balance for all inflow wind speeds.
A technology applications need is
to determine the benefits of this.

There is potential for large improve-
ment in output of wind turbines by
using advanced aerodynamic concepts.
The ducted turbine is one example
of a family of advanced concepts
all of which have the potential to
exceed the Betz limit (based on
rotor swept area) on power coefficient
(0.5926), which is generally held
to be the ideal maximum for conven-
tional rotors.

Lastly, new descriptors or non-
dimensional parameters need to be
adopted which are relevant to
wind turbines, both in the aero-
dynamics and in the system analysis.
The most valuable historical use of
non-dimensional aerodynamic quantities
has been in the scaling and similarity

.. .
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studies necessary for small-scale
controlled testing. However, these
parameters are also useful in comparing
various design concepts for perfor-
mance reliability.

RECOMMENDED WIND TURBINE
AERODYNAMICS R&D PROGRAM

A national R&D program for
implementing the wind turbine
unsteady aerodynamics research
needs put forth in this Report can
occur within the present framework
of the current DOE wind energy
program as stated in the current
Five-Year Wind Energy Program
Plan. The three major parts to the
present DOE program are

1. to sponsor basic research,
2. to conduct research on advanced

components and systems, and
3. to transfer the research results

to industry.

The current DOE plan thus places
increased emphasis on improved
understanding of the basic physical
phenomena involved in converting
the wind to useful energy.

The (draft) November 1985 Revised
Comprehensive Program Management
Plan goes further in this regard to
establish specific objectives:

o

0

0

“Improve the understanding of
fundamental sources of wind
variability --local windflow
variability and shear, and turbine-
to-turbine interactions.”

“Increase basic understanding of
the interactions between wind
input and structural response
and the resulting effects on
performance and loads.”

“Investigate, through generic,
proof-of-concept activities, the

-ix-

potential for improved performance
using advanced components and
subsystems.”

o “Develop an advanced multi-
megawatt wind turbine.

The Panel Assessment has provided
the proper focus for specific tasks
which meet the first two objectives
above, namely improving the under-
standing of fundamental sources of
wind variability, and increasing
the basic understanding of the
interactions between the wind, the
structural response, and the per-
formance of wind energy systems.
Further, the recommended work
will eventually result in adequate
and confident design tools, thus
permitting major improvements in
productivity and reliability of
future wind energy systems.

The specific goals of the indi-
vidual investigations cannot be
described in detail until additional
work is done. The most that can
be said here is that an effective
plan will incorporate the following
aspects

o Stressing basic research,
o Striving for better understanding

of the physical phenomena,
o Maintaining a patient, long-term

attitude,
o Keeping distance from the commer-

cial uses, and
o Coordinating knowledge from

disciplines related to aerodynamics
and affecting wind turbine design,

The bulk of the R&D investigations
should ideally occur at a facility
which would include both analytical
and experimental researchers to
permit frequent and informal com-
munication. In-house funding and
technical staffing should allow a
wide degree of investigative freedom,
but care should be taken to discour-



age proprietary, closed, or near-term
commercializable projects.

A first-rate wind tunnel with
unsteady flow and turbulence-
generating capability is needed.
Also, a sophisticated data-processing
center is required to permit accurate
storage of data, generation of tur-
bulence statistics, verification of
analytical codes, and manipulation
of large datasets. An associated
field installation should have rotors
with full aerodynamic and dynamic
instrumentation.

Given that the above will be
very difficult to achieve, the Panel
recommends a next-best approach of
subcontracting for the wind tunnel,
and keeping the rest of the effort
together at a common facility.

-x-
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INTRODUCTION

GOALS OF CURRENT WIND TURBINES

The design goals for cost-effective
wind turbines are simply to increase
captured energy and to extend useful
lifetime. Current wind turbines
need a2 to 3 factor increase in
energy production, or alternatively,
2 to 3factor decrease incest, or a
combination of both [1].

All wind turbines, both
horizontal axis (HAWT) and vertical
axis (VAWT), have the two resulting
engineering design concerns of
performance andreIiability. The
engineering challenge is to satisfy
these two aims within the economic
constraints. The economic potential
of wind turbines is also thus strongly
dependent on the available wind
resource, the site conditions, and
local competing energy cost.

ROLE OF AERODYNAMICS

A wind turbine system consists
of interrelated mechanical and
electrical parts, each having its
own complexity and industrial
practice. However, the rotor is
undeniably the most complex, least
understood, and most vulnerable
part of the system. It is the
principal component in extracting
energy from the wind. It must
perform its function efficiently and
reliably for very long periods with
little attention. Therefore, the
aerodynamics of wind turbine rotors
is a crucial technology area for
attainment of these goals.
Aerodynamics research which can
improve performance and reliability
is the principal subject of this
Technical Needs Assessment.

Appendix 2 is a brief introduc
tion to the influence of aerody-
namics on wind turbine rotor
design. That Section can be
referred to by readers who are
unfamiliar with the wind turbine
or aerodynamic concepts used in
the body of this Technical Assess-
ment.

WIND TURBINE AERODYNAMICS
PROBLEM

Improving wind turbine aerodynamic
design requires state-of-the-art
aerodynamic knowledge, and for a
range of readily identified circum-
stances, requires knowledge not
presently available. In some areas,
the wind turbine problems present
more severe demands than classical
flight vehicle aerodynamic design,
It is not an overstatement to say
that some aspects of wind turbine
aerodynamics are on the frontiers
of fluid dynamics.

The environment of the wind
turbine is more complex and more
difficult to quantify than the
environment for flight vehicles.
Essentially all the operating time
is spent in unsteady flow, with its
associated potential for dynamic
stall and airloading uncertainties.
Extreme aerodynamic limit conditions
are relatively common experiences.
Wind turbines have a very wide
array of possible dynamic conditions,
and unlike flight vehicles, including
helicopters, spend a great deal, if
not a majority, of their design life
in transient motions.

Wind turbine rotor response to
wind fluctuations is not well under-

. . .
-xlll-



stood. In normal operation, turbulent
shear flow interacts with the wind
turbine rotor to create unsteady
flow and forces on the airfoils.
The result is wind turbine system
response which is complex and
dynamic. Adequate response prediction
is necessary for reliable structural
design.

Therefore, successful wind turbine
development and efficient deployment
are now limited by insufficient
understanding of the unsteady
aerodynamics of the blades and an
incomplete description of atmospheric
fluctuations. This results in the
inability to describe the phenomena
mathematically, and then predict
the aerodynamic and dynamic
response. Current wind turbine
design codes include significant
empirical portions, and progress
the hardware has often been by
trial and error. The greatest

in

significance of this is the present
inability to predict the blade loading
and performance adequately.

DEFINITION OF THE SYSTEMS
RESEARCH PROBLEM AND CONTEXT
OF THIS TECHNICAL ASSESSMENT

Nevertheless, the foundations of
wind turbine aerodynamics are the
same as those of aerodynamic analysis
and design of flight vehicles. A
satisfactory physical and mathematical
model is sought which reproduces
all important aspects of the wind
turbine behavior. The ultimate
mathematical model of the flow
would be based on the classical
foundation of fluid mechanics (the
Navier-Stokes equations), with
boundary conditions providing a
complete geometric description of
the rotor, whose motion would be
determined though a coupled

solution of the structural equations.
The shaft loading which determines
the torque as a function of shaft
speed would be included, as would
be the constraints implemented by
control systems. The incident
inflow field would be unsteady and
nonuniform, with properties
particular to the expected site.

This ultimate system model is
logically decomposed into three
parts which interact with one
another to yield the system
behavio~

Structural Modek describes the
geometric shape and how it moves,

Electrical Model: provides the load
torque as a function of shaft speed,
and

Aerodynamic Model describes
rotor response to inflow fluctua-
tions.

The rotor aerodynamic response
to inflow fluctuations is the most
critical for future development of
wind turbines. Such a solution of
the Navier-Stokes equations for a
reasonable model of a wind turbine,
under a reasonable unsteady nonuni-
form wind environment, is well beyond
the state-of -the-art. It is therefore
necessary to break the aerodynamic
problem down into a collection of
subproblems which have some degree
of tractability, so that progress can
be made. It is imperative also that
appropriate experimental checks be
made on all of the proposed subsolu-
tions.

The context of this Technical
Assessment is the identification of
this particular list of subproblems,
and those which have the highest
priority for future improvement in
wind energy system performance
and reliability.
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PRESENT FEDERAL WIND TURBINE
AERODYNAMICS R&D ACTIVITY

Wind turbine aerodynamics is
just one of a number of general
topics in the DOE wind turbine
program, which also includes structural
dynamics, advanced components,
multimegawatt systems, and supporting
research. Aerodynamics and atmo-
spheric fluid dynamics, which are
the subjects of this study, are
currently being studied in the DOE
program within the following array
of subtopicx

1.
2.

\

3.

4.

5.
6.

7.

Airfoils (2-D steady)
Unsteady Aerodynamics (2-D
unsteady)
Unsteady Aerodynamics (3-D
using some 2-D models)
Steady-State Rotor Performance
Modeling
Three-Dimensional Flows
Rotor Performance Improve-
ments
(steady-state)
Rotor Control and Braking with
Ailerons

8. Structural/Aerodynamic
Interaction

9. Stochastic Wind Effects

The specific programs in these
subtopics were presented by the
DOE research groups, and were
reviewed by the Panel, at the initial
aerodynamics program review meeting
and seminar at Sandia National
Laboratory in March [3].

The DOE uses five laboratory/
centers around the country to
accomplish these studies. Some
university and subcontractor work
is funded through these labora-
tories, and some work is done
in-house. The program includes
both analytical and experimental.
work, the bulk of the latter being
done on the test-bed wind turbines
which were erected in the earlier
years of the DOE pwram (see
table below). The DOE FY 1985
resource requirements for wind
turbine research was $31.6 million;
the budget peaked in 1979 at $60.7
million.

LABORATORY/CENTER PROGRAM SCOPE TEST BED _

Sandia National Lab. VAWT 17-meter VAWT

NASA Lewis Res. Center Large HAWT MOD-O 125 KW
MOD-OA 200 KW
MOD-2 2500 KW

Battelle Pacific NW Lab. Wind & Siting None

Solar Energy Res. Inst. Small HA WT Numerous systems up
(formerly Rocky Flats) Generic Research to 100 KW, 15-meter

And Basic Wind diameter at the
Energy Science field test site;

Controlled Velocity
Test Facility
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PRESENT WIND TURBINE INDUSTRY
ACTIVITY

The present wind turbine industry
consists of about 30 US and 20 foreign
manufacturers of commercial wind
turbines. The bulk of these are
sized in the 10-20 meter diameter “
class, corresponding to roughly
25-250 KW rated output. Some are
designed for the remote power,
agricultural, supplemental-energy
markets, but the majority are designed
for the centralized utility windfarms.
There is much worldwide interest
at present in stand-alone, diesel-assist,
decentralized turbines, but little
market activity or sales in that
market as yet.

The utility-connected windfarms
in California are by far the largest
installation of present production
wind turbines. This has occurred
as a result of federal and state
legislation which established two
favorable conditions

1. Federal wind energy tax credit
of 250/oplus California’s additional
25% total tax credit for commercial
wind turbines (expiring in 1986).

2. Favorable utility participation
in utility power purchase agree-
ments of Qualifying Facilities
under PURPA (Public Utilities
Regulatory Policy Act of 1978)
legislation by the largest
California private utilities,
Southern California Edison and
Pacific Gas & Electric Co.

In 1981 there were a total of only
142 interconnected turbines in two
windfarms in the Altamont Pass,
California, and they comprised the
extent of the commercial deployment.
By the end of 1985 there were over
10,000 utility-interconnected turbines
in California representing roughly
$1.5 billion total financing through

limited partnerships usually
employing tax shelters. The
average capacity per machine in
1981 was 50 KW, and in 1984 was
97 KW. The average annual
output per operating machine was
35,000 KWh in 1981, and 120,000
KWh in 1984. The cumulative
total installed capacity is now
over 1000 Megawatts in California,
which represents about 2.5% of the
total capacity of the state. The
wind turbines have produced over
800 million Kilowatt-hours of
electricity, and have long since
passed the milestone of having
displaced the first one million
barrels of oil equivalent.

The growth of the industry has
been very rapid since the enactment
of the tax credits. There are at
present in California three major
sites (Altamont Pass, Tehachapi Pass,
and San Gorgonio Pass) with over
100 windfarm projects. About half
of these wind machines are from
manufacturers located in foreign
countries, principally Denmark,
who have aggressive wind energy
development and export policies.

ORGANIZATION OF THIS REPORT

Chapter 1 describes the Technical
Assessment Panel, and its procedures
and goals. Chapter 2 discusses the
methodology adopted by the Panel
for establishing the wind turbine
aerodynamic research needs. The
general wind turbine aerodynamic
study areas are defined and described
in Chapter 3. The Panel’s prioritized
research needs and specific recom-
mended programs in each study area
are given in Chapter 4. The need
for basic reseach in the federal
program is discussed in Chapter 5,
and the need for a new field of
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aerodynamic study, which the Panel
has termed aerometeorology, is
discussed in Chapter 6. Other
engineering applications studies
which are important are given in
Chapter 7. Finally, aspects of the
recommended federal R&D program
are described in Chapter 8.

Appendix 1 contains the technical
references reviewed by the Panel in
the course of discussions, Appendix
2 is a short tutorial on the influence
of aerodynamics on wind turbine
engineering design, and Appendix 3
describes the generic wind turbine
engineering concepts which were
considered by the Panel. In Appendix
4 is a list of the wind industry
representatives who made formal
presentations, and a list of the
wind turbine sites visited by the Panel.
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CHAPTER 1. TECHNICAL ASSESSMENT PANEL AND PROCEDURE

The Wind Turbine Aerodynamics
Technical Assessment Panel (“Panel”)
was formed by the Washington Con-
sulting Group under the sponsorship
of the Office of Energy Research
of the U. S. Department of Energy,
and was directed to define the highest
priority research needs relating to
the aerodynamics of wind turbines.
We list the Panel members below,
and also describe the procedure and
goals of this effort. The panel
consisted of nationally-recognized
aerodynamacists who have the
individual and combined expertise
to provide an objective and profound
evaluation of wind turbine aero-
dynamics and the present R&D
programs.

In order to acquaint the Panel
members with research activities to
date relating to the aerodynamics
of wind turbines, the Panel attended
a Department of Energy-sponsored
seminar on the subject at Sandia
National Labor New Mexico, March
26-28, 1985 [3], and also received a
briefing by wind turbine industry
representatives held in Oakland,
California, July 10-12, 1985. At
that meeting, the Panel inspected a
number of the private wind farm
installations at Altamont Pass,
California, and the Boeing/PGE
Mod-II wind turbine in Fairfield,
California. The industry participants
of the Oakland meeting and the
sites visited are listed in Appendix
4.

In addition to the meetings, the
Panel reviewed a number of reports
including the Department of Energy
Five Year Plan for Wind Energy
document summarizing the

Development [1] and a DOE plann-
ing DOE-sponsored activities in the
field of wind energy which were
undertaken during 1984 [2]. Other
technical reports documenting the
research on the aerodynamics of
wind turbines were made available
by DOE and were reviewed (see
Appendix 1).

GOAL

The Panel’s goal was to develop
a prioritized list of wind turbine
aerodynamic research needs and
opportunities which could be used
by the Department of Energy program
management team in refining and
updating the DOE Five Year Wind
Turbine Research Plan [1].

FOCUS

The focus of the Panel Assessment
was the basic science of aerodynamics
as applied to wind turbines, including
all relevant phenomena, such as
turbulence, dynamic stall,three-
dimensional effects, viscosity,
wake geometry, and any others
which influence aerodynamic under-
standing and design,

OBJECTIVES

The specific objectives of this
Panel Assessment were to

1. Identify and prioritize
research needs and opport-
unities.

2. Identify those for which a
government role is necessary.

3. Identify current research
which is of lower priority.

-1-



DESIRED OUTPUT

The final technical assessment
report was specified to include:

1. Research needs by topic and
activity.

2. Relative priority of research
needs and opportunities,
with rationale.

3. Options for performing needed
research.

4. Cost and duration of proposed
R&D activities.

5. Activities underway deemed
to be of lower priority.

WORKING PLAN

The working plan of the Panel
was to develop guidelines that
could be used by the Department of
Energy, along with the Five Year
Plan, for a wind energy technology
R&D program which would lead
ultimately to a viable wind turbine
industry. The assessment was to
specifically look ahead in time to
identify R&D areas that should be
started now in order to strengthen
the turbine industry in the future.
The Panel was instructed to look at
the present program only insofar as
necessary to appreciate the complexity
and scope of work to date.

CRITERIA FOR PANEL SELECTION

The individuals on this Technical
Assessment Panel were chosen
specifically for their range and
depth of expertise in the various
areas of aerodynamics. The Panel
is qualified to research, describe,
and plan any program in aerodynamics
of any degree of sophistication or
technical objective, The range of
specific aerodynamic expertise
represented on the Panel was
determined by the needed study of

wind turbines and atmospheric
interaction. An additional requirem-
ent for the Panel was that none
of them be presently under contract
to the U.S. DOE Wind Energy
Program.

