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Introduction

A major program of research and development projects on wind turbines for generating
electricity was conducted at the NASA Lewis Research Center from 1973 to 1988. Most
of these projects were sponsored by the U.S. Department of Energy (DOE), as a major
element of its Federal Wind Energy Program. One other large-scale wind turbine project
was sponsored by the Bureau of Reclamation of the Department of Interior (DOI). The
peak years for wind energy work at Lewis were 1979-80, when almost 100 engineers,
technicians, and administrative personnel were involved. From 1988 to their conclusion in
1995, NASA wind energy activities have been directed toward the transfer of technology
to commercial and academic organizations.

Wind energy activities at NASA can be divided into two broad categories which were
closely related and often overlapping: (1) Designing, building, and testing a series of 12
large-scale, experimental, horizontal-axis wind turbines (HAWTS); and (2) conducting
supporting research and technology (SR&T) projects. The sketches in Figure 1 show the
names, configurations, power ratings, and relative sizes of HAWTs developed within
projects managed at Lewis. The progression in time is from left to right.

The purpose of this bibliography is to assist those active in the field of wind energy in
locating the technical information they need on wind power planning, wind loads, turbine
design and analysis, fabrication and installation, laboratory and field testing, and operations
and maintenance. This bibliography contains approximately 620 citations of publications
by over 520 authors and co-authors. Sources are

-- NASA reports authored by government, grantee, and contractor personnel;

-- Papers presented by attenders at NASA-sponsored workshops and conferences;

-- Papers presented by NASA personnel at outside workshops and conferences;

-~ Outside publications related to research performed at NASA/DOE wind turbine sites.
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Figure 1. Configurations and sizes of the large horizontal-axis wind turbines
developed under the NASA/DOE and NASA/DOI programs. Dimensions are in meters
(feet).




While the experimental HAWTS illustrated in Figure 1 were the most visible part of
the NASA wind program, the majority of the publications produced were the result of
SR&T activities in the disciplines of aeronautics, rotor and structural dynamics, electrical
systems, controls, utility integration, economics, and environmental effects. As a result,
much of the technology discussed in these publications is applicable to wind turbines of all
sizes.

Brief descriptions of the scope of the principal wind turbine projects at NASA-Lewis
are presented in the following sections to assist readers in using this bibliography. Two
excellent summaries of the NASA/DOE wind program are given in Large, Horizontal-Axis
Wind Turbines, by B. S. Linscott et al. [NASA TM-83546 1984] 1 and "Evolution of
Modemn Wind Turbines" by L. V. Divone, a chapter in Wind Turbine Technology [D. A.
Spera, Editor; ASME Press, 1994].

The former summary emphasizes the technical aspects of the program, while the latter
describes the various NASA projects as key elements of the overall Federal Wind Energy
Program administered by the DOE. Excerpts from "Evolution of Modern Wind Turbines"
are used in the next section to give readers an overview of the NASA/DOE wind program,
and as an aid in locating publications on specific subjects.

1 References in brackets are found in the Bibliography section.




The NASA/DOE Wind Turbine Development Program !

During the twenty-five years from 1945 to 1970, new growth in wind turbine
technology took place principally in western Europe and at a very modest pace. Energy
from fossil-fuel and nuclear power plants was inexpensive, and little emphasis was placed
on research on alternative sources of energy. At the end of the 1960’s there was,
unfortunately, little useful documentation and almost no experimental data from these
several decades of activities around the world. For all the large advances in the field of
wind energy since the end of the nineteenth century, prospective wind turbine designers in
the *70s had little firm information upon which to build, and there was little or no activity
world-wide for producing electricity by wind power.

In the U.S. in 1972, engineers from the NASA Lewis Research Center were involved
in measuring winds in Puerto Rico (for purposes other than wind energy conversion) and
encountered some local interest in wind power. Aerodynamicists at NASA’s Langley Re-
search Center also began theoretical and experimental research on the Darrieus vertical-axis
rotor. Concurrently, the National Science Foundation (NSF), under their new "Research
Applied to National Needs" (RANN) program, had been examining the overall long-term
issues of energy supply, and had concluded that renewable energy sources could have a
major role in the future. However, individual views of that future varied enormously.

In 1973, the NSF was given the responsibility for defining and establishing a federal
research program on renewable energy. That program included solar energy, of which wind
energy was considered to be a constituent part. The NSF, without any laboratories of its
own, turned to the Lewis Research Center for technical and management assistance
[Thomas 1982]. This was the start of the DOE/NASA wind turbine development program
that continued at Lewis for over 15 years.

The first step undertaken was the sponsorship of a Wind Energy Workshop by NSF and
NASA-Lewis in 1973 [Savino 1973], to which were invited all those who had any prior or
current interest in wind power. Pioneers from the 1930s -- such as Marcellus Jacobs,
Palmer Putnam, and Beauchamp Smith from this country; and Ulrich Hiitter and Arthur
Stodhart from Europe -- and a younger generation of wind power developers presented
papers and recommended research needs. Similar conferences and workshops, held in
different countries, became annual events. By the 1980s, workshop sponsors included the
American Wind Energy Association, the European Wind Energy Association, the American
Society of Mechanical Engineers, and other trade associations from individual countries.
The Wind Workshop Proceedings from these annual conferences, supplemented by those
from more specialized meetings, form a detailed record of the technical development of
wind power from the mid-1970s until today.

In 1974, following recommendations from that first workshop, NSF and NASA drew
up an initial wind energy research plan, although with little optimism that significant
funding would be forthcoming. The shock of the Arab oil embargo a few months later,
however, ensured rapid growth in research funds not only in the U. S. but worldwide. In
1975 the NSF program was absorbed into the newly-formed Energy Research and
Development Administration (ERDA). The core of ERDA was the Atomic Energy
Commission, which had numerous government-owned/contractor-operated national
laboratories and plants under its aegis. In 1977, ERDA was combined with several other
Federal organizations to form the U.S. Department of Energy (DOE).

In view of the rapidly growing and broadening program, four government laboratories
were selected to operate various elements of DOE’s Federal Wind Energy Program. The

1 Excerpts from "Evolution of Moden Wind Turbines,” by L. V. Divone, in Wind
Turbine Technology, D. A. Spera, ed., ASME Press (New York), 1994. (Reprinted by
permission of ASME Press)
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Lewis Research Center was given the responsibility for developing large-scale horizontal-
axis wind turbines (HAWTSs) that could be integrated into utility networks as power plants.
A Wind Energy Project Office was established at Lewis to carry out this mission. The
initial DOE/NASA plan envisioned research and technology projects closely coupled with
the design and testing of experimental wind turbines. These machines would incorporate
increasingly advanced developments as they became available and would eventually reach
megawatt size. Through the years, the HAWT program element managed by Lewis
constituted approximately one-half of DOE’s total wind program.

The development plan for large HAWTSs also assumed that three cycles or "generations"”
of experimental turbines would be required. First-generation turbines would be necessary
merely to develop an understanding of design issues and to obtain basic data. The second
generation was needed to put new developments into practice. Finally, a third generation
of wind turbines would be required to reach a level of performance and reliability that could
be cost effective on a broad scale. The objective of this series of wind turbines was to
prove the technology and to reduce technical risk to the point where significant private
capital could be attracted for continued development and commercial production.

NASA/DOE Mod-0 100-kW Test Bed HAWT: 1975 to 1987

One of the first activities under the Federal Wind Energy Program was the design and
construction of an experimental, medium-scale HAWT to serve as a test bed. This size was
clearly needed in order to reach reasonable risk levels before proceeding to large-scale
turbines. Conversely, many of the test results from a medium-scale turbine could well be
applied to small-scale systems. This new research wind turbine was designated the Mod-0
to emphasize its role as a test bed. It was designed and built for NSF by an engineering
and fabrication team at the NASA Lewis Research Center [Puthoff and Sirocky 1974].
Installed in 1975 at NASA’s Plum Brook Test Station near Sandusky, Ohio, it became a
mainstay of experimental work on HAWTs in the U.S. for the next dozen years.

