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ABSTRACT

This describes experimental results on a Charged Aerosol Wind/Electric
Power Generator, using Induction Electric Charging with a water jet issuing
under water pressure from a small diameter (25-100 ym) orifice. The jet breaks
into electrically charged water droplets dispersed into the wind stream. New
hydraulic and electrical characteristics were obtained. The electro-viscosity
effect increases as the orifice diameter decreases. A plate orifice 35 ym diameter,
and 25 pm long appears optimum; a single jet from such an orifice at a water
pressure of 15 psig produces net electric power output substantially exc;eed'mg the
hydraulic and electric power inputs. A projection is made for a multi-orifice array-
as a basis for a practical Generator scaled to a multi-megawatt Wind/Electric
Generator. A Water recovery and pressure regeneration means is described by
which water is conserved and the water power is free, so that there is a net output

electric power without external power input of any kind.



"

1. BACKGROUND

Our work dates back to the 1940's which culminated in a patent1 , filed
on December 14, 1949. In this patent, Figure 12 shows that at 18 m/s a
maximum electric power of 3 I<W/m2 would be transduced at a pressure of 1
atmosphere (at 100% efficiency). In a U. S. F’atent2 filed June 23, 1967,
this discovery was specifically applied to Wind/Electric Power Conve|'~s‘lox"\2'1 R
predicting an electric output power of 1 kW/m2 (assuming conversion of 33%
of the Kkinetic power of the wind at 17.83 m/s and 33% efficiency). In January
1972, our pape-r-8 on the same subject was published. On December 30, 1971,
we wrote to the Executive Office of the President a letter*4 proposing, among
other things, the Wind/Electric Power Generator (WPG). In February 1972,

a letter was received from the White House, from Dr. Edward E. Davids,
Science Advisor to the President, who stated that both EGD and WPG would .
be considered.

Subsequently, on October 25, 1973, we made a proposal to the NSF6 and
in 1975 were favored with a grant7. Subsequently, we were funded by ERDAB_,
and presently by DOE, via SERIQ. With the exception of other recent wor-k10,
to our knowledge, the only other paper on a Charged Aerosol Wind/Electric

Power Generator was a theoretical study published in Fr‘ance” .

In a letter to President Ca.r“\:er12

and in recent c0hrespondence13, we sought
a crash program to accelerate work on the WPG.
Under previous ERDA and NSF grants, a wind tunnel test facility was

developed and preliminary tests conducted of several electrofiuid dynamic (EFD)



aerosol charging devices. Resulting data demonstrated feasibility of the con-
cept. The key technical problem is to develop a method of efficiently charging
the aerosol.

The present work provides electrical and hydraulic experimental data on
single orifices which enabled a projected scaleup to a multi-megawatt electric
power output, with an overall efficiency exceeding 96%.

Several methods were identified in the course of the earlier studies, which
could possibly provide fFor an adequate source of charged droplets. Of these
methods, four were investigated:

1. Waterjet/metal contact charging

2. Steam/metal contact charging

3. Condensation ion charging

4, Induction charging/waterijet.

Experimental results from these methods were compared with theories that were
derived previously for a range of temperature, humidity and velocity conditions.
The results of these studies indicated that the induction charging/waterjet method
showed the most potential for providing a source of charged droplets.

The renewal proposal was reviewed by the Special Programs Office, Solar
Energy Research Institute (SERI), and the Wind Systems Branch, Department
of Energy (DOE), which resulted in a detailed consideration of the tasks proposed.
The former effort by Marks Polarized Corporation had been funded under Con-
tract No., EG-77-C-01-2774 with DOE. This effort is funded by the Wind

Energy Innovative Systems program at SERI,



2. OBJECTIVE

The objective of the proposed study is to investigate the performance of
the Induction Charging/Waterjet technigue of producing charged aerosols for
a variety of geometries and test conditions and to optimize the performance

for standard conditions as detailed in the Scope of Work.



3. APPARATUS AND EXPERIMENTAL PROCEDURE
8

Method 4.1 previously described™ utilizes compressed air power input which
presently far exceeds the output electric power. This method was chosen to pro-
duce the charged aerosol because this method was best known at the time and the
charged aerosol was readily controlled. This method, in its present form, is
unsuitable for the efficient production of charging aerosols in a piractical W'L'nd/
Electric Power Generator.

Method 5.1 previously descr‘ibeds, shown in Figure 1, was developed using
water pressure only and electric induction charging from an external electrode of
water jets issuing From an orifice in a capillary tube. No heat power or air power
is needed. Liquid water at ambient temperatures is employed. The electric power
input is much smaller than the electric power outpt.ﬁst. The charged droplets are
produced by the instability of the jet issuing into the air stream and by electrical
forces.

Figure 1 shows the experimental setup of the water jet with Induction Electric
Charging placed within a wind tunnel as previously described7’8

To perform the experiments with orifice tubes of differing lengths, small dia-
meter tubing was obtained, cut to various lengths and mounted in the tubular design
shown in Figure 2.

To perform the experiments, it was required to obtain the sizes 2-76 pm dia-
meter with circular orifices in thin sheets. We nad tsen assured by a supplier that

they would be able to deliver our requirements; nowever, after several months had

transpired, these orifices arrived but were unsatisfactory because they were over-



sized and the metal had melted forming an irregular rim around the apertures. We
were able to locate another source of supply which had stock of aperture sizes 10,
1'5, 25, 35, 50, and 100 ym. Qther apertures were not obtainable. All of these
apertures were 25 ym thick (long) in stainless steel sheet discs 9.5 mm diameter,
herein termed orifice plates. A special mounting shown in Figure 3 was devised to
retain the orifice plates. The thin sheet metal near the orifice is supported between
two thicker plates each with a larger diameter hole, to prevent excessive distortion
under water pressure,

Since small currents, from 0.01 to 1 y A, and voltages from 1 to 40 kV were to
be measured, it was necessary to insulate the emitter (orifice) tube, and the water
supply, to minimize electrical leakage.

Figure 4 diagrammatically shows the appearance of the water jet during forma-~
tion of a charged aerosol using-a ring exciter. Figures 5 and 6 show views of a
tubular exciter.

The leakage to ground manifested itself as the leakage resistor R' in parallel
with the load resistor R. An independent measurement of the values of R and R' was
made to assure that the leakage resistance R' was negligible ;:ompared to the load
r-esistance' R. A difficulty was the occasional clogging of the orifices. This could be
cured by reverse flow under water pressure using a special fixture, and by utilizing
distilled water, filtered through a fine qualitative grade paper filter and then a Fritted
glass funnel. This procedure was necessary because commercial distilled water
sometimes contains suspended particles. The distilled water was placed in a Plexi-

glas column to which air was applied from an insulating air column, through an
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insulated polypropylene plastic tube. In this manner the Plexiglas reservoir was
insulated from ground. The air pressure was measured at the source.