WIND TURBINE AERODYNAMICS
TECHNICAL ASSESSMENT PANEL

Barnes W. McCormick, Panel Chairman
Department of Aerospace Engineering
Penn. State University

Jewel B. Barlow
Glenn L. Martin Wind Tunnel
University of Maryland

Lawrence W. Carr
U.S. Army Aeroflightmechanics
Laboratory
NASA/Ames Research Center

Jack E. Cermak
Fluid Mechanics and Wind Engineering
Colorado State University

David R. Ellis
Aircraft Division
Cessna Aircraft Company

Stan J. Miley
Department of Aerospace Engineering
Texas .A&M University

John C. Wyngaard
National Center for
Research

PROJECT TASKS

Atmospheric

1. Assess the State-of -the-Art
of wind turbine aerodynamics research.

2. Conduct two workshops to
review the research and develc~pment
activities now underway. These
workshops were to include responses
to the research review and Panel
discussion of perceived research
needs and opportunities.
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3. Prepare a final report giving
the Panel’s recommendations and
fulfilling the objectives of the
technical assessment study.

SCHEDULE

Albuquerque, NM, March 25-28,
1985, DOE Wind Turbine Aerodynamics
Research Program Review and Seminar

June 1985, Draft Report
“State of the Art/Expertise” Working
Document reviewed by the Panel

Oakland, CA, July 10-12, 1985
Wind Turbine Industry Briefing

Altamont Pass, CA, July 12, 1985,
Wind Turbine Site Visits

Washington, DC, September 26-27,
1985, Final Panel Meeting
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CHAPTER2. RESEARCH NEEDS ASSESSMENT METHODOLOGY

The Panel, having reviewed and
gained an appreciation for the
government and industry wind turbine
aerodynamics research activities,
decided on a method to identify the
present research needs. First, a
hierarchy of aerodynamic study
areas was established (see Figure
1). These study areas were chosen
to be relevant to the engineering
design of wind turbines, and were
discussed in depth by the Panel.
The study areas range from simple,
fundamental two-dimensional (2-D)
airfoil studies, to the very complex
stochastic representation of unsteady
turbulence of the wind. These
study areas are described in Chapter
3, and represent the historical
sequence of aerodynamics development.

Next, having established a frame-
work of topics for discussion, the
Panel chose seven generic design
approaches for wind turbines, which,
in the Panel’s view, are the most
significant and present the best
potential for improving cost and
reliability of wind turbines. These
are described fully in Appendix 3,
and are Iisted in Figure 2. Each
concept was discussed and evaluated
for each aerodynamic topic, and a
numerical research opportunity
priority was established for each.
In this way, the particular research
needs and opportunities were estab-
lished for each concept. The highest
priority research was then identified
as those topics which were most
significant and presented the most
opportunity across the board.
These are identified and discussed
in Chapter 4.

AREAS OF AERODYNAMIC STUDY

The aerodynamic study of wind
turbines was logically categorized
by the Panel into three broad areas:

1. The airfoil and rotor behavior,
2. The inflow to the rotor, and
3. Interfaces with other

disciplines.

Airfoil behavior is the steady
and unsteady (i.e., constant and
varying) response of the airfoil 10
changes in its flowfield. Most
aircraft aerodynamics work rests
on steady-state analysis, and all
the present wind turbine design
tools assume steady-state airflow
over the rotor blade. The inflow
to the rotor consists of unsteady
components due to a myriad of
factors including wind fluctuations,
terrain effects, and interference
from other aerodynamic wakes.
Other wind turbine research disciplines
depend intimately on the rotor
response aeroelastic analysis is
both structural and aerodynamic,
controls response analysis includes
aerodynamic loading, and interference
is the aerodynamic influence of either
wakes.

WIND TURBINE GENERIC
APPROACHES

The wind turbine aerodynamic
research needs depend on the
design approach taken. There is
a large variety of rotor types, each
with its own set of specific desig~
requirements and characteristics,
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FIGURE 1. AERODYNAMIC STUDY AREAS FOR WIND TURBINES
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FIGURE 2. WIND TURBINE ROTOR GENERIC APPROACHES
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limitations, voids in knowledge, and
R&D needs. For example, a stall-
controlled rotor does not employ
pitch changes to limit loading, but
instead relies on airfoil stall. At some
point in the engineering develop-
ment of any wind turbine system a
design choice is made, with all its
associated tradeoffs. The currently
most promising generic approaches
were identified by the Panel and
are described in Appendix 3. None
is now clearly superior; therefore,
all should be considered in defining
the research goals of a successful
R&D program. Figure 2 lists the
generic approaches, their general
aerodynamic characteristics, chief
unknowns, and present known limita-
tions.

HIGHEST PRIORITY AERODYNAMIC
STUDY AREAS

The Panel established numerical
priorities for each aerodynamic
topic within each generic approach.
(see Figure 3). The most promising
study topics could then be identified
and given a priority rating.

The highest priority R&D needs
are those common to all design
approaches, that cut across design
and configuration boundaries, and
will enhance these approaches and
others yet to be identified.
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CHAPTER 3. WIND TURBINE AERODYNAMIC STUDY AREAS

This Chapter defines and describes
the aerodynamic study areas which
were judged by the Panel to be
relevant to wind turbines, and
which were considered in detail for
each generic design concept. The
three main categories are

o Airfoil and rotor behavior, i.e.,
steady aerodynamics and unsteady
aerodynamics,

o Inflow, and
o Interfaces.

Below, each of these is further
broken down into specific subcatego-
ries, developed in order of their
sophistication or difficulty. The
list is a logical progression of
complexity, from the simplest (or
existing) theory to the complex (or
not yet understood). These categories
and study areas are all shown in
Figure 1.

AIRFOIL AND ROTOR BEHAVIOR

The first category is the inter-
action between the airflow and the
airfoil. All the aerodynamic manifes-
tations are due to the integrated
friction and pressure forces on this
level.

A. Steadv Aerodynamics. Most
classical aerodynamics, and all
present design tools for wind turbines,
fall into this category.

1. Airfoil Studies The following
study areas are centered on the
airfoil or blade element, and are
the “building blocks” for all which
follows.

a. Two Dimensional (2-D).
Virtually all textbook and reference
data fall into this category of
study. Most wind-tunnel testing
and comparisons of airfoils and

airfoil families have been done at
the 2-D level because of its powerful
mathematical generality. Strip
theories, which are the current
aerodynamic design tools, all depend
on 2-D, steady-state airfoil data.
The 2-D steady-state description
is the state-of-the-art in predicting
stall of a rotor blade, whether on
a helicopter or wind turbine.

b. Three Dimensional
(3-D). The extension to three-
dimensional flow allows treatment
of tip effects, spanwise flow, and
radial pressure gradients. In
conventional aircraft studies these
are called aspect ratio effects.
Three-dimensional flow also includes,
for rotary-wing aircraft and wind
turbines, the induced velocity field
in the rotor plane caused by the
strong helical vortex wake shed by
the blades.

c. Effect of Roughness.
This study is concerned with surface
effects on airfoil behavior, which
is significantly affected by the
roughness caused by a number of
environmental factors including
dirt, bugs, rain, ice, and photo-
chemical degradation. Figure 4 [4]
shows representative types of
airfoils, their steady-state stalling
behavior, and the effect of roughness.
For example, there is recent evidence
that surface roughness does not
affect the stall of certain airfoils
as significantly as other commonly
used airfoils [5].

d. Airfoil Development.
Designers introduce new airfoils
and modify existing ones in order
to meet new requirements or to
improve performance. Invariably
the basis of the underlying mathe-
matical treatment is 2-D,steady-state
aerodynamics. For example, current
computer codes for airfoil design,
e.g., the Eppler Code, tailor an
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airfoil shape to a given table of
desired conditions and parameters
[6]. Inthepast, much airfoil
development (e.g., the NACA 4- and
5-digit series foils) was done empiri-
cally in wind tunnels.

2. Wake Analysis: This is the
study of the vortex wake of a
rotor or propeller, in order to
assess the induced velocity caused
by this wake; see Figure 5 [7].
This induced velocity results in
angle of attack changes along the
blade which must be accounted for
in order to predict loading. A
good approximation of the vortex
wake geometry and induced velocity
is essential for good performance
analysis.

3. Mechanisms: Mechanisms are
added to otherwise clean aerodynamic
devices in order to extend the
operating envelope or improve
performance for certain conditions.
For example, fixed-wing aircraft
have trailing-edge flaps which
generate large lift to allow very
slow landing and takeoff speeds,
without stall. Devices are also
used to increase performance in
other areas.

a. Hi~h-Lift Devices. As
mentioned above, these are used to
extend the flight envelope of wings
and (sometimes) rotor blades, to
allow flight in conditions beyond
normal operations, which is simply
cruise in the case of fixed-wing
aircraft.

b. Se~aration Control Devices,
These include vortex generators,
flow energizers, attachment promoters,
and any other devices which attempt
to delay the stalling or separation
of a given aerodynamic surface
which would normally otherwise be
stalled or separated; see Figure 6
[8]. Again, these are used to extend
the envelope of flight, and are
usually used to enhance controlla-
bility or consistency rather than
directly increase lift or speed.

4. Testing Methodology Practic-
ally all steady-state aerodynamic
testing is done in wind tunnels.
These wind-tunnel data are usually
time series results or compilations
of average data. Some flight data
are used under conditions where a
great deal of effort is expended to
produce as close to steady state
as possible.

B. Unsteadv Aerodynamics. Unsteady
aerodynamics is concerned with
airfoil and rotor behavior under
time-varying conditions. Unsteady
effects have been recognized since
the early days of airfoil investigation.
Often an unsteady aerodynamic
phenomenon, for example, a humming-
bird’s flight, can be described and
explained qualitatively, but cannot
be described mathematically.
Without a sensible mathematical
description, the effects, both
detrimental and beneficial, cannot
be assessed. The study of airfoils
in unsteady conditions is important
for aircraft, but is essential for
wind turbines.

1. Dynamic Stalk Dynamic
stall is described in Appendix 2
[9]. Its associated loss of lift and
impulsive pitching moment occur
as a result of many factors, including
airfoil shape, starting angle of
attack, rate of change of angle of
attack, and the starting point of
the cycle (that is, the time history
of the motion). The resulting
stall is usually represented as a
hysteresis loop on the traditional
2-D lift and moment airfoil curves;
see Figure 7. When dynamic stall
occurs, it is almost always unexpected,
abrupt, and inconsistent, and has
significant effects on rotors and
aircraft.

a. Two-Dimensional Hvste-
-. The most basic level of
study of dynamic stall assumes a
blade of “infinite aspect ratio”

-11-



FIGURE 5. ROTOR WAKE GEOMETRY [7]
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CY=15°+lQ0 sin ~j ‘= ’0.15.k=zum Re=2 5X106

CNMAX

BEGIN ~\/(

II\ 1 -z;

MOMENT
STALL

//+sTATc
““-1
t“

I

. .:*.,,1A /
I I

o 5 10 15 20 25

\

;,

INCIDENCE , CY, kg .

-14-



i.e., 2-D) oscillating under controlled
conditions in a wind tunnel. This
is an attempt to produce conditions
which are identical along the test
blade, or truly two-dimensional.
Such studies are usually concerned
with determining what set of condi-
tions and time histories produce
what hysteresis effects for a given
airfoil.

b. Three-Dimensional Hvste-
&. As in steady-state work, the
next step is to introduce finite
span, or radial pressure gradients.
Again, three-dimensional studies
attempt to assess the effects of
phenomena such as spanwise flow,
sweepback, and tip effects on dynamic
stall.

2. Airfoil Development Studies:
When sufficient work is done to under-
stand, describe and sensibly predict
dynamic stall, it should be possible
to design airfoils and blades which
exploit dynamic stall effects. There
appears to be a large amount of
manipulation possible, judging from
recent tests [10]. Some effects
may be possible with simple airfoil
geometry modifications, while others
may require devices such as flaps
‘or slats.

One of the interesting features
of dynamic stall is that all airfoils
seem to behave the same once the
dynamic stall events have reached
an irreversible point, but they
behave very differently up to that
point. It is also very important in
wind turbine applications that the
unsteady effects described below
have no associated drag penalty
since that would significantly reduce
the output torque of the wind turbine.

a. Delayed Stall. The first
two categories, delayed stall and
soft stall, avoid the hysteresis of
the irreversible dynamic stall event.
Both approaches cause airfoil lift
and moment to exceed static values
for a short time and then return to

the static values, with no other
penalty. Delayed stall is depicted
on the curve in Figure 8. It has
been reproduced in wind tunnel
tests [10], wherein the static stall
point was greatly exceeded during
a dynamic airfoil pitching cycle (also
shown on the curve). The associated
pitching moment curve also did
not contain the large impulsive
moment hysteresis. If this airfoil
modification is used, lift coefficients
will reach very high momentary values
and the lifting flow will remain
intact. Essentially, the lift-curve
slope stays constant, as can be
seen in Figure 8. A consequence
of this for rotors is that the
aerodynamic damping in flapping
motion is dependent on this being
true.

b. Soft Stall. Soft stall,
also depicted in Figure 8, is more
difficult to achieve than delayed
stall. Here the lifting flow is not
completely lost, since the values
return to the static values after
the cycle just as above; the lift
coefficient does not continue to
rise, but levels off instead, leading
to the term “soft stall.” The large
impulsive airloads present in delayed
stall will not occur, but aerodynamic
damping will be affected since the
lift-curve slope has been changed.

c. Re~eatable Stall. One
of the most difficult aspects of
unsteady aerodynamics is the wide
variation of response under appar-
ently identical conditions. An
example is the stall-spin event in
fixed wing aircraft; even under
the apparently same conditions of
stall entry, one time the left wing
might break, and another time the
right one might. Present consensus
about this is that the outcome is
very sensitive to flow details such
as microturbulence. Similarly,
even under apparently identical
wind-tunnel conditions dynamic
stall hysteresis results may have a
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FIGURE 8. DELAYED STALL AND SOFT STALL
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FIGURE 9. DYNAMIC STALL VARIATION
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wide variation, this is depicted in
Figure 9. The study of repeatable
stall in unsteady conditions should
reveal more about these subtle
aerodynamic effects.

d. Insensitive Stall. Once
the unsteady “repeatability” has
been described, it is possible to
design it into the performance of a
rotor blade or wing. Insensitive stall
means simply that the airfoil will
show the same hysteresis under a
wide range of conditions and time
histories of motion.

e. Effect of Roughness.
Airfoil surface roughness has an
important effect in the steady-state
case, as depicted in Figure 10 [11].
In the unsteady case, roughness is
likely to have a much more signif-
icant effect, especially in view of
the subtle behavior modification
which may be attempted in unsteady
airfoil development.

3. Airfoil Devices Unsteady
aerodynamic devices include flaps,
slats, and high lift devices. Their
likely uses will be to foster delayed
stall, soft stall, repeatable stall, and
insensitive stall. The example
given under delayed stall [1O] was
achieved in wind-tunnel tests with
a leading edge slat modification to
the airfoil.

4. Testing Methodology All
the aircraft and wind turbines
operating in the unsteady environment
are potential testbeds for unsteady
aerodynamics. In fact, aggravating
fluctuating airloads caused by dynamic
stall are usually discovered first in
flight testing (e.g., retreating blade
stall on helicopters in forward
flight). Systematic study usually
then follows. To achieve understand-
ing, controlled experimentation is
required, and variation of a single
parameter is the objective. This is
frequently difficult in wind tunnels
and impossible in system testing in
the field.

a. Wind Tunnel Testing.
Wind tunnels are being used increas-
ingly in the study of unsteady
aerodynamics. A very clean (low
turbulence) tunnel can be used for
2-D studies of dynamic stall
hysteresis, for example. Other
tunnels use 3-D models of terrain
and buildings and simulate unsteady
atmospheric flow [12]. Wind -tumnel
studies of the airfoil are done
under 2-D circumstances, and
studies of blades and rotors in
3-D circumstances. This field is
called wind engineering, and any
advances in exploiting unsteady
aerodynamics will probably be seen
in these tests before they will be
described mathematically.

b. Total Svstem (Field)
m. There must eventually
exist the capability to do complete
system testing, in the field, for
unsteady aerodynamics. Existing
systems will be useful if adequate
and effective instrumentation and
conditions can be maintained.

5. Prediction of Performance:
It is clear that the logical progression
of aerodynamics work is to study
and develop the airfoil (1), then
the rotor (2), and finally the
performance prediction code (3).
In steady flow, rotor performance
is largely determined by the vortex
wake, and to date a premium ha~s
been thus placed on the study of
the fixed. wake. In unsteady flow,
the wake strength and geometry
vary, making the problem more
complex.

However, describing the wake
effect on the rotor is not a large
step, since the analysis methods
are well in hand to describe varying,
nonuniform inflow effects on the
angle of attack distribution of the
blade. Performance includes both
productivity and reliability. A
three-dimensionally varying wake
geometry will place vorticity near
enough to the blade that impulsive
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FIGURE 10. AIRFOIL SURFACE ROUGHNESS EFFECTS IN STEADY STATE [11]
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airloads will result. This unsteady
effect, also seen in steady-state
tests where the wake is fixed,
decreases the fatigue life of the biades.

6. Rotor Stability Stability of
aircraft is complex, involving six
degrees of freedom even for an
assumed rigid flight vehicle; by
contrast, wind turbines have only one
equivalent degree of freedom, yaw.
Using momentum/blade element
theory (e.g., the PROP code) [13],
it can be shown theoretically that
in steady state, no aerodynamic yawing
moment is produced by a wind
turbine rotor [14]. A static yawing
moment will be produced only in
the presence of nonuniform induced
velocity and blade motion. In
unsteady conditions, yaw stability is
more complex, Again, the unsteady
geometry and strength of the wake
are of crucial importance.