Original Mod-0 Configuration

The diameter of the Mod-0 rotor was selected to be 38.1 m, and a very low rated
power of 100 kW (at a rated wind speed of 8.0 m/s at hub elevation) was chosen. This low
rating was determined to be suitable for such a large rotor because of the modest wind
speeds in the Sandusky area. Available running time for experimental work was a much
higher priority than cost optimization at that time.

As shown in Figure 2, a two-bladed rotor located downwind of the tower was selected,
following the examples of the Smith-Putnam and Hiitter turbines and in accordance with
economic studies that indicated a third blade was not cost-effective in large-scale systems.
The Mod-0 rotor and power train were located in a streamlined nacelle atop a stiff, four-
legged truss tower, with the rotor axis at an elevation of 30.5 m. Its original set of blades
were of aluminum rib/spar/skin construction, following airplane wing design. While quite
expensive, they were very light in weight (9,000 N each), which was considered a necessity
because of the many unknowns in the structural dynamic behavior of the system.

Details of the Mod-0 power train and yaw drive subsystems are illustrated in Figure
3. The rotor drove the turbine shaft at 40 rpm which, through a parallel-shaft step-




Figure 2. Final assembly of the
100-kW Mod-0 HAWT test bed in
1975. It was located at the NASA-
Lewis Plum Brook Test Station near
Sandusky, Ohio.

up gearbox was increased to the
1,800-rpm speed of the 100-kW syn-
chronous generator. At winds above
rated, power was held constant at 100
kW by full-blade pitch under compu-
ter control, with the blades positioned
by hydraulic actuators mounted on
the rigid hub. Wind direction was
sensed by a wind vane on top of the
nacelle and monitored by the auto-
matic yaw control system. When a
change in the nacelle azimuth was
needed, a pair of electric motors
operated through a worm-gear reduc-
tion drive and a pinion gear to drive
a bull gear attached to the bedplate.
Yawing speed was 1/6 rpm.

TEETER STOP-,
(DISC BRAKES ‘

HYDRAULIC - \\—=~"~~~—YAW DRIVE PLATFORM Co-s5-15m8

Figure 3. Power train and yaw drive equipment in the Mod-0 nacelle. The pulleys and
belts at the generator permitted changes in rotor speed, to study tip-speed effects and avoid
structural resonances.
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Mod-0 Research Tests and Configuration Changes

Over the next decade, more testing to investigate new ideas and new configurations
(Fig. 4) was accomplished with the Mod-0 HAWT than with probably any other wind
turbine before or since. Initially designed as a downwind, two-bladed configuration with
full-blade pitch, it was later tested with one (counterbalanced) blade and with two blades
in both upwind and downwind configurations. New materials were developed for wind
turbine blades and first tested on the Mod-0. These included laminated wood-epoxy (Spera
et al. 1990], a material now used on many small and intermediate wind turbines, and
fiberglass composite blades fabricated with transverse-filament-tape [Weingart 1981].

One detrimental result from the original truss tower with its central stairway was high
impulsive pressure loading on the blades, from the excessive wind speed reduction in the
wake behind this high-drag tower. The staircase was soon removed, which reduced cyclic
loads to a tolerable level. However, tower wake-induced fatigue loads had been identified
as a major design driver for downwind rotors. First-generation machines used rigid hubs
in an attempt to overcome the effects of dynamic loads by a simple brute force technique.
This approach was never wholly satisfactory, so the Mod-0 test configuration expanded to
include a teetered hub (Fig. 5). )

As structural dynamic knowledge increased, the Mod-0 truss tower was placed on a
new base composed of flexural steel beams (Fig. 4(a)). This allowed the natural vibration
frequency of the turbine to be lowered and "tuned" in order to simulate "soft" tower
structural concepts. Such concepts would have the potential for lower tower weight and
cost, but structural dynamic loads could be lower or much higher, depending on resonances
and instabilities that were not well-understood with the available analysis tools. Later, the
Mod-0’s truss tower was replaced by a slender shell tower (Fig. 4(b)) to prove out those
tools and the effectiveness of soft structural systems.

Another area which received considerable emphasis was variable-speed constant-
frequency (VSCF) operation. Prior to the need for interconnection with the utility grid,
many small machines operated at variable rotor speed depending on electric load and wind
speed, but this had rarely been attempted on any turbine much over 15 m in diameter. The
desire to operate at variable rpm is engendered by the potential for higher energy capture
(always operating near peak rotor efficiency) and the potential for gust load alleviation.

Solutions to the electrical problems associated with a variable generator speed could
now be envisioned that were not available in a practical way two decades earlier. The
structural dynamics issues associated with the need to preclude harmonic vibrations over
a range of rotor speeds were not viewed sanguinely. It was enough of a problem in the
1970s to accomplish this at one speed. In spite of this, the Mod-0 was operated as a
variable-speed machine, testing several generator and power-conditioning components.
More importantly, the Mod-0 tests probed the structural dynamics "envelope” on a relatively
large, flexible system and thereby provided the data to develop and validate complex
computer models needed to predict natural frequencies and loads under such conditions.

Also tested were rotors with partial-span pitch control, flaps (often less-correctly termed
ailerons), fixed-pitch stall regulation, and free-yaw response to changing wind directions.
Tests at Plum Brook determined the effects of precipitation, various airfoils, blade root and
tip design innovations, and auxiliary aerodynamic devices such as vortex generators. The
validation of computer models and control algorithms, though less visible than hardware
changes, was probably one of the most valuable contributions of the test bed program.
After a useful life of over a dozen years, the Mod-0 experimental HAWT was dismantled
in February 1987, leaving as its legacy an extensive set of documentation that forms a
principal basis of modern wind turbine technology.




(a)

(b)

Figure 4. Different Mod-0 configu-
rations during a decade of research.

(a) 1979: Upwind rotor, steel spar blades,
partial-span pitch, teetered hub, and a
spring base; simulated the "soft" second-
generation Mod-2 HAWT. (b) 1982: Shell
tower, flap control, inboard blade sections
of laminated wood. (c) 1985: One-bladed,
teetered rotor with tip control.

Figure 5. Mod-0 teetered hub.




NASA/DOE Mod-0A First-Generation HAWT Project

During the 1970’s, progress continued on several developmental cycles of medium- and
large-scale machines. Soon after the initial testing of the 38.1-m diameter Mod-0 HAWT
test bed, the U.S. Department of Energy decided to install a pair of upgraded replicas (later
increased to four through Congressional actions) into actual utility operation. These
machines were designated the Mod-0A wind turbines (Fig. 6), and each had a rated power
of 200 kW, twice that of the Mod-0. While their power was still quite small as viewed by
a utility, these would be the largest wind turbines integrated into a utility since the Smith-
Putnam turbine of 1939. In fact, at the time there was almost no experience in the U.S. in
operating a wind turbine of any size in an electric utility environment.

The purpose of the Mod-0A program was to identify and resolve technical and
operational utility interconnection issues. These included questions of power quality,
transient effects, safety, re-closure, and startup/synchronization/shutdown procedures. In
addition, the Mod-0A HAWTSs would form a visible validation of such operations. Through
a competition aimed at the utility industry, 17 sites (later expanded to 35) were selected and
instrumented with anemometer towers for detailed site wind assessments. This became the
base from which the locations of the Mod-0As (and later NASA/DOE machines) were
selected in follow-on competitions. The four Mod-0A HAWTSs were installed from 1977
to 1979 at Clayton, New Mexico; Block Island, Rhode Island; Culebra Island, Puerto Rico;
and near Kahuku on the northern tip of the island of Oahu, Hawaii [Shaltens and
Birchenough 1983]. Mod-0A sites were selected at relatively small utilities or isolated
locations, so that some understanding of the problems of significant penetration of wind
power into a grid could be investigated. Some issues could have remained unidentified if
the wind turbine rating was an extremely small percentage of the local generating capacity.

