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Table 1-1. R&D Subcontractors

Project Title Subcontractor
Principal

Investigator

Innovative Wind Turbines
(VA\-lT)

West Virginia Univ. Richard E. Walters

Diffuser Augmented Wind
Turbines (DAWT)

Grumman Aerospace Ken Foreman

Tornado Type Wind Energy
Systems (Tornado)

Grumman Aerospace James T. Yen

Tests and Devices for
Wind/Electric Power
Charged Aerosol Gen­
erator (EFD)

Harks Polarized Alvin M. Ha r ks

Electrofluid Dynamic
Wind Driven Generator
(EFD)

Univ. of Dayton
Research Institute

John E. Minardi

Energy from Humid Air
(Humid Air)

South Dakota School of
Mines and Technology

Thomas K. Oliver

The r~daras Rotor Power
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Univ. of Dayton
Research Institute

Dale H. Whitford

Vortex Augmentors
Wind Energy Conversion
(Vortex)

Polytechnic Institute
of New York

Pasquale M. Sforza

The Yawing of Wind
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Cyclic Pitch

Washington Univ.
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Wind Energy Concept
Development-Dynamic
Inducer
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blade in rectilinear flow. This ob­
servation led to speculation that
perhaps symmetrical airfoils in curv­
ilinear flow would exhibit aerodynam­
ic qualities of cambered airfoils in
rectilinear flow. This phenomenon
has been noted preViously but consid­
ered unimportant for blades of small
ct«. The investigators at West Vir­
ginia University) however) decided to
study this problem in more detail.

NACA 0015 AIKrolL
HlJUNTED AT CJ4
NO WI~

c/a·0.20u

/
---c E

..

..

..-----

Figure 2-3. Linear Variation of Virtual
Camber and Incidence with CIR

Figure 2-2. Geometric Airfoil in Curved
Flow and Equivalent Virtual Airfoil in

Rectilinear Flow

a small amount, the changes in Ct can
be quite large) depending upon the
blade location relative to the free
stream) the tip speed ratio) and
chord to radius ratio) ctv: This ef­
fect is more significant as ct« in­
creases.

The curvilinear airflow produced by
vertical axis turbines can be ex­
amined utilizing conformal mapping
techniques. The actual geometric
airfoil in the curved flow may be
transformed to an equivalent airfoil
in rectilinear flow) which actually
produces a change in the camber.
This change is termed "virtual cam­
ber" and with it comes a "virtual in­
cidence" for a symmetric airfoil in
curvilinear flow. Virtual angle of
attack) ~) is a sum of the angle of
attack due to the curvature) a.) and
the geometrical angle of attack)
a. This is illustrated in Fig. 2-2
f8r a symmetric NACA 0015 airfoil
mounted at its quarter-chord point)
and the virtual airfoil in a recti­
linear flow situation. The analysis
indicates that flow curvature intro­
duces an effective angle of incidence
in addition to the usual blade angle
of attack, as well as modifications
to the airfoil camber. The magnitude
of both of these changes is dependent
upon C/R as shown in Fig. 2-3. It
was also found that for blades used
on an outdoor VAWT test model at WVU)
small chord blades (C/R = 0.114)
transformed to airfoils having 1.4%
camber and 1.6 0 incidence and large­
chord blades (C/R = 0.260) trans­
formed to airfoils having 3.2% camber
and 3.7 0 incidence.
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The blade motion produces curvilinear
streamlines that modify the local
relative velocity and angle of attack
of the blades. Therefore) the re­
sulting aerodynamic properties for a
blade would be different to a similar

Virtual
in the
moment
counter
orbit.

camber causes an upward shift
lift curve and introduces a
coefficient that produces
torque over the entire blade

Virtual incidence acts to
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tion on the upstream side of the tur­
bine due to an increased value of ~
and diminished efficiency on the
downstream side which might be more
than offset by the upstream improve­
ments. However, at present it is not
certain whether the net power extrac­
tion will be increased in designing
for front or back side optimiza­
tion. This study can only be pursued
experimentally or with the aid of an
accurate model of flow blockage.

Power extraction on the upstream por­
tion of the turbine may be greatly
improved as a result of virtual cam­
ber. If the blade shown in Fig. 2-4
had not stalled at e of 50° and 330°,
p( 8) would have been higher over the
entire upstream side. For variable
pitch machines the stall problem can
be avoided by adjusting the blade
pitch schedule. If the favorable ef­
fects on the front side could be ex­
tended to the back side, overall ef­
ficiency would be greatly improved,
which suggests that variable camber
would be beneficial.

Variable camber has been used extens­
i vely on fixed-wing aircraft in the
form of leading and/or trailing edge
devices and boundary layer control
devices. Cyclic manipulation of
blade pitch has been carried out
quite effectively; therefore, it is

possible to consider such control by
plain or split flaps. It would be
necessary to determine whether the
increased aerodynamic drag and mo­
ments using flapped airfoils would
provide a net improvement. The drag
polars of a symmetric NACA 0012 and a
cambered NACA 4412 airfoil are shown
in Fig. 2-5. In this example a lift­
to-drag ratio improvement of 34% at
the operating point produces an esti­
mated 38% increase in p(e) for blades
of C/R = 0.10.

