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Abstract
A new computer program package has been developed that determines the troposkein shape
for a Darrieus Vertical Axis Wind Turbine Blade with any geometrical configuration or
rotation rate. This package allows users to interact and develop a “buildable” blade whose
shape closely approximates the troposkein. Use of this package can significantly reduce
flatwise mean bending stresses in the blade and increase fatigue life.
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Developments in Blade Shape Design for a
Darrieus Vertical Axis Wind Turbine

Introduction
As the wind turbine industry enters an era with-

out government tax credits, it becomes increasingly
important that the cost per kilowatt hour of wind-
produced power be substantially reduced. Wind tur-
bines that are less expensive to manufacture but more
dependable to operate are required in order to com-
pete with other sources of energy. New turbine de-
signs, therefore, must become less conservative and
incorporate improved fatigue design and analysis
techniclues for increased turbine longevity.

Vertical Axis Wind Turbine(VAWT) blades, be-
cause of their large oscillatory loading conditions, are
very susceptible to fatigue failure. When combined
with the oscillatory loading, the mean loading due to
centrifugal forces and gravity also contributes signifi-
cantly to fatigue damage. One way of lowering mean
stresses and extending the fatigue life is to design the
blade such that its shape closely approximates an
ideal shape called the troposkien or “skipping-rope”
shape. This reduces the flatwise bending stresses due
to centrifugal and gravitational forces as the blade
tends to displace less from its original shape. Recently
a methodology for designing an improved blade shape
and thus lowering the mean stresses for VAWTS was
developed at Sandia and is the subject of this report.

Development of Darrieus
Blade Shape

It was realized early in the development of
Darrieus VAWTS that the shape of the blade was
important. G. J. M. Darrieus states in his 1931 U.S.
patent (of a VAWT that each blade should “have a
stream-line outline curved in the form of a skipping
rope.’” More recently, in the early 1970’s, the National
Research Council of Canada independently developed
the concept of a VAWT and noted that under the
action of centrifugal forces, a perfectly flexible blade
assumes the approximate shape of a catenary.* This is
not precise, however, as a catenary is the shape formed
by a perfectly flexible cable of uniform density and

cross section hanging freely from two points. Once the
cable is rotated about an axis through the end points,
the shape deviates from the catenary and becomes a
“troposkien.” Figure 1 shows a comparison of a sym-
metric (gravity omitted) troposkien and a catenary for
a VAWT blade of uniform density.

TOWER CENTERLINE ~1
I

/

/

I

SYMMETRIC
TROPOSKIEN

- —- CATENARY

Figure 1. Symmetric Troposkein vs. Catenary Shape
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In 1974, Blackwell and Reis, in their report, Blade
Shape for a Troposkien Type of Vertical-Axis Wind
Turbine,’ defined the term troposkien as “the shape
assumed by a perfectly flexible cable of uniform den-
sity and cross section if its ends are attached to two
points on a vertical axis and it is then spun at constant
angular velocity about that vertical axis.” Since a
VAWT blade is not perfectly flexible, it should be
bent or formed as closely as possible into the shape it
would become during rotation if it were flexible, thus
minimizing the flatwise bending stresses. Blackwell
and Reis developed the equations that geometrically
describe a troposkien shape for a blade of uniform
density and used an iterative solution of these equa-
tions in their computer program TROP. The equa-
tions were developed for only half the blade, and
gravity effects were neglected in the solution; thus, the
resulting troposkiens were symmetric about the equa-
tor. This was a good approximation for high-rotation-
rate, small-diameter turbines like the Sandia 2-m
turbine.z

In the late 1970’s the iterative technique em-
ployed by Blackwell and Reis to define any uniform-
density troposkien was extended by Sandia to include
gravitational effects and blades of three different
cross sections. These modifications were implemented
in the computer program BENDO.

Current Sandia blade-shape designs have been
based in general on the computer program
DMG,:’which formulates the blade shape as an ap-
proximation to the symmetric troposkien (as deter-
mined by BENDO). This approximation consists of
three sections: a straight section at both the top and
bottom portions of the blade and a circular arc
through the equator that meets the straight sections
tangentially. The DMG user inputs the height and
diameter of the turbine rotor and the upper and lower
blade-to-tower angles. DMG then determines the
straight-circular arc-straight (S-C-S) geometry that
approximates the symmetric troposkien for that par-
ticular turbine. Figure 2 shows a comparison of a
symmetric troposkien and its S-C-S approximation
for a VAWT blade of uniform density. The S-C-S
approximation has an advantage over the catenary
approximation in that the blade-to-tower angles can
be made to match those of the troposkien. This tends
to lower the flatwise bending stresses. When it was
realized that gravity should be included in the tropos-
kien formulation, the blade-shape design continued to
be S-C-S approximations to a symmetric troposkien,
but the blade-to-tower angles were adjusted to ac-
count for the blade sag.

