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Preface

This investigation was carried out at the Aeronautical Research
Laboratory under the sponsorship of Dr. Hans Von Ohain. His enthusimsm
and guidance served to further our interest and render snjoyable our
work in the field of electro-fluild dynamic energy conversion..

The electrohydrodynamic generator used in this study was designed
and built by the ARL for the purpose of preliminary studies in this
subject. The DC characteristics of the generator were previously in-
vestigated by lauritsen and Wheeler and since our work was primarily
experimental their reports were extremely valuable in helping us to
understand and use the generator., The operation of this device as an al-
ternating current generator had not been done before, nor, to our know-
ledge, bad any theoretical or experimental work with AC been attempted
in the field of BHD power generation. The uniqueness of this study
coupled with the fact that this generator was never intended as a prac—
tical device precludes the use of our numerical results for anything
other than an indication of trends. Our data should therefore not be
examined out of context.

We wish to acknowledge with gratitude the guldance and assistance
glven us throughout this study by our thesis advisor Maj. Richard C.
Wingerson, His interest and helpful co-operation lightened our task
consideradly. Further we are indebted to Capt. Matthew Eabrisky for his
advice in electronic matters and in particuler for hie help during the
design of the high-voltage alternating power source. Our zppreciation
goes also to Mr, Michael Hawes and & great many others of the ARL whose
co~operation and assistances proved invaluadble.

Jo Paul Sutherland pLY Jobhn W. Storr
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Abstract

The electrohydrodynemic generator investigated transforms kinetic
energy from a high velocity airstream into recoverable electrical energy
by transporting corona discharge ions against an electric field. The-
oretical and experimental investigations of the electrical characteristics
of the generator were conducted for alternating inputs. The feasibility
of alternating current power gemeration was demonstrated, optimum inpat
weve shape and ranges of load resistance and frequency determined, and
gself-sustained oscillation hypothesized. The output capacitance of the
generator proved to be the limiting factor in the experimentation. Further
investigation, particularly with a biased alternating imput, on a generator

designed specifiocally for alternating current operation is recomamsnded.




& /Mmys /63-11, 12
TR XLACTRICAL CHABRACTRRISTICS OF AN
MLEOTROEYDRODYNAMIC GENERATOR FJOR AN AIREREATING INFUT

I. Iafxeduction

Mskerowmd
The idea of a means of electrioal power generation by direct emergy

conversion is a most attractive ome. In a direct energy conversiom
process, electriozl ensrgy is obtained directly from the primavy source
with no intervening mechanicel appraratus. With such a process, one
would expect $0 be able to increase the efficiency and reliabdility and
reduce the weight and cost compared with conventional power geaeration
processes. Klectro-fluid dynamic enexrgy conversion, vhich extracts
oioctrial energy directly from the energy of a flowing fluid, offou'
these advantages.

These advantages would be especially significant in a space appli-
cation of electro-fluid dynamic energy conversion where fluild dynamic
energy is available from a thermodynamic cycle (Ref 3:4). This type of
process, however, has raeceived very littls stuly to date. Conslderadbly
more effort has been expended on investigations of magnetohydrodynsaic
power generation, since it appears that high efficlanclies can de
achieved much more readily than with electrohydrodynesic (or D) power

genexation.
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The Aeronautical Research Iadoretory, recognising the meed for a
study of the possibilities of TD power gensration, published, in 1961,
a report by Lawson, Yon Ohain, and Wattendorf (Ref 3), which pointed
out the performance potentialities of HD enargy conversion and oud~
lined specific areas requiring research.

The NHD generator used in this and previous stulies was designed
by Von Ohain in 1960. Wheeler and lauritsem (Refs 7 and 2) established
the feasibility of power generation with this generator and arrived as
a amber of conclusions regarding its optimum operation. They also
determined that power can be generated using either positive or nega-
tive lons. This fact immediately suggeated that the generation of
alternating current power should be attempted. The study described im
this report grew out of the findings and recommendations of Wheeler
(Ref 7:75), lauritsen (Ref 2:94), and lawson, Von Chain and Wattendort
(Ref 3:13) and is one phase of the Aeronautionl Research Laboratory
program on electro-fluid dymamic emergy conversion.

The Principle of ration of the Klectr ¢ Genera

The operation of an EAD generator is analagous to that of a
Van de Graaff generator except shat, in lisu of charges bYeing moved
by an endless belt, they are transported by a flowing fluld. The
charges move with a velocity less than that of the fluid, wvhereas, in
the Van de Graaff machine, the charges move with the same velocity as
the belt. The XD generator converts the energy of the flowing fluid
into electrioal energy in three steps:

1. Ioas or charged particles are injected into the fluid.
2




oA /My /63-11, 12

2. | Tinetic energy is transferred from the meutral molecules
ia the flow to the lons or charged particles.

3. The kinetic energy of the ions or chargel particles is
recovered as electrical energy.

The process is illustrated in Pigure 1.
Charge separation or ion production may de acoomplished in a
variety of ways:

1. Corona discharge.

2. Ionizing radiation,

3. Thermal radiation.

k., Direct injection of charged particles.

In the generator used in the stuly, ions are produced by corona dige
charge, the action of a high electric field at the point of ionisation,
The ilons are then swept downstream, Shrough the imsulating chansel by
the neutrsl fluid particles.

The transfer of energy to the charged particles may de accomplished
in two ways (Ref 3:9):

1. By transporting them, through viscous interaction with
neutral fluid molecules, against the electric field Detveen
the planes of loniszation and neutraliszation.

2+ By trensforming the fluid energy into kinetic energy of
high speed particlss of sulitable mass which are then forced
along a ballistic path against an electrostatic fleld.

The generator stulied makes use of the former method with air az a
working fluid, The lons galin momentum and energy through collisions with

neutral molecules and tend to move downstresa with the flow through the

transport region. 3
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The ions are deposited on a collector or electrode which is
electrically connected to ground through a load resistance. This
defines the plane of neutralization. The bduild-up of charges on the
collector creates a potential difference across the load resistance
oausing a neutrelizing curreat to flow through it.

In order to realize a net electrical power gain, it is necessary
for energy to be transferred from the large number of neutral particles
in the flow to the smaller number of charged particles (Bef 3:8)., The
potential on the collector and the space charge of the ions themselves
in the transport region result in an electric field against wvhich the
ions are forced to move. The action of the slectric field on the ions
results in a slippage or difference in velocity betwsen the charged and
neutral particles in the flow. Obviously, in oxder to achieve an elec-
$rical output, the slippage or drift velocity betweesn the ions and mole-
cules must be less than the flow velocity of the uncharged molecules.

The power output of the generator, which is realized by the flow
of neutralisation current through the load resistance, is equal to the
rate at vhich the fluid does work in transporting the ions downstreea
against the electric field in the transport region (Ref 5:1).

) 8cope of the Inves ti

The purposs of the stuly was to examine the behaviour of an D
generator, whose DC characteristics were known, in the generation of
alternating current powver and to determine the feasidbility of self-
sustained oscillation, voltage traasformation and amplifioation with
the gensrator.

The generator used in the study was a prototype model, bdullt under
5

*.¥
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Project No. 7116-03 of the Aeronmautical Research Iaboratory of the
Office of Aerospace Research, USAF. As pointed out in the preface, the
generator is & research model and the results presented in the repors
are significant only in so far as they indicate trends.

The meanings of the terms self-sustained oscillation, voltage trans-
formation and amplification are analagous to their meanings in a conven-
tional electronic sense. Oscillation implies the feed-back of a portion
of the electrical output to the input so that the generator will operate
continuously with no external source of energy other than that of the
working fluid. Trensformation implies the use of a transformer to step
down the output voltage of the generator to a more useable level with a
ainimum of losses. Amplification implies modulation of the elesctriocal
input to the generator with an slectrical signal and detection of the
anxplified signmal at the generator output.

The study incorporates both theoretical and uporinonta.»l aspects
and, where possible, experiment has besn correlated with theory. From
& theoretical peint of view, output voltages ars predicted, for specified
operating conditions, for sine wave, square wave and step inputs, transit
time and critical frequenclea are determined, and a method for self-
sustained oscillation is postulated. Ikperimentally, the feasibility of
AC power gensration was demonstrated, output voltage and power character-
istics were obtained for sine wave and square wave inputs at certain fre-
quencies and using certain values:of load resistance, and the input and
output time constants of the generator were determined. Further, certain
transient phenomena in the generator were examined, and & cursory invest—
igation of the operation of the generator with a combined DC amd AC input

was carried out. 6
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FIGURE 2

The EHD Generator
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II. Description of the Apparatus

The experimental apparatus used in this stuly consisted of an EBD
generator, a high-voltage alternating power source, load resistances,
a high pressure air supply, and the necessary instrumentation for re-
cording data., Each of thess in described below.
ZThe Electrohydrodmagic Generator

The basic principle of operaﬂon of an D generator is discussed
in Chapter I. The following is a deteiled description of the generator
which was used in this investigation.

General Description. As can be seen in Figure 2, the generator is

of cylindrical cross-section with the working fluid (air) flowing axi-
2lly through it. It is mede of plexiglass and steel with an outside
diameter of 4% inches and a length of 5 inches. A full size sectional
side view 1s shown in Pigure 3, and a complete set of engineering draw=-
ings 1s given in Appendix G, For the purpose of its deacription the
generator may be conveniently divided into three principle reglons; the
ioniszation region, the transport region, and the neutralization reglon.
Ionization Reglon. Air enters the generator under pressure from the
reservolr and flows through a square array of 25 holes cut through a mul-
‘ti-layered disc. The disc is composed of two thin layers of steel, which
serve as the attractor and ground plate electrodes, separated by layers
of plexiglass. The holes in the disc are machined in the shape of con-
vergent-divergent nozzles and, since the mass flow of air is sufficliently
high, the flow through the nozzles is supersonic. A square array of 25

steel, corona discharge needles is mounted such that each needle is cen-

\

tored in one of the nozzles, its tip being in the same plane as the attrac-
9
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tor electrode, A high voltage input signal applied to the attractor

causas high intensity electric fields to form at the points of the grounded
needles, Corona discharge occurs and thé ions thus formed are swept down-
stream by the alr flow into the transport reglon. At the entrance to the
transport region, the ions pass through the ground plate electrode. This
grounded electrode serves to shield the attractor and the needles from the
electric fields in the transport reglion and, at the same time, provides an
end point for the electric field lines in that region.

Transport Region., The transport region is a one~inch-squere plex-
iglass channel, one-~half inch in length, bounded on the upstream end by
the ground plate electrode and on the downstream end by the collector elec-
trode. It is in this reglon that energy is extracted from the air flow as
it transports the ions against the electric field.

Heutralization Reglon, As the ions leave the trensport region they
pass through & fine steel screen festened to the upetream end of & sguare
steel tube & inches long with internal neutralizing surfaces. These
surfaces consist of elght steel strips running longitudinally in the tube
and intersecting each other at right angles. They provide 25 flow chan-~
nels, each of which has an approximate length to dizmeter ratio of 10.
This tube serves as the collector end is grounded through & load resist-
ance. As each ion contacts the collector, it gives up ite charge to
become 2 neutral air molecule., These charges accumulate to give an oute
put voltage on the collector.

Other FEquipment

A photograph of the apperatus is shown in Figure 4, and a schematic

of the electrical connectlions is given in Figure 5.

