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ABSTRACT

A 5-metre-diameter vertical-axis wind turbine has undergone continued
testing since 1976 at the Sandia Laboratories Wind Turbine site. The
latest tests of this machine have been with extruded aluminum blades of
NACA-0015 airfoil cross section. The results of these tests at several
turbine rotational speeds are presented and compared with earlier test
results. A performance comparison is made with a vortex/lifting line
computational code. The performance of the turbine with the extruded

blades met all expectations.
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NOMENCLATURE
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NOMENCLATURE (cont)
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SUMMARY

The Sandia 5-metre vertical-axis wind turbine has undergone continued
testing since 1976 in free air at the Sandia Laboratories Wind Turbine
site. The turbine was operated at several fixed and nearly constant rota-
tional speeds by an induction motor/generator which can act as either a
motor deliveringrpower to the turbine or as a generator delivering power
from the turbine to the utility line. The extruded aluminum blades on the
turbines are of the straight line/circular arc troposkien approximation
with a constant NACA~-0015 airfoil cross section from hub-to-hub. The tur-
bine height-to-diameter ratio is 1.02. The solidity of the present system
is 0.22 with three blades and 0.15 with two blades. These blades differ
from previous blades which had an NACA-0012 airfoil section only on the
circular arc portion of the blades. The straight line segments which
attached the original blade to the center column were not of airfoil cross
section but merely a flat sheet of steel rolled back onto itself with a

circular leading edge.

Five different constant-rotational-speed data sets were obtained with
the extruded aluminum blades: three sets (125, 137.5 and 150 rpm) with
three blades and two sets (162.5 and 175 rpm) with two blades. The perfor-
mance data were obtained with the aid of a minicomputer using a computer
program which utilized statistical methods. The unsteadiness of the winds
necessitates the statistical averaging of the data. The "method of bins"
computer technique (computer code BINS) used for averaging the data is, at
the present time, the only method by which reasonable performance infor-
mation has been obtained in free air. The results show the performance of
the turbine with the extruded aluminum blades to meet all expectations re-
lating to wind tunnel performance and analytical models. The maximum power

coefficient, C for the turbine was found to be 0.392 at a rotational

p)
speed of 150 rpm with three blades. This is an improvement of 447 over the

former three-piece blades also operating with three blades at 150 rpm.



+

Part of the improvement in the performance is due to the elimination of
the nonairfoil straight segments and part is due to the improved perfor-

mance of the NACA-0015 airfoil over the NACA-OOIZ air foil.
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AERODYNAMIC PERFORMANCE OF A 5-METRE-DIAMETER
DARRIEUS TURBINE WITH EXTRUDED ALUMINUM
NACA-0015 BLADES

Introduction

The vertical-axis wind turbine,1 which was patented in the United
States in 1931 by G. J. M. Darrieus, has been receiving continued
attention at Sandia Laboratories.2™l* gandia Laboratories fabricated its
first machine, a 5-metre diameter Darrieus turbine, in 1974, The original
turbine design allowed a variable rotational speed mode of operation;
however, subsequent studies identified the constant rotational speed/
synchronous power grid application as being very promising for the
Darrieus turbine. Since 1976, the Sandia 5-metre turbine has been

operating in a synchronous grid mode.

The first per formance data for this turbine with its original blades
were reported in Ref 2, Each of its original blades consisted of three
segments: a circular arc located near the turbine equator with a 19-cm
chord NACA-0012 airfoil cross section, and two straight sections that
attached the circular arc to the center column. Each straight section was
steel sheet formed to a "streamlined" shape with a 10-cm chord. This
straight line/circular arc combination was designed to approximate the
shape that a perfectly flexible blade would assume under the action of
centrifugal forces and has been given the name troposkien3 (Greek for
turning rope). It was determined that the straight sections were
detrimental to the turbine performance2 and that the blades should have
the airfoil cross section from hub-to-hub, With that in mind, new one-
piece blades were designed and the airfoil cross section was changed to
the NACA-0015 cross section to take advantage of the fact that these
airfoils exhibit more favorable stall characteristics, This report

describes the performance of the turbine using these new blades.
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The 5-metre turbine shares the test site with a 17-metre turbine and
a 2-metre turbine. Also at the site is the instrumentation building which
houses the controls for the three turbines, turbine instrumentation,
anemometry instrumentation, and the Hewlett-Packard HP 21 MX minicomputer
system. It should be noted that the elevation of the test site is 1658
metres and that the nominal air density is 82% of standard sea level

density.
The 5-Metre Vertical-Axis Wind Turbine

The Sandia 5-m turbine, a proof-of-concept machine fabricated in
1974, was designed to be erected in the shortest possible time at reason-
able cost. These ground rules were the basis for the construction of its

2 1¢

original blades which were later found to perform below expectations.
was decided in 1977 to design and purchase new aluminum blades for this
machine with the blades being one-piece extrusions with the NACA-0015 air-
foil cross section extending from hub-to—hub. Figure 1 shows the turbine
at the test site with the new one-piece blades. It can be seen that over-—
all, the blade design is much "cleaner" than the original design shown in
Figure 2. The new blades eliminate the nonaerodynamic straight sections as

well as the knuckles at the attachment to the circular arc portion of the

blades.

