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CHAPTER 1

VACUUM ELECTROSTATIC ENGINEERING

This report desoribes an investigation of the electrical
engineering possibilities of machines depending on electrostatic
forces and principles and utilizing high vecuum as the essential
insulating mediume. This combination of electrostatic devices and
vacuum insulation mekes possible, it is believed, a new type of power
system - capeble of all the functions of modern power systems, but
possessing unusual ultimate advantages in power capacity, overall
efficiency, distance of transmission, reliability, and economy.*

The various elements of such a complete vacuum electrostatic power
system are discussed in succeeding chapters of this report. The
basic characteristics of vacuum insulation and of electrostatic power
machinery which, in combination, open up this new and tremendously

important field in power engineering are discussed immediately below.

A. HIGH VACUUM INSULATION

High vacuum is believed to be the ultimate insulating medium
for high-power and high-voltage electrical-engineering applications.
This belief in the ultimate superiority of high-vacuum insulation is

based on the following fundemental considerations:

* The conception of a vacuum-electrostatic power system, its
possibilities and practical means of realization were briefly de-
scribed in a "Report on Present and Proposed Research" presented to
President K. T. Compton of M.I.T. on March 20, 1931, by R. J. Van
de Greaff, then at Princeton. A paper entitled, "Electrical Engi-
neering Possibilities of Electrostatics with Vacuum Insulation® was
presented by invitation before the annual meeting of the British
Association at Leicester on September 12, 1933, by R. J. Ven de Graaff.



(1) By far the highest voltage gradients (electrostatic
forces) between metallic electrodes can be maintained in high vacuum.
Ia e sufficiently high vacuum the voltage gradients theat can be main-
tained depend principally on the nature and preparation of the elec-
trode surfaces. Haydenl-reports o maximum gradient at the cathode
surface of 1.3 x 10 volts per centimeter between outgassed molybdenum

spheres. Piersol? claims a cathode gradient of 5.4 x 108

volts per
centimeter between molybdenum plates outgassed at 1400 degrees C.
R. J. Van de Graaff, in an experiment performed at Princeton in 1931
obtained indications of a cathode gradient of 5.5 x 108 volts per
centimeter between small metallic spheres, the cathode sphere being
covered with a thin film of pyrex. Experiments performed during this
investigation using sphefe gaps made of 1/2" polished steel balls,
unoutgassed, indicated that cathode gradients of the order of 1 x 106
can be consistently obtained under these conditions. A more detailed
account of these gradient studies is contained in Chapter VI.

While the possibility of attaining in vacuum voltage gra-
dients at the negative electrode as high as those indicated above has
not gererally been known to the art,5 the fact that voltage gradients
of tens of millions of volts could be maintained at the positive elec-
trode has been generally recognized. Advantage can be taken of these gra-
dient differences, particularly when extremely high voltages are involved,
by so geometrically disposing the cathode surface relative to the anode

surface that the field is distributed (weak) over the cathode surface

l. Hayden, Jour. A.I.E.E., 41, p. 854, 1922.

2. Piersol, Report of British A.A.S., p. 359, 1924.

3. (Particularly in the coated-cathode and the unoutgassed elec-
trode cases.)



and concentrated (strong) over the anode surface. A practical applica-
tion of this conception} is a vacuum transmission line consisting of

a relatively small rod serving as the positive conductor or anodse,
which runs axially through a cylindrical shell serving as the return
conductor, the space between the two being evacuated.

The electrostatic force acting on electrodes varies as the
square of the voltage gradient at their surface. The rapidity with
which the magnitudes of these forces increase with gradient is illus-
trated by thé following example: The electrostatic force between two
parallel plates 10 ins. square (neglecting edge effects) due to a
voltage gradient of 300 volts per centimeter is about 0.00006 lb.;
for a voltage gradient of 30,000 volts per centimeter (which is about
the limit for electrodes in air) the foroe is a little over one=-half
pound; for a gradient of 3,000,000 it would be over 5,700 lbs. These
tremendous forces, which can be- produced only in vacuum, are herein
claimed and shown to offer possibilities of extreme importance in the
field of electrostatic power machinery and engineering.

The insulation of extremely high voltages can be best
accomplished in high vacuum. Voltages of almost a million volts have
already been insulated in vacuum under disadvantageous conditions and
there is sound theoretical reason for the belief that many millions
of volts can be safely and practicebly insulated in vacuum-z In air

it is impracticable to insulate steady voltages greater than 10 million,

1. First suggested by R. J. Van de Graaff and investigeted as
part of this research.

2+ One phase of the activities of Dr. R. J. Van de Graaff is
directed toward the realization of a d=-c. zenerator in vaecuum for

nuclear experiments capable of developing voltages measured in tens
of millions.



-

m@%&, [

G T

s e

S AN 5t g o+ 1 W s s s

a sphere 15 ft. in diasmeter and suitably insulated from ground being

.required to hold such a voltage.*

(2) A vacuum offers no resistance to moving parts. This
property of a vacuum is adventageous in two distinct ways: (a) It
eliminates completely the energy loss (windage or its equivalent due
to viscosity) inevitably accompanying the operation of dynamic machin-
ery in all other media. (b) It permits the making and breeking of
electrical connections by actual physical contact or separation of elec-
trodes without any accompenying decomposition of the surrounding insulat-
ing media (as would be the case in general with material insulation such
as oil, etc.) and without any physical epposition to such movement.

(3) A high vacuum can, by simple and easily controlled means,
be rendered an excellent unidirectional conductor of electricity, and
can from this condition at will be restored to its former highly in-
sulating state; an important feature of this unique property is that
these transitions can be accomplished with only a minute expenditure
of controlling energy, in less then a millienth of a second, and with-
out changing necessarily the potential between the two terminating
electrodes. This conception has important practical applications, as
is illustrated by the various direct- and alternating-current switches
described in Chapter ] of this report.

(4) An insulafingzégcuum ceannot of itself support space
charge unless the charge is artificially introduced, as for example,

by thermionic emission.

* These are the rated voltage and physical dimensions of the
Ven de Graaff high-voltage generator at Round Hill, Mass.



(5) & high vacuum has no dielectric hysteresis loss.

(6) A high vacuum of itself has no surface or volume leekage.

(7) An important property of high vecuum as an insulating
medium is its ability to pervade, in a very complete sense and ﬁith
absolute homogeneity, the interelectrode space. This ability eliminates
the costs, difficulties, and imperfections accompanying the forming or
impregnating operations required with material insulators.

(8) Vacuum insulation is self-healing.

(9) Vacuuin is unaffected by temperature changes. This consider-
ation eliminates the important operating temperature limitetions of
material insulators.

(10) Vacuum is incapable of transmitting sound. This quality
has important advantages in the reduction of the noise accompanying the
operation of power machinery.

(11) Vacuum suffers no change or deterioration of insulating
properties with time. Such deterioration is commonly experienced in
varying degrees by material insulators such as paper, rubber, fiber,
oil, etc. |

(12) Vacuum is incombustible and acts as an effective prevenw
tive of combustion. It reduces fire hazard, whereas the use of hydrogen,
paper, rubber, oil, etc. increases this hazard.

(13) Vacuum insulation would in practice to a large extent
eliminate all danger to human life commonly accompanying the presence
of high-voltage power. This comparative safety is the result of the
necessity of enclosing all high-voltage parts in a vacuum-tight con=-
tainer which would be of metal and at earth potential and hence would

completely shield all external objects both from voltage and from



accidental arcse.

(14) Vacuum is téansparent. This property enables the close
observation of the mechanical motion and general state of the material
objects contained therein, removing to a large extent the obscurities
caused by other insulation processes such as immersion in oil, or the
shielding or binding with relatively opaque insulating materials. It
further permits the use of light or of devices depending on the trans-
mission of light, for the control of mechanisms or machines operating
in the vacuum or for the transmission of intelligence between it and
the extermal regiom.

(15) Vacuum insulation to a large degree eliminates the neces-
sity and therefore the cost of material insulgtors. A recently-con-
structed thfee-phase, 250,000-volt, 8000-asmpere oil circuit breaker re-
quires 66,000 gallons, or over 230 tons, of costly high-grade insulating
oil.

(16) Vecuum is without weight. The importance of this lies
in the elimination of the necessity and expense of supporting the
weight'of material insulation, whether in storage, operating position,
or shipment.

(17) Vacuum insulation permits, without sacrifice in reli-
ebility, a very close and rapid practical realization of its optimum
theoretical possibilities in machine design. In contrast to this, the
use of material insulators must be accompanied by large factors of
safety and much experimentation to teke care of the obscurities and
uncertainties caused by space charge, leakage, variebility from sample

to sampls, deterioration, etc.



It 1s evident that these advantageous and often unique’

properties of high vacuum as a yoltage insulating medium render it

far superior to any material insulator now known to the electrical
art. High vacuum, being in practical effect the absence of all matter,
is free from the inevitable limitations and imperfections of mateérial
substances. These considerations form in part the basis of our belief
that high vacuum is the ultimate insulating medium and, as such, will
characterize and extend in an unprecedented way the electrical engi-

neering of the future.

The practical realization of the unusual electrical insu-
lating properties of high vacuum is attended by certain special prob-
lems, some'of which will now be briefly discussed.

(1) Vacuum is incapable of supporting the physical structure
which it insulates. Hence, in genersal, ﬁaterial insulators must be
used in vacuum to perform this function. The relative amount of this
material insulation, however, is small and can usually by proper design
be located in regions of low electric stress. In this way full and
effective use of the properties of vacuum insulation can still be made.
It is moreover possible to produce for the special purpose of support-
ing high-potential bodies in vacuum, material insulators many times more
compact than the equivalent insulators now available for use in other
media. These and other aspects of the problem of material insulation in
vacuue are discussed in detail in Chapter VI.

(2) The electrical insulating properties of high vacuum are
dependent upon the surface conditions and the characteristics of the

electrodes therein. Discriminating choice of electrode material and
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the proper electrode'design and treatment are essential to the practical
realization of the vacuum insﬁlation characteristics disclosed above.

It will be seen in Chapter VI where this problem is more fully discussed,
that in the limit it is still the imperfections of the material electrodes
that fix the insulating properties of high vacuum.

(3) "Nature abhors a vacuum." This unphilosophical doctrine,
meintained by philosophers for 2000 years, grew out of the ancient rec-
ognition of the difficulty of producing and maintaining even a poorly
evacuated condition. The problem of producing end maintaining in a
reliasble engineering manmer, within a large metal tank, an evacuated
condition many million times improved over that suggested above, and
yet so ?ntimately linked with the outside world that power and control
can easily be transmitted between them, is correspondingly greater. By
contributing to contemporary vacuum technique certain new ideas which
make for engineering usefulness and reliability, the way toward a prac-
tical solution of this problem has been disclosed and experimentally
demonstrated during this investigation. This work on vacuum technique

is described more fully in Chapter V.

Be VACUUM ELECTROSTATIC VERSUS ELECTROMAGNETIC MACHINERY

It is believed that machines operating on electrostatic prin-
ciples utilize more advantageously the uniqﬁe insulating properties of
high vacuum than electromagnetic mechines. Vacuum electrostatic machines
for energy conversion end trensformation purposes have therefore been sub-
Jjected to considerable analysis and development during this investigatione.
In general, devices based on electrostatic forces and principles have

certein fundemental eand important adventages over devices depending on



electromagnetic forces and principles. Among these are the following:

(1) The maintenance of appreciable electromagnetic fields
and forces requires the continuous movement of large quantities of
electricity and therefore continuous power loss, whereas for the main-
tenance of electrostatic fields and forces only the presence and not
the motion of electricity is required. Hence electrostatic forces can
be maintained with no power loss. In electrostatic machines the power
loss due to charging current takes place only during the charging inter-
vals and mey be made small by the use of high voltages; in electromag-
netic machines the power loss for the seme current demsity tekes place
continuously and cannot be avoided by increese of operating voltage.
These considerations indicete that electrostatic processes are inher-
ently more efficient than corresponding electromagnetic processes.

(2) The maintensnce of an electrostatic force is, in its
nature, a direct end primary menifestation, while the maintenance of
an electromagnetic force (force on & conductor carrying a current in
8 transverse magnetic field) is by nature a complex snd secondary mani-
festation; these facts are reflected in that electrostatic machines can
in general be mede simple as well as efficient, while electromagnetic
machines remain relatively more complex and inefficient. By electro-
megnetic machines are meant all energy-converting or transforming
devices involving as a predominant characteristic the interaction of
magnetic fields. By electrostatic machines are meant all energy-
converting or transforming devices involving the use of electric forces
as the predominant characteristic without the necessary use of magnetic

forces.



(3) Eleetromegnetic machines require per unit power fairly
definite volumes éf £%avy?material such as iron and copper, since

these materials have practical limitetions in the flux density and
current demsity, respectively, to which they can be subjected. These
limitations of the materials essential to electromagnetic machinery

put on this class of apparatus & weight and size per unit power restric-
tion. This restriction is not present in vacuum electrostatic machinery
since in general the electric force between electrodes is independent of
the volume of the electrode end of the material below the surface. This
fact, coupled with the high energy concentrations of which high vacuum

as dielectric is capeble, leads to the conclusion that as far as ultimate
limitations are concerned, electrostatic machines have the adventage of
lightness and compactness over electromagnetic machines.

The above basic considerations indieate that, in their ultimete
forms, vacuum electrostatic power machinery will exhibit adventages over
electromagnetic machinery in greater efficiency, simpliecity, lightness,
and compactness. The following practical considerations should also be
cited:

(a) In addition to the higher efficiency inherent in the elec-
trostatic processes themselves, the absence of dielectric loss (except
for the small amount associated with the material insulators supporting
the electrodes), the complete absence of magnetic loss, the large re-
duction of the charging current heat loss (through the use of the high
voltages possible in vecuum end because of the low-resistance construc-
tion which characterizes the proposed electrostatic power machinery),

and the complete elimination of windage loss, = all these result in a



total power loss fTor electrostatic machines which is meny times less
than the loss in equivalent electromagnetic machines.

(b) The all-metal construction of the electrodes of the
electrostatic power machinery proposed herein, and the generally neces-
sary use in vacuum of materiel insulation which is non-organic, removes
to a lerge extent from vacuum electrostatic machines the temperature

rise limitation which is common to all electromagnetic machines. This

_freedom from e narrowly-restricted permissible temperature rise, to=-

gether with the low losses inherent in high-voltage vecuum electro-

static processes, makes possible for the first time electrical machinery
whose power capacity is limited by its electrical and mechanical ability
to develop power, and not by its ability to dissipate the energy loss in-

volved in the process.

C. ELECTRICAL ENGINEERING APPLICATIONS OF VACUUM ELECTROSTATICS

The major portion of this research was devoted to the prac-
tical application of vecuum electrostatics to electrical power engi-
neering. This phase of the research proceeded along several paths;
it involved the development and analysis of new types of electrostatic
power machinery, the development and study of the other elements of a
complete power-transmission system such as d-c. power transmission and
switehing, the study of practical details of design, estimates of costs,
end comparison with existing power systems. It involved also the ex-~
perimental study of model power electrostatic machines, the development
of engineering vacuum technique, end the test of vacuum and material

insulation strength.

11



This;‘érk,is.desoribed in the following chapters and
has shown the prgcticability of the following applications of
vacuum electrostatics to eiectrical power engineeringi

(1) Machines operating on electrostatic principles and in
high vacuum can be developed to perform all those energy=-conversion
functions now regularly performed by high-power electromagnetic or
electronic machinery such as motors, generators, transformers, con-
verters, rectifiers, inverters, etc.

(2) Machines operating on electrostatic principles and in
high vacuum can be developed for the direct generation and direct con-
version of high-voltage direct-current power - a function not as yet
practiceble by present electromagnetic or electronic devices.

(3) Such large-power electrostatic machines operating in
high vacuum can be developed for a.range of voltages of the order of
50,000 to seversal millions of volts.

(4) Such vacuum electrostatic machines would have power
losses many times less than those of corresponding rotﬁting electro-
magnetic machinesy these losses would be of the order of one per cent.

(5) Such machines would be capeble of more power per unit
weight or per unit size than is now developed by modern electromegnetic
machinery.

(8) Such electrostatic machinery would be essentially a
simple variable condenser or combinations of such varisble condensers
with suiteble switching and eircuit arrangements.

(7) Both rotor and stator of such machines might be of metal,
though not limited to metal or conducting material. For machines with

metallic rotor and stator, the amount of required insulation.material,

12
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other than the higﬁ vecuum itself, would be made relatively small
and located away frpm the active electric fields.

(8) The probable best type of high-power electrostatic
machine woulc¢ be of the interleaving parallel plate type or variations
of this type.

(9) Transmission lines cen be developed to transmit prac-
tically unlimited smounts of d-c. power over practically unlimited
distences at voltages of the order of millions of volts and at ex=-
tremely high efficiencies. The essential feature of such a trans-
mission line is a central positive conductor running exially through a
highly-evacuated metal tube constituting the cathode or return conduc-
tor. It is ;ecognized also that for intermediate voltages of the order
of one million volts, d-c. power cables of the conventional type may
be used as the transmitting link of the electrostatic power system.

(10) High vecuum electronic switchés can be developed cap-
able of conducting, with high efficiency, the currents involved in
such high-voltage direct-current high-power systems, and capable of
interrupting these currents and withstanding the full line voltage.
Electronic switches can be developed to perform the commutating func-
tions in high-voltage vacuum electrostatic power machinery.

(11) Such & high-voltage vacuum transmission line might ter-
minate in suitable high-voltage vacuum electrostatic machinery and
thus, with this terminal eéuipment and with the electronic switches
and auxiliaries, constitute a complete power system capsble of all the
functions of modern power transmission systems, but transmitting direct-

current power at voltages of a million or more volts and with en over-all
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efficiency for suﬁstantially unlimited distences (through generation,
trensmission, end conversion), departing from 100 per cent by en amount
of the order of 4 per cent.

(12) Such a vacuum electrostetic power system is capable of
rapid realizetion and, in its ultimate form, besides offering great
advantages over present electromagnetic systems in power capecity, effi-
ciency, and range of transmission, is inherently capable of great re-

liability and lower cost.