10
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High-Voltege Alternating Power Source, Before any work could be done
on the M) generator, it was necessary to design and build a high-voltege
AC power source. Several designs were postulated until one which could de
built within the time and funds available was finally chosen. The power
source which was used consisted of a single-stage, high-galn amplifier,
powered. by a 30 kv-10 ma DC power supply and driven by .low voltage
square and sine wave generators. The output wave shape had a satisfactorily
smal)l amount of digtortion in the frequency range from 10 to 100 cps. The
complete design and specifications for the pofver source are given in
Appendix A.

Load Resistence. Since the maximum output voltage was expacted to de
around 30,000 volts, it wes necessary to design and build a2 special load
resistance which would contasin this voltage. The load served also as &

"voltage divider for the oscilloscope input and so had to be calibrated.
Consequently, load networks using 10 megobm precision resistors were built
in the configuration shown in Figure 6. By connecting the two banks in
parallel or series it was possible to obtain output loads of 50, 100, and
200 megobms. XYigure 7, is & photograph of the load resistances.

A_:lg Supply. The air supply consisted of a one~inch, 3000 psi supply
line. The air was dried to -65°F.

Instrumentation. A Tektronix Type 555 Dual-Beam Oscilloscope was
used to mezsure and record input and output peak-to-peak voltages and wave
shapes. The scope was calibrated within an accuracy of 3%.

A Tektronix Oscilloscope Camera Model C-12 was used with 3000 speed
Polaroid film. The probable accuracy of the voltage measurement from the
photographs was 20,05cm.

13
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RESISTANCE
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10-10 Megohm
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FIGURE 6

The Load Resistances
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FIGURE 7

The Load Resistances
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The BS input and output voltages were read on two Sensitive Research
Model ESH Electrostatic Voltmeters. The output voltmeter had the following
ranges end probable errors: 0-5,000; 1$; 0-10,000, 1$; 0-20,000, 1%;
0-30,000, 1%. The input voltmeter had the following ranges and i;roba.ble
errors: 0-5,000, 1%; 0-15,000, 3%; 0-30,000, 1%.

The total temperature was meagured with an Iron-Constantin Thermo-
couple, Type Y, and read directly on a Sim-Ply-Trol Pyrometer, Assembly
Products, Inc. The range was -75 to +225°l' and the probable error was *-2°.

Totel pressure was measured with a Bourdon Tube Pressure Gauge, Jas.
P. Marsh Corp. The range was 0-300 psig and the probable error was tlpsi.

A Freed Radio Co. High Voltasge Power Supply, 0-30 kv, 10 ma, was
uped as the positive DC power supply for the input amplifier.

A Beta Series 201 Portable High Voltage DC Power Supply, 0-30 kv,

1 ma, was used as the negative DC power supply.

The input signal to the amplifier was provided by a Hewlett-Packard
Test Oscillator Model 650A and a Measurements Corp. Model 71 Square Wave
Generator. The frequency wes resd from the dials of the generators and
crosg~-calibrated with the oscilloscope time scale. The probeble error

vas 20.5¢cps.
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I11. Theoretical Considerations

In this chapter, several distinct problems are exanmined from a
theoretical point of view. The general assumptions which are applicable
throughout the investigation are listed and the selection of certain
operating perameters for the generator is then outlined. The following
specific problems are considered:

1. The prediction of the gemerator output voltage for typical
input voltages.

2. Ion transport phenomena,

3. Maximum operating frequency of the generator.

4, The design of a circuit for self-sustained oscillation of
the generator.

Agsumptions

The theoretical and experimental investigations described in this
report were predicated on several basic a2ssumptions. These assumptions,
which are listed below, are applicable throughout the study:

1. The WD generator is capable of generating 2 measureable
anount of power while operating with an alternating input
voltage.

2. The operating parameters of the generator which were found
by previous experiment to give optimum performance with a
steady input will also give optimum performence with an
alternating input.

3. The frequencies being examined are sufficiently low that the
operation of the generator may be considered to be quasi-

gtatic. That is, the DC cheracterlistics of the generator

17




GA/Phys/63-11, 12
are still valid when the generator is operated with an
alternating input.

4, Small variations in the temperature and moisture content of
the air will not affect the electricel performmnce of the
generator.

5. The flow through the nozzles and transport region of the
generator is isentropic and one-dimensional (axial).

6. The energy extracted from the flow is much less than the
total energy of the flow. Therefore, the veloclty and
density of the air are consldered constant throughout the
transport region.

In addition to those listed above, certaln other assumptions were
required for particuler areas of investigation. These are specified
throughout the report as they apply. The wvalidity of the assumptions
is discussed in later chapters.

Selection of Operating Parameters

Before experimental work could begin, it was necessary to fix some
of the operating parameters of the generator. These parameters governed
the generator gecueiry, the air flow and the electricel clircultry require-
ments. The decisions regarding the operating parameters were made some-
whet arbitrarily, based on the results of Wheeler (Ref 7) and Lauritsen
{Ref 2).

Needle Configuration. The needle tips were centered in the plane of
the attractor electrode. Iauritsen obtained optimum ion production with
this needle configuration (Configuration VII) (Ref 2:32).

Reservoir Pressure, Pg. The reservolr pressure was held at 150 psig

during all experimental runs. Lauritsen found that for this pressure the
18
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collector current was almost tﬁe same for positive ions as it was for
negative ions (Ref 2:63, 96-97). It was hypothesized that this condition
would yield the most symmetrical output wave shape for an alternating
input. '

Transport Distance, L, A transport distance of 0.5 inch was used
exclusively by Lauritsen and to some extent by Wheeler. Wheeler obtained
a reasonable (although not maximum) power output with this transport dis-
tance (Ref 7:63). To allow & bettér correlation between the AC results
and Iauritsen's and Wheeler's IC results, the transport distance was f.lx-
od &t 0.5 inch for this study.

Attractor Voltage, Vg. According to Lauritsen, for Po= 150 psig,
L=0.5 inch and both positive and negative ions, ionization occurred
when the attractor voltage reached 5 to 6 kv and breakdown occurred when
the attractor voltage reached 8 to 10 kv (Ref 2:63). Thersfore, the
range of attractor voltages selected for this investigation extended uwp
to 10 kv O-p.

load Resistance, RL. Wheeler obtained a maximum pover output with
a load reslstance in the vicinity of 100 to 150 megohms (Ref 7:63). It
was conaidered that two 100 megohm loads, which would provide values of
resigtance of 50, 100 and 200 megohms depending on the manner in which
they were connected, would adequately cover the range of load resistances
desired.

Output Voliage, Vn. 4An estimate of output voltage was obtained from
some of Wheeler's data. At Pp=150 psig, L=0.5 in. and Ry =100 megohms,
Py, is found to be 3.9 watts (Ref 7:63). This corresponds to an output
voltage of 19.75 kv. Therefore, 2 maximum voltage of the order of 20 kv

was anticipated across the 100 megohm load.
19
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Output Voltage Prediction

If an elactrical model can be postulated for the XD generator, then,
for a given set of operating conditlions and a given input voltage, it should
be possible to predict the output voltage. The following analysis repre-
sents an atteampt to predict the output voltage for three typical inputs.

Two assumptions which are used in this analysis but are not listed
under the general essumptions are:

1. The output cepacitance of the D generator is the dominant
factor in the shaping of the output voltage.
2. The vzlue of the output capacitance, as determined from the
step input data (Figure 41) 1s 55.6 micromicro-farads.

Since quasi-steady operation of the generator is assumed, an instanta-
neous value of output current may be obtalned from the DC characteristic
(Pigure 11) for any instanteneous value of attractor voltage. In other
words, if the attractor voliage is known as a function of time, then the
output current is also known as & function of time.

Since the output capacitance and the DC characteristic are the only
effects considered in this analysis, the elsctrical model of the generator
consists of an active element with a parallel resistance~capacitance output
circuit. The capacitance 1s the output capacitance of the generator, Cp;
the resistance is the load resistance, R, connected across the generator
output; the attractor voltage is V,; the current flowing through the cir- ~
cuit is the ion current, designated as the output current, Io; and the
voltage developed across the circult is the output voltage, Vo. A schematic
of the model is shown in Pigure 8.

20
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FIGURE 8

Schematic of the Electrical Model
of the EHD Generator

b < ion he Gen . Yor a parallel B~C circuit,
the following equation, relating the voltage developed across the circult
$0 the current flowing through it, may be written:

Io_v Co dVo
*n v T
or Yoy d Vo _Lo s o Q)
f

at "EiC, C,
If we solve this equation for V, (see Appendiix B) we obtain

t
-t /By, Cq /Ry, C,
Co °
vhere I, (t) is a function of time and Vo, (0)=0.
Sine Wave Input. In order to predict Vo for a sinusoidal input, an
expression was found for I, as & function of time and the differentisl

esquation of the generator was solved to give V, as a function of time.
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This is carried out in detall in Appendix B according to t}xo following
stepe:
1. Prom the DC characteristic (Figure 11), I, 1s tabulated
againet wt for the sinusoidal input V, (t).
2. An expression for I, (t) is found by means of Fourier
Analysis.
3. The expression for I, (t) is subsituted into (2) and
integrated to give Vo (%).
The operating conditions selected were:
£ =10 cps
Va=17.1 kv p-p
Ry = 100 megohus
For these conditions,
Vo (wt)=10% [-16.83 49.4 {sin ot
~0.3493 cos wt]+13.34 {sin 3wt
<1.047 cos 3wt}-0.1358 { sin 5wt
~1.745 cos 5wt}+6.16 { cos 2wt
+0.6986 8in zwt} -2.085 {col Lwt
+1.3972 sin bwt}] v (3)
(A plot of V, versus wt is given in Figure 36.)
This is the predicted output voltage for a sine wave input for the case
specified by the above operating condition.
Square Waye Input. The procadure used to predict the output voltage
for a square wave input was identical to that used for a sine wave input,

It 1s done in detall in Appendix B according to the following steps:
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1., Trom the DC characteristic (Figure 11), values of I, are
found for the positive and negative half-cycles of V,. This
Yields two constant values of I, over two intervals of time.
2, I, is substituted into (2) and integrated over the two
intervals to give V, (t).
The operating conditioms selected vers:
£ =10 cps
f'a 18.4 kv p~p
By, =100 megohms
Tor these conditions, where B-e-t/ 0.3493
¥, (wt)s {243 x 202 (1-B) for O<wt< T
5% x 102 (1-B) for T<wt< 2N “)

A plot of ¥, versus Wt is given in Tigure 37. This is the predicted
output voltage for a square wave input for the case specified by the above
operating conditions.

Step (Bxponential) Input. The approach used in this analysis was
different from that used with the sine wave and square wave inputs. Since
Vo was not periodic but an exponential function which approached a step
function, it would have been impossible to obtain an expression for I, as
& function of time by Fourier Analysis. Therefors, it was assumed that,
above the ionization potential, I, is a linear function of V4. This

inplies that, for

-t /RiCy.
'. (t) = Vaml (l_e ).
'h“. -t R
I, ()=Ig,  (1-s Jrasy,
vhere ByCy represents the time constant for the generator input. This

expression for I, (t) is then subsituted into (2) and integrated to
23
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give V, (8). The development is carried out in Appendix B.
The operating conditions selected were:

P 16.2 kv

By, = 100 megohms

v

ByCy=1.57 x 107 sec.
¥or these conditions, a 03t/1.57 N o3t/5.56
Vo(t)=16.2 x 103 [1+o.393 o -1.393 e ](5)
A plot of V, versus ¢t is given in Figure 39. Thie is the predicted
output voltage for a step (exponential) input for the case specified by
the above operating conditions.
Ion Trensport Phenomens
Throughout the transport region the ion flow is sudbjected to several
phenomensa which tend to distort the output wave shape and reduce the out-
put power. Since the output capacitance of this MHD generator is largs,
it is possidle that these phenomena will be overshadowed and difficult to
observe, Their effects can therefore only be postulated with accurate
verification being left for future work on a redesigned apparatus. 7The
following four factors are considered:
1, Turbulence in the fluid flow.
2, Ion diffusion.
3. Inter-face mixing of opposite signed ioms.
4, 1Ion current build-up time.
Turbulonce in Fluid Flow. Any turbulence in the fluld flow will
represent & loas in output power. Not only will there be an aerodynamic
loss, but there will also be an electrical loss since less momentum in the

direction of the flow will be available for transfer to the injected ioms.
. 4
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Parbulence may also cause & large percentage of the ions to go to the
ground plate where they are lost. These efiscts will tend to distort
the output wave shape and reduce the magnitude of the output voltage.

