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SUMIARY OF RESULTS

The quentitative results of this investigation ares
1) The effect of shanks, the diemeter of which is 5% of
the diameter of the spheres of a Force=Voltmeter, is to de=
crease the calibreation factor k, in V = k /7, by 145% % 1%
for spacings between 70% and 110% of the diameter of the

spheres,

2) The effect of a grounded, open-snded enclosing cubical
cage, each face of which is 6 diameters from the spheres,
is to increase k by 10% i 2% for spacings between 40% and

100% of the sphere dieameter,

The quelitative conclusions ares
1) The method of calibrating & Force-Voltmeter by melding

cepecitence measurements appeers feesible,

2) The presence of high potential bodies other than the
sphere and nearby portions of its shank, is to decrease
k by importent and unexpected amounts (up to 15% at 100%

specing .
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INTRODUCTIONe

The force voltmeter experiments, made in the High Tension Laboratory
as a part of the high voltage measurements program proposed b¥1§rofessor
Sorensen, consist of measurements with two one-meter spheres. These
spheres are so mounted thet the one connected to the unknown potential is
stationary, while the other, which is a2t ground potential, ig free to swing
along the line between them, When & voltage is aepplied, the atiractive
force moves the grounded sphere toward the other one, If this attraction
is now balanced by e mechanically applied force which returns the sphere
to its originel position, the attractive force can be measured.

To determine the wvelue of the applied potential when a knowledge of
the attractive force and of all physicel dimensions is complete, it is
necessary to know the form of the function relating these quantities.
From three fundamentael concepts:

1) that the force between point charges is F = 2§% ]

(2)

2) that the charge on each electrode is q = CV,
and 3) thet the relative distribution of charges over the surfaces of

the electrodes is independent of the voltages
it is clear that the function relating force and voltage, when all physical
dimensions are held constent, is of the form F = KV° or V = k J/F. In the
latter equation k is a function of the physical dimensions. Primerily,
it is a function of the ratio of spacing (minimum distence between the
spheres) to diameter, but it also depends in some measure on the position

of other surfaces at ground potential and at the high potential,

1, J. E, Hobson Ph, D. thesis 1935,
"The Sparkless Sphere Gap Voltmeter®™, by Sorensen, Hobson, and Ramojp
Electrical Engineering, June 1935,

2. It is recognized that the charges on the two electrodes are
not equal, The charge on the high potentiel sphere will be V times C,,
and that on the grounded sphere will be V times C,5, where C,, and Cyp
are Maxwellien coefficients of capacity and induetion, The important
thing here is thet charge is proportional to voltage, and that the fastor
of proportionality depends only on physical dimensions.



s
lord XKelvin has published tables giving velues of k as a function

(3) |
of gggg%%%; for two isolated spheress The velues given are eesily

checksd by the use of a few terms of the infinite series of image ocharges
in the region E'ip%m"%?< » Where convergence is rapide

In any actual arrangement it is impossible to isolate the two
spheres'for there are, in the vicinity, other surfaces at ground poten
tial and at the high potential, Hence the use of Kelvin‘'s velues of
k, with measured values of force will give only approximete values of
voltagee These other surfeces are primarily, 1) the shenks of the two
spheres, and 2) the walls, floor, end ceiling of the laboratorys This
olagsification is made beoause analysis of a qualitative type indicates
'that the effect of both shanks is to decrease k while the effect of all
grounded bodies is to increase kb<4)

The work to be described was underteken to investigate the deviation
of the constant %k in V = k [/F from its velue for isolated spheres, whén

the effect of shanks and grounded bodies is includede

3. Kelvin, "Papers on Electricity and Magnetism™, p, 96, Kelvin
does not give "k" itself, but rather ; s(which he calls "A"), It

should be noted also that he uses the ratio of centereto-center distance
to radius, instead of the ratio of spacing to diameters

4, The Effect of Shanks:

Any Tncrease in the size of the high potential electrode (with V
constent) occasions more charge on it, and hence more force, Similarly,
any increase in the size of the grounded electrode inereases the oharge
on it and also the forses

The Effect of Ground Planes:

Any ground plane parallel to the line of ceanters of the spheres
may be replaced by imamge charges behind ite When these image charges are
re~imaged back into the two spheres, it is found that the charge on the
high potential sphere has been slightly inereased while that on the
grounded sphere has been decreased by exactly the same amounte Since
the charge on the grounded sphere was originally the smaller, the product
of the charges after this addition and subtraction is always less then
the originel produste That is (4 + ¢)e(B = &) < AB if B ¢ As If the
ground pleane is perpendiculer to the line of centers, the re-image
cherges will not be exactly the seme, but for all positions of prace
tical importence (say not nearer than 3 diameters from the nearest sphere),
the difference in these re-image charges will not be sufficient to affect
the result already stated, namely that the force will be decreaseds
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CHRONOLOGICAL OUTLINE.