Improvements associated with variable
camber can also be achieved by bound­
ary layer or circulation control.
The latter concept is being investi­
gated by blowing over and around a
curved trailii~ edge. By this method
large lift coefficients may be de­
veloped over a wide range of angle of
attack. Improvements in Cp can re­
sult even when power r equLrerneu t.s .lue
to the blowing are considered. As
applied to the vertical axis wind
turbine, blowing is alternatively ap­
plied to the upper and lower surfaces
180° out of phase. This method of
affecting variable camber results in
a maximum Cp that occurs at a lower
tip speed ratio. In reducing the tip
speed ratio the centrifugal forces
that are proportional to the square
of angular velocity are also reduced,
thereby reducing the structural
design criteria.

1.6

1.2

E-z .8'".....u-'"'" .4'"0u
t 0...
....l

DRAG COEFFICIENT
-.4

Figure 2-5. Lift/Drag Comparison of
Cambered and Symmetrical Airfoils

2.2 EXPERIMENTAL RESULTS

To determine the performance of ver­
tical axis turbines a knowledge of
the' blade drag is required. As a
result of the theoretical studies, an
experimental configuration was
designed in order to pe rf orm outdoor
tes ts to develop turbine blade drag
and power coefficients (Fig. 2-6).
The purpose of these tests was to
determine the behavior of tip speed
ratio, solidity, and Reynolds number
by varying blade chord, radius, and
spin speed. Heasurements were made

8
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Figure 2-9. Indoor Blade Test Facility

control blades by suction and blow­
ing. Blade aerodynamic lift, drag,
and pitching moment are measured by a
three-component internal strain gauge
balance. A torque cellon the shaft
provides data to cross-check the aer­
odynamic drag and pitching moment.
Precision slip rings mounted atop the
shaft have sufficient capacity to
monitor blade stresses, internal
pressures, and balance fouling. The
data is sampled and fed through an
analog to a digital convertor to an
on-line mini-computer that processes
the data in real time or stores in­
formation for future use. The cen­
trifugal force resulting from blade
rotation is balanced by a counter
weLght located on the support arm an

. equal distance from the central shaft
thereby permitting the evaluation of
the single-bladed machine.3 •3 • 5 6

)
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The outdoor test turbine results
showed that important blade aerody­
namic information could be deduced
from tests at zero wind velocity. It
was decided to construct an indoor
facility that could be used to sys­
tematically investigate aerodynamic
parameters (Fig. 2-9). Such testing
allows for eff icient model changes,
optimum use of instrumentation, vari­
ation of blade characteristics, vari­
ation of Reynolds number, ease of
maintenance, and testing under all
external weather conditions. The fa­
cilities were also designed for test­
ing boundary layer and circulation

small blades could result from air­
foil shape or roughness differences,
each blade was tested in the WVU low­
speed wind tunnel. The test results,
shown in Fig. 2-8, demonstrated only
minor differences In drag character­
istics for two-dimensional sections
of the small and large chord
blades. However, the wind tunnel
test results and the outdoor turbine
results exhibit a significant differ­
ence. One also notes that the mini­
mum drag coefficient does not de­
crease as the Reynolds number in­
creases as predicted by the NACA
resul t s , It was concluded by West
Virginia University that these drag
characteristics were due to flow cur­
vature with its accompanying virtual
camber and possible boundary layer
effects.

EF!EctIV! REnfOLDS ~£R.

Figure 2-8. Comparison of COmin from
Wind Tunnel and Outdoor Tests

Tests of conventional blades and cir­
culation control blades are currently

10
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rectilinear flow. Virtual camber,
virtual incidence, and large boundary
layer pressure gradients result from
flow curvature and act to alter the
airfoil characteristics.

Analytical methods have been de­
veloped that may be used to predict
virtual camber and incidence as a
function of airfoil geometry and tur­
bine operating parameters. These
methods may be used to optimize blade
geometry and pitch schedule, thereby
improving turbine power extraction.
This method has not been experimen­
tally verified as yet but is to be
investigated in subsequent research.

Var Lab Le camber that can be achieved
t.;rUh leading and trailing edge de­
vices or by circulation control may
result in increases in power coeffi­
cient. Verification of this phenom-

ena is cons is tent wi th current goals
of the project.

In order to provide confirmation for
the predictions of the analytical
studies, an external facility was
constructed.

Preliminary measurements provided
some insight into the complex phenom­
ena associated with the curvilinear
flow of the turbine. .An indoor test
facility to evaluate the various
characteristics used in developing
the power coefficient has been con­
structed. The facility has the
capability of varying parameters
relating to both conventional and
circulation control airfoils.
Current studies utilizing this indoor
facility will provide an insight into
the complex phenomena associated with
a VAWT with circulation control.

12
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Figure 3-2. Baseline Model Installation
in the 2.1 x 3 m Wind Tunnel with

Three-Bladed, Constant Chord Wind
Turbine O.46-m Diffuser and

Paraboloid Centerbody End Pieces

large angles was to make the diffuser
section as short as possible with the
possibility of reducing system costs.

