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SUMMARY 

A first order analysis was made for the drag coefficient of a pitching 

NACA 0015 airfoil below stall. The inviscid velocity distribution for a 

translating NACA 0015 airfoil was superimposed with the additional circulation 

velocity for a pitching ellipse. The resulting velocity distribution was used 

to numerically integrate a momentum/boundary layer formulation to obtain the 

drag coefficient. 

For both laminar and turbulent boundary layers it was found that the 

effect of pitching on the drag coefficient can be approximated by a shift in 

angle of attack. The shift angle was found to be a linear function of the 

pitching velocity and to be less than the induced angle of attack caused by 

the pitching. 



INTRODUCTION 

The blade of a Darrieus wind turbine experiences a wide variety of angles 

of attack and unsteady flow conditions during each revolution of the rotor. 

Despite the complex flow field created by the Darrieus turbine, a quasi-steady 

inviscid analysis has been shown to do an adequate job of predicting loads 

below stall [l]. The inviscid quasi-s teady analysis [l] has contributions 

from three sources; first, a Kutta-Joukowsky force which includes the circula

tion due to the pitching motion; second, a chordwise harmonic force due to 

pitching; and third, a normal harmonic force due to the normal acceleration. 

The Kutta-Joukowsky force is dominant for the current designs of Darrieus 

Rotors. State-of-the-art methods used for performance analysis of the 

Darrieus Rotor employ a quasi-steady approach for performance analysis below 

stall [2,3,4,S] using only the Kutta-Joukowsky term for lift. Drag is also 

used. 

In these quasi-steady analyses, the lift and drag coefficients are 

obtained by entering tables of static airfoil data with an equivalent angle of 

attack adjusted for the pitching circulation. This approach is certainly 

reasonable for evaluating the lift coefficient, however this approach is 

questioned for prediction of drag coefficient. The reason for questioning 

this approach for determination of the drag coefficient lies in the alteration 

of the airfoil pressure distribution caused by the pitching motion. The 

present study investigated the effect of steady pitching motion on the drag 

coefficient of an unstalled NACA 0015 airfoil by a numerical momentum/boundary 

layer analysis. 
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Below is a summary of the features of the model: 

1) The velocity distribution was a superposition of two flows, 

a) the streaming motion past a NACA 0015 airfoil as a function of 

geometric angle of attack, and 

b) the relative velocity on the surface of an ellipse pitching at 

a constant rate in still fluid. Ghodoosian [6] has shown that 

the pressure distribution about a pitching NACA 0015 airfoil is 

adequately predicted by the superposition of the potentials for 

the streaming motion of an NACA 0015 airfoil and for an ellipse 

with the same leading edge shape as the NACA 0015 airfoil. 

2) The drag coefficient was calculated by a boundary layer quadrature 

of the combined velocity distribution to obtain the momentum thick

ness at the trailing edge. 

3) A lift calculation was performed by integration of pressure coeffi

cient around the airfoil in order to check the accuracy of the 

method . 

The velocity and the pressure distribution were not corrected for bound

ary layer displacement thickness. The method is therefore a first order 

approximation for drag. 

Both laminar and turbulent boundary layer cases were run. Two methods 

were tried for predicting the point of transition to turbulence, the first due 

to Michel [7] and the second used by Eppler [8]. The test cases were selected 

to approximate the range of operating Reynolds numbers and pitch rates 

encountered in normal operation of Sandia National Laboratories' 17m research 

vertical axis wind turbine. 



The following paragraphs describe the development of the model along with 

the results of the investigation. 

VELOCITY DISTRIBUTION - NACA 0015 AIRFOIL 

The data of Abbott and von Doenhoff [9] were used for the potential flow 

velocity distribution on the airfoil. For symmetric airfoils the velocity 

consists of two components, a basic thickness velocity plus an additional 

velocity due to the circulation. That is 

~u 

u = ~ ± ~ CL(a) 
V Translation V Thickness V 

The values for the velocity were available at 19 points along the 

chord. The spacing of these points gave a fairly smooth distribution except 

near the leading edge . At the leading edge, the velocity gradient is the 

largest and the need for accuracy the greatest. For the present study the 

data was smoothed for 0.0 < x/c < 0.005. The basic thickness velocity was 

modeled by the distribution on the leading edge of an ellipse , fo llowing the 

form of the analytical solution. The circulation velocity data was smoothed 

by three-point Lagrangian interpolation. Together these effects produced a 

model for total velocity that was similar to the flow nea r the leading edge of 

an ellipse. Linear interpolation was used between total velocity values on 

the remainder of the airfoil. Next an expression for the pitching component 

of the velocity was needed. 