The work reported in this thesis, &s & part of the California
Institute high voltage measurements program, was started in June, 1935 in
the Institute high voltage laboratory end continued there until September
of thet year, From September until April, 1936, the work herein reported
was performed at Iowa State College, fmes, Iowae

After checking one of Kelvin's values for isolated spheres, &
similar computation was mede in which the sffect of & ground plane
perallel to the line joining the sphere centers was included, From
this computation it appeared that the calculation of the simulteneous
effect of four or more ground planes would be vastly more complicated
but not out of the questions Leaving this computation for a more ausple
cious time, experimental work on the seme problem was carried on during
the summer of 1935 in the High Tension Laboratory. The results indie
sated that it would be impossible to determine experimentally the effect
of ground planes without some knowledge of the effect of shanks, and
vice=verste As an incidental result, some doubt was raiged regarding
the applicability of Peek's flashover values for 12,5 om. spheres to
the tests mede in 1927 and repeated in 1936, (See page 47, )

During the fall of 1935 the calculation of the simultaneous effect
of four ground planes was resumed, A double infinite series was devel;
oped, which was proven convergent but which was found hopeless from the
standpoint of computetion, Approximately 10,000 terms would be required
for 1% accuracye (See page 31 for details of the method. )

Attention was then directed toward an experimentel determination
of the effect of shank size, In considering methods, several possi;
bilities presented themselves, First there was the direct method of
measuring force and voltage*ﬁith different sized shanks, A setup wes
made following this method, but unusual difficulties in measuring both

force and voltage were encountered and it was abandonede Another
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possibility wes the use of an electrolytic setupe Conduction currents
in such an arrangement are equivalent to capacitance currents in the
electrostatic casee The electrolytic experiment has an importent ade
vantage in thet perfect insulators are aveilable, It has also, however,
the serious disadvantage that the specific conductivity of solutions
varies extraordinerily with temperature.(5 For this reason, the elece
trolytic experiment was not attempteds A third possibility lay in the
measurement of capacitence, This may be shown as follows:
In any arrengement, the energy in the electrostatic field ' is
Ep -.21‘ g
If, now, the capacitance is increased by dC (by reducing the spacing)
while the voltage is kept constant, the increase in the energy of
the eieotrcstatic field will be
dEp -%; Tac.
However, the source must have supplied energy amounting to
dBg = Vdq = V°dC,
Since only half the energy supplied appears in the electrostetioc
field, the remsining half must appear as work done by the system
on the external world in changing the capacitancees Thus
dE, = dE, = dE, = V3dC = % V24C = %— V2dC,
If this change of capacitance oscurred by the change of & linear

dimension, x, then

) 1 ac i
R =L k- Or,;nv-kﬁ,k-v_étg

Hence, if, for a given shank size, the curve of capacitance sgainst
spacing can be determined experimentally, the value of the cons@ant
relating voltage to the square root of force is determined, Un™
usuvally good ejuipment for such capacitance measurements was

evailable and & complete set of tests was rune

5. Approximetely 10% per 0,1°C,



DESCRIPTION OF THE WORK

The following detailed desoription of the work will be divided into
three parts: first, the determination of the effeot of shanks by oapace
itance measurements, sescond, the determination of the effect of ground
planes by measurement of foroce and voltage, and thifd, the analysis of

the effect of ground planes by the method of imagese

PART I

The Determination of the Effect of Shank

Sige by Capacitance Measurement,

It is felt that the importance of the method far transcends the

results so far attained by its usee By means of it, the final salibration

of any force=voltmeter may be obtained, with no regard for size, posie
tion, or uniformity of ground surfeces or shanks (except that the form;
tion of corons must be avoided)e Too much emphasis canmnot be laid on
the point that 2 calibration, determined by measurements on the actual
meter in its permanent place, is vastly superior to one which is calou-
lated from figures for en "ideal® arrangement modified by correstion
factors determined by any method,

Desoription of the Apparatus

Spherical, copper=-plated, pressure floats, 3" in diameter, were
1" 1" |
used with shanks of 7 , 3 , and 1" The arrangement is shown in Figure