In the remainder of this report the definition of a
troposkien shall be expanded to become “the shape

TOWER CENTERLINE —

—–—SYMMETRIC
TROPOSKIEN \ \

SYMMETRIC
s-c-s
APPROXIMATION

\

\

\

Figure 2. Symmetric Troposkien VS,
Approximation

Symmetric S-C-S

assumed by a flexible structure of uniform or nonuni-
form density attached at its ends to a vertical axis
such that when it is spun at a constant angular veloc-
ity about the vertical axis, no flatwise bending stresses
occur in the structure.” With the inclusion of nonuni-
form densities, the definition becomes more general
and allows for design conditions where blades are
constructed in multiple sections with varying geomet-
rical or material properties and heavy joint sections.
This is the case for the design of the Sandia 34-m Test
Bed.* It should be noted that a troposkien shape for a
particular blade or flexible structure is different for
each rate of rotation when gravity is included. When
gravity is excluded, the troposkien shape is the same
for any rotation rate.

*The 34-m Test Bed is a prototype VAWT being designed
and constructed by Sandia. It has a rotor diameter of 110 ft
(34 m) and an H/D ratio of 1.25. Each blade has five
sections: a straight 48-in. chord section at each end of the
blade, two 42-in. chord intermediate sections, and a 36-in.
chord center section. The 48-in. chord has an NACA 0021

contour and the 36- and 42-in. chords have an SNLA 0018/
50 contour.4
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Development of New
Troposkien Program

A recently developed troposkien shape-determi-
nation program called TROP-113 combines the previ-
ous developments of the programs TROP and
BENDO and includes additional features and im-
provements. It employs the iterative technique devel-
oped by Blackwell and Reis to determine the tropos-
kien shape and includes gravity, nonuniform blade
densities, lumped masses, and the enforcement of a
constant blade length. It also allows for the offset due
to tower radius. These enhancements will enable the
designer to produce blades that will more closely
approximate exact troposkiens.

Figure 3 is a schematic that shows the loads on a
perfectly flexible cable rotating at a constant angular
velocity about a vertical axis Z. The distance from the
Z axis to a point on the cable is indicated by R. R~.X is
the maximum distance from the Z axis to a point on
the cable. This point is called the equator and always
occurs where a tangent to the cable is in a vertical
orientation. The loads acting along the length of cable
are the centrifugal forces and the gravitational forces.
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Figure 3. Loads on a Perfectly Flexible Cable Rotating
About a Vertical Axis

Figure 4 is a free-body diagram that shows the
loads on a section of the cable when it is rotating at a
constant angular velocity. TOis the tension in the cable
at the equator and acts vertically downward. T is the
tension at an arbitrary point P. Intermediate points
on the cable section are designated as Pl, Pz, and P~,
and n is the number of cable segments between the
equator E and the point P. Summing forces in the
horizontal direction for this cable section results in

T sin/3 = C (1)

where C, the centrifugal force, can be formulated as

f
C= ‘au2Rds. (2)

,,

The quantity u is the mass of the cable per unit length,
and S is the length of cable between point E, the
equator, and point P in Figure 4.
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Figure 4. Free-Body Diagram of Section of Rotating, Flexi-
ble Cable

Summing forces in the vertical direction results in

TCOS6=TO+G (3)

where G, the gravitational force, can be written as

f
G= ‘ugds (4)
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Here, g is the acceleration due to gravity.

Dividing Eq (1) by Eq (3) gives

tanf3 =
c

(5)
T,, +G”

Holding the mass per unit length constant (thus mak-
ing the gravitational force per unit length constant)
and substituting Eqs (2) and (4) into Eq (5), one
obtains

Jo
tantl =

TO + ags “
(6)

This is the same as Eq (6) in Reference 1, where it is
solved after neglecting ugs and gravity. For the more
general case of nonconstant mass per unit length (and
thus nonconstant gravitational force per unit length)
substitution of Eqs (2) and (4) into Eq (5) yields

\

s~? uRds

tan~ = “ s

/

(7)

To + g uds
o

This equation can be solved by breaking it up into a
series of integrals as follows:

‘ano=F2+[F0+gJ:”’ds)+F0+gr”2ds)
+...+ro+gl:l,uds)]}]}

r ,s. r.s.
. . . + /s uiRids] (8)

(Jo Js, JSn_, J

where Si is the length of cable from point E to point Pi.
R, is the distance from the Z axis to the midpoint of
cable section i, and ai is the mass per unit length of
cable section i.

