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Frequency and Mode Shape Calculations
for Vertical Axis Wind Turbines
Using Reduction Techniques and Complex Eigensolvers?

J. R. Koteras
Sandia National Laboratories

Albuquerque, NM 87185

Abstract

This study was done to assess the reliability of reduction
techniques and complex eigensoivers when used to compute
frequencies and mode shapes for finite element models of
vertical axis wind turbines. Reduction schemes are a means to
produce a lower order system of equations which accurately
describe the dynamic characteristics of complex structures and
hence reduce the cost of eigensotutions. Twoe reduction schemes
- Guyan reduction and generalized dynamic reduction - and two
eigensolvers - the inverse power method and the upper
Hessenberg method - were examined., Although there are four
possible combinations of reduction method and eigensolver, only
two were extensively examined. These combinations were Guyan
reduction plus the inverse power method and generalized dynamic
reduction plus the upper Hessenberg method. Both combinations
worked reliably for the calculation of frequencies and mode
shapes of three different wind turbine models when certain
basic guidelines were followed. The size of the reduced
problem which can be obtained from a particular reduction
scheme determines which computational approach is more
efficient.

* This work was performed at Sandia National Laboratories and
was supported by the U.S. Department of Energy under

contract number DE-ACO4-76DPO0T789.
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INTRODUCTION

For Darrieus vertical axis wind turbines, the freguencies and mode
shapes of the turbine vary as the rotational speed of the turbine changes.
This phenomenon occurs because of rotating coordinate system effects
[Reference 1]. It is important to accurately predict the frequencies
and mode shapes corresponding to various rotational speeds in order to
determine if the turbine will encounter any resonant conditions as it
is brought up to operational speed and to make sure the desired operational
speed is not close to any of the natural frequencies of the structure.

The mathematical description of a rotating wind turbine with a
finite element formulation produces a probiem that requires a complex
eigensolver to determine mode shapes and frequencies [Reference 1]. A
study has been conducted to determine the complex frequencies and mode
shapes for several wind turbine models. In these studies, reduction
techniques were used to reduce the size of the eigenvalue problem.

Dynamic reduction techniques are used routinely in the aerospace industry.
Aerospace structures are typically stiff structures, whereas vertical

axis wind turbines are flexible structures. This study was conducted in
large part to assess the reliability of using dynamic reduction techniques
on such flexible structures. It was also conducted to determine if
complex eigenvalue solution methods can reliably and consistently handle
the eigenvalue problems generated from finite element models of vertical

axis wind turbines.
DESCRIPTION OF COMPUTATIONAL PROBLEM AND SOLUTION METHODS

When a finite element model is generated for a vertical axis wind
turbine including rotating coordinate system effects, the system of
equations used to determine the frequencies and mode shapes is given by

[-u2tm] + delc] + CKI{upeiot = 0.



The mass matrix is represented by [M], and the stiffness matrix is represented
by [KI. The [K] matrix is the standard structural stiffness matrix except

for the addition of terms which account for centrifugal effects. Both [H]

and [K] are symmetric matrices. The Coriolis matrix, [Cl, is skew symmetric
if structural damping is ignored. The details for deriving this system of
equations can be found in Reference [1]. The above problem yields complex
frequencies and mode shapes. It can be transformed into a problem which
yields real frequencies and mode shapes [Reference 21. This latter method

of calculating fregquencies and mode shapes was not studied.

The structural analysis code MSC/NASTRAN was used to generate the
matrices for the finite element model and to soive for the frequencies and
mode shapes. WMSC/NASTRAN, at the time of this report, has two dynamic
reduction techniques - Guyan reduction and generalized dynamic reduction -
and two complex eigensolution methods - the inverse power method and the
upper Hessenberg method. The use of these tecniques is described in the
MSC/NASTRAN User's Manual [Reference 3] and the MSC/NASTRAN Application
Manual [Reference 4].