Figure 6. The 200-kW 38.1-m diameter Mod-0A wind turbine on Block Island, Rhode
Island. It was one of four turbines of the same design installed on small grids in the U.S.
to identify and resolve utility interconnection and operation issues.
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The first Mod-0A unit was designed and fabricated at NASA Lewis, and a contract was
then awarded to Westinghouse Electric Corporation to construct the remainder. While
ostensibly identical, each machine received detailed improvements based on the experiences
of the prior installation. The Lockheed Corporation, which had built the original fabricated-
aluminum blades for the Mod-0, provided the initial sets of Mod-OA blades to the same
general design but with thicker skin panels. However, the downwind configuration and
rigid hub introduced high and (at that time) uncertain dynamic loads that caused fatigue
cracks in the aluminum skins and ribs near the blade roots. Eventually all four rotors were
fitted with laminated wood-epoxy or fiberglass blades and operated successfully for
extended periods.

Probably the most severe operational test of the Mod-OA came in the installation at
Block Island, which was one of the reasons for the selection of that site. The Block Island
grid is powered by several diesel-electric generators and is not interconnected with any
other utility. Block Island has many summer vacationers and only a very small year-round
population. Thus, summer peak loads reach over 1,800 kW, while during night hours in
winter (which is also the high-wind season) the total load can go down to only a few
hundred kilowatts. Occasionally the Mod-0A at 200 kW was producing over 50 percent of
the power for the island. This large penetration introduced several problems in terms of
both voltage and frequency stability and diesel operating problems caused by excessive
throttling. The Block Island Mod-0A was therefore derated to 150 kW during winter opera-
tions, unless under special test.

When the Mod-0A project was completed in June 1982, the four machines had
accumulated over 38,000 hours of operating time and had fed some 3.6 million kWh into
their host utility grids [Shaltens and Birchenough 1983]. At a Hawaiian Electric Company
site near Kahuku, the fourth and most reliable Mod-0A (Fig. 7) achieved a capacity factor
of 0.48 during its last months of operation and was a principal cause of the developing
interest in wind power in the Hawaiian Islands. The highly successful operation of the
Kahuku turbine also led its builder, the Westinghouse Corporation, to privately develop a
600-kW HAWT and Hawaiian Electric Industries (the parent corporation of the utility)
to participate in the later Mod-5B
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NASA/DOE Mod-1 First-Generation HAWT Project
The Wind Turbine System

Development of the Mod-1 Experimental HAWT (Fig. 8), the first megawatt-scale wind
turbine on a utility grid since the 1939 Smith-Putnam turbine, began in parallel with the
installation of the Mod-0As. Rated at 2.0 MW and with a rotor 61 m in diameter, the Mod-
1 HAWT used the same general design configuration as the Mod-0: a two-bladed, rigid
hub rotor with full-blade pitch control, mounted downwind of a stiff, truss tower. The
experimental system was designed and built by the General Electric Company, with welded-
steel blades fabricated by the Boeing Aerospace Company (Fig. 9). It was installed on a
small mountain called Howard’s Knob near Boone, North Carolina, and was dedicated on
July 11, 1979. The local utility, the Blue Ridge Electric Membership Cooperative, operated
the Mod-1 for two years, proving that megawatt-scale wind turbines could be successfully
interfaced with a large, conventional utility power system [Collins et al. 1982].

Figure 8. The 2.0-MW 61-m diameter Mod-1 experimental HAWT in 1979 on
Howard’s Knob overlooking Boone, North Carolina. It was the first megawatt-scale
wind turbine since the Smith-Putnam HAWT in the 1940s.
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Figure 9. A 30-m long Mod-1 blade during final assembly at the Boeing Aerospace
plant in Seattle, Washington. The structural spar was fabricated from welded steel plates,
to which trailing edge sections of foam-filled fiberglass were bonded. [Linscott et al. 1984]

The Mod-1 design, however, was not completely successful. While it achieved its
rated power and operated safely in an unattended, automatic mode, the wind velocity
decrements behind the stubby truss tower applied high, impulsive loads to the rigidly-
mounted blades. While no major blade problems actually occurred, it was clear that this
design configuration would not have the 20- to 30-year life necessary in a commercial
turbine. Improperly-torqued bolts attaching the turbine shaft to the hub did fail near the
completion of the test program, but no major damage ensued because the rotor was sup-
ported by a large bearing mounted directly to the nacelle structure. However, it was
deemed wisest to dismantle the turbine. The 60-m welded steel rotor, at that time the
largest that had ever been built, was placed on display at the Science Museum in Raleigh.

Environmental Problems

The Mod-1 encountered two environmental problems: interference with television
signals and acoustic noise. In parallel with the technology portion of the wind energy
development program at the NSF, a major study was initiated with Battelle Memorial
Institute in Columbus, Ohio, to identify any conceivable environmental effects that could
be caused by either an individual wind turbine or by the large-scale use of wind power
[Rogers et al. 1977]. These ranged from the possibility of affecting the micro-climate to
striking birds. The latter was, in fact, a major initial worry regarding the large scale use
of wind power, regardless of the size of the individual turbines. Extensive tests on and
around the Mod-0 HAWT showed that there were no significant ecological effects.
However, while the Sandusky, Ohio, locale is rich in herbivorous and migratory birds, it
has few local raptors. Some later wind power stations in California did encounter bird
strikes with raptors, for which potential ameliorating approaches are under study.

Three potential problem areas were identified: the possibilities of acoustic noise,
electromagnetic interference with local microwave radio or TV reception, and uncertain
public acceptance of the aesthetics of wind turbines on the landscape. Following the initial
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Battelle study, specialized research projects concentrating on these potential issues were
undertaken [Balombin 1980, Senior et al. 1977, Ferber 1977].

The first environmental issue to be actually encountered at the Mod-1 site was the
electromagnetic interference (EMI) problem. Results of the research showed that, while
there would not be a significant effect across most frequencies (unless the turbine was close
to, and literally in the path of, a microwave or other antenna), the upper VHF and lower
UHF television bands were the most vulnerable and could be affected. Analytical tools
began to be developed to predict the possibility of EMI in any given installation. Early
analysis showed that, of the 17 sites under consideration by DOE, the Block Island site
would likely experience TV interference, given the already marginal television reception in
that area. Because it was ideal in all other respects, Block Island was selected for the third
Mod-0A site partially to allow measurement of actual TV interference under complex real-
world situations. A television cable system was first installed in cooperation with the
nearby town in order to mitigate any effects on the public.

Like Block Island, the area around Boone had TV signals of marginal strength, and
some EMI was encountered there also. EMI measurements around the large-scale Mod-1
turbine with its steel blades, coupled with the Block Island measurements and laboratory
tests at the University of Michigan, led to the development of accurate tools for the
evaluation of future sites. The EMI potential was found to be a predictable function of
blade size and material, rotor speed, and the local transmitter/receiver/turbine geometry.

A second environmental issue at the Mod-1 site was, for a time, an intractable noise
problem. Prior wind turbines were generally relatively quiet, and the Mod-1 itself was not
noticeably noisy close-up. Under certain conditions, however, it emitted low frequency
pressure pulsations. At seemingly random intervals, this would produce unacceptable noise
at various locations a considerable distance from the site, even though at other locations or
times, no noise was detectable. The source was determined to be coupling between the
blade passage and wakes from the heavy tubular legs of the truss tower. Atmospheric
conditions, particularly inversions, combined with the complex mountain terrain could then
focus the noise at some locations distant from the site. Research conducted in the area
eventually led to the development of refined and verified methods for analyzing and
predicting wind turbine noise. The Mod-1 noise problem was eventually solved by reducing
the rotor speed, an operation that required replacing the generator.
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NASA/DOE Mod-2 Second-Generation HAWT Project

Even before the first-generation Mod-1 HAWT began its test program, development
was started at NASA Lewis on a second-generation large-scale machine, to be named the
Mod-2 HAWT, which would represent a major advance from earlier systems. Boeing
Aerospace Corporation received the development contract, and a site was selected at
Goodnoe Hills, near the Columbia River Gorge and the town of Goldendale, Washington.
The Bonneville Power Administration was the cooperating utility, with the power to be fed
into the grid of the Klickitat County Public Utility District.