The new blades are one-piece hollow aluminum (Alloy 6061 T6) extru-
sions conforming to the NACA-0015 airfoil cross section with a chord of
15.24 cm (6 in.). They were bent to the curved blade shape by incremental
bending and then stress-relieved. The blades were furnished to Sandia from
Aluminum Company of America (ALCOA) without end fixtures for attachment to
the rotating tube of the turbine. The end fixtures were attached to the
blades with an aircraft structural adhesive as the primary joining method.
Representative joint components are shown in Figure 3. The upper item is a
short segment of the blade extrusions, and the item at the right is the

machined blade end fixture. The tapered plug end of this fixture is in-
serted into a closely matched cavity in the blade extrusion. This cavity

was obtained by spark discharge machining, using an identical plug as the

12



Figure 1,

The 5-Metre Vertical-Axis Wind Turbine at
Sandia Laboratories Test Site

13



Figure 2. Original Three-Piece Blades on 5-Metre Turbine
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machining mandrel. This mandrel is seen in the lower left corner of the
figure. After the end fixtures were installed, sheet aluminum cover plates
were contoured to the external airfoil surface and added as a double-1lap
joint strengthener over the joint of the end fixture and blade with the
same adhesive. Finally, rivets were placed through the entire sandwich
structure of the joint. Destructive static tensile tests were conducted on
short, straight blade segments with three candidate joint designs: (1)
plug and adhesive (2) plug and adhesive with contoured cover plates, and
(3) plug and adhesive with riveted contoured cover plates. The tests
indicated the mode of failure and confirmed the predicted strength levels.
Each of three samples tested failed only after tensile yielding of the
aluminum extrusion had commenced (Figure 4). The blades failed at loads in

excess of 2.67 x 10° N (60,000 lbf). For reasons of maximum safety, design

3 was chosen for the blade end fixtures.

Figure 3. Short Segment of the NACA~0015 Airfoil Extrusion With
End Fixture and Mandrel

15



Figure 4. Destructive Static Tensile Samples of Three
Candidate Joint Designs

The turbine is designed to operate at a nearly constant rotational
speed by connecting the turbine shaft through a two-stage timing belt
drive to an induction motor/generator operating at 3600 rpm. By changing
pulleys, the turbine speed can be changed in discrete steps. Figure 5 is
schematic of the 5-m system showing the relationship of the induction
machine, speed increaser, Lebow* RPM and torque transducer, and the tur-
bine shaft. Nominal rotational speed of the turbine is determined by the
synchronous speed of the induction machine and the timing belt sprocket
ratios. The induction machine can act as either a motor, delivering power
to the turbine from the utility line, or as a generator, delivering power

to the utility line from the turbine.

*Lebow Associates, 1728 Maple Lawn Road, Troy, Michigan 48084
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Turbine Shaft
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Lebow RPM and
Torque Transducer
Timing Belt

Speed Increaser

__——— Induction Machine

\

240 Volt, 1¢ AC Power

Figure 5. Schematic of 5-Metre Turbine System

Testing and Data Acquisition

The testing of turbines in free-air offers problems not usually
encountered in wind tunnel testing. In particular, the atmospheric wind
speed seldom remains constant for any appreciable length of time. Con-
sequently, it is difficult to assign an appropriate wind velocity cor-
responding to a given torque measurement., A record showing typical wind
velocity and turbine torque fluctuations is shown in Figure 6. The un-
steadiness of the velocity and torque shows some of the problems of ob-
taining free-air data from a wind turbine. Compute? code BINS,2 which uses
the "method of bins" to statistically average the wind speed and torque
data, was developed to assist the data acquisition. The wind speed and
torque are recorded at sample rates chosen by the operator, generally from
1 to 10 data samples per second. The data are then stored in velocity bin
widths of 0.5 mph, i.e., a datum point is taken and the wind velocity is

determined which, in turn, locates the velocity bin. The datum point is
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widths of 0.5 mph, i.e., a datum point is taken and the wind velocity is
determined which, in turn, locates the velocity bin. The datum point is
counted, and the value of the torque obtained at that wind speed is added
to the summed torque in the bin. The data are stored as a function of the
velocity bins (120 bins for velocities from 0 to 60 mph). Each bin records
the number of data points and the total summed torque. Each data record,
consisting of the 120 velocity bins, number of data points, and the summed
torque for each bin, also contains information which is constant for each
data record. These constants are the rotational speed, number of blades,
anemometer identification, wind shear correction factor, temperature, baro-
metric pressure, time of day, and turbine tare torque. The turbine tare

torque is the torque lost in the turbine due to bearing friction and belt

losses.
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Figure 6. Representative Time Histories of 5-Metre Turbine
Torque and Site Wind Velocity
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The computer will accept simultaneously wind-velocity data from three
separate anemometers; thus, during a single test three data records can be
generated, all with the same turbine torque information but with wind
velocities corresponding to each separate anemometer. The operator has the
option of taking wind-velocity data from any of the available anemometers

at the turbine site up to a total of three.

During a test, the required constant information is input to the com-
puter. With the turbine operating, the computer is instructed to take
data. If during the test the temperature or barometric pressure changes,
the test is terminated and the data record stored. The new information is
input to a new data record and testing is resumed. Data are taken when the
winds are available, so a test may be a few minutes long or extend past an
hour. These tests are performed on a day-to~day basis; the end result is a
large amount of data taken for a wide range of wind conditions over many

days.

Results and Discussion

The data records for a given rotational speed and anemometer can be
combined into a data set, and the performance of the turbine can be com-
puted by the minicomputer in the control building. The data are corrected
for the day-to-day variations of the ambient air density, and the results
of the summed data records are presented in the form of power coefficient

as a function of tip-speed ratio or advance ratio.