1, page 7o Tl_xe floats were tapped for the %:' shenks, and these shanks,

both 30" long, were used to support the spheres during all tests. Then
measurements of the larger shanks were to be made, sleeves of %“(or 1)
outgide dismeter and 12" long, were slipped over the %“ pernanent .shanks

and centered by means of ascurately turned washerse Betwesn the two 4" glaze

od porcelain insulators supporting one shank, & wooden engineer'swgcale
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was fastened so that one edge closely paralleled the shank, On this
phank & vernier scale was soribed so that the position of the sphere
oould be determined to 0,008 inchese

The ¢ircuit used in measuring the capacitance is shown in Figure 2,
page Te The genmeral scheme was to place a vernier condenser in parallel
with the spheres, of which the capmcitance change was to be measured, in
one arm of a capacitance bridge, and to place a fixed capacitance in the
other arme, Any change in the'-capaci‘bance of the spheres must then be '
egqualled by en opposite'ohange in the oapacitance of the vernier eondenser
before the bridge is restored to balance,

The fixed cepacitance was & General Radio No, 222 precision variable
condenser., Its setting was kept unchanged for the duration of the tosts,

The vernier condenser was made by the Iowa State College Instrument
Shops It consisted of a stationary vertical outer oylinder end a com-
centric imner oylinder mounted on & micrometer lead sorew heving & pitch
of o6 mm, per revolution, The eiromnferonqe of the head was divided into
25 parts and the vertical travel was 50 mm, so that the total range of
ocapacitance was divided into 2500 divisionse The total range was found
to be about 220 Micro-ifioro-farads so that each division was approxie
matoly Ol memefes s Fu‘rther,‘ each division on the condenser covered &
space of about 3 mm, so that tenths could be easily estimateds Hence
values of capecitance were recorded down to 0,01 mem.fes The fact that
the curves obtained are extremely smooth is good evidence that the figures
are significant to this precision,

The capacitance bridge, & General Radio No, 216 precision type was
oompletely shielded and had shielded trax_isformora in both the osoillator
circuit and the output eireuit, The fixed resistance arms had 5,000

ohms in each and the variable resistance {decade type, from 10000 ohms

6o The abbreviation "memef." will be used for micro-micro-farad
heroaftore
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to 1 ohm) could be switehed into either oondenser arm,

The oscillator was & Western Electric type 8A, audiow=frequency
ogcillator, It was about 40 feet from the bridge, in a separate room »
and on the floor above. A frequency of 1000 cycles was used thruout the
testse Power from the oseillator was led to the bridge over a twisted
pair, It was found experimentally that a sharper balance could be obe
tained if & shielded transformer, with tmgroundod case, was placed in
the oscillator leads, close to the bridge. The transformer used was an
"Amertran" Mixing Transformers A similar one was also tried :ln-the oute
put circuit but since no improvement was observed, it was removed,

The emplifier was a Leeds and Northrup No, 210301 two stage eaudio-
frequency amplifier which ocould be broadly tuned for §00, 1000 or 2000
oycles, The tubes used were one 201A and one 222, which were s0 6xe
tremely miorophonis that the whole amplifier was placed on sponge rubber
pads on a separate table, The amplifier was completely shielded, and
this shield, together with the shield in the bridge, was grounded to the
steam pipe. BEarly in the work it was found necessary to bridge a 0,02 mef,
condenser across the input to the a.mplifier in order to eliminate ine
terference from the broadcast transmitter located in the same building,
This condenser, having an impedance of 8000 ohms at 1000 cycles, une
doubtedly reduced the sensitivity of the bridge but the amplifier more
than made up the difference, As & matter of fact, it may ﬁll have been
that the condenser reduced the sensitivity greatly when the bridge was
far out of balance and had progressively less effect as the bridge was
brought to balance, It would thus aot somewhat as an autometic volume
control, In any case, & much gloger and more nearly reproducable balance
could be obtained with the use of the smplifier and condenser then withe
out theme, The phones were Western Electric No, 509-W,

A photograph showing all the equipment with the exception of the
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amplifier, which is just out of the picture in the right foreground,

is included as Figure 3, page 7e

Description of the Tests

The ealibration of the vernier condenser was considered of paramount
importance and hence it constituted the first task, For this work the
General Radio No, 222 veriable condenser was placed in parallel with the
vernier condenger in one arm of the bridge, and a third con_denser. the
sotting of which was kept constant thruout the salibration, was placed
in the other arme After a balance had been obtained, the No, 222 cone
denser setting was changed and the bridge was rebalanced by adjusting
the vernier condenser, This process wes repeated for about 50 points
during which the complete range of the vernier was covered several
timess It was found that the vernier condenser deviated measurably from
e straight line for the first 20% of its renge, but for the middle 80%
out o_f e total of 43 points taken, 2 deviated from the _beat straight line
by leSmemefs and all the others were within 0e7 memefes The range cove
ered by this straight line portion was from 1833 m.m.fe &t setting 2000
to 32506 mem.fs &t setting 500, Henﬁe 1 division on the vernier is
W = 0,09495 memefoo )