Guyan reduction is an older technique than generalized dynamic reduction
and has been more widely used. For Guyan reduction, the user selects the
set of physical degrees of freedom to be used in the lower order model. Once
this reduced set has been specified, a specific procedure involving matrix
partitioning, multiplication, and addition is used to condense out all other
degrees of freedom which are not in the reduced model. Guyan reduction has
two main drawbacks. First, the user must be careful in the selection of
the reduced set or poor estimates will be obtained for the frequencies and
mode shapes. This is not too serious since there are some guidelines which
will help the user select a reasonable reduced set for most structures.
Second, Guyan reduction cannot be used, in general, to easily produce
"small" reduced models, especially when compared to the reduced models
which can be obtained by generalized dynamic reduction. Some idea of what
constitutes small will come about in a discussion of the results obtained
in this study. Generalized dynamic reduction overcomes the problems that the
user experiences with Guyan reduction. In generalized dynamic reduction,
the user specifies a range of frequencies for which the calculated values




for the natural frequencies within this range must be accurate. The code
then sets about constructing the reduced model in a manner similar to
subspace iteration. For most applications, the number of degrees of freedom
in the reduced model (referred to as generalized coordinates) is 1.5 times
the number of desired system frequencies. Generalized dynamic reduction
tends to be a more expensive reduction scheme computationally than Guyan
reduction. This is due largely to the fact that generalized dynamic
reduction is an iterative scheme rather than a sequence of matrix operations
which is carried out only once as in Guyan reduction.

The two complex eigensolvers in MSC/NASTRAN, like the dynamic reduction
schemes, have differences between them. The inverse power method is an
extended core solver, which means it can handle very large systems of
equations. Although it can handle large systems of equations, it should be
noted that carrying out the actual solution of such a system would be very
expensive computationally. The inverse power method does require the user
to estimate the regions in the complex plane where the eigenvalues are
likely to occur. For wind turbine problems, this is not particularily
difficult since the eigenvalues all lie along the imaginary axis in the
compiex plane for all nonzero frequencies. The inverse power method will
compute only those eigenvalues and associated eigenvectors specified by the
user. The upper Hessenberg method is, at the time of this report, an in-
core solver. (It could be modified to operate in an extended core model.)
This method will automatically give all the eigenvalues for a system and as
many associated eigenvectors as the user requests.

Because of the characteristics of the reduction schemes and the
eigensolvers, it was decided to select two combinations for the wind turbine
studies. The inverse power method would be used on reduced systems obtained
by Guyan reduction, and the upper Hessenberg method would be used on reduced
models obtained by generalized dynamic reduction. For the same accuracy,
Guyan reduction typically results in systems reguiring the larger equation
handling capabilities of the inverse power method. Because larger systems
of equations are being handled by this combination of reduction and solution,
the situation is such that the reduction is computationally inexpensive and
the eigensoiution is expensive. The combination of generalized dynamic



reduction and the upper Hessenberg method operates in the opposite mode in
terms of where the most computational effort is required. For wind turbine
problems, generalized dynamic reduction can easily produce a reduced model
which can be handled in-core by the upper Hessenberg method. Because the
reduced model is small, the eigensolution will be relatively inexpensive.
This latter combination represents, therefore, an expensive reduction
scheme and an inexpensive eigensolution. It turns out to be the most
highly automated scheme of the two. The only requirement on the user is
that he or she specify the range of frequencies of interest.

Ideally, one would like to be able to produce a very small reduced
model with Guyan reduction that would permit the use an efficient in-core
solver such as the upper Hessenberg method. Under these circumstances,
hoth the reduction scheme and eigensolution would be relatively inexpensive.
More comments will be made on this particular combination in the concluding

remarks.
WIND TURBINE MODELS USED IN THE STUDY

Three different wind turbine models have been used in the study.
One of the models has two blades and the other two models have three
blades. All three of the models are examined for static conditions only
{i.e., [C] = 0 and [K] is the standard stiffness matrix). Line drawings
of these three models are shown in Figures 1 through 3. Each turbine is
supported at the top by guy cables. These cables are represented by springs
in the finite element model and are not shown in the figures.

The wind turbine shown in Figure 3 has a large number of pinned joints.
The pin axis is always normal to the plane of the blade. The struts extending
from the blades to the tower are pinned at the tower-strut and blade-strut
junctions. The blades are pinned at the tower-blade junctions and at the
points where the struts attach into the blades. This particular model has
redundant frequencies because of the three-bladed symmetry. The models
shown in Figures 1 and 2 have moment resisting joints where the blades
attach to the tower. The approximate number of nodes and degrees of freedom
for each model are indicated in each of the figures.
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TOP VIEW

ORTHOGRAPHIC VIEW

SIDE VIEW

Figure 1. Two-Bladed Wind Turbine~Model 1. There are

approximately 120 nodes {720 degrees of freedom)
in the model,
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TOP VIEW