4. EXPERIMENTAL MEASUREMENTS

4.1 Hydraulic Measurements

In making the hydraulic measurements, the flow rate was obtained for each of

the orifice diameters, for various values of pressure. This was done by allowing

the jet to fill a small container for a given length of time. The container was then

weighed on a sensitive balance and the mass volume flow rate thus determined.
The hydraulic power input was then computed from:

Ph pl"Q

Since the area is determined from the orifice diameter, the velocity of the jet

was then computed from:

U = QA
where
2
A = (n/4)d j

The kinetic power was then determined from:

| 3

P = /2)U” A

The hydraulic efficiency then defined is the ratio of the kinetic power of the jet

to the input hydraulic power:

= P./P
Ep, = /P

According to conventional theory an orifice in a thin plate should convert about

16
62% of the hydraulic power to kinetic power of the jet. With the small orifices

)

(2)

@)

(4)

(5)



25 ypm long of 10=100 pm diameter, it was found that hydraulic efficiency decreased
with the orifice diameter, and pressure. With orifice diameters of 50 ym or more,
the hydraulic eFFicieﬁcy increased with pressure to a maximum of 70%; exceeding
the literature value of 82%. With small orifices the apparent viscosity of the water
jet increases as the orifice diameter decreases. These characteristics may be
ascribed to the electroviscosity effect, which is due to the electrical orientation of
the dipolar water molecules in close proximity to the edges of the orifice., The
mathematical physics of this effect has been described“’. Figures 7-10 inclusive
summarize our hydraulic observations. Figure 7 shows % Hydraulic Efficiency vs.
Water pressure for orifice diameters 25, 35, 50, and 100 ym and orifice plate 25 ym
long. Figure 8 shows % Hydraulic Efficiency vs. orifice diameter for various Water
Pressures. Figure 9 shows % Hydraulic Efficiencies of tube orifices vs. oriFice'
length-in ym for various pressures, for a constant 50 ym orifice diarﬁeter. It is
apparent that the shorter the length of the orifice the greater the hydraulic efficiency,
limited to a maximum efficiency of 62-70% for the given orifice diameter and pres-
sure. It is well known from fluid mechanics17 that the shorter the pipe thé less the
pressure drop and hence the greater the hydraulic efficiency, which our tests con-
firmed. Figure 10 shows Water Jet Velocity vs. Orifice diameter (ym) for a length
25 “m,;For various orifice diameters

Figures 7 and 8 show the results of the measurements on 25, 35, 50, and 100 ym
orifices of a constant 25 ym length. For the smaller diameter orifices, the hydrautlic
efficiency increases with increasing pressures. For orifices greater than about

50 m, this peak efficiency is about 70%, exceeding the maximum 62% efficiency
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reported in the liter*atur-esthe smallest orifice diameter which can be utilized
without sacrificing peak efficiency is about 80 ym; for the best combination of
hydraulic and electrical charaéter‘istics, 35 pym is preferred.

As the orifice diameters decrease to less than 35 pm, the electroviscosity
effect greatly increases, and the hydraulic efficiency rapidly decreases. We were
able to obtain well defined jets from orifices as small as 25 pm, but were not
successful in producing jets from orifices 15 pmor less. The reason for this
may be understood from Figure 8, which shows that the hydraulic efficiency rapidly
approached zero for orifices smaller than about 22 ym.,

4.2 Electrical Measurements

Electrical measurements typically involved measuring the generated voltage on
the emitter V,, the emitter or charged aerosol current 11 , and the load resistance R.
The input electrical quantities were the exciter/emitter potential difference v2 and
the exciter current L. From these values, the output electrical power was calculated:
Peo - 11\/17 ©)
and the input electrical power was calculated:
Pei - Vs (7)

The total input power comprises the electrical power input P.; and the hydraulic

power input:

in Pei + Ph _ (8)
These quantities are correlated by plotting experimental valuss of power versus

water pressure on the log-log graphs Figures 11 through 17 for various orifice

diameters and lengths.



4,3 System Measurements

In evaluating the system both hydraulic and electrical measurements must be
considered. Figures 11-18 are log=log graphs on the same scale for easy compari-
son, in which the ordinates are shown as the logs of the power inputs and outputs and
the abscissae are the logs of the water pressure. These plot as approximately

straight lines showing that they are power functions. In accordance with theory, the

3/2

" . For

hydraulic power and the jet kinetic power both plot approximately as P
orifices less than 50 ym long, the electrical measurements of the power output plot

according to F’r" /2.

The electrical power output exceeds the hydraulic power output
at small water pressures.
The most important characteristics of these curves is the breakeven point,

where Pgoq = P _, and the value of the power at this point.,

n
At this point the slope of Ph is always nearly 3/2 for a 25 and 50 g m thickness.
It is emphasized that the measurements made herein were on single orifices

only. For small diameter orifices, the outputs were from 0.05 to 0.5 y A, and

the output voltages from 3 to 32 kV. An important quantity is ¢9. The charge density

¢ increased as the orifice diameter decreased. This relationship is shown in

Figure 22, in which the values of ¢ are plotted as ordinates vs. the water Pressure

Pr in psig as abscissae for orifice diameters of 25, 385, and 50 ym.



TABLE NO, 1

RESULTS OF ELECTRICAL AND HYDRAULIC MEASUREMENTS ON BREAKEVEN POINT VALUES

-Ol-

Breakeven
Figure No. Orifice Power Point Water Pressure Slope Comments
Dia dj Length L Peo = Ph P, APeo/AP,.
um pm Watts psig watts/psig
11 76 2000. 5 x 1070 1
12 50 2000 <107° < 1 about 1.3
13 50 1000 <1072 <1 about 1.3
14 74x110 50 4 x 1074 A 4.5 about 0.5
15 50 25 1.3 % 10—4 2.2 about 0.5 First breakeven
15 50 25 4.5 x 1072 105 about 10 Second breakeven
16 35 o5 8.5 x 1074 17 - about 0.5
-5
17 25 25 8 x 10 10 about 0.5
Projected Values
18 35 25 3 x 1071 200 about 0.5 3x3 array = 9 orifices




The table shows that results for the 35 ym plate orifice 25 4 m long have the

best characteristics; that is, the greatest electric power output, at the breakeven
point, at a suitably large operating pressure of 16 psig.