PITCHING ELLIPSE 

The additional bound circulation created by the pitching motion of the 

Darrieus blade affects the pressure distribution on the blade and therefore 
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the growth of the boundary layer. Within the accuracy of the present analysis 

the pitching airfoil can be modeled by a pitching ellipse, for which a closed 

form solution exists. A 20% thick ellipse was found to be a good approxima-

tion to the basic thickness velocity of a NACA 0015 airfoil near the leading 

edge [6]. The analys i s for the inviscid flow relative to a pitching ellipse 

in a static f l uid was carried out following the general method given by Milne-

Thomson [ 10]. 

This method involves the mapping of a translating and rotating ellipse 

with chord c and thi ckness t, as shown in Figure 1, into a circle of radius R 

by the Joukowski transformation 

where: r 2 = (c2 + t 2)/16 

R (c + t)/4 

The complex potential is obtained from the boundary function, a vortex is 

added to the center of the circle and the Kutta condition is applied at the 

trailing edge to obtain the strength of the pitching circulation, rp. With 

the complex potential established, the velocity relative to the ellipse, q', 

can be found from 

q' - dW - (U - iU ) + rnz - dz x y 

where: W complex potential in ellipse plane 

angular velocity of ellipse 

complex velocity of the origin 

For the present model the translational velocity terms were removed from 

the compl ex velocity of the ellipse leaving only the effects due to pi tching 
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u 
x 

iU 
y 

- V cos a 

l x 
V sin a + nc(- - __E.) 

2 c 

Non-dimensionalizing the local relative complex velocity due to pitching 

yields 

q' 
-= v 

l dW 1 . z i e: ( _!.. _ x o) 
V ~ dz/ di;; + 1 e: ~ + 2 c 

nc 
where e: = V- and V is a reference velocity. The reference velocity used in 

this study is the free stream velocity relative to the airfoil. 

The local relative velocity from t his analysis was combined with the 

velocity for a translat ing NACA 0015 airfoil to obtain the total velocity 

distribution. With the total velocity distribution established as a function 

of angle of attack and pitching velocity, calculation of the drag and the lift 

coefficients followed. 

CALCULATION OF DRAG COEFFICIENT 

In a steady uniform flow, the drag on an object can be de te rmined by 

calculating the momentum deficit in the wake far downstream of the object 

[12]. In terms of the momentum thickness far downstream, em, 

20 
m c =

D c 

To obtain an expression in terms of the velocity on the airfoil, a form 

of the momentum-integral equation, 

dln0 dln u 
0 -- + (H+2) 

dx dx 
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can be integrated downstream from the trailing edge to infinity. With the 

approximation for the average shape factor, H ~ 1/2 (H + H ) the integral 
te co 

yields, 

Further assuming that H
00 

becomes, 

2 
0 
te 
c 

u 
( ~eJ7/2 

1 and Hte 

Here ute is the trailing edge velocity. 

2, the expression for drag coefficient 

Substituting the expression for momentum thickness due to Thwaites [7], 

s/c 
02 = 0.45 vc J (~JS d(-cs), 

(u/V) 6 V 0 

the equation for the drag coefficient with a laminar boundary layer becomes 

l 
Upper 

& lower 
surfaces 

s 
u t I l 1 • 4 2 2 { _f_ J-Z- ( ~) 5 d ( .§..)} 3 5 

Re 3/5 V O V c 
c 

0.02429 + 
Re 1/5 

c 

The subscript 't' denotes the point of transition to turbulent boundary 

layer and the s-coordinate follows the surface of the airfoil. 

The numerical integration was carried out using the trapezoidal rule with 

approximately 400 integration points on the airfoil. A varying step size gave 

good refinement near the leading edge. 