ORTHOGRAPHIC VIEW

SIDE VIEW

Figura 2, Three-Bladed Wind Turbine~Model 2. Thers are
approximatesly 180 nodes (860 degrees of freedom)
In the model.
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ORTHOGRAPHIC VIEW

SIDE VIEW

Flgure 3. Three~Bladed Wind Turbine-Model 3. There are
approximately 180 nodes (1080 dagrees of freedom }

in the modsl.
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Although only static conditions were considered, the complex eigensolvers
in MSC/NASTRAN were still used to calculate the frequencies and mode shapes.
The eigensolvers were being applied to a specialized case of the rotating
wind turbine problem. The case of [C] # 0 will be considered in a future

study.
RESULTS OF THE STUDY

Tables 1 through 3 show the calculated natural frequencies for the
three different wind turbine models. Each table contains the eigenvalue
results from a number of different reduced order models obtained from a
number of computational approaches. The header of each column shows the
dynamic reduction scheme employed, the number of degrees of freedom in
the reduced model, and the eigensolver which was used. For the examples
where Guyan reduction was used, the number of physical degrees of freedom
selected to represent the reduced model are indicated. For those examples
where generalized dynamic reduction was used, the header indicates the
number of generalized coordinates as well as the number of physical degrees
in the reduced problem; the number of degrees of freedom in the reduced
model is the total of the physical degrees of freedom and the generalized
coordinates.

The physical degrees of freedom were included when generalized dynamic
reduction was used because of a phenomenon noticed early in the study of
the two-bladed model. When generalized dynamic reduction was used without
the inclusion of any physical degrees of freedom, certain mode shapes
which were known to be symmetric about a plane passing through the tower
and perpendicular to the plane of the blades were showing slight but
noticeable asymmetries. The corresponding frequencies showed no errors
and agreed quite well with the frequencies calculated by a variety of
methods. An examination of the results showed that there were very siight
asymmetries in the computed mode shapes which were being magnified in the
plotting process by a scale factor. It was discovered that the plotted
mode shapes could be "cleaned up" simply by including a few physical degrees
of freedom in the system which conveyed some basic geometrical information

iz
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about the wind turbine. For the two-bladed model, the transtational degrees
of freedom for node points at the top and bottom of the tower and the tips
of the blades (see Figure 4) were included in the reduced model. This"
particular selection for the physical degrees of freedom reflects the

basic symmetries in the structure. A similar approach was used on the
three-bladed models. Translational degrees of freedom near the top and
bottom of the tower and at the tips of the blades were included in the
reduced models.

A number of general observations can be made about the results shown
in the tables. First, for any one particular model, the various computational
schemes produced calculated values for the model which agree quite well
with one another. Second, the reduced models are considerably smaller
than the full models set up for static analysis. The full models range
from 720 to 1080 degrees of freedom; the reduced models range from 25 to
120 degrees of freedom. The smallest reduced model, 25 degrees of freedom,
was obtained with generalized dynamic reduction. The reduced models from
generalized dynamic reduction ranged from approximately one third to one
half the size of the reduced models obtained from Guyan reduction.

The three bladed model with the large number of pinned conditions was
the most sensitive of the three problems which were studied. The first
reduced set selected for the Guyan reduction for this model did not yield
all of the frequencies which were known to exist in the frequency range of
interest. The specification for the reduced set was then changed slightly
{the number of degrees of freedom in the set remained constant) and all of
the desired frequencies were then obtained in the range of interest. The
number of degrees of freedom for the reduced set for both of these cases
(100 degrees of freedom) was at the lower 1limit of what can be reasonably
used for the model. Consequently, even though the problem showed a
sensitivity to the selection of the reduced set, it was for a reduced size
specification that was lower than what one would normally use. In the
application of generaiized dynamic reduction to this model, the first
reduced model included a high proportion of physical degrees of freedom to
generalized coordinates. Physical degrees of freedom were specified not
only at the tower and blade locations, but also on the struts. This also

18



*INDICATES POSITIONS OF GRID POINTS ON MODEL WHICH
HAVE TRANSLATIONAL DEGREES OF FREEDOM INCLUDED
IN REDUCED MODEL

Figure 4. Locations of Grid Points on Model 1 where Physical Degrees of
Freedom were Specified for Inclusion in the Reduced Model to
be Generated by Generalized Dynamic Reduction.
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generated a condition similar to the first attempt with Guyan reduction -

not all of the known frequencies in the desired range were obtained. This
situation was corrected by removing the physical degrees of freedom associated
with the struts. This particular example is shown in the last column of

Table 3. Generalized dynamic reduction seems to work best when the number

of physical degrees of freedom in the reduced model is held to a minimum.