The characteristics shown in Figure 16 for the 35 ym orifice 25 ym long, com=-
pared to the characteristics shown in Figure 17 for a 25 ym orifice, 25 ym long,
show that the former is the optimum since in the latter the breakeven power is
decreased for the 25 y m diameter by about S times, and the breakeven pressure is
decreased from 17 to 10 psig.

Hence, 35 ym diameter, 25 ym long appears to be optimum. On the last line of
Table 1 the projection of the results from Figure 16 are plotted on Figure 18 for
ng = 3x3 =9 multi-orifice array. At a constant load resistance, 'the electric power
increases according to na2 = 81 times; for the hydraulic power increases according
ton, = 9 timves.

For example, at F’r = 25 psig Peo = 0.1 watt, and Ph = 0,015 watt. Thus, in
this example, the ratio of ocutput electric power to input hydraulic power is:

Peo/Ph = 0.1/0,015 = 6.7 times

This scaling is projected ultimately to the multi-megawatt range in Figure 34,
using the same 35 ym orifices 25 ym long and operating in the same pressure range
as in Figure 16; to be discussed hgr*einaﬁ:er‘ in connection with the proposed engineer—
ing designhs shown in Figures 28 and 29.

The Figure 15 shows a new interesting and important characteristic: an
apparent second breakeven point projected to be at about 200 psig and 4.5 x 10”2

4

watts, compared to 1.3 x 107 " watts at 2.2 psig; a ratio of about 300 times greater



electric/hydraulic power, and the electrical power rising rapidly with a slope of
about 10, compared to the hydraulic power slope of 1.5. This must be investigated.

4.3.1 Effect of Varying Exciter~Emitter \Voltage Vo

Figure 19 shows output current L, in 4 A and output voltage \/1 in KV vs, Exciter

\Voltage \/2 at various water pressures P_ in psig for a plate orifice 25 pm diameter,

r
and 25 grmlong.

An important result is that the output current I1 is independent of the exciter
voltage V2 up to a maximum value which increases with the water pressure Pr"
Thus f1l = .04 yA with Pr = 40 psig at \/2 = 6 kV, but 1_1 = ,045 at 50 psig and \/2= 8kV,
The same is true of the output voltage, but the slope p V1 /A V2 varies.

Figure 20 shows the results of tests made on a 50 pm diameter orifice plate
25 ym long, varying voltage V, on output voltage and input and output currents and
constant water pressure P5 = 50 psig. The output voltage and current increase
approximately linearly with V2 up to a critical voltage, after which the exciter current
and output current increased rapidly. With a further increase in V2 the output
voltage becomes unstable and starts to decrease because the exciter is then drawing
excessive power away from the jet,

Figure 21 shows output current [ 1 and input current I2 pA and output V 1 and
input V2 voltages kV vs. a water pressure Pr‘ in psig such that 11 = 12 for a plate
orifice 50 ym diameter and 25 ym long. The exciter—-emitter voltage v2 may be

increased linearly with the pressure until I1 =1, I and 12 increase linearly with

2’ "1
Vs after an initial rapid rise; but as Pr > 60 psig and V5 increases beyond B kV,

I1 and I2 rapidly increase producing an increase in ¢ from about 1.5 to about 4, and

-1 D -



the output voltage also increases; but apparently linearly instead of faster as mignt
be expected. This effect deserves more experimental study.
An important characteristic of the system is the charge per unit volume: of

water which is defined:

© 1,/Q ©)

4.3.2 Ring Exciter Diameter and Position

The water jet was subjected to an eléctr‘ic field from an exciter electrode,
Various tests were made to determine the best value of exciter ring diameter and
position relative to the plane of the orifice. The best results were obtained with
an exciter diameter of about:

60 mm

dex
placed about 10 mm in front of the orifice plane, and most of the tests were taken
with these values.

During the first 11 months of the contract, work was performed with the exciter

in the form of a ring electrode as shown in Figure 1.

4,3.3 Tubular Exciter Diameter l_ength and Position

A mathematical physical formulation was sought in which ¢ was derived on first

principles. A formula was found in a refer‘ence15

relating to the charge on a coaxial
condenser; equation (88). Us‘mgvthi:s formula, which assumes that the charge resides
on the surface of the jet which is considered to be the inner coaxial cylinder of the
condenser, a formula was derived for ¢ as a function of the various physical

guantities involved; see equation (61).

This formula suggested that an exciter in the form of a cylinder rather than a

-{3-



ring would produce a greater output current. In the time available, we performed

a number of éxperiments which prove this to be indeed the case. In these recent
experiments, with the tubular exciter, certain practical difficulties were encountered,
particularly to align the jet along the axis of a long narrow tube. Accuracy of the
alignment of the jet on the axis of the cylinder is critical to the optimum functioning
of this system. Redesign and Further test of the emitter—tubular exciter structure is
indicated. These were made using exciter tubes of various lengths and diameters
which theory indicated should show increased output electric currents compared with
the ring exciter, and this effect was observed, as shown in Figures 30 and 31.

A further interesting result was obtained in these experiments: the measured
value of ® was about 30 times greater than the calculated value of ¢ . This may be
ascribed to the breakup of t‘:he jet into many smaller cylinders or filaments, each of
which have a greater current—-carrying capacity than a whold jet of greater diameter.
Figure 4 shows the appearance of a jet in an electric Field just prior to its spraying
to form a charged aerosol. The jet appears to thicken. This supports the theory of
the jet expanding to form parallel filaments of water.

The extraordinarily improved results were obtained with a plate orifice 100 ym
diameter and 25 ;m long, and a tubular exciter.

It is now necessary to repeat these tests with a plate orifice 35 pm in diameter
and 25 ym long, again taking the electrical and hydraulic measurements using a
tubular exciter of optimum dimensions, which should provide greatly improved
system characteristics. The existing measurements have enabled the design of a

multiple orifice array as shown in Figures 28 and 28.

-1 44—



4,4 Atmospheric Wind/Electric Power T ransduction

The results of the experiments performed in the wind tunnel using Method 4. 1
under various operating conditions are given in Figures 32 and 33. At relative
humidities of 25 to 95%, air temperatures of 20 to 40°C, and velocities of from 2.5

to 16 m/s, an electric efficiency of 75 to 97% is obtainable.