The power coefficient, which is a standard measure of turbine

performance, is calculated by

Quw
C = —~F—ro (1)
P lp 3 A

2 o0 oo

where Q is the turbine torque corrected for tare torque losses, is the

turbine rotational speed, P is the ambient air density, Yn is the far
> o]
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field wind velocity, and A, is the turbine swept area.? The values of this

power coefficient are plotted against a tip-speed ratio defined as:

. (2)

>

i
<|w
€

8

A second power coefficient has been defined? a5

K = Qw . (3)
PA (Rw)

o) =

]

where the wind velocity of the first power coefficient has been replaced
by the blade equatorial velocity. This power coefficient was developed for
three reasons: (1) Kp shows that power reaches a maximum at a particular
value of the advance ratio (wind speed) when the turbine rotational speed
is constant; (2) Kp describes more clearly the power output character-
istics of the wind turbine operating in the synchronous mode; and (3)
since the calculation of Cp involves a wind velocity cubed, large errors

in the calculation can occur due to errors in the wind speed measurement.

The values of this second power coefficient are plotted against an advance

ratio defined as
. (4)

which is merely the inverse of the tip-speed ratio.

Each data set consisted of eight or more data records and contained
more than one-third million data points. Five data sets were obtained dur-—
ing the course of the test program. Three of the data sets (125, 137.5,
and 150 rpm) are for a three-bladed turbine configuration with a turbine
solidity, g, of 0.22. The test plan originally called for testing the
three-bladed configuration at rotational speeds above 150 rpm; however,
the improved performance (higher torques) could not be accommodated. The
attempt with a rotational speed of 162.5 rpm resulted in overspeeding of
the induction motor and finally timing belt skip and breakage. The remain-
ing two data sets (162.5 and 175 rpm) were for a two-bladed configuration

with a turbine solidity of 0.15. Again, other rotational speeds were
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planned; however, at lower rotational speeds the two-bladed configuration
entered a natural frequency regime which caused excessive vibration of the
turbine; at rotational speeds in excess of 175 rpm, the turbine output

again exceeded the torque limitation of the induction motor.

The wind velocities presented in all five data sets were obtained
from anemometers located two turbine diameters away from the axis of rota-
tion and at the turbine equator height. The usual winds at the turbine
site are easterly or westerly, and the anemometers are located to the
north and south of the turbine to minimize the influence of the turbine on
the anemometers.2 Data were not taken when the wind was not from the usual

wind directions.

The power coefficients, Cp, for the three data sets of the three-
bladed configuration are presented in Figure 7 as a function of the tip-
speed ratio. It can be seen that with each increase in chord Reynolds
number (rotational speed) there is a corresponding increase in maximum
power coefficient. At a chord Reynolds number of 2.5 x 10 (125 rpm), the
maximum C, is 0.335; at Re, = 2.8 x 10° (137.5 rpm), Cp 18 0-360; at
Re, = 3.0 x 10° (150 rpm), Cpmax is 0.392. Run-away, the high tip-speed
ratio at which no power is produced, occurs near the tip-speed ratio of 8
for all three rotational speeds. The power coefficients, Kp, are presented
for the three-bladed configuration in Figure 8. This figure shows the
inherent self regulation (Kp reaches a maximum value and does not continue
to increase with increasing wind velocity) of a Darrieus turbine operating
at a constant rotational speed with the maximum power coefficient, Kpmax’
occurring between an advance ratio of 0.3 and 0.4. The value of K

Pmax
increases with increasing chord Reynolds number as expected.

The power coefficients, C for the two data sets of the two-bladed

p’
configuration are presented in Figure 9. The maximum power coefficients

are lower than the three-bladed data as expected due to the lower solidity

4

of the turbine with two blades.” The Kp data presented in Figure 10 shows

a large increase in Kp with increased chord Reynolds number. As men-
max

tioned earlier, data at higher rotational speeds could not be obtained

since the turbine torque near the maximum power output of the turbine

21
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planned; however, at lower rotational speeds the two-bladed configuration
entered a natural frequency regime which caused excessive vibration of the
turbine; at rotational speeds in excess of 175 rpm, the turbine output

again exceeded the torque limitation of the induction motor.

The wind velocities presented in all five data sets were obtained
from anemometers located two turbine diameters away from the axis of rota-
tion and at the turbine equator height. The usual winds at the turbine
site are easterly or westerly, and the anemometers are located to the
north and south of the turbine to minimize the influence of the turbine on
the anemometers.2 Data were not taken when the wind was not from the usual

wind directions.

The power coefficients, Cp’ for the three data sets of the three-
bladed configuration are presented in Figure 7 as a function of the tip-
speed ratio. It can be seen that with each increase in chord Reynolds
number (rotational speed) there is a corresponding increase in maximum
power coefficient. At a chord Reynolds number of 2.5 x 10° (125 rpm), the
maximum C, is 0.335; at Re, = 2.8 x 10> (137.5 rpm), C @5 0.360; at
Re, = 3.0 x 100 (150 rpm), Cpmax is 0.392. Run-away, the high tip-speed
ratio at which no power is produced, occurs near the tip-speed ratio of 8
for all three rotational speeds. The power coefficients, Kp, are presented
for the three-bladed configuration in Figure 8. This figure shows the
inherent self regulation (Kp reaches a maximum value and does not continue
to increase with increasing wind velocity) of a Darrieus turbine operating
at a constant rotational speed with the maximum power coefficient, Kpmax’
occurring between an advance ratio of 0.3 and 0.4. The value of K

max
increases with increasing chord Reynolds number as expected.