Ion Diffusion. As the ions Sraverse the transport region, they are
subjected to random collisions mainly in the direction of air flow. mergy
and momentum is transferred to these ions but not in equal amount to all
ions. Consequently, all the lons in a given cross section will not be
travelling with the same velocity, but their velocities will be distri-

duted within a band. This effect will cause a distortion of the output

wave shape.
Inter-fage Mixing., ¥or a perfect square wave input, ions of one sign

will be followed immediately into the tranaport region by lons of oppo-
site sign. At the interface, mixing of positive and negative ions will
occur resulting in neutralization of some of the charges and a region of
no charge. This effect represents a loss in available electrical energy
and will appear as a narrowing effect on the output wave shape which will
be most significant at high frequencies.

Jon Current Build-up Time. There is a possidbility that some smmll
delay exists between the time that a voltage greater than the ionizatioa
potential is applied to the attractor and full ion current is achieved.
The main justification for this supposition would be the existence of a
small stegnation (low velocity, high pressure) region in the immediate
vicinity of the needle tip. Hera a cloud of ions would form and tend to
shield the tip of the needle from the applied field. Full ion current
would not be realized until the cloud had grown to a size where the fluid
could carry the ions downstream as fast as they were being formed. This

delay would show up as & time delay or phase shift in the output voltage.
25 .




GA/Phys/63-11, 12
Maximum Operating Frequency of the Geperator

Ideally, the maximum operating frequency of the generator is
established by the velocity of the ions through the transport region. In
fact, since the output capacitance of the generator is relatively large,
the output will be attenuated at a much lower frequency.

Maximum Frequency from Ion Flow. In this analysis, it is assumed
that the maximum frequency at which the generator will operate is limited
only by the transit time (the time for the ions to sravel shrough the
transport region). In addition, all of the general assumptions made at
the beginning of this chapter will apply.

The flow of ions through the transport region is governed by the
velocity of the fluid flow and the ion mobility. ZThe concept of ion
mobility is best defined by the following quotation (Ref 6:2):

When an ion in a gas is in the presence of an electric field, it is

subject to the usual electrostatic force laws. In the resulting

motion, it frequently collides with neighboring molecules. There-:
fore, it cannot accelerate indefinitely but quickly reaches an aver—
age velocity analogous to the termineal velocity of a perticle fall-
ing through a viscous medium under the influence of gravity. This
average velocity due to the electric field is given by the product
of the mobility k of the gas, and the field strength E:
u = kE
vhere k has the defining equation:
!
k=X /0, /0

[
wbere 0 is the density of air, and oo 1s the density of air at 0%
and 760-mm of Hg. :

The values of K for positive and negative ions in pure dry air are:

Ke1.6 x 10 (m/sec) / (volts/m) for positive ions and

Xe2.2 x 0™ (n/sec) / (volts/m) for negative ions (Ref 6:2).
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Where V= transit velocity of iens,
Vo= fluid velocity,
and u = drift velooisy of ions,
ve ocan write ‘
Ve=Vz+ u (6)
But uskRE (?)
Yor the case of maximnm power, the electric field in the transport
region is givén by Gourdine (Ref 1:2) as @
L=a1-0-Fa-3nd

vhere E ., Ex k
Ve

L d
XaX o
L

and for optimum operation J= 1.00

Bence, Bx = (-1 *(i)%);‘- , (8)

Substitution of (7) and (8) into (6) and intesgration with respect
to "t* gives a transit time, t, = 0.0641 msec. The detalled derivation
is shown in Appendix C.

The theoretical anslysis done by Wheeler (Ref 7:27) for the DC case
shows that when a pulse of ions of one sign is just long enough to fill
the transport region, the lons will be putting as much work into the
flow as they will be taking out of it, Hence, the net power output wili
be zero. If this is taken as the limiting situation for AC operationm,
then the transit time is equzl to one-half the period. The limiting
frequency, f1, (the frequency at which the output becomes gero) is there-

fore:

2?
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fr= .1 = 7.8ke/s
2ty

Maximum Frequency from Output Capacitance. The output capecitance
of the FHD generator consists of the capacitance between the gollector
and ground in parellel with the stray capecitance of the load and out-.
put leads. fn the design of this generator, no effort was made to min-
imigze this output capacitance since AC operation had not been antici-
peted. The cepacitance is therefore higher, by perhaps one order of
megnitude, thanm it would be if it had been considered during the generator
design.

From Figure 41, a plot of the step input date, it was found that,
with a load resistance of 100 megohms, the RC time constant for the out-
put of the generator wes 5.56 msec, and the output capacitance therefore
vas 55.6 ppf. Now, & capacitance in a RC circuit will charge up to 95%
of its peak voltage in 3 time constsntas, Hence, the output capacitance
of the generator will charge up to 95% of its meximum in 3 x 5.56 = 16.68
msec. If this charging time is taken as half the period then the corres-
ponding frequency is 1 =30 cps. The frequency above which the

2 x 16.68
output deteriorates dus to output capecitance effects, then, is about 30
cps. Above thig frequency, a drop in output of approximately 6 decibels
per octave can be expected since the output of the generator is similar
to & RC. circuit.
Self-Sustained Oscillation

Self-sustained oscillation, as the name implies, entails feeding
back part of the output to the iaput so that continuous operation is
possible vithout any external excitation. XYor such ar operation to be
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possible the system must have power and voltage gains greater than one
and the feed-back signal must be 180° out of phese with the input signal.
The experimental MHD generator used had a power and voltage galn greater
than one for low frequencies, and a phase shift of v.ery neerly 180°. Self=-
sustained oscillation is therefore theroetically possible. The output
wave shape, however, is very irregular and, beceuse of the high ioniza-
tion potential at the. input, is narrower than the exciting wave shape.
If this narrover wave shape is fed back to the input, a further narrowing
occurs, and this process repeats itself until the gain becomes less than
one and oscillation stops.

One method of obteining a satisfactory. wave shape for feel-back is
to use the generator output to pulse a resonant tank circuit. At resonance,
the output of the tank circuit will be a sine wave even though the pulse
which is causing it to resonate is not. Part of the tank circult output
can then be fed back to the generator input to maintain oscillation, while
the remeinder of the output is available as AC power at & single frequency.

A tank circuit, due to 1ts internal resistance, has electrical losses
which must be overcome or it will not resonate. Hence, to maintain oscil-
lation in the D generator, it is necessary to put out enough power (a)
. %o overcome the losses of the tank circuit, and (b) to provide sufficlent
feed-back power to keep the loop galn greater than one., That this is
theoretically possible is shown in the following analysis.

From the experimental results it was found that for this generator,
& power output of 1 watt at & frequency of 10 cps was the best that could
be obtained. The input power was not measured, but, on the basis of DC

results (Ref 7:44), was considered negligibly small. What is required thea
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for oscillation is a tank circuit with an internal power lhon of less thaa
one watt which will resonate at 10 cps. Also the resonant impedance of
the tank circuit must be of the order of 100 megohms. This is evident
from Figure 22 since we must have a voltage gain greater than one. To
meet these requirements, & capacitance of 0.0158 uf and an inductance of
16,000 henries with a Q of 100 is required. These calculations are shown
in Appendix D.

A capacitance of 0.0158 pf with a 15 kv rating could be acquired.
However, & transformer with a Q of 100, a primary inductance of 16,000
henries, and a voltage rating of 15 kv would be extremely difficult, 1if
not impossidle, to obtain. In practice then, this generator can never be
made to oscillate without an external energy source.

A redesigned, more sfficlent ZHD generator could possidly de made
to oscillate by connecting & load resistance in series with the tank
circuit. The output of the generator would thus see a large load, but the
resonant resistance of the tank circuit would only be some fraction of
it. If the { of the coil is higher than that needed for resonance, then
& net power output from the generator is available. This would be very
desirable since this output would be sinusoidal and could readily by

transformed to a lower voltage. ;
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IV. Expermintal Scope apnd Procedure

The investigation consisted of two bdasic groups of experiments.

In the first group a number of runs were comducted to determine the
electrical performance of the generator with various electrical inputs
under different conditions., These included the determination of the
‘direct current characteristics, the pesk voltage characteristics and

the EMS voltage characteristics. The second group included a series of
experiments to investigate certaln electrical phenomena of the generajor.
These included the examination of the output voltege with a step input
and with a biased alternating input.

The generator was assembled with the chosen needle confizuration
and transport distance and these remained fixed throughout the experi-
mental runs. The reservoir pressure was held constant at 150 peig
for all runs.

Direct Current Characteristics

Scops. Average load current characterlstics were determined for
both positive and negative DC attractor voltages. The direct current
characteristics are defined as the curves of load current, I,, plotted
against attractor voltage, Vo. The load resistance, R;, was kept
constant at 100 megohms.

A number of runs were made on different days within a three week
period. There was no way of regulating the reservoir temperature, 7,,
so that the data obtained was for seversl different values of To ranging
from 18 to 45°F. This data was all plotted and the DC characteristics

represented by average curves were drawn through the availabie data.
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Procedure. The procedure followed to obtain the DC characteriatics
for negative ions is outlined below. The collector of the generator
vas connected to the 100 megohm load resistance, the needles and the
ground plate were connected to ground, and the attractor was connected
to the positive DC power supply through a 10 megobm series resistor. The
input and output of the generator were connected through their respective
voltage dividers to each channel of the oscllloscope. Flow was established
through the generator at P, = 150 psig and the attractor voltage was raised
in steps from zero until voltage hreakdown occurred inside the generator.
Oscilloscope photographs were fa.ken at each step, from which values of 'o
and Ya were obtained.

The DC characteristic for postive ions was obtained in exactly the

same way but with the negative DC power supply comnected to the attrector.

Peak Output Voltage Cheragteristics

Scope. The peak output voltage characteristics were obtained for
the sine wave input only since the peak and BEMS output voltages for the
square wave were expected to be almost identical. The pesak output voltage
characteristics are defined as the curves of load voltage, V, (in kv p-p),
plotted againat attractor voltage, V4 (in kv sero to peak). The character—
istics were determined for frequencies of 10, 20 and 30 ops and wvalues of
load resistance of 50, 100 and 200 megohms.

Procedure. The procedure followed to obtain the peak voltage
characteristics is outlined below. The collector was comnacted to the
50 megohm load, the needles and ground plate were grounded, and the

attractor wvas connected to the high-voltage alternating power source.
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The power source was fed by a 10 cps signal from the sine wave signal
generator. The generator input and output were comnected through the
voltage dividers to different chznnels of the oscilloscope. Flow was
established through the generator and the attractor voltage was raised
in increments from zero until saturation of the alternating power source
was reached. Oscilloscope photographs ylelded values of V, and V, for
each step.

