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Swmary

It is suggested that the electrostatic force of attraction
between spheres, rather than the sparking voltage, be adopted as
the standard method of measuring high voltage. This proposal is
based on the following investigations and results:

1., The sparking voltage of 50 centimeter standard testing
spheres varies considerably even when corrections are made for
changing air density. At larger spacings, the gap is influenced
by the unavoidable presence of ground planes.

8. Accurate forc= measurements made over a period of several
months gave a mean sparking voltage curve which differs by a few
per cent from a newly recommended A.I.E.,E. standard curve,

3. Only one correction faector, to account for the presence
of extraneous bodies in the laboratory, need be applied to vol=-
tage computed from measured forces. It is shown that this fac-
tor is small and a technique is deseribed for its precise compu-
tation.

4. Computations have been made for the effeet of the spheres'
shanks and the laboratory floor and walls on the attractive foree
between spheres,.

The main results of this research have been published in a
paper, "The Sparkless Sphere Gap Voltmeter II", Electrical Engin-
eering, Vol., 55, No. 5, by R. W. Sorensen and the author. This
paper has been scheduled for discussion at the A,I,E.E. 1936

summer convention.



INTRODUCTION

For some years there has been a demand for more accurate
high potential measurement. Need for a primary standard and
dis-satisfaction with present standards were so emphasized by
lengthy discussions at the 1934 Summer Convention of the American
Institute of Electrical Engineers that this problem was made a
part of the research program of the California Institute of
Technology High Voltage Laboratory.

Accordingly, Dr. Jesse E. Hobsonl® and the author, working
under Professor R. W. Sorensen, commenced work on what is now
termed the "Sparkless Sphere-Gap Voltmeter"2. The pioneering
work done by Dr. Hobson is completely described by him in his
thesis for the Doctorate degree submitted in 1935 and entitled,
"High Voltage Precision Measurements®™. The results of this
research may also be found in a paper, "The Sparkless Sphere-Gap
Voltmeter®, by Professor R. W. Sorensen, J. E. Hobson, and the
author of this thesis2. (Because this paper includes a descrip-
tion of some of the apparatus used in the research reported in
this thesis as well as some curves and tables used in computa-
tions, it has been incorporated into this thesis as Appendix A.)

The preliminary work on the Sparkless Sphere-Gap Voltmeter

showed it to have promise as a means for the accurate measurement

* For 2ll numbered references, see Bibliography.
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of high voltage. It was found to have many advantages over the
conventional sparking spheres (see Appendix A). The question as
to whether it could be termed an absolute standard was still to
be investigated, for the computation of voltage from a measured
force assumed isolated spheres, whereas actually the floor and
walls of the laboratory and the leads and supporting structure
were known to influence the relation between force and voltage.
An analysis of means whereby the effect of floors, walls and
shanks, etc. could be determined and possibly a quantitative
evaluation of the disturbance in terms of a correction factor to
be applied to the computations were desired.

Recognition of inaccuracies in the present A.I.E.E, Standard
Sparking Curves for spheres from 25 to 200 centimeters brought a
request from the Measurements and Standards Committee of the
A.I.E,E. for a recalibration of the sphere gaps. In Appendix B,
the means for arriving at both the o0ld sparking curves and those
of recent investigators are described briefly. It is seen that
there was little reason to expect the previous curves to be correct
and little more reason to expect accuracy on the part of recent
investigators; their results differ by several per cent. Thus,

a careful measurement of the sparking voltage for a standard gap
by use of the sparkless spheres promised to be of great value and
was undertaken.

The sparking voltage between spheres of definite size and

gap spacing is known to depend on many factors. If sparking



gpheres are to continmue to serve as a means for measuring high
potentials then it 1s necessary to m2scertain the relations between
the sparking voltage and the factors which influence its value.
Because the force readings are known to be independent of most

of these factors, such as changing atmospheric conditionms,
pertinent data on the behavior of a gap over a period of several
months could be obtained by repeated measurements of sparking
voltages. Further, it was deemed of value to investigate quite
completely the effect of the proximity of ground planes on the

sparking voltage of a sphere gap.



5.

MEASUREMENT OF SPARKING VOLTAGE
FOR FIFTY CENTIMETER SPHERES
Description of Apparatus

Voltage was obtained from the one million volt cascade
transformer of the California Institute of Technology.3 The
effective value of the voltage wave delivered to the spheres
through a water hoseresistor by the transformer set was known
to be 99.25 per cent that of a true sine wave having the same
crest value. (See Figure 5, Appendix A.)

The force meter is completely described in Appendix A and
none but small changes were made in applying the meter to this
series of measurements. A simple damper consisting of a vane
about one-foot square suspended in oil was installed. The vane
was mounted on the shank of the moving sphere near the
cathetometer table. However this damper was removed after a
gseries of tests showed that its beneficial effect in reducing
oscillations was more than offset by the increase in time needed
for the moving sphere to respond to a very small force. Also,
it was attempted to improve the sensitivity of the force-measuring
device by replacing the bicycle wheel by a device having even
less friction and permitting a multiplication of the forces to
be read. A scheme investigated was the simple one of making the
end of the shank (to which previously was fastened the cord

passing over the bicycle wheel - Figure 3 of Appendix A) support



one of two very thin equal length wires carrying the balancing
weight, the other wire being held by a stationary support. The
length of the wires and the distance between moving and fixed
supports being known, the horizontal pull on the spheres for a
given weight is also known. In practice it was found that the
small changing vertical component acting on the shank of the
sphere due to the balancing weight actually caused sufficient
deflection to disturb the zero reading on the cathetometer. To
eliminate this error would have introduced more friction, so the
original force-measuring device was again installed.

The fifty centimeter spheres are spun aluminum, standard
testing spheres purchased from the General Electric Company. A
special frame (Figure 1) was constructed for them, using paraffined
maple and pine and with clearances as recommended by A.I.E.E.
standards for high voltage testing. The shank of the lower,
grounded sphere was equipped with an indicator, adjustable for
zero setting, which enabled the reading of gap spacing on a
parallel scale.

To obtain the very large number of spark-ovem desired to give
dependable results, it was necessary to protect the spheres
against pitting. Experience had shown that a water rheostat to
limit the current after spark-over was entirely unsatisfactory
because of the difficulty of kesping the rheostat in operating

condition after it had suffered a number of spark-overs, and of



Figure 1.

designing it for the high voltage conditinns in the first place;
also, even with a megohm or more of resistance, the spheres would
pit badly before the voltage could be removed by the Dbreaker
operating from the remote controls. Through a gift from the
Kelman Electric & Mfg. Company, a special quick opening breaker
was installed in the primaries of the million volt set. Several
current transformer coils were made available so that the trip

circuit could be energized by an arc at any voltage, even with

the one megohm resistance in series.



The dimensions of the leboratory and the arrangement of
equipment are shown in Figure 2. The clearances are seen to be
quite large. $S] is the sparkless 100 centimeter sphere-gap
voltmeter and So is the standard 50 centimeter sphere-gap. The
laboratory is 64 feet wide with the test gaps approximately along
the center of the building; ullldinonnionn shown are in feet.

The parallel connection of gaps as shown ias unbroken except for
a minor set of experiments to determine whether the pregence of
the sparkless spheres would influence the readings of the sparking
spheres.

Calibration Procedure

The calibration procedure was as follows:- The 50 centimeter
sphere-gap was set at some desired spacing and a large number of
spark-over tests made for each setting, the voltage on the
tertiary or voltmeter coil of the first transformer being noted at
the instent of spark-over. The voltage was increased from zero to
sparking value at as fast a rate as possible consistent with the
ability to read the tertiary voltmeter accurately. Slower rates
of voltage rise are productive of greater variations in spark-over
voltage for any given gap setting, since if the voltage is held
Just below normal spark-over value for a long_enough time, the
&p it seems, will finally spark over.

These tests were followed by and interspersed with many tests

to determine the relation between tertiary voltmeter readings and
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force measurements on the 100 centimeter spheres. Thus the
tertiary voltmeter readings were made to serve wholly as compara-
tive readings, making unnecessary a determination of the relation
between tertiary voltage and voltage of the transformer. Each
test period consisted of two sets of readings, one of tertiary
voltages at which sperking occurred on the fifty centimeter
spheres for a small range of spacings, the other of the forces
between the sparkless spheres at known spacings and over the

same range of voltage as in the first set of readings, as indicated
by the tertiary voltmeter. During each test period, all connec-
tions and egquipment were undisturbed except for a special minor
series of tests to be described. A preliminary set of experiments
showed that the voltage may vary slowly and considerably during
the time necessary to obtain a balance with the force-measuring
device; these experiments also showed that the moving sphere was
sufficiently sensitive to determine whether the voltage was
changing or constant. Accordingly, a signal system was used so
that the tertiary voltmeter was read always a2t the instant of
balance.