-1 5=
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5. MATHEMATICAL PHYSICS

5.0 Table of Symbols

Area of orifice, or jet 6
Breakdown strength, air, S.T.P. = 3x 10
Capacitance

Diameter of exciter ring or tube

Diameter of orifice

Breakdown electric field intensity

Electric efficiency

Hydraulic efficiency

Overall efficiency

Function of x = x/lnx

Figure of Merit 10° 1/P;,
Peo/V1

Load current

Exciter current

Charged aerosol breakdown factor = 1

1.176 x 1923/dj Equation (25)

(0.68/k )% Equation (27)

¢+ Pei/Ph)

Distance of exciter electrode from orifice plane
Length of Tubular exciter electrode parallel to jet
Number of electrons on charged droplet
Number of sources '

Number of orifice sources per unit area
Electric output power density

Input electric power

Output electric power

Input hydraulic power

Total input power

Jet kinetic power

Total hydraulic pressure drop

Hydraulic pressure drop to produce jet only
Water Pressure

Electric charge

Water flow rate of jet issuing from an orifice
Flow rate of water per unit area (same-as velocity)
Radius of isolated sphere

Radius of dnoplet

Resistance of load

Ratio of electric power—out to total power—in
Air temperature absolute

wind velocity

Water velocity

Load voltage

—-16~-

V/m
farads
m, um
m, pm
v/m

%

%

%

u,A/watt

amps, A
amps, pA
amps, pA

pm

33

/m°

g

i

i

psig

c

mS/s
m3/s=-m
m

m, }
ohms

PREEss

2 or m/s

‘K
m/s
m/s
kv



5.0 Table of Symbols-(Continued)

Vo
Ve

Emitter exciter potential difference

Exciter jet potential difference

Fictitious voltage drop representing all losses
Dielectr*gic constant of free space 8.854 x 10”12
€, (Pk"/2 = 40 :
E?ectr‘ic charge per unit volume of droplet
Density of liquid water ‘

Change

Ideal
Maximum value of symbol

-7=

kv
kv
kv

Farads/m
N/m=
c/ m8
kg/m



5.1 Hydraulic Relationships

P - PQ
P, = (/2 Uia

Q = AU

P, = (8/2) Q%/a2

Eﬁ"\ e the ratio < 1

- = PYR, = /2 Q%/APP Q = (/2) (V/AP/P,
E = (R/PD

= = (A/2X4/ 1)° Qg/l:’r,dj4

Us ing_; MKS units

Q in ms/s

. 2
Pn. in n/m

dj in m
(A/2) = 500 for water
Epn 811 Q°/P, d;

Expressing these useful units:
Q in ms/s

P_ in psig x 6895 = n/m®

where P! = (8/2) U?

. -6

dj in pm x 10 =m

= = {5004/ m)° (1/6895) (10~ [QQ/Prdjd']

e - 5 ca/my 02 /104724y (o2 4
P [5 (4/n)° (1/0.6885)] (10</10 ) (@ /Pr,dj )

Emm = 11.76 x 10°2 (Qg/dejd')

= = 1.176 x 1023 (Qg/Pr,dj"')

-18=

(10)
a1
(12)
(13)

(14)
(15)
@Ge)

a7

e
G19)
20)
21



th is usually ~ 0.88 k = 1.176 x 1023

For this condition:

- % o % 2
Q = (Ep/R" P, dj (22)
1
= (0.68/1.176 x 10°0y% P % dj2 (23)
- %
Q =  2.40x 10712 p.% g2 (04)

]

The simplest approach to computing orifice efficiencies is to calculate for
each orifice diameter 15, 25, 35, 50, 76, 100, and 300 pm values of ko;

4
k_ = (1.176 x 1023/dj 3 (25)

in which d}-

3 =k, @/P) (26)

is expressed in pm:(see equation c1).

hence knowing the flow rate Q in m3/s and Pr- in psig, the efficiency is
quickly calculated for each orifice diameter.

It was found that for dj 2 50 pm and F’p > 10 psig

Em 0.68; for which

1

(0.68/k°)14 Pré = k PPVE (mS/s) @7

Q 1

For smaller orifice diameters and pressures the electro-viscous effect causes

the % hydraulic efficiency to decrease and its value can be determined experimentally

from (26 ). Table of values of ko and k1 VS. dj follows:

dJ. Cum) Ko K,
15 2.32x1019 5.41x10—10
25 3.01x1017 1.50x10~2
35 7.84x1010 2,95x10~9
50 1,88%x101° 6.01x10™°
76 8.52x1019 1.39x1070
100 1.18x1018 2,40x10~S
300 1.45x1013 2.16x10™"

-19-
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5.2 Hydraulic-Electric Relationships

5.2.1 Ratio of Qutput to Input Power at Constant Generated VVoltage \71

The resistance R is varied to maintain the output at a constant voltage v1 . For

example, if VvV, = 1O5 and if V, is adjusted to obtain a maximum E

b’ then:

Peo = I V1 = o QV, (28)
but where P, is the wind/electric power output:

F’h = Pr- Q @9)
Hence from (28) and (29), Roi takes on this simple form:

Roi = Peo/Ph = ¢ QV,/P_ Q (80)

Roi = o V4/P, (31)
EXAMPLE 1
Given:

) .= 3 o/m°

\71 = 10° volts

P = 7x10* (10 i

" = x (10.12 psig)

Find:

Roi
From (31):

Ro; = 8x10°/7 x 10% L 4.3

The output power is 4.3 times the input power,
In eguation (31) since Roi is a dimensionless ratio, it is apparent Pr/¢

has the dimensions of a fictitious equivalent voltage VO:

Vo = P/e. @2)

-20—



and hence:

n

R \ZYA 2 | | (33)

ot

For example, in a useful Wind/Electric Power Generator, the ratio of output

wind/electric power, to input power (electric, hydraulic) would be Roi > 10.

The Figure of Merit ':m previously def’ined1 is then:
= = 1%/ = 108 ,/P 34
m - (e} © r ( )
The fictitious voltage vo is that equivalent voltage which would be required to
provide the aerosol current I1 with an input electrical power equal to the input

hydraulic power; that is:

I, Vv = PQ = P_ (35)

<
[

P/I/Q) = P (36)

The equation (3%5) may be modified to include the input electrical power to the

exciter‘,' Pei = 12 \/2

Then
LVo' = PQ+ 1, V, (37)
Vo' = (Pp) + (/1) V, (88)
v, = Vo 1 + (ILVe/1,V)] (39)
Vo' = Vo [T+ (P /PD] = Kk, V (40)

IF V2 is regulated to keep 12 small, then pei/Ph << 1 ky= 1 and

vo = \Va! . - (41)

where k2

i+ Pei/Ph>

It will be assumed that the input electric power is a small fraction of the ocutput

wind/electric power and that the water power is the main input power.
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EXAMPLE 2

For a 25 pm diameter orifice in a 25 pm thick plate, the measured value of

o = 10 at a water pressure Pp = 40 psig = 40 x 6895 =2.76 x 105 n/m2.
Given;
V1 = 100 kV for muiltiple orifices
Find:
1 vo
@) Fm
) Roi
\4 = 40 x 6895/10 = 27580 volts (Fictional)
o . .
F = 105V = 10°m27580 = 86.8 yA/watt
m o
Roi = 100,000 /27580 = 36.8
i = 14,5
at 10 psig Roi

that is input water power is only 8% of the output wind/electric power.