The state of knowledge of structural dynamics of wind turbines had then reached the
stage where a "soft" structural design could be attempted on a large turbine. An upwind
rotor configuration was selected to reduce the possibility of noise and cyclic loads from
tower shadow. As shown in Figure 10, the two-bladed rotor concept of the Mod-0 and
Mod-1 was retained. Instead of full-span pitch control, however, partial-span tip control
was selected, which allowed a teetered hub that was less expensive and structurally superior.

Economic optimization from the utility viewpoint, coupled with the federal role of
pursuing technology levels that were beyond the risk limits acceptable to a private company,
led to the selection of a power rating of 2.5 MW at a rated wind speed of 12.3 m/s (at the
hub) and a rotor diameter of 91.4 m. The 900-kN (100-ton) rotor was fabricated from
welded steel plates in five separate sections: a hub, two mid-blades, and two pitchable tips.
These were bolted together at the site and lifted into place in one piece [Boeing 1982].

Figure 10. The 2.5-MW
Mod-2 HAWT, the
second-generation
turbine in the large-
scale segment of the
Federal Wind Energy
Program. Its welded-
steel, teetered rotor was
914 m from tip to tip,
with pitchable tips.
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Figure 11. Arrangement of the three Mod-2 HAWTs on the Goodnoe Hills site near
Goldendale, Washington. The triangular pattern permitted research on wake interference
effects at different downwind distances. (Courtesy of Boeing Aerospace Corporation)

Three Mod-2 turbines were built and tested at the Goodnoe Hills site in order to study
the integration of a large-scale wind power station into a utility network and investigate any
interactions between adjoining wind turbines. The three turbines were placed in a triangular
pattern 5, 7, and 10 diameters apart (Fig. 11) so that wake interactions could be examined
under different spacings as changing wind directions placed the various units behind one
another. Anemometers, kites, smoke, and balloons were used extensively to characterize
the wind flow over the site in detail.

A number of problems were encountered, particularly during the first two years of
operation. These included fatigue cracks in the turbine shafts originating at component
mounting holes, and leaking grease seals causing failures in the tip pitch bearings. Other
modifications were made to improve the Mod-2 system, based on experience gained during
the program. For example, lines of small vortex generators were installed on the low-
pressure side of the blade, which delayed flow separation, enhanced control stability, and
significantly increased energy capture.

One problem that was directly associated with the design of the Mod-2 was that rotor
fatigue loads were higher than predicted. While no structural failures occurred, repair
welding of fatigue cracks in the rotor would probably have been required in approximately
10 years, rather than the predicted 30 years. Measurements of dynamic loads on the Mod-2
showed the foundations of the problem. The structural loading estimates of that time used
relatively simple models of the wind. The effects of atmospheric turbulence as seen by a
rotating blade -- what is now known as rotationally-sampled turbulence -- were not
adequately represented in wind models. Based on the Mod-2 test results, major improve-
ments in these models have been made in recent years. However, achieving long fatigue
life in the presence of small-scale turbulence remains a principal technical challenge to the
development of advanced wind turbines that are still reliable and cost-effective.

The Mod-2 test program went on to accomplish its major objectives. The three
HAWTSs together accumulated over 16,000 hours of operating time and supplied over 10
million kWh to the local grid, over 60 percent of that amount in the final year of testing.
The 7.5-MW cluster proved conclusively that groups of modern wind turbines could operate
together in a totally automatic, unattended mode. The Goodnoe Hills data on rotor wake
effects has led to improved wake models being applied now to commercial wind power stations.
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Two additional Mod-2 turbines were built by Boeing for utility companies. One,
purchased by the Pacific Gas and Electric Company, was installed on a test site in Solano
County, northeast of San Francisco. A second, for the Bureau of Reclamation, was installed
near the WTS-4 HAWT at Medicine Bow, Wyoming, for comparative testing. All Mod-2
turbines were later dismantled.

NASA/DOE Mod-5 Third-Generation HAWT Project

In the late 1970s conceptual studies were conducted on advanced large- and medium-
scale turbines, designated as Mod-3 and Mod-4. Two aerospace contractors were then
chosen to design and develop advanced multi-megawatt wind turbines which became known
as the General Electric Mod-5A and the Boeing Mod-SB HAWTs. The General Electric
Company withdrew from the Mod-5A project at the conclusion of its design stage, citing
a poor near-term prospect of obtaining additional wind turbine sales, as well as the expected
expiration of energy tax credits as factors in its decision. Thus, one third-generation
turbine, the Mod-5B, was completed under the Federal Wind Energy Program. Hawaiian
Electric Industries became Boeing’s utility partner.

The Mod-5B (Fig. 12), installed at the Kahuku wind power station on Oahu, has an
overall configuration similar to that of the Mod-2, with a two-bladed, partial-span
controlled, teetered, and upwind rotor atop a steel shell tower [Boeing 1988]. The pitchable
tip sections were extended 3 m longer than those on the Mod-2 rotor, leading to a rotor
diameter of 97.5 m. This makes the Mod-5B HAWT currently the largest wind turbine in
the world. Its rated power is 3.2 MW, up 28 percent from the Mod-2 rating.

The major advancement in technology achieved by the Mod-5B is that it is the first
large-scale wind turbine to operate successfully at variable speed. The speed varies from
13 to 17.3 rpm depending on wind speed, thus improving energy capture as well as
reducing structural loads. Maintaining constant 60-cycle power is accomplished through the
use of a doubly-wound generator, associated cycloconverter power electronic equipment,
and advanced control algorithms. Vortex generators and trailing-edge tabs improve the
aerodynamic performance of the rotor. Most importantly, the Mod-5B was designed using
advanced structural-dynamic computer codes like Dylosat [Finger 1985] and incorporating
experience from the Mod-2 test program [Bovarnick and Engle 1985]. Thus it appears to
be the first large-scale turbine with a reasonable expectation of a 30-year structural lifetime.

Final assembly commenced in January, 1987, at the site on the north shore of the island
of Oahu, not far from where the fourth Mod-0A 200-kW wind turbine had been located.
The turbine nacelle and rotor had been shipped by barge to Oahu from the mainland in
subassemblies, together with the very large ringer crane needed for final assembly. The hub
and mid-blade subassemblies of the 1.4-MN rotor, also of all-steel construction, were
welded together on-site, rather than having bolted joints, as was the case with the Mod-2.

First wind-powered rotation of the Mod-5B HAWT occurred on July 1, 1987. The test
program began in earnest in August, 1987, and consisted of two 500-hour phases. The first
phase accomplished checkout of the turbine through its operating envelope and adjustment
of controls and the variable-speed generating system. The second phase consisted of testing
under a utility acceptance test scenario, the purchase price to the utility being a function of
both performance and availability during a test period of at least 500 hours. The turbine
achieved an energy capture performance of 106% of the basic contract requirement,
producing 988 MWh during 660 hours of testing. It also achieved an availability of 95
percent, 5 percent over the basic requirement, an unparalleled level for that early a stage
of testing of a new, advanced, and very large wind turbine.

In January of 1988, the Mod-5B was sold to the project’s utility partner to operate as
an integral part of the power generation mix on Oahu. During its first 55 months of service
as a commercial power plant, the Mod-5B operated for 18,920 hours and produced 24,533
MWh of electricity [Spera and Miller 1992]. During March of 1991, the Mod-5B produced
1,256 MWh of electricity, which is the record energy production by a single wind turbine.
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Figure 12. The 3.2-MW Mod-5B third-generation wind turbine contains many
advanced design features, including a variable-speed constant-frequency generating
system. With its swept area of 7,470 m?, it is the largest wind turbine in the world.
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The NASA/DOI System Verification Unit Program

In the late 1970s, the Bureau of Reclamation -- an organizational element of the U.S.
Department of the Interior (DOI) -- determined that wind energy has the potential to reduce
the amount of water required to flow through their hydroelectric turbines. This in turn
would increase the amount of water available for use in agriculture and to support fish
habitats. The Bureau was authorized to conduct experimental tests of megawatt wind
turbines connected to its hydroelectric network. These pilot projects for future large-scale
clusters of wind turbines were designated as "system verification units (SVUs). NASA
Lewis was asked to provide project management and technical support to the Bureau of
Reclamation for the procurement, construction, and initial testing of SVU wind turbines.