CHAPTER Il

VACUUM ELECTROSTATIC MACHINE ANALYSIS

Various types of vacuum slectrostatic machinery - alternating-
current generators and motors, direct-current generators and motors,
etc, - were developed and emalyzed during this investigation. In
this chapter the more important of these are described, their opera-
ting principles and characteristics disclosed, and meny of the func-
tional and design problems and their solutions indicated. This chapter
covers only vacuum-electrostatic-mechinery analysis and does not cover
problems of vacuum technique or vacuum end material insulation charac-
teristics, which are discussed leter. All of the machines herein de-
scribed are believed to be capable of practical epplication in a high-
voltage power system exceeding in power cape.city, efficiency, and

renge of transmission, any qlec‘bric power system now existent.

A. ALTERNATING~-CURRENT SYNCHRONOUS
ELECTROSTATIC MACHINE - TYPE 1 ¥

The machine is essentielly a varisble condenser which mey be
of the parallel-plate interleaving type, as shown in Fig., 1. TFor
operation as a motor a suiteble source of high-voltage a-c. power is
impressed across rotor and stator. In practice, one of these members,

preferably the rotor, mey be grounded.

l. Principle of Operation

The general equation for the curremt flowing at any instent

in a condenser circuit whose capacitence end impressed voltage vary

* First described by Dr. R. J. Van de Graaff.

15



with time is
de dc
i=Cxrtem (1)

The power input to the circuit at any instant is found by multiplying
Equation (1) by e:

de 2 dc
P = ie = Ce + 0 <2

The first term in the right-hand number of Equation (2) does
not involve any transformation of electrical to mechemnical power. It
represents the power trensfer between the outer circuit and the electro-
static field due to change in voltage.

The second term contains within it the transformation from
electrical to mechanical power. The mechenical power is equal to one-

half the velue of the second term, thet is,

- L (3)
and represents the rate at which work must be done on or by the system .
at voltage e to cause its capacitance to chemnge at the rate dC/d'l:.
The remaining helf represents the rate at which the stored electro-
static energy in the system at voltage e is chamging due to the capac-
itance variation dC/dt. If dC/dt is positive, then electrical energy
is being absorbed by the circuit and mechanical energy is being de-
livered. If dC/dt is negative, then mechanical energy is being sebsorbed
end electrical emergy delivered.

Equations (1), (2), and (5) » or their equivelents, ere the
basis of studies of electrostatic machines. From Equation (2) it is

seen that for en alternating-current electrostatic machine consisting

16
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of & simple variable condenser upon which a periodie voltage e is
impressed, to develop power as a motor, dC/d'b mast be positive when
e is large, and negative when e is small. Such & motor will run at a
synchronous speed given by

n = 120 % revolutions per minute (4)

where f is the frequency of the impressed voltage in eycles per second
end p is the number of poles or the number of cycles of capacitence
varietion per revolution. Such a motor will adjust itself to increesing
loads by changing its "power angle™ in a menner enalogous to that of the
wellelnown electromagnetic syﬁchronous motor. When the maximum power
engle is reached, fur‘ther increase in load ceuses the motor to pull out
of step.

For such & mechine to develop power as & gemerator, dC/d'b must
be ﬁegative when e is large, and positive when e is small. TFor a given
periodic voltage e, the synchronous speed is again given by Equation (4)
and the electric power delivered to the line is again a function of the
power angle.

The time rate of capacitance veriation of these electrostatic
mechines et constant synchronous speed may be a rectanguler wave of double
frequency (relative to the line voltage frequency), or & sinusoidal wave
of double frequency, or any periodic curve having es an essential com-

ponent a sinusoid of double frequency.

2. Capacitance Variastion and Power

The purpose of this snalysis is to determine the kind of ca-
pacitance variation which will produce meximm power capacity in em

electrostetic synchronous machine with given size of disks.

17
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Let e = E sin(wt+ ©) (5)
and

C = Cy~ Cjcos wt=Cy008 2wt eesess = Cpcos nut (6)

This is the Fourier series expression for the most gemeral kind of ca-
pacitence time-variation. Then
S = 010 sin et+20p0 sin 20+ eeeen. +nCpo sin nut (7)
From Equations (3), (5), and (6) the average power is
2n

o N ' :
Py = 75 ) sinz(art+ o) {01‘*‘ 8in wt+2Cow Sin 2wt+ eeees +nChw sin nm'b} at

2n
2 © 1. o :
= -E;!-@- 1 coszgwh ) {Clm sin wt+2Cy0 sin 2ut+ ... +nC 0 sin nmt;dt (7e;

All the terms except the second in the bracket of Equation (7a) drop out.

Hence 2
E ‘°C2
P, = sin 26. (8)

It is evident from this that, with sinusoidally-verying voltage, only
the double-frequency sinusoidal component of the total capacitance time-
varietion (or of the time rate of capacitance change) contributes to the
power.

Two different time rates of capacitance change will now be ex-
amined. The first will be a double-frequency rate of capacitance change
of rectanguler wave shape, and the second a double-frequency rate of
capacitance change of sinusoidal wave shape.

The Fourier series for the tﬁne rate of capacitance change of

rectanguler wave shape and wnit amplitude, illustrated in Fig. 3, is:
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g—g— =-::'-:- (cos 20!1?/\% cos 6wt + -é'- cos 10wt + eeees) (9)

It is only the first term of this series, as has been proved above, that
contributes to the power. If the maximum cheange of capacitence in a
mechine with uniform capacitence variation and given size of disk be C

then the amplitude of the corresponding rectengular-waved rate of change

of capacitance is

Amplitude = 2:% (10)

and the equation of the power-producing fundsmental of this is by (9):

& :i’% ¢, 8in 20t (11)

It is shown in Appendix A that if disks of this seme given size
were shaped so as to secure a sinusoidal rate of change of capacitance,
the meximum chenge of capecitance would be only 2/11 Cype The time rate
of change of capacitance in this case is therefore

dCc _d ,2
T3 ('1_{ Cmsinamt) = %—‘g Cpoos 2wt (12)
Evidently then, since all other conditions ere the seme, the ratio of
power developed by a machine with disks shaped for a sinusoidal time rate
of chenge of capacitance to that developed by one of the same-sized disks,

but designed for a rectangular time rate of change, is given by
Eg. (12 n
o (12) Z = 78.5 per cent (13)

3. Power when Rate of Capacitance
Verietion is a Rectangular Wave

The rate of capacitance variation is a rectangular wave when

the rotor end stator poles are sector-shaped, that is, when the capaci-



tance veries uniformly with engle. Referring to Fig. 1, the maximum
éapa.cita.nce chenge between rotor and stator in vecuum during a cycle is

closely given by:
2_2
-12 n(rj-r3)2s
2d '

C = 0.0884 10 farads | (14)

where

s 1is the number of rotor disks
d 1is the separation rotor to stator in centimeters

The time rate of change of capacitance is given by

-12 %
ac , zapc  20P 0.0882 1072 n(r8r5)2s porpag
a - " Te0 60 2d second

(15)

From Equation (3), for an impressed voltage given by e = E sin at, the

instantaneous mechanical power developed by the machine is

2
+ E° dcC 2
P==3" 3 sinut : (16)

The'power, es shown in Fig. 2, is pulsating. There are successive in-
tervals of motor aend generator action during the cyecle, the relative
amounts of motor and generator power depending on the phase angle & -
the angle in electrical degrees between zero voltage snd minimum capaci-

tance. The average mechenical power is found by integrating over one-

half cycle:
n
2 ac 1[ [ oz §
P, = - > = -,;[ sin wt d(wt) -f gin®ut d(mt)»,/sinzwt d(w‘b)]
, ° (] 0+ 12‘.
} E° 4C sin 28
2 T® T n
lO-len 8 2 .2\.2 2
= 14.7 ——-é-l’-— (ri-r;)E°sin“26 watts (18)
-14 }
= 17.6 .1.9__d_£§ (ri-rg)EzsfmzZG wetts (1¢9)

(17)
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4. Power with Sinusoidal Rate
of Capecitance Variation

The rate of capacitence variation 1s sinusoidal when the
capacitence veriation itself (considering the minimm capacitence as
zero) is of the form

C
C = cmsinzaat = -22 (1-co§lmt) (20)

The line voltage is again taken as
e = E sin(uwt+ @) . (5)
and the current from Equation (1) is

C
2

[cos(wlu- 8)-Voos(art+0)cos 2ot + CpBe sin(ot+6)sin 2wt| (21)

i’=

The instantsneous pawelz' is

C
Paeiz

o .
[sin(mt+ 0 )cos (wt+ 0 )=-sin(wt+ O)cos(wt+ @)cos 2wt
+28in° (et+ @ )sin 2arb] (22)

The average power is

[m e [o ngme o]

CmE I3
= 5 sin 24 (23)

Motor action is developed by this machine for power angles of @ = 0 to n/4..
Generator ection is developed for € = O to -n/4.
The power developed by this machine in terms of its physical

dimensions is

E®sin 26 2npn K 0.0884 x 10~12
P =

a 8 120 2d

2 2
n(rl-rz)zs

. =156 2 2
1.815 x 10 E pns(rl-rg)k sin 20

d

watts (24)



218 x 10”5 Ezfs(ri-rz)k sin 28
- ’ - (25)
where
K= .g.
n

13
[}

revolutions per minute

p = number of poles

s = number of rotor disks

f = frequency cycles per second

5. Effect of Parasite Capacitance
on Current and Power Factor

In the foregoing analysis it was seen that the constant
minimum cepacitence Cy» upon which the va.rying capacitance was con-
sidered superimposed, had nq_fi‘fec’c on the average power. The effect
of this minimum cepacitance between rotor and stator on the line eurrent
and power factor will now be examined. The capacitance expression is
more accurately given by

c = Cm(sinzmt-m) | ‘ ~ (28)
where Cp is the maximum change of capecitance and ACy is t he minimum
§apaoitance. Taking

e = E sin(at+ §) (5)
the current, from Equation (1), is given by

i= Cm(sinzwh-f-}s)mE cos(wt+ ©)+E sin(wt+ €)ulysin 2wt

which reduces to

i= - 0EC [A sin(ut-g)+ 3/4 oos(Smt-t-G)] (27)
where

A =V(—2~ + 2\.)200329 + (-i- + L)zsinzb (28)
and

d = ten~1 (3/4 + A)cos® (29)

(1/4 + M)sing
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The power factor is the cosine of the angle between the fundamental

components of voltage and current, or

P.F = cos(90-g+8) (30)

Figs 4 shows the effect of the minimum capacitance C, on

current and power factor for all values of @ and two velues of X. It

is seen that increase in A greatly increases the current and greatly
reduces the power factor. For single-phase machines of this type the
power factor is still only 0.454 even when A is zero, a condition not
atteinable in prectice. It must be remembered, however, that in the
high-voltage machines contemplated by this research, power-factor con-
siderations are not nearly so importent as in the presemt electromegnetic

machines.

6« Third-Harmoniec Current

More important is the relatively large third-hermonic current
which exists, as shown in Equation (27). The third-harmonic current is
independent of both power angle and minimum capacitance. When A = O,
the third harmonic is alweys somewhat larger then the fundamental, except
at no-load, when they are equal. For other values of A it is only the
edditional reactive component of the fundemental which mekes it overshadow
the third harmonic. It must be noted that, while many harmonics are
present in machines with uniform capacitance variation, it is only the
third harmonic which still remeins when the machine is designed so that
the rate of capacitance variation is sinusoidal. Since, as will be dis-
closed, even this third harmonic can be eliminated in three-phase machines,
it is evident that the sinusoidal rate of capacitance variation offers

aedventages over the rectangular and other types.
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7. Polyphase Synchronous Electro-
static Machines, Type 1

While the synchronous electrostatic machines described above
were single-phase, it is recognized that polyphase machines opersting
on the seme principles mey be made of such single-phase units properly
displeced in phase relative to one another. Some of the possible eirecuit
connections for two-phase snd three=phase machines are shown in Fig. 5.
The power formules developed for the single-phese machine now give the
power per phase for the polyphase machine, all the terms in these formilas
becoming phase quentities. It is evident, without further analysis, that
polyphaée operation results in a far more uniform torque characteristic
than single-phase operation.
| It has been shown that one of the inherent charscteristics of
the single-phase machine operating on sinusoidal voltage are the prominent
current harmonics which accompany the fundamental. It has also been
shown theat by shaping the rotor or the stator plates so as to make the
rate of cepacitance variation sinusoidal, all but the third-~harmonic
current can be eliminated. In a three-phase machine fed by or feeding
into a three-phase transformer with the neutral connected, the third
harmonies in each phase flow out through the neutral. A tertiary delta
winding on the transformer will supply this third harmonic, so that no
third=harmonic current due to the électrostatic machine appears in the
external circuit beyond the trensformer. A circuit embodying this idea
is shown in Fig. 6. .
It is not possible to balance out the third-harmonic currents
for all loads in a polyphase mechine by displacing the rotors relative
to one another, and keeping the stators in phase, nor is this believed

to be a practical method of reducing them.
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B. ALTERNAT ING-CURRENT ELECTROSTATIC
MACHINES - TYPE 11

These machines™ consist essentially of two sets of stator
members between which a direct-curremt excitation voltage is maintained,
and two sets of rotor members whose capacitance with the stator members
veries periodically, preferably so that dc/d‘c at constent speed is a
sinusoidal function. A four-pole machine of this type is shown in
Fige 7. From its schematic diagram given in Fig. 8 the machine is
seen to constitute a capacitance bridge, the four capacitances in the
arms of the bridge verying periodically in a given menner, the excita-
tion voltage being applied across two opposite points of the bridge
and the alternating-current line being connected by slip rings to the
other two oppositely-located points.

For motor action an alternating-current voltege is impressed
via the slip rings across the rotor members, the frequency of this
voltage and the number of rotor poles determining the synchromous
speed according to Equation (4). For generator action the machine is
driven at synchronous speed and the alternating-current power taken
from the slip rings. The voltage and power of this machine as a gen-
erator, and its power as a motor, can be controlled by regulating the
direct-current excitation wvoltage.

Polyphase machines of this type have been devised. A schematic
diagrem for one of the several connections for a three-phase machine

is shown in Fige. 9.

1. Machine Analysis with Resistance Loading

For a machine designed for a sinusoidal rate of capacitance

variation, when the rotor is in the axis of reference (as in Fig. 7,

* A single-phase generator of this type for use in air is described
in "Elektrostatische iaschinen," by W. Petersen, 1907.



A over a, B over b), the capacitance relationships, neglecting the

parasitic minimum capacitance C,, are given by:

2 wt
A C cos 5

c =Cs:i112-g:c-

Q
[

- (s1)
. o
cb—B C cos -2-—

. = 2 ot
C Csin.z_.

where C is the maximum capacitance change between any stator and any
rotor group. The angular velocity w of the current or the voltage be-

tween slip rings is given by

m=nnp, =2 nf (52)

in which n is the revolutions per minute, p the number of rotor poles,
and f the corresponding synchronous frequency.

ihe current which flows between the slip rings through resist-
ance R is given by

i=14+ 1y

where

- d [e-V -V ) d
11 =% Caen EE(""z‘) * (“‘z ) T Ce-a

2wt d fe-V e=V) d 2 wt
O oos” 3= ’d'E‘("é"‘)*(T)dT C cos” =

d [fe+V e+V ) d
Cay & (82V), [(o2V) 4
A-b dt(2)+(2)d‘t (Cy )

|
V]
]

= .2t 4 [e+V e+V } d . 2 ot
¢ sin" 7 H'-E'(T)'*(T F Cosin” 3=

2€



- [P
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Hence
$ 2L (cos? 4 s1n? GE) S0 VO & (2 ut)
'fcosz*sm'é—dt*'_z T sin” =
d Ve .
=g T+ 3 sin ot (33)
and

CR de VCRw .
e =% gf +—3 sin ut (34)

The solution of this differential equation is of the form

e = K cos(wt-g) (35)

The arbitrary constants are evaluated by putting Equation (35) and its
time derivative into Equation (34) and solving for the boundary cases

when (wt-@) = O, and when wt = O. Eguation (35) then becomes

e = v cos(wt-g) where @ = tan~t _2 (36)
K CRo
1« {2
(%)
Hence
. _ e v .
i=gs TN cos{wt-¢) (37)
R'/1+ (E%TS )
2
v
p=eis= . cosz(m‘b-féf) (38)
2
R+R
* (m)
o v202Ra? (59)
B —e e 39
& 2(cR%0 )

and the power factor is unity.
The above analysis is for generator action. If voltage e is

replaced by -s, which signifies an impressed voltage, or motor action,



the same analysis and resultant relations hold except for the 180-degree

change of phase between voltage and current.

2. Maximum Average Power

The reletionship between R, C, and w which results in meximum
4

power from a machine of given size is found by writing

2
[

o|o
=] o

A

where P is given by 0. It is found that the average power is meximum

when
2

R = &= ' (41)

Substitution of Equation (41) in Equations (39) and (36) gives, for

meximum average power and corresponding altermating-current voltage,
Boox = 5 (42~a)

In terms of the physical constants of the actual machine this beoumes

0.578 x 10" nps(ri-rg)vz

Poax = 1 (42-b)
v }
®omax - v cos (wt=¢) (43)

The effective alternating-current voltage in this case of maximum power
is
Vv
E = (44)
: effl: ? ,
3+ No-lLoad
The no~load condition of the machine is described by

%%—_g--ry-ggsinmtsc ' (45)



C[fhe current between the slip rings is zero (corresponding to an infinite
R) end the alternating-current voltage across them is again of the form
given by Equation (35). On eveluating the arbitrary constants, this

becomes

en g™ V cos b (46)

4. Voltage Regulation

The voltage regulation in this case of unity power factor is
41.5 per cent from no-load to meximmm load.