INFLOW MODELS

The second major aerodynamic
topic is the inflow to the rotor,
which causes the unsteady effects
described above. An adequate
mathematical description of the inflow
will allow a variation in angle of
attack of the rotor. This factor
dominates the unsteady response.
The inflow consists ofi

o

0

0

all

by

wind speed and direction
fluctuations,
terrain-induced fluctuations,
and
interference-induced
fluctuations,

of which are unsteady.

Each component can be represented
a non-stationary, 3-dimensional

vector quantity, which is non-sta-
tionary. This means that it is not
simply characterized by an average
value and a complete set of moments
of fluctuations about that mean;

e.g., the average wind speed depends
on the integration time and dc~es
not reach a constant even for large
time [15].

The specification of these compo-
nents in a form suitable for inflow
calculations is far beyond present
capability. One simplifying assumption
is to specify only the horizontal
component of inflow (wind), which
is primarily responsible for angle of
attack variation; this can be done
via linear superposition. This
makes the problem sensible an(d
tractable for the present. A new
field of study must be developed
to go furtheq the Panel calls
this aerometeorology, and discusses
it in Chapter 6 of this Report.

An example of how unsteady
fluctuations in the atmosphere are
presently studied is given in Figure
11 for the simple case of a vertical
wind gust on an aircraft in cruise.
Isotropic turbulence, and a Von
Karman power spectral density,
are assumed. A simple cosine gust
profile with a certain longitudinal
wavelength is extracted from the
model, and its effect on the aircraft
is estimated in the following way
the atmosphere, exclusive of the
gust, is assumed to be steady
state for a short time. The equation
of motion of the aircraft, which
in general involves three space
variables (x,y,z) and time, is simplified
by assuming simple time-dependent
rectilinear flight. An effective
pitching rate is calculated from
the gust profile, and the resulting
angle of attack change is calculated
from that. Finally, the airload is
calculated from the transfer function
of the “point model” of the rigicl
aircraft dynamics.

For wind turbines, the description
must be able to go far beyond
this. The inflow is inherently
nonuniform and unsteady. A logical
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FIGURE 11. AIRCRAFT GUST MODEL
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way to proceed is to build a hierarchy
of descriptors of these components,
of increasing complexity and realism,
leading eventually to an ability to
describe both spatial and temporal
variations of the inflow. In the
following descriptions of such a
hierarchy, steady and unsteady
refer to the time variation of the
inflow, and uniform and nonuniform
to the spatial variation.

A. Steadv. Uniform. Steady, uniform
inflow is depicted in Figure 12.
This is the classical wind-tunnel
flow, and admits no variation in
either time or space.

B. Steady. Nonuniform. Steady,
nonuniform inflow, shown in Figure
13, has an inflow “front” which
travels along with the horizontal
flow. Linear wind shear might be
the first term in a series repre-
sentation of such a field, and a
parabolic profile might be another.
Any mathematical function with
parametric frequency or wavelength
might be used in such a series
representation. Practically all
present inflow modeling is at this
level of description.

C. Unsteadv. Uniform. Unsteady,
uniform inflow is simply defined at
present within the community as a
“rotor gust front”. The profile is
uniform (constant), but the value
changes with time. Hence the gust
has “shape” and duration, as shown
in Figure 12, and envelops the
rotor uniformly. However, a given
atmospheric turbulence eddy may
appear nonuniform to a large diameter
rotor, and uniform to a small diameter
one (see Figure 14); this illustrates
the need for an adequate (i.e.,
wavelength) description of spatial
variation in the inflow.

D, Unsteadv. Nonuniform. The
actual inflow is both unsteady and

-22-

nonuniform,
15. To first
inflow front
to have 2-D

as depicted in Figure
approximation, the
may perhaps be taken
shape similarity cm

symmetry; in general, variations
will affect the front shape as ‘well
as magnitude.

E. Stochastic. Up to this
point, the discussion has concerned
deterministic descriptions of inflow.
If a more general stochastic represent-
ation is successfully developecl, the
powerful tools of frequency analysis
and statistical methods can be used
(Figure 16). Stochastic methods
are the most effective way of
studying these. Most turbulence
work to date in the atmospheric
physics community has been accomp-
lished in the frequency/wave number
domain with statistical methods.

INTERFACE TOPICS

The third and last category of
aerodynamic study concerns topics
in which the aerodynamics plays a
major or contributing role through
the unsteady airloading, but which
depend also on other disciplines.

A. Aeroelasticitv. Here the major
interface is with structures, which
introduce both inertial and elastic
forces which may lead to instabilities.
Mass and motion are introduced.,
and depend on aerodynamic forces.
The resulting feedback is also
important to aerodynamic performance
calculations, since blade motions
af feet angle of attack distributicms
and time variations.

B. Control Svstems. Control
systems are used to extend the opera-
tional envelope by decreasing
loads, and to capture more energy
by improving efficiency. The four
control regions of wind turbines
are discussed in Appendix 2 and
shown in Figure 17; they are (1)
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FIGURE 16. STOCHASTIC WIND INFLOW
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FIGURE 17. WIND TURBINE GENERAL CONTROL REGIONS
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cut-in, (2) rising power, (3) load
limiting, and (4) shutdown. Load
limiting and power limiting are not
necessarily the same; load limiting
may occur first, in which case the
control system extends the envelope
of operation by decreasing the
expected limit loads. A control
system adds additional degrees of
freedom and feedback paths, and
hence allows new instabilities and
potential resonances.

C. Shutdown (Emer~encv) Svstems.
Shutdown systems are the special
control systems used in control
region (4). They are intended to
limit the exposure to high wind speeds
(e.g., hurricanes), loss of drive load
(overspeed), or adverse environmental
conditions such as icing. The
system loads are primarily aerodynamic
except for overspeed conditions,
where inertial (centrifugal) loads
may be as high as aerodynamic
loads. Most such systems of interest
function aerodynamically; examples
include pitch feathering devices,
ailerons, blade tip tabs, and spoilers.

D. Interference. By “interference”
is meant the aerodynamic interference
with other bodies. This category
includes wakes from other turbines
as well as wakes from components
supporting the turbine.

1. Wake Model Development
Modeling of the wake structure and
decay is important for array design
and siting plans. It involves describing
mathematically the wake of the
turbine, and assessing the blockage
and velocity decrements in the
downstream turbine inflow.

2. Component Interference
Development Components which
produce aerodynamic wakes include
towers, guys, stays, nacelles, and
rotor hubs. These wakes also influence
the inflow to the turbine.
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CHAPTER 4. WIND TURBINE AERODYNAMIC RESEARCH NEEDS AND PRIORITIES

In the previous Chapter, the
aerodynamic study areas which are
relevant to wind turbines were
described. In this Chapter, these
areas are discussed in relationship
to the generic design approaches
considered by the Panel, and
prioritized in order of general
importance to the goals of the
federal R&D program.

The generic design approaches
are discussed in detail in Appendix
3. They represent the most
probable configuration choices
available now, although new
approaches will appear as research
is done and new products are
developed. These are given in
Figure 2, which shows the attri-
butes, aerodynamic characteristics,
chief unknowns and known limitations.

With the approaches defined, the
Panel was able to construct a
matrix of aerodynamic study areas
vs. the generic approaches. A
summary chart was then constructed
which prioritized the aerodynamic
study areas for each generic
approach. This chart is given in
Figure 3.

A rating scale of O to 3 was
placed on each topic, to depict the
relative need for that approach.
The ratings should be interpreted
as followx

Rating O
Interpretation Does not apply

to this approach; or advancement in
this area will not result in
improvements to this approach.

Rating: 1
Interpretation Work should be

done in this area, but it should be

low priority.

Rating 2
Interpretation:

done in this area,
high priority.

Rating: 3
Interpretation:

Work must be
and should be

Work should
start in this area, must be done,
and will result in major improvement
to this approach; the highest priority.

For each generic design
approach, the rankings indicate
the order of importance for effort
in each study area. This can be
seen by referring to Figure 3. In
the opinion of the Panel, substantial
effort in the highest priority
areas, as indicated, can result in
the greatest improvement in
performance and reliability for
each approach.

The aerodynamic study areas,
summarized in order of priority are:

Unsteady Aerodynamics

Dynamic Stall Understanding--

Develop an understanding
of the 2-D and 3-D
hysteresis effects of
dynamic stall.

Testing Methodology for
Unsteady Flow--

Stimulate complex unsteady
flows in wind tunnel and
total system (field) tests
in order to exploit dynamic
stall effects.
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Airfoil Development Studies for
Unsteady Flow--

Initiate a design process which
will yield airfoils specifi-
cally suited for unsteady
flow, and which considers
the significance ofi

o

0
0

dynamic stall repeat-
ability and insensi-
tivity
airfoil roughness
delayed stall and soft
stall

o performance and prediction
o rotor stability, and
o airfoil control devices.

Wind Inflow Models:
of Aerometerology

The Development

Establish a new study termed
aerometerology, which will
attempt to develop realistic
inflow models for the assessment
of unsteady effects, including
the specific cases ofi

o unsteady, uniform in-
flow--
or representation of
the uniform gust front;

o unsteady nonuniform
inflow- -
or representation of
frozen turbulence;

o steady, nonuniform
inflow--
or representation of
steady inflow fronts;
and

o stochastic inflow--
or representation of
inflow in the frequency/
wave number domain.

Interface Topics

Aeroelasticity--

Develop a methodology for
defining the unsteady
airloads which must be
included in the structural
dynamic models.

Control Systems--

Investigate the performance
and reliability benefits to
be obtained with external
control actions, such as
ailerons, in steady and
unsteady flow.

Wake Model Interference
Development--

Develop and verify a model
for the structure and decay
of the unsteady wind turbine
rotor wake.

Component Wake
Development--

Interference

Develop and verify mo{iels
for the structure and decay
of the unsteady wakes
caused by turbine components
such as towers.

Shutdown (Emergency) Systems--

Develop an understanding
of the behavior of airfoils
under extreme conditions,
and at very high angles of
attack, such as a moving
aileron in separated flow.

In addition, further steady-
state aerodynamics studies should
be continued in order to provide a
suitable data base for the above

-32-



investigations and lend insight into
the new physical and mathematical
models and design tools which must
be used.

Steady Aerodynamics

Three-Dimensional Flow--

Assess the degree of 3-D
or spanwise flow which
occurs under typical
conditions, and relate that
to the inflow and turbine
wake geometry.

Wake Modeling- -

Develop and verify a
model of the turbine vortex
wake geometry suitable
for performance and
stability studies.

Effect of Roughness in Steady
State--

Develop an understanding
of environmentally-
induced airfoil surface
roughness on airfoil
transition and separation
in steady flow.

Airfoil Mechanisms--

Investigate the effect of
airfoil mechanisms, such
as vortex generators, on
delaying turbine rotor
stall and separation.

Two-Dimensional Airfoil
Development--

Develop a verified
methodology for tailored
wind turbine airfoil design
in steady state to establish
a database for future
unsteady airfoil design.

Testing Methodology for Steady
Flow--

Continue steady-state
wind turbine testing in
wind tunnels and in the
field, to acquire long-term
performance data and to
investigate the benefits of
new airfoils.

SPECIFIC AERODYNAMIC RESEARCH
NEEDS BY PRIORITY

The highest priority research
areas are the ones which “cut
across the board”, i.e., are high
priority for each approach. Study
in these areas is discussed further
in Chapter 5, The Need for Basic
Research. The research needs are
described here in order of their
priority ranking, from the highest
priority to the lowest.

Work in all the areas should
continue in order to provide
across-the-board progress, since
that is what is required. The
lower priority items must have
reached a level of maturity such
that the more complicated, higher
priority items, can be sensibly
done. The key indicator of this
maturity is the existence of
effective mathematical design took
which have been adequately
verified by experiment. None of
the wind turbine aerodynamic
research areas can be said to have
achieved this level of maturity.

A. Unsteadv Aerodynamics.

1. Dynamic Stall Understanding
(2-D and 3-D Hysteresis): This is
the highest priority with all the
approaches (with the exception of
high tip speed turbines, which are
discussed below). Both 2-D and
3-D studies are essential to assess
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the present HAWT turbines, and
design tools must be much better if
major improvements are to be made
later. The situation is particularly
important for VAWT where very
little is now known about the
unsteady performance.

For VAWT turbines, the Panel
believes that major improvement in
performance is possible if unsteady
flow can be exploited. 2-D
dynamic stall hysteresis studies will
be directly applicable to these turbines.

For HAWT turbines, the unsteady
airloads which now cause unexpected
failure and fatigue are of primary
importance. For stall-controlled
turbines, dynamic stall must be
understood and sensibly quantified
before any major airfoil improvement
development can take place.
Pitch-controlled turbines are
subject to the same dynamic stall
events as are the stall-controlled
machines, and probably at a worse
place in the operating regime from
a gust turbulence point of view,
i.e., in the high wind load control
region 3 [16]. There is also
evidence from recent studies that
the pitching rate (of a pitch-control
machine) can greatly influence
unsteady airloading and gust
response [17, 18].

Knowledge of the effect of
Reynolds number on dynamic stall
is necessary for both HAWT and
VAWT in the large sizes.

The high tip speed ratio turbine
is a special case. It is likely to be
less susceptible to dynamic stall
than the others, since it operates
at lower lift coefficients which are
further from the stall boundary. Also,
inflow fluctuation causes correspondingly
smaller angle of attack variation
for high tip speed turbines (see Figure
18). Nevertheless, this turbine will

still be vulnerable to inflow events
which lead to unsteady aerodynamics.

2. “resting Methodology
Unsteady aerodynamic testing
methodology should be developed
in parallel with theoretical
development. Simulating complex,
difficult-to-quantif y events will
likely be the source of most initial
advances in exploiting unsteady effects.

a. Wind Tunnel. The
capability to do unsteady testing
in wind. tunnels exists now, and
offers the chance to see and
explain an unsteady event before
it can be quantified. However,
much remains to be learned on the
boundary layer level before wind-
tunnel studies can be routinely
equated to free flight condition~s
(see for example, Ref. [19]). Work
in this area is of crucial importance
since the best chance for understanding
unsteady boundary layer behavior
lies in carefully-controlled wind-tunnel
studies.

b. Total System (Fieldl.
Total system tests are important,
just as with aircraft, and will be
much more difficult than wind -
tunnel tests. The rotor behavior
and flow must be recorded, but
the fielcl inflow must also be
recorded in sufficient detail to
permit inflow modeling; this is
discussed further in the section
below on inflow. One attribute of
wind turbines is the relative ease
with which a small-scale rotor can
be used in field testing. This is
possible since the range of Reynolds
number from convenient test size
to actual rotor size, even with
multimegawatt machines, is
relatively small.

3. Airfoil Development Stuciies:
a. Re~eatabilitv and Insensi ~

-. Once the repeatability Of
dynamic stall has been determined
and quantified, design process will
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FIGURE 18. HIGH TIP SPEED ROTORS: EFFECT OF INFLOW
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yield new airfoils and blades which
are insensitive to their fluctuating
time history, These new airfoils
will dynamically stall in a predictable
way, hopefully under a wide variety
of conditions. This characteristic
is of paramount importance with
stall-controlled wind turbines,
which operate at high lift coefficients
on the edge of dynamic stall for
much of their lifetime. It is
important for this rotor to stall the
same way each time, since stall is
the only ioad control available.

Essentially none of a wind
turbines’ lifetime is spent in steady
flow, and this is particularly true
of VAWT, so the repeatability of
dynamic stall is a starting point for
improving its aerodynamics.
Currently, not enough is known
even to decide whether delayed
stall or soft stall is needed for
VAWT. Field tests show that the
straight-bladed VAWT is very
sensitive to its collective pitch
angle, which probably determines
whether the irreversible point of
the dynamic stall hysteresis curve
is met or exceeded [20].

b. Effect of Rou~hness.
All wind turbines accumulate
surface roughness. Their degree of
exposure and accumulation is much
higher than for conventional
aircraft, and wind turbines should
ideally require less surface maintenance
than aircraft. It is clear from
steady-state tests that most airfoils
are sensitive to roughness.
However, these steady-state tests
are likely to apply with confidence
only to the high tip speed ratio
wind turbine, which operates
further from unsteady aerodynamics
effects than other designs. Thus
unsteady tests must be done.

Field experience with stall-controlled
HAWTS and VAWTS has shown the
profound effect of roughness on
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FIGURE 19. EFFECT OF AIRFOIL ROUGHNESS ON POWER CURVE
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advantage of no increase in
fatigue loading, but the disadvantage
of loss of beneficial aerodynamic
damping to motion and increased torque.

The same arguments for delayed
stall and soft stall apply to
pitch-control and high tip speed
rotors. However, the high tip
speed rotor has a lower priority by
virtue of its lower exposure to
dynamic stall conditions.

5. Rotor Stability: Of next
importance is the stability of the
rotor system, which can be
analyzed when the unsteady wake
has been adequately assessed.
This is clearly important for free
yaw HA WTS, which have a
profound requirement for dynamic
stability of the operating rotor
under unsteady conditions. Only
slight off-tracking in yaw can
result in loss of up to half a
turbine’s annual output [26, 72].

4. Prediction of Performance:
The next logical priority is
combining the rotor simulation and
the unsteady aerodynamics airload
calculation to predict the unsteady
rotor performance. This includes
primarily analysis of the unsteady
vortex wake and its feedback effect
on the induced velocity field which
determines rotor angle of attack.

For HAWT, the mathematical
model, and code, will generally be
different for the stability calculation
than the performance calculation,
since the stabilizing airloads are
in the flapping (lift) direction, and
the power-producing airloads are
in the lead-lag (torque and drag)
direction.