The same procedure wag repeated with frequencies of 20 and 30 cps
from the signal generator and then, with load resiatances of 100 and

200 megohms, repeated again for each of the shree frequencies.

BMS Output Voltage Characteristics
Scope. The RMS output voltage characteristics were obtained for

both the sine wave and square wave inputs. The RMS output voltage
characteristics are defined as the curves of load voltage, Vo (in kv
MMS), plotted against attractor voltage, Vg (in kv BﬁS). These
eharacteristics ware detarmined for frequencies of 10, 25 and 40 cps
and values of load resistance of 50, 100 and 200 megohms. The data
for the RMS output voltage characteristics was also used to obtain the
output power characteristice. Thess are defined as curves of output

. “power, Py (in watis), versus attractor voltage, V,(in kv, BMS). The
output power characteristics were determined for a frequency of 10 cps
and values of load resistance of 50, 100 and 200 megohms. From the
smoothed data of the BMS output voltage characteristics, a number of
secondary curves were derived. These included plots of V, vferlul £,
with Ry as a parameter, V, versus Ry with f as a parameter, and.PL

versus By with f as & parameter, for fixed values of V,.
3
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Procedure, The following procedure was used to obtain the BMS
output voltage characteristics. The collector was connected to the
50 megohm load resistance, the needles and ground plate were connected
to ground, and the attractor was connected to the high-voltage alternating
power source. The powsr source was fed with a 10 cps signal from the |
sine wave signal generator. The generator input and output were comnected
directly to the electrostatic voltmeters and indirectly, through the
voltage dividers, to ssparate channels of the oscilloscope. Flow was
established through the generator and the attractor voltage was raised
in increments from zero until saturation of the power source wes
achisved, XReadings of Vo and Va were taken from the voltmeters at
each step. The oscilloscope was used to monitor the generator input
and output and to obtain photographs of characteristic wave shapes.

This procedure was repeated for the three frequencles at each value
of load resistance for both the sinse wave and square wave inputs. The
upper limit of attractor voltage was established part of the time by
saturation of the alternating power source and the rest of the time by

voltage dreakdown within the generator.

Qutput Voltage for Step Input
Scope. The relationships between the input and output voltages

and tinme wore obtained for a step input to the generator. Curves of
(Vaga~Vai and (Vo.,~Vo) versus ¢ were plotted for a Vo, . of 16.2 kv
and a RL of 100 megohms., ZFrom these, the input time constant, Rici, the
output time constants, RLco, and the output capaclitance, Cq, of the

gonerator were derived. This then permitted an examination of the effect
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of an exponential input to the generator and of the time to reach
ionisation potential.

Procedure. The first step in obtaining the step input data was
the modification of the high-voltage altsrnating powsr source. The
blocking capacitor, 03 (Figure Al), was short circuited and a switched
DC vattery (22.5 volts) va: connected directly to the grid of the EBKE,
When the tube vas conducting, the voltage at the plate. of the tube
was zoro. When the negative battery voltage was switched onto the grid,
the tube cut off and the B+ voltage appeared at the output of the power
source as a step function,

The collector was connected to the 100 megohm load resistance,
the necdles and ground plate were grounded as before, and the attrzctor
was connected to the high-voltage alternating power source. The input

and output of the generator were connected to saparate channels of the
oscilloscope. Flow was established and the attractor voltage was
adjusted (with the tube cut-off) to give a reasonable output voltage
(Vo= 16.2 kv). By means of the 22.5 V battery switch, the step input
was applied to the generator and an oscilloscope photograph taken.

This was repeated for several different oscilloscops time scale
settings. The resulting photographs gave the relationships of Vg and
Vo with t.

Qutput Voltage for Biased Alternating Input

Scope. The output wave shaps for the normal sine wave input shows
considerable distortion since the attractor voltage only rises above the
ionisation potential for a portion of the cycls. 1f the gunerator operates
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with an alteraating input which is above the ionization potemtial for
the entire cycle, then the output wave shape would be expected to show less
distortion. The input voltage which satisfied this condition consisted
of a sinusoidal voltage superimposed om a DC voltage such that the alter-
aating component never dropped below the ionization potential. Runs were
mde at various frequencies and attractor voltages to permit examinatiom
of the output wave shape. Two variable frequency runs were made at con-
stant V, to odtain a relationship between V, and f. From this, the roll-
off frequency, fp, and the output capacitance, C,, of the gensrator vere
derived,

Procedure. These runs also reqguired a modification of the high-
voltage alternating power source. In order to allow the DC component
to reach the attractor, the dlocking capacitor, 03 in Figure Al, was
short-=circuited as in the case of the step input. The signal applied
to the grid, however, was that from the sine wave generator.

The collector was connected to the ;00 megohm load ionhtance.
the needles and ground plate were connected to ground, and the attractor
wag connected to the alternating power source. The input and output
of the generator were connected to separate channels of the oscilloscope,
Tlow was established and oscilloscope photographs were taken at several
setiings of Vg and £, Two runs were made with the AC and DIC componeats
of Vg beld constant \'rhuo the frequency was increased in steps and a
series of oscilloscope photographs taken. From these, V, vas obtained
for each frequsemay.
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V. Hesults and Discussion

The results of the investigation ars presented, for the most part,
in graphical fora and will be found throughout this chapter as they are
discussed. The complete experimental data is tabulated in Appendix ¥,

Egperimental Error
The BEMS accurecy with which the voltages could be measured using the

oscillisocope is determined as follows:
The accuracy of the scope was 33%.
The accuracy of the voltage measurements from the photographs
was ‘-'-0.05 cm. or, for a voltage msasursment of the order of 2 cm.,
£2.5%.
The accuracy of the voltage divider networks (10 - 1% 10 megohm

resistors in series with 1 -~ 5% 10 kilohm .resistor) is

[ )5 =

The total maximum experimental error of the oscilloscope voltage

measuremeat then is

ﬁ’az + 2.52] 2, 42w 5,58

In the cases where the difference of two voltages is considered, this

mxinum error becomes
5%+ 5.5% =08
For the cases where the voitages were measured with the electro=
static voltmeters, the output voltage was accurate to within %214, and
the input voltage was accurate to within tl% for voltages up to 5000
and accurate to within £3% for voltages between 5000 and 15,000. There=

fore, an experimental error of tlﬁ is assumed for the output voltage
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and an average experimental error of 228 is assumed for the input
voltage.

As indicated in Chapter II, the probable error in frequency is
20.5 cps, or approximately £2%, and the probable error in load ﬁoio-

tance is approximately Jlo (1)2 =%,

Diregt Current Characteristics
The direct current characteristics are plotted for negative ions

(rigure 9), positive ions (Figure 10), and a combined curve of both
(Figure 11), The DC characteristios were used to estimate the output
current for any attractor voltege, such as ia the prediction of the
output voltage.

Spread of Data. As can be seen in Figures 9 and 10, a considerable
spread in the data occurred for different runs. TYor example, with a
Vg of B kv., I, varies from =60 to -150 micro-amps and with a Vg of
-8 kv., I, varies from 15 to 95 micro-amps. The spread of deta prob-
ably resulted from a combination of several effects. Variations in
temperature could have resulted in a variation in output voltage since
/00 and the fluld velocity Vg are both functions of T,. Variations in
the moisture content and composition of the ailr from day to day could
have effected the lonigation properties of the air. Voltage breakdown
between the needles and the attractor occurred quite frequently and the
resultant burning and pitting of the needles could bave changed the
ionigation characteristics of the generator. Several prelinminary DC
runs were mede without the 10 megohm resistor in place. It was found
that the curve for increasing Vg (from zero to brealdown) differed

considerably from the curve for decreasing V, (from breaklown to sero).
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This effect was undoubtably caused by the heavy arcing wvhich occurred

at breakdown changing the ionization characteristic of the needles.

With the large resistor in serles only light arcing occurred and the up
and dowa curves for any one run matched very closely. The large spread
of data betwesn runs, however, still presisted. Average DC character-
istics are drawn through the points in Figures 9 and 10 and the limits
of the spread of data are indicated on Figure 1l.

Comparison with Previous Experiment. In order to compare the
results of this studly with those of Lauritsen, his correspondiing curves
are plotted in Figures 9 and 10. It can be seem that the lower portions
of Lauritsen's curves match thoss of this investigation quite closely,
but the upper portions of the curves are quite different. Lauritsen
obtained much higher values of ion current at high attractor voltages.
This occurred because Iauritsen's curves were obtained for the short-
circuited condition and saturation did not take place.

Saturation of the output will occur at high atiractor voltages whea
a load is connected to the output and a high voltage builds up on the
collector. The phenomenon works in the following manner. As the ion
current tends to increase due to an increase in attractor voltage,
the potential difference across the load (IyRy) also tends to increase.
This higher voltage would normally result in an increase in the electric
field in the transport region, However, if the electric field increases
above a critical walue, the air flow is not able to transport as many
ions across the transport region and the ion current is decreased. An
equilibrium condition is thus reached where the ion current and the
output voltage rise to a meximum and level off regardless of how much
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the attractor voltage 1s increased. This saturation phenomenon is
reflected in the rounding off of the current and volsage characteristics
at higher values of attractor voltage.

Since, Lauritsen's curves were plotted for zero load resistance
(short-circuited output) the collector voltage was always sero. There-
fore, saturation did not occur and his output was affected only by space
charge 1imiting. 7This is a similar effect to that described above, ex-
cept that the ion current is limited only by the electric field due to
the space charge in the transport region and not by the electric field
dus to a voltage on the collector.

-Another factor which could have contributed to the differecnces
between Lauritsen's curves and those of this investigation was the burning
of the needles by repeated voltage breakdown. The most severe damage
probably occurred when preliminary DC runs were made without a series
resistor between the power supply and the attractor. Further, there is
the possibility that physical changes occurred in the generator during
the months it lay unused. Such changes could be reflected in the eleo~

trical performence of the generator.

Poak Output Voltege Charscteristios
Figures 12, 13 and 14 show the results of plotiing peek to peak

output voltage veraus zero to peak attractor voltage at frequencies of
10, 20 and 30 cps for values of load resistance of 50, 100 and 200 megohms
respectively.,

Comparison with DC Results. If we take the curve for 10 cps at
By, = 100 megobms (Pigure 13) we find, at Vg =8 kv, that V, = 27 kv,

How, for the same Vg using the oxzrene limits on the DC characteristics
3
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(Figure 11), the sum of the two V,'s for positive and negative ions
(IoB1) 4s 24.5 kv. These values correspond quite closely, although one
would expect the value for the sine wave characteristic to be slightly
less than that for the DC characteristics, since there will be some
attenuation due to C, even at 10 cps. It should be noted also that the
shape of the peak output voltage curve corresponds very closely with the
shape of the DC curve.

Rffect of Load Resistance. It is apparent from Figures 12, 13 and
14, that as load resistance increases at any frequency, ghe output volt-
age also increases. This 1g to be expected since, for a given ion cur-
rent, the IR drop and hence the voltage across the load, wilil increase
as the resistance increases. This phenomenon is consisteant with the
results obtained by Wheeler (Ref 7:66) and is discussed more fully in
the section on HMS output voltage resultis.

Bffoct of Frequency. IFigures 12, 13, and 14 also indicate that,
for a given value of load resistance, the output voltage decreases as
the frequency increases. This phenomenon is not surprising since the
effect of the output capacitance in attenuvating the generator output
will become more pronounced as the frequency increases. A further dis-
cussion of this effect is also contained in the section on BMS output

voltage results.