I....
DIHUSER AUGMENTED
....INOTURBINE

o ~O<b ICYLINORICAL DUenaCXlo TUR8INE, CT ... 6

o c 0 Qc§bc Dg .. QD 0 ~~=:INE
CT a. 2.8

i.s
TIP SPEED RATIO

Figure 3-3. Comparison of Turbine
Performance in the Wind Tunnel for

Different Augmentation Systems

3.2 EXPERIMENTAL STUDIES

A multiphased study was carried out
using various wind tunnel facilities
and models. The first series of mod­
els were tested in an open jet. The
model size was approximately 4.5 em
in diameter, which gave a R~ynolds

number of approximately 7 x 10 based
on the model exit diameter. The mod­
els utilized screens of various so­
lidities to simulate turbine disk
loadings. Many designs were tested;
for example, straight walls with
slots to suppress flow separation,
flapped ring wings, etc. From these
studies a baseline diffuser design
was ~hosen for additional testing.
This baseline had the following char­
acteristics: area ratio of 2.78, in­
cluded angle of 60 0

, length-to­
diameter ratio of 0.5 with a two­
staged walled slot-flow. Heasure­
ments with this model indicated that
the exit pressure coefficient II4 was
below atmospheric pressure with a
value of -0.56.

The next phase used lar3er models
wigh Reynolds numbers approaching
10. Tests were conducted only with
the baseline geometry utilizing
screens to simulate a turbine disk
loading. The purpose of these tes ts
was to confirm the low value of base
pressure coefficient, which was found
to be approximately -0.83.

During the next phase the effect of
flow in the diffuser using a turbine
instead of a screen on the baseline
diffuser model was considered. A
photograph of the model in the wind
tunnel is shown in Fig. 3-2. The
last phase of the work was to deter­
mine whether improvements could be
made in II4• Tests were carried out at
Reynolds numbers of approximately
0.13 x 10 6, and it was observed that
improvements in the diff.user perfor­
mance were possible using a shorter
diffuser, termed the "dump diffuser."

14
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Figure 3-6. Comparison of Theoreti
cally Optimum Performance with

Model Test Data, A4/A2 = 4.0
Figure 3~7. Engineering Design of

DAWT Field Test Article

(Fig. 3-7). Several modLf ications to
this preliminary design were made.
\..J'eigl1ts and costs for the DA~n in
this preliminary study are given in
Tables 3-1 and 3-2. The major cost
item is the diffuser and its con­
struction. The current effort by
Grumman is twofold: to consider var­
ious options in the manufacture of
the diffuser to make it cost effec­
tive, for example, using steel, alu­
minum, fiberglass, or ferrocement as
construction materials; and to deter­
mine the cost of energy using the
most recent performance estimates.

3.3 SUMMARY REMARKS

The diffuser augmented wind turbine
has the potential to generate signif­
icant amounts of energy from avail-

able wind. Current wind tunnel stud­
ies have shown that models us ing a
turbine produced a higher augmenta­
tion than those using a screen to
simulate the turbine. Augmentation
ratios of 3.5 have been measured at a
tip speed ratio of unity. The pre­
liminary analysis indicates that this
value could possibly be dOUbled if
the tip speed ratio is increased.
The first estimate for the system
showed that the major component cost
was attributed to the diffuser.

The current study is to examine manu­
facturing techniques associated with
different materials for the diffus­
er. It is anticipated that results
f rom this study could provide di rec­
tion and guidance of an engineering
design for a potentially cost effec­
tive diffuser augmented wind turbine.

16
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CYLIN~l. - - ....

CONTAOLSUAFACE

Figure 4-2. Control Volumes and
Nomenclature for Flow Analysis

For specific values of o/RD the re­
sulting equations can be solved for
a and 13. The typical set of curves
for a as a function of o/RD is shown
in Fig. 4-3. It is observed that a
can be greater than unity for small
values of o/RD only. Analysis also
indicates that under specific condi­
tions the value of y can be greater
than unity as is shown in Fig. 4-4.
The parameter, y, was found by
assuming that all mass entering the
inlet goes into the cylindrical

ated. The angle of attack, a, is a
dimensionless quality that relates
total velocity inside the flow volume
to the free stream velocity. The an­
gle, 13, is between the total velocity
component and the tangent direc­
tion. In general, a , 13, and yare
all functions of the space
coordinate, Z; however, it is assumed
for this study that they represent
mean values and are treated as un­
knowns that are to be determined.
The control volume is taken around
the cylinder of radius RD and height
H. End conditions at the top of the
tower are specified. Steady,
incompressible flow is assumed, and
viscous core radius, 0, is a par­
ameter of the problem.

cYLINDRICAL
CONTAOL SUAFACf

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

-- ............ 1

H

-

The numerical analysis was performed
using a spiral-type geometry with a
cylindrical control volume (Fig.
4-2). The velocity at the inlet of
the tower is related to the free
stream velocity by y which is greater
than unity if the flow is acceler-

AC::El.i!!RAT;NG
INCO'JltNG
rl.OW

. ,.

0.0:1..0

"T

I

"T
,J-----­
I

"l
'."'[
.J ~5

I

I

CECEI.ERATING
!~COMING

FLOW

~/RD '" 0.125
r:H '" 0.55

r!/;) :: 4.0

Figure 4-3. Inlet Flow Parameters
as a Function of Viscous

Core Radius a/RD.
Figure 4-4. AcceJerating Factor "Y

Versus Inflow Parameter
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RADIAl,. OISTA.NCE FAOM TURBINE CENTEAl,.IN!., CENTIMETERS

Figure 4-7. Pressure Measurements on
the Tower Bottom Wall with a Solid
Plug or a 3.81-cm Diameter Screen

measured
de t e rm Lne

The surface pressure was
along the tower height to

of favorable effects of pressure
gradients, and power coefficient lev­
els that might be obtained. In gen­
eral, some of these analytical stud­
ies have confirmed the initial meas­
urements that have been carried
out. It should be emphasized that
these are very preliminary analytical
studies and only provide guidelines
for the performance characteristics
of the system. Further work has to
be don~ to take into account the bot­
tom wall turbine flow interaction and
the interaction of the free stream
wind with the exiting vortex. Both
of these will have major implications
on the performance of the wind tur­
bine.