For the VAWT, the distorted,
unsteady vortex wake probably has
a much greater influence on the
rotor performance than other
inflow perturbations. Initial test
data tend to confirm this [25]. It
is unlikely that confident performance,
either unsteady airloading or torque
output, will be successfully
predicted for VAWT until the
unsteady aerodynamics is much
further developed. In contrast with
HAWT, there is no mathematical
coordinate reference frame for
VAWT in which the flow can be
approximated as steady state. The
progressions of wake models, from
the simplest to the complex, are
very different for VAWT and
HAWT, and probably different
mathematical tools will be needed.

For HAWT, the study of the
unsteady wake will enhance
performance prediction, and also
allow mathematical description of
the wake physics for wake interference
development study.

It is generally agreed that it is
possible for any HAWT to be made
yaw-stable in steady flow, either
upwind or downwind of the yaw
axis, with proper blade design
[27]. However, unsteady flow can
cause selective dynamic stall on
opposite sides of the rotor disk,
creating a destabilizing yaw
moment (see Figure 20). Yaw
damping used to limit yaw rates
for blade load control might
aggravate the yaw stability under
these unsteady stall conditions.
Such behavior has been observed
on operating wind turbines [26].

For tlhe VAWT, yaw stability is
not a concern since the VAWT is
insensitive to wind direction. One
possible exception is the straighl-bladed
VAWT with cyclic pitch control,
which requires an inflow direction
or stagnation locator to phase the
cyclic pitch input properly (Figure
A-13). This should be classified
in the controls category below.
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6. Airfoil Control Device~
are distinguished from the
devices which will probably

These

be
employed in the airfoil de~elop-
ment studies above, in which a
leading edge slat, for example, may
be used to create tailored dynamic
stall. Those devices are considered
passive since they will likely be in
use during most of the operating
time. Here we are concerned with
actuating devices which are used
only in certain conditions, such as
flaps on conventional aircraft
during takeoff and landing, and can
be called active in terms of
deployment.

The clearest applications of
add-on airfoil devices, such as flaps
and slats, are for increasing VAWT
performance and exploiting small
extensions of the operating
envelope on low tip speed ratio
HAWTS which have large blades. It
is not clear which devices will be
useftd or under which operating
conditions a high lift or stall delay
device might be employed.

B. Inflow Models. The prioritizing
of the levels of complexity in
inflow models is straightforward.
All the HAWTS have the same need
for a realistic inflow representation.
This must be done before the unsteady
effects can be assessed for each
operating approach. Then the
relative importance of dynamic stall
can be determined. Probably the
inflow frequency ranges, for
instance, between large and small
diameter rotors, will vary, but
nothing can be said at this stage
with confidence about those ranges.

The situation differs for the
VAWT, which is probably an order
of magnitude more vulnerable to its
own self-generated unsteady effects
than to the unsteady effects of inflow.

This discussion can be thought
of as the first level, or first order
investigation in a new field of
study which the Panel has termed
aerometeorology, and which is
discussed further in Chapter 6.

1. Unsteady, Uniform The
highest priority is for study in the
simplest unsteady frame, that is, a
uniform gust front. Atmospheric
turbulence can be intuitively
decomposed into high-frequency
events which are “smaller” than
the rotor and result in degrading
airloads over part of the rotor
disc, and low-frequency events
which are “larger” than the rotor
and represent potential capturable
energy. This is depicted in Figure
14.

The “large” fluctuations are to
first approximation in this
unsteady, uniform category. It is
clear that the rotor diameter is
important, but the relevant scale
parameter of the inflow cannot be
determined until more is known
about the conditions which precip-
itate dynamic stall. It is likely
that rate of change of angle of
attack will have a dominant
influence: it is directly propor-
tional to the initial shape of the
uniform gust front (sometimes
called rise time or slope in the
literature; see Figure 12).
Obviously, the duration of the
gust, along with the dynamics of
the rotor and the frequency
response of any pitch change,
determine whether the event will
cause momentary airload changes
or result in increased energy captured.

2. Unsteady, Nonuniform:
The concept of frozen turbulence
allows spatial and time variation
of the inflow front. Taking one
idealized eddy or fluctuation, and
following it through the rotor
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plane, Figure 21 depicts the
increase of blade angle of attack
on one side of the fluctuation
(advancing side) and the decrease
of angle of attack on the other
(retreating side). It is clear that
the slope of the angle of attack
curve (rate of change), and the
“static” value at the initiation of
the fluctuation, determine whether
unsteady effects will occur.
Instead of the entire rotor being
subject to the unsteady effect
equally, as with a uniform front,
here only part of the rotor is vulnerable.

To differentiate between a
“uniform” gust front which envelops
the entire rotor and the “nonuniform”
front which selectively affects the
rotor disk, the Panel suggests that
field testing employ concentric
rings of suitable anemometers.
Figure 22 depicts such a field
testing arrangement. Inflow data
taken simultaneously at many
stations and heights on the
concentric rings will describe the
scale of the fluctuations which pass
through the rotor plane, causing
unsteady airloading or captured
turbulent energy at the wind
turbine. Both the spatial variation
(nonuniformity) and time variation
(unsteadiness) must be recorded.

3. Steady, Nonuniform The
area of inflow investigation of next
highest priority is steady, nonuniform
flow. The simplest example of this
is linear inflow shear. There is no
change of the inflow front with
time; but there is, however,
unsteady flow relative to the
rotating blade and its component
airfoil sections. Consider a simple
linear shear inflow. It is clear
that the normal shear flow can be
represented as an average uniform
component with a superimposed
linear shear (Figure 23). The shear
induces a once-per-revolution sinusoidal

variation in blade angle of attack,
which can be verified in the blade
element diagrams of the figure.
The unsteady flow observed in the
rotating frame of reference on the
airfoil occurs at the rotor passage
frequency, which is in turn the first
harmonic of a Fourier series.

It is an easy extension of
thought to visualize the other
integer harmonics of the rotor
frequency, namely 2-per-revolu-
tion, 3-per-revolution, etc., being
caused by more complex inflow
fronts. This is the mechanism by
which the rotational harmonic
spikes appear in the turbulence
spectral density curve as seen by
a rotating blade; see Figure 24
[28]. It is simply a manifestation
of the change in reference
coordinate system from stationary
to rotating. The importance of
this to the aerodynamic investigation
of wind turbine blades is that
even in steady inflow, unsteady airloads
on the airfoil will result. It is
not yet clear which inflow fronts
or harmonics are most likely to
precipitate unsteady aerodynamic
events on the blade.

Steady, nonuniform flow may be
the most practical representation
of terrain and interference effects.
It is possible that the variation in
complex terrain flow and inter-
ference wakes will often be so
slow as to be steady-state relative
to normal atmospheric fluctuations.
The first-order yaw stability of
free yaw turbines may be reducible
to a tractable steady flow problem
if the inflow can be defined in this
way.

4. Stochastic: It is clear that
stochastic evaluation techniques
can be very powerful tools when
the inflow is suitably mathematically
modeled. A frequency or harmonic
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FIGURE 22. TOTAL SYSTEM (FIELD) TEST ARRANGEMENT
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FIGURE 23. EFFECT OF SHEAR FRONT ON ANGLE OF ATTACK DISTRIBUTION
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FIGURE 24. ROTOR HARMONICS IN THE INFLOW POWER DENSITY SPECTRUM [27]
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seems the most productive long-range
mathematical strategy to use in the
inflow (aerometeorology) study,
since it also allows frequency
domain analysis. Stochastic
analysis can be invaluable in a
number of specific ways since it permits:

o Representation of many data
points taken in field tests.

o Rapid evaluation of fatigue
loading.

o Comparison of hypothetical results
with historical field data.

The Method of Bins [29] is a
simple application of stochastic
methods to wind turbine field
performance. In order to be effec-
tive, stochastic methods must be
related to theoretical predictive
models as well as to field data.
Only in so doing can general con-
clusions be drawn, and anything
more than an ornate description of
complex unsteady events be accom-
plished.

A possible early application of a
stochastic approach will be in
representing the timewise variation
of the inflow, that is, the unsteadi-
ness of the flow as the front
travels along. This could be a
probability distribution, or the
likelihood of experiencing a given
spatial nonuniformity in the inflow.
In this example the spatial variation,
e.g., the shape of the front, would
still be deterministic, perhaps a
Fourier series since the frequency
and wavelength concepts are so
physically valuable. In short, the
character of a time function would
be superimposed on a spatial
representation written in harmonic
series. This is depicted in Figure 25.

5. Steady, Uniform It could
be argued that steady, uniform
inflow is not relevant to this
discussion, and that this category

represents the stereotypical
thinking which must be abandoned
in order that the rest of the
inflow studies can bear fruit.

The only wind turbine approach
for which steady uniform inflow is
considered presently adequate is
VAWT, which requires considerably
more e:mphasis on the unsteady
inflow caused by its own motion.
Clearly, the above discussion c~f
unsteady inflow also bsars on
VAWT, and should eventually be
considered after the more pressing
studies are done.

C. ~erface To~ics. These are
the wind turbine aerodynamic
research needs for interdiscipli-
nary studies involving wind
turbine systems.

1. ,Aeroelasticity As wincl
turbines become more structurally
efficient and lighter, the importance
of aerodynamic loading relative to
inertial and gravity loading will be
higher. At present, most successful
turbines operate at low tip speed
ratio and are intentionally heavy and
stiff so that inertia and gravity
dominate the load spectrum. In
this way they minimize the impact
of the unsteady aerodynamics to
which the y are subjected (see
Appendix 2). When inertial,
structural elastic, and aerodynamic
loads all enter, aeroelastic studies
become important, and there exists
more opportunity for instabilities
and adverse resonance. The highest
priority research need in the area
of aeroelasticity is the definition
of the unsteady airloads which
force the dynamic mathematical model.

For stall-controlled rotors the
most likely phenomenon is stall
flutter, which has been documented
in a large wind turbine [30]. It is
likely tlhat stall flutter defines an
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upper limit for the size of stall-
controlled rotors with stiff,
cantilevered blades [30, 31], and that
use an airfoil that exhibits a
normal loss of lift at stall. Partly
for this reason, there is interest
currently in the design of wind
turbine airfoils which do not have
this normal drop in CL-max at
stall, but instead maintain a nearly
constant lift coefficient after stall
[32].

2. Control Systems Here the
concern is with external control
actions, such as pitch change,
which can be programmed and
actuated according to a preset
strategy or algorithm. This
research area interfaces with
automatic control technology, and again
the research need is to provide
unsteady airloading for the system
control algorithms. Control
systems add complicating degrees of
freedom in damping, and instabil-
ities to the system dynamics.
Control actions also result in
induced unsteady airloads which
feed back into performance and
rotor stability.

The ultimate control system
would be an airfoil shape which
automatically optimized the
unsteady flow and shed unwanted
loading. Some of this may
ultimately be achievable for certain
restricted applications, such as
might be possible with soft stall
for stall-controlled rotors.

Control systems for pitch-controlled
rotors (including partial span pitch)
determine the proper average angle
of attack for given conditions.
Thus the operating envelope can be
extended, and performance consequently
improved. Pitch change on a
constant speed rotor can be viewed
as a method for maintaining
constant angle of attack on the

blade. Variable speed turbines,
which use load control to operate
at constant tip speed ratio, also maintain
constant angle of attack by
adjusting their speed. This is
shown in Figure 26. It is clear
that, given unsteady inflow, thle
time required to readjust blade
conditions to the optimum depends
on the pitching rate for the
constant speed rotor, and rotor
inertia for variable speed. It is
not clear which “readjustment”
approach results in higher
performance or reduced momentary
loading,, Research is needed tc~
define the unsteady behavior well
enough that such design questions
can be answered.

Aileron control surfaces, as a
weak substitute for blade pitch
change, can be used to control
aerodynamic load by spoiling, (or
to delay stall [33]. The study of
such aerodynamic control motions
must include unsteady flow
conditicms as well as steady flow.
Thus, there is a current need for
investigations of control surface
motions superimposed on the
unsteady airfoil, and their
combined behavior.

3. Wake Model Interface
Development Modeling the
structur~e and decay of the
unsteady turbine wake is of high
priority for array siting. The
literature [34] shows a test
example where, in a low-turbu-
lence wind tunnel, the power
decrement at 10 diameters
downstream in steady flow was 40%
for a representative turbine. Field
experience in arrays has not been
as severe [26]. This topic was
given a moderately high priority
by the Panel since the siting
benefits could be large.
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Independent theoretical [35] and
experimental [36] studies of
turbine wakes should continue.
The critical step, however, is the
development of a suitable mathematical
description of the wakes within the
constraints of sensible unsteady
nonuniform inflow methodology.
Only in so doing can the effects of
turbine wakes be confidently assessed.

4. Component Wake Interface
Development Modeling of other
aerodynamic wakes is important,
but probably not as important as
the turbine wake interference
problem. It is imperative here also
to describe the component interference
in mathematical terms which are
compatible with the other mathematical
models.

The most important interference
wakes to study are those which
appear as unsteady inflow in the
rotating system. The most obvious
example is the tower wake for all
VAWT and for downwind HAWT
rotors. This wake has been shown
to be a significant source of
fatigue on large downwind turbines
[37], and this may ultimately limit
their size. As understanding and
confidence in the prediction of yaw
stability of rotors improves, there
should be less incentive for placing
rotors downwind of their towers.

5. Shutdown (Emergency)
Systems The aerodynamic shutdown
(e.g., high inflow, overspeed,
out-of -balance) systems fall into
this category. The technology need
is to understand the behavior of
airfoils under extreme unsteady
conditions and at very high angles
of attack, such as a moving aileron
in separated flow. There is recent
evidence that ambient turbulence
levels of the inflow can affect even
the performance of airfoils in fully
separated flow [38], which makes

this problem even more clifficult.

Pitch-controlled rotors are
usually considered to have automatic
shutdown capability by virtue of
blade pitching (feathering).

For :most stall-controlled
rotors, however, blade pitch is
fixed, so a loss of driven load will
cause the turbine rotor to
overspeed until it reaches the
“zero-slip” zero torque condition
(see Appendix 2). Since the pitch
angle is fixed at a relatively flat
position for reasonable performance
in normal flow, the thrust (lift)
on the blade under overspeed conditions
is very high. The turbine will be
in Turbulent Wake State or Vortex
Ring State, in which very high
thrust coefficients are produced.
This condition is the most difficult
to analyze, and probably represents
the extreme aerodynamic loading
for any rotor. An aerodynamic overspeed
protection or shutdown system may
be nearly impossible to analyze in
these conditions.

No estimate can be made at
this time of the likelihood of
shutdown conditions occurring for
any particular turbine generic
approach. The most that can be
said is that the fixed-pitch,
usually low tip speed ratio,
stall-controlled, HAWT and VA”WT
rotors are more dependent on
these control systems, and some
improvement in their understanding
is possible.

D. -V Aerodynamics. The
lower priority topics are in steacly
aerodynamics. They have lowest
priority for VAWT turbines, since
the flow never even approaches
steadiness. However, there are
steady-state study areas that willl
benefit HAWT rotors. Largely
because these areas are understood
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in the traditional sense, and are
tractable mathematically, substantial
work in all those areas is currently
underway, and should be continued.
But major payoffs in performance
and reliability will not come until
sensible progress is made in the
unsteady areas. Developments here
in these steady-state areas will
facilitate that by providing a
database for comparison and new
attempts at mathematical modeling
and design tools.

1. 3-D Flow. 3-D rotor flow in
steady state has moderate importance
for conventional rotors, such as
pitch control, variable speed, and
low tip speed ratio, especially with
airfoil devices.

HAWT rotors operating at high
lift coefficients and especially if
inboard blade sections are already
fully stalled, will have radial
pressure gradients which can cause
spanwise flow. This has often been
observed on low speed wind turbines
and is currently receiving attention
[39, 40].

In steady state the effect of 3-
D flow is to delay stall; in
unsteady flow the effects are
unknown. Therefore, a technology
need is to assess the degree of
spanwise flow which occurs under
typical conditions, and relate that
to the inflow. It is likely that the
steady-state approximation will not
hinder this study at first, since few
field tests or wind-tunnel studies
have been done on the subject (see
below). It is clear that the degree
of spanwise flow will have some
influence on the unsteady airfoil
effects, but the spanwise flow
studies must quickly turn to
unsteady effects to be realistic.

Stall hysteresis (steady state) of
a candidate wind turbine airfoil has

been recently shown in a wind-
tunnel test to be dependent on
aspect ratio [41]. It is also clear
from the body of literature of low
Reynolds number airfoil work
stemming from sailplane studies
that Reynolds number is also a
strong parameter that affects stall
behavior in a 3-D flow.

3-D flow on a blade can also
be caused by a wake vortex stand-
ing near the airfoil. Again, its
effects on the induced velocity
distribution should probably be
modeled in steady state first for
expediency, before the unsteady
work is done. This study area
most clearly affects turbines with
strong vortex wakes (low tip speed
ratio types) and those vulnerable to
wake stability (free yaw types).

2. Wake Modeling Of moderate
importance is the modeling of the
wake in steady flow. Some work
must be done here before the unsteady
wake modeling can begin. Confident
prediction of performance cannot
occur, however, until the wake is
adequately modeled in unsteady
conditions. It is often suggested
that lifting surface theory be used
to improve performance calculations
over the current blade element/lifting
line approach [42], but clearly, this
approach due to its steady-state
assumptions, may not improve
performance calculations for
unsteady flow.