A site near Medicine Bow, Wyoming, was selected, and proposals were solicited from
industrial firms to design, fabricate, and install two megawatt-scale HAWTSs at that site.
Competitive bids were evaluated by Lewis and Bureau personnel, and an industry team was
selected that consisted of the Hamilton Standard Division of United Technologies
Corporation and the Karlskronavarvet (KKRV) Company from Sweden. The team designed,
fabricated, and installed an advanced HAWT designated as the WTS-4 (Fig. 13). With a
rating of 4 MW, the WTS-4 was the most powerful wind turbine ever built. The WTS-4
rotor was 78.2 m in diameter and operated downwind of the tower. The rotor consisted of
two filament-wound fiberglass blades mounted on a teetered hub, with full-blade pitch
control. The 80-m steel shell tower was of the "soft-soft" design, with a fundamental
natural frequency less than the rotor rotational speed. This tower design was selected to
reduce wind gust loads, tower weight, and tower cost.

Figure 13. The 4.0-MW WTS-4 HAWT near Medicine Bow, Wyoming. This turbine
and a companion 2.5-MW Mod-2 HAWT were used by the U.S. Bureau of Reclamation as
system verification units for the future integration of wind and hydroelectric power.
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WTS-4 operations began in September 1982 with a series of acceptance tests [Young
and Hasbrouck 1983] followed by research tests and analysis [Hubbard and Shepherd 1983,
Doman 1985, Murtha-Smith 1985, DeValentin et a/ 1986, and Hamilton Standard 1985 and
1987] combined with energy production. Operations for the Bureau of Reclamation were
halted by damage to the power train during an overspeed incident. The machine was later
sold to the Medicine Bow Energy Company. After extensive repairs, it was operated
commercially until January 1994 when it was badly damaged after the control system
malfunctioned during high winds.

In its lifetime the WTS-4 HAWT produced 15,800,000 kWh of power during 6,700
hours of on-line time, for an average operating power output of 2.36 MW. Its highest
monthly energy production was 1,210,000 kWh during December 1993, nearly equal to the
record for monthly production by a single wind turbine (1,256,000 kWh generated by the
Mod-5B HAWT in March 1991).

In addition to the WTS-4, the Bureau of Reclamation requested NASA Lewis to
manage the procurement, installation, and testing of a Boeing 2.5-MW Mod-2 HAWT as
a second SVU at the same Medicine Bow site. Boeing completed the installation of this
turbine in December 1981 [Johnson and Young 1985].
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analyzed and system designs were reviewed on this basis. This activity is directed at defining design and procedural
constraints, requirements for safety devices, warning methods, special procedures, protective equipment and personnel training.
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torque. A variable speed generator system is used, which provides the ability to control both airgap torque and reactive
power. Turbine blades are designed with segmented ailerons which are positioned to control rotor torque. An orderly two-
phase plan was used for controller software development, and a microcomputer-based turbine simulator was employed to
facilitate hardware and software integration and testing.

Collected Papers on Wind Turbine Technology, D. A. Spera, Editor, NASA CR-195432, 1995, pp. 199-210.
VARIABLE SPEED GENERATOR APPLICATION ON THE MOD-5A 7.3-MW WIND TURBINE
Barton, R. S.

This paper describes the application of a Scherbiustat-type variable speed subsystem utilized for both starting assistance
in a motoring mode and generation in a controlled airgap torque mode. Reactive power is also provided. The Scherbiustat-
type arrangement is a wound-rotor machine with a cycloconverter in the rotor circuit, and was selected after an evaluation
of the power train costs and risks of different variable-speed technologies. Evaluation factors and evaluation results are
described, and operating strategies and performance simulations are summarized.

Proceedings, Large Horizontal Axis Wind Turbine Conference, 1981, NASA CP 2230, DOE CONF-810752,
pp. 803-820; and Proceedings, Fifth Biennial Wind Energy Conference and Workshop, Vol. I, 1981, SERI-CP-635-
1340, National Renewable Energy Laboratory (Golden, Colorado), pp. 157-168.

CONCEPTUAL DESIGN OF THE 6 MW MOD-5A WIND TURBINE GENERATOR

Barton, R. S. , and Lucas, W. C.

The conceptual design phase of the Mod-5A project is described, resulting in a 400-ft diameter, 6 MW, two-bladed,
upwind HAWT with a two-speed gearbox, tip control, and wood laminate blades. The cost-of-energy requirement for this
design is $ 0.0375 per kWh (1980). In addition to a definition of the Mod-1 configuration, this paper presents operational
and environmental factors that drive various portions of the design; development of weight and cost estimating models; and
the use of these models in optimizing the Mod-5A to meet its COE requirement. Detailed descriptions of the major
subsystems are given, in order that the results of the various trade and optimization studies can be more readily visualized.

Proceedings, Wind Turbine Structural Dynamics Conference, 1977, NASA CP 2034, DOE CONF-771148,
pp. 167-178.
MOD-1 WIND TURBINE GENERATOR ANALYSIS
Barton, R. S.
A general summary of the control system of the Mod-1 wind turbine generator and a computer simulation of this system
are presented. Mechanical and speed stabilization control methods for adding damping to the drive train are mentioned, and
simulation results are displayed showing the effects of speed stabilization.

Proceedings, Wind Turbine Dynamics Conference, 1981, NASA CP 2185, DOE CONF-810226, pp. 51-66.
ON THE WAKE OF A DARRIEUS TURBINE
Base, T. E. , Robertson, G. , and Nowak, E. S.

Theory and experimental measurements on the aerodynamic decay of a wake from a model Darrieus rotor (28 cm in
diameter and 45.5 cm high) are discussed. Experiments showed that the rotor wake decayed at a slower rate than the wake
of a screen with similar troposkein shape and drag. Initial wind tunnel test results indicate that VAWTs should be spaced
at least 40 diameters apart to avoid mutual power depreciation greater than ten percent.
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Proceedings, Large Horizontal Axis Wind Turbine Conference, 1981, NASA CP 2230, DOE CONF-810752,
pp- 215-238.

FIBERGLASS COMPOSITE BLADES FOR THE 2 MW MOD-1 WIND TURBINE GENERATOR

Batesole, W. R.

This paper describes in detail the design, tooling, materials, fabrication, and testing of a pair of 100-ft long blades to
serve as spares for the Mod-1 wind turbine and further develop fiberglass blade technology. Structural spars were fabricated
by the Transverse Filament Tape (TFT) process. Differences between these blades and an earlier 150-ft prototype blade are
discussed, which were introduced for cost and manufacturing improvement purposes. The lightning protection system and
its development are also described. Actual costs and work hours expended on Blade No. 2 are provided, along with cost
projections for production blades of this design. Cost drivers are identified which are applicable to future designs.

NASA-CR-167987 DOE/NASA/0131-1, 1981.
DESIGN AND FABRICATION OF COMPOSITE BLADES FOR THE MOD-1 WIND TURBINE GENERATOR

Batesole, W. R. , and Gunsallus, C. T.

NASA-TT-F-15,356, 1974, Technical Translation.
A WIND PLANT TO POWER SEA SIGNALS
Baumeister, F.

Proceedings, Wind Turbine Dynamics Conference, 1981, NASA CP 2185, DOE CONF-810226, pp. 173-176.
AN APPROXIMATE METHOD FOR SOLUTION TO VARIABLE MOMENT OF INERTIA PROBLEMS
Beans, E. W.

The weather-vaning motion of a wind turbine with a moving rotor is an oscillatory problem with a variable moment of
inertia. The analysis of such motion requires the solution of a non-linear differential equation. An approximation method
is presented here for reducing the problem to an equivalent constant moment of inertia problem. An integrated average value
of moment of inertia for a single rotor revolution is determined, and this averaged value can then be used to determine
equivalent natural frequencies and other dynamic properties of the system.