LIFT COEFFICIENT 

The pressure coefficient was calculated from the total velocity by the 

steady Bernoulli equation. Force coefficients i n the x- and y-coordinate 

directions were calculated by integrating the pressure coefficient around the 

airfoil 

F 
x 

F 
y 

I 
airfoil 

I 
airfoil 

The lift coefficient was resolved from Fx and FY as a function of angle of 

attack by 

The final question to resolve was how to determine the point of transi-

tion to turbulent boundary layer. 

TRANSITION TESTS 

Two methods of calculating transition points were investigated. 

The first method, given by Michel [7), predicts transition based on local 

momentum thickness. Transition is said to occur when 

where the s-coordinate follows the surface . This method was convenient since 

the momentum thickness was already calculated. 

The second method, used by Eppler [8], require d the calculation of t he 

energy thickness, H32 = 03/0. 

The criterion for transition was 
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ln Re8 ~ 18.4 H
32 

- 21.74 

The calculation of H32 by Pohlhausen momentum integral methods outlined 

in Schlichting [12] involved an expression for the second shape factor, 
2 

K = ~ (~~), which contains the surface velocity derivative. In comparing 

results of the two methods it was found that Michel's test, which involves 

integration of the velocity, was more stable and consistent than the velocity 

derivative dependent test used by Eppler for the numerical calculations of the 

present model. All of the following results involving turbulent boundary 

layer calculations were obtained using Michel's transition test. 

RESULTS 

The accuracy of the code was checked by comparing static airfoil drag 

coefficient results with Eppler predictions for the NACA 0015 airfoil [13]. 

Figure 2 shows drag coefficient vs. angle of attack for Re = 2 • 106• The 

agreement is good at low and moderate angles of attack. 

The primary purpose of the investigation was comparison of pitching with 

non-pitching results. For the pitching cases the parameters were chosen to 

approximate the geometry and operating conditions of the Sandia 17m vertical 

axis wind turbine. The airfoil was NACA 0015 and the center of rotation of 

the airfoil was x
0
/c = 0.38. Two Reynolds numbers were run with five values 

of angular velocity parameter as outlined in Table 1. 



Case 

Laminar 

Turbulent 

Reynolds 
Number 

106 

1.5 • 106 

TABLE l 

en Angular Velocity Parameter € = V-

o., ± 0.07, ± 0.105 

o., ± 0.07, ± 0.105 

For the first case the boundary layer was assumed to be fully laminar. 

For the second case transition was allowed to occur. 

Note that for a symmetrical airfoil the ±e runs for positive angle of 

attack cover all conditions of pitching encountered by a Darrieus rotor. That 

is: 

(+a, +e) is equivalent to (-a,-e) 

(+a, -e) is equivalent to (-a, +€) 

The majority of the results hereafter are presented only for the turbu-

lent case with£ = ± 0.105 for clarity of presentation. 

Figure 3 illustrates the effect of positive pitching on the drag coeffi-

cient. There is a drag reduction at negative angles of attack, corresponding 

to the downwind half of a Darrieus rotor, and a drag rise at positive angles 

of attack on the upwind portion of the rotor. The change in drag coefficient 

with pitching can be approximated by a shift in angle of attack such that 

where: a geometric angle of attack 

ads drag shift angle 
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The drag shift angle was found to be a linear funciton of the pitching 

velocity parameter, £. For the laminar case the drag shift angle was 

ads = 0.18 £ 

For the turbulent case the drag shift angle was 

ads = 0.23 £ 

An insignificant reduction in the calculated value of c0 occurred, from 
0 

0.00724 to 0.00718. 

The lift coefficient is dependent only upon the angle of attack and 

pitching circulation and was therefore the same for laminar and turbulent 

cases. Figure 4 shows the calculated lift coefficient versus angle of attack 

for the various pitching rates. 

The change in lift coefficient due to pitching circulation is well 

approximated by a pitching angle of attack, ap, such that 

CL (a) I . = CL (a + a ) I 
pitching p static 

The pitching angle is a linear function of the pitch velocity. For the 

present model of a NACA 0015 airfoil, the induced pitching angle was 

a = 0.39 £ 
p 

This value compares favorably with theoretical values of the induced 

pitching angle. With the same center of rotation as the airfoil, the theo-

retical values of ap for a pitching flat plate and a pitching 15% thick 

ellipse are a = 0.37 £ and a = 0.42 £, respectively. Ghodoosian [6] p p 

obtained ap = 0.385 £ for the NACA 0015 airfoil. 