The power coefficients, Cp, for the two data sets of the two-bladed
configuration are presented in Figure 9. The maximum power coefficients

are lower than the three-bladed data as expected due to the lower solidity

4

of the turbine with two blades.” The Kp data presented in Figure 10 shows

a large increase in K with increased chord Reynolds number. As men-

Pmax
tioned earlier, data at higher rotational speeds could not be obtained

since the turbine torque near the maximum power output of the turbine
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exceeded the limitation of the induction motor. This allows the turbine to
operate at higher rotational speeds than the synchronous speed which is
input to the data reduction program as a constant value. It appears that
even at the 175 rpm condition, the induction motor may have been operating
with excessive slip. This has the effect of producing higher calculated
values of Kp and lower calculated values of Cp because these values are
normalized using rotational speeds lower than the actual rotational speed.
Thus the large increase in K for the 175 rpm condition and the almost

pm ax

insignificant increase in Cp may be due to this excessive slip. This
max
means the 175 rpm data should be used with reservation.

Figures 11 and 12 present the Cp and K_ comparisons between the new

and the original blades at a rotational spezd of 150 rpm. The improvement
in performance is due to the elimination of the nonaerodynamic straight
sections and associated knuckles of the original NACA-0012 blades and the
better stall characteristics of the NACA-0015 airfoil. The data show an
increase in C of 44% (from 0.27 to 0.39) and an increase in X of

max Pmax
627% (from 0.0042 to 0.0068).

One of the computational tools used at Sandia Laboratories to predict
vertical-axis wind turbine performance is a program called VDART, a de-
tailed description of which is found in Ref 15. Briefly, VDART is a
vortex/lifting line representation of the turbine blades and the wake they
generate. The blades are divided into segments, each of which is modelgd
by a single "bound" vortex which remains attached to the blade segment and
a pair of "trailing" vortices at each of the segment's two extremities.
These trailing vortices account for spanwise 1ift variations and are con-
vected into the turbine wake. Also carried downstream of each segment are
"shed" vortices which model timewise variations in the bound vorticity.
The sum of velocities induced by the totality of the bound, trailing, and
shed vortex systems plus that of the ambient stream define the aerodynamic
flowfield. Once this is established at a given operating condition, the

lift and drag of the blade segment is obtained with airfoil section data.
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A comparison of the two-bladed 162.5 rpm data with the results of the
VDART code is shown in Figure 13. With the exception of the X = 3 point,
agreement is quite good. This exception is believed due to the effects of
dynamic stall. VDART computer solution convergence for values of X > 8

could not be achieved.
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Figure 13. Comparison of Two-Bladed 5-Metre Turbine Performance
Data With VDART Computer Program at 162.5 rpm

When the wind turbine is operated (powered) when there is no wind, a
value for the zero wind drag coefficient Cq » can be determined. The value
of Cdo as a function of chord Reynolds number is a measure of the tur-
bine's efficiency (high values of CdO result in low values of Cp). It is
therefore of interest to compare the Cdo's of different configurations and
also with the minimum drag of two-dimensional airfoils of the same cross
section as the turbine blades. Under the no wind condition, the airfoils
are always operating at a geometric angle-of-attack of zero degree.
Migliore and Wolfel® have shown that airfoils in curvilinear flow actually
operate at a virtual angle-of-attack which is different from the geometric

angle-of-attack. For the turbine this difference is dependent upon the
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geometric angle-of-attack, the tip-speed ratio, the blade chord to turbine
radius ratio, and the position of the blade in its orbit about the turbine
axis. They also show that the effect is reduced for small chord to radius
ratios. The chord-to~turbine maximum radius ratio for the 5-m turbine with
the extruded blades is 0.067. This results in a virtual angle-of-attack of
the order of one degree.15 This is small, and its effect will be con-
sidered insignificant in the calculation of Cd as a function of chord

o
Reynolds number for the turbine.

A plot of zero-wind drag coefficients as a function of chord Reynolds
number is presented in Figure 14. Shown in the figure are Cq curves for
)
two-dimensional airfoils with the NACA-0012 and -0015 profiles obtained

from Eppler's17

airfoil code, Cdo data for a 2-m-diameter turbine with
NACA-0012 blades, and Cdo data for the 5-m turbine with the original NACA-
0012 blades and the extruded NACA-0015 blades. The data for the 2-m tur-
bine are shown here because they represent a large amount of data obtained
under the most nearly ideal conditions and can be used as a basis for
comparison purposes. These data were obtained during spin tests of the 2-m
turbine in a large room with the laboratory instrumentation described in
Ref 4. The Cdo results of the 5-m turbine with its initial NACA-0012
blades (which performed below expectations) can be seen to be approxi-
mately 50% higher than the Cdo's obtained for the 2-m turbine. The 5-m
turbine with the extruded aluminum NACA-0015 blades show a marked reduc-
tion of cdo with accompanying improved performance exhibited by these
blades. The results are still higher than the two—-dimensional airfoil data
from the Eppler code, as can be expected since the chord Reynolds number
which the data are plotted against is valid only for that portion of the
blade at the turbine equator. The actual Reynolds number everywhere else
on the blade is lower, and the accumulated effect of Reynolds number on
the minimum drag coefficient (i.e., minimum drag increases with decreasing

Reynolds number) can be seen.
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Figure 14. Zero Wind Drag Coefficient Data for Three Configurations
of Vertical Axis Wind Turbine

Conclusions

The performance data for the 5-m turbine and the new one-piece
extruded aluminum blades with the NACA-0015 airfoil cross section were
obtained with the aid of a minicomputer and the computer program BINS, The
data show the performance of these blades to be as anticipated and to be

considerably improved over that of the original three-piece blades. The
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highest performance was obtained with three blades at a rotational speed
of 150 rpm and produced a C of 0.392. This compares with a C of
Pmax ~ Pmax
0.273 obtained with three blades at 150 rpm taken during earlier tests
with the original three-piece blades. This 44% improvement agrees with

wind tunnel data obtained with a 2-m turbine with similar l-piece blades.