COMCLUSIONS

Guyan reduction and generalized dynamic reduction are both capable of
generating reduced order models for dynamic analysis from large models of
vertical axis wind turbines which will produce accurate values for
frequencies and mode shapes. 0One should cbserve the caveats and suggestions
as outiined in the MSC/NASTRAN User's Manual and MSC/NASTRAN Applications
Manual. Other than this, however, one does not encounter any special or
troublesome problems when applying these reduction techniques to vertical

axis wind turbine models.

For a production environment (i.e., an environment where peoplie are
examining different designs or several iterations of one design and computing
frequencies and mode shapes for many rotational speeds), the combination
of generalized dynamic reduction and the upper Hessenberg method is a very
useful scheme since it is highly automated. It requires only the input of
the frequency range of interest and the specification of a very few physical
degrees of freedom. The combination of Guyan reduction and the inverse
power method requires not only the input of the frequency range of interest,
but alse the specification of the reduced model by the user.

Guyan reduction can be used to produce a reliable reduced model which
is small enough to be handled by in-core solvers if the reduced set is
chosen carefully by an experienced analyst. The ahaylst must give carefyl
consideration to the selection of the final reduced set and should have a
basic understanding of the behavior of the wind turbine under consideration.
1f a Targe number of runs are to be made for one design and Guyan reduction
can produce a reliable reduced model which can be handled by an in-core
solver, then the use of Guyan reduction with the in-core solver will result

3
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in quick and inexpensive computer runs for calculation of mode shapes and
frequencies.

The analyst should pay attention to the size of the reduced mode?
which can be obtained for a particular wind turbine. The time required to
calculate mode shapes and frequencies rises sharply as the size of the
reduced set increases. If a much smaller reduced set can be obtained with
generalized dynamic reduction as opposed to Guyan reduction, then the most
efficient overall approach will most 1ikely involve the use of generalized
dynamic reduction. Generalized dynamic reduction is the more expensive
reduction method, but, if it leads to a significantly smaller set of equations
to be handled by the eigensolver, the total cost for reduction and
eigensolution may be smaller than a scheme which utilizes on Guyan reduction.

References

1. "Dynamic Analysis of Vertical Axis Wind Tubine Rotors,” Lobitz, D. W.,
Sandia National Laboratories, Report No. SANDB0-2820, May 1981.

2. "A New Method of Solution of the Eigenvalue Problem for Gyroscopic
Systems,” Meirovitch, L, AIAA Journal, Vol. 12, No. 10, October 1974,

pp. 1337-1342.

3. MSC/NASTRAN User's Manual, The MacNeal-Schwendler, Corporation,
.05 Angeies, CA, 1981.

4. MSC/NASTRAN Application Manual, The MacNeal-Schwendler Corporation,
Los Angeles, CA, 1981.

21



DISTRIBUTION:

Aeroenvironment, Inc.
Attn: P. B, 8. Lissaman
860 South Arroyo Parkway
Pasadena, CA 91105

Aerolite, Inc.

Attn: R. K. St. Aubin

550 Russells Mills Road
South Dartmouth, MA 02748

Alcoa Technical Center (4)
Aluminum Company of America
Attn: D. K. Ai

4. T. Huang

4. R. Jombock

d. L. Prohaska
Alcoa Center, PA 15069

Amarillo College
Attn: E. Gilmore
Amarille, TX 79100

American Wind Energy Association

1609 Connecticut Ave NW
Washington, DC 20009

Arizona State University
University Library

Attn: M. E. Beecher
Tempe, AZ 85281

Atlantic Wind Test Site
PO Box 189

Attn: R. G. Richards
Tignish P.E.L
CANADA COB 2BO

Battelle-Pacific Northwest Laboratory

PO Box 999
Attn; 1. Wendell
Richland, WA 99352

G. Bergeles

Dept of Mechanical Engineering
National Technical University
42, Patission Street

Athens, GREECE

Bonneville Power Administration
PO Box 3821

Attn: N. Butler

Portland, OR 97225

22

Burns & Roe, Inc.