Modeling the steady-state wake
will also facilitate the stability
study of free yaw turbines. It is
logical to predict the static
aerodynamic yaw stabilizing
moment first. before more comt)licated
unsteady wake stability is
attempted. Work on this has
already been started, towards
calculation of the free wake
geometry [43, 44].

the
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3. Effect of Roughnes~ The
real technology need here is to
understand the effect of environ-
mentally induced airfoil surface
roughness on airfoil transition and
separation. This is clearly a high
priority unsteady aerodynamics
topic. However, in steady state,
work is still necessary as well to
prepare a database for the unsteady
dynamic stall studies.

Historical tests have shown the
profound effect of airfoil roughness
on the transition of the boundary
layer from laminar to turbulent and
ultimately on separation, but these
data have not been fully applied to
the wind turbine field test results
[11]. There is qualitative evidence
that the extreme roughness sensitivity
of the NACA 230XX airfoil experience
in the field (see Figure 19) may be
due to simple underestimation of
the sensitivity of the region of upper
surface high pressure to leading edge
roughness. That is, the “clean”
airfoil in the field was able to
support a high pressure distribution,
and a corresponding high maximum
lift coefficient, but the only
slightly “dirty” airfoil had this
drastically reduced. This is no
doubt partially due to the vulnerability
of the “droop nose” of the 230XX
to bug buildup [26].

Thus, there is a technology need
to study the steady roughness
effects from the field tests and in
wind tunnel tests in order to begin
to understand the effect on
transition of the boundary layer
and incipient stall. In addition, the
benefits of steady vs. unsteady
studies of roughness cannot be
assessed until proper inflow work
has been done to quantify the
degree of unsteadiness of the flow.

For very high tip speed ratio
turbines, the flow is closer to

steady state because of the lower
operating lift coefficients and
lessened fluctuations in angle of
attack (see Appendix 2). Here,
the effect of roughness on rotor
performance can probably be
con~ldently assessed with 2-D
analysis. Another compelling
reason to study roughness effects
for these rotors is that the high
tip speed rotor will likely be very
low solidity and employ thin
airfoils for higher L/D’s and lower
noise, and it is well known that
thin airfoils are much more
vulnerable to vagrant roughness
than thick airfoils.

4. Mechanisms This category
includes high Iif t devices, vortex
generators, flow energizers,
separated flow controllers, and
attachment promoters. For flight
vehicles, all are an attempt to
extend the flight envelope slightly
by delaying stall and separation,
usually cm a control surface, and
all carry a slight drag or performance
penalty in some other part of the
operating envelope. Currently the
design of these components is
usually done for a steady flow
condition. Therefore, for wind turbines,
which operate in unsteady flow,
the steady-state analysis of these
devices must be considered of Ic)w
importance, and might properly be
reserved for the blade geometry
(twist and taper) compromise stage
of the industry design studies, and
not appear as a separate research
item.

Studies of these devices may
have application to turbines which
operate at high lift coefficients
and which could benefit from small
extensions of lift during certain
conditions [45]. The most obvious
candidate for this study is the low
tip speed ratio, high solidity
turbine that has adequate chord
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and structure to accommodate such
devices. However, the degree of
potential improvement cannot be
assessed until the unsteady inflow
is better known.

5. 2-D Airfoil Development It
is difficult to justify major further
2-D steady-state airfoil studies,
either theoretical or experimental,
before more is known about the
unsteady behavior of the new
airfoils. However, it is clear that
productive work is going on, and
will prove to be valuable. Current
lines of development in wind turbine
airfoil R&D are

1. the fixed-wing airfoil
applications (e.g., LS- 1
series [5]),

2. the empirical low Reynolds
number airfoil families (e.g.,
Wortmann FX84W series
for stall-controlled wind
turbines [32]), and

3. the DOE-sponsored theoretically
derived wind turbine
airfoiI families (e.g.,
Tangier-Somers Eppler code
families [6]).

Leaving aside the roughness question
for a moment, the latter two
directions both show major possible
improvements over the present
common wind turbine airfoils, the
NACA 230XX and 45XX series. It
is not clear that their predicted

-53-

steady-state benefits will carry
over into unsteady flow. Work should
continue in the above airfoil
development directions in order to
establish a steady-state database
from which to understand and
compare the unsteady behavior yet
to come.

Therefore, the straightforward
extension of fixed-wing airfoil
design technology one step further
by varying the type of airfoil along
the blade, and studies on the
applications of laminar and
supercritical conventional fixed-
w~ng steady airfoils to wind
turbines are premature until
unsteady effects are better
understood,

6. Testing Methodology
Steady-state testing should
continue in order to acquire
long-term average data on

the

more

performance, and to investigate
the high angle of attack and stall
behavior of the candidate airfoils.
Recent wind tunnel work [24] has
pointed out the inconsistent and
poorly understood stall behavior of
a NACA 23024 airfoil at representative
wind turbine Reynolds numbers,
even in steady-state. Thus,
candidate airfoils should be tested
in wind tunnels and in the field to
acquire a steady-state database to
support the more crucial unsteady
studies which will eventually yield
the best payoff.



CHAPTER 5. THE NEED FOR BASIC RESEARCH

The preceding Chapters have
dealt with specific aerodynamic
study areas and high priority
research needs for improvement in
wind turbines. The Panel determined
that the major work should be in
unsteady aerodynamics and unsteady
rotor inflow. The Panel recommends
that in these areas the emphasis be
on basic research, rather than on
applied research.

DEFINITION OF BASIC RESEARCH

Basic research must be contrasted
with applied research, which is
strategic and is generally tied to a
specific configuration. Applied
research is also defined by its
pertinence to a system rather than
an entire range of systems. The
basic research which is called for
here must ultimately establish a
technology base strong enough that
design decisions can be made with
confidence and not by trial and
error as is often the case now.
The Panel believes that very
significant improvement in the
performance and economics of wind
turbines is possible given an
adequate unsteady aerodynamics
technology base.

PRESENT CONFIGURATION
STUDIES

Configuration studies, designs,
uses, and market bias, are the
purview and necessary concern of
industry. But, in the opinion of
the Panel, present wind turbine
configuration and design studies in
both the government and industry
programs have yielded about as
much as they can. It is now time
to turn to more basic studies. As
in the example of 2-D steady vs.
unsteady airfoil design, there is

insufficient technology base and
physical understanding to plan
tests, to evaluate the results or to
build adequate design tools. Design
bias is common, and perhaps necessary,
in configuration studies (i.e., HAWT
vs. VAWT), especially in the
absence of compelling physical and
test evidence; however, design bias
inhibits the process of understanding
the underlying physics.

Furthermore, the industry
hardware--the aerodynamic technology
which is being applied--is not
mature enough to be used to frame
realistic cost and technology goals
for a strategic (applied research)
plan. The industry R&D base is
shallow, and has not pursued
long-term unsteady aerodynamics
goals. Organizations which have
the depth to undertake the complex
unsteady aerodynamics studies are
now neecied. Such groups might
be universities, national laboratories,
or established research arms of
private industry. These R&D
organizations remain aloof from
the configuration and market
pressures, which are short term,
and expend their effort on long
term programs.

THE NEED FOR UNSTEADY
AERODYNAMICS EXPERIMENTAL
STUDIES

Wind turbine theoretical
development has been seriously
hampered. by a lack of credible
unsteady aerodynamics test data.
Also, the generally-used HAWT
prediction methods are heavily
dependent on variations of steady-state
momentum theory [13], and the
VAWT theories depend on steady-state
streamtube models, which largely
ignore the unsteady effects [46].
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For these reasons, the basic
research program should include a
strong experimental emphasis from
the beginning. Tests need not
necessarily be performed on wind
turbine systems in the field, but
under carefully controlled conditions
which lend description to the
unsteady events, and allow qualitative
understanding. Turbines in the
field are too complex for this
process, but wind tunnels are not.

The initial advances in unsteady
aerodynamics will undoubtedly come
from the wind-tunnel tests; for
example, terrain effects on siting
can be studied this way. These
tests, if done properly, can allow
unsteady events to be described
and sensible empirical design tools
put into practice even before they
can be described mathematically.
Historical examples are the NACA
4- and 5-digit series of airfoils,
which were developed empirically
and have proved to be very
successful in aviation design. It is
interesting to note that up to this
point the most common airfoils in
use on wind turbines are from
these empirical families. Now, some
of the promising new airfoils for
wind turbine, the Wortmann FX84W
series, are derived from more
recent empirical studies [32].

Experimental studies can also
help to define the proper directions
for theoretical studies. An example
here is the substantial wind-tunnel
work done on dynamic stall prior
to any attempts to describe it
mathematically [9]. The unsteady
aerodynamics capability to model
the unsteady inflow is already well
in hand with boundary-layer wind
tunnels, which have been used
extensively in the field of wind
engineering, and will have much
more application in aerometeorology.

The traditional scaling concerns of
Reynolds number and Mach number,
and wind-tunnel wall effects, are
already used routinely in wind-tunnel
modeling, even in unsteady flow.
This is not to say the task is
straightforward, but rather, that
fruitful directions exist and are
being researched [19].

Undoubtedly new scaling
parameters will appear when the
experimental studies begin to bear
fruit. These will likely concern the
scale parameters of the inflow
fluctuations and parameters at the
airfoil surface, such as reduced
frequency. Field testing can also
be productive, but only if the
parameters are measured with
enough care to extract the
unsteady information.

DIFFICULTY OF THE PROBLEM

The nature of the basic research
goals makes it difficult to estimate
the time or cost needed for the
recommended research study areas.
Innovations and discovery of new
approaches and solutions will
modify any set of strategic goals
or milestones adopted. The most
that can be done is to define the
higher payoff directions which are
clear now, and will eventually
bear fruit. We expect that these
directions will also change in the
future as knowledge is gained.

This course of action is not a
short-term strategy, but a major,
patient, continuing long term
commitment. It depends on
substantial directed resources and
talent that carefully constructs
theoretical programs coupled with
strong experimental support, and is
allowed to gain momentum over a
space of years, probably decades.
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CHAPTER 6. THE NEED FOR AERONIETEOROLOGY

This Chapter describes the need
for a new branch of aerodynamic
study termed aerometeorology,
which combines the unsteady aero-
dynamics of the wind turbine
design community and the unsteady
fluid mechanics of the meteor-
ologists.

No one in the design community
would argue with the quotation’
“With helicopters the rotor is the
boss, and with wind turbines the
wind is the boss [47].” The inflow
and its content are the design
drivers in productivity and
reliability. The center for this
inflow is currently the atmospheric
physics communitX specifically, it
resides within the specialty called
micrometeorology. However, in this
country, at least, the communi-
cation between micrometeorologists
and wind-turbine designers has
been weak. Designers, knowing
little about airfoil response in a
fluctuating wind, have been unable
to quantify their need for
knowledge about turbulent gusts.
Micrometeorologists, at the same
time, have developed experimental
and theoretical tools which might
well prove adequate for gust
description [48], but as a com-
munity have tended to focus on the
rather different set of problems
posed by weather prediction and
population dispersion.

There are, of course, some
exceptions; as an example, the
wind-engineering group at Riso
(Denmark) contains first-rate,
mainstream micrometeorologists who
have done innovative research on
atmospheric turbulence as it bears
on turbine design. As another
example, the Panofsky-Dutton
monograph Atmos~ heric Turbulence

[49] attempts with considerable
success to relate the extensive
body of micrometeorological data
on turbulence structure to
engineering applications. In
general,, however, these promising
starts are the exception, and to
date mc)st of the effort in
turbulence description within the
U.S. wind engineering program has
been done by those outside of the
mainstream of micrometeorology.

A new field of study which
combines micrometeorology and
unsteady airfoil dynamics is
therefore needed. Wind
engineering is a relatively new
discipline, and is a present
experimental branch of technology
which unites the expertise of
meteorologists and aerodynami-
cists. The basic goal of aero-
meteorology ix

To define a disciplinary area
of collaboration between the
wind turbine engineering
community and the microme-
teorology community, both
experimental and theoretical.

The engineering problem is
depicted in Figure 27. If the
theoretical development is not
done, the experimental work will
be unproductive, or at least
severely limited in potential
application and its ability to
describe unsteady events. An
example of a direction to start is
the compendium of aircraft drag
data compiled by Hoerner [50] in
1958 from all the available tests
at the time in the literature. This
text has plroven valuable in the
planning of theoretical aero-
dynamic studies and in design and
analysis. Such a compilation could

,,,,
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FIGURE 27. AEROMETEOROLOGY

ATMOSPHERIC
FLUID MECHANICS
COMMUNITY :
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be started now in the wind
turbine community for terrain
effects, wake effects, gust loading,
and yaw dynamics, to name just a
few.

This Technical Assessment
suggests the inflow model described
in Chapter 3 for the first mathe-
matical constraints of aerometeo -
rology. This inflow model simply
defines the linear fluctuation of an
inflow front in a way that is
understandable to both aero-
dynamicists and micrometeorolo-
gists. It could be the first step
towards the interface between the
two and the first construct of
aerometeorology. The linear
unsteady model could be used first
in the studies of dynamic stall, and
replaced by more complex models as
understanding progresses.

In aerometeorology, the
emphasis should be on representing
realistic unsteady inflows to the
aerodynamicists who will be
assessing various design concepts.
The initial burden may well be on
the field measurement of fluctu-
ations impinging on the test rotor,
to represent them in enough detail
to retrieve the key unsteady
parameters. One approach has been
suggested in Chapter 4 (Figure 22):
the use of concentric rings of
inflow sensors to “track” the
nonuniform fronts through the
rotor plane. A new type of field
anemometer, which has the
capability to remotely monitor both
the mean and fluctuating compo-
nents of the inflow, may also be
necessary, and certainly complex
real-time information retrieval and
storage will be required. An
analogy is the FAA use of towers
with anemometers at airports to
routinely measure turbulence
significant to aircraft landing and
takeoff. Another example, in ocean

engineering, is the statistical
assessment of ocean wave forces
on a hull design [51]. Buoys are
used at sea to measure and record
wave motions in the frequency
domaim model ship response is
also measured for various wave-
lengths in a wave tank and a
transfer function is constructecl;
the resulting forces are
determined by superposition.

Two projects that could be
undertaken immediately by
aerometeorologists are the
determination of effective roto:r
inflow length scales, and micro-
siting, or the representation of
steady terrain interference inflc)w
effects on distributions of mean
inflow velocities.

~r Length Scale Inflow
fluctuations can be divided intct
two main group~ large-wave-
length, low-frequency, repre-
senting potentially capturable
energy, and short-wavelength,
high-frequency, causing fluctua~-
ting airloads. What is the
dividing line? Likely candidates
on the rotor side are the
diameter, the rate of change of
angle of attack, and the duration
of the fluctuation. On the
atmospheric side are the
longitudinal coherence, gust
frequency, covariance, etc. The
challenge clearly is to develop
unsteady airfoil dynamics to the
point where it can reveal the
governing parameters on the rotor
side, and to use the existing toolk
and techniques of micrometeo-
rology to provide appropriate
descriptors of the turbulent wind
field on the rotor.

Micrositin~. Terrain and
Interferen~ The turbulence
caused by complex terrain is
complicated in that it varies in
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both space and time and interacts
with the mean wind shear as well.
The wakes of the machines them-
selves can also be troublesome,
since they expose downstream units
to additional turbulence and to a
velocity deficit which can reduce
power appreciably [26].

Progress toward a micrositing
capability in complex terrain would
seem also to require the combined
skills of the micrometeorology and
aerodynamics communities.
Boundary-layer wind tunnels have
proven useful to simulating a
variety of complex flows in the
lower atmosphere, and should be
immediately useful for studying
wake effects. Micrometeorologists
have made good progress recently
in studying the modulation of
surface-layer turbulence by complex
terrai!y that work, carried out in
connection with turbulent disper-
sion programs, could provide a
basis for a parallel effort here.
Again, however, we feel that long-
term progress in this topic requires
that aerometeorologists establish a
sensible theoretical framework
which will allow these studies to
proceed systematically and in
concert with related studies in
mircometeorolog y and in aerodynamics.
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CHAPTER 7. APPLICATIONS STUDIES

There are a number of other
topics of wind turbine engineering
study in which aerodynamics plays
a major role, but which do not fall
into the category of basic research.
These studies, although of lower
priority, are important nonetheless:

o Noise
o Rotor Size, Productivity and

Economy of Scale
o Variable Speed Rotors
o Advanced Concepts
o New Descriptors

NOISE

Rotor noise, especially blade tip
noise at high speed, will be an
important siting criterion. The
more efficient high tip speed ratio
designs will likely be needed for
the low-to-moderate wind resource
areas which are marginal for
present design approaches (see
Appendix 2). In rotorcraft,
perceived noise is correlated with
tip speed, disc loading, and range
to the rotor; see Figures 28-30
[52]. Present stall-controlled wind
turbines employ low tip speeds in
part to reduce perceived noise.
However, it is clear that benefits

could be obtained in the larger
rotor sizes by increasing tip
speed.