To insure a maximum of force, the spacing on the sparkless
spheres was kept 2t a minimum for each voltage range. The meter
was adjusted for zero setting (see Appendix A) at the beginning
of each teét period and returned often to zero spacing to disclose

any shifting of the supports. Atmospheric pressure and temperature



were observed and all readings of sparking voltage were corrected
to 25 degrees Centigrade and 760 millimeters barometrie pressure?,
From the known force and sparkless sphere-gap spacing, the value
of voltage was computed using the equatiom V= 9405 /.;E_
and the values of S given in Table III of Appendix A,

Typical test data is given in Table I. The relation between
tertiary voltmeter reading and voltage computed from the measured
force was taken from curves (Figures 3 and 4) drawn through the
mean of points determined during many test periods and by dif-
ferent observers. A consideration of the possible errors made
in obtaining the points on these curves indicated this procedure
to be better than that of obtaining the sparking voltage for
any one period of tests from a curve between force and tertiary
voltage obtained during that same period.

Teats were for the most part made with the sparking gap
in normal operating position, the axis of the gap vertical and
the center of the upper and fixed sphere about 275 centimeters
or 5-1/2 diameters above the floor. Two sets of tests were made
with the gap horizontal, one at the same height - about 5 diame-
ters above the floor - and the other at a distance of 3 diameters
above the floor. Also, a few readings were taken with the gap
vertical and over 10 diameters above the floor. A minor series
of readings of tertiary voltage at sparking was made with the

connection to the sparkless spheres removed to determine the

influence of this change.
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Table I
Typical Test Data
October 29, 1935
Sparking Spheres
Zero setting 7.72 em.
Barometer b 740 m,m,
Temperature ¢ ner
Ja z%;;%f: Ve = ?VL
Scale Gap Tertiary 1 Vg
Volts from Corrected
am. cm. Meter A Figure 4 Yoltage
11,72 & 21.3 72.7 K.V. 74 K.V,
. - 21.6 73.6 75
- . 22.0 75.2 76.5
12,72 5 27.05 93.5 25
. - 26,7 92.0 93.5
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15.

Results of Spark-over Measurements
The results of the tests described above for the sparking

spheres in the normal vertical position with the upper sphere

at about 5-1/2 diameters above the floor and the lower sphere
grounded are best seen from Figure 5. In this figure, the test
points obtained are plotted so that the ordinate represents the
differences in erest kilovolts between the voltages indicated

by the points and the voltages at which, according to a proposed
new A.I.E.E, standard sparking curve (Appendix B), ths gap for

a given setting should spark over. Values obtained by other
investigators are also shown. TFigure 6 gives the usual fom

of spark-over curve drawn through the mean of the points in

Figure 5. In Figure 6, curve A is the proposed new A,I.E.E,
standard curve, B is from Bellaschi®, C is the curve through the
mean of points in Figure 5, M is from Msa.dor‘, and P is from Peek"’.
At the higher spacings, the gap was found to require several
conditioning spark-overs before indicating the ability to give
consistent readings. ZExcept for these conditioning readings

and a few others quite evidently in error, all readings have

been plotted. Thus, the total spread of points shown for any givem
spacing is not that found during any one test period, but is that
which may be expected for tests extending over several months under
varying conditions as to temperature, humidity, and barometrie

pressure even with the usual corrections for air density variation,
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In Figure 7 are plotted the deviations of test points from
the proposed i,I.E.E, sparking curve for the case of spheres
horizontal about 5-1/2 diameters above the floor. Here it is
noted that the test points follow those for the vertical setting
for the same clearance to ground until about half diameter is
reached; at larger spacings, the gap when horizontal sparks over
at voltages somewhat lower than for the same spacings with the
gap vertical. The mean of the points in Figure 7 are plotted with
crosses on the ocurves of Figure 6. As would be expected, the
large spread of points appears for the horizontal as well as the
vertical setting, except for the very highest spacings. This may
be because at these large spacings the ground plane is sufficiently
active as a third electrode to cause sparking more consistently
along a certain definite path. In the vertical set-up the are
was observed to vary over quite an area for the larger spacings.

With the gap horizontal and only 3 diameters above the floor,
spark-over occurred for all spacings at voltages much lower than
in the two previous cases. That the gap was greatly influenced
by the presence of the ground plane could be seen from the shift
of the position where the are struck omn the surfaces of the spheres.
At a spacing of 40 centimeters, the voltage in this position was
less than 90 per cent of the ioltaas required for sparking with

normal clearance.
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The set of tests made on the gap when vertical and 10 diam-
eters above the floor (with even more clearance to the ceiling)
gave readings almost identical with those for the normal vertieal
position up to one-half diameter spacing; for greater spacings
the voltage required to produce sparking was found to be greater
than that in the normal vertical position. The difference became
as much as 5 or 6% at nearly full diameter spacing. This difference
was probably dus not only to the diminished effect of the floor,
but also to the increased effect of the ceceiling. In the normal
position the lines of forece concentrate toward the grounded sphere
due to the additional attraction of the ground, while at the higher
position there are probably fewer lines coming from the hot sphere,
due to the decreased capacity, and some of these lines end on the
eeiling instead of on the grounded sphere.

When the sparkless spheres were disconnected, the tertiary
voltmeter read a lower voltage when spark-over occurred for any
given spacing of the sparking spheres than it indieated with both
gaps, as nomally used in these tests, in parallel., The effect
of this change of connections should have been to decrease the
current through the series water rheostat., However, this may not
have caused an appreciable increase of voltage at the spheres since
the current was strongly leading. Also, a decrease in the leading
current probably caused a drop in the terminal voltage of the

transformer which would buck the effeet of the diminished drop
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in the rheostat. It is not possible, without additional data,

to say how much of the 2 or 3% change in tertiary voltage reading
at sparking was due to a change in the relation of tertiary volts
to volts at the spheres; but very probably some of this effect
was due to the action of the electrostatic field coming from the
sparkless spheres.

The following conclusions have been reached by a survey of
the results of the measurement of sparking voltages:

1. The proposed new A,I.E.,E, standard sparking curve for the
50 centimeter spheres indicates voltages which are too low for the
larger gap spacings and too high for the smaller spacings.,

2. The influence of the floor and walls of the laboratory
on the sparking voltage is very small for any position when the
gaps are of the order of 6 diameters from the ground plane and
the gap spacings are less than three-fourths full diameter.

3. The sphere spark-gap voltmeter becomes inereasingly
inconsistent as the gap spacings exceed three-fourths full
diameter. The spark-;over voltage is greatly influenced by the
proximity of ground planes at these higher spacings, the influ-
ence being observed even at clearances from 6 to 10 diameters.

4. Even when corrections are made for barometrie pressure
and temperature changes, the sphere spark-gap will not show the
same sparking voltage at all times, the differences in readings
being as much as 6 and 7 per cent and averaging a few per cent
at all spacings,



Accuracy of Measurement of Sparking Voltages

The accuracy of sparking voltage determination by means of the
sparkless sphere gap is a function of the accuracy possible in
determining:

1. Tertiary voltmeter reading

2. Sphere gap spacings

3. Force

4. Spacing factor S used in the equation F = S V2
where F is the force and V is the voltage impressed on the
spheres.

The accuracy of single readings for items 1 to 3 was of the
order of .2 per cent for tertiary voltmeter readings, 1/2 milli-
meter for readings of sphere gap settings, and within a grem for
force readings, the forces ranging from 100 to over 350 grams.
From Figures 3 and 4, it is possible to make a satisfactory
estimate of the overall accuracy of items 1 to 3. To obtain
each point plotted on Figure 3, a reading had to be taken of the
tertiary voltmeter, the zero or contact position of the sparkless
spheres, the gap setting of the sparkless spheres, and the force.
The average deviation of these points from the mean was only
about 1/2 per cent. The kilovolts for any tertiary voltmeter
reading observed at spark-over of the 50 centimetsr spheres
was taken always from these curves. Now if item 4 is considered

to cause no error, the error in each spark-over point plotted in



Figures 5, 6, and 7 is the sum of an error in a single tertiary

voltmeter reading, a gap setting on the fifty centimeter spheres -

both of these in the tenths of a per cent - and an error in the

relation between kilovolts and tertiary volts obtained from

Figures 3 and 4. The latter error must be far less than one-

half per cent. Thus, aside from item 4, the test points should

not be off more than about 1/2 per cent as a conservative estimate.
The fourth item, spacing factor S, can be calculated accu-

rately for isolated spheres (see Appendix A). True isolated

spheres are, of course, impossible and for actual conditions

one must, as in the case of standard sphere gap measurements,

take account of supporting shanks and adjacent bodies. The accura-

¢y with which the spaeing factor for isolated spheres may be

applied to the spark-over voltage measurements is dealt with

in later sections of this thesis. The results of the investi-

gations described there indicate a correction not exceeding

1.5 per cent to be applied to the test points of Figures 5, 6, 7

in the region from 40 to S50 centimeters spacing; not over .5

or .6 per cent in the region from 30 to 38 centimeters spacing;

no correction below 30 centimeters spacing. The direction of

the correction is such as to decrease the values of voltages

plotted on these curves.,
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Preliminary Investigations of Possible Means
for Determining the Value of the
Sparkless Sphere Gap Voltmetsr as an Absolute Standard

Were it not for the laboratory floor and walls and the
shanks on the spheres, the sparkless sphere gap voltmeter could
immediately be termed an absolute instrument, since the method
of inverted images allows an accurate computation to be made of
the electrostatic force of attraction between the spheres for
any given applied voltage. (Appendix A) The influence of shanks
and ad jacent bodies on the attractive force between the spheres
may be determined in theory by experiment or by caleulation, but
in actual operation both methods present difficulties, Investi~-
gations of both a theoretical and experimental nature were made
before choosing the means later deseribed for obtaining the values
of corrections to pe applied to computed sparking voltages. The

methods examined wexe as follows:

l. A measurement of the rate of change of capacitance of
the spheres with respect to distance between them would give an
overall calibration of the instrument taking into account every
possible disturbing influence, This is because the spacing
factor relating the force to voltage is numerically equal to
one-half the rate of change of capacitance, as may be seen from

a consideration of the energy in the electrostatic field, Using



Maxwell coefficients of capacity:

2 2
E=FC V. + ml 1, f"zl'c-ﬂ-lé

where E is the energy, V3 and Vg are the potentials of the spheres,
Cgy and Cgp self-capacitances, and G, is the mutual capaci-
tance of each sphere. Cg 1is the charge existing on one sphere
when it is at unit potential and the other sphere is grounded;
Cp 1is the charge on either sphere when it is grounded and the
other sphere is at unit potential.

The force of attraction (taken as positive for attractiom,
negative for repulsion) is given by differentiating the expression

for energy with respect to distance between the sphere centers.

- ac¢ 2 < L dc, 2
F-i‘a—;"” .,.g;.-ul(z 1-1%‘::&

For our laboratory set-up, V, 1is zero and

R
2<
F-% 52 V.

A resonant circuit was set up using a frequency of a few
thousand cycles. Readings of the standard condenser in the cirecuit
were made for spacings of every few centimeters of the sparkless
sphere gap. It was found by repeating the curves thus obtained
with the leads going to the hot sphere in different positions
that the various curves did not check very closely. Some of

this apparent distortion of the curves was undoubtedly in the



the inability to set the spheres to the same spacing each time,

A gap spacing measurement, accurate enough for ordinary voltage
measurements was not sufficiently precise, by far, to give a

curve whose slope had to be found to within a few tenths of one
per cent accuracy in order to be of value. Also, the capacity
being of the order of 50 to 100 micro-micro-farads, the differences
of capacity noted on the standard condenser were too small fop

the necessary precision.

It was concluded that this method would be quite diffieunlg
to extend to the degree of accuracy required, though the design
of a special condenser reading differences to a small part of g
mi ¢ro-micro-farad and used in a bridge circuit of a type in which
only the differences of capacity would be of significance, certain-
ly would yield better results than those obtained, In any case,
the stray capacities of the long leads would still be presentg
and great care would have to be taken to see that the changs of
this stray capacity as the gap setting is changed would not bhe
enough to influence the readings.

2. Another attack on the problem of measuring rates of change
of capacity was made in considering a ballistic galvanometer,
direct current voltage circuit in which charge on the spheres
and voltage would be determinable. Here, because of the small
capacity to be measured, an ordinary galvanometer would give

too small a deflection if the charging voltage of the spheres were



low enough to be measured with precision. It was necessary there-
fore to investigate the possibility of charging the spheres to a
voltage in the neighborhood of 100,000 volts D.C., from a kenotron
and measuring the charge, which was then suitable in magnitude
for the available galvanometer.

The voltage would be measured by measuring the forece. Then

the capacity would be given by:

ce 3= =4
£ 9
7 5%

A curve of capacity against spacing, the ecapacity being com-

puted from the above equation using values of for the iso-

2¢
ox
lated sphere case, would be obtained. From this ecurve, s-% would
be extracted and a new series of calculations for C made, using
these new values of %‘ « This process could be continued until
-53—4- taken from the curve agreed with those used

9%
in arriving at the curve.

the values or_

The voltage was to be maintained at a steady valus by charg-
ing a high voltage condenser bank of large capacity from the
kenotron through a very high resistance.

Another procedure using the same apparatus and a simple
device designed to move the sphere suddenly a small known dis-
tance was also considered at the same time. With the hot sphere
already charged to the high D.C. potential, the galvanometer

would read difference of charge as the sphere was deflected.
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(Note that this gives actually the value of g:c-" desired,
which is the rate of change of self-capacity of the hot sphere
with respect to displacement of the grounded sphere. The pre-
viously described measurements give the rate of change of self
capacitance of the hot sphere as the hot sphere is moved. The
difference should be very small,)

Though the diffieculty of completely shielding the galvanom-
eter with both terminals at high potential was overcame, the
leakage current through the galvanometer was so high as to make
any additional deflection due to a change of charge through
the element very small by comparison. This difficulty could
not be eliminated, except perhaps by an elaborate insulating
system to support the high voltage sphere in place of its present
support.

3. It was believed that valuable information could more eas-

ily be obtained on a model of the voltmeter to a small scale.



With the model spheres, comparisons of forces due to a constant
applied voltage with and without the presence of ground planes
can be made. Some preliminary work was done on 12.5 centimeter
spheres and movable grounded screens, This work indicated pos-
sibilities, but also that the time and care required to obtain
the quantitative results needed were suffiecient to warrant a
separate thesis for the doctorate. Accordingly, R. B. Vaile, Jr.
undertook the problem and the results of his investigations will
be found embodied in his thesis.

4, Computations by the method of images for the effect of
floors and walls of the laboratory were investigated in a very
rough way (Appendix A). The few results obtained were of almost
unknown accuracy, since many doubtful approximations were made.
It was known however that with sufficient labor in performing
tedious caleulations, this method would lead to dependable results.
After the preliminary investigations of all the methods deseribed,
the image computations were thought to offer the best possibil-
ities for complete analysis.

5. A schems which suggests itself for taking account of the
effect of shanks on the forece between spheres, is to place a
line charge along the shank of each sphere. These line charges
would, of course, have to be of varying density such that when
imaged into both spheres, leaving them at the proper potentials,

the potentials on the shanks due to the original image charges



in the spheres plus the two line charges and their images would
be the same as on the sphere to which the particular shank is
attached. To determine the possibility of arriving at the value
of the line charge densities to satisfy these conditioms, a
simpler case was considered. A line charge was placed along
the axis of a eylindrieal shank of finite length and the poten-
tial at any point on the shank due to this line eharge of varying
density, was equated to a constant less the potential due to a
point charge placed some distance away along the extended axis
of the shank. The resulting integral equation was solved by
Professor Bateman. The simplest form of the solution for the
density of the line charge was a complicated Fourier series of
doubtful convergence.

The line charges may be replaced by a series of peint charges
giving a shank with "humps®™. This was found to be practiecal for
computation, A calculation for the effect of such shanks at

two spacings is presented in a later section of this thesis.
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Image Computations for the Eiffect of

Ground Planes and Shanks on the Force between Spheres

The first step in the computation of the effect of ground
planes on the force between spheres was a study of the relative
order of magnitude of the various new image charges created by
a single pair of image spheres. These image spheres were located
with their line of centers parallel to the line of centers of
the original spheres and a distance of twelve diameters away,
This case corresponds to the laboratory floor, six diameters
from the spheres.