From the begimning of the oalibration work it was apparent that
the General Radio Noe 222 condenser had & noticeable blacklesh, Bach;
lash is, of course, undesirable in eny precision equipment but itv ia_
particularly unfortunate and ammoying when a null method is employeds
To eliminate the effect of this backlash, at each point the bridge was
unbalenced by moving the No, 222 condenser in & specified direction,
and the rebalence was effected with the vernier condenser, which had mo
detectable beckleshs To inorease the accuracy further, the Noe 222
condenger was used ohly within the range where its calibration wes an

exact straight line, Temperatures were recorded, ard veried scmewhat
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from day to daye No correletion between temperature end calibration
wes founde

The procedure in conducting the tests was &s followse. (For wiring
diegrem refer to figure 2, page 7Te) 1) The position of the leftehand
sphere was adjusted so that the desired renge of spacing could be ate
teined by motion of the other sphere elone, 2) The right-hand sphere
wes then adjusted roughly to any convenient specing (say Oel") end its
position, es read on the engineer's scale and the vernier scribgd on the
shank, was recordeds 3) The bridge wes belanced with the vernier cone
denser and its resding recordeds 4) The right-hend sphere wes moved to
increese the speaocing approximately ome half inch, its position recorded
and the bridge rebelenced with the vernier condenser, This process wes
repeeted until the desired renge of spacing hed been covered, from 3"
to 4,6%, (that is, from 100% to 150% of the sphere diasmeter). The righte
hend sphere was then returned to en initial spacing of epproximetely 02"
and readings were taken et half inch intervels as before, The sphei‘e
was then returned to 03", Coe4", and 0.5" initial specing and the process
repeateds It should be noted that while the adjustment of‘the sphere at
each point was only approximete, its position was known end recorded to
0,005%, At the end of & complete series, the emplifier wes turned off
and the rightehand sphere was carefully moved toward the left, When it
touched the other sphere, the bridge wes violently unbelenced and the
1000 e¢ycle note could be heard, The position of the right«hand sphere
was recorded, and this reading wes subtracted from 81l points to get the
spacinge The resulis were plotted es & ourve of vernier setting against
sphere position on which the points were approxima‘bo;],y 0.1" apert, though
the renge had been covered, not once, but five timese This process was
followed to eliminate any changes in condenser calibration or, in fact,
any error which might be changing continuously thruout the run, When

such ohanges ocourred, as they did in many of the early tests, they were
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immediately detected by the appearance of "waves" having & wavelength of
5 points, in the finasl curwve, It was found that keeping the room
temperature constant within, say, 2 degree C, for 6 hours preceding

ee.ch test and during it, eliminated the difficulty. This indicates thet
there was a variation of some capacitance with temperature, notwithstande
ing the contrary conclusion reached during the calibration, in regard to
the vernier condenser. Rough calculations immediately eliminate the
possibility of the expansion of the shanks changing the spacing of the
spheres in sufficient amount, and while both the vernier condenser and
the No. 222 condenser in the other arm are open to question, it is cone
sidered more probable that the vernier condenser was at fault, The effect
was s0 small as to be negligible as far as calibration was concerned
while still of importence in making the position of the capacitance=
spacing curve doubtfuls The data of & typicel run is ineluded in
Appendix I,

To find %% from curves of vernier condenser setting versus sphere
position, it was necessary to construct & curve with ordinates the slopes
of the original curve, end then to apply the calibration factor of the
vernier condenser, These slopeé were found by means of & plane metallic
nmirror about 10" long, which was placed across the curve so that its ree
flecting face was normel to the plane of the papers The horizontal angle
between the mirror and the curve was then adjusted by rotating the mirror,
until the ocurve on the paper end its image in the mirror had no dis;
continuity of slope at the mirror edgee If the observer now views the
curve and its reflection at an angle of 5 or 10 degrees to the paper,
the position of the mirror can be determined with comsiderable precision,
and e line can be seribed using it as a straightedges From this line,
which is normal to the curve, the slope of the tangent can be caleulated,
The values of the tangents found by this process were plotted on the

same sheet with the original ocurve of vernier condenser setting versus



sphere position,

The final sets of data, taken after several weeks of trials, cone
sisted of two complete runs for each size of shank, -1-“, %-”, and 1%,
Each run consisted of points at Os1" intervals over a 4,5" range of
spacing (1507 of sphere diameter). The values of slope from the two
curves for one shank size were plotted on the same sheet, and a smooth
curve was drawn thru theme From this curve values of k were computed as
followss