EXAMPLE 83

Given:
dJ = 25 um
© = 10 c/m3
Vv = 105 volts

~DDm



oi

Find:

M P
@ 4
@ F_

Answenr:

(1) From (31):

5
Roi = o V,/P_ = 10x10 /P
Pr = 1’05 n/m2 ~ 14 psig
(@) from (36):Vg = P /p = 10 /10 = 10 v =10 kV
6 6, 4
(8) from (34):F_ = 10 /Vo = 10 /10 = 100

Find the Output Current I, in terms of P, djs o:

From (8) and (24):

For Q in ms/s; P. in psig; and dj in gpm:

1 = oQ=2.39x10"12p* dj%;q_ | (42
EXAMPLE 4
Given:

© = 10

dj = 25 ym

Pr = 20 psig
Find: I in #.A
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From (42):

L

=12 oy % o2
2.89 x 10712 (20)* (25) 10

I, = 0.0668 A

5.2.2 Electrical Output Power per Orifice
= 25 - -12,2 4

peo = I1 R = (2.3 x10 %) RPr,dj_cQ
N -24 4

P =  571x10° RP.d7g

From (31):
P - o VR

~rom (44) and

peo

5.2.3

(45), eliminating P

Empirical &quation of . vs. P

5.71 x 10724 R (v, /R_)) dj4 o

From Figure 22 for the special case where d

a straight line

®

From (34):

P
r

EXAMPLE 5

Given:

d

mof

m

<

Find:

J

3

with this equation for Pr in psig:

]

14.9-0.111 P
r

10° o/F..

25 #m

25 ym (Length of orifice)

100 pA

10° volts

-4 -

2

25 ym the relationship is

(43)

(44)

(45)

(46)

“ry

(48)



(1 Pa in psig
@) o
® Roi
From (48) putting Fm = 100 p,A/watt, and dividing by 6895 to put Pr\ in psig:
P = 1.45 ¢ (49)

r

Solving (47) and (49) simultaneously:

(P/1.45)+ 0,111 P_ = 14.9 , (50)
0.800 P _ = 14.9 (51
M P = 18.62 psig (52)
@) o = 12.8 (53)

(3) From (31):
Roi = 105x 12.8/18/6 x 1895 m 10 . (54)
Figure 23 shows experimental values of the Figure of Merit Fm vs. Water
Pressure P, psig for plate orifices having 25, 35, and 50 pm diametérs For a
constant length 50 ym. Values of l'—‘m 2 100 are obtained with 25 ym and 35 ym
orifices. There is a projection at pressure » 70 psig for a 50 ;m diameter orifice

. which shows that it may be possible to obtain Fm > 100 “A/Watt in this range.

This must be further investigated.

D5



Figure 25 shows Input and Output Currents and Input and Output Voltages vs.

Load Resistance ohms for various conditions. There is an optimum resistance

R o 1011 ohms for 25 and 35 ym single orifices, at which the output electric power

P
power is lost.

5.2.4 Induction Charging of a Water Jet

The water flow rate Q of the jet is:
- 2
Q = (n/% 4~ U
The current flow rate is:
I1 = q U
Then by (§5) and (56):

® /Q = a/(n/4) 4
Referring to Figures 5 and 6 ; if it is assumed that the:
(1 Current is carried by the circumference of the jet
) Surface charge density is the same as coryresponding
coaxial cylinders.
Then, the capacitance of the 2 coaxial cylinders (exciter tube and jet) in

mks units is: 15

c 41 ¢ L /2 10g (dg,/d) = 2 1 € Lo/In (dgye/dp)

q \/2 C=2g € Vo L_e/ln (dex/dj)
Hence from (57) and G9):
2
® = 8 €o v2 L'e/dj n (dex/dj)
For V2 vqlts,' L_e in m, dex and dj in ym

® = 70.83 V, L J/dy In (dex/dj)

26—

eo 5@ maximum. At greater resistances R + R' the leakage resistance, and

(55)

6)

(57)

(58)

(59)

(80)
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Vo = 5 x 103 volts
L = 2 x 1072 m
e
dj = 100 pm
dex = 3 mm (3000 pym)
Find: ©
From (&1):
! - 2
0 = 70.83 x 5 x 10° x 2 x 1072/¢10%) ln (3000/100)
© = (70.83/8.82) x 1072
o = 8.08 x 102
EXAMPLE 7
Given: The same conditions as Example No. 6
Find: ¢ for various values of dj’
Answenr: See Table 2 and Figure 24.
TABLE 2
© > the electric charge per unit volume of water
VS :
dj, diameter of the water jet for d_,, = 3 mm and L.e = 20 mm
dj in gm ¢ in c/m° (calculated).
1 885
5 59
10 12
15 &
20 3.5
35 1.3
50 0.7
75 0.34
100 0.08
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Values of ¢ ~ 3-10 are observed, for dj = 100 and 25 pms respectively.

The apparent discrepancy between ¢ obs and (D calc €an be explained if the charge

is considered confined to many smaller diameter jets, or to discrete charged
droplets. This causes x = dex/dj and f(x) to increase, and ¢ is increased to the
observed value.