The solution to Eq (8) is accomplished with the
use of an iterative process. In this process the entire
blade is broken into 40 segments. The blade length is
computed using input parameters such as the rotor
diameter and the H/D ratio. An initial value for TOand
the equator location are assumed and 0, is then deter-
mined segment by segment from the equator to each
end of the blade. After the first iteration, the ends of

the blade end up at positions different from the blade-
to-tower attachment points because TO and the equa-
tor location were approximated. Depending on the
position of the blade ends, TOand the equator location
are adjusted on the next iteration. This iterative pro-
cess is continued until the blade ends are at the proper
attachment points. Thus the troposkien is defined.
During the iterative process the rotor diameter and
blade length are held constant and slight changes in
blade geometry are accommodated by modifying the
rotor height and thus the H/D ratio.

The troposkien shape for a cable or blade of
uniform density has a continuously changing radius of
curvature. An example of this is shown in Figure 5,
where the radius of curvature is plotted versus blade
length for a troposkien of 37.5 rpm. A 42-in. blade
section is used so that the troposkien roughly approxi-
mates a blade of the 34-m Test Bed. The high radius
of curvature at the ends of the blade gradually dimin-
ishes towards the equator. When blade joints are
included, the extra masses associated with the joints
cause sudden changes in the radii of curvature of the
troposkien at the joints. This is evidenced in Figure 6,
which shows a plot of the radii of curvature along a
troposkien at 37.5 rpm corresponding to the actual
34-m Test Bed geometry (including joints). The loca-
tion of the joints is obvious by the sudden changes in
radii of curvature which are due to the tendency of the
blades to bulge outward at these positions. The effects
of rotation rate on the troposkien shape when gravity
is included are apparent in Figure 7. This figure shows
troposkien shapes for different rates of rotation for a
uniform-density blade of the Low Cost turbine scale.5
The troposkien shape droops significantly at 5 rpm.
As the rpm is increased, the troposkien shape sags less
and less as centrifugal forces offset the gravitational
forces. The effects of gravity are also apparent in
Figure 8. This plot, which is to scale, compares the
symmetric troposkien (gravity omitted) with the
asymmetric troposkien (gravity included) at 37.5 rpm
for the multiple-density blade of the Test Bed. The
seemingly slight difference between the two shapes is
important, as will be shown later. Designing a blade to
the asymmetric troposkien can reduce the flatwise
mean bending stresses significantly.
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Figure 7. Effects of Rotation Rate on Troposkien Shape for
a Uniform-Density Blade
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Design of Blade Shapes

Methods Used for Design of
Existing Blade Shapes

The computation of the troposkien, or ideal,
shape of a VAWT blade for any configuration is the
first step in the blade shape design process. The
second step is designing a buildable shape that fits the
troposkien as closely as possible. Constructing a blade
bent exactly to a troposkien with its constantly chang-
ing radius of curvature would be very expensive. As
previously noted, for either a symmetric or asymmet-
ric troposkien a good approximation is an S-C-S
shape. The Sandia 17-m research machine,G which was
designed in 1976, has an S-C-S blade shape that
approximates a symmetric troposkien. Figure 9 shows
a plot of the flatwise mean stresses along the blade at
50.5 rpm for this machine as predicted by Sandia’s
forced response code FFEVD.T Because the blade is
not shaped exactly to a 50.5-rpm troposkien and
gravitational effects were not included in designing
the blade shape, flatwise bending occurs. The peak
flatwise mean stress of 9800 psi occurs at the lower
root and is much higher than elsewhere along the
blade. In the design of the DOE/ALCOA Low Cost
turbine around 1980,b it was determined that gravity
effects could easily be taken into account by rotating
the S-C-S blade shape. This was done simply by
modifying the blade-to-tower angles. For a symmetric
troposkien approximation, the S-C-S shape attaches
to the tower with identical angles, both top and bot-
tom. In the case of the Low Cost turbine, the sag due
to gravity was taken into account by determining the
best fit S-C-S symmetric troposkien and then decreas-
ing the angle at the top and increasing the angle at the
bottom. These angle changes effectively “sagged” the
blades and approximated gravity effects. The angles
were chosen in a trial-and-error manner by determin-
ing the stresses for a series of blade configurations
that differed only in the blade-to-tower angles. The
angles that resulted in the lowest mean bending
stresses were incorporated into the blade design.
FFEVD predicts a flatwise mean stress distribution
for the Low Cost turbine at 48 rpm, as shown in Figure
10. Bending stresses of up to 8000 psi occur, but the
high stresses at the root are not evident.
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Figure 9. Flatwise Mean Stresses for Sandia 17-m Turbine
at 50.5 rpm

I I I I I I I I I 1 I I I

ii

-6000
— OUTER FIBER

~ INNER FIBER

I I I I I I I I I I I I

o 200 400 600 800 1000 1200

DISTANCE FROM TOP OF BLADE, INCHES

Figure 10. Flatwise Mean Stresses for the DOE/ALCOA
Low Cost Turbine at 48 rpm
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Ne!w Blade-Shape Design
Methodology

A blade-shape design software package, TROP-
FIT~ has been developed that incorporates the previ-
ously discussed program TROP-11. This package al-
lows the user to determine the troposkien shape for a
particular blade and then develop a buildable approx-
imation to this shape. TROPFIT contains several
options that can be used in the troposkien approxima-
tion. One can still use the S-C-S approximation or
incorporate any or all of the following options.