IS OQutput Voltage Characteristics
Figures 15, 16 and 17 are plots of RMS output voltage versus RMS

attractor voltage at sine wave frequencies of 10, 25, and 40 cps for
valuss of 50, 100 and 200 megohms respectively. Figures 18, 19 and 20

are the corresponding curves for a square wave imput. Plots of output
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voltage versus frequency and output voltage versus load resistance

are given £or fixed valuss of sine wave and square wave input voltage
(Figures 21 and 22 and Figures 23 and 24 respectively). These last
four graphs ars plotted from smoothed data; that is, the points for
these curves were taken from the smooth curves d.J.:a\m through the exper-
imental points on the original EMS voliage characteristic curves. These
curves were drawn from three points only and, therefore, it might dbe
expected that slight errors or variations in the original data would
strongly influence the shape of the curves. They are valid, however,

" for indicating trends.

Comparison with Peak Output Voltage Characteristics. The EMS volt-
age curves are, im general, similar in shape to the p-p output voltage
characteristics with the exception of a kink in the sine wave curves for
values of Vg between 5.2 to 6.2 kv NS (7.3 to 8.8 kv p-p). This kink
is probably caused by the change in the wave shape with attractor volt-
age as shown in the photographs of Figure 33, An examination of the DC
characteristics helps to explain this phenomenon. Figure 25 shows the
DC characteristics for positive and megative ions plotted on the same
graph. Note that between the dotted lines, in the areas marked "Region
of Kink®, the negative ion curve has begun to taper off while the pos-
itive ion curve has not yet reached its steepest slope. Consequently,
the rate of rise of output voltage decreases with atiractor voltage in
this region. Once Vg gets above 3.8 kv the steep part of the positive
ion curve is reached and the output voltage once again rises rapidly as
before. The rapid riss, decrease in rate of rise, and rapid rise again
appears to account for the kink ia the output voltage curves.

58




GA/Phys/63-11,12

250 T T I T
200} -~
NEGATIVE
IONS
150~ POSITIVE]
IONS
[
S
o]
-~
100 P~ b
0 1 ]
2 L 6 8 10 12
v a.kv
FIGURE 25

IC Characteristics Showing Range of Va
for Kink in Sinusoidal Voltage Characteristics

59




GA/Phys/63~11, 12

Rffect of Ioad Resistance. Wheeler discovered that the output
voltage imcreased with load resistance up to 60 megohms, tending to
level off as it inoreased (Ref 7:66). Yor a given ion current, as the
load resistance increases, the output voltage increases. The field im
the transport region also increases correspondingly opposing the flow
of ion current, Saturation will than take place as the output voliage
reaches a maximum above which it cannot increase further. This effect
was observed in both the square wave end the sine wave results. The
output voltage was nearly constant for valuss of load resistance adove
150 megohms (Figure 22 and 24).

Bfect of Frequency. As the frequency increases, the output voltage
of the generator would be expected to decrease owing to the effect of the
output capacitance. Figures 21 and 23 show that, for given values of Vg
and BI;' V, does decrease with frequency for both square and sine wave
inputs. Now, if the output voltage of the generator were sinusoidal,
the rate of attenuation of the output voltage by the capacitor would de
expected to increase and the slopes of the V, versus f ourves would
become more negative, However, the output of the generator for a sine
wave input is not sinusoidal and, for a given peak to peak voltage, the
RMS content of the output waveform increases with frequency (see Figure
31)e Hence, the rate of attenuation of the output voltage for this wave=
form will not increase with frequency but, rather, it will decrease owing
to the relatively greater ENS content. This fact accounts for the shape
of the V, versus £ curves for the sine wave input. The same thing is
not true, however, for the square wave input curves vheres the EMS content
of the output wavefora actually does decresse with frequency. The curve

60




GA/mmys/63-11, 12

for 200 megohms in Figure 23 does shov an increase in the rate of attenu~
ation, the curve for 100 megohms shows 2a almost linear attenuation

and that for 50 megohms shows a decrease in the rate of astenuation.

The trend of the latter two curves is contrary to what wvas expected and
a satisfactory explanation could not be found for this inconsistency.
Perhaps here, as in the case of the sine wave, distortion in the vave
shape vas the csuse.

Comparigop of Square apd Sine Wave Begults. The shapes of the
square and sine wave characteristics are quite similar as may be semn
by comparing Figures 15, 16, and 17 with Figures 18, 19 and 20. Ion-
isation occurs at the lower IMS valus of atiractor voltage for the sine
wave than it does for the square wave since the peak of the sine wave
goes above the ionization potential while the EMS value is still con-
siderably below., 8lightly higher values of V, were obiained at the
upper end of the curves for the sine wave input. This ocan be attriduted
$0 two factors:

1. Tor a given HMS attractor voltage, the peak of the sine wave
is 1.4 times as high as the peak of the square wave. There-
fore, the generator will be operating on a higher portion of
the DC characteristic, thus giving a larger ion current and a
higher output voltage.

2. Since a definite time is required for the voltage breakdown
40 occur inside the genexetor, » sinusoidal voltage, whose
Peak rises above the breakdown potential for a small fraction
of each half cycle, could be applied to the attractor at some
frequencies without causing breakdown. A square wave voltage
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of the same peak value, whoss peak is above the brealtown
potential for the eatire half cycle, would cause breakiowa
at the same frequencies. Thus, a higher peak %0 peak sine

wave voltage can be applied to the attractor and a correspomd-
ingly higher output voltage oan bde gemerated.

Pow tic
Output power was calculated in all osses from the output voltage
and load resistance. Plots of output power versus attractor voltage

for a frequency of 10 cps and three valuss of load resirtance are

given in FPigures 26 ami 27 for sine and square wave inputs respectively.
4lso plotted are curves of output power versus load resiatance for a
:gixod valus of attractor voltage and three frequencies for sine and

aquare wave inputs (Figures 28 and 29). The latter are derived from

the smoothed data of Figures 15 to 20, and the fact that they are derived
from only three points should be borne in mind as their shape is examined, ‘
As might be expected, the shape of the curves is similar to the shape of
" the BMS voltage characteristics. However, their slopes are different,
It is interesting to note that, for both sine wave and square wave inputs, |
the highest value of output power obtained was of the order of one watt.
The maxisum value of power obtained by Wheeler for the same conditions was
4.5 watts (Ref 7:63). -
Effect of Load Resistance. TYor any electrical generator vhich il‘
delivering power to a load, the maximum power is transferred when the :
impedance of the load is equal to the impedance of the gemerator. A

plot of output power versus losd resistance, then, should show a maximem
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for some valus of load resistance. This is exactly the cese for the
square vave ourves. Yor an attractor voltage of ;7.5 kv NS, saxinum
output power occurs at all frequencies in the renge of 100 to 150 megohms
(ses Figure 29). .The sharpest maximum occurs on the io cps curve, while
the broadest occurs on the 40 cpe curve. This range of load resistance
for maxisum output power agrees very closely with Wheeler's results for
DC maxisur power. He obtained meximum output power for & load resist-
ance of approximately 150 megohms {(Ref 7:63).

The sine wave results did not conform to the expected pattern.

Yone of the curves in Figure 28 shows a clear maximum, The curves for
10 and 25 cps tend to level off and perhaps go t0 a maximum at a value
of By below 50 megobms, but the 40 cps curve shows no such tendency. It
was decided to fix V, at 6.5 kv EMS to keep it as close as possidle to
the V‘ chosen for the square wave, dut, had ¥V, been fixed at a lover
value, the 10 and 25 cps curves would both have showa maxims for an Ry
of approximately 100 megohms.

Effect of Frequency. For & given valus of load resistance, the
output voltage decreases as the frequency increases (Figures 28 and
29). Since the output power is a function of the square of the voltage,
then it will also decrease with frequency. This was foumd to De true

in all oases as is shown in Figures 28 and 29.

Comparison of Square and Sine Wave Powers

Qutput Power Characteristics. The sine wave input gives an output
for a lower value of EMS input voltage than that of the square wave.

This phenomenon occurs because the peak valus of the sine wave voltage
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reaches ionization potential while the RMS value of the voltage is
still only about 705 of the ionization voltage. Thus the square

vave will be only about 705 of its value for gzero output when the

sine wave reaches ite sero output point. This is shown in Figure 30.
The sine vave (V, EMS) and the square wave curves rise with approxi-
mtely the same slope, &8s would be axpected since the input powers

are nearly the same. Hwoyor. the slope of the sine wave (V, p-p)
ourve is less than the slops of the square wave curve. This occurs
because, for any given increase in V,, the increase in input power for
the square wave will be considerably greater than the increage in input
power for the sine wave (V, p-p). Hence, for the square wave, the out-
put will be higher and the slope of the curve aeatei. The sine wave
(Va P-p) curve in Figure 30 begins at a lower value of V, than does the
square vave curve. This is contrary to what was expected since, once
the voltage reaches ionization potential, an output should be obtained.
The two curves would, therefore, be expected to begin at the same value
of V, (p-p). The fact that they do not is probably the result of varying
temperature and moisture conditions in the air flow since the runs were
done on different days.

Input Power Batlo. Assuming pure sine wave and square wave voltage
inputs, a ratio of sine wave power: square wave powsr for any givea value
of BMS voltage is given by the ratio of the areas under the curves of
the square of the voltage. For the sine wave input, power is only being
put in during that part of the cycle in which the voltage is above the
fonisation voltage. In this calculation a value of EMS voltage was
chosen of 6.5 kv and the lonisation potential of 5.5 kv was taken from

69




@A/Phys /63-11, 12
Jigure 11. The integration of the squares of the volsage which is
shown ia Appesdix B, yielded:

Sine wave pover 1n_ . 0.89%

Square wave power in
Qugput Power Baglo. From Pigure 30 & ratio of observed output’
powers can be obtained for the same. value of EMS iapul. Again picking
6.5 kv, ve get,
Sine wave power out 4.71

Square wave power out

Hence, for the same input power, the sine wave will produce %_:_6%3,5.25
times as much output power as the square wave.

From the DC characteristics (Figure 11) a value of instantaneous
ourrent for each instantaneous voltage was obtained. The areas under
the curves of the square of the output current for the two input wave
shapes were computed by plotting the curves and adding squares (see
Appendix E). The ratio of these two areas gave the output power ratio.
By making allowance for the experimental spread in the DC charecteristics,
the following zatio wvas obtained:

Sine wave powex out . = 9.22
Square wave power out

which is less than a factor of two above the obssrved walue.

Quipus ¥ave Shape
Examination of the photographs of output wave shapes (Figures 31

to %) shows the distorting effect of the generator on the input wave
shape. In the first place, there is the sffect of the output capaci-

tance., This shows up as an expotential rise superimposed on the in-

creasing portion of the input voltage and an expotential decay super~
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£ = 20 eps

= 3¢ cps
FIGURE 31

Oscilloscope Photographs Showing Change of OQutput
Wave Shape with Frequency - Sine Wave Input

(V, = 15.5 kv p-p, B, = 100 megohms)
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v
o

(20 kv/cm)

v
a

B (10 kv/cm)

FIGURE 32

Oscilloscope Photographs Showing Change of Qutput
Wave Shape with Frequency - Square Wave Input

(Vg = 18.0 kv p-p, Ry = 200 megohms )
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va = 1202 kv p=-p
FIGURE 33

Oscilloscope Photographs Showing Change of Output
Wave Shape with Attractor Voltage - Sine Wave Input

(£ = 10 eps, Ry = 100 megohms )
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Va = 11,4 kv p-p
FIGURE 34

Oscilloscope Photographs Showing Change of Output
Wave Shape with Attractor Voltage - Square Wave Input

(f = 10 eps, Ry = 100 megohms )
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imposed on the decreasing portion of the input voltage. Since the effect
of the capacitance increases with frequency, the distortion in the out-
put wave shaps would be expected to increase with frequency. Xxamination
of Tigures 31 and 32 shows this to be the case. In the second place,
there ia the effect of the direct current characteristics, When the
instantaneous input voltage is less than the ionlzation potential, there
is no output with the result that a flat portion occurs in the output
wave form every time the input reverses polarity. This effect is insigne
ificant with a square wave input. However, with & sine wave input where
the instantaneous voltage is below the ionization potential over a con-
siderable fraction of the cyecle, it results in an output which ressmbles
a series of peaks separated by intervals of zero output (Figure 33).