In previous quasi- steady analyses the pitching angle ap has been used as 

a best es timate for the drag shift angle ads" The error in this approach can 

be seen by expressing calculated ads as a fraction of ap: 

Laminar Case 

Turbulent Case 

0.46 a 
p 

The addition of pitching circulation is seen to affect drag coefficient 

less than lift coefficient. 

The investigation was next refined to analyze separately the eff ects of 

pitching on the suction and pressure surfaces of the airfoil. 

Figure 5 shows the transition points on suction and pressure surf aces as 

a function of angle of attack. For this Reynolds number and pitch velocity, 

transition was affected much more on the pressure side than on the suction 

side. 

A major portion of the drag on an airfoil at moderate angle of attack 

comes from the suction surf ace where adverse pressure gradients cause rapid 

boundary layer growth. Figure 6 illustrates this behavior for a static air-

foil and demonstrates the effect of pitching on the relative contributions 

from each surface, i.e. CD = CD + CD • Pitching is seen to increase the 
s p 

drag on the suction surf ace and decrease the drag on the pressure surf ace for 

positive pitching. 

Figure 7 is a pl ot of the contribution from each surface to the increment 

in c0 due to pitching, ~c0i. That is, 

c0 .(pitching) - CD (static) 
i i 
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where : i s, suction surface 

i p, pitching surface 

It is seen that ~CD is a non-linear function of angle of attack, with 
i 

the increment in CD due to pitching increase due to effects on the suction 

surface of the airfoil. 

CONCLUSIONS 

The present first order analysis has shown that f or the range of Reynolds 

number and pitch velocity investigated: 

1) The effect of pitching on drag coefficient can be approximated by a 

linear shift in the angle of attack, allowing the use of static 

airfoil data in quasi-steady aerodynamic analyses. 

2) The effect of pitching on the drag coefficient is due to a change in 

boundary layer development, since: 

a . a larger portion of the change in drag due to pitching occurs 

on the suction surface of the airfoil, and, 

b. the change in drag is not due to a shift in transition point on 

the suction surface. 
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FIGURE 4. Lift coefficient as a function of local aerodynamic 

angle of attack. 



I . 0 r-------r--------,.-------------. 

• 

• 

PRESSURE 

NACA 0015 I z 
0 Re = 1.5 x 106 I I== 
u; 

~ 0.5 _j 
a: I xk.) 

E 

- 0 
A -0. 105 

• 0 .105 

SUCTION 

o---------!...------_J_-----__J 
0 5 10 15 

a 
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FIGURE 6. Contribution to drag coefficient from suction and 

pressure surfaces (i = s, suction surface; i = p, 

pressure surface). 

14 



NACA 0015 0 
2 -

Re = I. 5 x 106 0 

E 0 

0 0 .105 

6. 0.105 0 s 
0 

I -
0 

A 

6. 
p 

r') 
!:::,. 0 

)( 

0 a i5 
(.) 5 10 0 
<l 

0 p 
0 0 

) 
0 

!:::,. 

-I ~ 

s 
!:::,. 

FIGURE 7. Increment in Cd due to pitching (i = s, contribution 

from suction surface; i = p, contribution from 

pressure surface). 

23 



DISTRIBUTION: 

Alcoa Technical Center (5) 
Aluminum Company of America 
Alcoa Center. PA 15069 
Attn: D. K. Ai 

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

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

Amarillo College 
Amarillo. TX 79100 
Attn: E. Gilmore 

American Wind Energy Association 
1516 King Street 
Alexandria. VA 22314 

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

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

Battelle- Pacif ic Northwest Laboratory 
PO Box 999 
Richland. WA 99352 
Attn: L. Wendell 

Bechtel Group. Inc . 
PO Box 3965 
San Francisco. CA 94119 
Attn: B. Lessley 

Dr. George Bergeles 
Dept. of Mechanical Engineering 
National Technical University 
42. Patission Street 
Athens. GREECE 

24 



Bonneville Power Administration 
PO Box 3621 
Portland. OR 97225 
Attn: N. Butler 

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

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

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

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

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

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 

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

25 



2 6 

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

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

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

DOE Headquarters (20) 
Wind Energy Technology Division 
1000 Independence Avenue 
Washington . DC 20585 
Attn: D. F. Ancona 