For this study the spheres were drawn out on a sheet of
paper (12 feet by 4 feet) large enough to allow image charges
and their positions to be placed on the plot as they were found.
Then the procedure was as follows:

1. Principal charges were found for the case of two isolated
100 centimeter spheres at 25 centimeters spacing. (See Appendix
A for the method.) After the fourth or fifth image had been ob-
tained in each sphere, it was noted that the remaining images
occurred always at the same position. (The distance of the image
from the center is —J—C’f where r 1is the sphere radius and f
is the distance to sphere center of the charge to be imaged.

The image position was always 25 centimeters from the center of

the sphere. This makes f = 125 - 25 = 100. Then since »r = 50,
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P
—E‘=25 for the next image, etec.) By simply summing a geomet-

ricfl series, one can obtain the prinecipal charges and their po-
sitions to a high degree of precision in but a few operatioms.
Using the principal charges thus obtained, the force between
spheres was calculated by slide-rule to be

=174 V"
while Kelvin gives F = -/7432 v

2. These prineipal charges were placed also in the image
spheres below the floor plane. These four series of prineipal
charges (one series in each of the four spheres) were designated
by a letter P with appropriate subscripts. This subsecript
system made the ™book-keeping®™ of the images possible and thus
lessened the difficulty of checking calculations,

3. The two P series in the image spheres below the ground
plane were imaged into each of the original spheres; the two P
series in each of the original spheres were imaged into each of
the two image spheres below the ground plane. The new images
thus created were termed the S images (with appropriate sub-
seripts to designate the sphere which contained the partiecular
images ).

4. The S charges were imaged into all the spheres, giving
the T set of charges; the T set gave rise to the U set,

which gave rise to the V set, which gave rise to the W set,



The charges making up the W set were very minute and were altered
to take account of the sum of all charges beyond the W set.

5., The additional force between spheres due to (1) the
presence of the P images in the image spheres and the S , and
T image charges was computed. Then the additional force due to
(2) the U, then (3) the V , them (4) the W sets of charges
was computed. The ratio of the separate contributions was
(1) 7.5, (28) 2.4, (3) -2.5, (4) 2.1, and the total contributiomn

.%;% or about 1,35% of the foree due to the original prin-
cipal charges in the original spheres. It is important to note
that it was not attempted to recalculate the total force between
spheres when in the presence of a ground plane, This would have
required a very high degree of accuracy in placing and determin-
ing the new image charges, for to detect a difference of 1.35%
would have meant that the new total force must be computed to
better than ons per cent, However, by computing the additional
contribution as was done here, the value 1.35 should be correct
to slide-rule accuracy. DBecause of the differences that enter
into the ealculations, it was believed that the value of 1,35
simply showed the correction to lie definitely between 1 and
1-1/2 per cent.

This first analysis disclosed certain facts which made pos-
sibh quicker and more accurate computations, The additional

contribution to force caused by the images which spring up due



to the presence of a ground plane may be divided into tweo parts:
(1) the additional forece due to new images in the original sphere;
(2) the direet new force due to all the charges in the image spheres.
It is easy to estimate the value of factor (2) by simply consid-
ering the principal or P charges in the image spheres acting

on the principal or P charges in the original spheres. (The
valus of factor (2) would change only by 1 or 1d/2 per cenmt, if
charges S, T, etc. were also considered.) By thus estimating
factor (2), it was found that it was but of the order of ome per
cent of factor (1) for the 6 diameter to ground plane case, Thus
if item (1) is computed accurately, the entire effect of the
ground plane is known accurately.

A consideration of the quantities influencing factor (1)
shows that the new charges arising in the original spheres because
of the presence of the ground plane consist of one group very close
to the center of each sphere and another group not at the center,
but which arises from those which ars at the center. In Fig. 8,
the original spheres and the image spheres are shown. (The prin-
cipal charges are not present in this diagram.) The new images
which arise in each sphere because of the presence of the ground
plane are indicated by the dots which are intended only to illus-
trate how the new charges actually do lie either very eclose to the
center or else appear (in the course of imaging the "center®

charges) at some position from 20 to 25 centimeters from the center.
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Now, the "center" charges are very close to the center; they arise,
wi thout exception, to image out all (including the principal charges
not shown in the figure) the charges in the two lower image spheres.
Since the lower spheres are 12 diameters or 24 radii from the
original spheres, the distance that the "center™ charges are act-
ually displaced from the center is 1/24 times the radius (acecord-
ing to the image formulas, Appendix A) or about 2 centimeters.
Furthermore, the direction of this small displacement is almost
perpendicular to the line of centers. As a result, the charges
wﬁich appear because of these slightly displaced “center™ charges
are precisely the same as they would have been had the “center"
charges been exactly at the center to a fraction of ome per cent.
Thus:

z—i"'fo=2.08 — distance of "ecenter" charge
from center of sphere and on a line almost perpendicular to the

line of centers,

Vizse+ 208 =125 - 453 significant figures the
same distance to the center of the adjacent sphere as would be
obtained if the charge were exactly at the center. Consequently,
the resulting charges are of the same value and in the same po-
sition as that which they would have if the "eenter"™ charges were
at the center.

Any new charges placed at the center of either of the orig-

inal spheres give rise to other charges, as stated, at distances
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to centers of 20 to 25 centimeters. If the potential of either
sphere were to be raised, the new analysis would simply require
placing an appropriate charge (Q = CV where C 1is the capacity
of an isolated sphere, equal to its radius) at the center of the
sphere, then introducing in each sphere all the image charges that
result. DBut the effect of added potential on each sphere on the
force is known. So that it is not necessary to find the values
and positions of countless succeeding image charges, and then to
multiply all the new charges in the grounded sphere by all the
charges in the hot sphere and to divide by the appropriate dis-
tance squared, to obtain the disturbing force of attraction. It
is simply necessary to determine the new added charge at the
center of each sphere, interpret it in temms of potentials A/, p
and E_V; and note that:

4
F= 50wl
R4 2o [yie2 TV +40 "+ AV ]

2
+
+§-§—{”’A—T4[V,fd—|74]



Computations are more convenient if the spheres be reduced
to one centimeter dimensions; then for an original unit charge
and unit potential on the hot sphere and additional charges due
to the plane of g; and 82 in the hot and grounded spheres

respectively:

53.%‘_’" and g_;"' are obtainable to more than needed accuracy
from the tables computed by Lord Faelvin and given in Table II;
gy and gg can be obtained quite accurately almost directly
and the aceuracy improved by applying corrections, The first
direct values of g; and gp are obtained by noting from Table
II the total charges in each sphere for unit potential and a
quarter diameter spacing. The sum of these charges (called Q)
with the proper sign is divided by 24 and the first value
g) = g 1is obtained. This assumes that 24 radii is so great com-
pared to 1 radius that all the charges in the image spheres may
be assumed at the same point 24 radii away. This may be improved
by adding separately the effects of the principal charges (which
are comparatively easily obtained) in their true positions; then

€ and gp differ very slightly. (This last step introduces too

small a change to warrant its use.) Q as determined by this



Table II
Gap Setting

Perig"nt mdciils - rFCZ%.s 7 f_xf = - )?'

Diameter -
5 1.58306  .88175  1.1384¢  2.34878
10 1.43150 72378 52852 1.12700
15 1.34827  .63305 .52017 72714
20 1.20316  .57202 .25159 .52928
25 1.25524  .52537 17432 .41260
30 l.2228 48819 13696 .53574
35 1.19756 45746 .11082 .28180
40 1.17738  .43140 00174 .24146
45 1.16056  .40886 .07720 .21052
50 1.14620  .38008 08592 .18508
55 1.13404 7181 .05693 .16608
60 1.12540 35571 .04963 14962
65 1.11410 34150 04363 .13582
70 1.10588  .32852 .05863 12406
75 1.09850  .31663 .03441 .11394
80 1.09208  .30569 .03084 .10514
85 1.08625  .29557 .02775 09744
90 1.08085 28617 .02509 09062
95 1.07617 27742 .02278 .08458
100 1.07182  .26942 .02075 07916

All values in electrostatic units



Table II ( eontim:ei)

(s and Cp are the self and mutual capacitances respec-
tively and _j-’;‘- denotes the rate of change of capacitance with
respect to distance between centers. Hence, if the potentials
of the two spheres are [/ and |, , them the total charges

in each, &, and @, , and the attractive force are given by:



first step should be increased because of the presence of the

new charges, g; and gg, in the image spheres as well as in the
original spheres. The new andbetter value to replace g 1is

given then by g,'=y, : 4 ;_2_29:}__? e (This expression is in units

of one centimeter radius spheres. That is, @ is a number re-
sulting from the addition of charges in two one-centimeter spheres,
one raised to unit potential and the other grounded. If beth
spheres should receive a potential of g then the total charge
is not x/=Q but rather Qrgr2 =X 9, Q ) 4 still bvetter

value to improve 9 is

2
],”:"9: ,zZ,Q f—"‘zi'a
R4 24 R4

For the case of 6 diameters to a parallel ground plane g";
was used and A F computed as outlined for spacings from 5 to
75 per cent diameter. The results stated in terms of correction
to voltage rather than force are shown by the curves of Figure 9.
The sign of A F is always gpposite to F , which means that a
ground plans always decreasef# the force for a given voltage.
4V in per cent is ome-half 4 F because V is proportional to
the square root of force.