Attn: G. A. Fontana

800 Kinderkamack Road
Oradell, NJ 07649

California State Energy Commission
Research and Development Division
Attn: J. Lerner

1111 Howe Ave

Sacramento, CA 95825

Canadian Standards Association
Attn: T. Watson

178 Rexdale Blvd

Rexdale, Ontario

CANADA MSW 1R3

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 805621

Commonwealth Electric Co.
Box 368 :

Attn: D. W. Dunham
Vineyard Haven, MA 02568

Consolidated Edison Company
4 Irving Place

Attn: K. Austin

New York, NY 10003

Cornell University

Dept of Mechanical and Aerospace Engineering
Upson Hall

Attn: G. Wayne

Tthaca, NY 14853

Curtis Associates

Attn: G. B, Curtis

3089 Oro Blanco Drive
Colorado Springs, CO 80917

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



DISTRIBUTION (cont}):

Department of Economic Planning
and Development

Barrett Building

Attn: G. N. Monsson

Cheyenne, WY 82002

Otto de Vries

National Aerospace Laboratory
Anthony Fokkerweg 2
Amsterdam 1017

THE NETHERLANDS

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

DOE/ALD

Energy Technology Liaison Office
NGD

Attn: J. L. Hanson, USAF
Albuguerque, NM 87115

DOE Headqguarters {20)
Wind Energy Technology Division
Attn: L. V. Divone

P. Goldman
1000 Independence Ave
Washington, DC 20585

Dominion Aluminum Fabricating, Ltd. (2)
Attn: L. Schienbein
C. Wood
3570 Hawkestone Road
Mississauga, Ontario
CANADA 1L5C 2V§

J. B. Dragt

Nederlands Energy Research Foundation
{E.C.N.)

Physics Department

Westerduinweg 3 Patten (nh)

THE NETHERLANDS

H. M. Drees
528 Main Sireet
Cotuit, MA 02632

Dynergy Systems Corporation
Attn: C, Fagundes

821 West 1, Street

Los Banos, CA 93635

RANN, Inc.

Attn: A, J. Eggers, Jdr
Chairman of the Board

260 Sheridan Ave, Suite 414

Palo Alto, CA 94306

Electric Power Research Institute (3)
Attn: E. Demeo
F. Goodman
S. Kohan
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

FloWind Corporation (2)
Attn: 3. Tremoulet

I.E. Vas
21414 68th Avenue South
Kent, WA 98031

Forecast Industries, Inc.
Atin: P. N. Vosburgh
9733 Coors NW
Albuquerque, NM 87114

(Gates Learjet
Mid-Continent Airport
PO Box 7707

Attn: G. D. Park
Wichita, KS 67277

H. Gerardin
Mechanical Engineering Department
Faculty of Sciences and Engineering

Universite Laval-Quebec
CANADA G1K 7P4

R. T. Griffiths

University College of Swansea
Dept of Mechanical Engineering
Singleton Park

Swansea SA2 8PP

UNITED KINGDOM

23



DISTRIBUTION {cont):

Helion, Inc.

Box 445

Attn: J. Park, President
Brownsville, CA 95919

Institut de recherche d’'Hydro-Quebec (8)
Attn: G. Beaulieu
B. Masse
1. Paraschivoin
1800, Montee Ste-Julie
Varennes, Quebec
CANADA JOL 2P0

Towa State University

Agricultural Engineering, Room 213
Attn: L. H. Soderholm

Ames, 1A 50010

JBF Scientific Corporation
Attn: E. E. Johanson

2 Jewel Drive

Wilmington, MA 01887

Kaiser Aluminum and Chemical Sales, Inc.

Attn: A. A, Hagman
14200 Cottage Grove Ave
Dolton, IL 60419

Kaiser Aluminum and Chemical Sales, Inc.

Attn: D. D. Doerr
6177 Sunol Blvd

PO Box 877
Pleasonton, CA 94566

Kaman Aerospace Corporation
Attn: W. Batesol

01d Windsor Road
Bloomfield, CT 06002

Kansas State University

Electrical Engineering Department
Attn: G. L. Johnson

Manhattan, K8 66506

R. E. Kelland

The College of Trades and Technology
PO Box 1693

Prince Philip Drive

St. John’s, Newfoundland

CANADA A1C 5P7

24

KW Control Systems, Inc.
Attn: R. H, Klein

RIdit4, Box 914C

South Plank Road
Middletown, NY 10940

Kalman Nagy Lehoczky
Cort Adelers GT. 30
Oslo 2

NORWAY

I.. Liljidahl

Building 005, Room 304
Barc-West

Beltsville, MD 20705

Olle Ljungstrom

FFA, The Aeronautical Research Institute
Box 11021

S-16111 Bromma

SWEDEN

Massachusetts Institute
of Technology (2)
Attn: N. D. Ham
W. L. Harris, Aero/Astro Dept
77 Massachusetts Ave
Cambridge, MA 02139