Proceedings, Wind Turbine Dynamics Conference, 1981, NASA CP 2185, DOE CONF-810226, pp. 177-187.
COMPUTATION OF THE MODES AND POLAR MOMENT OF INERTIA OF THE BLADES OF AN HAWT
Beaulieu, G. , and Noiseux, D.

Numerical solution of the coupled differential equations of motion of the blades of a HAWT, considered to be more
direct than the technique of finite elements, permits optimization of the blade design at relatively low cost. The procedure
described consists of transforming the equation of motion into a set of first-order equations and solving them with fourth-order
Runge-Kutta integrators. Application to a twisted, tapered blade of variable cross section and stiffness is given, and the first
six natural frequencies and mode shapes are obtained. A good match with experimental results if obtained.

NASA-CR-165566 DOE/NASA/0182-1, 1982.
FATIGUE TESTING OF LOW-COST FIBERGLASS COMPOSITE WIND TURBINE BLADE MATERIAL
Bennett, L. C. , and Hofer, K. E.

74N16757 Proceedings, Wind Energy Conversion Systems Conference, 1973, NASA- TM-X-69786, NSF/RA/W-73-006,
pp. 41-45.

WIND POWER DEMONSTRATION AND SITING PROBLEMS

Bergey, K. H.

83N19256 Proceedings, Large Horizontal-Axis Wind Turbine Conference, 1981, NASA CP-2230, DOE CONF-810752,
pp. 469-490.
OPERATING EXPERIENCE WITH FOUR 200 KW MOD-0A WIND TURBINE GENERATORS
Birchenough, A. G. , Saunders, A. L. , Nyland, T. W. , and Shaltens, R. K.
Field test results obtained with four units of the 38-m diameter experimental wind-powered generator, designated as the
Mod-0A, and described. The advantages and disadvantages of the design, particularly as these affect reliability, are discussed.
Machine performance data with regard to power availability and power output are also given.
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83N15916 Proceedings, Fifth Biennial Wind Energy Conference and Workshop, Vol. I, 1981, National Renewable Energy
Laboratory (Golden, Colorado), pp. 107-118.

OPERATING EXPERIENCE WITH THE 200 KW MOD-0A WIND TURBINE GENERATORS

Birchenough, A. G. , Saunders, A. L. , Nyland, T. W. , and Shaltens, R. K.

The machine configuration and its advantages and disadvantages, particularly as it affects reliability are discussed. The
machine performance, both availability and power output characteristics are described. The Mod-0A operational experience
is documented. The characteristics of the wind energy generated, the machine performance, and the subsystem strengths and
weaknesses are discussed. An assessment of the project success in fulfilling its goals and objectives is also presented.

Collected Papers on Wind Turbine Technology, D. A. Spera, Editor, NASA CR-195432, 1995, pp. 175-184.
USE OF BLADE PITCH CONTROL TO PROVIDE POWER TRAIN DAMPING THE MOD-2 2.5-MW WIND
TURBINE
Blissell, W. A.

The control system of the Mod-2 HAWT is described, which provides not only for startup, rotor speed regulation,
maximizing or regulating power, and stopping the rotor, but also for load limiting, especially of torques in the power train.
Early operations in above-rated winds revealed an instability which was caused primarily by coupling between the drive train
and the rotor air loads. The first of several major Mod-2 control system changes, to correct this instability, are reviewed in
the paper.

NASA-CR-180896 DOE/NASA/0200-3, 1988.
MOD-5B WIND TURBINE SYSTEM FINAL REPORT -- VOLUME I: EXECUTIVE SUMMARY
Boeing Aerospace Company

NASA-CR-174989 DOE/NASA.0002-85/1, 1985.
MOD-2 WIND TURBINE CLUSTER GOODOE HILLS OPERATION, OCTOBER 1982 - APRIL 1985
Boeing Aerospace Company

EPRI Report AP-4060, Project 1996-6, 1985, Electric Power Research Institute (Palo Alto, California).
GOODNOE HILLS MOD-2 CLUSTER TEST PROGRAM -- VOLUMES 1 AND 3
Boeing Aerospace Company

NASA-CR-168006, 1982.
MOD-2 WIND TURBINE SYSTEM DEVELOPMENT FINAL REPORT -- VOLUME 1: EXECUTIVE SUMMARY
Boeing Aerospace Company

NASA-CR-168007, 1982.
MOD-2 WIND TURBINE SYSTEM DEVELOPMENT FINAL REPORT -- VOLUME 2: DETAILED REPORT
Boeing Aerospace Company

NASA-CR-168046 DOE/NASA/0200-1, 1982.
MOD-5B WIND TURBINE SYSTEM CONCEPT AND PRELIMINARY DESIGN REPORT -- VOLUME I:
EXECUTIVE SUMMARY
Boeing Engineering and Construction Company

NASA-CR-168047 DOE/NASA/0200-2, 1982.
MOD-5B WIND TURBINE SYSTEM CONCEPT AND RRELIMINARY DESIGN REPORT -- VOLUME II:
DETAILED REPORT
Boeing Engineering and Construction Company

NASA-CR-159609 DOE/NASA/0002-80/1 and -80/2, 1979.
MOD-2 WIND TURBINE SYSTEM CONCEPTS AND PRELIMINARY DESIGN REPORT -- VOLUME I:
EXECUTIVE SUMMARY; VOLUME II: DETAILED REPORT
Boeing Aerospace Company
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DOE/BP-653 Report, 1986, Bonneville Power Administration (Portland, Oregon).
THE WORLD’S FIRST MULTI-MEGAWATT WIND FARM -- CONSTRUCTION OF THE MOD-2 WIND
TURBINE GENERATORS AT GOODNOE HILLS, WASHINGTON, TO EVALUATE A NEW SOURCE OF
RENEWABLE ENERGY
Bonneville Power Administration

DOE/BP-85 Report, 1981, Bonneville Power Administration (Portland, Oregon).
BUILDING THE WORLD’S FIRST WIND FARM
Bonneville Power Administration

Proceedings, Wind Turbine Dynamics Conference, 1981, NASA CP 2185, DOE CONF-810226, pp. 271-275.
PASSIVE CYCLIC PITCH CONTROL FOR HORIZONTAL AXIS WIND TURBINES
Bottrell, G. W.

A new flexible rotor concept, called the balanced-pitch rotor, is described. The system provides passive adjustment of
cyclic pitch in response to unbalanced pitching moments across the rotor disk. Various applications are described and
performance predictions are made for wind shear and cross-wind operating conditions. Comparisons with the teetered hub
are made and significant cost savings are predicted.

Proceedings, Windpower 85 Conference, 1985, American Wind Energy Association (Washington, DC),
pp. 158-163.

THE EVOLUTION OF THE MOD-2 AND MOD-5B WIND TURBINE SYSTEMS

Bovarnick, M. L. , and Engle, W. W.

This paper briefly describes the development of the 2.5-MW Mod-2 HAWT design, experience with five prototype units,
and how this experience has benefitted the design of the third-generation 3.2-MW Mod-5B. Mod-2 operating hours to date
are over 14,000, which is less than expected because of design problem that are now resolved. Major performance
improvements have been incorporated into the Mod-5B design and a prototype unit will be installed on Oahu in the Hawaiian
Islands in 1986. Lessons learned with the Mod-2 machines are discussed.

86N16487 NASA-TM-87181 DOE/NASA/20320-67, 1985.

DESCRIPTION AND TEST RESULTS OF A VARIABLE SPEED, CONSTANT FREQUENCY GENERATING
SYSTEM

Brady, F. J.