The data obtained at 162.5 rpm with two blades is compared with the
results of the computer program VDART and found to be in agreement. VDART
is the most sophisticated computer model of the vertical-axis wind turbine
performance that is available to Sandia and is considered to offer the

best results.

The one-piece extruded aluminum blades are more aerodynamically
"clean" than the original three-piece blades, as indicated by the marked
reduction of the Cq 's. This is in spite of the fact that the minimum drag
for the NACA-0015 agrfoil is slightly higher than the minimum drag for the
NACA-0012 airfoil. The turbine with the new blades has demonstrated that
the vertical-axis wind turbine can produce power coefficients in the range
of 0.4. It is believed that this machine would have exceeded this value if
it were not for the fact that the rotational speed of 150 rpm with three
blades could not be exceeded due to torque limitations of the timing belts

and induction motor.

31



References

1B. F. Blackwell, The Vertical Axis Wind Turbine 'How it Works', SLA-
74-0160 (Albuquerque: Sandia Laboratories, April 1974),

2R. E. Sheldahl and B, F. Blackwell, Free-Air Performance Tests of a
5-Metre Diameter Darrieus Turbine, SAND77-1063 (Albuquerque: Sandia
Laboratories, December 1977),

3B. F. Blackwell and G, E. Reis, Blade Shape for a Troposkien Type
of Vertical-Axis Wind Turbine, SLA-74-0154 (Albuquerque: Sandia
Laboratories, April 1974).

4B. F. Blackwell, R. E. Sheldahl, and L. V., Feltz, Wind Tunnel
Performance Data for the Darrieus Wind Turbine with NACA-0012 Blades,
SAND76-0130 (Albuquerque: Sandia Laboratories, May 1976).

5B, F. Blackwell et al, "Engineering Development Status of the
Darrieus Wind Turbine," Journal of Energy, Vol, I, No, 1, Jan-Feb 1977, pp
50"640

6Proceedings of Vertical~Axis Wind Turbine Technology Workshop,
SAND76-5586 (Albuquerque: Sandia Laboratories, May 1976).

’8. F. Blackwell and R, E. Sheldahl, "Selected Wind Tunnel Test
Results for the Darrieus Wind Turbine,'" Journal of Energy, Vol. I, No. 6,
Nov-Dec 1977, pp 382-386.

8p. C. Klimas and R. E. Sheldahl, Four Aerodynamic Prediction
Schemes for Vertical-Axis Wind Turbines: A Compendium, SAND78-0014
(Albuquerque: Sandia Laboratories, June 1978),

M. H. Worstell, Aerodynamic Performance of the l7-Metre-Diameter
Darrieus Wind Turbine, SAND78-1737 (Albuquerque: Sandia Laboratories,
January 1979).

10y, w. Sullivan, Economic Analysis of Darrieus Vertical Axis Wind
Turbine Systems for the Generation of Utility Grid Electrical Power.
Volume I - Executive Summary, SAND78-0962 (Albuquerque: Sandia
Laboratories, August 1979),

11W. N. Sullivan, Economic Analysis of Darrieus Vertical Axis Wind
Turbine Systems for the Generation of Utility Grid Electrical Power,
Volume II - The Economic Optimization Model, SAND78-0962 (Albuquerque:
Sandia Laboratories, August 1979),

12g. D. Grover and E. G. Kadlec, Economic Analysis of Darrieus
Vertical Axis Wind Turbine Systems for the Generation of Utility Grid
Electrical Power. Volume III - Point Designs, SAND78-0962 (Albuquerque:
Sandia Laboratories, August 1979).

32



134, N. Sullivan and R. O. Nellums, Economic Analysis of Darrieus
Vertical Axis Wind Turbine Systems for the Generation of Utility Grid
Electrical Power, Volume IV — Summary and Analysis of the A, T. Kearney
and Alcoa Laboratories Point Design Economic Studies, SAND78-0962
(Albuquerque: Sandia Laboratories, August 1979).

l4g, E. Akins, Wind Characteristics at the VAWT Test Facility, SAND78-
0760 (Albuquerque: Sandia Laboratories, September 1978).

155, n. Strickland, B. T. Webster, and T. Nguyen, "A Vortex Model of
the Darrieus Turbine: An Analytical and Experimental Study," ASME Paper
No. 79-WA/FE-6 presented at the Winter Annual Meeting, New York, NY,
December 2-7, 1979.

16p, . Migliore and W, P, Wolfe, "Some Effects of Flow Curvature on
the Performance of Darrieus Wind Turbines,”" AIAA Paper No. 79-0112, 17th
Aerospace Sciences Meeting, New Orleans, LA, January 15-17, 1979.

17R. Eppler, "Turbulent Airfoils for General Aviation," Journal of
Aircraft, Vol. 15, No. 2, pp 93-99, February 1978.