The current if in the stator circuit at no-load, assuming con-
stant inducing voltage V, is

1=, = - ﬂcz_‘.’. sin 2wt (47)

5. Short Circuit

At short circuit e = O and short-circuit current between slip

rings is given 'by

P A - 2ot VvV 4 2 wt _ VCo :
i 11i2 5 3F C cos =-3 -d-_-b-CsinT _.é...s:.nwt (48)

The current ip in the stator inducing circuit for constant V is
o= dq#l, =L S g ogos UE L ¢ sin =0 (49)
£ 71772 7T X’ e 2 & z

6. Machine Analysis with Resistance
and Inductive Loading

In this case, the external circuit connected to the slip ring
has a resistance R and an inductance L. With this exception Fig. 7 still

applies, and the equation for the current through the extermal circuit

is still
_C de VCw
1= -2- -(-i:-b- + —é— sin wt (55)
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and

’ s 2 2
di C d4d%s VCu
=5 —o+ cos T (50)
dt 2 at 2

The voltage e across the external circuit is given by

2 2
di 1 d°e . ICVe RC de . RVCw _,
e = Ri+L —= = =2 Wt —— —— wt 51
SR E T @@ T T ety T oW (61)

The solution of this differential equation is again of the form

e = K cos(wt-g) (35)

Eveluating the arbitrary constants by the same method as before gives

= _ (RReortPee’)v

— (52)
V 4r%+ (RPCe 2L 0+l2C0®)?
and
g = ten™! 2R — (53)

2 3
R Coa#2L w+L Co

It is seen that Equation (35) with its constants defined by Equations (52)
and (53) reduces to Equation (36) when L = 0.

A Since the alternmating ourrent of the machine, if the voltage
across the external circuit is kmown, is governed by the constants of

the external circuit, we have

1= —2 e sos(ut-g-6) (54)

o

where K and ¢ are given by Equations (52) and (53), respectively, end

R

— = power factor. (55)
Y R§+L @

cos b =
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7. Effect of the Parasite Capacitances, C,.

The effect of the undesirable, though inevitable, constant
minimun capacitances C,, on which the varying capacitances C are super-

imposed, will now be considered. Equations (31) now become

Coup = ¢(cos? %E + X)
Cpup = ¢(sin? gt— + A)
(56)
C = C(c:os2 ot )
b-B z 0
c&—B = C((%OS2 %’b— + A)

where AC is the minimum capacitance and C the maximum capacitance change
between any stator and any rotor group.

The analysis now proceeds as before, the .simpler case of a pure
resistance R in the extermal circuit being treated. The voltage across

the slip rings is found to be

v
o=
\[( l+2}«,)2+ (E%E) 2

cos (wt-¢) (57)

and
V2
p= cos(wt-g) (58)
R [( 1+22)%4 (E%m') 2]
where
g = tan~l 2 (59)
CRw(1+2))

P = V2
) 2R [(1+2}\)2+ ('612{5) 2]

(60)
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The condition for meximum average power, p/aR = 0, is realized when

R=__2 61
Co(1+2X) (61)
The ratio of the maximm average power of a given machine to its maximum

average power, if no parasitic cepacitances were present, is

Pm(C+C°) 1

=
B, 1+2)

(62)

It is seen that the effect of the parasitic capacitances C, is to reduce
the alternating current, voltage, and power, of this type of synchronous

electrostatic machine.

8. Polyphase Synchronous Electro-
Static Machines, Type 2

Polyphase machines of this type have been devised. A schematic
diagram for one of the several connections for a three-phase ma;hiné is
shown in Fig. 9. The above analyses of single-bhase madhines apply to
each phase of the polyphase mechines. Polyphase operation results in a

uniform torque characteristic. This type of machine, whether single or

polyphase, is further characterized by the absence of current harmonics.

C» DIRECT-CURRENT ELECTROSTATIC GENERATOR - TYPE III

This machine was devised during the course of this investiga-
*
tion. A multipolar generator of this type is illustrated in Fig. 10
and schematically in Fig. 1l. The interleaving rotor and stator members

are of metal and so arranged thet with rotation of the rotor the capaci-

* By Reo Jo Van de Graaff, August 15, 1933.
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tance between them varies cyclically between a minimum value C, and a
maximum value Cy. The rotor is insulated from ground and maintained
at a voltage V relative to ground by an suxiliary means to be described.
The stator is connected to the junction of two electronic valves which
are comnected in series across the line. To generate negative electric
power, the rotor-inducing voltage V must be positive and the walves must
be connected as shown in Fig. 1ll. To generate positive electric power,

V must be negative and the valves reversed.

1. Theory of Operation

Referring to Fig. il, C is the capacitance between rotor and
stator in eny position, C, and Cp &re the minimum and meximum velues of
c, C,Z is the lumped capacitence of the external power system; Cg is the
capacitence of the stator relative to ground, Cy1 and Cp are the capaci-
tances of valves 1 and 2 to ground, V and E are the inducing voltage on
the rotor and th‘e output line voltage, respectively, both expressed rela-
tive to ground and both assumed at first to be constant.

The cycle for the generation of negative electric power is as
follows: When C becomes. equal to Cp, Valve 2 ceases to be conducting.
At this point the stator is at ground potential, full line voltage E
exists across Valve 1, and full inducing voltage V exists across Cre

The electric charge stored between rotor end stator is therefore

Qu = CpV (63)

As the rotor turns, the capacitance C diminishes. Since neither valve
is now conducting, the voltage across C increases, the stator becoming
more and more negative relative to ground. The stator attains line

potential E when

33



CpV-(Cg+Cyn)E
1 E+V

(64)

At this point (assuming, for simplieity, zero drop across the valves
when conducting) Valve 1 becomes conducting. Further movement of the
rotor till C = C, causes charge to leave the stator and flow onto the
line. Valve 2 is now withstanding full line voltage E. The charge left
in the generator system when C = C, is

Qy = Co(BHT)+(C 40 p)E (65)

As the capacitance now increases, due to the isolation of the charge Q,,

the potential of the stator approashes ground potemtial. The stator

reaches ground potential and Valve 2 becomes conducting when

1Q  Co(B+T)  (Cg#Cep)E '
Cz = "Vf- = v + v . (66)

Charge continues to flow into the stator from ground until C = Cp when
the cycle repeats.

\ The net emount of electricity transferred during a cycle is

Q= Qu-Qy = CpV- EZO(E+V)+(CS+CV2)E] coulombs (67)

The number of cycles per second is given by

£ = %&%& | (68)

The power output of this mechine is therefore

np VE CO(E+V)"‘<CS"'C-72)E ot
Pg = g Cop= - ,

(69)

In terms of the physical dimensions of the machine, the power output is

2 2
-15 ]msp(rl-r&)VE

P. = 4.63 x 10
& d

watts (70)
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where

Co(E+V)+(Co+Cyo)E
k=1-.2 8”2 (71)
Cp¥

n = revolutions per minute

s = number of rotor plates

d = separation between rotor and stetor in centimeters
ry and ry = radii of rotor in centimeters

A practical idea of the value of k is obtained as follows:

Assuming C = 0.Y Cp, Cgq+Cyp = 0425 Cos E = V, then k = 0.775.

2. BEffect of Variation of Inducing Potential V4

It is evident that the rotor is capacitively coupled to ground,

end that the value of this capacitance, due to motion of the rotor, varies*

/between Cp+Cp and Cp+Coe If the rotor is initially charged to voltage V

when its cepacitance to ground is C.+Cp, then the potential of the rotor,

when C = C,, is
v = CptCpy

Cp+Cy

(72)

Since, in general, large fluctuations in the rotor potential are unde-
sirable, it is seen thet C,. should be large relative to Cy. If Cn. is
10 Cp, then in any practical machine the voltage V would undergo & max-

imum increase of about 10 per cent. The meximum voltage between stator

and rotor occurs when C = C, and is equal to

C,.+C
= r m
mex = Ftgam, ¥ (72)

The effect of this increase in inducing voltege is also to reduce the

power outpﬁt, since the charge left in the system, when C = Cq, is

* Assuming cleaoand Cg—>Cy—0.
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Qo = Co(E+V')+(Cg+Cep)E (73)

It must be noted that the rotor performs simply en inducing
function and that, oncé charged, it requires electrical emergy only to

replace the leakage across its insulators.
Ve

3e _Tthp Reduction of the Undesirable
Effect of Varying Inducing Voltage

A simple means msy be used to reduce the undesirable effect
of #aria.tion in the inducing potentiel V,. This is done by displacing
one-half of the stator plates 90 degrees relative to the others. Separate
electronic valves must ﬁow be used for each set of stators. By this
means the total cepacitance between rotor and stator remains constemnt
for all positions of the rotor.

The induecing voltage V depends, once the system has been
charged, on the total capacitance rotor to ground. This does not be-
come constent by the abpve artifice since the connections of the stator
chenge during the eycle. Fig. 12 illustré‘tes the circuit connections
for the simplé machine during the cycle. Fig. 12-a describes the interval
from C = C, Yo C = C; during which the stator chenges from ground rto line
potential. Fig. 12-b describes the connection from C = Ci1 to C = Cye
This is the discharging interval. Fipg. 12-a again describes the interval

from C = Co' to C = Cz, during which the stator changes from line to ground

potential. Fige. 12-c describes the charging interval from C = Cs to C = Cpe

Fige 13 shows the variation of total rotor capacitance to ground
during a ecycle for the constant rotor-stator capacitance machine with a
doubly-displaced stator. The curve is drawn using the practical 8.8 sump-
tions that C_,, Cy2s &nd C, are closely zero capacitances, 9! is & rela-

tively infinite capacitance, and E = V.
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t is evident that in a machine in which the stator and rotor
Ve !
plates have been staggered once in the manner described, so as to secure
constant rotor-to-stator capacitance, the rotor-to-ground capeacitance

veariation is one~half whet it was before. By still further staggering

the stato%, further reduction of the inducing system voltage variastion

. can be effected.

4. Output Current and Voltage Characteristiec

The generator with the two 90-degree-displaced sets of stators
evidently has two current-conduction intervels during each cyecle. This
results in a more uniform output-current characteristic. By the use of
four sets of stetors, displaced successively 4& degrees along the cycle
and with four sets of electronic valves, the current input to the line
wouldlbe neerly constent for the case where V = E. Actually, by proper
design, such a unifonm éurrent characteristic can be very closely realized.
The high frequency of the current pulses, brought ebout by the high speed
of rotation and the large number of poles which cheracterize these electro-
static gemerators, coupled with the high ecapacitance of the output cireuit,

is effective in preventing large voltage ripples.

5. Power Control

The power output of this generator for any given line voltage
can be regulated by controlling the rotor inducing voltage Vo+ This
rotor voltege may be maintained by a low-power electrostatic gemerator
of the collector type operating in the same vacuum. Other means have
also been devised. The potential V may be controlled, for exemple, by

choenging the resisteance of a high-resistsnce lesk.
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D. DIRECT-CURRENT ELECTROSTATIC
GENERATOR - TYFPE 1V

This generator was devised during this investigation. It is
illustrated in Fig. 14 as a two-pole gemerator, for simplicity. Since
the power of a machine of given dimensions is proportional to the number
of poles, it is desirable for high power concentration to employ meny
poles. The generator consists of two sets of stator plates, 8 and b at
line potential and at ground potential, respectively, end two sets of
rotor plates ,' A and B insulated from ground end each other for full

line voltage.

1. Cycle of Operation

The cycle of operation is as follows: In Position l=-1, rotor
sectors A and B are at the same potential because of symmetry, this
potential being one~half of the line potential. At this position an
electrical conn_ectibn is mede between A and B which is maintained until
Position 2-2. During this intervel charges are induced on the rotor
sectors which are isolated when the connection A to B is broken at
Position 2«2. No net motor ection is developed over this interval,
since equal amounts of motor and generator action are developed. As
the rotor continues to ‘cui'n, an optimum position is reached vmere the
potential of A becomes the seme as that of b, and the poteni‘;‘ial of B .
the same as that of a. At this optimum position comnections between A
end b and between B and a are established. These comnectioms ai'e maine-
tained until the rotor is in Position 3-Z where A is completely within
the Faraday cage formed by b, end B completely within the Faraday cage a.
At this position A is neutral and at the same potential as bs likewise

B is neutral and at the same potentisal as &, and the discharge circuits
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are opened. Sectors A and B now move .to the position of symmetry 1.1

where the cycle starts anew.

2. Power Capecity of Dirsct-Current
Klectrostatic Generator - Type IV

The meximum charge isolated on the rotor sectors during the
charging interval from Position 1l-1 to 2-2 is CmE/z or
=12 2_2
0.0884 x 107 n(rj-r,)2s E
2d 2

(74)

where Ch is the maximum capacitence rotor to stator in farads, _PZ is the
line voltage, rj and ro are the outer emd inmer radii of the metel rotor
in centimeters, and 4 is the separation between rotor end sté.tor in
centimeters. The capacitance C; is here taken as one-half that which
would be’ob‘be.i'ned if the physicel arrangement of the rotor and stator
were as shown in Fig. 14. In any actual machine the rotor sectors A
end rotor sectors B would be in two seperate sections along the shaft.
This permits one-piece rotor construction with resultant high mechanicel
strength, but reduces the total capacitance for a given number of rotor

disks by a factor of two. This construction is illustrated in Fig. 16

. and applies to many of the direct=-current machines discussed herein.

The number of cycles per second is given by

£ =3 (75)

The maximumm average power developed by the generator is therefore
- -15 2 2
Py = 0458 x 107°° 288 (x2_p2)p2 yattg | (76)

It is noted that the ratio of the maximm average power of & given-sized
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generator of Type IV to that of Type III, both operating on the seme

line voltage E, is

P
. E where K< 1. (77)
PIII 8KV

The meximum voltage between rotor end stator in the Type IV generator,
however, is E, whereas this maximum voltage in Type III is E+V. If the
insulation limitation on these generators is a voltage limitation, it is
clear that the Type IV generator can operate safely at a line voltage
which is E+V/fE‘. times that of the safe operating voltage of Generator III.

The fq.tio of the maximum average power of a given-sized gen-
erator of Type IV to that of Type III, when both are subjected to the
same maximm electric stress between rotor and stator, is

P

Iv 1
— o — where K < 1. (78
PIII 2K )

3. Method of Meking and Bresking Connections

During the first part of the cycle A and B are electrically
connected. This connection is always made at the same point in the
cycle and at a time of zero voltage diffgrence and zero current flow.
Hence such a connection could easily be made mechenically by a commute-
ting mechanism such as is described on p. 72. This connection is broken
in Position 2-2. The mechanical design is such that at this position
there is again & short period of small or zero capacitance chenge. The
connection is broken at the beginning of this interval, the current and
voltage being zero when the contacts separate, and remaining so for a
short period thereefter. The schematic disgrem for this commutator is

shown in Fige. 14. It is evident that this commutetion is under ideal



“conditiona. By inserting an electronic switeh in series with this
inter-rotor connection, the necessity for close timing of the commutetor
contects is eliminated, the switch autometically performing this function.
By controlling the grid of this switch the emount of charge isolated on
the ro‘bor# can be controlled. This offers a means of controlling the
power developed by this generator end will be discussed below.

The discharge of the rotor sectors into the line sectors begins
(for highest efficiency) when the rotors ettain exactly their respective
line potentials. Mechanical commutation, illustrated in Fig. 14, is
used to accomplish this., While under eny given conditions the optimum
position for this commutation is always at the seame point in the cycle,
under varying load conditions this optimum position varies, coming later
in the cycle for lighter loads. Accordingly the mechanical commutator
is arranged so that the proper circuit connections are estaeblished at
the earliest possible point in the cycle at which the optimum condition
can occur, and en electronic valve is inserted in series with these
connections so that actual trensfer of charge cemnot teke place until
the optimum conditions obtein. This results in high efficiency of
charge transfer under all conditions, and relieves the mechanical com-
mutation from all precisev timing requirements.

The type of elqctronic valve proposed for use with these
machines is desoribed in Chapter VIII. This method of simultaneous
mechanical commutation and electronic commutation is applicable to and

intended fozj all of the machines described herein.

4. Power Control

The power developed by the line-excited generator, Type IV,

mey be controlled in several ways. This discussion will be based on the
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existence of ’a. constent line voltage E.

(a) By opening the connection between rotors A and B at some
position between 1l-1 and 2-2, the amount of charge isolated on them is
less than the meximum eamount. This may be accomplished automatically
by a grid-controlled electronic switch, as suggested above. The grids
of these swi‘bchés may, for example, be actuated by chenges in the line
voltage in such a way as to keep the line voltage constant. The use of
the electronic wvalves in the output circuit, as suggested above and as
shown in Fig. 14, permits the flow of the cherge into the line under
optimum conditions for all loads. In this way the power output of the
generator may be either manually or automatically regulated for efficient
cperation over the emtire range.

(b) Again, it is possible to regulate the power output of the
mechine by dividing it into several independent sections end providing
manual or automatic means for lerge-stepped variations of power by
tripping out the desired number of sections, the remeainder operating at
meximum power output. The sections may be cut out by simply failing to
connect rotor sectors A and B during the inducing period. Simple electro-
stetic end electromagnetic schemes for accomplishing this have been de-
vised. This method has the adventage that the commutation positions in
the active cycle_s are constant. By providing the last section to be
tripped out similarly with further subdivisions, it is evident that the
power gradetions can be made very small. This last section might also
be arranged to provide variable power by the electronic method suggested
under (a).

(¢) The power output of this machine can also be regulated

by controlling the speed of the prime mover. This method has the adven-
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tage that the optimum commutating positions are not displaced with load.
It has its limitations in the high energy of the moving system and the
consequent time delay involved in changing load. The freedom of the
electrostatic system from the constant-speed requirement, however, mekes
this method valuable for certein applications.

The general ideas involved in these powef-control methods are

appliceble to each of the various types of mechines described herein.

E. DIRECT-CURRENT ELECTROSTATIC
GENERATOR - TYPE V

This generator was devised during this investigation. It is
of the separately-excited classification and is illustreted diagrammati-
cally in Fig. 16. It consists essentially of two sets of metallic stator
sectors, Sectors & being meintained at an inducing voltage +V above the
positive line voltege E, and Sectors b being mainteined V volts negative

relative to the negative line, which may be taken as at ground potential.

The two sets of metallic rotor sectors, é and _B_, are insulated from each

other and ground for full line voltage. In any prectical machine these
rotor sets would be displaced from each other along the shaft to secure
maximum mechanical strength of the rotating parts. Such a practical con-

struction is illustrated in Fig. 17.