I} Multiple radii of curvature along the blade
“ Straight joint sections anywhere along the blade
(t Slope discontinuities or “kinks” at the joints.

The motivation for including multiple radii of
curvature and slope discontinuities in the design
package resulted from the blade design of the 34-m
Test Bed, where these approximating techniques were
used. Figure 11 is a plot of the blade shape geometry
for the Test Bed. Because the design called for five
separate blade sections, use of multiple radii of curva-
ture could easily be implemented. As shown in Fig-
ure 6,,joints, because of their extra mass, cause sudden
changes in the radius of curvature of the troposkien.
These sudden changes can best be modeled by using
slope discontinuities in the blade shape at the joints
themselves. The “kinks” improve the troposkien ap-
proximation and substantially reduce the flatwise
bending stresses when compared to an S-C-S approxi-
mation,

A simplified flowchart for TROPFIT is shown in
Figure 12. The troposkien is first calculated by sub-
routine TROP-11 and stored as a series of coordinates.
Subroutine MSCFIT then takes these coordinates
and, based on a three-point curve fit, computes the
radius of curvature that best approximates each sec-
tion of the troposkien. Straight sections are used for
the sections nearest the tower, both top and bottom.
This causes slope discontinuities at the joints, and
MSCFIT determines the kink angles required for the
geometry and stores this initial approximation. In
TRAICKIT, the user interacts to adjust the radii of
curvature, kink angles, or section lengths to obtain a
buildable geometry. TRACKIT then determines the
new coordinates and stores these. Finally, the user-
designed blade shape is used as a model in FFEVD,
and a forced response calculation is carried out.
The resulting centrifugal and gravitational bending
stresses are compared to other designs in order to
determine the “best” design.
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Figure 11. Blade Shape Geometry for 34-m Test Bed

Figures 13 through 17 are plots from FFEVD of
predicted flatwise mean stresses along the blade
lengths for the 34-m Test Bed at 40 rpm. The mean
stresses for the troposkien itself are shown in Fig-
ure 13. Here, the inner and outer surfaces of the blade
have the same stress distribution, which indicates
that the blade has no flatwise bending. These mean
stresses are the lowest obtainable for this blade. Fig-
ure 14 shows the flatwise mean stresses for the “best”
S-C-S approximation. The top and bottom blade at-
tachment angles were optimized to obtain 52° and
54°, respectively, resulting in stresses of up to 8700
psi, 7000 psi of which is due to bending as the blade
shape tries to form itself to the troposkien.

During the blade design process for the Test Bed
the radius of curvature and kink angles were modified
with the help. of TROPFIT to minimize the mean

——— ---
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bending stresses. Figures 15 and 16 are the flatwise
mean stress plots from intermediate blade shape de-
signs for the 34-m Test Bed. In proceeding from the S-
C-S approximation to the first intermediate design,
multiple radii of curvature were incorporated. As seen
in Figure 15, radii of curvature of 1100 in. for the
intermediate sections of the blade and 660 in. for the
center section were chosen. This design change re-
duced the peak bending stress from 8700 psi to 6700
psi.

For the second intermediate design, as shown in
Figure 16, the peak mean bending stress was lowered
to 5200 psi by using radii of curvature of 1300 and 660
in. and adding kinks at the joints of 3° to 4°.

The final blade design resulted in the plot of
Figure 17. With radii of curvature of 1180 and 675 in.
and kink angles of 6.5° to 7.5°, the peak mean bending
stress was further reduced to 4300 psi. Thus, the
maximum stress at 40 rpm is down from a peak of 8700
psi in the best S-C-S approximation (Figure 14) to
43OO psi in the final blade design (Figure 17). These
stresses of the final design represent a significant
decline in the typical flatwise mean bending stresses
of Darrieus VAWTS and may increase the fatigue life
of the blade by a factor of 2 to 4.

PROGRAM TROPFIT

+

BLADE DEFINITION-
SECTION PROPERTIES AND SECTION LENGTHS

\

DETERMINE
TROPOSKIEN

DETERMINE USER INTERACTS TO
STORE CHOOSE “NICE” VALUE

COORDINATES TROPOSKIEN FOR RADIUS OF CURVATURE
AND KINK ANGLES

STORE
COORDINATES

DETERMINE
CLOSED FORM

GEOMETRY

.

dSTORE
COORDINATES

Figure 12. Flowchart for TROPFIT
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Summary
A program called TROP-II hasbeen developedto

determine the troposkien shape for a blade of any
configuration at any rotation rate. This program has
been incorporated into a blade-shape-design package
called TROPFIT, which allows user interaction to
develop a’’buildable” bladeshapethat closelyapprox-
imates an established troposkien. With the use of
these programs, one can significantly reduce mean
bending stresses in the blade and thus increase fatigue
life. The practicality of the methodology was verified
by applying it to the 34-m Test Bed.