The direct current characteristics also explain the asymmetrical wave
shape at lower values of Vg. It can be seen from Figure 25 that the neg~
ative ion characteristic rises more steeply at a lower value of Va than
does the positive lon characteristic. Therefore, the negative half cycle
of the output for an slternating input would be expected to develop more
rapidly at low attractor voltages than the positive half cycle. Although
this effect will occur for either the sine wave or the square wave input,
it is most obvious with the sine wave (Figure 33).

Comparison of Actual and Predicted Sine Wave Outmuts. The deri-
vation of the predicted output wave shape for a given set of conditions
was given in Chepter III. Figure 35(2) shows the actual output wave
gshape for the same set of conditlons. Both the theorstical and experi-
mental wave shapes are plotted for comparison in Pigure 36. The shapes

of the two waveforms correspond very closely but thelr magnitudes do not.
]
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I ( 1.Ckv/cm)

(v)
Square Wave Input (Va = 18.4 kv p-p)

FIGURE 35
Oscilloscope Photographs Showing Output Wave Shapes

Used for Comparison with Predicted Cutput wave Shapes
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Yor the negative half cycle, the theoretiecal peak was -16 kv
while the actual peek was ~13.5 kv. If we go to the average DC
characteristics, (Figure 11) for Vg = 8.55kv, which was the peak ia-
put voltage, we fimd that I, ranges from -110 to =170 pa. Head a
value of ~170 p a (instead of -130 pa) been selected as the maximum I,
for the theoretical analysis, then a peak value of Vo of approximately
=13.1 kv would have beea found. ¥or the positive half cycle, the theo-
retical peak was 4.5 kv and the actu2l peak was 12.5 kv. . Applying the
same argument as before, for Va=m -8.55 kv, Io ranges from 25 to 115 pa.
Had the value of 115 pa, instead of 38 pa, been used to predict Vor &
poak value of ¥, of approximately 13.6 kv would have been found. . These
fTacts represent sufficient justification to attribute the large discrep-
ancy in the theoretical and experimental peak output voltage to the
accuracy of the average DC characteristics.

The difference between the positive and negative ion DC character-
istics then explains the fact that the positive theoretical peak (or the
area under the positive half cycle of the curve) is less than the negative
peak (or the area under the negative half cycle of the curve). This is
equivalent to & negative DC component in the output voltage.

Gomparison of Actual and Predicted Square Wave Outputs. The deri-
vation of the predicted output wave shape for a given set of conditions
was given in Chapter III. Pigure 35(b) shows the actuval output wave
shape for the same set of conditions. Both the theoretical and experi-
mental wave shapes are plotted for comperison in Figure 37. As was the
case with the 'c'onpariuon of the sine wave outputs, the shapes of the

two waveforms correspond quite closely but their magnitudes do not.
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Considering the negative half cycle as before, the theoretical
saximum wvas -14% kv and the actual maximum was ~17.5 kv. For a peak
input voltage of 9.2 kv, from the average DC characteristic (Figure 11),
the highest 1, 1s -180 pa. If this figure had been used instead of
=143 pa in the analysis, the meximum value of V, would have been -17.6
kv. Now, for the positive half cycle, the theoretical maximum was 5.5
kv as opposed to the actual maximum of 16 kv. Once again, from the
average DC characteristic for Vgo=-9.2 kv, the highest I, is 130 pa.

If this velue had been used instead of 54 pa, the predicted maximum V,
would be 13.2 kv, slightly lower than the valus actually obtained.

Once again, the discrepancy between the two curves can be attributed to
the spread of the DC data and the accuracy of the average DC character-
istic,

Comparison of Actual and Predicted Step Function Outputs. The
derivation of the predicted output wave shape for a given set of conditions
was given in Chapter III. Figure 38 shows the actual output wave shape
for the same set of conditions. The theoretical and experimental (data
teken from Pigure 38(a)) wave shapes are plotted for comparison in
Pigure 39. The two are seen to correspond very closely both in shape and
magnitude. The reason why there is very little discrepancy between the
theoretical curve and the experimental curve lies in the fact that a
different method was used in the analysis. The prediction of the output
voltages for the aquare wave and the sine wave was based on the average
DC characteristic, but the prediction of the output voltage for the
step input was not. It was based on the experimental value of v°mx=

~16.2 kv, if Vggpa#7.8 kv had been the criterion, then, froa the
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v
°

3 (10 kv/cm)

(&)

t = 5 nsec/em

(b)
t = 2C msec/cm
FIGURE 38
Oscilloscope Photographs

Step Input (Vo = 16.2 kv)
max
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FIGURE 140

Oscilloscope Photographs Showing Unusual

Output Wave Shapes for Sguare Wave Input
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average DC characteristic (Pigure 11), would have been -12 kv or,

Vouax
for the upper limit of the DC characteristic, =15.5 kv. The theoretical
curve appeared to build up more quickly than the experimental. This
offect is equivalent to & time lag in the experimental wave shape whieh
is fully discussed in the next section.

Unusual Wave Shapes. Throughout the experimental phass of the
1nvoat1¢afion unusual output wave shapes would occasionally occur. Out~
put wave shapes for the sime wave input invariably showed a great deal
of distortion and typical wave shapes are skown in Figures 31, 33, and
35. Two output wave shapes which are typical of a BC circuit for a
square wave input are shown in Figure 4#0. At 50cps, the output is seen
to resemble a sine wave, while at 70 cps it is seen to resemble a tri-
angular wave. These wave shapes have little significance in this study

and are pointed out as a matter of interest only.

OQutput Voltage for a Step Igput

Determinntion of Input and Outout Time Constants and Output
Capacitance. The output voltage data (Table IV) for a step input was
gotten from the oscilloscope photograph shown in Figure 38 (a). The
natural logarithm of (Vopey =Vo) and the natural logarithm of (Vagex-Va)
were both plotted against t. These curves are shown in Figure 41. The
slope of the straight line portion of the curve is equal to -1 . There-
fore we get RyC4=1.57 maec froam the input voltage curve, whe:}g RyCy
represents the generator input time constant, and Ry, = 5.56 msec from

the output voltage curve. Then, since the load resistance Ry, = 100 megohms,
the output capacitance, C, = 55.6 ppf.

&
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FIGURE 41

Variation of Attractor and Ourput Voltages with Time for Step Input
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The output capacitance as measured with a Q meter was found
to be 69.1 ppf. This measurement was made at several kilocycles and
with the generator not operating, The value of 55.6 ppf waes consid-
ered to be the true dynamic output capacitance of the generator and
consequently is used in all calculations throughout this report.

Rffect of Exponential Input. Due to the imput capacitance of the
generstor, the attractor voltage was not a trve step function, but
exponential as shown by the straight line of the (Vo ,.~Va) curve of
Figure 41. This resulted in the rounded portion of the (Vopax=Yo)
curve which was calculated theoretically in the step input analysis of
Chapter III and is replotted as log (Vogax~Vo) versus t and compared
with the exponential curve in Figure 42. A consistent shift to the
right is evident in the experimental curve when compared with the
theoretical. Since the theoretical analysis considered only the effect
of an exponential input, the shift in the curve could represent a time
lag dve to ion current build-up, ion diffusion in the transport region,
and ion transit time. A more detailed =nalysis is not justified since
the experimental results are well within the experimental error. Further,
the effect of the non-~linearity of the direct current characterisitcs was
ignored in the theoretical analysis and this would undoubtedly contribute
" to the difference between the curves.

Time to Reach lonization Potential. ¥From the DC characteristic

(Figure 11), a value of ionization potential was chosen. This value
was then plotted on Figure‘bl and a horizontal line drawn to intersect
the input voltage curve Vg. The intersection of these two lines re-

presents the point where ionization occurs, and the distance along the
86
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FIGURE 42

Effect of Exponential Input on Output Voltage
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abscissa to this point gives the time for the attractor voltage to reach
ionigzation potential. When the theoreticel curve was drawn on Figure 42,
its straight line portion was superimposed as closely as possible on the
straight line portion of the experimental curve. The break in the theo-
retical curve 1s seen to occur at 2.1 msec. This is the same as the time
to ionization which resulted from the experimentally selected ionisetion
potential.

Prensit Time. Since the transit time is approximately 0.06 msec
(as sbown in Appendix C), it will produce & negligible effect on the
experimental curve. Such a2 small time interval cannot be observed on
Pizure 42 aad hence its effects must be considered within other delaying

effects, experimental errors, and errors due to the assumptions.

Output Voltage for Biased Alterna 1
Dete on of Ou ce Bol}-off Prequency. The
plot of output voltage versus frequency (Figure 43) shows a constant
output up to & certain frequency and then 2 decrease in output above
that frequency. Thig 1s similar to the plot for a RC filter circuit.
The theorstical decresse for & RC circuit is 6 db per octave which
can be represented by a straight line drawn at 45° on a log-log plot.
This line intersects the extention of the horizontal portion of the
output voltage curve -at the roll-off frequency for the circult. From
Figure 43, the roll-off frequency is seen to be 35 cps for the two runs
plotted. Since the roll-off frequency, fp, is given hy
5 W N—
2WRiCo
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then the output capacitance, for & load resistance By = 100 megohms, is

C l "5’5 i
0% Wr Ly . W TR n |

This value of output capacitance is 10.1 ppf or 185 lower than the value
obtained from the step input data.

Comparison of Frequency and Weve Shape with Unbiased Input. The
output wave shape was much closer to the input wave shape for the blasged
case than for the unbiased case. This was expected since, in the unblaged
case, the input voltage must build up to ionization potential before any
output is possible, while, in the biased case, there is continuous ioni-
gation and hence all changes in the input are immediately reflected in
the output. It is therefore possidble to operate the generator at a
higher frequency (seay a few hundred cycles) and still obtain a reasonable
wave shape (Pigure 44). The limiting factor is the output capecitance.
The photographs of Figure 45 show a comparison of biased and unbaised
operation at a frequency of 10 cps. It must be remembered, of course,
that when operating blased the outpu"b does not alternate about ground
potential, To obtain only the alternating output a dlocking capecitor
could be used in the output circuit.
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(10 kv/cm)

(5 kv/em)

Biased (f = 10 eps)

FIGURE 45

Comparison of Qutput Wave Shapes for

Biased and Unbiased Sine wave Inputs
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V1. Conclusions

A.number of conclusions which may be drawn from the results of this
study are listed below. The first seven are valid fo.r any D generator,
while the remaining two apply only to the generator investigated.

1., AC pover generation with an HHD generator is quite feasible.
The output power levels, however, are lower then those which can
be obtained from the same generator with a DC input,

2. The frequency for maximum output power from an HHD generator is
gero, l.e. direct current. As the frequency increases from gero
the output power drops off. The optimum frequency for any HHP
generator would depend on how the output was to be used. If
the output was to be transformed before it was used then the
output power would have td be compromised in favor of a higher
frequency to ensure good transformation.