1. Cycle of Operation

Referring to Fig. 16, the cycle of operation is as follows:
When the metallic rotors A and B are within the Faraday ceges formed by
the stator sectors a and b, respectively, Sector A is electrically con-
nected to the positive line, and B to the negative line or ground. For

maximum power these electrical connections between rotors and lines are
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opened in Position 1-1 where the capacitances C,_, and Cp_j are maximum.
This results in the isolation of negative charge of amount CApav on
Rotor A, and of Cp 3V on Rotor B. With further movement of the rotor
these capacitances diminish, the potential of A approaching ground
potential, and that of B approaching the positive-line potential. It
is evident that, as Rotor Sector ézwith its isoleted negative charge
moves into the negatively-chaerged Faraday cage formed by b, the poten-
tial of A tends to become even more negative than b. Likewise, B tends
to become even more positive than‘g. There is, therefore, a certain
intermediate point in the movement of the rotor from Position l-1 where
A attains ground potential and B attains the positive-line potential.
At this optimum position A is electrically comnected to gromnd, and B
to the line. Electronic valves in series with mechanical commutators,
as illustrated in Fig. 16, may be used to assure these connections at
the optimum point. Movement of 5_ into :o_, and of _1_3_ into 8, now ceuses
the isolated charges to flow into the system and further charges to be
induced on the rotors. The electrical conmections between rotors and
lines are mainteined (for maximum power) until A is fully within b, and

B within a. This is again Position 1l-1, and the cycle repeats.

2. Power Capacity

The meximum charge isolated on the rotor sectors of a practical

generator during a cycle is

0.278 x 10~12 (ri—rz)sv

Q=CmV=

3 (79)

The number of cycles per second is given by

£ =22 | (80)



The meximum average power developed is

4.63 x 107+
P o=

m d

5 nps(ri-rg)VE (81)

The maximum voltage between rotor and stator is E+V.

3+ The Inducing Voltages, V

The inducing stetors & and b are connected capacitively to
their respective lines and cherged to the potential +V and -V relative
to them. No power is required to meaintain these charges except to re-
place the leakage loss to the lines. Unless the capacitances of the
stator sectors to their respective lines is very large, the voltages V
will vary during the cycle, due to the movement of the rotor. Any large
variation of this kind is undesirable since, for a given amount of de-
veloped power,it increases the voltage-insulation requirement in a
menner similar to that discussed in the case of the Type III generator.
This variation may be very considerably reduced by dividing the machine
into two machines, the stators being in the same relative position for
both of them, but the rotors displaced by 90 degrees. Division into
four machines, and the relative displacement of the rotors by 45 degrees,
offers still further adw}antages. It is evident that another important
effect of such a multiple displacement of rotors is that the output
current can be made quite uniform.

The inducing voltages V may be maintained by meens of low-

power electrostatic generators of the types disclosed herein.

4. Power Control

The current output of this generator can be regulated by con-
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trolling the inducing potentials, V. This could be done by means of
autometically~ or manually-controlled leaks which, acting against the
inducing generators, would establish the inducing potentials relative
to the lines at any desired wveluse. The current can also be controlled
by the methods suggested in paragraphs a, b, and ¢ of Item 4, Generator

Type IV.

F. DIRECT-CURRENT ELECTROSTATIC
GENERATOR = TYPE VI

This generator* is of the line-excited type and is illustrated
diagrammetically in Fig. 18. It consists essentially of two sets of
metallic stators, sectors a and E, which are connected to the positive
end negative lines, respectively, and two sets of metallic rotors A and
B, which are electrically insulated from the shaf't and each other. It
is intended, though not necessary, that each "set" be multipolar. 1In
any practical mechine it is expected that all the rotor sectors perform-
ing the function of Sectors A will be constructed as a balanced metallic
unit - similerly for those performing the function of B - and that these
two rotor units will be mounted separately along the shaft and insulated
from the shaft and each other for full line voltage. This construction,
illustrated in Fige 25, résul‘cs in maximum mechanical and electrical
strengthes The general idea of'securing balanced unit rotor construction
is applicable to all the machines herein described, though the machines

are not limited to this construction.

l. Cycle of Operation

In Position 1l-1 rotor sectors A and B are in a symmetrical

position relative to the stator sectors a smd b and are hence at the

* Developed by Re. Jo Van de Graaff during and prior to September, 1929.
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same intermediate potential, namely, one-half the line voltage E. At
this position the rotor sectors are electrically commected together by
some means such as the commitator indicated in Fig. 18. In the interval
from Position 1-1 to 2-2 motor action is developed between A end a, and

between B and b. This ino*bor force is at all times in this interval pro-
2

portiomnal to 22;- '3'% where C is the capacitence between A end a, or B

and b. When the rotor plates are fully interleaved with the stator and
at a time of no current flow, Position 3=-3, the electrical comnection
between A and B is broken. This isolates the charges which have been
induced on sectors A end B. Further movement now carries these isolated
charges toward those stator sectors charged with electricity of the same
kind. At the optimum position, when the rotor sectors attain the poten-
tial of the line sectors, the isolated rotor charges are allowed to start
flowing to the lines, the charge on A flowing to b, and the charge on B
flowing to a. This transfer of charge may be accomplished under optimum
conditions by careful timing of mechanical commutation, or by the series
combination of mechanical and electronic valve commutation which has al-
ready been described. When the transfer of charge has been completed,
that is, when the rotor sectors A and B are completely within the Faraday
cages b and &, respectively, the discharge circuits are opened. Furkher

movement of the now neutral rotor sectors carries them out of the Faraday

cages and to the position of symmetry 1l-1; the cycle then repeats.,

2. Power Capacity

The maximum charge isolated on the rotor sectors of a practical

generator of this type during one cycle is

CpE  0.0694 x 10712 (ri-rg)sm

W= 3 (82)
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" The number of cycles per second is

= Bp \
=10 (83)

The maximum average power developed is

? 0.289 x 10°2° x nps(ri-rg)Ez

P, = - watts (84)

The maximum voltage between rotor and stator is the line voltage E.

It is seen that the maximum average power developed by & Type VI
generator of given physical size is one-half that of a Type IV generator.
The interval of motor action during thehgenerator cycle which character-
izes the Type VI generator is not present in the Type IV generator. Both
types, under given conditions, are subject to the seme maximum electric

stress.

3. Power Control

The methods of power or current control described for the
Type IV generator apply to the Type VI generator. The general schemes

for effecting the electrical connections apply to both types.

G. DIRECT-CURRENT ELECTROSTATIC
MOTOR - TYPE VII

This direct-current electrostatic motor was developed during

this investigation. A simplified diagrem of this machine is given in

- Fige 19, This machine differs from all the other machines described

herein, in thet the general principle of transferring charge from one
capacitive system to another only when they are at closely the seme
potential is not observed. This results in a definite amount of energy
loss in the operation of this machine as a generator. A guantitative

discussion of this characteristic is made below.



1. Cycle of Operation

Since, as will become evident, Rotor Sector B goes independ-
ently through a similar cycle as Rotor Sector A, the cycle of operation
will be described for Sector A alone.

The cycle may be considered to start when Rotor Sector A is
about to leave the Faraday cage formed by Stator Sector a. Contact be-
tween A and & still exists from the previous cycle. Sector A then moves
to some position such as that shown in Fig. 19. At this position con-
tact between A and a is broken, a charge Q equal to CyE being isolated
on Rotor Sector A where Cj is the capacitance at that instant between
:A._ and _1_)_, and §_ is the line voltage. Further movement causes CA—b to
increase for either or both of the following reasons:

(a) Because of increase in the effective overlapping areas
of sectors A and b.

(b) Because of a decrease in the separation between A and b
produced, for example, by increasing thickness of stator plates with
angle, or of rotor plates with angle, or both. These methods are de-
scribed in further detail in Item B of Chapter III. The design may be
such that the maximum capacitance Cpp is attained just when A is about
to leav.re the Faraday cage formed by b. At this position the voltage
between A end b has decreased to the value Ecl/Cm. Rotor Sector A is
discharged into the stator sector b at this point by contact or by other

means. JThe cycle is now complete.

2. Power Capacity

The charge isolated on the rotor of a practical form of motor

of this type during one cycle is
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.278 x 10~12 KsE(ri—rg)

Q= 3 coulombs (85)

where K is the ratio of the effective area of the rotor overlapping
the inducing stator sector at the end of the charging period, to the
total rotor area.

The voltage at the time of discharge of the rotor into the

stator sector is

t
v=gd (86)

‘where 4’ is equivalent separation between rotor end stator in the

position of meximum capacitance. The frequency of the motor is given by

= 22
£ =55 (87)

The average power developed by the motor is

Pa =
d

4,63 x 11715 nsp(ri—rZ)E g E
[ -%2 E’] watts (88)
The percent of energy loss relative to the motor output is given by
. t
100 2 &
Percent loss = —— 4 (89)

]
K-K2 %

If X = 0.4 end d'/h = 0.1, then the percentage of energy loss is 4.2 per cent.

3« Power Control

The amount of power developed by this motor can be regulated
by controlling the position at which the conmections between the stator
sectors and the departing rotor sectors are broken. This may be done by
meens of a mechanical commutator or by means of a grid-controlled elec-

tronic valve. Definite mechenisms for controlling these switching de-
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vices automatically so as to maintain constant speed, or other output

characteristies, have been devised.

H. DIRECT-CURRENT ELECTROSTATIC

MOTOR - TYPE VIII

This motor differs from the Type VII motor in the introduction
of an artifice to eliminete the energy loss involved in the power cycle
of that machine.” A diagrammetic sketch of this improved electrostatic

motor is given imn Fig. 20.

l. Cycle of Operation

It is seen from Fige 20 that Stator Sector a is maintained
positive relative to Line a, and Sector Ef;’e(lative to Line b, by an
inducing potential of V volts. This inducing potential V is such that
the charged rotor sectors A amd B can attain line potential and there--
fore, at the end of each motor interval, can be comnnected to the lines
at the time of no voltage difference. This permits the transfer of
charges between rotor and lines under optimum conditions. For example,

when Sector A, carrying its isolated positive charge, approaches the

negative inducing Sector b, the capacitance Cj_; increases and the volt-

age between them diminishes. The design is such that this voltage differ-

ence (at the position of maximum capacitance Cpp» and if the charge’
were to remain isolated on A) would become equal to or less than the
inducing voltage V. Hence there must exist a point where the potential
of the rotor sector A end Line b are the same. At this optimum point
connection between A and Line b is established. This comnection is
maintaeined until A has not only released its positive charge to the

line, but has also emerged from the sectors b sufficiently to have

* Suggested by Re Jo Van de Graaff.
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acquired a negative charge of the desired amount by induction from
Stator Sector a. Connection between A and Line b is then broken. The
cycle now repeats. Evidently this arrangement has eliminated the power
loss associated with sudden condenser discharges. A similar cycls,
with charges of the opposite sign, is independently undergone at the
seme time by B and a. The current and torque characteristic can be
made quite uniform by staggering the rotors in phase position relative
to one another, keeping the stators in the same position. Each separate

set of rotors must then have a separate commutating system.

2. Power Ceapacity

The charge isolated on the rotor of this machine during one
cycle is given by

=12 2 .2
_ <278 x 10 rsv(r1 ;z)

(90)

d

where r is again the ratio of the capacitance at the end of the charging
interval to the meximum capacitance rotor to stator.

The average power developed by this motor is

4.63 x 10°1°

a d

nrsp(ri-rg)E2
= watts (91)

The maximum voltage between rotor and stator is E+V. For
high efficiency this voltage must be at least equal to E(l+r). If
r = 1, it is seen that the power concentration and the required insula-
tion strength are precisely the seme as in the Type V generator described

below.
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I. DIRECT-CURRENT ELECTROSTATIC
MOTOR - TYPE IX

This direct-current electrostatic motor was developed during
this investigation. It consists essentially of two sets of metallic
stator members which are connected to the two lines of the power supply,
and two sets of metallic rotor members which interleave with the stator
and are insulated from the stators and from each other for full line

voita.ge. A diagremmatic sketch is given in Fig. 21.

l. Cycle of Operation

When the rotor is in the position of symetry l-1, Stator
Sector A is comnected to the negative line and Stator B to the positive
line. This may, for example, be accomplished by a commutator, as illus-
trated. Full voltage thus exists betwsen A snd 8, snd between B and b,
and motor action is developed as the rotor moves clockwise. In Positiom -
2-2, when the capacitences Cp_, and Cp_; have reached one-helf their
ultimate maximum capacitances, the lines are disconnected from the rotor
sectors and the charges on them isolated. As the rotor moves from |
Position 2«2 to 3-3, these capacitences increase from 0/2 to C and hence
the voltage between A and &, and between B and b, diminishes from E to
E/2. At Position 3=-3 the voltage between rotor sectors A and B is there-
fore zero and there is no current when they are electrically connected
in this position. The interval from Position 1l=1 to 3=3 is characterized
by motor action. As the rotor now continues to advance toward Position 4-4,
the capacitences Cy_, and Cp_y, diminish, the voltages across them remain-
ing at E/Z. At Position 4-4, where these capacitances are two times their
minimum values, rotor sectors A and B are disconnected. This isolates

the charges on the rotor sectors so that at the position of minimm
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capacitence 5=5, corresponding to the starting position of the cycle,
the rotor sectors will have attained the voltages of the lines t o which
they are about to be comnected. The intervael from 3-3 to 5-5 is charec-

terized by generator action. This power cycle is illustrated in Fig. 22.

2, Power Capacity

The maximum charge which is transferred during each cycle is

CyE
Q= (= - COE) (92)

and the voltage through which this charge falls is one=half the line
voltage, or E/é. »
The frequency of this process is given by
= Bp
r=2E (93)
The meximum average power developed by this motor is, there-

fore,

CE
a " G\ 3 CoE 7 watts (94)

In terms of the physical constants of a practical machine of this type

this is
.578 x 10718 Knps(ri-rg)Ez
Py = 3 watts (95)
where
- Cp2C,
Cn
The maximum voltage between the rotor and stator is the line
voltage E.

For the same maximum electric stress and physical size, the
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ratio of the power developed by the Type IX to the Type VIII motor is

given by

Prx

Pyr1r

™

where K € 1 (96)

3+ Power Control

The power developed by this motor may be controlled by regu-
lating the time in the power cycle at which the rotors are disconnected
from the lines. This can be accomplished by mechanicel commutators or
by means of grid-controlled switeches in the rotor-to~line circuits. These
grid-controlled switches could be provided with esutometic features to
maintain constant speed at all loads, for example.

Again, the motor mey be divided into sections, end one of these
still further into sections, each of these sections serving as a separsate
motor. Adjustment to load could be accomplished by cutting in or out
the requisite mﬁnber of sections, the active sections alweys operating
under the condition for meximum power. This is a general method, eppli-
cable to all the machines discussed herein, and has been described with
reference to generators on p. 42. The sections could be cut out by

| various simple means; for example, by failing to make the rotor-to-line

connection or by failing to interconnect the rotors.

J. DIRECT-CURRENT ELECTROSTATIC
MOTOR- TYPE X

This electrostatic motor was developed during this investiga-
tion. It departs from the Type IX motor in that no interval of generator
action exists during the power cycle. This results in higher power con-

centration. This motor is diagrammatically illustrated in Fig. 24.



l. Power Cxc ie

When the rotor is in Position 1-1, Rotor Sector A is elec-
trically connected to the negative-power line, and Rotor Sector B to
the positive line. As will be shown, sectors Aand B in this position
ere es neutral bodies inside a Faraday cage, and hence there is no current
at the moment this connection is mede. With eclockwise rotation a motor
force proportional to Ez dc/ae is developed, where C is the capscitance
between A and &, or between B and b. For maximum power (at high efficiency)
the rotor sectors are disconnected from the line when Position 2«2, corre-
sponding to one~half the maximum of Cpog OF Cpps is reached. This dis-
connection can be effected by actual separation of contacts of by means
of a grid-controlled vecuum switch. Motor action of diminishing megni-
tude now continues until Position 3-3 is reached, corresponding to the
meximum values of Cpng 8nd Cppe At this position rotor ssctors A and
B attain the same potential, E/é, and are electrically commected. Rota-
tion continues to Position 4-4, where the capacitances are again at one-
half their maximum values, and the connection betwéenué and'g is broken.
The net charge thus isolated on each of the rotors is evﬁdently zZero.
Further rotation brings these rotor sectors into Position 5=5, which is
identical with starting position l-1l. Here, since they are in a neutral
condition, they acquire the potentiel of the Faradey cages in which they

are located. This completes the cycle.

2. Power Capacity

The meximum charge isolated on the rotors of a practical motor
of this type is
-12 , 2 2
_0.139 x 10 (rl-rz)sE
d

Q coulombs (97)




The number of power cycles per second is given by

£ = ..11112'16 (98)

The meximum average power developed by the motor is

0.578 x 1015 nps(ri—rg)Ez
P, = | watts (99)

The meximum voltage between rotor and stator is the line
' voltage E.

. "'I‘he ratio of the meximum power, per unit size and for the
seme maximum electric stress, developed by the Type X motor, to that

developed by the Type VIII motor is

P 1 4
D X = Y (100)
VIII

3. Power' Control

The power‘ developed by this machine may again be controlled
by any of the aforementioned msthods.

(a) By controlling the position at which the rotor sectors are
disconnected from the line. It is then desirable to introduce a one-wey
electronic valve in series with the circuit which connects the two rotors
so that the cherge will commence to flow between them under the optimum
condition, i.e., when zero potential difference exists, for all load
conditions.

(b) By sectionalizing the motor end cutting in end out sectionms,

manually or autometically, eas required.
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K. GENERAL REMARKS

Fige. 23 sums up briefly the essential characteristics of the
vacuum electrostatic power machines discussed herein. Several other
types of machines have been devised which are not here included.

In general, in vacuum electrostatic mechines the roles played
by the rotor sectors and the stator sectors may be changed without
chang;e in operating principle. The particuler arrangements used in
deseribing these machines were chosen for simplicity, but practical
mechines sre not necessarily limited to these.