Perceived noise correlated with
tip speefi for helicopters is plotted
in Figure 28 [52]. The Mach
number dependency of generated
noise can be seen. The table
below gives the design rotor tip
speeds for some present wind
turbines. It can be seen that the
wind turbine tip speeds are much
lower than helicopter tip speeds,

Figure 29 [52] compares aircraft
and present wind turbine noise
levels [53] to typical freeway and
urban street noise, as a function
of distance to the source. The
rapid attenuation of noise with
distance can be seen. The last
diagram, Figure 30, shows noise
levels of aircraft and wind
turbines at a range of 400 feet vs.
the disc loading (the thrust force
divided by the rotor area). It can
be seen that the disc loading
range of wind turbines is larger
than for helicopter rotors and
propellers, since the wind turbines
operate in a much wider variety
of thrusting conditions. The wind

WIND TURBINE DESIGN TIP SPEEDS

Turbine Diameter Desire Tici Sueed

MOD-O 38 m 264 ft./see.
MOD- 1 61 m 366 (lowered to 241)
MOD-2 91 m 275
WTS 4 79 m 340
MOD-5 98 m 293
Typical Danish 15 m 150
Petten (Dutch) 25 m 310
Nibe (Danish) 41 m 215
Growian (German) 100 m 270
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FIGURE 29. ROTOR NOISE: TYPICAL COMPARISON [52, 531
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FIGURE 30. ROTOR NOISE: EFFECT OF DISC LOADING [52, 531
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turbine noise at the higher disc
loadings appears to be largely
masked by the ambient wind noise
itself.

We caution that these wind
turbine noise data are only
approximate and the results remain
inconclusive. More acoustic tests
are necessary before the noise
boundaries can be refined. Tip
noise is one of the first measurable
environmental effects of wind
turbines, and prediction analysis
must be developed early in order to
satisfy siting constraints.

The aeroacoustic prediction
codes have been extensively
developed for the very general
rotorcraft cases. The capability to
predict aerodynamic noise is,
therefore, well in hand provided
the unsteady airloads can be
determined. For wind turbines, the
technology need is to provide these
unsteady loads to the prediction
programs. Additionally, new noise
field (pattern) descriptors, and
“quality” parameters will likely be
needed, since perceived noise has
always been a partly subjective
study (e.g., pulsed vs. continuous)
[54].

ROTOR SIZE, PRODUCTIVITY,
AND ECONOMY OF SCALE

An aerodynamic economy of
scale is possible with larger wind
turbine rotors. Large turbines are
more land efficient (see Figure 31
[54]), are higher in the atmospheric
boundary layer thus are usually
subject to higher winds, and have
larger blade chords leading to
potentially more desirable Reynolds
numbers and a higher lift/drag
ratio. As a result, specific output
per swept area can be expected to
increase with rotor diameter. This

trend is shown in Figure 32,
which presents the calculations
compiled by le Gourieres [55] and
a number of other turbines. The
theoretical annual output was
estimated by assuming a Weibull
wind speed distribution with an
annual average of 6 m./sec. (13.4
MPH) 10 meter height and using
the 1/7 power law for hub height
scaling. The curve shows esti-
mated KWh/square foot of rotor
area/year vs. rotor diameter for
wind turbines from 6 feet (1.8
meters) to 329 feet (100 meters)
in diameteq these are also listed
in Figure 33.

At the lower diameters, the
bulk of the machines follow a
clear economy of scale. However,
this is not a clear cut trend as
evidenced by the outlying turbines.

Also, the curve is misleading,
since the ability to produce energy
increases as the square of the
diameter. Therefore, a truer
comparison is a plot of specific
output vs. rotor area, Figure 34.
By looking at this graph and
considering the outliers, it is clear
that the economy of scale argu-
ment is not simple. If there were
no influence of size on economy,
this plot ‘would show a horizontal
line.

Figure 35 is a pictorial repre-
sentation of the aerodynamic
effects which change the straight
‘line ideal, and the direction of
their expected effect, for large
wind turbine rotors (200 ft. [61
meters] diameter and larger). The
Reynolds number, wind shear, and
wind turbulence effects are shown
schematically. Another beneficial
effect is the lower rotor solidity
likely with large rotors, and the
resulting lower disk loading neces-
sary to produce the same torque,
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FIGURE 31. ECONOMY OF SCALE LAND USE EFFICIENCY AND PROFILE EFFECT [54]
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FIGURE 32. SPECIFIC PRODUCTIVITY VS. ROTOR DIAMETER
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FIGURE 33. WIND TURBINE ENERGY PRODUCTIVITY (ESTIMATED) [55]
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called the “CT/sigma effect”.
Stated another way, a low-solidity,
high tip speed ratio wind turbine
has a higher usable power
coefficient (efficiency) and operates
at lower average angles of attack.

Effects which could degrade the
economy of large scale performance
are higher yaw inertia off-
tracking, blade aerodynamic
compromise due to structural
requirements, and the loss of
low-frequency “capturable energy”
wind fluctuations. Clearly, more
needs to be known about the
unsteady performance of the rotors
and the representation of the
unsteady inflow, before a definitive
conclusion can be made about
aerodynamic economy of scale of
wind turbines.

VARIABLE SPEED ROTORS

A variable speed rotor which
operates at constant tip speed ratio
is attractive. Its most significant
advantage is that the rotor
operates at constant power co-
efficient when it is at constant tip
speed ratio, and this can be
designed to be the maximum power
coefficient (rotor efficiency) for
the rising power range (region 2),
and steadily lower power coeffi-
cients for the load control range
(region 3; see Fig. 17). Additionally,
the variable speed rotor uses a
constant pitch angle to maintain a
constant power coefficient, so no
pitch change is required.

Another advantage of a constant
tip-speed ratio rotor, but one
which is not so easily quantified, is
the equilibrium of operation.
Simply stated, the aerodynamic and
inertial rotor blade loads are in
balance for all inflow wind speeds.
This can be seen by referring to
Figure 26. As wind speed

increases, RPM increases
proportionally; aerodynamic loads
including rotor thrust and torque
increase as the square of wind
speed, and the offsetting inertial
centrifugal forces balance since
they increase as the square of
RPM as well. Therefore, the
average coning angle of a constant
tip-speed ratio turbine is constant.
It is not clear what performance
improvements this could eventually
bring, but potentially beneficial
aspects are:

1.

2.

3.

4.

As

The variable speed, con,-
:stant tip speed ratio
operation is a true “point
(design”, with all f luctu -
:itions occurring around the
same, specified operational
characteristic.

The wake state and loacl
equilibrium are constant.

Aerodynamic equilibrium is
maintained; therefore, any
beneficial unsteady
aerodynamic condition
which is specified, such as
al standing tip vortex, will
be maintained.

By allowing a utility
grid-connected turbine to
c~perate at variable speed,
the rotor is effectively
cle-coupled from the load,
and is therefore less vulne-
rable to power grid
discontinuities, and has
beneficial aerodynamic
damping to variations in
tlhe rotor inflow.

rotor size increases these
arguments continue to hold ident-
ically, therefore, tip speed ratio is
a powerful scaling parameter. To
a first approximation, the tip
speed ratio is just proportional to
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the angle of attack of the turbine
decreasing the tip speed ratio
uniformly increases angle of attack
[56], and vice-vers& this also can
be seen by referring to Figure 26.
The size limitation of variable
speed turbines is apparently
structural, since gravity loads do
not scale or stay in equilibrium as
do aerodynamic and inertial loads
[57].

Therefore, we perceive a need
for the study of constant tip speed
ratio turbines, particularly under
unsteady conditions.

ADVANCED CONCEPTS

There is potential for large
improvement in specific output of
wind turbine rotors by using
advanced aerodynamic concepts,
An example is the shrouded turbine,
Figure 36. Possible aerodynamic
benefits which could be achieved
are increased mass flow thus
power augmentation; lower
sensitivity to yaw off-tracking;
lower fluctuations in torque due to
damping of inflowq and higher
turbine speed and efficiency.
Whether these benefits would
outweigh the disadvantages of
complexity, cost and weight remains
a question for design study. This
study cannot be effectively
accomplished until the unsteady
inflow has been sufficiently
described, but the other design
tools are well in hand. For
example, a duct lift coefficient of
3.0, which is achievable with
standard leading-edge devices such
as triple-slotted or Fowler flaps,
will theoretically give a power flux
increase by a factor of five (see
Figures 37 [15] and 38 [58]).

The ducted turbine is just one
example of a family of advanced
concepts, all of which have the

potential to exceed the Betz limit
on power coefficient (0.5926)
based on rotor swept area; this is
generally held to be the maximum
for conventional HAWT rotors [15,
55]. The physical interpretation
of the Betz limit for VAWT is not
clear, and this is complicated by
the added unsteadiness of the
affected streamtube and turbine
wake.

Another example is the tip
vane, Figure 39 [59]. Power
coefficients based on rotor swept
area above 2.0 have been demon-
strated in wind-tunnel tests. The
aerodynamic mechanism appears to
be a standing vortex ring produced
by winglets at the tips, so
positioned that they induce a
convecting pair of tip vortices in
the wake flow which interfere
constructively to produce a weak
aerodynamic equivalent of a solid
duct. Increased mass flow then
results as long as the geometry is
maintained. The wake state and
geometry must be preserved by
operating at constant tip speed
ratio, and the inflow must be
steady. Substantial augmentation
has not yet been achieved in field
tests [60], but we believe it is
likely that it eventually will be
demonstrated. Again the research
need is for proper unsteady flow
description and testing.

Other advanced concepts which
might obtain higher performance
than conventional systems are
variable geometry rotors, including
variable twist, variable diameter,
and variable chord.

The potential improvements
offered by these concepts are
tempting to exploit, but much
effort may be wasted if realistic,
unsteady conditions are not
considered at the very outset of a
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FIGURE 36. SHROUDED WIND TURBINE ROTOR
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FIGURE 37. AVERAGE MASS FLOW INCREASE THROUGH AN ANNULAR WING [15]
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FIGURE 38. HIGH SECTION LIST COEFFICIENTS FROM FLAPS [58]
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FIGURE 39. TIP VANE ROTOR
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development program. The tech-
nology base is very embryonic for
these rotors as contrasted with the
more conventional HAWT rotors or
even the existing VAWT rotors.

NEW DESCRIPTORS

Non-dimensional parameters
have been valuable in the design
development of aircraft and rotor-
craft. The most valuable use of
non-dimensional aerodynamic quan-
tities has been in the scaling and
similarity studies necessary for
small-scale controlled field and
wind tunnel testing. However,
these parameters are also useful in
comparing various design concepts
for performance and reliability.

Aerodynamic research has tended
to use these traditional non-dimen-
sional quantities to frame its
planning and judge its own pro-
gress. Some are general, and are
presently used for wind turbines as
well (e.g., Reynolds number, Mach
number). Wind turbine studies have
also generated some quantities
specific to wind turbines, for
example, thrust coefficient, power
coefficient, and tip speed ratio.
(Refer to Appendix 2 for the

difference between the wind
turbine and helicopter definitions.)

Additional descriptors need to
be adopted which are relevant to
wind turbines, both in the aero-
dynamics and in the system
analysis. Some possibilities are:
a plant/capacity factor of the
rotor thalt would be useful to
compare with other competing
power plants [61]; a non-
dimensional installed torque vs.
produce(i torque, to be used for
the comparison of different
turbines with varying installed
power-to-rotor size ratios; and a
design rotor “lift coefficient” that
includes the expected moments of
inflow fluctuation around the
equilibrium condition, to judge the
percentage of off-design availa-
bility.

We believe that the search for
these should properly begin in the
examination of test data, where
various trials can be made to
discover generality, and in basic
studies olf unsteady airfoil
behavior and unsteady rotor
inflow. An example is the reduced
frequency, which is one of the
driving (but maybe not the most
significant) conditions for dynamic
stall.





CHAPTER8. RECOMMENDED DOE WIND TURBINE
UNSTEADY AERODYNAMICS R&ll PROGRAM

PRESENT FEDERAL WIND ENERGY
PROGRAM

This Chapter outlines aspects of
a national R&D program for implem-
enting the wind turbine unsteady
aerodynamics research needs put
forth in this Report. This effort
must and can occur within the
present framework of the current
DOE wind energy program, which is
described below.

A description of the present
federal wind energy program is
quoted below from the Five Year
Wind Energy Program Plan [1]. The
three major parts to the present
DOE wind energy program are (1)
sponsor basic research, (2) conduct
research on advanced components
and systems, and (3) transfer the
research results to industry

“Federal policy on energy research
and development (R&D) is to sponsor
activities that are unlikely to be
carried out by private industry
because of the technical and financial
risks involved. Accordingly, the
goal of the Federal Wind Energy
Program is to conduct research to
establish a technology base and to
support industry in confirming the
viability of wind energy as an
energy supply alternative. This
research will complement and support
private sector efforts to develop
wind systems that are safe, reliable,
and cost-effective.

The Federal Wind Energy Program’s
R&D strategy has three main elements.
First, the program will sponsor
basic research on the science of
wind turbine dynamics. This research
must be conducted to understand
the random nature of the wind

resource itself, its complex inter-
action with the wind turbine, and
the effects of this interaction cm
performance and reliability. Second,
advanced components and systems
research will be conducted. This
research will establish the technology
for advanced components such as
high-performance airfoils designed
specifically for wind turbine operation.
The program will verify research
results through testing on DOE
test beds and through cooperative
field test programs on commercial
machines. Finally, the program
will transfer the research results
to industry for use in developing
cost-effective wind turbines.

Successful implementation of
this R&D strategy requires an
effective partnership between
government and industry. The
federal role in the development of
wind energy technology must
complennent and support industry
research and development. Fecleral
R&D activities are aimed at support-
ing the general advancement of
the technology by providing the
scientific knowledge that industry
can then apply in the development
of improved machines. To ensure
the efficient use of public re-
sources, the federal government
focuses its efforts on activities
that industry is not expected to
undertake on its own because of
the cost, risks, or development
time involved. In general, the
program~ takes primary responsibility
for worlking with industry to determine
long-term research needs, sponsoring
the research needed to address
those priorities, and disseminating
research results. The federal
program then relies upon industry
to apply the technology base in
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order to improve the cost, performance,
and lifetime of future wind machines
[1].”

The current DOE plan thus
places increased emphasis on an
improved understanding of the basic
physical phenomena involved in
converting the wind to useful energy.
The (draft) November 1985 Revised
Comprehensive Program Management
Plan [62] goes further in this regard
to establish objectives in specific
areas in which technical advances
are required

o

0

0

0

“Improve the understanding of
fundamental sources of wind
variabilityy--local windflow
variability and shear, and turbine-
to-turbine interactions.

“Increase basic understanding
of the interactions between
wind input and structural response
and the resulting effects on
performance and loads.

“Investigate, through generic,
proof -of -concept activities, the
potential for improved performance
using advanced components and
subsystems.

“Develop an advanced
multi-megawatt wind turbine
[62].”

ROLE OF PRESENT AERODYNAMICS
TECHNICAL ASSESSMENT

The wind turbine aerodynamics
R&D programs recommended by the
Panel in this Technical Assessment
address the first two objectives
stated above. The specific sub-
problems that properly delineate
the two objectives are the research
needs recommended by the Panel in
Chapter 4

Unsteady Aerodynamics

Dynamic Stall Understanding--

Develop an understanding
of the 2-D and 3-D hysteresis
effects of dynamic stall.

Testing Methodology for Unsteady
Flow--

Stimulate complex unsteady
flows in wind tunnel and
total system (field) tests in
order to exploit dynamic
stall effects.

Airfoil Development Studies for
Unsteady Flow--

Initiate a design process
which will yield airfoils
specifically suited for unsteady
flow, and which considers
the significance ofi

o dynamic stall repeat-
ability and insensivity

o airfoil roughness

o delayed stall and soft
stall

o performance and prediction

o rotor stability, and

o airfoil control devices.

Wind Inflow Models: The De-
velopment of Aerometeorology

Establish a new study termed
aerometeorology, which will
attempt to develop realistic
inflow models for the
assessment of unsteady
effects, including the
specific cases of
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0

0

0

Interface

unsteady, uniform inflow--
or representation of the
uniform gust fron~

unsteady nonuniform inflow--
or representation of frozen
turbulence;

steady, nonuniform inflow--
or representation of steady
inflow fronts; and

stochastic inflow--
or representation of inflow
in the frequency/wave
number domain.

Topics

Aeroelasticity--

Develop a methodology
defining the unsteady
airloads which must be
included in the struc-
tural dynamic models.

Control Systems--

Investigate the per-

for

formance and reliability
benefits to be obtained
with external control actions,
such as ailerons, in steady
and unsteady flow.

Wake Model Interference
Development--

Develop and verify a
model for the structure
and decay of the unsteady
wind turbine rotor wake.

Component Wake Interference
Development--

Develop and verify models
for the structure and
decay of the unsteady
wakes caused by turbine
components such as towers.
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Shutdown (Emergency) Systems- -

Develop an understanding
of the behavior of airfoils
under extreme conditions,
and at very high angles of
attack, such as a moving
aileron in separated flow.

In addition, further steady-
state aerc~dynamics studies should
be continued in order to provide a
suitable data base for the above
investigations and lend insight
into the new physical and mathe-
matical models and design tools
which must be used.

Steady Aerodynamics

Three-Dimensional Flow--

Assess the degree of 3-D
or spanwise flow which
occurs under typical conditions,
and relate that to the inflow
and turbine wake geometry.

Wake Modeling--

Develop and verify a model
of the turbine vortex wake
geometry suitable for performa-
nce and stability studies.

Effect of Roughness in
Steady State--

Develop an understanding
of environmentally-induced
airfoil surface roughness on
airfoil transition and separation
in steady flow.

Airfoil Mechanisms--

Investigate the effect of
airfoil mechanisms, such as
vortex generators, on delaying
turbine rotor stall and
separation.



Two-Dimensional
Development--

Airfoil

Develop a verified method-
ology for tailored wind
turbine airfoil design in
steady state to establish a
database for future unsteady
airfoil design.

Testing Methodology for
Steady Flow--

Continue steady-state
wind turbine testing in
wind tunnels and in the
field, to acquire long-
term performance data
and to investigate the
benefits of new airfoils.