This paper presents the results of laboratory tests on a system consisting of a 250 hp wound-rotor machine and a 12-pulse
cycloconverter to evaluate performance prior to installation in the Mod-0 experimental HAWT. All testing was done with
the stator of the generator connected to the utility network and with the rotor fed through the cycloconverter. Characteristics
such as power regulation, transient response, harmonic content, and efficiency were determined. Operation was found to be
stable over a useful speed range, the generator stayed synchronized to the network while experiencing variations in shaft
speed, and the cycloconverter operated reliably through the zero-slip speed and into the super-synchronous range. This report
describes the system as it existed at the conclusion of the project. The cycloconverter control circuit is described including
the addition of field-oriented control. In addition to laboratory test data, actual wind turbine test results are included.

NASA-TM-83454 DOE/NASA/20305-9, 1983.
A MATHEMATICAL MODEL FOR THE DOUBLE-FED WOUND ROTOR GENERATOR
Brady, F. J.

Proceedings, Wind Turbine Dynamics Conference, 1981, NASA CP 2185, DOE CONF-810226, pp. 287-293.
MOD-0 WIND TURBINE DYNAMICS TEST CORRELATIONS
Brooks, B. M.

The behavior of the teetered, downwind, free yaw, Mod-0 wind turbine, as represented by NASA dynamic test data, was
used to support confidence in simulations of megawatt-scale HAWTs performed with the Hamilton Standard F762 computer
code. Trim position, performance at trim, and teeter response as predicted by the computer code were compared to test
results. Several new test configurations are recommended for exploring free-yaw behavior. It is shown that eliminating rotor
tilt and optimizing coning and blade twist can contribute to good free-yaw behavior and stability. Effects of rotor teeter, teeter
gravity balance, inflow, and other physical and operating parameters were also investigated analytically using the F762 code.
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Proceedings, Wind Turbine Dynamics Conference, 1981, NASA CP 2185, DOE CONF-810226, pp. 151-154.
THE HYDRAULIC WINDMILL
Browning, F. A.

An hydraulic windmill is described, in which a 71-ft diameter rotor drives a pump atop the tower sending pressurized
oil from rotor shaft level to the ground where an hydraulic motor-generator set produces electricity. Alternatively, the useful
output may be heat. Rotor speed is governed by a flow valve. Over-pressure, the result of high wind velocity, rotates the
tail to move the rotor blades out of the wind. Loss of oil pressure causes a brake to close as well as to swing the tail to its
maximum distance from the rotor plane.

PNL-5565 Report, 1985, Pacific Northwest Laboratories (Richland, Washington)
OBSERVATIONS OF WAKE CHARACTERISTICS AT THE GOODNOE HILLS MOD-2 ARRAY
Buck, J. W. , and Renné, D. S.

74N16757 Proceedings, Wind Energy Conversion Systems Conference, 1973, NASA- TM-X-69786, NSF/RA/W-73-006,
pp. 204-205.

A COMMENT ON TOWERS FOR WINDMILLS

Budgen, H. P.

NASA-CR-168108 DOE/NASA/3303-1, 1981.
SOME EXPERIMENTS ON YAW STABILITY OF WIND TURBINES WITH VARIOUS CONING ANGLES
Bundas, D. , and Dugundji, J.

Proceedings, Large Horizontal Axis Wind Turbine Conference, 1981, NASA CP 2230, DOE CONF-810752,
Pp. 259-266.

FIBERGLASS COMPOSITE BLADES FOR THE 4 MW WTS-4 WIND TURBINE

Bussolari, R. J.

This paper describes the design and fabrication of fiberglass blades each 38 m long. Blade configuration is a two-cell,
monolithic structure of filament-wound fiberglass/epoxy composite with non-linear taper and twist. Hub retention design
provides redundancy for durability and safety. Advanced tooling is described in which a sophisticated computer control and
a sequence of manufacturing steps are used to achieve the unique filament-wound airfoil shape.

Proceedings, Large Horizontal Axis Wind Turbine Conference, 1981, NASA CP 2230, DOE CONF-810752,
pp. 675-687; and Proceedings, Fifth Biennial Wind Energy Conference and Workshop, Vol. I, 1981, SERI-CP-635-
1340, National Renewable Energy Laboratory (Golden, Colorado), pp. 183-192.

STATUS OF THE 4 MW WTS-4 WIND TURBINE

Bussolari, R. J.

The specifications, characteristics, and features of the WTS-4, a 78.1-m two-bladed HAWT rated at 4 MW, are discussed.
Presently under fabrication, this turbine will be installed near Medicine Bow, Wyoming, for the U.S. Department of the
Interior as a system verification unit for the integration of wind power with hydropower. Major components (rotor, nacelle,
tower, etc.) are described and the fabrication status of each is presented.

NASA-TM-73835 DOE/NASA/1028-77/13, 1978.
WIND TURBINE GENERATOR ROTOR BLADE CONCEPTS WITH LOW COST POTENTIAL
Cahill, T. P. , and Sullivan, T. L.

WER-32A, 1987, Wichita State University (Wichita, Kansas).
SUMMARY OF CONTROL EFFECTIVENESS OF VENTED DEFLECTOR-AILERONS
Cao, H. V. , Wentz, W. H. Jr. , and Snyder, M. H.

Proceedings, Wind Turbine Dynamics Conference, 1981, NASA CP 2185, DOE CONF-810226, pp. 255-264.
GUY CABLE DESIGN AND DAMPING FOR VERTICAL AXIS WIND TURBINES
Came, T. G.
The axial load which the guy cables on a VAWT apply to the tower, bearings, and foundations is an undesirable
consequence of using guys to support the turbine. Limiting the axial load so that it does not significantly affect the cost of
the turbine is an important objective of cable design and this investigation. Lateral vibrations of the cables are another feature
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of cable design considered here, and a technique for damping cable vibrations is analyzed mathematically and demonstrated
experimentally.

NASA-CR-2540, 1975.
WIND-TUNNEL MEASUREMENTS IN THE WAKE OF A SIMPLE STRUCTURE IN A SIMULATED
ATMOSPHERIC FLOW
Cemmak, J. E. , Peterka, J. A. , and Hansen, A. C.

78N12459 ERDA/NASA/1004-77/4, 1977, also Proceedings, 6th NASTRAN Users’ Colloquium, 1978, NASA
(Washington, DC), pp. 213-233.

NASTRAN USE FOR CYCLIC RESPONSE AND FATIGUE ANALYSIS OF WIND TURBINE TOWERS

Chamis, C. C. , Manos, P. , Sinclair, J. H. , and Winemiller, J. R.

A procedure is described which uses NASTRAN coupled with fatigue criteria via a post-processor to determine the cyclic
response and to assess the fatigue resistance (fatigue life) of wind turbine generator towers. The cyclic loads to which the
tower may be subjected are entered either in a quasi-static approach though static load sub-cases (Rigid Format 1) or through
the direct dynamic response (Rigid Format 9) features of NASTRAN. The fatigue criteria are applied to NASTRAN output
data from either rigid format through an externally written user program embedded in a post-processor.

76A28027 and 76N18674 NASA-TM-X-71879 ERDA/NASA/1028-77/7, 1976; also Proceedings, Specialty Conference on
the Dynamic Response of Structures, 1976, American Society of Civil Engineers, 16 p.

FREE VIBRATIONS OF THE ERDA-NASA 100-kW WIND TURBINE

Chamis, C. C. , and Sullivan, T. L.

The ERDA-NASA wind turbine (windmill), which consists of a 93-foot truss tower, a bed plate that supports mechanical
and electrical equipment, and two 62.5-foot long blades, was analyzed to determine its free vibrations using NASTRAN. The
finite element representation of the system consisted of beam and plate elements. The free vibrations of the tower alone, the
blades alone, and the complete system were determined experimentally in the field. These results were obtained by
instrumenting the tower or blades with an accelerometer and impacting the components with an instrumented mass. The
predicted results for natural frequencies and mode shapes were in excellent agreement with measured data.

74N16757 Proceedings, Wind Energy Conversion Systems Conference, 1973, NASA- TM-X-69786, NSF/RA/W-73-006,
pp. 107-108. ’

BUCKET ROTOR WIND-DRIVEN GENERATOR

Chang, H. H. , and McCracken, H.