33



DISTRIBUTION:
DOE/TIC-4500 (Rev 67) UC-60 (338)

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

W. Wentz

R. E. Akins, Assistant Professor
Dept of Engineering Science
and Mechanics
Virginia Polytechnic Institute
and State University
Blacksburg, VA 24060

Alcoa Labs (5)

Alcoa Technical Center
Aluminum Company of America
Alcoa Center, PA 15069
Attn: D. K. Ai

A. G. Craig
J. T. Hugng
J. R. Jombock
P. N. Vosburgh

Dynergy Corp

P.0. Box 428

1269 Union Ave.

Laconia, NH 03246

Attn: R. B. Allen,
General Manager

American Wind Energy Assn
54468 CR31
Bristol, IN 46507

South Dakota School of Mines
and Technology

Dept of Mechanical
Engineering

Rapid City, SD 57701

Attn: E. E. Anderson

University of Vermont
318 Millis Hall
Burlington, VI 05405
Attn: S, Anderson

34

DOE/Office of Commercializationm
20 Massachusetts Ave., NW

Mail Station 2221C

Washington, DC 20585

Attn: G. T. Ankrum

Stanford University

Dept of Aeronautics and
Astronautics Mechanical
Engineering

Stanford, CA 94305

Attn: H. Ashley

Consolidated Edison Company of
New York, Inc

4 Irving Place

New York, NY 10003

Attn: K. Austin

Washington State University

Dept of Electrical
Engineering

College of Engineering

Pullman, WA 99163

Attn: F. K. Bechtel

Arizona State University
Solar Energy Collection
University Library
Tempe, AZ 85281

Attn: M. E. Beecher

University of Oklahoma
Aero Engineering Dept
Norman, OK 73069

Attn: K. Bergey

Wind Energy Systems
Route 1, Box 93-A
Oskaloosa, KS 66066
Attn: S. Blake

McDonnell-Douglas
P.0. Box 516

Dept 241, Bldg 32
St. Louis, MO 63166
Attn: R. Brulle



DISTRIBUTION: (cont)

University of Sherbrooke
Sherbrooke, Quebec
CANADA JIK 2R1
Attn: R. Camerero,
Faculty of Applied Science

CERCEM
49 Rue du Commandant Rolland
93350 Le Bourget
FRANCE
Attn: G. Darrieus
J. Delassus

University of Auckland
School of Engineering
Private Bag

Auckland, NEW ZEALAND
Attn: V., A. L. Chasteau

McDonnel Aircraft Corp
P.0. Box 516

Department 337, Bldg 32
St. Louis, MO 63166
Attn: H. T. Clark

USDA, Agricultural Research
Service

Southwest Great Plains Research
Center

Bushland, TX 79012

Attn: R, N, Clark

State of New York

Executive Dept

State Consumer Protection Board

99 Washington Ave.

Albany, NY 12210

Attn: J. D. Cohen,
Consumer Outreach
Coordinator

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

Curtis Associates

2345 Academy Place

P.0. Box 7737

Colorado Springs, CO 80933
Attn: G. B. Curtis

DOE/ALO (3)

Albuquerque, NM 87185

Attn: G. T. Tennyson
D. C. Graves
D. W. King

DOE Headquarters (20)

Washington, DC 20545

Attn: L, V. Divone, Chief
Wind Systems Branch
D. F. Ancona, Program Manager
Wind Systems Branch

Southern Illinois University
School of Engineering
Carbondale, IL 62901

Attn: C. W. Dodd

Dominion Aluminum Fabricating Ltd (2)
3570 Hawkestone Rd
Mississauga, Ontario
CANADA L5C 2U8
Attn: L. Schienbein
C. Wood

Hamilton Standard
1730 NASA Blvd

Rm 207

Houston, TX 77058
Attn: D. P. Dougan

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

Physics Dept

Westerduinweg 3 Patten (nh)

THE NETHERLANDS

Attn: J. B. Dragt

Battelle-~Pacific Northwest Lab
P.0. Box 999

Richland, WA 99352

Attn: C. E. Elderkin

35



DISTRIBUTION: (cont)

The Mitre Corp

1820 Dolley Madison Blvd
McLean, VA 22102

Attn: F, R. Eldridge, Jr.

Electric Power Research Institute
3412 Hillview Ave,

Palo Alto, CA 9434

Attn: E. Demeo

Dept of Aerospace
Engineering Sciences

University of Colorado

Boulder, CO 80309

Attn: J. D. Fock, Jr

Public Service Co of
New Hampshire

1000 Elm St

Manchester, NH 03105

Attn: L., C. Frederick

Amarillo College
Amarillo, TX 79100
Attn: E. Gilmore

Wind Power Digest
P.0. Box 539
Harrisburg, PA 17108
Attn: P. Gipe

University College of Swansea
Dept of Mechanical Engineering
Singleton Park

Swansea SA2 8PP

UNITED KINGDOM

Attn: R. T. Griffiths

Massachusetts Institute of Technology

77 Massachusetts Ave.
Cambridge, MA 02139
Attn: N, D. Ham

DOE/DST

20 Massachusetts Ave,
Washington, DC 20545
Attn: S. Hansen

36

Wind Engineering Corp
Airport Industrial Area
Box 5936

Lubbock, TX 79415

Attn: C, F,. Harris

Aero/Astro Dept

Massachusetts Institute of
Technology

Cambridge, MA 02139

Attn: W. L. Harris

Rocky Flats Plant (2)
P.0. Box 464

Golden, CO 80401
Attn: T. Healy

Helion
P.0. Box 4301
Sylmar, CA 91342

AMBIO

KVA

Fack, S$-10405

Stockholm

SWEDEN

Attn: D. Hinrichsen
Associate Editor

S. Hugosson

Box 21048

S. 100 31 Stockholm 21
SWEDEN

Ben-Gurion University of the Negev
Dept of Mechanical Engineering
Beer-Sheva, ISRAEIL

Attn: O, Igra

Indian 0il Corp Ltd
Marketing Division

254-C, Dr. Annie Bisant Rd
Pralhadevi, Bombay-400025
INDIA

JBF Scientific Corp

2 Jewel Dr
Wilmington, MA (01887
Attn: E. E. Johanson



DISTRIBUTION: (cont)

Kansas State University
Electrical Engineering Dept
Manhattan, KS 66506

Attn: G. L. Johnson, P.E.