The Technical Assessment has
thus provided the proper focus
for specific tasks to meet the
DOE objectives of improving the
understanding of fundamental sources
of wind variability, and increasing
the basic understanding of the
interactions between the wind, the
air flow response, and the performance
of wind energy systems. Further,
the recommended work will eventually
result in adequate and confident
design tools for configuration studies,
thus permitting major improvements
in productivity and reliability of
future wind energy systems.

DIFFICULTY IN ESTABLISHING
SPECIFIC TASK GOALS

The specific goals of the in-
dividual investigations cannot and
shouId not be described in detail
here. Additional work must be
done. The most that can be said
at this time is that an effective
plan will incorporate the following
aspects, which are described more
fully in Chapter 5:

0
0

0

0

0

Stressing basic research,
Striving for better understanding
of the physical phenomena,
Maintaining a patient, long-term
attitude,
Keeping distance from the commer-
cial uses, and
Coordinating knowledge from
disciplines related to aerociy-
namics and affecting wind turbine
design.

MANAGEMENT OF INVESTIGATIONS

The bulk of the R&D investigations
should ideally occur at a facility- ~.
which would include both analytical
and experimental (testing) studies.
Subproblems properly defined by
the overall R&D plan could be
subcontracted to capable outside
contractors, but their supervision,
as well as the inhouse R&D manage-
ment, should be kept centralized.
If the management planning is done
by incorporating the aspects described
above, there should be a minimum
of program competition and conflict
of interest since the scientific
center of expertise for each task
will be obvious in each case.

The reporting would be vertical
in all cases; that is, a clear central
administrative and decision-making
office would control all aspects of
the wind turbine program.

The experimental facility for
field- and wind-tunnel testing
should also ideally be located near
the analysis facility to permit
frequent and informal communication
among researchers. A wide range
of engineering and scientific disci-
plines characteristic of basic research
would also be required.

Inhouse funding and technical
staffing should be large enough to
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allow a wide degree of investigative
freedom, but care should be taken
to discourage proprietary, closed,
or near-term commercializable
projects. In summary the characteristics
of the recommended R&D management
would be

1. Vertical reporting and
accountability.

2. Close proximity of theoretical
and experimental efforts.

3. Close cooperation of test
and analysis researchers.

4. Central accountability of
outside subcontractors.

5. Scheduled central review of
R&D goals and progress.

6. Scheduled frequent reporting
of results to the technical community
and industry.

7. Particular effort to keep a
wide range of technical disciplines
inhouse.

8. Maintenance of distance from
the commercial interests, but encour-
agement of the cooperation of industry
R&D efforts.

FACILITY

The best facility would ideally
be a first-rate wind tunnel and a
field test installation in close
proximity. The wind tunnel would
have unsteady flow and
turbulence-generating capability.
The field installation would

have a sophisticated, permanent
spatial array of sensors to record
the atmospheric inflow statistics.
Instrumentation for the wind tunnel
and field site would be determined
so as tc! accurately and completely
record the variables needed to have
good experimental control and an
accurate frame of reference.

A sophisticated data-processing
center would be required for both
installations to permit accurate
storage of data; real-time generation
of turbulence statistics necessary
for stochastic analysis; verification
of state-of-the-art analytical
codes; building up of a field test
database for future retrieval; and
manipulation of large data sets,,

The field installation would
have rotors with full aerodynamic
and dynamic instrumentation which
includesc blade spanwise and
chordwise pressure transducers;,
blade strain transducers; rotor
thrust and torque transducers;
rotorblade motion and position
indicators; and flow visualization
capability. Collective and cyclic
pitch pc)sitioning and recording
would be required also, with the
necessary frequency response
determined by the appropriate
unsteady aerodynamics test plan.

Aware that the above will be
very difficult to achieve, the
Panel recommends a next-best
approach of subcontracting for the
wind tunnel, and keeping the rest
of the effort together at a common
facility.
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APPENDIX 2. A TUTORIAL THE INFLUENCE OF AERODYNAMICS
ON WIND TURBINE DESIGN

This Appendix is a brief introduction on the influence of aerodynamics to wind
turbine design, and can be referred to by readers who are unfamiliar with the wind
turbine concepts and definitions used in the body of the Technical Needs Assessment.

ROTOR CHARACTERISTICS

The rotor is the prime mover of the system and everything else is sIaved to it.
The rotor is often the weight, control, and stiffness design driver for the rest of the
design. Typically, save 1 lb. of rotating blade weight, and you’ll save 10 lb. of tower
and supporting structure. The function of the rotor is to produce rotational shaft
energy from the fluid momentum of the wind, but this rotational energy, and its
particular torque/speed characteristic, is adjustable by design over a wide range of
possibilities in both the horizontal (HAWT) and vertical axis (VAWT) wind turbine
approaches.

Since the flow is turbulent, the dynamics of the rotor dominate the activity of the
system. The design environment is the classic aeroelastic triangle inertial loads are
due to mass and motion, aerodynamic loads are the driving and damping forces, and the
~ are due to structural stiffnesses and control system programming.

The inertial loads are the best understood. Basic mechanics is well described by
Newtonian principles, with a large body of knowledge and history. The elastic
restraints are also well described by theory and proven experimentation. However, the
aerodynamic loads are not well understood. Aircraft design methodology, especially for
rotary-wing aircraft, depends still in large part on empirically-determined aerodynamic
loads. The infinitesimal friction effects dominate, rather than the mass effects, and
the nonlinearities of viscosity and compressibility are significant. These are inherently
more complex, more difficult to measure, and more dif~lcult to understand.

Aerodynamic forces are linear only within a small operating range, and then only in
steady-state conditions. Aircraft generally operate within this linear range. Wind
turbines must operate outside this linear range as well as within to be cost effective.
The hysteresis effects of unsteady aerodynamics are not yet well described. Unsteady
aerodynamic forces are dependent on their time histories as well as amplitudes. Pilots
use the familiar delayed stall and increased dynamic lift to extend their performance in
maneuvers. Wind turbine rotors see these unsteady events in a frequent, aggravating manner.

The wind turbine rotor is vulnerable to its environment. Compared to aircraft, the
wind turbine mission envelope is very wide. The set of input conditions is more like
an ocean-going sailing ship than a helicopter, Ocean engineering design methods
historically have emphasized stochastic (statistical) descriptions rather than deterministic,
in order to account for the extreme variety and randomness of conditions to be expected.

The turbulence of the wind flow is the most significant environmental driver for the
wind turbine rotor. But other environmental conditions also drive the reliability
storms, high winds, precipitation, humidity, dust, temperature extremes, lightning, and
ice combine with turbulence to present a formidable “input” to the rotor.
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The rotor can be thought of as having an “equilibrium” condition which is driven by
the “input”. For aircraft the “equilibrium” condition is at or near stable equilibrium.
For a wind turbine, this condition may be far from stable equilibrium, at a condition
which is closer to a superposition in mid-cycle of many large transient events.

Dynamic instabilities have been observed, and some have been duplicated in field
testing with wind turbines, given the same “input” condition. The inertial and elastic
parts of the formulation have even been done in some instability cases, but the
unsteady aerodynamics is much more complex, and its development has Iagged behind.

ROTOR AERODYNAMIC DESIGN

This Section examines the elementary aerodynamic theory and physics of the
conventional rotor in steady state. The true equilibrium aerodynamic state of the
rotor, though a fiction in field practice as pointed out above, is necessary to build an
understanding of the more complex effects. Design practice, as in the aircraft
industry, begins at this point to describe the equilibrium conditions and then adds the
perturbations of the mission spectrum turbulence, control inputs, and motion transients.

Rotor Flow States

The wind turbine rotor is usually described by the nondimensional parameters thrust
coefficient, torque coefficient, and power coefficient, CT, CQ, CR

Thrust Coefficient = Rotor Thrust
(d (A)

Torque Coefficient = Rotor Toraue
(d (JW (R)

Power Coefficient = Rotor Power
(q) (A) (Vo)

Where A = Rotor Area
q = Dynamic Pressure = 1/2 (Rho) V(,2
V* = Free Stream Wind Speed
R = Rotor Radius

These are defined differently from the normal helicopter usage since the reference
velocity for wind turbines is Vo, the free stream velocity, and for helicopters the
reference velocity is tip speed. Therefore:

CT =2XCT X (Tip Speed Ratio)2
(Windmill) (Helicopter)

CQ =2XCQ X (Tip Speed Ratio)2
(Windmill) (Helicopter)

CP =2XCP X (TipSpeed Ratio)3
(Windmill) (Helicopter)
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Where
Tip Speed Ratio = (Rotor speed in Rad/sec)x(Radius)/ V.

A rotor has a number of possible flow states, which determine whether it is a
driving rotor (propeller) or a driven rotor (windmill). When the rotor in steady flow is
completely uncoupled from its shaft load, it will speed up until the blade element angle
has positive angle of attack with the incident velocity vector (see Figure A-1 [31]).
The lift vector is providing just enough forward component to produce just enough
torque to overcome friction in the system. This is the Zero Sli~ Case. It is clear
from the diagram that increasing blade pitch angle will reduce the RPM necessary, and
the lift necessary, to produce zero slip. The fully-feathered, slightly rotating, rotor
would also be in zero slip with much smaller dynamic pressure, rotor lift, and thrust
than shown in the diagram.

Referring to the blade element diagram, if the RPM is slightly reduced, angle of
attack increases, lift on the blade increases, induced velocity increases, and torque also
increases. This is the Normal Working Statg where the turbine produces power to its
load. In the helicopter literature this is called the JVindmill State.

If RPM speeds up, angle of attack reverses, the induced velocity and thrust are now
in the upwind direction, and power is required to drive the rotor. This is the
~ where rotary wing aircraft operate (see Figure A-1).

Helicopter rotors operate in Propeller State when in vertical climb, and slightly in
Windmill Brake State for vertical descent, where the power required can be very low,
or zero or even negative in the case of autogiros. Wind turbines operate strictly in
Windmill State at very high “rates of descent” and relatively low thrust, compared to
helicopters and autogiros.

As seen in Figure A-2 [63], the Turbulent Wake State is another possibility, which
occurs when the induced velocity and rotor thrust become very large. This occurs in
autogiros and in autorotating helicopters which are attempting tb increase thrust to
slow descent.
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Momentum Theorv

If the blade element description is replaced by a uniform “actuator disc” which
produces uniform induced velocity over the rotor plane (see Figure A-2), the mathematical
interpretation is called momentum theory. At zero slip, thrust = O, and CT = O as
before. Thrust is produced by the induced velocity, which is described nondimensionally
as

nondimensional induced velocity
a= induced =

velocity free stream, V.

The general results of momentum theory for the rotor are familiar to rotary wing
designers, and momentum theory remains very useful in the analysis of steady flow

1.

2.

3.

4.

5,

Zero slip is at the origiq Propeller State is to the left, where thrust and
power coefficients are negative, and Windmill State is to the right, where
thrust and power coefficients are positive.

The torque and power maximum occurs at induced velocity = 1/3 X free stream
velocity, or a = 1/3.

The thrust maximum occurs at induced velocity = 1/2 X free stream, or a :=
1/2. The physical interpretation of this is that the induced velocity is then
high enough to bring the free stream convection to a complete stop in the
wake behind the rotor. This physical effect is often observed in wind turbines.

When induced velocity a is low, angle of attack, thrust and power are low;
when a is increased, these also increase.

When a reaches 1/2, momentum theory no longer applies since the far wake
velocity has vanished, hence streamlines have vanished.

Blade Element Theorv

The most widely used predictors for wind turbine rotor performance and aerodynamic
load specification are the blade element theories, which simply stated, are approximate
methods usually in the form of computer codes which are used to predict the rotor
performance using reference airfoil data [64, 65]. Sophistication of these strip theories
varies according to the complexity with which the blades, airfoil characteristics, and induced
velocity are accounted for. The most sophisticated strip theories take into account thle
pitch control and aeroelastic blade motions, and those additional effects on instantaneous
blade section angles of attack [66]. None presently include substantial modeling of
3-dimensional (e.g., spanwise flow) effects, and none include significant estimation of unsteady
aerodynamics. These simulations are normally used to estimate steady loads and
performance first, and are then used to build rotor specifications based on estimated
perturbations to the equilibrium conditions.

Some example results can be seen in Figure A-3. These were generated by a strip
theory using reference 2-D airfoil data and the Goldstein approximation to the vortex,
wake and tip effects [67]. The results are generally more accurate than the momentum
theory, and generally come close to the average measured performance and loads of
wind turbines, with the crucial exceptions of performance in stall and in transients. It
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FIGURE A-8. PERFORMANCE OF EXAMPLE P}TCH CONTROL ROTOR
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should be pointed out that the nondimensional coefficients shown in the figures are
independent of rotor diameter, rotor speed, and wind speed, and thus depict the
physics of both large and small rotors.

The various rotor aerodynamic flow states can be identified on the graphs. The
Zero Slip Case is represented by CQ = O, at tip speed ratio (TSR) = 11.5, and the
Propeller State is below the abscissa, where CQ is negative (must provide power to the
rotor). If the rotor is slowed down slightly, the angle of attack increases and the
output power and thrust increase. The point where power is a maximum, i.e., [torque X
RPM] is a maximum, occurs where the induced velocity is about 1/3. The ideal
momentum theory CP at this point is 0.5926 which is sometimes called the Betz limit
for wind turbine power coefficien~ in this example graph the actual CP is about 0.45
at a tip speed ratio of about 7.

If angle of attack is increased beyond this by decreasing RPM further, the inflow
increases on the blade until the airfoil stalls. Power and thrust fall off, power falling
faster.

Dvnamic Stall

This Section presents a short description of dynamic stall, from “Analysis of the
Development of Dynamic Stall Based on Oscillating Airfoil Experiments”, by Carr,
McAlister, and McCroskey, NASA-TN-D-8382, January 1977 [9].

“Dynamic stall is a phenomenon associated with an airfoil moving beyond its
static stall angle while experiencing a rapid change in angle of attack. In
steady flow, the angle of stall is essentially fixed for any given airfoil geometry
at most, it is a weak function of Reynolds number. However, when an airfoil is
moved rapidly through an angle of attack range that includes the static stall
angle, the angle of maximum lift can be greatly increased, and becomes strongly
dependent on the rate and amplitude of oscillation. This dynamic overshoot of the
static stall angle occurs with no detectable change in the loading trend until a
strong vortex appears near the airfoil leading edge. The pitching moment is
then radically altered [see Figure 7], beginning with a large negative pitching
moment which occurs as the vortex moves over the airfoil; when the vortex
leaves the airfoil, the lift abruptly drops. The flow over the airfoil then becomes
quiescent for a portion of the oscillation cycle, with a fully developed separated
wake region appearing. Flow separation will usually persist for the remainder of
the cycle, thus causing large hysteresis loops to develop in both the lift and
pitching moment curves when viewed as a function of angle of attack (see
Figures A-4 [9] and A-5 [68]).”
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FIGURE A-4. DYNAMIC STALL EVENTS ON A NACA 0012 AIRFOIL [9]
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FIGURE A-5. DYNAMIC STALL FLOW EVENTS AND STREAMLINES [68]
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WII’W3TURBINE CON4PAR1SON

The rotor largely determines the performance, reliability, and especially weight of
the rest of the system. This Section presents two examples in the 15-meter diameter
class, of horizontal axis wind turbines which illustrate this. These turbines represent
two production machines with similar cost and output. They should be viewed as two
demonstrated design approaches to rotor aerodynamic design, even though they have very
different deployment, operating, and development histories.

The example contrasts a high tip speed ratio approach with a low tip speed ratio
approach. Both are stall-controlled rotors. The aerodynamic ranges of the airfoils on
these two rotors are very different, as are the weights.

Table 1. Rotor Comparison

Manufacturer Storm Master Bonus—-. .

Diameter 40 ft. 50 ft.
Number of blades 3 3
Design Speed 133 RPM 50.3 RPM
Tip Speed 279 ft/sec 132 ft/sec
Solidity 3.2% 1o%
Optimum Tip Speed Ratio 9.5 5.5

KW-design power output 50 @ 35 MPH 55 @ 28 MPH
Annual Productivity 125,000 KW-h/yr 140,000KW-h/yr

Rotor Weight 420 lb. 2645 lb.
Aloft Weight 2100 lb. 10748 lb.
Tower Weight 2900 lb. 15211 lb.

Blade Mass Moment, I 140 Slug-ftz 2573 slug-ft2
Lock number 11.4 5
Airfoil NACA 4415 NACA 4415
Flap frequency, p 1.05 3.46
Max. transient tip deflection 4.5 ft. 0.5 ft.

Thrust @ rated 2000 lb. 2500 lb.
Blade loading @ rated 49.7 lb/ft2 12.7 lb/ft2
Disc loading @ rated 1.6 lb/ft2 1.3 lb/ft2
Gravity cyclic, # cycles/yr 40 X 106 15 X 106
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Steaclv Aerodynamics

In the previous discussion the free stream V.. was constant and RPM was variecl to
change ?ngle of attack. The two turbines of this example are constant speed, fixed-pitch
designs. The angle of attack varies only with wind speed. ‘Thus, the operating point
on the nondimensional coefficient characteristic is determined by the wind speed alone.
The CT and CP curves from the strip theory are given for these two rotors in Figure
A-6.’

At low wind speed, the tip speed ratio is high, so cut-in wind speed occurs at the
X-intercept where CP is just positive. This is very close to the Zero Slip Case, and as
can be seen in the Bonus example, thrust coefficient is already high at this point
owing to the flat blade angle. As wind speed increases, tip speed ratio decreases, angle
of attack on the blades increases, and output power and thrust increase. The induced
velocity is increasing from nearly zero at cut-in, to about 1/3 at maximum CP.