References
‘B. F. Blackwell and G. E. Reis, Blade Shape /or a

Troposkien Type of Vertical-Axis Wind Turbine, SLA-74-
0154 (Albuquerque, NM: Sandia National Laboratories,
April 1974).

‘B. F. Blackwell, R. E. Sheldahl, and L. V. Feltz, Wind
Tunnel Performance for the Darrieus Wind Turbine with
NACA 0012 Blades, SAND76-0130 (Albuquerque, NM:
Sandia National Laboratories, March 1977).

3T. D. Ashwill and T. M. Leonard, “DMG-A Darrieus
VAWT Finite Element Mesh Generator and Rotor Design
Package; SAND86-1854 (Albuquerque, NM: Sandia Na-
tional Laboratories, In Preparation).

‘D. E. Berg and T. D. Ashwill, “An Update on the
Structural Design of the Sandia 34-m Vertical Axis Wind
Turbine,” Proceedings (SED-VO1. 2), Fifth ASME Wind
Energy Symposium, February 1986.

5AICOA Laboratories, “Design and Fabrication of a
Low-Cost Darrieus Vertical Axis Wind Turbine System,
Phase I - Technical Report,” ALO-4272 (Albuquerque, NM:
Sandia National Laboratories, March 1980).

‘M. H. Worstell, Aerodynamic Performance of the 17
meter Diameter Darrieus Wind Turbine, SAND78-1737
(Albuquerque, NM: Sandia National Laboratories, Septem-
ber 1978).

7D. W. Lobitz, “Forced Vibration Analysis of Rotating
Structures with Application to Vertical Axis Wind Tur-
bines,” in Vol III of Proceedings of Fifth Biennial Wind
Energy Conference and Workshop, October 1981,
SERI/CP-635-1340 (Golden, CO: Solar Research Institute).

.

14



DISTRIBUTION:

Aluminum Company of America (5)
Alcc}a Technical Center
Attn: D. K, Ai

J. T. Huang
J. R. Jombock
M. Klingensmith
J. L. Prohaska

Alcc]a Center, PA 15069

Alternative Sources of Energy
Attn: L. Stoiaken
Milaca, MN 56353

Amarillo College
Attn: E. Gilmore
Amarillo, TX 79100

American Wind Energy Association
1516 King Street
Alexandria, VA 22314

Arizona State University
University Library
Attn: M. E. Beecher
Tempe, AZ 85281

Dr. A. S. Barker
Trinity Western
7600 Glover Road
Langley, BC
CANADA V3A 4R9

Battelle Pacific Northwest Laboratory
Attn: L. Wendell
Po 130X999
Richland, WA 99352

Bechtel Group, Inc.
Attn: B. Lessley
PO 130x 3965
San Francisco, CA 94119

Dr. George Bergeles
Dept. of Mechanical Engineering
National Technical University
42, F’atission Street
Athens
GREECE

Bonneville Power Administration
Attn: N. Butler
PO 130x 3621
Portland, OR 97225

Burns & Roe, Inc.
Attn: G. A. Fontana
800 Kinderkamack Road
Oradell, NJ 07649

Canadian Standards Association
Attn: T. Watson
178 Rexdale Blvd.
Rexdale, Ontario, M9W 1R3
CANADA

Mark Chappel
Division of Energy
National Research Council of Canada
Montreal Road
Ottawa, Ontario, KIA 0R6
CANADA

Professor V. A. L. Chasteau
School of Engineering
University of Auckland
Private Bag
Auckland
NEW ZEALAND

Colorado State University
Dept. of Civil Engineering
Attn: R. N. Meroney
Fort Collins, CO 80521

Commonwealth Electric Co.
Attn: D. W. Dunham
BOX 368
Vineyard Haven, MA 02568

Gale B. Curtis
Curtis Associates
3089 Oro Blanco Drive
Colorado Springs, CO 80917

M. M. Curvin
11169 Loop Road
Soddy Daisy, TN 37379

Department of Economic Planning
and Development

Attn: G. N. Monsson
Barrett Building
Cheyenne, WY 82002

Otto de Vries
National Aerospace Laboratory
Anthony Fokkerweg 2
Amsterdam 1017
THE NETHERLANDS

15

——.— —.. ——.—..