Stanford University

Dept of Mechanical Engineering
Stanford, CA 94305

Attn: J. P. Johnston

Kaman Aerospace Corp
0ld Windsor Rd
Bloomfield, CT 06002
Attn: W, Batesol

The College of Trades and
Technology

P.0. Box 1693

Prince Philip Dr

St. John's NEWFOUNDLAND

AlC 5P7

Attn: R, E. Kelland

L. Kinnett
P.0. Box 6593
Santa Barbara, CA 93111

Michigan State University
Division of Engineering Research
East Lansing, MI 48824

Attn: O. Krauss

Lawrence Livermore Lab
P.0. Box 808 L-340
Livermore, CA 94550
Attn: D, W. Dorn

Public Service Company of NM
P.0. Box 2267

Albuquerque, NM 87103

Attn: M. Lechner

UNM/CERF

P.0. Box 188
University Statiomn
Albuquerque, NM 87131
Attn: G. G. Leigh

Mill Products Division

Reynolds Metals Co

6601 West Eroad St

Richmond, VA 23261

Attn: George E. Lennox,
Industry Director

State Energy Commission

Research and Development Division

1111 Howe Ave.
Sacramento, CA 95825
Attn: J. Lerner

Agriculture Research Center
USDA
Beltsville, MD 20705
Attn: L, Liljidahll,
Bldg 303

Aeroenviromment, Inc

660 South Arroyo Parkway
Pasadena, CA 91105

Attn: P. B, S. Lissaman

FFA, The Aeronautical Research

Institute
Box 11021
S-16111 Bromma
SWEDEN
Attn: Olle Ljungstrom

Los Alamos Scientific Lab

P,0. Box 1663

Los Alamos, NM 87544

Attn: J. D. Balcomb Q-DO-T
Library

PRC Energy Analysis Co

7600 01d Springhouse Rd

McLean, VA 22101

Attn: E. L. Luther,
Senior Associate

L. H. J. Maile

48 York Mills Rd
Willowdale, Ontario
CANADA M2P 1B4

37



38

DISTRIBUTION: (cont)

Ford Motor Co
Environmental and Safety
Engineering Staff

The American Rd
Dearborn, MI 48121
Attn: J. R. Maroni,

Environmental Research and
Energy Planning Director

Dardalen Associates
15110 Frederick Rd
Woodbine, MD 21797
Attn: F,., Matanzo

Tumac Industries, Inc

650 Ford St

Colorado Springs, CO 80915
Attn: P, R, McConnell

Kaman Sciences Corp

P.0. Box 7463

Colorado Springs, CO 80933
Attn: J. Meiggs

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

Dept of Economic Planning
and Development

Barrett Bldg

Cheyenne, WY 82002

Attn: G, N, Monsson

NASA Lewis Research Center (2)
21000 Brookpark Rd
Cleveland, OH 44135
Attn: J. Savino, MS 509-201
R. L. Thomas
W. Robbins
R. Kaza, MS 49-6

West Texas State University
Dept of Physics

P. 0. Box 248

Canyon, TX 79016

Attn: V, Nelson

Natural Power, Inc

New Boston, NH 03070
Attn: L. Nichols

Oklahoma State University (2)
Stillwater, OK 76074
Attn: W. L. Hughes,

EE Dept

D. K. McLaughlin,

ME Dept

Oregon State University (2)
Corvallis, OR 97331
Attn: R. Wilson,

ME Dept

R. W. Thresher,

ME Dept

Precinct 4

County Commissioner
City-County Bldg

El Paso, TX 79901
Attn: P, F. O'Rourke

Dow Chemical USA
Research Center

2800 Mitchell Dr
Walnut Creek, CA 94598
Attn: H. H. Paalman

Northwestern University
Dept of Civil Engineering
Evanston, IL 60201

Attn: R. A. Parmelee

Riso National Lab
DK-4000 Roskilde
DENMARK

Attn: H. Petersen

Commonwealth Scientific and Industrial
Research Organization
Graham Rd, Highett
Victoria, 3190
AUSTRALIA
Attn: B. Rawlings, Chief
Division of Mechanical Engineering



DISTRIBUTION: (cont)

The University of Tennessee

Dept of Electrical Engineering

Knoxville, TN 37916

Attn: T, W, Reddoch
Associate Professor

Memorial University of Newfoundland
Faculty of Engineering and
Applied Sciences
St. John's Newfoundland
CANADA AlC 587
Attn: A, Robb

Institut fur Leichtbau
Technische Hochschule Aachen
Wullnerstrasse 7

GERMANY

Attn: I, H. Ruscheweyh

National Atomic Museum

Albuquerque, NM 87185

Attn: G. Schreiner,
Librarian

Technion-Israel Institute of
Technology
Dept of Aeronautical
Engineering
Haifa, ISRAEL
Attn: A, Seginer,
Professor of Aerodynamics

Dipl.-Phys.