Vacuum electrostatic power machines exhibit two interesting
end importent departures (in addition to those alreedy cited) in opera-
ting characteristics from those of electromegnetic power machines. They
possess no inherent damping action to suppress machine oscilletion, as,
for example, the eddy currents in the electromagnetic case. They possess
no equivalent of the counter e.m.f'. of electromgnet'ic motors to limit
the speed. DBoth of these cheracteristics introduce problems special to

electrostatic machines.
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CHAPTER III

GENERAL CONSIDERATIONS IN THE DESIGN OF
VACUUM ELECTROSTATIC MACHINERY

This chapter is devoted to an analysis of practical aspects

of the vacuum electrostatic machinery described in the previous chapter.

A. SOLID METALLIC ROTOR MEMBERS

In the simplified explanations and diagremmatic sketches of
the vacuum electrostaetic machines described herein, the interleaving
rotor members have in general be;en made up of several metallic sectors
in the same plane but pe&forming different functioné and hence insulated
from each other. In an actual machine such non-integral rotor construc-
tion, though often resulting in higher power comséntration, would involve
serious mechenical difficulties. It is an importent ides that all elec=-
trostatic machines can be designed so that the sectors in each separate
rotor member perform at the same time the same funotion end therefore
exist alweys at the same potential reletive to one another. Hence each
rotor member with its: plurality of poles can be made as & metallic unit
with consequent great increese in mechanical strength and simplicity.
The rotor members which perform different functions are displaced along
the shaft and properly insulated from it and each other. The necessary
connections between rotor members performing different functions during
the cycle may be made through slip rings or some equivalent arrangement.
Each group of rotor members performing simultaneously the same function
mey be assembled as a unit end insulated from the shaft, or mounted solidly
on an insulated section of the _éhai‘t. Some of these ideas are illustrated

in Figs. 15, 17, and 25.
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B. METHODS OF SECURING CAPACITANCE VARIATION

The electrostatic machines described herein are, as.has been
stated, essentially varieble condensers or combinations of such simple
variable condensers. Various methods for securing capacitance varia-
tion suitable for electrostatic power machinery are outlined below.
These methods may be used either separately or in combination.

(1) Flat parallel-plate interleaving rotor and stator members.

a« Segmented c¢ireular plates illustrated in Fig. 26(a).
b. Segmented non-circular plates illustrated in
Fig. 26(b).

(2) Flat interleaving rotor end stator members with
progressively=-varying separation.

a. Stator plates whose thickness veries with angle,
Fige. 26(c).
be Rotor plates whose thickness varies with angle.

(3) Corrugeted interleaving rotor and stator members as in
i . Figo 27

; (4) Cylindrical interleaving verisble condensers as in Fig.
| 26(d).
These methods of securing capacitance varistion between rotor
end stator are general. The illustrative sketches are intended only to
bring out the ideas involved and not the particular form by which these

ideas can Pe realized.

EhiUNBALANCED ELECTROSTATIC FORCES AND RESONANCE

It is evident that when the rotor is symmetrically interleaved
with the stator the axial electrostatic forces acting on the interleaving
rotor end stator members (except the two outer stator members) are ex-

actly outhalanced. Any displacement of the rotor from axisl symmetry



with the stator results in an axial force tending to bend both rotor
and stator poles. If d is the separation betwqu.rotor end stator
surfeces when symmetrically disposed, and x the displacement of the
rotor from this symmetrical position, then the ratio of the unbalanced
exial force acting on the displaced rotor to the force acting on one

face of the rotor when centrally located is

R = 4&3x

W where x < d (101)
-X

When x = 0.23d this ratio is unity. The importence of proper symmetrical
disposition of the rotors between the stators, is thus shown. The two
end stator plates must be designed to withstand the full unbalanced axiel
foroce developed on the inner faces.

During the operation of vacuum electrostatic machinery slight
unsymmetry between rotor and stetor results in periodic electrostatic
force tending to deflect the rotor and stafor blades. The frequency of

these periodic forces is given by

£ = _g,g_ . (102)

and at certain speeds will be closely equal to, or e multiple of, the
netural frequency of the pole structure. When this resomance situation
obtains, the pole structures will tend to vibrate with relatively large
amplitudes. This would result in further unsymmetry and hence still
greater unbalanced electrostatic forces, and lead conceivably to either
electrical or mechanical feilure or both.

In the design of electrostatic machines the rotor and stator

structures must have sufficient rigidity to overcome the effects of
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slight unsymmetry, and the choice of operating speed and number of
poles must be so related to the natural pole frequency that resonance
is avoiéed‘ The natura%/frequency of the poles in a large mechine
will neoessarily be low compared with the forced vibration, and the
possibility of resonance due to harmonie frequencies must be carefully
considered. In the tapered construction the cantilever beam constitut-
ing the poles is thickest at the fixed end - an arrangement capable of
high rigidity. The construction suggested in Fig. 27 is also evidently

highly desirable from this point of view.

D. COMMUTATION

The problem of establishing the necessary electrical connec-
tions between the rotor and stator members of direct-current-vecuum
electrostaticepower machines cen be met in a number of weys. Some of

these will be treated briefly in the following discussion.

l. Mechanical Commutation

It has been emphasized in the machine theory that in all cases
the necessary electrical connections during a power cycle can be esteb-
lished at intervals when zero voltage exists between the approaching com-
mutetor sections. It has also been brought out that the necessary elec-
trical disconnections can always be effected at times of zero-current flow.
Both for eleotrical comnections and disconmections it is desirable that
the voltage between the approaching or departing commutator contacts be
less than the breakdown voltaée at any instant. This idea is illustrated
in Fig. 28(a). It is desirable that the contactors have large sareas of

contact, that they are not subject to sliding friction, and that the com-
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mutator timing elements are readily accessible. A commutator arrange-
ment which realizes these requirements is illustrated in Fig. 28. The
control disk which actuates the sontattor revolves synchronously with
the power machine. It is located in the atmosphere, the link movements
being tramsmitted mechenically into the vecuum chember through a vacuum-
tight seal. The folldweréfon the control disk are readily accessible
and are designed for fidelity of operation and long life. The contactors
themselves are of material chosen for the high insulastion strength re-
sulting from their surface properties. The spring and stop arrangement,
and the spring tension and mass of the system are designed to produce
great rapidity in connection and separation of the contactors and to

avoid excessive mechenical forces.

2. Mechanical and Electronic Commutation
in Direct=Current Machines

While for any fixed load condition the optimum exgle of commu~
tation remains constant, variation of output voltage or ocurrent will in
geieral change the location in the cycle at which the optimum conditions
for commutaﬁion are realized. In the types IV and VI generators, how-
ever, the optimum commutation engle is the same for all conditions,
provided the power is controlled by the methods described in Chapter II,
D, 4(b) and 4(c). For these generators, therefore, the problem of mech-
anical commutetion is relatively simple. For the types III and IV gen-
erators a combination of mechanical commutetor with en electronic valve
arrangement in series mey be used to enforce the transference of charge
under the optimum conditions. This applies also to the various direct-

current motors whose theory has been disclosed. In general these valves
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perform the functions of kenotrons. For positive power control these
valves may be used as switches in the mamner suggested in Chapter II.
The theory of such switoches and valves is discussed in Chapter VIII.

N

E. POWER CONCENTRATION

The reletive power concentrations of the various direct-current
and alternating-current vacuum electrostatic mechines were discussed in
Chapter II. The following calculation enebles & comparison of the power
concentration of vacuum electrostatic power machines and of modern elec~
tromagnetic power machines. In this calculation it is assumed that
ultimately vecuum electrostetic machines can withstend operating voltages
of 1,000,000 volts and operating gradients of 2,000,000 volts per centi-
meter.

The formula for the meximum power developed by the Type III
seperately-extited generator is

- 2 2
4,63 x 1071° Enps(r)-ry)vE
a —

Pm watts (70)

The following design constants are chosen for the purposes of

this illustration.

n = revolutions per minute = 4000
P = number of rotor poles = 16
8 = number of rotor disks = B0

rq and ry, = external and intefnal rotor

radii in centimeters = 90 and 30
d = separation between rotor and
stator in centimeters = 0¢b
V = rotor inducing voltage = 500,000
E = rotor line voltage = 500,000



Gy (B H(Cg#yp)E
CmV

E=1 = (0,8

A The maximum power of which this machine is cepable under

the sbove conditions is approximately 42,000 kw. The physical size

of such a geﬁere.tor would be approximately a cylinder 8 ft. in diameter
end 12 ft. long.

What further increases in voltage and voltage gradient insu-
lation strength in vacuum result from technical advances in the art,
will be reflected in increased compactness over that suggested above.
Vhile exact eoﬁparisons of the relgtive compactness of vacuum electro-
sta.‘bi:c end electromagnetic power machines must necessarily eawait the
determination of the practical insulation limitations of high vacuum,
it seems reesonable at the present time to predict that vacuum eleotro-
static machines are ultimately capable of greater compeactness, light-

ness end lower cost than is now realized in modern electromagnetic

machines.
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CHAPTER IV

EXPERIMENTAL STUDY OF VACUUM
ELECTROSTATIC POWER MACHINES

It became apparent some time after this research was begun
that while considerable theoretical evidence of the possibilities and
importance of vacuum electrostatics was already built up, there existed
no supporting experimental evidence of any kind. Accordingly an qxperi-
mental program was undertaken to establish as far as possible the cor-

rectness and the practicality of the power applications of vacuum elec-

trostatios. This chapter deals with the experimental work on vacuum

~ electrostatic machines performed during this research.

1. Study of Voltage Gradients at Electrode Surfaces

In the chapter on machine theory it was made evident that the

 power developed by a given machine is prgportional to the highest oper-

ating voltage gradient between the faces of the rotor and stator plates.

The voltage gradient between the approaching edges of the interleaving

" stator and rotor plates may be considerably higher than the maximum

operating gradient, and hence plays an importent pert in preventing the
effective utilization of the full gradient insulating strength of elec-
trodes’in vacuum. Since electrosfatic machines of large power capacity .
require the interleaved-plate type of construction, the problem of pro-
perly sheping the edges of the plates is of fundementel importance, and
an auxiliaery study of this was undertsken.

The configuration of the edges of the plates of an electro-

static machine is too difficult to be handled readily by anelytical
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methods;' Graphical flux plotting is too lisble to error to be very
useful in showing the effect of small changes in the shape of the
edges. The desire for an accurate and flexible experimental arrange-
ment led to the rejection of stendard methods of gradient determination
and the development of a new null method which is described in Appendix B.
Tﬁe gradient distribution along the edge and sides of a typical
plate in an interleaving arrangement of plots for various separations
between the approaching rotor and stator edges was experimentally .deter-
mined. Fig. 29 gives the family of curves for circular-edged plates,
sho&ing thé variation of the gradient distribution around the contour as
the rotor and stetor pletes move from a separated position to a well-
interleaved position. If the sééaration between the parallel surfaces
of the interleaved plate is taken as unity,'the thickness of the plates
was 0.635, and the range of movement was from +7 (separated) to =14
(interleaved)s. It is seen that with-~the circular-edged plates the

voltage gradient at the most unfavorable position is not looalized but

quite uniform over the edge. This indicates that the circular contour

is very nearly the optimum oantour for the plate edges. Since the voltage
gfadient at a metallic surface is a function of its curvature, another
study was made and a second family of curves obtained for interleaving
rotor and stator plates with circular bulbous edges. These results are
given in Fig. 30. It is seen that the increased curvature has reduced

the gradient at the tips, but that this effect has been compensated at

the sides of the bulge by the reduced separation when the rotor and

stator bulges are passiné each other.
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Some of the significent data from these curves are tabulated

below for convenience:l

Ratio of plate thickness to plate separation = 0.635
Ratio of diameter of circular bulge to

plate separation = 0.873
Ratio of maximum edge gradient to the face grad-

ient for the circular-edged plates = 1.79

for the bulbous-edged plates = 1.77
Ratio of maximum tip gradient to the face grad-

ient for the circular-edged plates » 1.69

for the bulbous~edged plates a 1.59

The fact that the ratio of the maximum gradient at the edges
to the gradient between the parallel faces of the interleaved plates
| was closely the same for both the circular-edged and the bulbous-edged
plates indicates that at this particular ratio of plate thickness to
plaﬁe sepaiation, namely, 0.635, both contours show equal advantage.
For ratios of plate thickness to separation which are greater than
0.635 the circular-edged plate is decidedly the most advantageous; for
ratios less than 0.635 the bulbous-edged plate becomes most favorable.
These téﬁdencies are made more readily apparent by considering the
extreme cases of thick.plates and relatively negligible spacing, and
then iarge spacing with extremely thin plates.

2. Test of Synchronous Vacuum
Electrostatic Machine - Type I

A small electrostatic machine for operation in high vacuum as
a synchronous motor or generator, Type I, was built and tested during
this investigation. This mechine is shown in Figs. 33 and 34 on the

end plate of the experimenfal vacuum tank, with the tank rolled eway.
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The plates were made of 1/4" sheet aluminum with circular
edges. The separation rotor to stator was one centimeter, the outer
diameter of the rotor was 13 1/2" and the inner diemster 1 3/4“. vThe
stator poles were sector~shaped and the rotor poles so shaped that,
neglecting end effects, the rate of capacitance variation between rotor
and stator was sinusoidal.

The rotor was maintained at ground potential and the sfator
insulated from ground by six 4-inch Isolantite stand-off insulators.
The high-voltage alternating;ourrent power lead was brought into the
tank through the pyrex-pipe bushing fr&m a bank of three 22,000-volt
\poténtial and primery-regulator transformers connected as shown in
Fig. 31. The two-pole design and the 60-cycle power frequency fixed
the synchronous speed of the machine at 3600 repe.m.

A separate driving mechanism for bringing the electrostatic
machiné‘up to synchronous speed as & motor, or for driving it as a
‘generator, wés provided. The auxiliary driving motor was mounted out-
side the tank and its power carried into the vacuum tank by means of
a vacuum-sealed shaft. An arrangement was made, using two of the
vacuum=tight controls on the tank whereby the driving mechanism could
be uncoupled from the electrostatic machine while in operation, leaving
it entirely free in vacuum, subject only to the friction of its ball
bearings.

| A neon bulb, connected to the alternating=-current supply,
was mounted inside the tank for the purpose of indicating, by its strob-
oscopic action, when synchrqhous speed was attained. A small 60-cycle
Edgerton stroboscope was moﬁnted just outside the lead-glass window in

the face plate for the purpose of illuminating a graduated power-angle
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disk connected to the rotor within.

A small prony braké consisting of a baked asbestos bend
‘passing over the electrostatic motor shaft end tightemed by springs
at each end operated by two control shafts was also provided. The
springs carried scales which could be obesrved through the window so
that the spring tension during load runs could be accurately deter=-
mined and recorded.

The machine was later equipped with a mechenical demper for
the purpose of damping out its power-angle oscillations, an interesting
characteristic of electrostatic power machinery being the complete ab-
‘sence of such demping acﬁian as is so advantageously furnished by
eddy-currents in electromegnetic machinery.

‘ The vacuun system was as described in Chapter V and as shown
in Figs. 33 and 34, and was producing regularly an operating vacuum of
about 3.0“'5 mm. Hg.or better. The pumping system consisted of a 55-liter-
per-second meroury diffusion pump backed by a Cenco Hypervac. A metal
COé'condensation trap in series with the mercury pump and tank, end a
re-entrant liquid-air trap took care of the condensable vapors.

The vacuum electrostatic machine described above operated
successfully as a synchronous motor for the first time on August 9,
1933, delivering useful power to the outside of the tank for over an
hour. It is believed that this is the first successful vacuum elec-
trostatic power machine. .During subsequent tests it was also run as
a high-voltage alternating-current generator delivering useful power
back to the line.

The maximum power developed by this machine as a motor with

an applied pesk voltage, as measured between sphere gaps, of 73 kilo;



volts, was 55 watts. Its maximum power output as a high-voltage
alternating-current generator was closely the same. The theoretical
maximum power of this machine operating on sinusoidal impressed voltage
of 73 kilovolts peak is only 39 watts. The theoretical maximum power

‘ opérating on a rectangular wave of voltage of the same maximum smplitude
is 78 watts. It was definitely kmown that the wave-shape of the impressed
voltage was not éinusoidal but quite recténgular due to the impedance of
the transformers coupled with the strong third harmonics in the magnetiz-
ing circuits and in the load.' The experimentally-determined value for
the maximum power output of the machine, therefore, checks very well with
the theoretically-approximated value.

The variation of power output with power angle was experiment-
ally determined for both generator and motor operation. The power-versus-
power-angle curve for a peak-voltage value of 73 kilovolts is given in
Fig. 32. The maximum theoretical power angle is + 45 degrees. Although
this maximum power angle was observed during test, the presence of small
oscillations in the region of pull-out prevented any accurate determina-
tions of power Por power angles beyond 35 degrees. The observed éower-
angle variation agreed with the theory given in Chapter II.

A retardation test was made to determine the power loss due
to friection of the bearings. This loss was found to be less than 0.3
watt at 3600 repeme The windage loss and the 12R loss due to charging
currents may be taken as zero. The loss through the volums of the
insulators supporting the stator is again zero, the volume resistance
stator to ground being of the order of 10]':5 ohms. The surface leakage
along the insulators, which iﬁ a better design could be made zero, is.

estimated to have been (for considersble intervals) of the order of
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one microampere. The efficiency of the vacuum electrostatic motor
at full load was therefore somewhat better then 99 per cent. It
is evident that in larger machines of this type higher efficiencies
can be realized.

The purposé of this experimental study of a vacuum electro=-
static power machine was to ea\tablish experimentally the correctness
of theory of such machines, to illustrate their remarkable simpliecity
as contrasted with electromagnetic mechines, and to develop and demon-
strate the means whereby the necessary operating conditions for such
mechines can be reliably and effectively produced. It was not intended,
nor Zvould it be warranted at this time, to carry out intemnsive and re-
fined tests to exhaust the peculiarities of this particular machine,
nor was vvthe machine designed to compete in power concentration with
the present highly-developed electromagnetic machines.