4.2 EXPERIMENTAL STUDIES

The major thrust of the project has
been to confirm some of the basic

'concepts associated with the sys­
tem. Experimental studies were car­
ried out with spiral-shaped and
fixed-vaned towers. The major number
of studies have been carried out in a
wind tunnel with a cross section of
0.6 x 0.9 ill at a speed of 5.8 m/s. A
model 0.36 m in height and 0.13 m in
diameter was used. The purpose of
these initial studies was to make
static pressure measurements at the
bottom of the tower to determine if
the vortex pressure distribution was
significantly weakened due tu the
presence of a turbine that exhausted
into the core of the vortex. In one
case the tower had a solid bottom, in
the second case the turbine was simu­
lated by a set of screens. Typical
measurements made on the model are
shown in Fig. 4-7 from which it was
concluded that the vortex would be
strengthened by the use of the tur­
Dlne. In these tests a turbine,
which would normally produce a swirl,
is simulated by a screen.

,24)
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Figure 4-13. Plot of Power Coefficient
Versus Tip Speed Ratio for

Different HID Ratios

height-to-diameter ratio is also ob­
served. The data available indicates
a strong variation in the exponent,
m, which relates Cp to Re , There is
no available information to indicate
the value of m at high Reynolds num­
bers. It is important to determine
the range of m as the current models
are very small with Low ReynoLds num-

The next set of measurements were
carried out with crude turbines to
replace the screen. The schematic of
this system is shown in Fig. 4-12. A
DC electrical generator with resis­
tive loads was connec ted to the tur­
bine. The generator was pre­
calibrated to give a measure of
generator efficiency as a function of
rpm and load resistance. The
turbines used in the current study
were limited to 10 em in diameter and
restricted to operate at less than
5000 r pm4 For Reynolds numbers less
than 10 the lift coefficient is
usually low, the drag coefficient
high, and stall angle low compared to
large blades at high Reynolds num­
bers, therefore, data taken from
these measurements are probably low.

in Fig. 4-13. As shown on the plot,
.the power coefficient increases as
HID decreases. The effect of tip
speed ratio is not critical, the
blade being designed for a tip speed
ratio of l , The power coefficient,
based on turbine area, is also shown
and has a value close to 3. The best
powe r coeff LcLent; of 18% comes from
the shortest tower. This value is
bet ter than those given by the
s c re en-is LmuLa t ed turbine and is prob­
ably due to the favorable interaction
be tween the vortex and the turbine.
The turbine, which rotates in the op­
posite direction to the vortex, im­
parts an angular momentum into its
exhaust flow, in the same direction
as the vortex. In contrast, the ex­
haust from the screen-simulated test
turbine has no angular momentum and,
therefore, tends to slow down the
vortex when it merges with and
attains the same rotating speed as
the vortex. The raeasured disk
loading is strongly dependent upon
tip speed ratio as shown in
Fig. 4-14. It should be emphasized
that all of these measurements have
been carried out for a spiral-type
.nod e L,

Typical data taken from the
turbine wi th C," = 3 A = 1 is

.I. '

l Or-ctn
shown

A study is
the second

currently under way with
configuration utilizing
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o Curved-outward flap, 65~~, position 3

.. S-flap, 60°, position 3

Based on average AP across turbine

Rased on maximum AP across turbine

..•...

out
vis-

The analytical studies carried
indicate the importance of the

gy.

The variation in the first unit cos t
depended strongly upon the size of
the machine and its assumed perfor­
mance characteristics. It is essen­
tial to have a better understanding
of the performance capabilities of
the system in order to develop costs
for the system. The study by Grumman
anticipates that the mature system
cost might possibly meet the cost
goals set by the Department of Ener-

4.3 SUMMARY REMARKS

wind speed of 11 mls and utilization
of concrete for the tower.
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Figure 4-16. Power Coefficient for
25-cm Diameter Fixed-Vane Model

has a designed twist and adjustable
pitch. The turbine has been tested
at wind speeds up to 20 ml s , at ro­
tating speeds up to 1500 rpm deliver­
ing approximately 1 HP based upon
torque and rpm measurements. This
turbine is to be installed in the
tower that is currently being as­
sembled.

A preliminary cos t analysis has been
carried out to determine an approxi­
mate value for the cost of energy
utilizing the tornado system.
Capital cost of the system was cal­
culated for tower heights from 30 m
to 300 m based upon a 90% learning
curve. Other assumptions used in
this analys is included Cp values of
O. 1 and 0.3 bas ed on tower frontal
area, power factor of 0.42, rated

Figure 4-17. Photograph of the 5-m
High Model under Construction
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breaks into charged droplets. No ex­
ternal source of air or electric pow­
er is required. A substantial amount
of literature is available on stream­
ing potentials and currents. How­
ever, most of the work relates to
f low of liquids through capillaries
between two continuous water reser­
voirs. No work is reported relating
to capillaries having short lengths
with low-pressure drops. The prob­
lems of this method relate to jet
size, water issuing from the orifice,
and formation of charged particles.
Preliminary 'theoretical investiga­
tions indicated the validity of this
method; however, due to the practical
difficulties the method was not pur­
sued.