Increasing wind speed further, increases angle of attack and induced velocity until
stall is reached on some part of the blade. Actually the points of maximum CP for
both the Bonus and Storm Master have substantial stall already on the inboard blade
sections. With increased free stream Vp and deepening stall, comes Turbulent Wake
State, and CP falls off rapidly, CT falling more slowly. Even though CT is falling,
dimensional thrust is increasing due to the V-squared effect. As can be seen in the
next curves, dimensional power actually stays about constant for both turbines, dropping
off in a controlled way with increasing wind speed. This is precisely the design
philosophy termed “stall control” for fixed-pitch wind turbines. It means the blades
stall as tip speed ratio decreases, so output power is limited. Thrust, on the other
hand, actually continues to increase for both these turbines.

The power curves are given in Figure A-7. These are just the dimensional plots of
steady output power vs. steady wind speed. The power curve is the most significant
comparator at present in the wind turbine industry since ideal yearly income is found
by simply integrating this characteristic over the expected site annual wind speed
distribution. The Method of Bins experimental technique is widely used at present in the
industry to obtain the power curve.

As can be seen in the curves, both turbines continue to produce close to rated
power in extremely high winds, by design. The rotors have actually become “drag
devices” with very low power coefficients.

The point of maximum CP is also seen to occur at about 11/2of the range between
cut-in and rated speed. This is accomplished by deliberate sizing of the drivetrain and
generator, since some analytical studies have shown optimum productivity for such a
power curve characteristic when integrated with an ideal wind speed distribution.
Variations in this optimum load matching point are now known to be significantly
dependent on the site average wind conditions a high wind site having a large
installed power to rotor area ratio, and a low wind site just the reverse.
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FIGURE A-6. ROTOR COMPARISON: THRUST AND POWER COEFFICIENT
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FIGURE A-7. ROTOR COMPARISON: POWER CURVES
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For the two example rotors the following table is given for the 3/4-span airfoil
section at rated conditions. A single inflow gust is superimposed a l/4-second gust
from 30 to 40 MPH.

Table 2. Airfoil Comparison r/R = 0.75

Storm Master Bonus

Chord 0.667 ft. 2.2 ft.
Local speed (Omega X r) 210 ft/sec 99 ft/sec
Airfoil type NACA 4415 NACA 4415
Blade loading 50 lb/ft2 12.7 lb/ft2

or 75 lb/span ft. or 5.8 lb/span ft.

Lift coefficient 1.20 .20
Angle of attack 8 deg. -2 deg.

Due to sharp-edged gust (1/4 see gust from 30 to 40 MPH)

Delta angle of attack 4 deg. 8.4 deg.
Rate of change of alpha 16 deg/sec 33 deg/sec
Reduced frequency .001 .012

Same gust effect at r/R = 0.25 span station inboard:

Delta angle of attack 12 deg. 25 deg.
Rate of change 48 deg/sec 100 deg/sec
Reduced frequency .008 .116

The reduced frequency is a nondimensional measure of the time to convect a perturbation
across the airfoil from leading to trailing edge. A value of 1.0 indicates a pitch excursion
event, [d/dt (alpha) X chord], which has the same period as the local section stream
convection, [(rotor speed) X (span station radius)]. A reduced frequency of 0.1 or greater,
coupled with high angle of attack, or high CL, indicates dynamic stall.

As can be seen in Table 2 above, the Bonus wind turbine is susceptible to dynamic stall
on the inboard sections for the example axial gust. The high solidity, low-RPM approach
reduces the free stream convection to the point where this relatively common gust will
cause unsteady lift effects on the inboard portion of blade. The integrated effect of this
on blade loading and performance is still open for investigation.

Fixed Pitch vs. Variable Pitch

The above example dealt with relatively small turbines, of the 15-meter diameter class.
These were fixed-pitch, stall-controlled, constant RPM turbines, and the aerodynamic
variations and perturbations were caused by variation in the incident wind speed only. It is
obvious that the fixed-pitch design, though simpler mechanically, has the great disadvantage
of aerodynamic compromise the pitch angle must be chosen for a single rotor flow
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condition, power coefficient, thrust coefficient, and blade angle of attack distribution. It
follows from the plots of the last Section that the power coefficient is high at really only
one wind speed. This necessity to compromise performance has led to blade geometric (e.g.,
twist and taper) design effort which results in “tip speed ratio-tolerant” rotor designs.
Simply stated, such designs have relatively high power coefficients over a wide range of tip
speed ratios, which corresponds to the range expected at the intended site. The Bonus
power curve is an example of this.

Another disadvantage of the fixed pitch approach is vulnerability. The fixed pitch rotor
must always present its blades flatwise to high winds, gusts, and precipitation. Lastly, the
fixed pitch compromise design point chosen for good performance at rated winds usually
results in very poor static torque at low winds; that is, torque coefficient at startup is low
or even negative, as is the case for fixed pitch vertical axis designs. This effect can be
largely mitigated by large blade platform (solidity) and twist in the low tip speed ratio
designs of smaller diameters.

For these reasons very large turbines have usually been pitch-controlled rather than
stall-controlled. Some portion of the blade up to full span has pitching freedom up to the
limit of full feather. The disadvantage of pitching freedom is complexity and associated
cost. However, the pitch-control turbine can always be made to be self-starting and feathered
(stable) in extreme conditions. The pitch-controlled machine also can directly alter blade
angle of attack, thereby modulate pitch angle to vary the tolrque and thrust characteristics
to obtain higher performance or lower vulnerability (see Fi{;ure A-8).

The steady aerodynamics of the pitch-controlled turbines are thus very different than for
the fixed-pitch designs. However, the unsteady aerodynamics are much the same. Pitching
mechanisms do not have the capability to “shed loads” because the control pitching rates are
not fast enough. For example, the rotor of the graph (Figure A-8) is a 20-meter design,
and the design pitching rate is only 8 degrees/second, which is an order of magnitude lower
than the unsteady axial gust-induced rate of change in angle of attack. Therefore, the high
frequency turbulence spectrum may cause very similar loading effects on both fixed- and
variable-pitch rotors.
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FIGURE A-3. VARIOUS COEFFICIENTS VS. TIP SPEED RATIO
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APPENDIX 3. SUMMARY OF GENERIC DESIGN APPROACHES

This Appendix presents the generic design approaches that were judged by the Panel
to be most significant to continuing improvement in wind turbine aerodynamics. These
approaches are somewhat indicative of specific hardware configurations, but the
remarks are kept as general as possible so as not to be too specific to any certain
mechanical design. The approaches, their requirements, characteristics, chief unknowns,
known limitations, and possible improvements in performance and reliability, are
summarized in Figure 2.

STALL CONTROL

The approach of stall-controlled rotors specifically means the use of normal airfoil
stall, and its normal attenuation of blade lift, to limit load in the control region above
rated wind speed. This approach uses fixed pitch and constant speed (RPM) to achieve
stalling levels of angle of attack in high winds (see Figure A-7). The aerodynamic
requirements for this approach are that the airfoil have a predictable and repeatable
stalling characteristic, with a gentle transition between the rmstalled and stalled
operation. This indicates the need for a trailing edge stalling type airfoil, which
normally has a thick airfoil section and large leading edge radius (see Figure 4).
Additional characteristics are that the rotor operate at low RPM and has large solidity.
The thick airfoil sections and large leading edge radius require a large chord, and a
low RPM is required to achieve high angles of attack in modlerate winds.

The stall-controlled rotor thus sets up an aerodynamic condition where average lift
coefficient is high at rated power, the load-limiting capability depends on passive
airfoil stall, and large blade areas are exposed to extreme winds. Nevertheless, this
type of rotor has been the most successful to date in the industry, due to the
“boilerplate” nature of the rotor.

Currently, the size of stall-controlled rotors is thought to be limited by stall flutter
[30], which is the inevitable result of the aerodynamic condition described above being
combined with a blade stiffness high enough to cause large flapping velocities (see
Figures A-9 and A-10). The historical solution is structural, and involves either
making the blade stiffer (push the flutter boundary higher), or considerably less stiflf
(articulate or teeter the rotor). A more recently-proposed solution [32] is aerodynamic
in which the airfoil is changed to have unique stalling characteristic not common to
historical airfoils: the lift in this case does not fall after stall is reached, but stays
practically constant, at the level of CL-max. This change removes the drop in CL-max
that provides a steady-state limit cycle hysteresis, which is the stall flutter mechanism.
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The chief unknowns in current design methodology for stall control are the
prediction of unsteady airloads, prediction of the stalled behavior attainment of a
repeatable transition through the stalling point, and assessment of the effect of
roughness.



FIGURE A-9. NIBE A AND B WIND TURBINES [30]
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With proper effort expended on the unsteady aerodynamics and inflow as outlined in
this Technical Assessment, about a 25V0improvement in energy capture and significant
further improvement in fatigue life are possible. This will be possible with a new
unsteady aerodynamics technology base which will yield improved knowledge of the
unsteady airloads and their fatigue effect, and provide the ability to reduce the weight,
cost, and structure needed with improved unsteady airfoils.

PITCH CONTROL

Pitch-controlled rotors simply employ pitch angle changes to control loading. A
pitch-controlled rotor can be used with constant speed or variable speed. The pitch
degree of freedom requires a control system and algorithm (strategy), with many
options for varying angle of attack in various control regions to improve performance.
There is no compelling aerodynamic requirement that the airfoil stall gently, so a wider
range of airfoils with higher performance and thinner sections can be used. The
operating RPM as well is not constrained in order to produce high angles of attack, so
the pitch-control machine can have a much higher operating tip speed and lower
solidity.

The use of pitch-control allows another degree of freedom with which to extend the
envelope of performance, and is thus not restricted to the load limit region. Pitch
control can be used at any time when the average lift coefficient must be reduced. An
example is the overspeed or shutdown control function (see Figure 17). The pitching
degree of freedom is similar to the variable speed degree of freedom in that constant
(average) angle of attack can be maintained on the blade (see Figure 26). The
difference is in the unsteady behavior, which is driven by control limits in the former
and rotor inertia in the latter.

The pitch-control machine is vulnerable to large transient airloads during pitch
motions if the pitch rate is too high (see Figure A-11 [69]). In the load control
region, the pitch control approach may result in higher transient gust loading since
dynamic stalt may force very high momentary lift coefficients, at a rate too high for
pitch following.

Possible improvements to the pitch-controlled rotor are the same as for the stall-
controlled rotor. It is not likely that either one will be able to avoid dynamic stall
entirely.

VARIABLE SPEED

The variable speed
operate at constant tip

wind turbine can be either fixed or variable pitch, but must
speed ratio in the rising power region (control region 2). The

requirement is that the driven load match the output torque ~ the square of RPM, and
thus restrains the rotor to operate at constant tip speed ratio, where the RPM is
linear with wind speed. Other variable speed options are possible, but the performance
benefits are clearest with constant tip speed ratio operation. The turbine operates at
its single best design point, or rotor efficiency, so the power coefficient is maximized
(see Figure A-3). ‘Load co”ntrol is
this is achievable in various ways,

still necessary in the- region above rated
such as pitch change and forced yaw.
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FIGURE A-11 . NIBE B TURBINE: HIGH AERODYNAMIC BRAKING LOAD [69]
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One of the characteristics of constant tip speed ratio operation is that the rotor
operates in load equilibrium, with the aerodynamic and inertial (centrifugal) loads in
balance, and the average coning angle constant (see Chapter 7). This similarity
condition holds for large rotors also, but the gravity loads do not scale, and this
probably limits the large sizes [57]. Variable speed operation maintains constant
(average) angle of attack on the rotor, and is comparable to pitch control in this way.
Fluctuations about this equilibrium point are determined by the unsteady inflow and the
rotor inertia.

Limitations of this approach consist mainly of the necessary driven load control.
The only type of load which achieves this square-law torque matching exactly is a fluid
mechanics device (as the rotor is also) such as a mechanical water pump or churn [70].

The possible improvements for a variable speed rotor, given the technology advances
put forth in this Assessment, are similar to the stall- and pitch-control options.

DARRIEIJS (VAWT)

The Darrieus is a specific design example in the category of vertical axis wind
turbines. The blades are fixed pitch, rotate about a vertical axis at constant RPM, and
have an approximately troposkein curved shape (see Figure A-12). Compared to HAWT
of the same dimensions, the Darrieus has more blade area and weight but due to its
larger “orbit” the rotor may influence a larger free streamtube. For this reason, it is
not clear that the VAWT is restricted to the traditional Betz limit based on swept area
for actuator performance, which is true for HAWT rotors without flow augmenters.

The Darrieus is independent of inflow direction changes, is a stall-control rotor,
and operates at constant pitch, hence requires a separate shutdown system. The
Darrieus airfoil can be said to never operate at steady conditions; the rotor is always
in unsteady flow, and is vulnerable to all the unsteady effects possible throughout its
life. This is both an advantage and a disadvantage, since the unsteady effects may be
both.

Possible improvements in energy capture over present designs are estimated to
amount to 50°h given a well-performing unsteady airfoil. Possible improvements to
airload calculation and fatigue life are at least as high as for HAWT rotors, and
probably higher.

STRAIGHT BLADE VAWT

The straight bladed VAWT (Figure A-13) is another vertical axis approach which
adds a possible degree of freedom in blade pitch as well as speed, blade geometry, and
airfoil and traces a larger orbit than equivalent dimension HAWTS. It is also true for
this approach that the Betz limit based on swept area may not apply, since the
affected wind streamtube is unknown. It also operates exclusively in unsteady flow
and is subject to both the advantages and disadvantages of dynamic stall.

The pitching freedom allows control options in the various regions to exploit
dynamic stall. It may be possible to employ advantageous unsteady airfoils, with
appropriate devices to tailor dynamic stall, and force them via the pitching system at
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FIGURE A- 12. DARRIEUS WIND TURBINE ROTOR
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advantageous frequencies at various points on their orbits to convert their unsteady
lift increases into torque without incurring a drag penalty. It is not hard to conceive
of such a VA WT having much higher torque output than present values.

Advances in unsteady load prediction, as for the others,, will also result in a
dramatic improvement in rotor useful life.

HIGH TIP SPEED RATIO

The high tip speed ratio approach will ljkely be useful for rotors with very low
solidity and large capture areas that will be used in low to :moderate wind resource
areas where the rotor capture are must be larger for a given installed power output.
This approach will become more and more attractive as advances in understanding
unsteady airloads and high strength-to-weight structures alllow longer blades and lower
rotor weights.

The high tip speed requires the characteristics of low solidity rotors thin airfoils
for low profile drag (which determines the upper tip speed limit for all rotors) and
operation at low lift coefficients. The lower lift coefficient and higher speed allows
airfoils to be used which have higher lift/drag ratios and (probably) better (since
higher) Reynolds number performance. The tip speeds might be high enough that
supercritical airfoils would be advantageous to delay drag rise at high subsonic Mach
numbers. The limitation will be on acceptable noise levels (see Figure 28-30).

Another benefit of high tip speed ratio rotors is the smaller angle of attack cha:nge
caused by inflow turbulence (see Figure 18). The high tip speed ratio turbine is less
sensitive to unsteady aerodynamics effects for two reasons

1. The rotor operates at lower angles of attack.
2. Inflow fluctuations induce smaller variation in angle of attack.

An increased burden is placed on aeroelastic analysis and the control functions due to
the more stringent loads and dynamics requirements. Also, the thin airfoils likely to
be used will probably be significantly more sensitive to roughness effects.

Possible improvements over present designs are dramatic. If this approach is
possible, say, with advanced structures, energy capture could be increased by a factor
of 2 to 3, which simply represents the larger rotor area which would be possible for
the same cost or weight. Improvements in fatigue life are not as clear, since there is
no technology base for comparison.

FREE YAW (HAWT)

The free yaw approach has the benefit of no active yaw sensors, actuators, or
maintenance. The rotor for a free yaw turbine would by itself be stable in the
unsteady inflow field, and have no average steady yaw tracking error. Present field
experience indicates that active yaw systems are now, and will continue to be, high
maintenance items [71], and that steady yaw tracking errors exist primarily due to the
uncertainty of proper unsteady inflow measurement with the external sensors necessary
[26].
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The chief unknown in this approach is a detailed parametric knowledge of ‘the
aerodynamic yaw stability derivative, which is the restoring yawing moment. It is
likely that dynamic stall plays a major role in determining this derivative for any set
of unsteady conditions, just as for the unsteady airloads.

The possible improvement will be an increase in captured energy and a decrease in
cyclic loadin~ both will result from better directional stability in unsteady flow.
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APPENDIX 4. WIND TURBINE INDUSTRY REPRESENTATIVES
AND SITES VISITED, JULY 1985

Wind Turbine Industry Briefing, Oakland, California, July 10-12, 1985:

Craig Hansen, University of Utah

Clint Coleman, North Wind Power Company

Jay Carter, Jr., Carter Wind Systems

Glidden Doman, Hamilton Standard

Herman Drees, FloWind Corporation

Jamie Chapman, U.S. Windpower, Inc.

Vaughn Nelson, West Texas State Univ.

Mike Zuteck, Consultant, Gougeon Bros.

M. C. Cheney, Windtech, Inc.

Wind Turbine Site Visits, California, July 12, 1985:

Boeing/PGE Mod-II Wind Turbine, Fairfield

U.S. Windpower, Altamont Pass

Altamont Energy Corp., Altamont Pass

Fayette Manufacturing Corp., Altamont

Howden Wind Parks, Altamont Pass

Pass
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