Computations also have been made for two other spacings as
shown in Figure 9. These three curves should give the correction
factor to a few per cent of its true value, the curve for 8 diam-

eters being the most accurate and that for 4 diameters the least
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aceurats, Account was taken in each case of the effect termed fac-
tor 2 on page 34 - the direct action of the charges in the

image spheres. This contribution, even for the 4 diameter clear-
ance case, was never more than several per cent of the corree-
tion factor, but it was taken into account. These curves give

the effeet of planes on previously isglated spheres, not the
effect of planes on spheres with shanks. Though the shanks them-
selves cause a disturbance, they do mot influence the separate
effect of the ground planes more than to change the ordinates of the
curves Figures © and 10 by a few per cent, the order of magni-
tude of the disturbance due to shanks acting alone,

The same assumptions described for the case of a plane par-
allel to the line of centers may be applied but with less accuracy
to the case of a plane perpendicular to the line of centers.

Here again the disturbance may be considered as made up of the
same two factors: (1) the added contribution due to the new
charges whiech appear in the original spheres; (2) the direct ac-
tion of all the charges in the image spheres on all the charges
in the original spheres. Faector 2, which previously was unim-
portant now becomes about one-fourth of the total disturbance in
the case of a plane of five diameters clearance to the closest
and grounded sphere. This, of course, is due to the fact that

the charges in the image spheres act on the charges in the prineipal



spheres directly along the line of centers instead of at a large
angle as in the previous case. However, factor (2) may be com-
puted with good accuracy by the same procedure outlined for com-
puting this part of the disturbance in the previous case.

Factor (1) camnot be so accurately computed as in the case
of a parallel plane by the same method used there, because what
were termed the ™center™ images in the previous case, while they
still fall at the same small distance from the center (for the
same clearance to ground), occur now along the line of centers.
Previously, the small displacement was almost perpendicular to
the line of centers and resulting images were practiecally unchanged.
But the change of succeeding images from what they would be if
the ™center" charges were exactly at the center, is in this case
only of the order of one to two per cent, and factor (1) is omly
75 per cent of the total disturbance for a clearance of five
diameters to ground, so the curve for this clearance in Figure 9
is still believed to be accurate to certainly better than 10 per
cent, The curve for 10 diameters to ground should be more accur-
ate. For this clearance, item 2 becomes about 15% of item 1.

The contribution of factor (2) opposes that of factor (1), hence
the ordinates of Figure 10 are smaller than those in Figure 9 for
like clearances.

From the results and discussion presented, it is clear that

very good approximations may be obtained for the case of
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combinations of planes, such as an intersecting floor and wall,

In fact, for the clearances such as those available in the Califor-
nia Institute of Technology laboratory, an excellent estimate may
be obtained by the repeated use of the curves (Figures 9 and 10)
already computed. The net effect will be less than the sum of

the effects due to the individual planes because of the presence
of new "diagonal™ image spheres with their images having a sign
opposite to the image spheres already investigated.

To find the effect of a corner as pictured in Figure 1l:

1. Find the disturbance due to spheres A for a clearance
dA from Figure 9,

2, Find the disturbance due to spheres B for a clearance
dp from Figure 10.

3. For a clearance dc take a weighted mean of the distur=-
bances given by Figure 9 and Figure 10, remembering that the
factor (2) previously discussed, contributes only a few per cent
to the ordinate of Figure 9, but about 25% of the ordinate in
Figure 10 for the 5 diameter clearance and about 15 per cent of
the ordinate in Figure 10 for the 10 diameter clearance case,

4. Add the effects found in (1) and (2) and subtract the
effeet found in (3) for the final correction factor.

For more accuracy, the change in the total charge in the

spheres A and B due to the presence of ¢ mmst be eonsidered.
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This means that the charge thrown into the centers of the original
spheres (termed g 1in the preceding discussion and modified to
g"l) must again receive a small correction. Also, the effect of
the diagonal image spheres should be computed according to the
scheme used for arriving at the ocurves in Figures® and 10 rather
than estimated by taking a mean of the readings from these curves.
For clearances to walls and floors which exist in the laboratory,
these refinements are unnecessarye.

In the case of an angle in which both planes are parallel
to the line of centers (such as a floor and side wall of the
laboratory), only the curves of Figure 9 need be used and the
error of approximation due to taking a mean of ordinates obtained
from figures 9 and 10 does not appear.

The method may be applied to give an estimate of the correc-
tion factor to be applied when the spheres are enclosed by a
grounded box-like structure. Here the number of image spheres
becomes infinite. The closest of these image spheres are pie-
tured in figure 12, the predominant sign of the charge in each
pair of spheres being indicated. There are countless other spheres
not shown which result from imaging each sphere into each plane.
The procedure should be to find, as explained, the effect of the
closest image apheres., The effect of spheres in a larger radius
from the original spheres as center may be added in steps. The

contributions will diminish in magnitude and alternate in sign
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Fig. 13




80 an approximate sum ought to be computable without difficulty.
As more and more spheres are considered, refinement could be in-
troduced by correcting the total charge in each sphere.

The scheme of introduecing point charges along the shanks of
the spheres to give an indiecation of the contribution to the forece
due to the presence of the shanks has already been mentiomed. To
arrive at the value of these charges, fiectitious shanks made up
of intersecting spheres were considered. (See Figure 13.) The
correct charges necessary to keep these spheres at proper poten-
tial in the face of the sphares (large and small) themselves
were sought. The procsedure was as follows:

1. The value of the potential behind sach sphere for various
distances was computed from the principal charges in the original
aspheres.

2, This potential was neutralized by an image charge in sach
small shank sphere. In the case of the hot shank, an additional
charge was placed at the center of each shank sphere to place it
at the same potential as the large hot spheres,

3. The process of imaging every new charge into every sphere
was carried on for a few steps.

4. A check was made by evaluating the potential (by suwming
charge over distance) at points along the shank, A trial and

error process wag used to improve the values of charges.
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5. When the above process yieslded a fairly smooth shank of
proper dimensions, the contribution to force was computed.

The calculations were made for three cases: (1) 90 centi-
meter shanks of approximately 5-1/2 centimeters diameter - the
diameter of the shanks in the laboratery - for a gap spacing of
25 centimeters; (2) 200 centimster shanks for a gap spacing of
25 centimeters; (3) 200 centimeter shanks for a gap spacing of
50 centimeters.

In the 90 centimeter case, twenty charges spaced 4-1/2 cen-
timeters apart were used on each shank., (This spacing of charges
wag chosen because at this distance between centers, two spheres
of 6 centimeters diameter will intersect at approximately 90
degrees. The infinite series of images appearing for intersect-
ing spheres reduces to a single charge for this angle of intersec-
tion.) The result showed that the shanks increased the forece for
a given voltage, as expected from simply a consideration of the
fields. A voltage as computed by assuming isolated spheres should
be too high by .6 per cent.

In the 200 centimeter case, forty charges were used on each
shank, These are listed in Table III, The calculations showed
1.5 per cent error in voltage computation for the 25 ecentimster
gap spacing and 3 per cent error for the 50 centimeter gap spacing.