P. Goldman 

Dominion Aluminum Fabricating. Ltd. (2) 
3570 Hawkestone Road 
Mississauga. Ontario. L5C 2V8 
CANADA 
Attn: L. Schienbein 

c. Wood 

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

Dynergy Systems Corporation 
821 west L Street 
Los Banos. CA 93635 
Attn : C. Fagundes 

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



Electric Power Research Institute 
3412 Hillview Avenue 
Palo Alto. CA 94304 
Attn : E. Demeo 

F . Goodman 

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

FloWind Corporation (4) 
21249 72nd Avenue South 
Kent. WA 98032 
Attn: Herman M. Drees 

s . Tremoulet 
I. E. Vas 
R. Watson 

A. D. Garrad 
Garrad Hasson 
10 Northampton Square 
London EClM SPA 
UNITED KINGDOM 

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

H. Gerardin 
Mechanical Engineering Department 
Faculty of Sciences and Engineering 
Universite Laval-Quebec. GlK 7P4 
CANADA 

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

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

95919 
President 

27 



28 

ln8titut de Recherche d'Hydro-Quebec 
l•OO. Montee Ste-Julie 
Varennes. Quebec. JOL 2PO 
CANADA 
Attn: Gaston Beaulieu 

Bernard Masse 

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

M. Jackson 
McAllester Financial 
1816 summit 
W. Lafayette. IN 47906 

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

Kaiser Aluminum and Chemical Sales. Inc. 
6177 sunol Blvd. 
PO Box 877 
Pleasonton. CA 94566 
Attn: D. D. Doerr 

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

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

KW Control Systems. Inc. 
RD#4 . Box 9l4C 
South Plank Road 
Middletown. NY 10940 
Attn: R. H. Klein 

Kalman Nagy Lehoczky 
Cort Adelers GT. 30 
Oslo 2 . NORWAY 



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

Olle Ljungstrom 
FFA. The Aeronautical Research Institute 
Box 11021 
S-16111 Bromma. SWEDEN 

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

Massachusetts Institute of Technology (2) 
77 Massachusetts Avenue 
Cambridge. MA 02139 
Attn: Professor N. D. Ham 

W. L. Harris. Aero/Astro Dept. 

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 
East Lansing. MI 48825 
Attn: o. Krauss 

Napier College of Commerce and Technology 
Tutor Librarian. Technology Faculty 
Colinton Road · 
Edinburgh. EHlO 5DT 
ENGLAND 

NASA Lewis Research Center (2) 
21000 Brookpark Road 
Cleveland. OH 44135 
Attn: D. Baldwin 

J. Savino 
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National Rural Electric Cooperative Assn 
1800 Massachusetts Avenue NW 
Washington. DC 20036 
Attn: Wilson Prichett, III 

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

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

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

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

Oregon State University (2) 
Mechanical Engineering Dept. 
Corvallis. OR 97331 
Attn: R. W. Thresher 

R. E. Wilson 

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

Ion Paraschivoiu 
Department of Mechanical Engineering 
Ecole Polytecnique 
CP 6079 
succursale A 
Montreal H3C 3A7 
CANADA 

Troels Friis Pedersen 
Riso National Laboratory 
Postbox 49 
DK-4000 Roskilde 
DENMARK 
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Helge Petersen 
Riso National Laboratory 
DK-4000 Roskilde 
DENMARK 

The Power Company. Inc. 
PO Box 221 
Genesee Depot. WI 
Attn: A. A. Nedd 

53217 

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

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

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

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

The Resources Agency 
Department of Water Resources 

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

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 
6601 West Broad Street 
Richmond. VA 23261 
Attn : G. E. Lennox 
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R. G. Richards 
Atlantic Wind Test site 
PO Box 189 
Tiqnish P . E.I .• COB 2BO 
CANADA 

A. Robb 
Memorial University of Newfoundland 
Faculty of Engineering and Applied Sciences 
St. John 1 s Newfoundland. AlC 5S7 
CANADA 

Rockwell International 
Rocky Flats Plant 
PO Box 464 
Golden, co 80401 
Attn : A. Trenka (2) 