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

Postfach 10 59 09

2800 Bremen 1

GERMANY

Attn: H. Selzer

Bristol Aerospace Ltd
P.0. Box 874
Winnipeg, Manitoba
CANADA R3C 254
Attn: H. Sevier,
Rocket and Space Division

Aerodynamics Division
National Aeronautical Lab
Bangalore 560017

INDIA

Attn: P, N. Shankar

Kingston Polytechnic
Canbury Park Rd
Kingston, Surrey
UNITED KINGDOM

Attn: D, Sharpe

Cornell University

Sibley School of Mechanical and
Aerospace Engineering

Ithaca, NY 14853

Attn: D, G. Shepherd

Colorado State University
Mechanical Engineering Dept
Ft. Collins, CO 80521

Attn: F, Smith, Dept Head

Instituto Technologico Costa Rica
Apartado 159 Cartago

COSTA RICA

Attn: K. Smith

Iowa State University
Agricultural Engineering, Room 213
Ames, IA 50010

Attn: L. H., Soderholm

Southwest Research Institute (2)
P.0. Drawer 28501
San Antonio, TX 78284
Attn: W. L. Donaldson,
Senior Vice President
R. K. Swanson

R. Stevenson

Route 2

Box 85

Springfield, MO 65802

Morey/Stjernholm and Associates

1050 Magnolia St

Colorado Springs, CO 80907

Attn: D. T. Stjernholm, P.E.
Mechanical Design Engineer

39



DISTRIBUTION: (cont)

G. W. Stricker
383 Van Gordon 30-559
Lakewood, CO 80228

C. J. Swet

Route 4

Box 358

Mt. Airy, MD 21771

NRC-National Aeronautical
Establishment (3)
Ottawa 7, Ontario
CANADA K1A OR6
Attn: R. J. Templin, -
Low Speed Aerodynamics
Section

Texas Tech University (3)
P.0. Box 4289
Lubbock, TX 79409
Attn: K. C. Mehta,
CE Dept
J. Stickland
ME Dept
J. Lawrence
ME Dept

Atari, Inc

155 Moffett Park Dr
Sunnyvale, CA 94086
Attn: F. Thompson

United Engineers and Constructors, Inc
Advanced Engineering Dept

30 South 17th St

Philadelphia, PA 19101

Attn: A. J. Karalis

University of New Mexico (2)
Albuquerque, NM 87106
Attn: K, T. Feldman,
Energy Research Center
V. Sloglund,
ME Dept

Eolienne experimentale

C.P. 279, Cap—aux-Meules
Iles de la Madeleine, Quebec
CANADA

Attn: J. Vacek

40

Solar Energy Research Institute
1617 Cole Blvd

Golden, CO 80401

Attn: I. E, Vas

National Aerospace Lab
Anthony Fokkerweg 2
Amsterdam 1017

THE NETHERLANDS

Attn: O. de Vries

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

Bonneville Power Administration
P.0. Box 3621

Portland, OR 97225

Attn: E. J. Warchol

ERA Ltd

Cleeve Rd

Leatherhead

Surrey KT22 7SA

ENGLAND

Attn: D, F. Warne, Manager
Energy and Power Systems

Stanford University

546B Crothers Memorial Hall
Stanford, CA 94305

Attn: R. A. Watson

Watson Bowman Associates, Inc
1280 Niagara St

Buffalo, NY 14213

Attn: R. J. Watsom

Tulane University

Dept of Mechanical Engineering
New Orleans, LA 70018

Attn: R. G. Watts

Solar Energy Research Institute
1536 Cole Blvd

Golden, CO 80401

Attn: P, Weis



DISTRIBUTION: (cont)

Mississippi State University 5610 A. A. Lieber
Mechanical Engineering Dept 5620 M. M. Newsom
Mississippli State, MS 39762 5624 E. C. Rightly
Attn: W. G. Wells, P.E. 5624 L. V. Feltz
Associate Professor . 5630 R. C. Maydew
' 5632 C. W. Peterson
University of Alaska 5632 P. C. Klimas (25)
Geophysical Institute 5632 P. R. Schatzle
Fairbanks, AK 99701 5633 S. McAlees, Jr
Attn: T. Wentink, Jr 5633 R. E. Sheldahl (25)
5636 H. R. Spahr
West Texas State University 5640 G. J. Simmons
Government Depository Library 8266 E. A. Aas
Number 613 3141 T. L. Werner (5)
Canyon, TX 79015 3151 W. L. Garner (3)

For DOE/TIC (Unlimited Release)

Wind Energy Report

Box 14

104 S, Village Ave.
Rockville Centre, NY 11571
Attn: F. S. Seiler

Central Solar Energy Research
Corp
1200 sixth St
328 Executive Plaza
Detroit, MI 48226
Attn: R. E. Wong,
Assistant Director

400 C. Winter

1000 G. A. Fowler
1200 L. D. Smith

3161 J. E. Mitchell (15)
3161 P. S, Wilson
4533 J. W. Reed

4700 J. H. Scott

4710 G. E. Brandvold
4715 R. H. Braasch (100)
4715 R. D. Grover
4715 E. G. Kadlec
4715 M. T. Mattison
4715 R. 0. Nellums
4715 W. N. Sullivan
4715 M. H. Worstell
5000 J. K. Galt

5520 T. B. Lane

5521 D. W. Lobitz
5523 R. C. Reuter, Jr
5523 T. G. Carne

5600 D. B. Schuster

41



	ABSTRACT
	ACKNOWLEDGMENT
	CONTENTS
	NOMENCLATURE
	SUMMARY
	Introduction
	The 5-Metre Vertical-Axis Wind Turbine
	Testing and Data Acquisition
	Results and Discussion
	Conclusions
	References