DISTRIBUTION (Continued):

DOE/ALO
Attn: G. P. Tennyson
Albuquerque, NM 87115

DOE/ALO
Energy Technology Liaison Office
Attn: Capt. J. L. Hanson, USAF
NGD
Albuquerque, NM 87115

DOE Headquarters (20)
Wind/Oceans Technologies Division
Attn: D. F. Ancona (5)

P. R. Goldman (15)
1000 Independence Avenue
Washington, DC 20585

J. B. Dragt
Nederlands Energy Research Foundation
(E. C. N.)
Physics Department
Westerduinweg 3 Petten (nh)
THE NETHERLANDS

Dynergy Systems Corporation
Attn: C. Fagundes
821 West L Street
Los Banes, CA 93635

Dr. Norman E. Farb
10705 Providence Drive
Villa Park, CA 92667

Electric Power Research Institute (2)
Attn: E. Demeo

F. Goodman
3412 Hillview Avenue
Palo Alto, CA 94304

Alcir de Faro Orlando
Pontificia Universidade Catolica-PUC/Rj
Mechanical Engineering Department
R. Marques de S. Vicente 225
Rio de Janeiro
BRAZIL

A. D. Garrad
Garrad Hasson
10 Northampton Square
London ECIM 5PA
UNITED KINGDOM

Gates Learjet
Mid-Continent Airport
Attn: G. D. Park
PO Box 7707
Wichita, KS 67277

H. Gerardin
Mechanical Engineering Department
Faculty of Sciences and Engineering
University Laval-Quebec, GIK 7P4
CANADA

R. T. Griffiths
University College of Swansea
Dept. of Mechanical Engineering
Singleton Park
Swansea, SA2 8PP
UNITED KINGDOM

Helion, Inc.
Attn: J. Park, President
Box 445
Brownsville, CA 95919

FloWind Corporation (3)
Attn: L. Schienbein

I. Vas
B. Im

1183 Quarry Lane
Pleasanton, CA 94566

Indal Technologies, Inc. (2)
Attn: D. Malcolm

C. Wood
3570 Hawkestone Road
Mississauga, Ontario
CANADA L5C 2V8

Institut de Recherche d’Hydro-Quebec (2)
Attn: Gaston Beaulieu

Bernard Masse
1800, Montee Ste-Julie
Varennes, Quebec, JOL 2P0
CANADA

Iowa State University
Agricultural Engineering, Room 213
Attn: L. H. Soderholm
Ames, IA 50010

K. Jackson
West Wind Industries
PO Box 1705
Davis, CA 95617

16



DISI’RIBUTION (Continued):

M. Jackson
McAllister Financial
1816 Summit
W. Lafayette, IN 47906

Kaiser Aluminum and Chemical Sales, Inc.
Attn: A. A. Hagman
14200 Cottage Grove Avenue
Dolton, IL 60419

Kaiser Aluminum and Chemical Sales, Inc.
Attn: D. D. Doerr
6177 Sunol Blvd.
PO BOX 877
Pleasanton, CA 94566

Kansas State University
Electrical Engineering Department
Attn: Dr. G. L. Johnson
Manhattan, KS 66506

R. E. Kelland
The College of Trades and Technology
PO Box 1693
Prince Philip Drive
St. John’s, Newfoundland, AIC 5P7
CANADA

KW Control Systems, Inc.
Attn: R. H. Klein
RD#4, Box 914C
South Plank Road
Middletown, NY 10940

Kalman Nagy Lehoczky
Cort Adelers GT. 30
0s10 2
NORWAY

L. Liljidahl
Building 005, Room 304
Bare-West
Beltsville, MD 20705

One Ljungstrom
FFA, The Aeronautical Research Inst.
Box 1;1021
S-1611.1 Bromma
SWEDEN

Robert Lynette
R. Lynette & Assoc., Inc.
15921 SE 46th Way
Bellevue, WA 98006

Massachusetts Institute of Technology (2)
Attn: Professor N. D. Ham

W. L. Harris, Aero/Astro Dept.
77 Massachusetts Avenue
Cambridge, MA 02139

H, S. Matsuda
Composite Materials Laboratory
Pioneering R&D Laboratories
Toray Industries, Inc.
Sonoyama, Otsu, Shiga
JAPAN 520

G. M. McNerney
US Wind Power
160 Wheeler Road
Burlington, MA 01803

Michigan State University
Division of Engineering Research
Attn: O. Krauss
East Lansing, MI 48825

Napier College of Commerce and Technology
Tutor Librarian, Technology Faculty
Colinton Road
Edinburgh, EH1O 5DT
ENGLAND

National Rural Electric Cooperative Assn
Attn: Wilson Prichett, HI
1800 Massachusetts Avenue NW
Washington, DC 20036

Natural Power, Inc.
Attn: Leander Nichols
New Boston, NH 03070

Northwestern University
Dept. of Civil Engineering
Attn: R. A. Parmalee
Evanston, IL 60201