5.1.3 Electrojet Charging - Water/Air
Method

Figure 5-2. Schematic of the Electrojet
Charging - Water/Air Method

In this method, a water jet from a
small orifice is directed towards the

Wind Velocity. 1m/sec I

-20
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Figure 5-3. Wind Velocity Versus
Electric Efficiency

5.1.2 Water Jet/Metal Contact Charging
Method

Of the eight methods identified in
producing charged aerosol, only three
will be discussed at this time.

One of the early methods evaluated
was the water jet/metal charging
method. This method uses water that
is forced under moderate pressure
(50 psig) through a small orifice to
produce a streaming electric cur­
rent. Electric charging is brought
about by an electrochemical effect.
An electron is absorbed or donated by
the metal and produces an excess of
ions of one sign in the water, which
is discharged from the orifice and

as illustrated previously, is only
one form of generator; multielectrode
generators or slotted generators have
also been considered.
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5.2 SUMMARY REMARKS

Preliminary studies have indicated
that the induction charging/water jet
method is the best candidate to meet
the goals of the project. Current
studies are further evaluating the
potential of this method. Tests are
to be carried out using a series of
orifices with varying diameter and
length for a range of velocities,
temperatures, and humidities to de­
termine an optimum configuration for
producing charged particles. It is
anticipated that the results of the
study will be available within the
next year.

The ratio of the electrical power out
to the total power input as a func­
tion of water pressure is shown in
Fig. 5-6. As one observes, the elec­
trical efficiency of the system is
below unity for a capillary tube. If
one assumes an ideal orifice, the
electrical efficiency improves con­
siderably. The major difference is
caused by the difference in the pres­
sure drops between the two methods.
It is observed that for low values of
pressure the electrical power output
may be greater than five times the
input total power utilized in the
system. It should be emphasized that
this is a theoretical calculation us­
ing an ideal orifice.

of the water pressure (Fig. 5-5).
The output power is less than the hy­
draulic power but greater than the
input electric power. It is clear
from the measurements that the hy­
draulic power input has to be de­
creased, which may be accomplished by
reducing the pressure drop in the
capillary. Recommendations to reduce
the water power loss and to produce
smaller charged droplets would be to
use a smaller diameter orifice with a
shorter length, or a slit orifice in
a thin sheet. A configuration of
this type is currently being de­
signed.

108

hydraul i c

capillary tube

Water Pressure (ps1g)

Figure 5-5. Water Pressure
Versus Power
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into three categories: (1) power to
form the droplets, (2) power to
charge the particle, and (3) power to
pump water, if required •

Figure 6-3. Performance Map of an
EFD Wind-Driven Generator

The energy required to form each
droplet depends upon the surface ten­
sion, amount of droplet charge, pump­
ing pressure of the water, and drop­
let radius. A relationship can be
derived between the mobility and the
droplet size (as related to surface
tension) for a range of energy costs
per unit droplet charge (coulomb x
volts per coulomb). The energy re­
quired to pump water from its source
to the generator can be calculated
and can also be related to the mobil­
ity. The results of these calcula­
tions over the range of conditions is
shown in Fig. 6-2. Energy cos ts of
humidifying the air to saturation
conditions were also analyzed. The
main results of this portion of the
study are to point out that suffi­
cient energy is available to produce
charged droplets so that droplets do
not evaporate in the conversion sec-
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Figure 6-2., Specific Charged Droplet
Energy Cost Plotted in the

Mobility-Droplet Radius Plane

From the practical point of vtew , it
is essential that the power output
from the EFD generator greatly exceed
that necessary to generate the
particles. Not only must the par­
ticles be produced in sufficient
quantity, but they must also have the
appropriate diameter and mobility for
satisfactory operation of the genera­
tor. The mobility of a particle is a
measure of its responsiveness to an
electric field. A droplet of high
mobility will tend to move along
field lines. A droplet of low mobLl,«
ity will tend to move with the vis­
cous flow. The power input to gener­
ate charged droplets can be divided

give a starting point for the evalua­
tion of the system.
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case of the EFD wind turbine genera­
tor, t his cut-out velocity is essen­
tially un l i mi t ed . However, as seen
in t he figure,little is gained after
about 25 m/s corresponding to about
2.5 times the average velocity. An
additional advantage of the EFD gen­
erator is that it may be used quite
effectively at lower wind speeds to
extract the energy from the air.

6.2 EXPERIMENTAL INVESTIGATIONS

The performance of the EFD power gen­
eration experiments require low­
mobility charged droplets at designed
charged densities. The initial elec­
trode assemblies were designed so
that their electrical and fluid dy­
nauLc performance could be predicted
by a suitable theory. The major ef­
forts in the study were directed at
obtaining low-mobility charged drop­
l ets in order to perform power gener­
a t i on investigations. Methods of ob­
t aining these particles were certain­
ly not efficient; however, ongoing
i nve s t i ga tions are being conducted to
develop efficient methods of produc­
ing the particles.

spray that utilized an emitter elec­
trode with a hollow, water-tight,
sharp, trailing edge airfoil O.41-m
long. Along the trailing edge of the
airfoil, seven hypodermic needles
(O.71-rrnn I.D.) are spaced 5.1 cm
apart. Water fed to the airfoil is­
sues from the needles. The attractor
and collector electrodes are longer
than the emitter airfoil and are sup­
ported in slots on the ends of the
walls, which are made of plexi­
glass. Both the attractor and col­
lector have rounded electrodes to re­
duce field concentration. The col­
lector utilizes the Faraday cage con­
cept, which is also applied in . the
generator rig. The experiment was
not designed as a new concept, but
rather to provide base current values
with the operation of the facility.
A maximum collector current of 3 lJA
was measured . indicating that high­
mobility charged droplets were being
produced. Five water flow rates and
three relative positions of the at­
tractor and collector electrodes were
studied.