The maximum exciter voltage V, is limited by spark breakdown or excessive exciter
current, and this limits the maximum attainable value of :

Since V_ is the voltage across a radius = dex'/2 and d. <<dex

2 J

© = 70.8 L.e [V2/(de)/2)] (de/2dj)/dj 1n (de/dj) (62)
At atmospheric pressure the breakdown electric field per pm is:

6
E < 3v/ym or3x10 v/m
b o4
6

2(V2/de><) s E,=8x10 v/m=3v/ypm (63).
Define:

Rx) = x/1n x (65

From (681)(63) (64) and (e5); exprgssing dj in ym; and Eb in v/pm

® = 35.4 Ep " L (1/dj) f(x) (86
5.2.5 Number ;of briﬁces per Unit Area
i = n, 11 67)
c:z1 = n, @ ®8)
© = i‘l/Q1 = 11/Q charge density on water droplets c/ms (69)

To Ffind the fFlow rate per unit are:
= i 3 = 7
Q, i /0 n, 11/¢ n, Q (70)
i = 71
i Peo/v1 (7D
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EXAMPLE 8

Given:
(s}

peo

Find:

(&D) Q1 for \/1

@ n,

From (70):

<

(1) 1 gal

<

<

@ n,

1

10

400 Watts/m2 in a 10 m/s wind
1OE> volts , 106 volts

0.1 pA

4 x 102/105 = 4 x 10_8 amps (4 milliamps)

S 8
10 , 10 volts

- ) - 3 2
/o =4x10°/10 =4 x 107" m"/s-m

- 2
3600 x 4 x 10 4 = 1.44 ms/hr'-m

3
0.003785 m
-2 2 5
1.44/.3785x10 = 380 gph/m for v, = 10 volts
2 6

38 gph/m for 10" volts

-3 -
i1/I1 = 4x10 /0.1 x10 S o 40,000 orifices

Recovery and recirculation of the water, and pressure regeneration may be used

as described in Section 6.2.

EXAMPLE S

Given:

Find:

The current I.1 per orifice = 8 x 10_8 amps.
An electric power output = 400 watts in a 10 m/s wind at 1O5 volts

(1) How many amps of current and (2) how many orifices r'|1/m2 are

required.
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Answer:
3 = 400/10° = 4 x 10 amps/m° (4 milliamps/m>)
n, = (11/11) = 4x10°/8x10 2 =0.5x 102 = 5x10%
n = 50,000 or*il"'ices/m2

It appears advantageous to nhave fewer arrays per unit area, and a greater
number of orifices per array.

In Figure 29, there is shown a design for a superarray of 36,000 orifices each
35 ym in diameter, and comprising a 6x68 = 36 array of 1024.orifices, each array
being 3.5 x 3.5 mm as shown in Figure 28,

5.2.6 Scaleup to Multimegawatt Electric Power Output

Figure 16 shows the output and input electric power and the input hydraulic
power for a plate orifice 35 ym diameter, 25 ym Ic?ng. At a water pressure of
F’r = 20 psig, the electric power output Peo =1 mwW at 104 volts; the hydraulic power
input Ph = 1.3 mW,; and the electric power input is about 0.C5 mw.

The number of orifices n, required to increase the output voltage V, From thev
observed 10% volts to 1.12 x 10° volts is ng=1.12 x _106/104 = 112 orifices. |

For an orifice plate having 112 multiorifices: 112 x 104 volts = 1.12 x 106 volts,
at a water pressure of P = 20 psig. To generate 400 watts/mg, there is required

3

- -7
3.6 x 10 amps/mg. Since each orifice emits 0.1 yA =10 amps, there are re-

- -7 2 .
quired (3.6 x10 3/10 ) = 36,000 orifices per m for a 6x6 = 36 superarray /m2 of

multi-orifice arrays, each having 1024 orifices in a 32x32 array. For 105 m2, the

electric power output is then: 400 x 105 = 40 megawatts.

The output and input powers per unit area are scaled:
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hydraulic power input = n, PJ.
electric power input = ng Pei
i 2
1 =
electric power outpgt Ny Peo

as the exciter—emitter voltage remains constant with the number of orifices.

Hence, at PP = 20 psig, these are the scaled values for 105 m2 in which 400 W/me
7.1, R
is generated ina 10 m/s wind !
6
\/1 = 1.12 x 10 volts
v = 107 volts
2
- 5
I1 = 4x103x10 = 400 amps
-4

I2 = 2x10 ><105 = 20 amps

Total Output Electric Power:
= 6 2 6
P = V. I, =1,12x10 x4 x 10" = 45 x 10 w = 45 Mw
eo 11
Total Input Electric Power:
4 5

Pei = 10 x20 = 2x 10 w = 0.2 Mw
Total Hydraulic Power Input:

P = 1.083x10°3x3.6x10%x10% = 1.08 Mw

h

Total Power Input &, + Pgi)= 1.03+0.2 = 1.28 Mw
In this example, the ratio of output to input power is:

R 45/1.23 = 33.6 times,

oi

6. DISCUSSION

6.1 The Tubular Exciter

In the present work the hydraulic relationships were determined experimentally.

The relationships and magnitudes of the electrical variables are now known. The
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electrical characteristics of the induction charging of single jets have been deter—

mined by numerous experiments. Since the advantages of the tubular exciter were
discovered late in this contract period, the électrical output power measured using
a ring exciter rather than a tubular exciter may be an order of magnitude too small.

A breakthrough discovery was made in increasing the ratio ¢ which is funda-
mental to irhpr*oving the output/irput power r*at"Lo Roi'

A formula for the capacitance of coaxial cylinders, modified for the mks system,
was applied to the combination of a water jet and a coaxial tube of length Le' The
water jet was considered as the inner "cylinder".

Previously a narrow ring was used as the exciter electrode. For the ring l_e was
small, only about 3 mm = 3 x 10"3 m. The jet current and the ¢ value was found to
increase by increasing the capacitance. This was accomplished by increasing Le and
decreasing d,, . Decreasing L, also increased ¢. See Figures 30 and 31,

When the jet extends outward a long distance, viscous forces slow the jet and
cause it to expand in cross section. Electrical forces also cause the jet to expand
and break apart.

For a 100 y m diameter orifice the calculated value of ¢ . = 0.08 c/ma (Table 2)
which is 37 times smaller than the observed valuer,oo =3 c/ms. Figure 22 shows
that this value is obtained for a jet diameter of <« 50 ym. The explanation for
this discrepancy may be that the charge must be carried by many jet filaments, or
droplets of smaller diame}:er.

The exciter tube not only acts as the outer cylinder of a coaxial condenser, but

also as a shield for the space charge produced by the presence of charges along the
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jet, preventing the buildup of a back voltage which would limit the current flow along

the axis of the jet.
It was observed that ¢ increases as dj decreases; everything else being constant.
Figures 28 and 29 show a superarray of multi-orifice jet arrays. A tubular
exciter tube may be supported by insulators and spaced from an emittér tube con—-
taining the orifice array. This module is shown in Figure 29. The emitter assembly
comprises an emitter tube 100 containing the orifice array shown in Figure 28, the
tubular exciters 101 and the stand-off insulators 102. A superarray of 36 units
mounted in a 1 m= module 103 will have 36,000 or*iﬂces/mg, which at 0.1 pA/oriFice,
will produce a charged aerosol having 3.6 mA/mQ. At 1.12 x 10° volts (400 watts)
or 0.4 kW/m2 electric power output will be generated in a 10 m/s wind. The input
water power would be 40 watts and the water flow based on ¢ = 10 will be about
38 gph/m=.