This experimentel machine study succeeded in all it set out
to doe. Thé synchronous vacuum electrostatic machine was operated as
both a motor and # generator, exhibited characteristics of relisbility
and ruggedness in continuous-load runs, developed fully the amount of
power for which it was designed, at an efficieﬁcy better than 99 per cent.
Its construction was characterized by remarkable simplicity end mechan-
ical ruggedness, the only rotating part was constructed entirely of metal
and maintained at ground potential, the stator and rotor assemblies were
made essentially of suitably-shaped flat metal sectors. The methods of
producing the necessary vacuum conditions, of controlling the machine
operation, of meking measurements and observations resulted in a high
degree of flexibility, speed, end reliability. On one occasion the

vacuum tank was exhausted from atmospheric pressure to a pressure less
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then 3 x 10 mm. Hg. and the motor brought up to speed and syn-
chronized in 45 minutes. The tests made on the machine check, within
the precision of the experiment, the machine theory developed in the
theoreticél analysis. The measured power output of the machine, re-
garded in the light of the higher voltage gradients and voltages which
it has already been experimentally esteblished can be insulated in vacu=-
um, indicates that power concentration comparable with that of* modern
alternating~-current machines could be realized at once in a new design
of the seme physical dimensions. Such further advances in vacuum in-
sulation as can confidently be anticipated as the result of vacuum-
insulation research should carry the power concentration.of vacuum
electrostatic power machines far beyoﬁd that of modern eiectromagnetic

machiﬁes.
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CHAPTER V

ENGINEERING VACUUM TECHNIQUE

The production and maintenance of vacuums of the order of
lO-6 mme of mercury in large metal tanks has been accomplished only
during the last few years. Since the development of the Gaede dif-
fusioﬁ pump in 1915 small-volumed glass systems have been evacuated
to pressurés as low as 10-8 mm. It was well understood, however, that
such low ﬁ}essures could Ee attained and maintained only'with greatl
difficulty, that the system must be small ahd well outgassed, that it
wes fragile, quite unrelieble, and that it was hampered by an extreme
lack of flexibility in the manipulation of therinternal apparatus.
High-vacuum systems in the past have been characterized by the frag-
ility and consequent unreliability of théir physiocal structure; by
their small volumes and' lack of easy control, and by the general diffi-

culty of evecuation and maintenance.

It was further generally believed that high vacua could not

[ g%
RV L BNR R S

bbﬁproducéd in metal tanks because of the tremendous emount of ad-
. AN

sorbed and absorbed gaées in metals, that the fabrication of vacuum-
tight metal chambers offered special difficulties, and that the rugged-
ness of metallic construction offered no advantages in flexibility of
dontrol end .adjustment of internal apparatus or in the transmission of
mechanical power through the wall of the chamber, and had the further
difficulty of opaqueness.

The first relatively-lerge-volumed metallic vacuum tank

which disproved all of these objections and which pointed the way to
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e new era in vacuum technique was constructed by Van de Graaff at
Princeton in 1081. The tauk was 18 inches in diemeter snd 5 ft.
l;ng, of brass, and mounted on a trestle arrangement so that it could
péwrolled away from or ageinst & brass end-plate which sealed its
open end. The vacuum=-tight joinf between end-plate and the flenge of
theicylinder was made by pressing against two concentric rubber rings,
the space between which was evacuated to form a guard ring.

A mercury diffusion pump of conventional design having a
pumping speed at the tank of 55 liters per second and backed by an
oil pump was used for evacuation. A liquid-air trap in the tank
itself was used to remove the condensable vepors. This metallic
‘vacuum system was completed in the fall of 1931 and a measured pressure
of 5 x 10-7 mm. obtained. The tank was later brought to M.I.T. where
it was further improved and developed aﬁd used for the research described
herein. ’

In itsfinal form® this tenk had eight 5/16" shafts passing
into it for purposes of contrai and  adjustment of apparatus within
the tenk, one 3/8" shaft for the transmission of mechenical power
through the tank wall at 2,000 r.p.m., about twelve low-voltaege
electrical end electrometer leads, one 200,000-volt bushing, two
windows for observation, one re-entrant liquid-air trap, a vacuum-

. tight valve between the tank and tﬁé pumping portion of the system so
that the pumping system could femain in operation while the tank wes
open to atmosphere, an ionization gauge and a fore-vacuum thermocouple

gauge in each of these two portions of the system, and an arrangement

* August, 1933.

[



-—

——u

whereby the tank could be rolled ewaey from its end-plate to expose
the internal apparatus. On a regular experimentel schedule this tank
hangeen rolled up tight against its face plate and pumped down to a
pressure of 3 x 1075 mm. in less than three-quarters of an hour. Pic-
tures of the improved tenk are given in Figs. 33 and 34.

An important innovation in vacuum technique suggested by
Van de Graaff is the use of a positive-pressure grease-graphite seal
to render vacuum~tight s shaft passing through the wall of the vacuum
chamber for the purposes of control end the transmission of power.
For small shafts for rotation by hand the simple arrangement shown in
Fig. 35 suffices as a vacuum-tight seel. Fig. 37 shows the essential

elements of en experimental shaft which was continuously rotated at

2000 repem. without eny evidence of leakage at e pressure of 5 x 10'5 mmo. ,

as recorded by an ionigetion gauge in the tenk. The sealing medium is
one of low vapor pressure an@zchosen for its inability té transmit
shear. This medium fills a'region between the wall of the tank end the
shaft end is mainteined (byfnwans of a weighted plunger, for exsample)
at a pressure greater than that urging the air to leek in toward the
vecuum. This positive-pressure feature and the intimate end homogene-
ous nature of the barrier meke leakage theoretically impossible; ex~-
periﬁentally - within the limits of the detection apperatus -~ this
conclusion has been verified. The sealing medium may be of grease

or oii, for exemple. A mixture of grease and graphite was used in

the small experimental seals, the grease serving as the sealing medium
and the graphite preventing thé grease from flowing. For the revolving
-shaft illustrated in Fig. 37 two opposing screw threads were turned on

the shaft, which, for a particular direction of rotation, had the effect
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of s§ouring such grease as attempted to creep along the shaft back

to the region of the seal. This method was found effective, since

no gresse-graphite appeared either at the atmospheric or the vacuum
end of the seal after several hours of rotation.

This method of sealing power shafts into & vacuum tank is
capable of handling the amounts of power associated with the large
electric~-power machines contemplated in this research. It is character-
ized by its extreme simpliciﬁy and effectiveness and the high efficiency
of the transmission. For large shafts end high speed the use of oil is
recormended, the oil being circulated in a closed system under pressure
by methods illustrated in Fig. 37. The use of several seals in cascade,
the use of a forgavacuum ring at the atmospheric end of the shaft to
remove the bulk of the pressure difference,{and various other similar
devices may be desirable to increase the reliability of large-shaft
seals. It is believed t@é? the experimental work on vacuum-tight shaft
‘seals perfonmed during this research has fully established the practic-
ality of this method for meeting the problem of tfansmitting the large
amounts of mechanical powef in the proposed vacuum electrostatic power
machines. |

One of the greatest obstacles in previous high-vecuum tech-
nique has been the difficulty of locating leaks. The microscopic size
of fault sufficient to ruin the high-vacuum possibilities of a s&stem
is well known; in the past, the location of leaks in a vacuum system of
any complexity has often held up research for days, weeks, months, and
even years. Any technique which will ensble the certain and rapid loca-

tion and correcdtion of faults in & high~vacuum system is of prime impor-
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tance. It has been a specific aim in this research to develop such
methods and thereby establish high-vecuum technique on & sound, reli-
able engineering basis.

) It is recognized that the main source of leaks in a metallic
system will be at the various joints and connections rather then in
the unbroken surface of the vacuum enclosure. Accordingly the policy
of enclosing all such joints with guarding chambers which can be quick-
ly evacusted to fore-vacuum pressure by means of a small oil pump, has
been generally followed. The suspicion of & leak in any joint so pro-

vided with a guard ring cen ‘be verified by evacuating the guard ring

‘with a fore~pump. This would have the effect of reducing the rate of

any leakage by a factor of at least one thousand, end the consequent
improvement or lack of improvement in the vacuum condition within the

chember, as indicatéd by an ionization gauge, would establish almost at

.once the correctness of the suspicion. In the experimental tank men-

tioned ebove, guard rings have been used around electrical leads into

the tank, around all removeble connections such as the joint between

. metallic pump cese and metallic condensation trap, housing between con-

densation trap housing and metallic end-plate, between end-plate and
flange of vacuum tank cylinder, between the rings of vacuum-tight valve
seats, and between glass to metal flanges. Means were also provided
for quickly esta;blishiﬁg a fore~vacuum over vac-ﬁixm shaft seals, over
windows in tenk wall, and over unbroken areas of the tank surface. By
peinting the metallic surface of the tenk with a hea-%ydieoaf'é of insulat-
ing pa.int such as Glyptol, not only were any small leeks closed up, but

it also became possible to test the general metallic surface for leaks

with & standard induction leek tester. The entire system could be sys -
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tematically checked for leeks with high probability of success within
ant l;our. While the new metalliec vacuum systems now contemplated will
embody these features in still higher degree, the experimental vacuum
system which was used in this research is believed to have attained a
degree of reliability and flexibility never approached by eny other
system, and has shown the way to &hd the practicability of sound engi-
neering vacuum technique.

The experimental work on metellic vacuum systems has indicated
that vacuums be"cween 10-6 m. and 10.7 mm. of mercury can be obtained in
large systems vri'bh‘ proportiopate punping speeds when the metallic sur-
faces are clean and bright though unoutgassed. Certain metals such as
stainless steel and nickel are expected to show advantages over others

for such systems since it is evident that, with the eliminating of
'4 orgenic meterials, the limitation in degree of vacuum is caused by the
rete of gas given off by the metal parts.

It is well known that metals can be outgassed by heating in
vacuw, by.positive-ion bombardment, and by serving as the electrodes
in an electric discharge. Thése methods are expected to lead to fur-
ther improvement in the degree of vacuum which can be set up in a
metal system. |

A method of oﬁtgassing by heating, which shows great possib-
ilities, will be now described. The vacuum tank contains within and
insulated from it a second thin-walled shell of stainless steel or
nickel, etc. This shell is itself vacuum~tight and is evacuated by a
separate pumping system. ‘The region between the liner and the tank is

evacuated to a pressure of about 10'6 mme by the usual means. In



pfactiée the whole system is first pumped down together. An electric
current is then passed through the liner which heats it to as high a
temperature as feasible. This results in the rapid outgessing of the
metal liner and all it contains, the products being carried off by
the pumping system. By this mesms the adsorbed and absorbed gases in
the intermal ta.nk system can be rapidly removed and an equilibrium
pressure esteblished T;J'hich is much lower than that between this liner
and the unoutgassed main tank itself. This method has the adventage
of simplicity and effectiveness and should lower the pressure ratias
by at least a factor of ten.

The limit to which the pressures cen be reduced by this means
is fixed by the az;mun'b of metal surface looking into the inner vacuum
system which cannot be gbutgassed. It is evident that the pump and
trap surfa.oes‘whioh are part of the immer vacuum shell are necessarily
iﬁ equilibrium with the gases being pumped. Accordingly, the pressure
in the inner system is that equilibrium pressure maintained largely by
' the/ unoutgessed pump system surfaces. No system, whether glass or
metal, has ever been produced in which every area of the enclosure was
fully outgassed.

The use of a metallic molecular pump* of novel design in
place of a diffusion pump to evacuete the inner vacuum shéll removes

this limitation. Such a pump requires no trap and may itself be oper-
ated at high temperature so that the entire area looking into the immer
high-vacuum shell can be thoroughly outgassed. This arrangement is
illustreted in Fig. 38. With the deyelopmen’c of such pumps it cen be

shown by calculations based on the known rete of gas emission of out-

* Suggested by Re J. Van de Graaff.
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gassed metals, the pumping speed, and the tank volume, that pressures

as low as or lower then 10"9 mn. Hg. can be maintained in lerge metal

tanks.
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CHAPTER VI

VACUUM AND MATERIAL INSULATION

The technical end economic practicability of the application
of vacuum electrostatics to the electric-power field depends in lerge
degree on the practicel realization of the unusual insulating qualities
of high vacuum. What experimental information is available on vacuum
insulation for high voltages has in general appeared as secondery results
of experiments directed primarily toward other ends. It is only very
recently that an intensive, scientific investigation of this field has
been inaugurated.

Some experim.entalwork2 in vacuum et low voltages (below
30,000) has demonstrated that cathode gradientswas high as 5.5 x 106
volts per centimeter can be supported at the cathode electrode.3 It
is well esteblished that anode gradients many times this vaelue can be
readily maintained. Recent experimental work on high-voltage X-ray
tubes has indicated that voltages as high as 650,000 volts can be
reliebly maintained with a cathode gradient of about 100,000 volts_per
centimeter.é While this informetion confirms the belief in the efficacy

of vacuum insulation for high voltages and high gradients, it cennot be

-

’

1. & doctor's research tending to establish definitely the factors
and limitations of high-voltage vecuum insulation is now being carried
on by Mr. He W. Anderson at the lMassachusetts Institute of Technology.

2. See Chapter I.

3. A test of unoutgassed highly-polished steel electrodes indicated
that a voltage of about 200,000 with a cathode gradient of 750,000 could
be insulated in a vacuum of ebout 5 x 106 mm. Hg. This test was not
carried to higher voltages.

4, Crane and Lauritsen, Review of Scientific Instruments, Vol. 4,
No. 3, pe 118, March, 1933.
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construed in eny sense to define its practical voltage and gradient
insulating limitations. On the contrary, in view of the lack of
controlled conditions, the imperfections of the vacuum, the random
choice of electrode material for anode and cathode, and (what is
highly importent) the inadequate attention to the surface treatment
of the electrodes, (some or all of these difficulties characterized
all of the previous high-voltage-vecuum insulstion experiments) it can
be most assuredly stated that the real insuleting possibilities of high
vacuum are still to be esteblished.

A mechanism of breskdown in high vecuum suggested by L. C.
. Van Atte, R. J. Van de Graaff, and H. A. Bartonl accounts for the
onset end meintenance of discharge between electrodes in_vacuum as
due to ionizetion at the electrode surfaces caused by impacts of ions,
electrons, and photons. This theory supposes that an electron imping-
ing on the enode produces, on the average A positive ions and B photons
which reach the eathode, and that a positive ion impinging on the
cathode liberates C electrons, and a photon liberates D electrons
which reach the anode. The condition for & discharge is given by

AC +BD > 1.
It is quite evident that the cathode coefficients C and D depend on
the work function and surface condition of the cathode slectrode, and
that proper choice of cathode material, and polishing, outgassing, or
otherwise altering the superimposed surface condition produced by ad-
sorbed gases, projections, and other surface debris, will reduce to a
very considerable extent their value. Similerly, the asnode material

and surface treatment will affect very considerably the anode coeffi-
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1
cient A and B. The use of insulating films on the cathode surfeace

end of positive grids over the anode surface, as well as other similar
artifices, will have a pronounced effect on the breskdown coefficient
and will warrent cereful investigation. It is unlikely that the anode
and cathode coefficients will, in general, be affected in exactly the
same way; and particulerly, it is highly improbeble that the best combin=-
ation of electrode material and treatment could be obtained by a fortu-
jtous choice without a careful, controlled, gquantitative, scientific
study. It is believed that such an investigation may, as an end
result, lead to the reliable insulation in vecuum of voltages of one

or more millions of volts at cathode gradients of the order of several
millions of volts per centimeter. Such vacuum insulation properties,
applied to the power field as herein disclosed, would produce power
machines much more compact and economical than the most modern electro-
magnetic machines, besides introducing features of high voltagé and

efficiency which are now unattainable.

Materiel Insulator for Use in High Vacuum

The development of materiasl insulators for use in high vacuum
as high-voltage electrode supports, vacuum-tight diaphragms, etc. and
characterized by high voltage and gradient breekdown strength is a
second insulating problem of major importance. The problem of securing
the ﬁecessary compactness in an insulator is complicated by the necessity
for good mechanicel characteristics and by the limited choice of insulat-

ing material which, from en outgassing point of view, is suiteble for

1. Physical Review, 43, p. 158, February, 1533.



use in vacuum.

The problem of volume breakdown through the insulator offers
no particular difficulty. Van de Graaff has suggested the use of many
thin laminae of insulating materiel, such as pyrex, quartz, porcelein,
~etc., each coated on one side with a thin conducting film, the arrange-
ment then stacked up and fused together to form a solid insulator with
a controlled gradient. The volume breakdown strength per unit length
would then be closely the sum of the strength of each lamina therein.
Since 0.025 cme. of pyrex will withstand a voltage of 80,000, a built-up
insulator made of such laminae would have a volume breakdown of over
three million volts per centimeter.

The chief limitation in materisl insulators for use in vacuum
is due to surface leakage and breakdown. A method of overcoming this
surface breskdown limitation is illustrated in Fige 39. The highly-
corrugated surface results in a surface leakage path many times the
length of the insulator.

In a recent test made during this investigation of one ele-
ment of a corrugated Isolantite insulator a voltage of 130,000 wes
withstood by en axial insulator length of 0.68 ém. with a leakage less
than 0.2 m.a. The length of the insulator leakage péth (following
along the surface of the corrugetion) was 2 cm. The same section of
insulator sparked~-over af 16,000 volts in air. This test, together
with the further ideas presented below definitely establishes the
practicability of matérial insulators of remarkable compactness for
use in vacuum.

The insulator is, however, still externally exposed to the
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high-voltage parts and therefore lisble to electron or positive-ion
bombardment which may precipitate breakdown, or to localization of
electric stress which may result in an emission from its surface with
similar effect. These difficulties may be overcome by providing over
each corrugation a well-outgassed metal ring so erranged (see Fig. 40)
that the insulator, as viewed from the exterior, is a well-outgassed
metal unit. The insulating material is thereby shielded from high-speed
ion bombardment and, more important, the high~voltage insulator problem
has been reduced to a low-voltage insulator problem. This is evident,
since any length of insuletor legkage peth is subjected only to the
voltage difference between the two outgassed metallic rings, and has no
wey of determining the potential at which these two rings exist. This
method indicates, then, how a high-voltage insulator may be built up ef
separate low-voltege elements, each element (regardless of its position)
retaining in a complete sense, its electrical individuality. Thus an
insulator as in Fig. 40, composed of 20 sections each withstanding

only 50,000 volts, would have & total insulator voltage strength of
1,000,000 volts. Furthermore, each section may again be subdivided,

as in Fige. 41, so that the 50,000 volts is again broken up with sub-

‘sequent decrease in the cumulstive electric-stress demends upon the

insulating material.