6.2.2 Direct Current Electrohydrodynamic
Spray with Cross Field

6.2.1 Direct Current Electrohydrodynamic
Spray

Analytical studies of energy costs
have provided guidance and indicated
new cost effective methods of produc­
ing charged particles. The experi­
mental investigations have been con­
ducted to determine improvements in
the components in the test facility
and to develop performance character­
istics for the system. Four differ­
ent charged-droplet investigations .
were carried out utilizing a small
wind tunnel with a test section of
O. 25 by O. 51 m at 10 m/ s •

The first method
direct current

evaluated was the
electrohydrodynamic

In this experiment two power supplies
were used with different polarity
vo l t age s applied to each of the at-

tractor plates. This arrangement
provides a large c r os s - f i e l d between
the attractor plates that could dis­
rupt positive ions from heavily posi­
tively charged droplets while allow­
ing a variable axial field at the
emitter. No current was observed be­
low 4 kV or when the two voltages
were equal. In this experiment the
peak current obtained was 1.2 lJA for
a positive voltage of 4 kV and a
negative voltage of 9 kV. This low
current level indicates that there is
no significant change in the charge­
to-mass ratio of the highly positive
charged droplets while passing
through the high cross-field of the
attractor.
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Figure 6-7. Revised Test Rig with
Side Walls Removed

lector has been changed to a shielded
needle configuration utilizing the
Faraday cage concept.

In the generator pe rf or ma nce tests,
maximum current tes ts were performed
initially. Such tests entail high
voltage on the corona wire array,
with the attractor and collector at
ground potential. These tests, con­
ducted at no load, provide a great
deal of information. Predictions
made for these conditions at a veloc­
ity of 11 misgave values of collec­
tor current of 500 JJA which was a­
chieved indicating a satisfactory
condition for droplet mobility and
density. Also achieved from these
tests was a near optimal operating
condi~ion of 68 kV at 240 ~, corres?
ponding to a power density of 78 W/m­
(Fig. 6-8). The agreement between
the theory and e xperimental data is
quite good.

a ttractor. The attractor in this
configuration is made up of 12 rods
1.6 era in diameter. The spacing be­
t ween the t 'NO arrays of the rods is
the conversion region where work is
done by the flow in transporting uni­
polar-charged droplets from near
ground potential to a very high
potential of the same sign as that oE
the charge on the droplets.

The downstream array of electrodes is
the electric current collector. The
electrode arrays operate at high po­
tential and are well-insulated from
ground by plexiglass supports.
Cylindrically shaped electrodes were
selected for the first geometry as
they provide a uniform curvature
surf ace which is favorable for the
electrical field and because a large
body of experimental data is avail­
able to determine their drag loss.
Th i s design was followed by a revis e a
generator design shown in Fig. 6-7.
The corona wi.re and attractor as ­
s embl y are unchanged but the col-
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from the low pressure back to a fixed
temperature and an isothermal process
at the water temperature; (3) the is­
othermal work expended is obtained by
assuming the air mixture is ideal and
follows a polytropic process curve;
(4) 'a constant velocity tower is used
in the study of tower height effects;
and (5) machine losses are ignored in
the calculations.

One of the most significant assump­
tions made in the system study con­
cerns machine ef f iciency. Large
amounts of energy are extracted
during the expansion process and a
large but slightly less amount of
energy is put back into the system
during compression. The difference
between these two large amounts of
energy is the available energy•
Unless this is greater than the
machine's losses, no useful energy
can be extracted from the entire sys­
tem. Utilization of a single machine
in the expansion-compression cycle
would tend to reduce the losses in
the entire system. An illustration
of this system with a single machine
utilizing vortex-type flows in both
the expansion and the compression
cycles is shown in Fig. 7-4. Humid
air enters through vanes on the
upwind side of the expansion chamber
spirals towards the center (with con­
s tant vorticity) pass ing through the

Parametric studies have been made of
the cycle where the power output has
been obtained as a function of cool­
ing temperature, degree of expansion,
degree of saturation, and tower
height. Results of these calcula­
tions for power output as a function
of temperature and degree of satura­
tion are shown in Figs. 7-2 and
7-3. .~ is obvious, power output in­
creases as cooling temperature de­
creases and is strongly dependent up­
on the relative humidity. The power
output also increases as the expan­
sion pressure decreases and decreases
as tower height increases.

Humid ity . 769

•

T; .21.3J·C,

Po- lOlSN

'.- MOM".-
.. • 12

-------IT;·UTI"C)

zo

o

- Rel at ive Humidity 1. 0

Figure 7-3. Power Output Versus
Degree of Saturation

Figure 7-2. Power Output Versus
Cooling Temperature

saturation, the height of the tower,
and the efficiency of each of the
subsystems.