Ohio State University
Aeronautical and Astronautical Dept.
Attn: Professor G. Gregorek
2070 Neil Avenue
Columbus, OH 43210

17

- ———..—. —.—.—-- .-



DISTRIBUTION (Continued):

Oklahoma State University
Mechanical Engineering Dept.
Attn: D. K. McLaughlin
Stillwater, OK 76074

Oregon State University
Mechanical Engineering Dept.
Attn: R. E. Wilson
Corvallis, OR 97331

Pacific Gas & Electric
Attn: T. Hillesland
34OOCrow Canyon Road
San Ramon, CA 94583

Ion Paraschivoiu
Department of Mechanical Engineering
Ecole Polytechnique
CP 6079
Succursale A
Montreal H3C 3A7
CANADA

Riso National Laboratory (2)
Attn: Troels Friis Pederson

Helge Petersen
Postbox 49
DK-4000 Roskilde
DENMARK

Jacques Plante
Hydro Quebec
Place Dupuis Ile etage
855 est rue Ste-Catherine
Montreal, Quebec, H2L 4P5
CANADA

The Power Company, Inc.
Attm A. A. Nedd
PO Box 221
Genesee Depot, WI 53217

Power Technologies Inc.
Attn: Eric N. Hinrichsen
PO BOX 1058
Schenectady, NY 12301-1058

Public Service Co. of New Hampshire
Attn: D. L. C. Frederick
1000 Elm Street
Manchester, NH 03105

Public Service Company of New Mexico
Attn: M. Lechner
PO BOX 2267
Albuquerque, NM 87103

RANN, Inc.
Attn: A. J. Eggers, Jr.
260 Sheridan Ave., Suite 414
Palo Alto, CA 94306

The Resources Agency
Department of Water Resources

Energy Division
Attn: R. G. Ferreira
PO BOX 388
Sacramento, CA 95802

Dr. R. Ganesh Rajagopalan, Asst. Prof.
Aerospace Engineering Department
Iowa State University
404 Town Engineering Bldg.
Ames, IA 50011

Reynolds Metals Company
Mill Products Division
Attn: G. E. Lennox
6601 West Broad Street
Richmond, VA 23261

R. G. Richards
Atlantic Wind Test Site
PO BOX 189
Tignish P. E. I., COB 2B0
CANADA

A. Robb
Memorial University of Newfoundland
Faculty of Engineering and Applied Sciences
St. John’s Newfoundland, AIC 5S7
CANADA

Solar Energy Research Institute
Attn: R. W. Thresher
1617 Cole Boulevard
Golden, CO 80401

Dr. Ing. Hans Ruscheweyh
Institut fur Leichbau
Technische Hochschule Aachen
Wullnerstrasse 7
FEDERAL REPUBLIC OF GERMANY

,

18



DISTRIBUTION (Continued):

Beatrice de Saint Louvent
Esti~blissement d’Etudes et de Recheerches

Meteorologigues
77 Rue de Serves
92106 Boulogne-Billancourt Cedex
FRANCE

Gwen Schreiner
Librarian
National Atomic Museum
Albuquerque, NM 87185

Arni~nSeginer
Professor of Aerodynamics
Technion-Israel Institute of Technology
Department of Aeronautical Engineering
Haifa
ISRAEL

Farrell Smith Seiler, Editor
Wind Energy Abstracts
PO 130x 3870
Bozeman, MT 59772-3870

David Sharpe
Dept. of Aeronautical Engineering
Queen Mary College
Mile End Road
London, El 4NS
UNITED KINGDOM

Kent Smith
Instituto Technologico Costa Rico
Apartado 159 Cartago
COSTA RICA

Bent Sorenson
Rosk~lde University Center
Energy Group, Bldg. 17.2
IMFUFA
PO BOX 260
DK-400 Roskilde
DEN:MARK

Peter South
ADECON
32 Rivalda Road
Weston, Ontario, M9M 2M3
CANADA

Southern California Edison
Research & Development Dept., Room 497
Attn: R. L. Scheffler
PO BOX 800
Rosemead, CA 91770

G. Stacey
The University of Reading
Department of Engineering
Whiteknights, Reading, RG6 2AY
UNITED KINGDOM

Stanford University
Dept. of Aeronautics and Astronautics

Mechanical Engineering
Attn: Holt Ashley
Stanford, CA 94305

Dr. Derek Taylor
Alternative Energy Group
Walton Hall
Open University
Milton Keynes, MK7 6AA
UNITED KINGDOM

R. J. Templin (3)
Low Speed Aerodynamics Laboratory
NRC-National Aeronautical Establishment
Montreal Road
Ottawa, Ontario, KIA 0R6
CANADA

Texas Tech University (2)
Mechanical Engineering Dept.
Attn: J. W. Oler
PO BOX 4289
Lubbock, TX 79409