It is suggested that such an insulator be built up of stacks
of disk-shaped porcelain, a thin conducting film (of Roman gold or
other material) painted on the surface to form the conducting aress,
and the assembly fired and fused into a unit. Since the loading of

such an insulator can by proper design be made purely compressive,
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it is evident that good mechenicel cheracteristics for this sort of
loading can be obtained. It is also possible that such an insulator
could be made of a solid core of material such as textalite, treated
against outgassing by coating with or baking on & vacuum~-tight sub-
stance, and over which are stacked annuler rings performing the func-
tion and provided with the metellic edges and divisions as the corruge-

tions mentioned above.

It is clear, since the above description has indicated how
a high-voltage insuletor for vacuum can be designed so as to inmvolve
essentially only a low-voltage insulation problem, solutions for which
are already understood, that not only can material insulation be built
for a million volts or more in vacuum, but they can quite certainly be
designed with a concentration ofAinsulating strength many times greater
than any material insuletor now known. It is further evident that the
units of a built-up insulator of this type can be studied separately
and intensively, and that the performence of the assembly can then be
acéurately predicted on the basis of the unit study. A thorough
investigation of the surface characteristics of insulating materisals,
combined with a study of the ideas and methods discussed ebove, is
essential to theattainment of compmet material insulators to supple-

ment veouum in the insulation of vacuum eleatrostatic power apparatus.
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CHAPTER VII

VACUUM TRANSMISSION LINE

% The unique insulating properties of high vacuum which makes
’ possible for the first time the generation of high-voltage, direct-‘
current power in large blocks, also makes possible the efficient end
economical transmission of this power over long distances. The essen-

tial features of such a vacuum-insulated transmission line* are dis-

! cussed in detail below.

The high-voltage vacuum-insulated transmission line consists
essentially of a positive conductor rumning exially along a highly-
evacuated metallic tube comstituting the return conductor. It is an
impoftant feature of this proposed transmission line that the central
conductor be positive, since this geometrical arrangement, as has been
pointed out, takes advantage of the high<voltage gradients which can
be supported at the anode surface and results in a much reduced gradient
stress at the cathode surface: Assuming éhat the maximum greadient which
can be supported et the cathode is 100,000 volts per centimeter, while
the anode gradient may be of the order 6f tens\of millions, Fig. 42
illustrates the maximum voltdges which cen be safely insulated by a
vacuum transmission line of given dimensions when the central conductor
is positive and when it‘is negative.

The proposed vacuum transmission line would be capsble of trans-
mitting direct-current power at voltages of the order of a million or

more, in substantielly unlimited amounts, over distences many times

* First suggested by R. J. Van de Graaff.
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greater then even the longest of modern alternating-current power
systems, and with a relative energy loss meny times less. It is
estimated, as will be described below, that the initial investment
and operating cost of a high-power vacuum trensmission line are less
j:ha.n for modern power transmission lines, and that it is inherently
capable of far greater reliability.

A proposed construction for a l,OO0,000-volt, 500,000=kw.
trensmission line is illustrated in Fig. 43. The tofal energy loss per
hundred miles in a- double~circuit line of this rating and construction
is estimated at about 0.2 per cent.

The concentric high-vacutm, fore~vacuum, and protective-seal
construction shown in Fig. 43 is suggested for meximum reliability,
simplicity,and economy. The fore~vacuum and high-vacuum tubes are
made integral by meens of supporting webs, thus forming an exeeedingly

strong and light unit capable of resisting the atmospheric pressure as

well as other mechanicel loeds. \The fore-vecuum serves the dual purpose

of reducing (by a factor of about. one million) the effect of any faults
in the inner high-vacuum shell, end of providing a fore-vacuum line of
high conductivi’cy to serve as the backing for thg relatively-closely-
spaced high-vacuum diffusion pumps. This mekes possible the location

of mechanical fore-pumps at intervals along the trensmission line from

5 to 20 miles apart. The vacuum-tight outer seal eliminates the effects

of any but extremely large faults in the fore-vacuum shell. This seal
could be a grease-~graphite layer maintained at a positive pressure
greater than atmospheric, or a layer of some other homogeneous end

viscous substance, or conceivably a layer of very gummy rubber. The
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high vacuum of the trensmission line is thus protected by the vacuum-
tigh‘t’ inner metallic shell, which in turn is protected by the fore-
vacuum which is confined in a second metallic vacuum-tight shell,
which in turn is protected by a positive-pressure, vacuum-tight seal.
It is belie\;'ed that this construction is capable of a high degree of
relisbility.

The method of supporti;lg the central high-voltage positive
conductor is illustrated in Fig. 44. The insulators are of the con-
trolled-gradient type deseribed in Chapter VI and are mounted in groups
of three, set in a treansverse plane at 120 degrees relative to each other.
Any foroce tending to move the central conductor from its position to
symmetry cen result only in e purely compressive strain in the insulators.
The céntral conductor is allowed axial movement by the loose construc-
tion of the metal eollar in which the pin insulators terminate. The
separation between points p\f support of the central conductor will vary
from 10 to 20 ft., depending on the mechanical strength of the conductor,
the diemeter of the high-ve.c;,uum shell, and the operating voltage. The
design must be such that the rate of development of mechenical forces
tending to resist displacement of the central conductor from its posi-
tion of symmetry, is greater’ than the rate of development of unbalanced
electrostatic forces tending to increase such displacement. This con-
sideration will gemnerally result in a central conductor of cross-
sectional area several times that required to conduct efficiently the
rated current of the line, and hence results in a line which in this
respect has en extremely large overload current and power capecity.

The method of isolating sections of the vacuum transmission
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lline, from a vacuum point of view, is illustrated in Fig. 45. The
vaéuumrtight insulating diaphragm is designed to withstand full atmos-
pheric pressure on either side and is again of the controlled-gradient
type. The two adjacent sections of the high=vaouum line are connected
by a by=-pass which cen be opened or closed by a manually- or automatically-
operated valve. The two adjacent sections of the fore-vacuum line are
separated by a vacuum-tight metallic web and again connected by a valve-
controlled by-passe. This division of the vacuum transmission line into
sections which can be readily isolated greatly limits the spread of
difficulties due to vacuum faults, and facilitates the repair of the
faulty pert. The sectionalizing of the vacuum system is thus recom~
mended for increased reliability.

The ewvacuated condition of the transmission line is maintained
'by a system of high=-vacuum diffusion pumps and fore-vacuum mechanical
pumps. In a well-outgassed system the diffusion pumps may be as much
as 500 to 1000 ft. apart. A section of the transmission line showing
the high-vacuum diffusion pumps is shown in Fig. 46. Two pumps are con-
nected in series for high reliability, the second being backed by con-
nection to the fore-vacuum line. These pumps are characterized by |
their simplicity, reliability, and low cost of operation. They utilize
a low-vapor-pressure oil as thé pumping medium and are air-cooled. The
design of the heater element results in a new economy of operation; in
a pump of this type tested at Princeton a pumping speed of 50 liters
per second was realized with a power expenditure of about 50 watts.
The series arrangement of pumps is used to prevent free access of the

fore- to the high-vacuum lines should one pump fail. It also results
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in a higher pumping speed end en increased pumping-pressure ratio

under normal conditions. A menuelly- or automatically-operated cut-
off valve is provided between the diffusion pumps and the high-vacuum
line. An automatically-recording high~vacuum gauge is provided at each
diffusion-pump installation.

The pumping speed of the annular-ringed-section fore-vacuum
line is made such that the mechanical pumps required to maintain the
necessary evacuated condition therein may be locatedj;é;mnch as 20 miles
apart. With a well-outgassed fore-vacuum system and a fore~vacuum

~2 to 10™1

pressure between 10 mm. Hg. this presents no special diffi-
culties. Large fore-vacuum pumps of conventional design would be in-
stalled at these pumping stations.

It is estimated that the tqtal power per hundred miles re-
quired to maintain the necessary evacuated condition within the trans-
mission line of Fig. 43 would be about O.l per cent»of the power rating
of the line. Thus it is apparent that only a n;gligible amount of ener-

gy is required for meeting the pumping requirements of & vacuum-power

transmission line.
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FIGURE 43
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FIGURE 45
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CHAPTER VIII

ELECTRONIC SWITCHES

This ohaptér desoribes a new type of switch for use in high-
voltage, direct-current power systems and capable of interrupting cur-
rents of the order of 1000 amperes and of withstanding back voltages
of the order of 1,000,000 volts.

This switch performs its function by permitting or interrupt-
ing electron flow in vaecuum between two terminals of the high-voltage
line. It consists éssentially of an electron-emitting surface, a
control grid, an accelerating grid and a plate. A proposed arrange-
ment of these elements is shown in Fig. 47.

The functions of these elements are as follows: During con-
duction the control grid is maintained slightly negative and serves to
foous the electrons from the emitter in meny thin streams directed _
‘toward the centers of the corresponding number of‘holes in the grid o7
structure. The accelerating grid is maintained positive and serves to
accelerate these electron streams toward the plate. The design is such
that these eleoctrons reach the plate with just sufficient emergy to
cause them to be absorbed, the net voltage between emitter and plate
being preferably of the order of a few volts, though not limited to
small voltages.

To open the circuit the §ontrol grid is made negative by an
amount comparable with the accelerating voltage. This prevents electrons
from passing beyond the control grid and hence reduces the efitter-to-plate

current to zero. The accelerating voltage may, or may not, be allowed to



remain on the accelerating grid. For long-period interruptions it
wouid probably be desirsble to reduce the accelerating grid potential
to that of the emitter. When the switch is insulating, full line
voltage minus the accelerating grid potential exists between the accel-
erating grid and plate. The spacing of these elements must be such that
.these voltages can be safely withstood in vacuum.

The practicability of the above arrangement is illustrated by
the following analysis: The accelerating voltage required to overcome
the space charge due’to a current density of 0.125 ampere per square
centimeter between accelerating grid and plate for a separation (calcu-
lated between thin paraliel planes)\of 5.86 cm. is 15,000 volts. This
spacing is of the order of magnitude sufficient to adequately insulate
1,000,000 volts in high vacuum with sufficient margin to take care of
the physicﬁl dimensions of the grid. This seme accelerating voltage
also overcomes the space~charge effécts of this ocurrent density and of
the control grid in the region between the emitter and the accelerating
grid.‘ In a proper design the plate current should be equal to the cur-
rent paésing beyond the control grid, since otherwise accelerating grid
currents and losses would result. Various mechanisms for preserving
this saturation feature for all values of current, by changing either
the accelerating-grid or the control-grid voltage, can be devised.

in the above calculation, the plate potential relative to the
grid potential was zero. By slightly increasing the accelerating=-grid
potential, or by reducing the spacing grid-to-plate, the electrons can
be caused to reach the plate with sufficient energy to cause them to

be absorbed. Low emitter-to-plate #oltage means low losses. It is
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desirable that this voltage be small, however, not only to realize
small plate losses, but also to prevent secondary emission from the
plate by the impinging eleetrons. Such secondary emission could be
greatly reduced, should this be necessary, by providing an additional
grid closely adjacent to the plate and maintained at a small positive
voltage relative to it.

The control grid is so designed as to focus the electrons
from the emitter intomany thin streams so directed that they will pass
through the grid. By this focusing mechanism the accelerating-grid
current can be greatly reduced under saturation conditions. The corre-
sponding grid loss is therefore similarly reduced. This results in
simplification of design, since the necessity of designing the grid to
dissipate large grid losses invheat is reduced. A suggested focusingv
mechanism is shown in Fig. 48. The foousing action of the control grid
could be designed in such a way that the electron streams foocus in the
plane of the accelerating grid. The divergence of the electron stresms,
which then follows in the interval from accelerating grid-to-plate,
reduces the space-charge effect of the focusing. The fact that the
electron velocity is greatest near the accelerating grid, where the
streams are of greatest demsity, is also advantageous from the space-
charge point of view. Nevertheless, considerable allowance must be
made in tﬁe design for the heightened space-charge effect of many fooused
electron streams.

The control grid also serves the important function of stopping
the flow of electrons when the switch is to be insulating. This may be

done by spilling suddenly a large negative charge on this grid, thereby
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setting up a space-charge barrier sufficient to overcome the effect of
the accelerating grid and plate potential. This switching action is
capable of extreme rapidity, the time required depending only on the

time constant of the control circuit. The close proximity of the con-
trol grid to the emitter enables this to be done with moderate negative
control voltage. The line voltage itself is insulated between accalerat-
ing grid and plate. The relatively-low voltages required by the control
grid simplifies the problem of automatic switoh control. The condenser
which spills the charge onto the control grid may be actuated by abnormal
line conditions, using mechanisms (some of which have been devised) not
difficult to work up for any specified situation.

The use of concentric oylindrical construoction of the elements
offers important advantages in the outbalancing of electrostatic forces
and in the reduotion of space-charge effects due to a given current den-
sity at the emitting surface. The control and accelerating grids and
the plate also serve to reflect heat back to the emitter and thus to
reduce emitter heat loss. It is understood that the end comstruection
of these concentric cylinders would be such that the electrons must pass
through the grids.

An effective cylindrical emitting surface, 1 ft. in diamster
and 3 ft. long, with an accelerating-gri%voltage of 15,000 end a grid-
to~plate épacing (between planes) of ebout 6 cm., would conduct 1,000
amperes. The emitter-to-plate loss could be made small - of the order
of 10 kw. With an accelerating-grid current equal to 0.5 per cent of
the total current, this grid loss would be 75 kw. The energy required

to produce the necessary electron emission from the thoriated tungsten

119



120

enitting surface is of the order of 10 kw. The temperature of the
grids and plates must be maintained below that of appreciable elec-
tron emission due to both thermal emission and the Schottky effect.
With tungsten surfaces this consideration allows an operating tempera-
ture of about 1100 degrees K. Additional heat-radiating surfaces, or
the introduction of a circulating ooolinévmedium, or the conduction of
heat through an insulator, are means by which tHe grid loss can be dis-
sipated. The spacing between accelefating grid and platokis such that
1,000,000 volts should be safely withstood between them. The power
capacity of the switech is 1,000,000 kilowatts and the emergy loss is of
the ordér of 0.0l per cent.

It is recognized that the calculations above are for a switch
of unprecedented power capacity and insulation strength, and that the
problem is simpler for lower power and voltege ratings< It is also
recognized that the compactness oFf high current density suggested by
the above calculations is of the order of which such a switching device
is ultimately capable. Even with a more immediately attainable compact-
ness, one-tenth or less than that suggested above, this switch would
§till be far more practical and advantageous by comparison than the
present highlybdeyeloped high-power and voltage alternating-current
switches. A ourrent demsity of 0.0125 ampere per square centimeter
would require an accelerating voltage of 6600 volts with a grid-to-plate
spacing of 10 centimeters (caloulated between thin parallel planes for
uniforn. current demsity.) Such a lowered current demsity could be more
effectively focused: for a given total current the losses are reduced

because of both the lower grid voltage and current, and the loss radiat-
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ing surfaces increased by a factor of ten. It may prove desirable to
reduce the insulation requirements on a given switch by operating two
switches in cascade. This arrangement is seen to be stable, the
voltage drop across each so adjusting itself relative to the other that
their currents are the same.

It is evident from the theory of this switeh that current can
be conducted by it in only one direetion. The use of two such switches =
one connected in the reverse sense from the other -~ across the gap in the
high-voltage line would permit two-way conduction. Such a double arrange-
ment of switching elements would also be capable of serving as an alter-
nating=-current switch;

Switches of the type described above may be used to accomplish
the commutation functions in the direct-current machines described in
Chapter II. The particular circuit connections involved in this elec-
tronic commutation have in general been indicated. Where not only the
normal one-way valve action of these electronic switches is desired,
but also the positive control afforded by the control grid for the inter-

ruption of current at any time, it may prove desirable in many machinery

‘applications to provide a pilot commutator which supplies the proper

voltage to the control grid. Thus, by means of a low~voltage, low=-
power commutator, the current, voltage, and power output of a large
power machine may be closely regulated.

In certain switehing applications where small currents are
required it may be desirable to dispense with an accelerating grid, the
current density being kept sufficiently low so as not to require an un-

due emitter-to-plate voltage. Such a switch is illustrated in Fig. 50,
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which shows & small substation switch for controlling small blocks
of power removed from a large high-, direct-volteage power line.

In the sbove switches the power for the heating element of
the emitter may be conveniently and efficiently supplied at the necessary
high potential by a vacuum-insulated transformer such es is shown in Fig.
51. The primary and core are maintained et ground potential; the second-
ary is attached to the high-voltage part end vacuum-insulated for full
voltage>from the primary end core. The closed magnetic circuit makes
for high efficiency and low reactance drop. This idea of vacuum-insulated
transformers was developed during this investigation; some of its possi-

bilities for high-voltage, 1érge power transformers have been examined.
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FIGURE 47
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CHAPTER IX

VACUUM ELECTROSTATIC POWER SYSTEM

This investigation of high vacuum as an insuleting medium,
and of its application to the problems of electric power engineering,
has shown the teohnical end ecortomic feasibility of a new type of
power system, capeble of all the funotions of modern power systems, but
possessing adventages in power capacity, range of transmission, effi-
ciency, end simplicity not even remotely approached by the power systems
of todsay.

The new system contemplates the gemeralion in vacuum by elec-
trostatic machines of large amounts of electric power at hitherto un-
atteineble direct voltages of the order of a million, the transmission
of this power at these high voltages over a vacuum-insulated transmission
line, and the conversion of this power at the receiving end back to mech-
anical form by vacuum electrostatic motors operating directly on full
line voltage. The motors mey drive the load directly,' or they may drive
electrostatic alternating- or di:rec'b-current generators, or they may
drive alternators of the conventional typé, thus delivering power to
existing local distribution systems without any alteration of these sys-
tens.

A conservative comparison of the provosed direct-, high-
voltage power system with the conventional system of todey brings to
light many outstanding points of difference in favor of the new system.