6.2 Water Recuperation and Pressure Regeneration

An optional feature which may be included with this structure is a grounded col-
lector electrode to discharge the charged aerosol and consolidate the water droplets,
and cause the water to gather in a coﬁtalnen. This water is then pumped by a sﬁqall
pump which utilizes 60 watts input to provide 40 watts hydraulic power to actuate the
micro jets. The electrical losses are below 10% because the voltage applied between
the exciter and the jet is maintained sufficiently small so0 that the input power is very
much less than the output power. The advantage of the removal of the charged aerosol
as water at the collector electrode is that the water must be pumped through a maxi-
mum of only 1 m heignt against gravity, which reqguires about only 1.2 psig (104 n/m2}

plus the water pressure P, ~20 psig.
33~



This structure is shown in Figure 27.1.

The collector method has the further advantage of minimizing the use of water
since most of it will be recirculated within the system. Figures 27.1 -~ 27.3 show
various water recuperation and pressure regeneration schemes.

Figure 27 .1 shows a natural water recuperation and pressure regeneration
scheme, in which 200 is a large area wind/electric power generator .suspended from
a cable 201, supported by towers 202 and feeding high voltage DC électr-ic power via
wires 203. The wind 204 carries the charged water droplets 205 to any distance
where they discharge on the ground at 206. They may serve to irrigate a large area
of land; on which crops may be grown; thus serving a dual purpose. Water evaporates
as vapor 207 due to sunlight 208, and the water 209 eventually precipitates on a
higher level body of water such as a lake 210, Water is withdrawn from the lake 210
via the pipe 211. Excess water power may be converted to electricity 212 by hydro-
electric means 213; and the required remaining pressure, delivered via pipe 214 to
the wind/electric power generator screen 200,

In Figure 27.2 a water recuperation collector screen is provided to collect most
of the water in the wind stream by attracting most of the charged droplets to grounded
collector plates where they drop off into a gutter, and are pumped at the required
pressure (perhaps 20 psig). The loss of head due to the height of the collector electrode
may be only 1 psig. In the Figure, 217 is a multi-orifice emitter source of charged
aerosol 218, the tubular exciter element is 218 and 215 is the grounded collector
plates which collect electric charge, and the water. Since the air contains only a
comparatively small volume of water va‘p“oh at 20-100% saturation (see Table 2

and the volume of charged aeroscl water is greater, most of the water will be re-
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covered for circulation.

In Figure 27.3 there is shown a water recuperation and pressure regeneration
scheme in which the wind stream is redirected vertically by the barrier wall 220,
The emitter screen 221 is supported horizontally and the water jets 2283 are directed
vertically upward. The barrier wall 224 shields the upwardly directed wind stream
225, in which the charged aerosol water droplets 226 are entrained. These charged
v;ater' droplets are carried vertically upward by the wind stream to a height of
about 15 m, where they are collected by the grounded electrode 227, and drip into
the gutters 228, where the water collects and returns via the pipe 229 to supply
water under a pressure of about 21,7 psig to the water jets. Thus the wind supplies
the energy to lift the charged water droplets against the gravitational field, thus
converting the wind power to hydraulic power. Simultaneously, the wind power
also moves the charged water droplets against the electric field and is converted

to output electric power. In this case the hydraulic power input is free.

6.3 Charge Density ¢

The charge ‘'density ¢ is increased by decreasing d; 5 . by using a tubular
exciter, and by using a maximum exciter voltage v2-

Greater currents and ¢ wvalues are achieved by increasing the exciter tube length
to an optimum léngth (about 50 mm); decreasing its diameter (to about 3‘mm); and
placing it close to the jet orifice (about 5 mm).

A practical problem is the centering of the jet along the exciter tube axis, but
this only requires a more accurate mounting, and better support for the thin
orifice plate.
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6.4 Self-Limiting Exciter Current due to Space Charge

Referring to Figure 25, it iz observed that as R is increased V, increases,

I1 decreases P

20 is approximately constant V

> is constant 12 decreases for no

apparent reason since V

5 is constant. 12 and P_; decrease, as R increases, even

though R is not connected in the exciter circuit. Now refer to Figure 26:

In explanation; as V_ increases, only the charged droplets with the smaller

1
mobility réach the ground screen 2. The charged droplets 3 with the greater
mobility concentrate in a cloud at 4, and set up a repelling space charge Field
5 which decreases the current 12 to the exciter ring 6.

This suggests incr‘easing the voltage V, and increasing the resistance R to
increase 112 R and decrease \/212; because 12 will further decrease. This must
be further investigated.
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7. CONCLUSIONS

1.  The hydraulic and electrical characteristics of Charging Method 5.1, an
induction charged water jet, were obtained.

2. The nhydraulic efficiency of various lengths of orifice 50 ym in diameter were

determined. The efficiency increased to 67-70% for the shortest length 25 ym,

which was greater than thé conventional "book" value of 62% usually used.

3. The hydraulic efﬁciencies of various orifices 15, 25, 35, 50, and 100 ym dia~
meter, all 25 ym long, were also obtained. For diameters smaller than 25 pm,

the efficiency was nearly zero, and smaller orifices could not be used. The efficiency
rapidly increased to the maximum at 50 ym diameter. These characteristics were
ascribed to the "electroviscosity effect”.

4. The efficiency also increased with pressure asymptotically to the maximum
efficiency.

5. The electrical characteristics involved measuring the variables,

input exciter voltage and current; and the output voltage and current, and computing
input and output electr';ic powers.

6. Important calculated variables were ¢ the charge density on the water in coul-
c>m|:>s/m3 and Fm, a Figure of Merit in yA/watt. It is shown that@ = 10 and F,, = 100
are values suitable For a practical generator with an output of 100,000 volts or more,
and at a water pressure of 20 psig or less. In such case, the ratio of output power

to input power (hydraulic + electric) will be at least 10; and the overall eFFiciénc_y

will be 80% or more. Only the 25 ym and 35 pm diameter orifices 25 ym long,

met these criteria. The 35 g m diameter orifice is 'prefer-r\ed because.‘c;JF greater

hydraulic efficiency. A multi~orifice array will be required for a practical generator
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as described herein.,

7. Tne breakeven points where the electric power output and hydraulic power

input are equal were determined. The 35 pm orifice (25 ym long) produces 10

times the power of the 25 pm orifice (25 ym long) and so the 35 ym diameter

orifice (25 ym long) was chosen as the optimum.,

8. An anomalous second breakeven point appears to be projected for a 50 ym
orifice 25 ym long at about 106 psig, at a power increase of about 300 times relative
to the first breakeven point. This remains to be investigated., If confirmed, it would
decrease the number of orifices required by a factor of about 300_, to 120/m2.
9. Late in the contract, theoretical considerations led to the investigation of

tubular exciter electrodes resulting in an order of magnitude increase in output
current and 2 orders of magnitude in output power. The value o'Fq) greatly increased.
We have some preliminary results, but further work is needed to more Ffully char—
acterize and optimize these results.