K. J. Touryan
Mariah Research
6200 Plateau Dr.
Englewood, CO 80111

Tulane University
Dept. of Mechanical Engineering
Attn: R. G. Watts
New Orleans, LA 70018

Tumac Industries, Inc.
Attn: J. R. McConnell
650 Ford Street
Colorado Springs, CO 80915

19



DISTRIBUTION (Continued):

J. M. Turner
Terrestrial Energy Technology Program Office
Energy Conversion Branch
Aerospace Power Division/Aero Propulsion Lab
Air Force Systems Command (AFSC)
Wright-Patterson AFB, OH 45433

United Engineers and Constructors, Inc.
Attn: A. J. Karalis
PO BOX 8223
Philadelphia, PA 19101

Universal Data Systems
Attn: C. W. Dodd
5000 Bradford Drive
Huntsville, AL 35805

University of California
Institute of Geophysics and Planetary Physics
Attn: Dr. P. J. Baum
Riverside, CA 92521

University of Colorado
Dept. of Aerospace Engineering Sciences
Attn: J. D. Fock, Jr.
Boulder, CO 80309

University of Massachusetts
Mechanical and Aerospace Engineering Dept.
Attn: Dr. D. E. Cromack
Amherst, MA 01003

University of New Mexico
New Mexico Engineering Research Institute
Attn: G. G. Leigh
Campus PO Box 25
Albuquerque, NM 87131

University of Oklahoma
Aero Engineering Department
Attn: K. Bergey
Norman, OK 73069

University of Sherbrooke (2)
Faculty of Applied Science
Attn: A. Laneville

P. Vittecoq
Sherbrooke, Quebec, JIK 2R1
CANADA

The University of Tennessee
Dept. of Electrical Engineering
Attn: T. W. Reddoch
Knoxville, TN 37916

USDA, Agricultural Research Service
Southwest Great Plains Research Center
Attn: Dr. R. N. Clark
Bushland, TX 79012

Utah Power and Light Co.
Attn: K. R. Rasmussen
51 East Main Street
PO Box 277
American Fork, UT 84003

W. A. Vachon
W. A. Vachon & Associates
PO Box 149
Manchester, MA 01944

VAWTPOWER, Inc.
Attn: P. N. Vosburgh
134 Rio Rancho Drive
Rio Rancho, NM 87124

Washington State University
Dept. of Electrical Engineering
Attn: F. K. Bechtel
Pullman, WA 99163

West Texas State University
Government Depository Library
Number 613
Canyon, TX 79015

West Texas State University
Department of Physics
Attn: V. Nelson
PO BOX 248
Canyon, TX 79016

West Virginia University
Dept. of Aero Engineering
Attn: R. Walters
1062 Kountz Avenue
Morgantown, WV 26505

D. Westlind
Central Lincoln People’s Utility District
2129 North Coast Highway
Newport, OR 97365-1795

Wichita State University (2)
Aero Engineering Department
Attn: M. Snyder

W. Wentz
Wichita, KS 67208

20



DISTRIBUTION (Continued):

Wind Power Digest
Attn: Michael Evans
PO Box 700
Bascom, OH 44809

Wisconsin Division of State Energy
Attn: Wind Program Manager
8th Floor
101 South Webster Street
Madlison, WI 53702

1520
1521!
1523
1524:
1524:
160C1
1612!
1612
163C1
1636
2525
2542
316CI
3162
600C1
620Cl
622CI
6225,
6225I
6225I
6225,
6225,
62251
6225,
6225
6225
6225,
6225I
6225I
7111
7544
7544
8024.
3141
3151
3154-1

D. J. McCloskey
R. C. Reuter, Jr.
J. H. Biffle
A. K. Miller
D. W. Lobitz
R. G. Clem
R. H. Braasch
T. M. Leonard
R. C. Maydew
G. F. I-Iomicz
R. P. Clark
W. N. Sullivan
J. E. Mitchell (15)
P. S. Wilson
E. H. Beckner
V. L. Dugan
D. G. Schueler
H. M. Dodd (50)
T. D. Ashwill
D. E. Berg
L. R. Gallo
P. C. Klimas
D. S. Oscar
M. E. Ralph
D. C. Reda
M. A. Rumsey
W. A. Stephenson
H. J. Sutherland
M. H. Worstell
J. W. Reed
T. G. Carrie
J. Lauffer
P. W. Dean
C. M. Ostrander (5)
W. L. Garner (3)
C. H. Dalin (28)
For DOE/OSTI (Unlimited Release)

21

———. —..




	Abstract
	Introduction
	Development of Darrieus Blade Shape
	Development of New Troposkien Program
	Design of Blade Shapes
	Methods Used for Design of Existing Blade Shapes
	New Blade-Shape Design Methodology
	Summary
	References