H. S. Matsuda

Composite Materials Laboratory
Pioneering R&D Laboratories
Toray Industries, Inc.
Sonoyama, Otsu, Shiga

JAPAN 520

Michigan State University
Division of Engineering Research
Attn: O. Krauss

East Lansing, MI 48825

The Mitre Corporation
Attn: F. R. Eldridge, Jr
1820 Dolley Madison Blvd
MclLean, VA 22102

Morey/Stjernholm and Associates
Attn: D. T, Stjernholm

1050 Magnolia Street

Colorado Springs, CO 80907



DISTRIBUTION (cont):

Napier College of Commerce
and Technology
Tutor Librarian, Technology Faculty
Colinton Road
Edinburgh, EH10 5DT
ENGLAND

NASA Lewis Research Center (2)
Attn: D. Baldwin

d. Savino
21000 Brookpark Road
{leveland, OH 44135

National Rural Electric Cooperative Assn
Attn: W. Prichett I

1800 Massachusetts Avenue NW
Washington, DC 20036

Natural Power, Inc.
Attn: L. Nichols
New Boston, NH (3070

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

(Ohio State University

Aeronautical and Astronautical Dept
Attn: G. Gregorek

2070 Neil Avenue

Columbus, OH 43210

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

Oregon State University (2)
Mechanical Engineering Dept
Attn: R. W, Thresher

R, E. Wilson
Corvallis, OR 97331

Pacific Gas & Electric
Attn: T. Hillesland
3400 Crow Canyon Road
San Ramon, CA 94583

Troels Friis Pedersen
Riso National Laboratory
Postbox 49

DEK-4000 Roskilde
DENMARK

Helge Petersen

Riso National Laboratory
DK-4000 Roskilde
DENMARK

The Power Company, Inc.
Attn: A, A. Nedd

PO Box 221

Genesee Depot, WI 53217

PRC Energy Analysis Co.
Attn: E. L. Luther

7600 Old Springhouse Road
McLean, VA 22101

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

Albuguerque, NM 87103

The Resources Agency
Department of Water Resources
Energy Division

Attn: R. G. Ferreira

1416 9th Street

PO Box 388

Sacramento, CA 95802

Reynolds Metals Company
Mill Products Division
Atin: G, E. Lennox

6601 West Broad Street
Richmond, VA 23261

A. Robb

Memorial University of Newfoundland
Faculty of Engineering and Applied Sciences
St. John’s Newfoundland

CANADA A1C BS7

25



DISTRIBUTION (cont):

Rockwell International (2)
Rocky Flats Plant

Attn: T. Healy

PO Box 464

Golden, CO 80401

Dr. -Ing. Hans Ruscheweyh
Institut fur Leichbau
Technische Hochschule Aachen
Wulinerstrasse 7

GERMANY

Beatrice de Saint Louvent
Establissement d'Etudes
et de Recherches
Meteorologigues
77, Rue de Serves
52106 Boulogne-Billancourt Cedex
FRANCE

National Atomic Museum

Attn: G. Schreiner
Librarian

Albuquergue, NM 87185

Arnan Seginer
Professor of Aerodynamics

Technion-Israel Institute of Technology
Department of Aeronautical Engineering

Haifa, ISRAEL

Dr. Horst Selzer

Dipl.-Phys.

Wehrtechnik und Energieforschung
ERNO-Raumfahrttechnik GmbH
Hunefeldstr. 1-5

Postfach 10 59 09

2800 Bremen 1

GERMANY

H. Sevier

Rocket and Space Division
Bristol Aerospace Lid.