From a first consideration it may seem that an increase from
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Table III
Shank C 8

(Potential of hot sphere is taken as .02)

Distance Hot Shank Grounded Shank
from Sphere 28 em. 50 em. 25 em. 50 em.
cm. Gap Gap Gap Gap
5 .002 003 .0008 .0008
10 .003 004 0009 .0007
15 .004 .004 .0010 .0008
20 005 -008 <0011 <0009
25 005 .008 .0012 .0010
30 005 .005 0013 .0010
35 .006 .006 .0013 .0011
40 .008 .006 .0013 .0010
45 «00€ .006 .0013 .0008
50 .007 .007 .0013 0008
55 .007 .007 .0013 .0010
80 .007 .007 .0013 .0010
65 007 .007 .0013 .0011
70 .007 007 .0013 .0011
75 007 .007 0013 .0011
80 007 007 0013 .0010
85 .007 .007 .0013 .0011
20 .007 .007 .0013 .0011
95 .007 .007 .0012 0011

100 .008 .008 .0012 0008
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Table III (continued)

Distance Hot Shank Grounded Shank

from Sphere 25 ecm, 50 cm, 25 cm, 50 enm.
cme Ga Ga Ga Ga
108 .008 .008 .0012 .0008
110 008 .008 0013 .0011
115 .009 .009 .0013 .0011
120 .009 .009 .0013 .0011
125 .008 .008 .0013 .0011
130 008 .008 .0013 0011
135 008 .008 .0013 .0011
140 .008 .008 .0012 .0010
145 .008 .008 .0011 «0009
150 .008 .008 .0011 .0009
155 «008 .008 .0012 .0010
160 .009 «009 .0013 <0011
165 .010 .010 ;0014 .0012
170 011 011 .0015 .0013
175 .012 012 .0016 .0013
180 .014 .014 .0017 .0014
185 016 .06 .0018 0015
190 .0l8 .018 .0018 +0015
195 .018 .018 .0018 .0017

200 .0l9 .019 .0018 .0017
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.6 per cent to 1.5 per cent error upon the addition of another
110 centimeters of shank length indicates an error for the much
longer shank of the laboratory of much more than 1.5 per cent.
However, further study showed that, because of the shielding
effect of the hot sphere, the effect of added shank when the
shank is less than 100 centimeters is very important; when the shank
is greater than 100 centimeters the effect of added length is to
contribute a rapidly decreasing inerement. These conelusions
were arrived at by computing the effect of a small sphere at the
same potential as the hot sphere and placed at different positions
from zero to 300 centimeters behind the hot sphere., From the
results obtained it is believed that from 1.5 to 2.5 per cent

is the order of magnitude of the correction dus to shanks for a
25 centimeter gap spacing; 3.25 to 4.25 per cent is the error for
50 centimeter spacing.

From the curves of Figures 9 and 10 and a knowledge of the
various clearances to ground existing in our laboratory (Figure 2)
it is expected that the effects of grounds and shanks must very
nearly cancel each other at 25 centimeters spacing. It is alseo
concluded that the effects are almost equal and opposite over the
whole range of spacings used in the sparking voltage measurements
on the 50 centimeter spheres; the maximum spacing used was 385
centimeters. The curves of Figure 3, giving tertiary volts against

kilovolts computed from force, are seen to consist of broken lines,
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These lines do not connect smoothly because the gap setting of
the sparkless spheres is different for each range of voltage.
Some of this difference is dus to an actual change in the rela-
tion between the secondary and tertiary terminal voltage with the
change in capacity load and also a change in the voltage drop
through the series water resistor., Some of this deviation, which
is as much as 1,5 per cent between the curves for 25 and 35 cen-
timeters gap spacing, may also be due to the variation with spac-
ing of the disturbance dus to grounds and shanks. On the basis
of this and previous conclusions, this figure of 1,5 per cent
was quoted in stating the limit of accuracy of the test points

of Figures 5, 6, and 7 over the range between 40 and 50 centi-

meters spacing of the sparking spheres.
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Conclusions - The Sparkless Sphere Gap

Voltmeter as an Absolute Standard

In Appendix A are listed ten very apparent and definite
advantages of the sparkless sphere gap voltmeter over the con-
ventional sparking spheres. These advantages were seen from
the first work on the foree meter. Further merits of this
method may now be stated as a result of the research deseribed
in this thesis. These factors make the sparkless spheres worthy
of serious consideration as a new A, I. E., E. standard method for
high voltage measurement.

l. There is only one correction that need be applied to a
voltage computed from force assuming isolated spheres, This
correction factor, ocecasioned by the presence of grounds and
shanks, is a constant for any set-up and can be determined with
excellent accuracy.

2. The influences of floors, walls, shanks, etec, are small
and opposite in direection. Thus, for a practical installation
in a high voltate laboratory, the meter may be said to be an
absolute standard.

3. For any spacing of the sparkless spheres, the forece
varies as the square of the voltage. This characteristic may be
used to find the calibration of the instrument over its whole

range of spacings once it has been found for one spacing by
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comparing force readings at different spacings on constant
voltage.

4. The present standard, the sparking spheres, gives read-
ings which vary. The sparking voltage is not camputable from the
present inadequate theory; the influence of various factors not
being known and completely understood, it is not possible to
obtain a calibration curve which a given gap may be expected to
duplicate. The sparking spheres are thus useful as a secondary,
approximate means for measuring voltage. For a primary standard

the non-sparking spheres are superior.
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App endix A

The Sparkless
Sphere Gap Voltmeter

Sphere gaps may be used for measuring
very high voltages by holding them at a
separation greater than spark-over distance,
and measuring the force between them.
The voltage may then be calculated easily
and accurately from well known electro-
static principles. Among the advantages
of this type of measurement over the con-
ventional spark-over methods are: no cor-
rections are necessary for air temperature,
humidity, and pressure; effective voltage
values are given; measurements are not er-
ratic; and numerous difficulties in taking
measurements are avoided.

By
ROYAL W. SORENSEN

e FELLOW A.LEE.

J. E. HOBSON

ENROLLED STUDENT

SIMON RAMO
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THE sphere gap may be used as a
Kelvin electrostatic type of voltmeter rather than a
spark gap voltmeter, if the spheres are mounted so
that the forces hetween them, due to applied differ-
ences of potentials, can be measured; and the authors
of this paper believe the data presented herein indi-
cate greater convenience and #ccuracy for sphere
gaps thus used than can be obtained with gaps used
in the conventional manner. The reasons for this
statement are:

1. Accurate methods are available for calculating the relation
between potential differences of 2 isolated spheres and the forces
due to these potential differences when sphere dimensions, spacing,
and the dielectric constant of their ambient medium are known.

2. Since the dielectric constant of air is not appreciably affected
by temperature, air density, or humidity, no corrections for these
factors are necessary.

3. The tests showed complete freedom from erratic readings so
noticeable in the spark gap voltmeter.
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D_MeCann Louis T. Rader;
: i tﬁem voltage laboratory at the Cali-

4. Test planes of large size plaeed as near as possible to the spheres
without causing sparking from sphuu-"éo plane had little influence
on the readings. ‘-x i

5. The sensitivity of equlpmeut 1Se
of 1/, gram or less can be detecte
grams were available in the te
that the instant of contact of t
noted by a movement of the fr
the electric contact or any other

t,!ht a change in force
'forwafrom 100 to 400

AprrarAaTUS USED

The apparatus used experiments is shown in
figures 1, 2, and 3. 1€ only large spheres avail-
able at California Institute of Technology for making
these tests were a pair of 100 eentimeter cast alumi-
num spheres made at the same time and as exact
duplicates of the pair used by Carroll and Cozzens?
in their tests; and these spheres show, on spark-over
tests, the same erratic performance as reported by
them. The right-hand sphere is supported by a rigid
insulating frame suspended from the roof structure
of the laboratory and is mounted in such a way as to
i r adjustment of the sphere gap for spacings
50 centimeters. Changes in the sphere
are made by means of a motor-driven
tem, the motor being placed on the
nd attached to, but insulated from, the sphere
g mechanism by a long rope belt. The left-

sk g0
\ L)
i P

Fig. 1. A view of the sphere gap and other princi-
pal pieces of apparatus comprising the sparkless
- The sphere in the fore-
re.  The measuring appa-
etail l"'ﬁsm 3, may be seen

atthe far end of tlu slult of the grounded sphere
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Fig. 2. Another view of the apparatus, showing

the relation of the sphere gap to the other equip-

ment in the laboratory, and showing the large

clearance available around the gap. The grounded

sphere is in the foreground of this view. Note the
long V suspension ropes

hand or free sphere is suspended by 4 ropes arranged
in 2 pairs, each pair forming a letter V, the apex of
which is attached to the shaft supporting the free
sphere. This suspension with the upper ends of the
V attached to the roof structure provides horizontal
force components which prevent lateral motion of the

sphere and at the same time allows very free motion ™ Temperature “T"

along the axis through the center of the 2 spheres.