An analysis was carried out for this
system with the following assump­
tions: (1) expans ion process is is­
entropic; (2) compression process is
made up of isentropic compression
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major cost items were structural
costs, approximately 43%, a nd the
cold water pipe, approximately 35%.
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Figure 7-6. Net Power Output Versus
Month of Year

7.3 SUMMARY REMARKS

The current effort at the South Dako­
ta School of Mines is to assess the
expansion-compression system using
vortex flows including frictional,
turbulence, cooling, and turbine los­
ses. In addition, verification of
structural characteristics and design
are to be performed in order to sub­
stantiate costs for the major compo­
nents. It is anticipated that t he
results of these studies will be
available by the end of FY80.
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8.1 EXPERIMENTAL STUDIES

The performance of the Madarascotor
is complicated by the interaction of
the atmospheric boundary layer with
the flow generated by the spinning
rotor. Wind tunnel tests were car­
ried out to evaluate this complex
phenomenon. These tests were per­
formed under the direction of Profes­
sor Willmarth in the University of
Michigan's Aerospace Engineering De­
partment wind tunnel that has a cross
section of 2.1 m x 1.5 m. The pur­
pose of the tests was to validate
existing wind tunnel data of rotating
cylinders, develop aerodynamic char­
acteristics of rotating cylinders
with end plates, obtain power re­
quirements for rotating the cylinder
and evaluate cylinder performance in
an atmospheric boundary layer. Mod­
els of 15 rum and 152 nun in diameter
were tested. All cylinders were
equipped with internally housed
motors capable of rotating the cy­
linder at speeds up to 20, 000 rpm.
The wind tunnel tes t cylinders were
rotated at this high rpm to provide
the same circumferential speed-to­
wind speed (U/V) ratios of a full­
scale cylinder (4.9 m diameter) that
would rotate at 186 rpm. Tests were
made for various aspect ratios, end
plates, and spin speed. The power
required to rotate the cylinder is
shown in Fig. 8-3. It is observed
that there is a significant increase
in power absorbed by the rotor for
e/ d greater than 2. Tests performed
at different aspect ratios indicated
that there was little difference in
power absorbed as a function of
aspect ratio.

may be obtained from papers listed in
Reference 7.
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Figure 8-2. Lift-Drag Polars of a
Rotating Cylinder and Airfoil
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Figure 8-3. Power Required to Rotate
Cylinder for Various End Cap Diameter

Ratios and Two Aspect Ratios

The lif t and drag coefficients have
also been measured for different

aspect ratios for U/V up to 6
(Fig. 8-4). The CL increases

46





TP-469
S=~I '_I---------------------------

Figure 8-5. Net Power Output for One
Rotor Versus Track Speed/Wind Speed

The electrical design considered four
components, the rotor spin system,
the generator system, the controls
and instrumentation system, and the
electrical interface system. The
rotor spin system consists of a 450
kW DC motor that is used to provide
acceleration and dynamic braking to
the rotor. Direction reversal is
achieved by viscous breaking followed
by reversing polarity of the power
leads to the armature. Speed control
is achieved by balancing the input
power level to the armature against
the demand of the control function
signal. One of the results of the
spin motor study was to discover that
there are t hree very significant
sources of spin motor losses: power
required to overcome t he viscous
f r i c t i on of the rotor caused by spin­
ning; power required to overcome
rotor inertia while accelerating from
o to 186 rpm and loss of energy dur­
ing the rotor deceleration; and the
rower lost in he ating the motor
...,indings during the low-speed ac­
c eleration stage at which time the
motor is operating at a very low
efficiency. Four 250-kW, three­
phase, 60 H AC induction generators
were used for each car. The control
system included a mini-computer to
command rotor car operations to the
control house and a wind sensor
network to provide data for the spin
schedule imposed on the rotor. The
electrical interface system included
the necessary . feeder lines, syn­
c h r onous reactors for power feeder
correction, and utility f eeder
circuits and s u bs t a t i ons for the
operation of the facility.

A performance analys is of the system
was carried out to determine optimum

In addition, the structural configur­
ation and materials f or the rotor,
track, support towe r , and rotor car
suspension system were all de­
veloped. Each rotor car developed
approximately 1 MW at a wind and
track speed of 13 m/ s .

21U I 2.0

. I r-ac k Soeed / '.ii nd Speed
i

, 2

I~ V t..PI<~O 25 30
! I I I I

, - ,
, ... 112

10

4

0.4 0.1

Ii
/~ -: ;:::::I

i/ / /' / ~--

I : I '/ ;//
, /1 " /1 .I .

" I
I IINo& i / /! / '

I I I I I ,[/
1

, ,
I I, I ! I

~-- ,
I I I . AR 0 & II I I I el<l- 2
I

I I ! I
Rotor Diamet'r 'C 4.9",

~r---;.......L Rotor Hei9ht -39.2'" _
I I I' ! Rot., Speed -186_

I I
I I i I Track Speed sI3......11

I I I' : I
Track Diameter -1372m ,

I 1~24'"

I I II I JI J " II
3

i: :1 I

Ii !I I I
I

i
'

I
2

I I
I101
I
I

I

14 16 I 20

12 I
1111

I
, , I ROTOR

; II
,

- CIRCULAR TR ACK
_ • • ~. RAC E~ACK WITH

I •.eeo. SIDES ~
I " .. - ........... ..8 9 : I i I, I,I ! :

• I I :I
I ; I i i !; ...--..... . i ,-, ~--".7

'- "',""'-~ .;,' I ,J-__.I,. I

j 112 ' ; " I J, I' , I ! ,- .
2 ; Ill' I \""1.' ---+--';."; I I ! ,_ ........, , I !I -' "-
° I ~7

o. f-- I,
":--"""

! • I ~,
2 ... 3.' 3.'

o ~

2

c .