Proceedings, Wind Turbine Structural Dynamics Conference, 1977, NASA CP 2034, DOE CONF-771148,

pp. 237-242.
COMPARISON OF BLADE LOADS OF FIXED AND FREE YAWING WIND TURBINES
Cheney, M. C. , and Bielawa R. L.

The UTRC (United Technology Research Center) Composite Bearingless wind Turbine

utilizes an automatic pitch control concept and a completely unrestrained yawing degree of freedom. Aerodynamic moments
caused by skewed flow provide the control to align the wind turbine with the wind. Model tests have demonstrated the
feasibility of the concept and analytical studies have shown the free system to experience lower blade loads compared to the
fixed system.

NASA-CR-134956 ERDA/NASA/9235-75/1, 1975.
100-kW METAL TURBINE BLADE BASIC DATA, LOADS, AND STRESS ANALYSIS
Cherritt, A. W. , and Gaidelis, J. A.

NASA-CR-165589 DOE/NASA/1900-1, 1982.
VIBRATION ANALYSIS OF THREE GUYED TOWER DESIGNS FOR INTERMEDIATE SIZE WIND TURBINES
Christie, R. J.

Proceedings, Wind Turbine Dynamics Conference, 1981, NASA CP 2185, DOE CONF-810226, pp. 305-314.
VERTICAL AXIS WIND TURBINE DRIVE TRAIN TRANSIENT DYNAMICS
Clauss, D. B. , and Came, T. G.
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Start-up of a VAWT causes transient torque oscillations in the drive train with peak torques which may be over two
and one-half times the rated torque, so mechanical components must be over-designed for safety and reliability. A computer
code is described, based on a lumped parameter model of the drive train, and calculated transient torques are compared to
torques measured on the Low Cost 17-m VAWT. Excellent agreement was obtained. It has been demonstrated tat a slip
clutch located between the starting motor and rotor brake can reduce peak torques by almost 40 percent.

Proceedings, Wind Energy Conversion Systems Conference, 1973, NASA- TM-X-69786, NSF/RA/W-73-006,
pp. 165-169.

WIND POWER SYSTEMS FOR INDIVIDUAL APPLICATIONS

Clews, H. M.

Proceedings, Wind Turbine Structural Dynamics Conference, 1977, NASA CP 2034, DOE CONF-771148,
pp. 71-76.

FLOW FIELD ANALYSIS

Cliff, W. C. , and Verholek, M. G.

The average mean wind speed integrated over a disk is shown to be extremely close to the mean value of wind speed
which would be measured at the center of a disk for most site geometries in which a WECS would operate. Field test results
are presented which compare instantaneous records of wind speed integrated over a disk with the wind speed measured at
the center of the disk. The wind field that a rotating element would experience is presented which has been synthesized from
the outputs of an array of anemometers.

83N19257 and 82N30710 NASA-TM-82721 DOE/NASA/20366-2, 1982; also Proceedings, Large Horizontal-Axis Wind
Turbine Conference, 1981, NASA CP-2230, pp. 491-574.

EXPERIENCE AND ASSESSMENT OF THE DOE/NASA MOD-1 2000 KW WIND TURBINE GENERATOR AT

BOONE, NORTH CAROLINA

Collins, J. L. , Shaltens, R. K. , Poor, R. H. , and Barton, R. S.

This paper presents an extensive review of the Mod-1 project, which developed megawatt-scale wind turbine technology
in the U.S. for the first time in almost 40 years following the historic Smith-Putnam project. Mod-1 program objectives are
defined and the Mod-1 wind turbine design and test operations are described in detail. In addition to the steel blade operated
on the wind turbine, a composite blade was designed and manufactured. During the early phase of the manufacturing cycle
of Mod-1A configuration was designed that identified concepts such as partial span control, a soft tower, and upwind teetered
rotors that were incorporated in second and third generation industry designs. The Mod 1 electrical system performed as
designed, with voltage flicker characteristics within acceptable utility limits. Power output versus wind speed equaled or
exceeded design predictions. The wind turbine control system was operated successfully at the site and remotely from the
utility dispatcher’s office. During wind turbine operations, television interference was experienced by the local residents.
As a consequence, operations were restricted. Although not implemented, two potential solutions were identified. In addition
to television interference, a few local residents complained about objectionable sound, particularly the 'thump’ as the blade
passed behind the tower. To eliminate objections, the sound generation level was reduced by 10 dB by reducing the rotor
speed from 35 rpm to 23 rpm. Bolts in the drive train fractured. A solution was identified but not implemented. The public
reaction toward the Mod 1 wind turbine program was overwhelmingly favorable.

Proceedings, Fifth Biennial Wind Energy Conference and Workshop, Vol. I, 1981, SERI-CP-635-1340, National
Renewable Energy Laboratory (Golden, Colorado), pp. 125-142.
EXPERIENCE AND ASSESSMENT OF THE DOE/NASA MOD-1 2000 KW WIND TURBINE GENERATOR AT
BOONE, NORTH CAROLINA
Collins, J. L. , and Poor, R. H.

Project activities began in 1974 and dedication of the 200-ft diameter Mod-1 HAWT with its downwind, two-bladed,
rigid hub rotor occurred in July 1979. Rated power generation was accomplished in February 1980, with the electrical system
performing as designed within acceptable utility limits. Subjects summarized in this paper are power output versus wind
speed, control system operation, TV interference, noise, and overall public reaction which has been favorable.

Collected Papers on Wind Turbine Technology, D. A. Spera, Editor, NASA CR-195432, 1995, pp. 1 - 16.
BASIC PRINCIPLES AND RECENT OBSERVATIONS OF ROTATIONALLY-SAMPLED WIND
Connell, J. R.
The concept of rotationally-sampled wind speed is described, and quantitative characterization is made in terms of a
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power spectral density function verified by wind spectra measured at the Mod-0A vertical-plane array of anemometers at
Clayton, New Mexico. Rotational wind speed measurements made with hot-film anemometers attached to rotating blades
are compared with theoretical predictions. The importance of temperature layering and complex terrain is demonstrated with
hot-film, meteorological tower, and acoustic-Doppler sounder data from the Mod-2 site near Goldendale, Washington.

EPRI-AP-4335 Report, 1985, Electric Power Research Institute (Palo Alto, California).
ROTATIONALLY SAMPLED WIND AND MOD-2 WIND TURBINE RESPONSE
Connell, J. R. , et al.

PNL-5238 Report, 1984, Pacific Northwest Laboratories.
ROTATIONALLY SAMPLED WIND CHARACTERISTICS AND CORRELATIONS WITH MOD-0A WIND
TURBINE RESPONSE
Connell, J. R. , and George, R. L.

PNL Report RP 1996-12, 1983, Pacific Northwest Laboratories (Richland, Washington).
ROTATIONALLY SAMPLED WIND AND WIND TURBINE RESPONSE AT GOODNOE HILLS, MOD-2 UNIT
NO. 2: PRELIMINARY ANALYSIS
Connell, J. R. , George, R. L. , and Sandbom, V. A.

PNL-4210 Report, 1982, Pacific Northwest Laboratories (Richland, Washington).
THE WAKE OF THE MOD-0A1 WIND TURBINE AT TWO ROTOR DIAMETERS DOWNWIND ON DECEMBER
3, 1981
Connell, J. R. , and George, R. L.

87N29956 NASA-TM-100136 DOE/NASA/20320-73

PERFORMANCE AND POWER REGULATION CHARACTERISTICS OF TWO AILERON-CONTROLLED
ROTORS AND A PITCHABLE TIP-CONTROLLED ROTOR ON THE MOD-0 TURBINE

Corrigan, R. D. , Ensworth, C. B. F. III , and Miller, D. R.

Tests were conducted on the DOE/NASA Mod-0 horizontal axis wind turbine to compare and evaluate the performance
and the power regulation characteristics of two aileron-controlled rotors and a pitchable tip-controlled rotor. The two
aileron-controlled rotor configurations used 20 and 38 percent chord ailerons, while the tip-controlled rotor had a pitchable
blade tip. The ability of the 