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Fig. 4 Comparison between experimental and theoretical optimized
Cp values at A// = 0.2 for straight wall channel diffusers.
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Nomenclature
Vj = flutter velocity, fps
A Vf = change in flutter velocity, fps
a0 = static angle of attack, deg
as = static stall angle of attack, deg

Introduction

LUGT1 and Daniels2'3 found that the auto-rotation
of a flat plate and cruciform fins could be controlled or

eliminated through the use of spanwise slots. Comparison of
the flowfield about an airfoil in a bounded flutter oscillation,
via smoke flow visualization,4 revealed similarities in vortex
shedding patterns between that of the auto-rotating flat plate
and cruciform fins. Hence, it was felt that a spanwise slot
could possibly increase the flutter velocity of an airfoil. This
fact was proved in subsonic wind tunnel tests conducted on an
NACA 0012 airfoil. The details of this experimental program
are given in Ref. 5; only the major results are presented in the
following section.
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Fig. 1 Slotted airfoil and support system.
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Fig. 2 Flutter velocity vs angle of attack.

Test Results
The NACA 0012 airfoil section used for the flutter tests, the

type of spanwise slot considered, and the support system are
shown in Fig. 1. The airfoil model is completely rigid; the
two-degree-of-freedom flutter support system (details are
given in Ref. 4) allows separation of the bending and torsional
modes. This support system facilitates independent variations
of either the torsional or bending structural characteristics.
Bending and torsional elements were employed which
possessed linear structural restoring and damping charac-
teristics.

The slot is a spanwise cut completely through the airfoil sec-
tion. The area of the slot is approximately 0.20 of the surface
area of the airfoil. The flexural axis and the slot are located at
the quarter chord position.

The flutter velocity, Vf, as a function of static angle of at-
tack, ct0, i.e., the angle between the chord line and the wind
tunnel velocity vector are presented in Table 1. These values
were repeatable to within one percent. This data clearly shows
that the slot does increase the flutter velocity. A plot of this
data as a function of a0 (Fig. 2) better defines the trends. A
maximum increase in Vf, 57.8%, occurs at ct0 = 8°, just prior

Table 1 Flutter velocity vs angle of attack

Unslotted Slotted
(deg) (fps) Increase
0
2
4
6
8
10
12
14
16

23.5
22.8
19.3
18.0
16.6
15.8
15.6
15.4
15.2

28.6
28.2
27.8
27.2
27.0
24.8
21.8
20.7
20.1

5.1
5.4
8.5
9.2
9.6
9.0
6.2
5.3
4.9

21.7
23.7
43.1
51.1
57.8
57.0
39.7
35.4
32.2
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to the onset of static stall, as = 11°. It is interesting to note
that the unslotted airfoil had a more severe decrease in Vf
with increasing a0 than the slotted airfoil, for ot0<cxs. The
slotted airfoil shows a more drastic reduction in Vf than the
unslotted airfoil, as a0 passes through and above as.

The slot's effect on the flowfield causing the increased Vf,
or its effects on airfoil efficiency are not known at this time.
However, the data presented in this Note does demonstrate
that passive flutter suppression is possible.
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Introduction
•j^LECTRICAL generation from airborne wind-
JLJmills has been studied in both the United States and the
Soviet Union. One Southern California aircraft corporation
investigated the subject during the mid-1930's. TCOM Inc. of
Columbia, Maryland had looked into the possibility of using
windmills for communication aerostats by the late 1960's.
These investigations were on a general basis and did not con-
sider the matter in detail. In what may be the first attempt to
use an airborne windmill to produce electricity, Sheldahl Inc.
of Northfield, Minnesota, placed a French-made
aerogenerator on a tethered ballon.l This fourbladed wind-
mill was 6.8 ft in diameter and produced about 350 W. Vayn-
shteyn2 of the Soviet Union has described an aerostat-system
to be placed in the tropopause for communication purposes
and environmental sensing. Power for the dirigible was to be
generated from a wind-wheel coupled to a three-phase 35 KW
electric generator.