" In the tests made, this free sphere was grounded by
very flexible connections from its supporting shaft to
ground. Mounted on this supporting shaft near the
end away from the sphere, is a fine wire which
serves as a pointer, any motion of which ‘may be ob-
served through a cathetometer telescopes " Also at
this end of the shaft, there is attached a cord which
passes over a bicycle wheel used as a pulley and
supports a weight pan on which weights may be
placed to balance the pull between the spheres.
‘With this arrangement the natural damping was
sufficient to prevent oscillations,

A water tube resistance ¢ ,ﬁi‘m’ﬂt 2 megohms,
made of ¥/, inch ga:dy@i:g&é@t’hroughwhich tap
water is run for cooling, is connected in the circuit
between the transformers and the insulated sphere
&c;sgreveﬁf burning of the spheres when the gap

ashes over. This resistance is kept insulated from
ground by having the flowing water fall into a funnel

at the top ot the hose and from the outletinto a tank
on the floor. The hose is protected from corona burns
where necessary by pie tins used as disk.shields
spaced about 18 inches apart. e

ok

TAKING TEST READINGS

In the work to date, readings of voltage have been
made by setting the sphere gap just above spark-
over distance for each voltage measured and enough
weight put on the pan to balance the pull on the
spheres and keep the free sphere from moving, as
noted by the cross hair. With voltage held constant
by means of a voltmeter in the transformer tertiary
“volt" coil, the sphere gap distance was then decreased
until the gap flashed over and the length of gap at
the time of flashover noted. The potential difference
for this spacing, as indicated by use of the A.I.E.E.
sphere gap curve, may then be compared with the
voltage calculated by the equation

V = 9,405\/F/S

where F is the weight in grams on the pan, and S
is the spacing faetor shown in figure 8. Results of
these measurements are shown in figure 4, typical
data for which are given in table I,

V in the above equation is the effective value of
voltage; hence, to compare it with the A.LE.E.
sphere gap curve, the wave form must be known.
No difficulty was encountered at any time in dupli-
cating readings showing the relation between the
force readings as determined by the weights on
the pan and the voltmeter readings as obtained at the |
“wolt” coil; and the sensitivity and precision of the
force measurements was found to ‘be much better
than the degree of accuracy obtainable in reading
the voltmeter and setting the voltage control regu-
lator. Figure 5 shows two 2 wave forms, the lower,
the input volt wave to the testing transformer, and

Table |—Typical Test Data for Voltage Measurement With
One-Meter Spheres

ﬁl 13 degrees g.entigradt

Barometric Pressure “bb = 747 mm of mercury
0.392
o )
i o734 - e |
-‘_'.JA_, " e |
R T I 3
=2 g 1 s
e iagg 28 g§g% i‘é 23t ig
e & 3 5 = 3%
%z 0828 28 &3 wA HA0 w S8
1
2...35 cm,..346,1...150 ...31.1cm...32.1cm...0.11082...526,000
3...40 cm...376.6..,170 ...36.8 cm...37.0 cm...0.09174...603,000
5...50 cm. ..354.7...190.5. . .43.8 em.. 45 4 cm...0.06592. ..690.000
7...55 cm...362.5...202 ...51.7 cm...53.7 cm...0.05693. ..750,000
10...65 cm...338.9.. 220 ...62.7 cm...65.4 cm...0.04363...829,000
13...70 cm...309.1...224 ...65.8cm...68.4 cm...0.03863...840,000
* Calculated by equation: V = 9,405 4/F/5
the upper omne, the output voltage wave. The

output wave was recorded by using a water tube
resistance of about 5 megohms in series with an
oscillograph; one end of the resistance being con-
nected to the supporting shaft of the ungrounded
sphere, and the other end comnected through the
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oscillograph element to ground. An analysis of the
output wave, using 50 ordinates, shows itsToot
square value to be 99.25 per cent that of a true sine
wave having the same crest value. Figure 5 shows the
wave form is practically a sine wave.

RELATION OF FORCE TO VOLTAGE

The use of inverted images for calculatmg

force between 2 spheres may perhaps be more read- e

ily understood by considering the case for a point
charge in the presence of a grounded conducting
sphere isolated in space.®®?3

When no other body i
any point a distance

= g/r which equa ' e boundary
condltlon that the potenhal be zero at an infinite
distance from the charge. When the grounded
sphere is introduced, the equation for potential at
any point in space must satisfy the additional
condition that the potential is zero at every point
on the sphere. Simple geometry provides the equa-
tion for V which will satisfy these conditions.

In figure 6, o is the center of a sphere of radius a;
charge g is a distance f from o; p’ is a point on the
line op at a distance d from 0; s is any point on the
surface of the sphere. From the figure,

= Va4 f2 — 2af cos @

and

r'= -\/a' -+ d* — 2ad cos ¢
If 3 is made equal to a*/f:

r' = Ja’+;,-:—2-a-—;-cosﬂ

= %\/a’ T = 2afcos 8

=3

7

1
or — =
g

~|a
<

a charge g at point  and another charge ¢’
- g at point p the expressmﬂi'or potentlal at

T

Fig. 3. A closeup view of the measuring apparatus

.Fig. 4,

o 2 e ’ ~r = ) gt B
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w
1 Curve. A from force , 5 4 .

= / 5,

=
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ga,only To keep B at zero potential under
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SPARKOVER DISTANCE IN CENTIMETERS

’ from p’ would satisfy the condition that the
potent1al be zero on the surface of the sphere
since :

,,‘

__ g _ 1 a 1
p=Z4g-g[L-2.1

and
e, 2.1
r i

everywhere on the sphere.

Point p’ is the inverted image point of $ and the
above expression for potential completely defines the |
field outside the sphere. The field outside a grounded
sphere due to an adjacent point charge is the same
as the field caused by the original point charge and its
image point charge. The image charge is always
(—a/f) times the original charge and is located a
distance a?/f from the center of the sphegg

This analysis can be extended to show
about a sphere A at a potential V in the pre
another sphere B at ground potential. &
outside an isolated sphere A at a -.‘w V is
equal to that due to a chargegii= al’ at the center
of the sphere, where a is the. s which for a sphere
is equal to its capacitance.” TH@s in figure 7, another
sphere B, of the same radius and grounded, is brought
into the field with its center a distance ¢ from the
center of A, the field will be distorted. But, as has

been shown, a charge ¢ = — & s at a distance d,

= = from the center of the grounded sphere B will,

together with the original charge ¢; in the equatlon,
give zero potential over the surface of sphere B.
This new expression, however, no longer satisfies
the condition that the voltage be equa.l to V over the

surface of sphere A and it is necess: tg cancel the
effect on sphere A of the added ch q, by placing
its image charge g; at a distance d the sphere

center. If q;, is the mverted image of gy, that is, if

G
gz = — d(ha[ldd;;— =1

on sphere A due to ¢, and g; will be zero and the
sphere potential will be the desired value V' due t

of q, ¢z, and ¢;, this new charge gs Mt st ‘

1maged by a charge ¢, in B at a distance dy = ”




of the voltage spplied to

r curve o
the transformer

Ahc primary .

from the center of B.

“The value of g, is — —2
e value ol g4 18 C_ds%

to - Sat:lsfy boundary conditions. Thus a double
series of images is set up, all those in sphere A hav-
ing the same sign and all those in sphere B having
the opposite sign to the original charge g;.
S a d d a2

C —d,;l Iy c— d“ﬁ

I’ﬁé total force on sphere B is then the sum of the
attfﬁtlons on each charge in B due to every charge

In,general q. = —

= —0.385 Va....d:=19.2 cm
= —0.086 Va....ds=23.2 cm
= —0.0177 Va.~..ds = 23.45 cm
ar= = —0.00393 Vea....ds = 23.55 cm
in A. Sin charges q,

(evzn) (odlci‘)@’h%t

Sinee ¢, even for very small gap settings, must be
at least twice a, the nth image charge is much
smaller than the (#—1)th charge. The inclusion of
more pairs of images contributes rapidly diminishing
amounts to the total foree. | Ig any case it is neces-
sary to take only as many as are required to
make sure the total force of all the neglected images
will be less than the allowable error.