The vecuum electrostatic generators and motors contemplated

for this power system and described herein are inherently high-voltage
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machin;as characterized by unusually high efficienoies, and in their
ultimate form capable of much higher power cbncentra‘cion than modern
electromagnetic power machines.

By the‘ use of hithertoc unatteinable direct-current voltages
of & million or more, the transmission losses are reduced to a small
fraction of presént-day walues. This consideration, together with the
abgence of stability problems in direct-current systems, results in the
removal of the distance limitation from electricel power treansmission
and makes possible a new era in the utilization of electrical power.
It should become possible, for example, to deliver power to centers of
consumption rex;wtely situated with respect to potential power sources
such as coal mines or water falls. Furthermore, it appears that the
system will lend itself to the tapping off of small blocks of power at
less cost than in prevailing systems, thus meking feasible the supply
of small communities and areas which ecould now be served only at pro-
hibitive rates. - ‘

. It has been impractical until recently to increase beyond
220,000 the operating voltages of modern high-power transmission lines.
While increase in operating voltage to ‘275;000 has recently been pro-
posed,™ it is evident that alternating-current systems are not inherent-
ly high-voltage systems, and a definite economic end technicel saturation
effect woulgl seem to render impossible the future attainment of the oper-
ating voltages contemplated for the vacuum ele}ctrostatic power system.

As far as cen be seen in terms of present rates of power con-

sumption, the power-transmitting capacity of the proposed system is limited

* Boulder Dem Power Project.
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only by the power available at the source and by the load demend.
Present power systems are limited by the factors already mentioned,

as well as by the problem of system stebility inherent in alternating-
current power systems.

The proposed high-, direot-voltage power system is believed to
be inherently capable of greater reliasbility than present systems for
reasons set forth below.

The proposed system shows advantages in simplicity and econ-
omy over present systems. Involving, as it does, but e single high-
voltage conductor surrounded by & grounded return with its terminal
apparatus directly connected to the line, it is evidently far simpler
and far more compact then present systems. The concentric conductor
aerrangement of the new system, which may be carried on or below the
surface of a narrow strip'of ground, is preferable to the cumbrous over-
head system with its necessariiy extensive right of way. The new type
of line can be carried with perfect safety beside railroads or highways,
thus meking umnecessary a new right-of-way with the usual expense of
land tekings end land demeges. Furthermore, it can be carried directly
into urban areas.

A consideration of the sbove factors would indicate that such
a system would not only offer unparalleled adventages in capecity and
distance of power transmission, but would require far less plent invest-
ment and would be inherently capable of far greater economy of operation
and relisbility than equivalent systems of £oday. Fig. 52 illustrates
pictorially some of the differences between the proposed and the present

power systems.



The following comparative analysis of the proposed and present
power systems covers in a more complete and quanbtitative way the power
capacity, transmission distance, cost, and inherent reliability of the
two systems. It contains the results of an investigation intended to
bring out the relative merits of the two systems as applied to the

receﬁtly—prbposed St. Lawrence power project.

"l. Power Capacity

There seems to be no theoretical or practical meximum power re=-
striction for the vacuum electrostatic power system other than the
limited power available at any one site and the economic demand for
power.

The direct-voltage vacuum transmission line is inherently a
high-power line énd,‘without\multiplication of ecircuits, appears to be
capable of transmitting power of the order of millions of kilowatts with
high efficiency.

Present electromagnetic power systems are restricted in the
power they can handle by the fundamental problem of power stability,
and by their inability, beyond a certain point, to meet increasing power

requiremenfs by increasing the operating voltage.

2. Transmission Distance

The vacuum ele&trostatic power system should be capable of
transmitting practically unlimited amounts of power over substantially
any terrestrial distance or area. To illustrate, célculations have been
made for such a system operating at 5,000,000 volts and transmitting

1,000,000 kw. halfway around the world. A careful study has been made
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shawiﬁg the practicability of vecuum trensmission lines operating at
1,000,000 volts and transmitting 1,000,000 kw. & distance of 1000 miles
with an energy loss of two and one~half per cente.

Present electromagnetic power systems are seriously limited in
the transmission of large emounts of power over long distances by the
necessity of maintaining a condition of stability between the sending end
receiving ends of the transmission line, and by the necessary increase
of energy loss with transmission distance. Although no such line exists
at present, it is technically possible, by using the highest treansmission
voltege thus far developed, and with synchronous cepacitance on the line
at interveals, to transmit about 400,000 kw. over‘a double~cirocuit line
for a distance of sbout 400 miles. While it is theoretically possible
to extend such systems s%ill further, the increased difficulty end ex-
pense of maintaining them free from interruptions, their low over-all
efficiency, and the high capital investment would render such extended

systems impractical.

Se Efficiencx

The energy loss in vacuum electrostatic power machinery for
large pcwer‘generation'and conversion purposes has been estimated to
be about one per cent of the power rating of the machines. The energy
loss in transmitting 1,000,000 kw. through a 1,000,000-volt, double-
circuit vacuum transmission line a distence of 100 miles has been cal-
culated as less than 0.25 per cent.

The energy loss in modern high-voltage generators of large

capacity is about 4 per cent. The energy loss in the associated trans-
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formers to couple such generators to the transmission line adds another
0.5 é;r“cent. The energy loss in the transmission line itself may be

as much as 15 per cent of the power transmitted for the limited trans-
mission distances of present practice. The line loss for 100 miles is
usually from 4 per cent to 10 per cent, depending on the total trans-
mission distance. Further losses are introduced by the auxiliary apper-

atus necessary to insure stability such as synchronous condensers, regu-

lators, reactors, etc.

v

4. Cost_

The estimated cost of a 100,000-kw., 1,000,000-volt vacuum
electrostatic generator is about the same as,’or less than, that of a
100,000=kw., 13,800-volt electromagnetic generator without step-up
transformers.

The estimated cost by the St. Lawrence Power Survey Committee™
of a 300~mile transmission line from the St. Lawrence to New York City
of 1,000,000 hepe capacity of $75,000,000. The estimated cost of a
double=-circuit, 1,000,000-volt vacuum transmission line for the same
project, capable of even greater power capacity and far greater effi-
ciency, is $20,000,000.

Vacuum electrostatic power systems would introduce other econ=-

omies due to the elimination of devices essential to electromegnetic power

systems such as transformers, synchronous condensers, voltage regulators,

reactors, etce.

5. Reliability

It is believed that vecuum electrostatic power systems are

* Report of St. Lewrence Power Survey Committee.
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ultimately capable of far greater reliability than present electro-
magnetic power systems. The verious factors affecting the relisbility
of these systems will be discussed briefly point by point.

() Stebility

An inherent characteristic of all altermating-current power
systems is the tendency of small disturbances, normal switching opera-
tions, faults on the line, and the like, to cause oscillations and lack
of synchronism between the sending and receiving ends of the transmission
linewith resultant service interruptions. The margin of stability de=-

creases with increase in power transmitted or in transmission distance.

In modern power systems this margin 1s somewhat extended by operating

precariously in & region of unsteble qquilibrium, using synchronous con-
densers, high-speed exciters, quick-ao£ing circuit breakers, and other
special equipment tending both to stiffen the system ageainst disturbances
and to reduce the duration of the disturbances. The system stability is
the greatest difficulty in present systems in maintaining continuity of
service. -

Vacuum electrostatic power systems, being direct-current power
systems, would have no such major stability problem.

(v) Lightning

Present overhead pdwer systems are subject to direct strokes
end to induced lightning potentials which precipitate faults between
lines, flashover to ground, etc., and thus cause cirocuit interruptions.

Vacuum electrostetic power lines and equipment, being com-
pletely enclosed in a grounded metallic container, are not subject to

lightning.
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(¢) Wind, Snow, Sleet, Mechanical Failure

Overhead power lines must be capable of withstanding enormous
variable loads such as wind, snow, and sleet. Mechanical failure due
fo these causes is still a serious cause of circuit interruptions.

The high voltage conductor of vacuum transmission lines would
not be exposed to the elements in the same way, and hence would not be
subjected to this form of failure.

(d) Corone

Corone. is the cause of energy lqgf on high-voltege transmission
lines. At high altitudes it occurs at lower volteges. It is the factor
which limits the meximum voltage at which power can be transmitted in air.
To trensmit power through air at 500,000 volts to ground without undue
corona would requiie hollow conductors about 5 in. in dismeter. Loss of
reliebility due to the iﬁcreased‘weight of the conductor, increased wind
and snow loads, as well as stability considerations such as the increased
reactance due to the large conductor spacing renders such voltages imprac-
tical. In power machinery corone causes deterioration of insulating
material and subsequent loss of insuletion strength.

Vecuunm transmissiqn lines would heave no corone loss nor corons
phenomena.

(e) Interconnections

Interconnections in alternating-current power systems are effec-
tive in increasing the reliability and flexibility of the component parts.
The problem of stability becomes extremely complex in such interconnected
systems. It is recognized that the stebilizing effect of one part of the

system upon an interconnected portion electricelly remote may be small
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and even negligible.

There is every reason to believe that interconnections in
direct-current power systems will be effective in increasing the reli-
ability of the component parts, however remote. The increase in reli-
ability may be accurately predicted.

(f£) Insulation Strength

High-voltage power lines in air must be adequately insulated
from ground and each other by insulator strings supported on steel
towers. These strings are subject to electrical deterioration due to
dust, birds, mechanical failure, etc.

In direct-current vacuum transmission lines one conductor
must be insulated from the enclosing evacuated metallic shell. The

voltage gradients involved can be precisely calculated and the line

designed for the required insulation strength. Methods have been devised

which, with further development, are expected to insure high vacuum with

extreme reliability.

(g) Relay Protection

The need for elaborate relay protection for three-phase power

systems to proteoct generators, exciters, regulstors, transformers, buses,

lines, etc., and the resultant increased possibility of faulty relay

operation has in itself proved an importent cause of circuit interrup-

tions in present power systems.

On the other hend, it appeers that the protective equipment in

the proposed vacuum electrostatic systems would be much more simple and

hence capable in itself of greater reliability.
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(h) Tie-overs

The number of tie-overs along double- or triple-circuit trans-
mission lines is few because of the expensive overhead work, switch gear,
and circuit breekers required.

The number of tiew~overs along vacuum trensmission lines in
parallel may be frequent because of the simplicity of the apparatus

involved. This results in greatly improved reliasbility.

6. Flexibility

In present alternating-current systems it is uneconomical to
tap small smounts of power from high-voltege transmission lines for
distribution purposes because of the expensive step-down and switoching
apparatus required. In high-voltage electrostatic power systems it
seems economically and technically possible to tap off relatively small
amounts of power from'the'line at frequent intervals.

Highdvoltége dlternating-current power lines must be confined
to open country, and the power must bg transformed to reduced voltage
before it can be brought to densely-pépulated areas. Vacuum transmission
lines operating at millions of volts may, if necessary, pass directly
through any densely-populated area. It is feasible, for example, to
carry a vacuum transmission line operating at a million volts or moré,
directly down the length of Manhatten in New York City.

The power capacity of alternating-current power systems cammot
be’sensibly increased after installation without increasing both the
capacity of the terminal apparatu§ and the power capacity of the trens-
mission line in the seme ratio. The power capacity of vacuum electro-

static power systems cen, after installation, be increased very consider-
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ebly by increasing the capeacity of the terminal apparatus without
chenges in the transmission line, since high-voltage vacuum trans-
mission lines have inherently extremely high power capacity, generally

greatly in excess of the terminal apparatus.

7. Simplieity

Modern alternating-current power systems have become extremely
elaborate and complex in an effort to provide for the many contingencies
which may arise to cause circuit interruptions, and also because of the
complexities inherent in electromagnetic machinery. The component appar-
atus itself is usually heavy and bulky, subjeoct to deterioration, and
necessarily designed with large factors of safety.

Vacuum electrostatic power systems are characterized by sim-
pliecity due.to the relative ease and directness with which high-voltage,
direct-current powe¥ can be generated and converted by electrostatic
apparatus, and due to the simplioities inherent in direct-current power
systems. Vacuum electrostatic machinery is further characterized by
relative 11ghtnqés end compactness due to the fundamental nature of
electrcstétic forces and effects and to-the elimination of irrelevant

matter.

8. Safety

‘Modern high«voltage sjstems are a source of danger to human
life by accidental shock and by flashover.

High-voltage vacuum electrostatié power systems are relatively
safe, since all high-voltage parts are completely enclosed in a grounded
metallic case, the system appearing as a neutral body when viewed from

the exteriore.



9. Interference

Alternating=-current power systems cause serious telephone,
teiegraph, and radio signal interference which is often difficult and
expensive to overcome. High-voltage power transmission lines with
their attendant large right of way offer a physical interference with
the development of the surrounding areas.

| Vacuum electrostatic dirdct-curreut power systems are free

from these difficulties.
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APPENDIX A

EFFECTIVENESS OF AREA UTILIZATION
WHEN CAPACITANCE VARIATION IS SINUSOIDAL

This analysis is for the purpose of determining the effec-
tiveness of plate-area utilization when the capacitance variation with
angle between the rotor and stator of an electrostatic machine is

sinusoidal over what it is when the veriation is uwniform.
. S

N

Referring to Fig. 5@,‘for the sinusoidal variation we have

2
d £§:£52:§l_ = K sin ﬁ

1
and
As = KJ( sin ¢ d ¢ = 2K
. Yo .
when 2
g=X, db | T1°T2 |k
2 ag
end
2 2
Ay = ry-ry

The area of the sector from which this sinusoidally-varying area has
been teken is

2 .2 by 2 2
ri=ra Y (ra
Ay = . A af > (r =r,)

The ratio of the effectiveness of area utiligzation in the case of

sinusoidal and of uniform capacitance variation is therefore:
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APPENDIX B

A NEW NULL METHOD OF DETERMINING VOLTAGE
GRADIENT DISTRIBUTION ALONG ELECTRODE SURFACES

This experimental method of voltage gradient determination
at electrode surfaces grew out of the necessity for a convenient and
accurate means of studying the voltage gradient distribution along the
edges of the approaching rotor and stator plates of electrostatic power
machinery. The complexity of the geometrical configuration eliminated
" the possibility of an easy enalytical attack, and the necessity for
accuracy, flexibility of electrode arrangement, and rapidity of meas-
urement led away from the standard engineering methods and toward the
more refined and direct methods of physiecs.

As is well known, the charge fixed on an increment of surface
is proportional to the voltage gradient at that point. By measuring
succegsively the charges fixed on a series of insulated probe areas
along the electrode surface, the voltage gradient distribution along
that surface can be determined. The charge stored on a probe was .
measured’by‘spilling it, simultaneously with a charge of the opposite
sign from a small condenser charged with a known voltage, into a
Lindemann electrometer, the known charge being altered by a potentiometer
arrengement until no resultant kick of the needle indicated both charges
were equal. The proper balancing voltage for any one probe can usually
be obtained within six trials, each taking bug a few seconds. For an

electrode surface with twenty probes the gradient distribution can be



taken in as meny minutes; and when, as in this case, the variation
of gradient distribution with electrode separation is desired, a
whole family of distribution curves may be obtained in a morning's work.
The actual experimental set-up and results will now be briefly described.
It was desired to measure the gradient distribution along the
edges of approaching condenser plates of the interleaving type with a
view to determining the edge contour which would result in the lowest
ratio of meximum edge gradient to the normel gradient between parallel
faces of interleaved plates. For this purpose an enlarged section of
three stator and two rotor plates was constructed of wood with removable
vound plate edges, the surfaces being covered with tin foil. The arrange-
ment was such that the rotor and stator could easily be moved into each
other so as‘to interleave; with more difficulty the plate separation
could be ché?éed. A flexible celluloid sheet conformable by tension
to the plate-edge contour covered a portion of the middle stator plate.
This sheet was covered with tin foil on the outside, and had eighteen
small insulated tin-foil probes of equal area, these probes extending
ffom the tip of the rounded edge to a point well along the parallel side
of the plate. Contact with any one érobe could be effected by a switch
within the hollow middle plate, the switch simultaneously short circuit-
ing all remaining probes to the plate itself. The contacted probe was
thus connected by means of a well-shielded lead to a Lindemann electro=-
meter, as shown in Fig. 5?. The experimental procedure was as follows:
The electrometer grounding key was opened and the operating key suddenly
depressed. This released nearly simultaneously both the charge which

had been fixed on the probe and the charge which had been stored in the
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fixed condenser. These charges mixed, thé net amou#t charging the
electrometer. The voltage V on the fixed condenser was then adjusted
until no electrometer kick indicated the charges were equal.

The flexible celluloid strip was 0.0l in. thick and held
the arrangement of probes and conducting coating (both of 0.0007-in.
tin foil) fastened to it with ceresin. One end of each probe strip
was passed through a slit in the celluloid, where it was attached to a
flexible enamelled wire conmecting to the switch. The arrangement of
probes could be calibrated both for relative values of voltage gradient
(taking into account the differences in probe area) an§7§bsolute values
of voltage gradient if the area of one probe is accurately known. This
can be done by unloosing the celluloid strip from the contour edge and
holding it plane and parallel to a plane electrode a known distance away

with the known positive voltage impressed on it. With this method of

"calibration it was estimated that the over-all accuracy of the voltage

gradient determination was within two.per cent.

The results~6f the voltage-gradient distribution studies for
two different edge contours (the circular edge and the cireular-bulbous
edge) are shown in Figs. 29 and 30. It is seen for the particular ratio
o# plate thickness to separation of the experiment that the ratio of- the
ﬂighest gradient to the parallel-plate gradient is 1.7 in both cases.
This indicates that this particular plate~thickness-to-separation ratio
is close to that eritical value below which the bulbous edge is the more
desirable, and above which the simple circular edge becomes more desir-
able. A study of the curves indicates that more complex contours than
those studied would not be compensated by material improvement in the

voltage=gradient ratio.
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The general advantages of the above experimental method of
gradient-distribution studies may be summarized as follows:

l. A rapid and convenient method of measuring voltage-gradient
distribution along complex electrode surfaces.

2. A method particuiarly adapted for complete studies involving
a family of distribution curves showing the effect of variation of elec-
trode separation, etce

3. A method showing a higher degree of sensitivity than previous
standard methods.

4. A null method characterized by high accuracy and ease of

calibration.
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FIGURE 53
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