PO Box 874

Winnipeg, Manitoba
CANADA R3C 284

P. N. Shankar

Aerodynamics Division

National Aeronautical Laboratory
Bangalore 560017

INDIA

26

David Sharpe
Kingston Polytecnic
Canbury Park Road
Kingston, Surrey
UNITED KINGDOM

Kent Smith

Instituto Technologico Costa Rico
Apartado 159 Cartago

COSTA RICA

Solar Initiative

Citicorp Plaza, Suite 900
Attn: J, Yudelson

180 Grand Avenue
Oakland, CA 94612

Bent Sorenson

Roskilde University Center
Energy Group, Bldg 17.2
IMFUFA

PO Box 260

DK-400 Roskilde
DENMARK

South Dakota School of Mines and Technology
Dept of Mechanical Engineering

Atin: E. E. Anderson

Rapid City, SD 57701

Southern California Edison

Research & Development Dept, Room 497
Attn: R. L. Scheffler

PO Box 800

Rosemead, CA 91770

Southern Illinois University
School of Engineering

Attn: C. W, Dodd
Carbondale, IL 62901

(. Stacey

The University of Reading
Department of Engineering
Whiteknights, Reading, RG6, 2AY
ENGLAND

Stanford University
Dept of Aeronautics and
Astronautics Mechanical Engineering
Attn: H. Ashley
Stanford, CA 94305



DISTRIBUTION (cont):

R. J. T'emplin (3)

Low Speed Aerodynamics Section
NRC-National Aeronautical Establishment
Ottawa 7, Ontario

CANADA K1A ORS

Texas Tech University (2)
Mechanical Engineering Dept
Attn: J. W, Oler

J. Strickland
PO Box 4389
Lubbock, TX 79408

Tulane University

Dept of Mechanical Engineering
Attm: R, G, Watls

New Orleans, LA 70018

Tumac Industries, Inc.
Attn: J. R. McConnell

650 Ford Street

Colorado Springs, CO 80915

Air Force Wright Asronautical
Laboratories (AFSC)

Terrestrial Energy Technology Program Office

Energy Conversion Branch

Aerospace Power Division

Aero Propulsion Laboratory

Attn: J. M. Turner

Wright-Patterson Air Force Base, OH 45433

University of Alaska

Geophysical Institute
Attn: T, Wentink, Jr
Fairbanks, AK 99701

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

University of Colorado

Dept of Aerospace Engineering Sciences
Atin: J. D. Foek, Jr

Boulder, CO 80308

University of Massachusetis

Mechanical and Aerospace Engineering Dept
Atin: D. E. Cromack

Amherst, MA 01003

University of New Mexico

New Mexice 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
Faculty of Applied Science
Attn: R. Camerero
Sherbrooke, Quebec
CANADA J1K 2R1

The University of Tennessee
Dept of Electrical Engineering
Attn: T. W. Reddoch
Knoxville, TN 37918

USDA, Agricultural Research Service
Southwest Great Plains Research Center
Attn: 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

Washington State University
Dept of Electrical Engineering
Attn: F. K. Bechtel

Pullman, WA 99163

G, R. Watson

The Energy Center

Pennine House

4 Oshorne Terrace

Newcastle upon Tyne NE2 INE
UNITED KINGDOM

West Texas State University
Government Depository Library
Number 613

Canyon, TX 79015

27



28

DISTRIBUTION (cont):

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 Ave
Morgantown, WV 26505

Central Lincoln People’s Utility
Attn: D. Westlind

2123 North Coast Highway
Newport, OR 97365-1795

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

W. Wentz
Wichita, KS 67208

Wind Energy Report

Atin: F. S. Seiler

Box 14

102 § Village Avenue
Rockville Centre, NY 11571

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

Wisconsin Division of State Energy

8th Floor

Attn: Wind Program Manager
101 South Webster Street
Madison, WI 53702

1610
1520
1523
1523
1530
1540
1600
1630
1633
1636
1636
2525
3160
3161
6000
6200
6220
6225
6225
6225
6225
6225
6225
6225
8225
6225
7111
8424
3141
3151
31543

or

Herrmann, Acting
J. McCloskey

HE s EIONO0UTUNEONTIUNTEANOENZON

Koteras {20)
Reuter, Jr.
Davison
Luth

Shuster
Maydew
Sheldahl
Cole

Berg

Clark
Mitchell
Wilson
Beckner
Dugan
Schueler
Braasch (25)
Akins

Cyrus

. Grover

Kadlec
Kiimas
Mattison
Nellums
Worstell
Reed

Pound
Erickson (5)

. Garner {3)

Dalin {25)

DOE/TIC (Unlimited Release)






Crg. Bldg. Name Rec’d by ¥0rg. Bidg. Mame Rec'd by

Sandia National Laboratories