"I,,or-----

-'c
::>
~

i o.

-0

'"~ 0 .4
-'

_0.9

II:

~ O.
uc
""

OJ
U
Z
~ O.
OJ

""C
OJ
~

! o.

1.0

••o 0
00......
~1 0 .6

,
=

Figure 8-6. Mutual Interference Los
Factor Versus Wind Speed for

Various Number of Rotors

48





TP-469
S=~II*I---------------------------

260240
I

220200

N == NUMBER OF ROTORS
S == LENGTH OF STRAIGHT

TRACK SECTION
b == INTER- ROTOR SPACING

IN ROTOR DIAMETERS
WIND PERPENDICULAR TO S I

LAND COST NOT INCLUDED -----l
NO LEARNING CURVE USED

+----+--------,------r-­

N=150

140 160 180

RATED POWER (MW)

AR=8
e/d =2
ROTOR DI.AMETER, d =4.9m
ROTOR SPEED = 186 RPM
TRACK END DIAMETER=1372m
RATED WIND SPEED =134 m/s
Vt=134 m/s

Track Speed 13.4 m/s
I ! I

--~:----+----r--+--
N=IOO i

i
!

-----1
N= 25 I

I-1·-
N=50 \

2

40

f- 28r--'p.,.-r--"""~_M~~,----~__t~._=_--'=-=-"--_+-i----'-+-----l-------~---+

(/J

o
U

f­
Z 2 4r----~"""'...,;I,:+_

::>

s:
-'"
~ 3 2~f'\--'t-"~\---hcl--...----\
~o

Figure 8-7. Unit Plant Cost Versus Rated Power for Racetrack Configuration
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Figure 8-8. Energy Cost Versus Rated
Power for Racetrack Configuration

dynamics of a rotating cylinder to
provide performance characteristics
of the rotor. Optimization of the
system has provided an indication of
the rotor diameter, height, and end­
plate geometry. It is clear that the
Madaras system composed of translat­
ing rotor cars is more complex than a
stationary array of conventional wind
systems. Thus, it is anticipated
that the operation and maintenance
cost for the Madaras system would
probably be higher than that of con­
ventional wind systems. Calculations
based upon costs developed for the
system indicated that the energy cost
is similar to a conventional first
generation system located at Medicine
Bow.
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Figure 9-2. Schematic Diagram of
the Sensor System

Figure 9-3. Power Coefficient Versus
Tip Speed Ratio for the

Prototype Rotor in Uniform Flow

data processing, to study verticai
gradients and correlations, horizon­
tal gradients and correlations, wind
energy fluxes at the test site,
etc. The wind speed and direction
outputs are processed by signal con­
ditioning units that were calibrated
in a wind tunnel facility. The pro­
totype model developed for this study
was a simple flat-plate delta config­
uration with a 75° sweepback, 5.6 m
long (Fig. 9-1). The performance of
the turbines mounted on the model is
monitored by a dynamometer contained
within the nacelle. The dynamometer
consists of a torque meter and a
tachometer, coupled to an electrical­
ly activated friction brake. Direc­
tional control is by a vertical fin
positioned along the center line of
the vortex augmentor. The tower that
supports the vortex augmentor system
is of the open truss type construc­
tion and is fashioned from welded
iron. It is approximately 3 m high,
and rests on a four-wheeled carriage
with steerable wheels and a t owba r ,
The sensor system for the field pro­
totype test is shown schematically in
Fig. 9-2. All sensors are tied into
a central computer for recording and
processing.

The rotor for the prototype system
was designed using simple blade ele­
ment theory that depends upon a
knowledge of the vortex velocity
characteristics. The adequacy of
this method is unclear, particularly
for an advanced type system. Cal­
ibration of the rotor was carried out
in the Rotor Test Facility in order
to determine rotor power generation
characteris tics. The 1.5-m diameter
air jet produced by the Rotor Test
Facility was itself calibrated for
unifonu exit flow velocity. The
prototype rotor with a diameter of
0.92 m was calibrated in a uniform
flow over a range of velocities and
tip speed ratios (Fig. 9-3). The
measured power coefficient is lower
than predicted; however, the measured
and predicted peak value of the
coefficient occurred at about the
same tip speed ratio.

During the past year the VAC proto­
type with its instrumentation has
been field tested, wind conditions
permitting. Field tes ts could only
be conducted under the following con­
ditions: wind speed in eKcess of
6 lUis, ambient temperature in excess
.of O°C, no precipitation, proper
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Figure 9-6. Mean Power Coefficient
Versus Angle of Attack

equipped field test facility for wind
energy systems including extensive
data management and processing capa-
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bility. The study has also indicated
the significant problems inherent in'
testing in an uncontrolled wind ener­
gy environment. Such testing can be
most fruitful at sites of good wind
speed and direction characteris­
tics. The prototype showed a SO% im­
provement over the unaugmented mode
of operation. Host of the design
features of the VAC prototype were
frozen in the earlier portion of the
program and, therefore, do not really
constitute an optimum configura­
tion. The majority of the time was
spent in the calibration, construc­
tion, and operation of the model and
its associated instrumentation and
data processing capability. Addi­
tional results are to be available at
the end of the contract period during
the current fiscal year.
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