Within the last year, there have been a few proposals sub-
mitted to the National Science Foundation and the Energy
Resources Development Administrtation to investigate this
matter.3 These proposals have been denied funding in the
United States for two major reasons. One, they propose a
hazard for aircraft and two, they are not economical.
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Communication aerostats are placed in areas such as the
Bahamas, the Middle East, Africa, South America, India
and Indonesia where air traffic is minimal. Presently, elec-
tricity is supplied to these aerostats from onboard gasoline
generators. It will be shown that windmills can replace enough
of this fuel to be useful without the addition of unnecessary
weight.

A power source for communication purposes must be
reliable. We are considering gasoline generators to be the
primary power source with auxilary power supplied by wind-
mills. The windmill and generator must be synchronous to
supply power with optimum reliability and economics. The
question naturally occurs: how reliable are the windmills?
This can best be answered by previous experience with
aerogeneration. Jacobs4 produced tens of thousands of
aerogenerators in the United States between 1930 and 1960.
Some of these aerogenerators were used near the South Pole
and Africa and have had reliable performance under extreme
weather conditions for two decades with minimal main-
tenance. This leads the author to believe that windmills in the
kilowatt range can be produced to run reliably for ten to twen-
ty years with minimum maintenance.

Discussion
Aerostats currently in use are sixty ft in diameter, 175 ft

long and have a helium capacity of one quarter million ft3 .
The aerostat has approximately 1000 Ib. of net lift and can
carry a maximum of 1200 Ib. of fuel. The tethering cable
which is now being used weighs about 260 lb/1000 ft of cable
with a breaking strength of over 20,000 Ib. The cable has an
outer metallic shield to protect it from lightning and to
ground the system.5 Placed on the aerostat are three Wankel
generators of approximately five kw capcity each at an
altitude of 10,000 ft. Nine pounds of fuel are consumed in one
hour to produce five kw of electricity. This is equivalent to
electricity at the rate of 15 cents per kw/hr. An airborne wind-
mill could most likely produce electricity competitive with this
price.

In order that airborne windmills be practical, they must be
economical, and they must produce the required power with
minimal drag. These two criteria must be satisfied without in-
creasing the aerostat's weight. This is accomplished by trading
the windmill weight for reduced fuel capacity. A simple, two-
bladed, variable pitch windmill is suggested for this purpose.
The windmill must be feathered in order to reduce drag at
higher wind speeds. Multi- or counter-rotating blades increase
the weight far more than is justified by the small increase in
performance that they may add to the system.

The weight of an airborne windmill was estimated to be ap-
proximately 35 Ib per kw for peak power in the range of 5 to
25 kw. Rotor blades and the hub were found to weigh 15 Ibs
per kw. Generators used with ground-based windmills are
slow turning and weigh in the neighborhood of 100 Ib per kw,
much too heavy for airborne applications. Aircraft generators
in the neighborhood of 20 kw and related equipment weigh
about ten Ib per kw. These generators rotate at a much higher
frequency than the windmills thus necessitating the use of
gearing. From Ax,6 it was estimated that the generating gear
system compatible with the windmill would weigh no more
than 10 Ib per kw. The efficiency, e, for producing electricity
in this manner would be about 70%. Finally, 10 Ib per kw
were allowed for support and miscellaneous.

The power in kw, which can be converted to electricity by a
windmill is given by Eq. (1). For an ideal windmill, 6 equals 1.
We take a realistic value of 6 to be 0.6 at a wind speed of 30
mph. The overall electrical conversion efficiency, e, for air-
borne applications was then to be 0.7. Thus, approximately
25% of the energy in the airstream is converted to electricity
by the windmill. This is an obtainable estimate. The reader
will notice that the power output is a very sensitive function of
wind speed. Communication satellites rest at an altitude of
approximately 10,000 ft where wind speeds are considerably