A calculation for a 100 centimeter sphere gap with
a setting of 30 centimeters will illustrate the method.
The first 4 pairs of images and the distance of each
from the center of its respective sphere is given in
table I1.

T'he torce, due to these 4 paxrs of charges ogziy, is )
then: : ‘

F=

M0z T Mod—ap T noie
g + T—d —%F + [50-a
B0—ar + THo—ds—aT * [130553:—" 5
[13glgsd. * 1350 = ae T [l30—dg—d;,]2

aV (a being 50 ce
ressed in statvolts &

Which, for ¢; =
duces to, if V is

F = 0.137V72 dynes

In general, F
voltsor; V = 9,4

volts, and F in
lected, the constan
per cent, and, as the
is less than half the
the error made by
cannot exceed one’
correct to the 5th decin
were computed with enoug
this accuracy for spacings from 0 to 100 centimeters.
These tabulated values are plotted in figure 8, ‘and

were used in conjunction with the force z )
ments to calculate the voltages for the g
spheres.

Since the larger the force measured, the
the experimental error, the gap should be set as small
as possible without permitting flashover for each
measured voltage. For flashover gap settings, using
F. W. Peek’s data* for the flashover of one-meter
spheres, forces approxmateiy those shown in figure 9
will be obtained. = %

Figure 10 shows for one-meter spheres the force
as a function of voltage for sphere gap spacings of
15, 30, 50, 75, and 100 centimeters.

Fig. 6. Dia-
gram  repre-
senting a
sphere and a
point charge

P

%
AgAT
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INFLUENCE OF GROUND PLANES - _j poe

In hke manner, images may be used for the calcu-
lation of the influence of ground plane effects on the
force between the spheres. The accurate calculation
of such influence is possible, but laborious. To
compute the change in the force caused by an in-
finite ground plane (for instance, a laberatory floor
or wall), each charge of the original 2 infinite sets of
images must be imaged to a position as far behind
the plane as the charge lies in front of the plane.
These 2 new sets of images must in turn be imaged
back into the spheres following the law for sphere
images presented above, each image being the origin
of an infinite series of images in the spheres, and the
procedure continued until the imaged charges become
negligibly small. Consequently, the number of
charges to be considered in calculating the force
existing between the spheres is very much larger
than for the case of isolated spheres.

Slide rule computations for the one-meter spheres
set at 25 centimeters gap, were made of the disturb-
ing effect of grounded infinite planes, one 20 feet
from the gap, parallel to the line of the sphere
centers, representing the laboratory floor; and the
other 2( from the gap, perpendicular to the line
of th e centers, representing an end wall.
Since only an approximate indication of the disturb-
ance was desired, image charges less than one per
cent of the original charge were neglected; and
charges located within a few centimeters of each
other were grouped in a mean position when con-
sidering the forces exerted on them by charges
several hundred centimeters distant. The result
of these calculations indicated the error due to the
assumption of isolated spheres to be of the order of
0.5 per cent. For the number of images considered
in the computation, this is within slide rule accuracy.
These calculations and the experiments with test
planes to date, are believed to warrant the conclusion
mor the test conditions in this laboratory, the

bing effects are negligible for gap spa.cmgs up
to at least 30 centimeters.

Should further work indicate the need for more
complete corrections for ground planes, when the
gap settings are large compared to the sphere diam-

e
.
100}

wO.GO \

o \ between sphere
\Y = | | gap setting and
020 L\ = .‘jhc value of S
= | used in the equa-

0 [ tion: V an

0 20 - 40 60 80 100 E /C
SPHERE GAP SETTING IN CENTIMETERS 9,405V F/S

Fig. 9. Relation 5% 7
Wn force in
‘grams and kilo- 40} 4
‘volts with spheres ' i
set at Peek's 2 /
values of sparking éafm / N
distances = /

w 200 /

s |/

100 /
; 0
0 200 600 1000
KILOVOLTS

eter, such corrections will be a matter only of more

figure 8.

“possible to spark-over voltage settings for the force

Fig. 8. Relation® meters which is just the minimum spacing at which

extensive calculations.
“

RESUME

Curve A of figure 4 has been drawn as a m
curve through the test points without the poin
being shown, ause, when all the points wer
shown, they + the curve, at the scale drawn,

Table lll—Computed Value of the Spacing Factor S

(Sir W. Thomson—""Papers on Electrostatics and Magnetism,”" p. 96]
Sphere Gap Sphere Gap Sphere Gap ¢ -4 \
Setting—Cm S Setting—Cm S Setting—Cm
L1 SR B o B8 0.11082....... 70
Bl s 1.13844....... By 0.09174....... 75 1
....... 0.52852.......45.......0.07720....... 80 308
¥ R 0.32017....... [ U 0.06592. ...... 86:.....9 0.02775
A 0.23159....... I 0.05693....... 9GS . . . 0.02500
25....... 0.17432.......60....... 0.04963....... 9555 .. .0.02278
N0 - 0.13696....... 85 s 0.04363....... 100..5.. .5 0:02075

look like a broad ragged line. This is due to the
well-known erratic behavior of the sphere gap when
used to measure voltage by the spark-over method.
The deviations in the test carried out by the authors
had the following range from curve A: at 20 centi-
meters spacing, from about 1 per cent below to 1
per cent above; at 40 centimeters spaecing, from
about 2 per cent below to 1 per cent above; at 60
centimeters spacing, from 6 per cent below to 2
per cent above; at 70 centimeters spacing, from 6.5
per cent below to 1 per cent above.

It is interesting to note that curve A is practically
coincident with the curve shown by Meador® in his

- Attention is directed to the form of the curve in
ure 9 which shows that the maximum force be-
senn the spheres, when they are used as close as

measurements, occurs at a spamng of about 40 centi-

trouble from erratic sparking commences. Perhaps
this is an indication that difficulties will be en-
countered if 100 centimeter spheres are used at
spacings above this value for voltage measurements
by the spark-over method.

The' advantages of using force measurements
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rather than spark-over distances for sphere gaps .

are:

1. No corrections are necessary for temperature, humidity, and
barometric pressure, the only air characteristic of influence being
the dielectric constant.

2. For any given spacing the relation between force and voltage

may be calculated accurately from fundamental electrostatic
theory without the use of any empirical data.

3. From (2) this method appears to have value as an absolute
standard.

4. Adjacent bodies, floors, walls, etc., have at least no greater
sffect on force measurements than on spark gap measurements
and their influence on force measurements is subject to exact calcula-
tion.

5. In making voltage tests on apparatus, the use of force measure-
ments permits continuous voltage application and avoids the well-
known difficulties incident to the spark gap method, not the least
of which are the oscillations sometimes set up.

8. No series resistance is required if care is exercised to keep the
spheres at all times separated far enough to avoid spark-over.

7. Lesscare is needed in making the spheres capable of withstanding
spark-over and in mmnmmng a highly polished surface free from
dust, lint, etc.

8. Absence of polarity eﬁecm, and effects due to the state of gap
ionization.

9. Applicable to continuous potential, and to alternating potential
of any frequency, without any change in the force-voltage relation.

10. Readings are always root mean square or effective values re-
gardless of wave form.

The authors request the interest and ation
of other laboratories in checking the r btained
for spheres in air and in extending this eﬁihod of

[} ﬂ

Sl

= together and kilo-

w20 volts (effective)

£ 100 for several gap
E _settings  (centi-
o meters)

"KILOVOLTS

o
521

measurement to spheres of different diameter and to
spheres mounted in dielectrics other than air, such as
oil or other liquid dielectrics.
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Appendix B
Methods Previously Used

to Obtain Sparking Curves

Peek® - Peek used the tertiary coil turn ratio to calibrate
spheres up to 25 centimeters diameter. He then computed
what the maximum field at the spheres' surface would have
been for isolated spheres at that same voltage; this field
was assumed to be that which would cause breakdown for
spheres of any size, and the sparking curves for larger
spheres were computed.

Meaa.tlo;:-6 - lMpador used the tertiary coil turn ratic and made
direct readings of the sparking voltages for the 50 centimeter
spheres.

Bella.scshi5 - Bellaschi obtained curves of surge sparking voltage
for both positive and negative polarity surges using a poten-
tiometer and measuring beam deflections on oscillograms.

The negative polarity surge curves are said to be the same
for all size spheres as the power frequeney curves. The
basis for this is that a negative polarity curve for 25 cen-
timeter spheres was seen to agree with a curve obtained some
vears ago on 60 cycles for 25 centimeter spheres by measuring

the charging current to a capacitor.
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