3. For & given BMS attractor voltage, & sine wave input.gives a
greater output power than a2 square wave input., If, however,
the same peak-to-peek input voltages are used then the square
wave gives the greater output power.

L, The quasi-static assumption is valid for low operating frequen-—
cles. This was verified Dy the good results obtained '1n the
prediction of output voltages.

5. Self-sustained oscillaetion of-an FHD generator is theoretically
pogsible and with a suitably designed generator might be prac-
tical. Since the zuxiliary equipment requiremenis were so
stringent for the feed back clrcult of the D generator' used,

self-sustained oscillation was not prectical in this case.
' ‘ 93
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6.

7.

8.

9.

Maximum output power is obtained for some lpoéific valus of
load resistance when the EHD generator is operated with an
alternating input. For the NEHD generator used, the optimum
load was found to be between 100 and 150 megohms. This is in
€00d agreement with the results found by Wheeler (Ref 7:52)
for the DC case.
AC power generation with a biased alternating input is feasible
and, in fact, has some advantages over unbiagsed operation. The
output wave shape closely resembles the input wave shape and the
attenuation and distortion of the output with fregquency is much
less in the blased case., These factors might well make voltage
amplification at low frequencles practical.
The assumption that the output capacitance C, was the only sign-
ificant effect other than the ionization potentiel which caused
distortion of the output wave shape war Jjustified. The good
results obtained from the use of the differential equation with
the step input verified this., It was further verified in the
biased runs where the outpu@ was found to be rapidly attenusted
over 35 cps. If the output capacitance had not existed, a max~
imum frequency of around 8 k¢ would have been expected.
The generator used in this study had three major shortcomings
which limited the depth of experimentation possible. First,
voltage breakdown within the generator forced premature cut-off
on many of the runs, second, the output capacitance of the gen=
erator imposed & low maximum frequency of operation, and third,
day to day varlations in the generator and air supply character-
%
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ized by the wide spread in the DU characteristic data made
it virtually impossidle to relats the performance of the

generator to a standard condition,
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ViI. Recommendaﬁiona
The fiz21d of AC power generation by electro-fluid dynamic energy
conversion is worthy of further study. Specific recommendations
arising from the investigation are as follows:

1. Although the generator used in this study would have very little
valus in further investigations with an alternating input, it
would be well worthwhile to design and build a new generator for
this purposs. In addition to improvements in .aerodynamic effi-
cency, ion generation and collection, and voltage breakdown
elimination an attempt should be mede to minimize the output
capecitance, By proper design of the collector it should be
feasible to reduce the output capacitance by a factor of six
to ten.

2. Since variations in flow conditions strongly influence the elec-
trical performance of an RHD generator, the possibility of
closely regulating the temperature and moisture content of the
2ir supply should be considered.

3. Power generation with a blased alternating input should de
investigated. In addition to an expected improvement in out-
put wave shape and frequency response, high output levels may
be possible because of the continuous ion current flow., Also,
the feasibility of separating the AC and DC components of the
output so that both may be seperately utilized should be deter~
mined.
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&4,

Self-gustained oscillation of an EHD generator should be ex-

'amined.. For a generator, designed specifically for AC

operation, the additional circuitry required for oscillation

would not be as unique as that required for the generator used
in this study.
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Appendix A

High-Voltage Alternating Power Source Specifications and Design

To carry out this study, an 2lternating power source was required
that would produce sine and square wave outputs of O to 20,000 v p~p at
frequencies from DC to 100 cps. Several deslgns were invastigated which
included staged amplification, multivibration, crow-bar switching, R-F
pulsing and rectification, and mechanical commutation. The design which
was chosen was a single-stege, high-galn amplifier powered by a 30 kv,

1 ma DC power suppyly and driven by low voltage sine and square wave

signal generators. The final configuration of this emplifier as designed
and built by the authors is shown in the schematic of Figure A 1, and the '
photographs of Figure 4 2.

The completed power asource gave square aad sine wave outputs of 0 to
20,000 v p-p. The voltage gain was of the order of 2000. The frequency
range over which the dlistortion in the output wave shape was low was 10
to 100 cps for the square wave, and 10 to 200 cps for the sine wave. The
output power was approximately 10 watts. Since the input capaclitance of
the generator was around 50 uuf with a RC time constant of 1.57 msec., The
amplifier did not have sufficient output power to drive it at high fre-
quencies without distortion of the wave shape. The limiting frequenqies
were therefore 50 cps for the square wave and 100 cps for the sine wave.

The 6BKY4 tube of the amplifier gave off x-rays at voltages over
14,000, so it was necessary to shield the tube with sheet lead. This
was removed when the photograph was taken to allow a clearer view of the

circuity.
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List of Compopents
6BK, Vacuum Tube

Capacitor, 1.0 uf, 40O v

Electrolytic Capacitor, 50 uf, 50 v

Tubular Capacitor, 0.0l uf, 30,000 v

Resistor, 3 megohm, 1 watt

Resistor, 1 kilohm, 1/2 watt

22 Resistors, 1l megobm, 2 watt

10 Cerbon Film Precision Resistors, 10 megohm, 1/2 watt
Precision Resistor, 1 megohm, 2 watt

DC Power Supply, 3Q kv, 10 ma

Filament Trensformer, 6.3 v, 0.2 amp (not shown)

FIGURE Al

The High-Voltage Power Source
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Appendix B

S4ine Vave Input
This section gives a detailed derivation of an expression for Vo as

& function of time ( or phase angle ) for a sinusoidal input at a given
set of operating conditions. The operatiag conditions selected vwerse:
£=10cpsor wWw=20T
Y,=17.1 kv p-p
Ry =100 megohme
Therefore, ve have
V= 8.55 8in 207 &
or, since it is mory convenient %0 deal with angles,
Va=8.55 sin wt

30° intervals for wt were taken and instantansous values of V, were
found. These are tabulated in Table I. Correspoading valuss of I, were
found from the DC characteristic, Figure 11, and these are also shown ia
Table I.
An approximate expression for I, as a function of wt wvas derived
by Fourier analysis. The method used, the 12 - Ordinate Method (Ref 4:473),
is shewn below. V¥here I, is a periodic function, we can write;
I, (wt)= [Aoo-ul sin wteta, sin 2wte . #ay sinnwt
+Dy cos wit+dy cow 2wt +. . *by cos nut] b 4 10'6
vhere a5, 8y, 83, 8, b, bz. by are given by the following express-
ions in terms of y,, 3, Y20 ¢ ¢ o «s T2 the instantaneous wvalues of

I, in micro-asps corresponding to the velues of W of 0°, 30°,60°....330°
. 102
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-ogjl? (Fo#T14T24+ « « *T7))

12

=-16.83

-1.:% [(13 ~¥g)+0.866 (y2+7y = 78 = T20)
+0.5 (yy+¥5 =~ ¥, = ’11)]

s % [(-130 =38)+ 0.866 (=75 =75 =20 -2040.5 (ooo-o-o)]

==55.5

ap= 0,143 [(y,_+ T2+Tp+Tg) - (:u+15~v1°+ru)]
=0.1443 [(0 -75+0+20) - (-754 0 +20+0)]
=0

'3:% [(rl-r T5+¥g) = (ry+ yya-:u)]

=3 [38+1]

=28.0
ay= 0.1443 [(yl-r Tyt TpeTyo) ~(T24Ts+ g yn)]

0.3 [0 7540 +20) ~(-7540+20+0)]
=0
Sgn [(73 -=yg) +0.866 (yg+yyp -T2 -yi)
+0.5 (+¥ys -7y "’n)]
=3 [(-130 -38)4 0.866 (204204 75+75)
+0.5 (040 -0 0))

=&.55
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b,_,% [(yo ~¥6) +0.866 (y1+¥y; 75 ¥7)
*0.5 (ypy10 -7 -73)] v
-3 [ (0 <0)+0.866 (040 -0 -0)
0.5 (75420475 ~20)]
=0
L % [(yo-’- ¥6)+ 0.5 (3 +y5+¥p¢711)
0.5 (Y4 ¥+ 73+710)]
=% [(o+o)+ 0.5 (04+040+0) -0.5 (-75 -75-ozo+n)]

=9.16

b,,% [(yc-y-n,-na) -(r2¢ 75+ !10)]
-3 [ (o-75+20) -(-75+0+20)]

=0
Yl [(¥°+¥3+15+y9) .5 (r+7247
+75+y7+13+710+yu)]
! [ (0 -13040+38) 0.5 (0 75 -7540
+o+o+ao+zo&o)]
e -6.16
‘5-% [(r0 “76)+0.866 (ys+¥yp -n1 -Fyy)
+0.5 (ya+ry0 =74 -73)]
=3 [0 <0)+0.866 (0400 -0)+0.5 (~75420+75 ~20)]

=0
thea, sudbsitution ylelds

I, (We)m|=16.83 =55.5 sia ws+28.0 sin 3 wt

«0.55 s4n S $+9.16 cos 20t -6.16 cos l&wt]

:|:1o"‘S ®-1)
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Now, the differential equation of the gemerator is,

av, 1 Vo =19 _0
m_-'—!hco ° u%..

and its solution is
s/2
V, () @ t/nl'%/‘t o /210 I, (4) at ®-2)
0

Substitution of (B - 1) into (B - 2) ylelds

-6 ~t/Bge
Tolt)o 20 b 0 pt 1“m"'c‘[-ns.e:a -55.5 s1a w$
(-]

(V]
+28.0 sin 3wt ~0.55 sim 5wt +9.16 cos 2wt -6.16 cos M]dt

If we intergrate and simplify, themn,

Vo($)= 2 x 107 [-16.83 (1- B) - 5.5 {-n ws
A ( t -3 x+_ 28,0 ,
oo @ }(1*-9&){:111 Jwg

=3 A (cos 3Wt -s)} - (122,5‘55 ) {.m 5w
«5 A (cos 5wt -n)}... 13&"3 {(ool 2wt -3)

42 Asin 2 wt}
14-1 cos bWt <B)

+h Asin 4w t}]
. =t/Ry1Co
where A= WR;C, and Bx € (3 -3)
Subsitution of Cym 5.6 x 10712, R w108, We20TW amd
A=wrC, = 20Mx10® x 55.6 =107 %= 0.3493

into (B - 3) yields
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v, (wt) =102 [—16.83 (1-8) ~49.4 {stnwt
<0.3493 (cos wt - B}+13.3% {s1n 3wt
-1.047 (cos 3wt - B)f ~0.1358 {sin 5wt
-1.75 (cos 5wt - B)}+6.16 { (cos 2w - B)
+0.6986 sin 2wt} -2.085{(cos 4wt -B)
+1.3972 sin buwt}
where Bre "t/RI'%-o'“t/wRLcO- oﬂm/o'%93 (B-4)
After the output voltage is established, ¢ approaches oo
and B in (B-4) approaches O.
We oan then write
Vol wt) = 202 [-16.83 494810 wt - 0.3493 coswt}
+13.34 {sin 3wt - 1,047 cos 3wt}
-0.1358{sin 5 Wt - 1.745 cos 5wt}
+6.16{cos 2 Wt +0.6986 sin 2wt}
-2.085{cos 4wt +1.3972 sin tmt}] (B-5).
For wt intervals of 15°, values of V, were found from
(B-5) using the IBM 1620 computer., The computer output
is shown in Table II and the wave shape is plotted as
the theoretical curve in Figure 36.
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PABLE I

I, Coefficients for Output Voltage Prediction

210

2pn

330

Tor Sine VWave Iaput

Vo (kv)

0
b.27
7.40
8.55
7.40
8,27

«lt.27
~7.40
-B.55
=7.40
4,27

| 107

In (oa) Ia

0 Y

(] 41

-~75 ¥z

=130 7y

-75 7,

0 75

0 1

0 77

20 rs

38 L)
20 710
0 oLy
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TABIE I1
Computer Data

Predictad Output Voltage for Values of
Phase Angle for Sine Wave Imput

Values of V, are given in volts.