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

Beatrice de Saint Louvent 
Establissement d 1 Etudes et de Recherches 

Meteorologigues 
77 Rue de Serves 
92106 Boulogne-Billancourt Cedex 
FRANCE 

Gwen Schreiner 
Librarian 
National Atomic Museum 
Albuquerque, NM 87185 

Arnan Seginer 
Professor of Aerodynamics 
Technion- Israel Institute of Technology 
Department of Aeronautical Engineering 
Haifa 
ISRAEL 

Mr. Farrell Smith Seiler, Editor 
Wind Energy Abstracts 
PO Box 3870 
Bozeman, MT 59772-3870 

32 



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

Kent Smith 
Instituto Technologico Costa Rico 
Apartado 159 Cartago 
COSTA RICA 

Bent Sorenson 
Roskilde University Center 
Energy Group. Bldg. 17.2 
IMFUFA 
PO Box 260 
DK-400 Roskilde 
DENMARK 

Peter South 
ADE CON 
32 Rivalda Road 
Weston. Ontario. M9M 2M3 
CANADA 

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

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

Stanford University 
Dept. of Aeronautics and 

Astronautics Mechanical Engineering 
Stanford, CA 94305 
Attn: Holt Ashley 

R. J. Templin (3) 
Low Speed Aerodynamics Laboratory 
NRC-National Aeronautical Establishment 
Montreal Road 
Ottawa. Ontario, KlA OR6 
CANADA 
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Texas Tech University (2) 
Mechanical Engineering Dept . 
PO Box 4289 
Lubbock, TX 79409 
Attn: J. W. Oler 

J. Strickland 

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

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

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

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

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

University of Alaska 
Geophysical Institute 
Fairbanks, AK 99701 
Attn: T. Wentink, Jr. 

University of California 
Institute of Geophysics 

and Planetary Physics 
Riverside, CA 92521 
Attn: Dr. P. J. Baum 

University of Colorado 
Dept. of Aerospace Engineer ing Sciences 
Boulder. co 80309 
Attn: J. D. Fock, Jr. 



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

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

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

University of Sherbrooke 
Faculty of Applied Science 
Sherbrooke, Quebec, JlK 2Rl 
CANADA 
Attn: A. Laneville 

P. Vittecoq 

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

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

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

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

VAWTPOWER, Inc. 
134 Rio Rancho Drive 
Rio Rancho, NM 87124 
Attn: P. N. Vosburgh 
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Washington State University 
Dept. of Electrical Engineering 
Pullman. WA 99163 
Attn: F . K. Bechtel 

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

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

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

D. Westlind 
Central Lincoln People 1 s Utility District 
2129 North Coast Highway 
Newport. OR 97365-1795 

Wichita State University 
Aero Engineering Department (2) 
Wichita . KS 67208 
Attn: M. Snyder 

w. Wentz 

Wind Energy Abstr acts 
PO Box 3870 
Bozeman . MT 59772 
Attn: Farrell Smi th Seiler 

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

Wisconsin Division of State Energy 
8th Floor 
101 South Webster Street 
Madison. WI 53702 
Attn : Wind Program Manager 
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1520 D. J . Mccloskey 
1522 R. c. Reuter. Jr. 
1523 J. H. Biffle 
1524 w. N. Sullivan 
1524 D. w. Lobitz 
1600 R . G. Clem 
1630 R. c. Maydew 
1636 J . K. Cole 
2525 R. P. c1a·rk 
3141-1 c . M. Ostrander (5) 
3151 w. L. Garner (3) 
3154- 3 c. H. Dalin (28) 

For DOE/TIC (Unlimited Release) 
3160 J . E. Mitchell (15) 
3161 P . s. Wilson 
6000 E. H. Beckner 
6200 v. L. Dugan 
6220 D. G. Schueler 
6225 H. M. Dodd (50) 
6225 T. D. Ashwill 
6225 D. E. Berg 
6225 L. R. Gallo 
6225 R. D. Grover 
6225 P. c. Klimas 
6225 M. T. Mattison 
6225 ' D . s. Oscar 
6225 M. E . Ralph 
6225 M. H. Worstell 
7111 J. w. Reed 
7544 D. R. Schafer 
7544 T. G . Carne 
7544 J. Lauffer 
8024 M. A. Pound 
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( "1) Sandia National Laboratories 