10. It was determined theoretically that a muitiorifice array having n, orifices

would have very favorable scaling characteristics since the output electric power
scales with r'na2 while the hydraulic power input and electric power input scale as

ng, until the required voltage is reached. A scaleup for the 1-100 megawatt output
range was made. For example, the output electric power at 20 psig is 45 MW and

the total input power is 1.23 MW,

11. The water flow rate is large, but can be managed. For example, with the

output voltage V4 = 106 volts, and ¢ = 10 <:/m:3 the water flow rate is about 38 gph/mg.

At smaller voltages, the flow rate is proportionally greater. However, a means‘bf"
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water recuperation, and pressure regeneration has been invented and is disclosed

herein intended to obviate this problem. Through the use of this invention in one

or more embodiments, the water power is essentially free.

12. In a circular orifice in a thin sheet the net generated electric power exceeds

the input power, and multiple sources should achieve greater voltage and current
output.

13. With a suitable optimum charged aerosol, the transduction of wind power to
electric power occurs efficiently (70 to 97%) at a wide range of ambient temperatures
(20 to 40°C) and relative humidities (25 to 97%), at wind velocities of 2.5 to 16 m/s.
This shows that a charged aerosol wind/electric power generator can be expected

to operate over a wide range of atmospheric conditions.

8. SUMMARY

Summarizing the important results in this contract:

1. With an orifice of 50 ym diameter or greater, 67+70% hydraulic efficiency is
obtained at a pressure of 7 x 16.')4 n/m2 (10 psig), or more. With an orifice diameter
of 85 pm the hydraulic efficiency is 22% at 10 psig and 63% at 80 psig. The value of
© in c/ms increases as the orifice diameter decreases, as shown in Figure 22.

2. The smallest orifice comb‘ining an adequate hydr*g.ulic efficiency with¢p = 10 is
385 ym diameter and 25 ym long.

3. The current per orifice of 0.1 ,_;,A for a plate orifice 35 pm diameter and 25 pm
long. A structure is proposed to provide the required current per unit area (see
Figures 28 and 29).

6

4, The design voltage aéross the load is 1.12 x 10~ volts. For a value of ¢ = 10,
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water pressure required is 1.4 x 104 n/m2 (20 psig).

5. Given these values for the variables, the ratio of output electric power to

all input power is about 10,

6. A scaleup to a 45 MW WPG is given.

7. A watgr recuperation and pressure recovery means has been invented in which
water is conserved and the water power is freely provided by the wind and the
gravitational field.

9. FURTHER WORK

Further work should be pursued simultaneously on basic studies, and engineering
design each at a level of at least $150,000 per year.

9.1 Basic Studies

Continued study of the electrical/hydraulic characteristics of the single orifice

9.1.1 in the range 35 - 50 ym diameter and lengths 25 — 100 ym;
9.1.2 with tubular exciter
9.1.3 at increased pressures 70-200 psig
. 9.1.4 multiorifice arrays of various diameters, spacings and number of
oriFiées .

9.2 Engineering

9.2.1 Construction and test of a 32x32 = 1024 array multioriﬁce emitter
to emit a charged aerosol with an electric current of about 0,1 milli-
ampere at a water pressure of 20 psig.

2

g.2.2 Construction and test of a 6x6 superarray of arrays 9.2.1 ina 1 m

module,
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8.2.3 Construction and test of a full scale Wind Power Generator to

generate 10 kW in a 10 m/s wind to comprise a screen of 5x5 = 25

modules covering a square 5 m x 5 m, in the atmosphere.
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10. LIST OF FIGURES

10.

11.

12.

13.

14.

15,

16.

Experimental setup of water jet with induction electric charging.
Tubular Orifice design.

Plate Orifice design.

Appearance of a water jet during charged aerosol formation.

Electric Induction charging of water jet along the axis of a tublar exciter
showing a cross sectional side view of jet. '

Electric Induction charging of a water jet along the akis of a tublar exciter
showing Front sectional view.

Percent Hydraulic Efficiency vs. Pressure for a constant orifice length
(@5 pm) for various Orifice Diameters (25, 35, 50, 100 ;m).

Percent Hydraulic Efficiency vs. Orifice Diameter in ym for constant

Orifice Length (25 ym) for various Water Pressures P, in psig.

Percent Hydraulic Efficiency vs. Orifice Length in ym for constant
Orifice Diameter (50 pym) at various Water Pressures Pr' in psig.

Velocity of water jet vs. Water Pressure P, in psig for various Orifice
Diameters in ym at constant Orifice Length (25 pym).

Input and Output Power in Watts vs. Water Pressure in psig for a tubular
nozzle 2000 ym long and 76 y m diameter.

Input and Oufput Power vs. Water Pressure for a tubular nozzle 2000 ym
long and 50 ym diameter.

Input and Qutput Power vs. Water Pressure for a tubular nozzle 1000 pm
long and 50 ym diameter.

Input and Output Power in Watts vs. Water Pressure in psig for a 74 x 100 pm
diameter plate Orifice 50 ym long.

Input and Qutput Power vs. Water Pressure for a plate Orifice 50 ym dia-
meter and 25 ym tong.

Input and Output Power vs. Water Pressure for a plate Orifice 35 ym dia-
meter and 25 ym long.
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10, LIST OF FIGURES (Continued)

17, Input and Output Power vs. Water Pressure for a plate Orifice 25 ym
diameter and 25 g m long.

18. Projected output and input power using a 10 multi-orifice plate
array having Orifices 85 ym diameter and 25 ym long.

19. Output Current in uA and Output Voltage in kV vs. Exciter Voltage in kV at
various water pressures in psig, for plate orifice 25 pm dia. and 25 ym long.

20. Qutput and Input Currents vs. Exciter Voltage at constant Pressure P
for a plate orifice 50 ym diameter and 25 ym long.

21, Output and Input Currents I1 = 12 ,_A, Output and Input Voltages V Vg kv
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