Unidentified numbers in table represent phase angle in degrees.

0. 195,

VO @F WT =  =922.96 g?omr WT = -1627.76
33‘or WT =  -954.03 ;gséF WT =  -1481.39
38'¢r WT =  -819.30 ggoér WT =  -694.90
45, .

VO OF WT = =1393.39 V@ OF WT = 733.37
60. 255,

;ﬂ OF WT = =3256,.89 ;goﬂF WT = 2408,16
5, .

V'OF WT = —611h.66 ng'r WT = 3780.12

30°¢F WT = =8795,11 §8oéF WT = 4387.40
105. .

¥go¢F WT = =9963,76 g?sﬂF Wi = L4025 .96

¥g OF WT =  =9049. k1 ggoor WT =  2826.31
vasér WT = -6636.00 VO OF WT =  1225.40
150, 345,

VD OF WT =  =4007.72 VO OF WT =  -183.05
165, 360,

V@ OF WT = =2250.30 VO OF WT = -922.98

180,
VO OF WT = -1628,04
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Square Wave Input
This section gives a detailed derivation of an expression for V,

as & function of time (or phase angle) for a square wave input at a
given set of operating conditions. The operating conditioms selected
were

£=10 ops or w = 20T

Vg=18.4 kv p-p

Ry,= 100 megohne

Therefors, wve have

9.2, Ocwt <
VE{=9.2, T<wt < 2T

Prom the DC characteristic (Figure 11), we ean write

-6
~143 10 , o<wt < T

s4h x 10"6, M<wt < 2 (B = 6)

I,=
The solution of the differential equation of the generator is the

same &8s before,

~t/Br C t t/ByC
Vo ($)m & ll'o/ e e Io(t) dt (B = 2)
Co o

Substitution of (B = 6) into (B - 2) yields

. -$/B.C, t +/B1C,
Co [ cwmi®e  ay, o<at<T

~t/81C0 /% t/3gC
e °/ shx100e n"°dt.t«t< 2w
Co o

Volt)

If ve integrate, thea
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-143 x 1076 R (1- e't/ n"c°). O<wt < T
V(%) =

st z107¢ B Q1 -e"/."c'). T<ws < 2™
a-7) .
Subsitution of Com55.6 x 20732, B «20® and w=20T tato
(3-7) yields
v, (wem 43 x 102 R A s W RN
s x10° (1-¢” m/o.m). T<ws <2

(8-8)

Yor w4 intervals of 30°, values of V, vers found from (B-8). These
are tabulated in Table III and the wawe shape is plotted as the theoret-
1eal curve in Figure 37.
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TABLE II1

Prelisted Output Volsage fer Square ¥ave Input

8 & ¥ o

12
150
180
210
240

o

330

‘i

Yo (bl ly

0
-11.12
«13.59
-4, 1%
<14.27
~14.30
-%.30 (0)

.20

5.13

5.4

5.39

5.40

5.0 (0)
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Step (Mgponential) Input
This section gives a detalled derivation of an expression for V, as
a function of time for a step input at & given set of operating conditions.
Ia this derivation, the ion current is assumed to be & linear function of
attractor voliage above the ionisation potential and therefore the DC
characteristic is not usei. The eperatiag conditions seleeted were:
Yo pay = 16:2 kv
Ry, =100 megohms
ByC, = 1.57 x 10 sec (from P. 84)
Sinee the input of the generator is, in fact, am RC network, for a
step inpul we may write
Valt) = Ty pag(1 - e~H/214)
and, therefore, by our assumption,
To(8) = Topy (1-e” /M%) (8-9)
The solution of the differential equation of the gemerator is

=t /R1C ]
v, e "‘i/ I
% Jo

Sudsitution of (B-9) into (B-2) ylelds

~%/B1Co / ) t/R1Co -t/Rucy
e

Iomax (1-e ) as

Vo(t). @
(] °

If ve intergrate and simplify, then

=4/B104 ~t/gS,
A/ )= I le» e o (1=
@ (92 Tomds s " Vg
vhere3, _1 -~ _ _1 (»-10)

2;Co 0y
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Subsitution of 1o max By=V, max=16.2 x.107, R164=1.57 x 107
and B0, = 5.56 x 107> inmto (B-10) ylelds

- . 3¢/5.56
YO(t) = 16.2 X 103 [1"00393 e 103 ‘/1 57.1'393 e 10 / ]
(B-11)
The transport phenomena discussion utilises this result but in the
following slightly different form:

107t/5.56 ~10°%/1. 57]
- e

(Vo mag~Yo) = 16.2 z 203 [1.3939
(3-12)

Values of V, and (V, max ~Vo) were calculated for values of ¢ up
to 10 msec. There are tabulated in TalleIV-and the wave shape (V,

versus t) is plotted as the theoretical curve ia Figure 39.
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TABLE IV

Predicted Output Yoltage for Step Iaput

—3s 000,
0

- 025
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
5.0
6.0
7.0
8.0
9.0

10.0

o v
0

0.05
0.18
0.70
1.43
2.22
3.1
3.97
.89
5.68
7.30
8.67
9.87
10.90
1.7
12.46

—{Yo max Vo) k¥
16.20
16.24
16.01
15.50
w7
13.98
13.10
12.23
11.31
10.52
8.90
7.53
6.33
5.29
b6
3.7
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Appendix C
) 4 Paramate t

Yelocity Ca atio

The following calculations are tmsed on Wheeler's assumed average
value of Mach Number of 1.4 throughout the treasport region (Ref 7:53).
Also, the aversge T, 1s taken as 40°F amd for isemtrepic flov of & per-
fect gas Y = 1.4

¥ ow,

=1 w
;2’1*"2

vhere T= fluid temperature in transport region
To= stagnation temperature
M = Mach Number is transport regiom

Thea

T= __.iT_.yt_oo = 359°R
1+0.2 (1.4

¥ov the velocity of sound, c=49.1 YT =930 fps

and N, Ve vhere V¢ = fluld velocity is transport region
°

therefore, Vo= ¥ x o=1l.4 x 930=1302 fps
Fluid Density Calculations

Density o= 00 (14 Y -2; ¥?) 7-}1_'

vhere /R o= the stagnation density

But 0o —Po - 164,27 x Qb x 0.890 lbm/ft3
B,  53.3 x 500

Therefore the density of fluid in transport region is’

o= 080 . 0.3 bu/243
) 1
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Trengit Time Calculatiop
Vg = trangit velocity of ions
Ve = fluld velociey
v = drift velocity of ions
Zhean,
Vy=Ve.+ u

and,
u w kE (Ref 6:2 )

where
k=X %_ = ion mobility

(c-1)

(c-2)

K=1.6 x 10 a/sec for positive ions and

volt /m

k=2,2 x 10"'4 lllig for negative ioms.
volt/m

 § 0
density of air at 0°C & 760 mm Hg, P
Py » *53.3 x !%o'uz)

3nt ﬂ- 0. 389
Then X'»3.32 x 107
aad k"sk4.56 x 1070

=0,0807 1ba/fe’

Trom Gourdine (Ref 1:2), taking the case for maximum power, ve

got

Lmaas [1-3' (1%) *]

vhers

l‘ - !;_h_ and By = electric field strength at position

xuthotnuportrocion
e i
"1

Now, for optimum operation, Tn 1.00
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[-14-(%)%
u= k x B |

] kﬂ* -1] v (c-3)

Substitution of (C-3) into (C-1) gives

VeaVe + Vg [ (g)i -1 ]
then,

gore [t
dx, . Vg dt

&
If we integrate,
tr=l /L dx Y

" ()
t 1 2 Lz % g
=k ) ]

2( = 0.0641 meec

Then,
Ve
r

But

or

Therefore, under maximum power conditions the ion transit
time tp= 0.0641 msec.

In general,

& < tr < oo

Ve
Since when R =0 , um0

80 V=V, , and trgl = 0.032 mses.
Ve
and at saturation u=vt

80 Vt=0 Andtr—o )
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Appendix D

Geperator Self-Sustained Oscillation Calculations

As explained in the text, a2 wave-shaping tank circult is required
in the output circuit of the generator to attain a suitable feed-back
signal for osclllation. The circuit for oscillation is showa in Figure

D 1 and operates as follows:

AIR EHD
— GENERATOR -
START F__—g i TANK
S e [_—_j:__] cTROUIT
— STARTING
= RESISTANCE
T OUTPUT
' =
FIGURE D1
Schematic of Self-Sustained
Oscillation Circuit

The start pulser applies & 10 cps signal of short duration to the
attractor of the generator. The output of the generator sses the start-
in load (several megohms) and so an output voltage builds up. The
circuit then begins to resonate and the output resistance thus increases
apd the voltage builds up higher. At this point the starting load is
shorted out and the resonant resistance of the tank circuit is the only
output load on the generator. Part of the energy in the tank circuit is

fed Pack $o the attructor to sustain the oscillaticas. Aay residoal
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energy in the tank circuit is available as output at the terminals of
the treansformer secondary.

Tor near maximum voltage and power gain, a load of 100 megohms was
found necessery at a frequency of 10 cps. Heance, the resonant resistance

of the tank circuit must de 100 megohms.

'l'honnt--ool.t Q = 100 meghoms
and, since the resonant frequency =10 cps,

1t Q. J00 _x 106 _ 1.6 x10°
.28x 10

If a Q of 100 (high but within reason) is chesen, thea
6
L, » 1.6 x10° 16,000 h,
Lt 100 ’

Now, at resonance,

rzz_ﬁxm_

Hence,

¢ 0.0158
Y G2 02 6,000 o

An alternate calculation would be to find Q knowing the energy

available and ct H

Q=27 M:%g___z 2 4 cv?
energy dissipated/cycle 4
1710

whers the power available = 1 watt from Figure 26 and

maxinum voltage V=14,100 from Pigure 19.
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Appendix B
Sine Vaveifiquare Yave Power Celculatiess

1 Power BRatio
To obtain the theoretical value for the ratio of sine wave input

pover to square wave input power, the square of the voltage is integrated
over the ioniszation region for half avcyclo for both wave shapes and the
ratio of the two integrals is then the required power ratio.

Tor a 6.5 kv BMS sine wave input, the iaput voltage V= V_ gin ©

Nax
vhere V. .« é.i = 9.2 kv
X

Therefore,
V=9.28in0 and V2 = 84.5 »1n? 0
If fonisation occurs at 5.5 kv, then

Osnn-afé._, 36.75°

The 1imits of the ioniszation region are therefore 36.75° a%d 1#3.25°.

143.250 143.25
Then the ares mder the curve = f V2 40 = 84.5 / *12%0 406
36.75° 36.75°

43,250
= 845 | 346 - inazoﬁ = 119.0
[ 36.75°

Tor a 6.5 kv B8 square wave input,

the area under the curve = T x (6.5)2 =132.9

Then, Sine wave in »229:0 . 0.896
Square wave input power 132.9
Qu$put Poyer Ratio

The theoretical valus for the output ratio is found by obtalning

instaatsneous output currents, I,, from the DC characteristics (Pigure
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11), plotting (I‘:,)2 against phase angle 6 and comparing th