InV=1k ﬁ, k should preferably be of such dimensions thet with F

in grams, V will be in kilovolts, When, on page 4, the equation

E -%— ¢V was written, the units implied were

E = gnergy in ergs
C = capacitence in stat-farads (= centimeters)
V = yoltage in state-voltse
When the derivative with respect to distance is taken,
Feoae %2— S - % v’%i—, where F is in dymes if x is in centimeterse

Dimensionally, this equation is, then,

Dynes °% (statevolts)® o gtamxamds

But it is desired to have:
F in grams

V in kilovolts

ac
&

If the symbols F, V, C, and x are re-defined in these units, the

in micro-micro-farads per em,

dimensional eguation above must still be satisfied and there results

P * 98065 = 3 oped® o 10(.2098) &
From which

xw¥-|/980:8 x 2 x (,2998)° @ 14,00
JF |/ "10(2998)% 4c lf"'g_q
ax dx

This is the constant of gemneral epplicability but one further step will



be required to find k in terms of the ordinates of the last curve
plotted from experimental dete, The ordinate of this curve (call it
"N¥) is in vernier divisions per inche It was shown on page 9 that

1 division = 0.09495 MeMoefey and 1 inch = 2,64 omej hence

dx
And k 1400 o 1204

',— (0.09495)§ ) o

Velues of k found in this mammer for the 3 shank sizes are plotted

Spaci
against Fio—rte. in curves C, D, end E of Figure 4,

Results of Capacitance Measurements to Determine

The Effeot of Shank Sizes

The results of the tests desoribed are shown graphically in Figure
4, page 14, on which values of k; in V= k| F, are plotted against the
ratio of Spaocing to Diameteres Curves C, D, and E represent the experie
mental results for shanks of %ﬂ, ;-m, and 1" respectively., (Since the
spheres were 3" diameter these shank sizes correspond to 833%, 16.87%
and 33,33% of the sphere diameter,) Curve A is the theoretiocal ocurve
for isolated spheres (from lord Kelvin's data, footnote 2, page 2),
Curve B is the extrapolation of curves C, D, and E to zero shenk size,
The conparison of ocurves C, D, and E with ocurve B is the essential
resulte From them it is seen that a shank size of 5% of the sphere
diemeter (which is 2" for 1 meter spheres) results in a reduction of k
of approximately 2%, for spacings from 70% to 115% of the sphere diameters

If there had been no equipotential surfaces other than the spheres
and shanks in the field, curve B should have coincided with curve A,
That they do not coincide results from the proximity of the vernier
condenser to the movable sphere, The case of this condenser was cone
nected to the stationary (left-hand) sphere, Hence when the right-hand
sphere was moved, the resultant sapacitance change had two parts, 1) the
change in capacitance between the spheres, end 2) the change in capace

itance between the right-hand sphere and the vernier condenser cagee
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Since the right=hand sphere corresponds to the grounded one in an actual
volimeter, connesting the vernier condenser case to the other sphere
corresponds to the addition of & large highevoltage body in the actual
moter, Its effect, in this instance, well illustrates that bringing_
in any body at high voltage, other than the one sphere and its shank,
changes the calibration of the voltmeters

The fact that the curves cross at about 55% spacing has not been
explainede Nevertheless it is not believed to indicate solely lack
of precisiog because the two curves run for each shank are in agreement
to somewhat smaller values, It is estimeted that these curves are

reproducable to within 1%
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PART 1II

S s

THE DETERMINATION OF THE EFFECT OF GROUND PLANES

BY MEASUREMENT OF FORCE AND VOLTAGE,

Desoription of the Apparatus

The use of e model arrangement rather than the use of the 1 meter
spheres was decided upon primarily becesuse of the comparative ease with
which different arrangements of ground planes could be set up,

A pair of 12,5 cm, copper spheres which had been in use as a sphere
gap were chosen, These spheres were set up inside a w;odon cage 8' high
by 10' long by 6*' wide as shown in Figure 5, page 17, The high voltage
one was mounted so thet the spacing could be varied, but in additionm,
g0 that when it was clamped in place its position was fixede The -g-"
threaded and calibrated shank about 14" long, which was attached to it
in the sphere éap, was retained, The metal shank of the other sphere
was replaced by one of wood about 5° longe .This sphere and shank were
mechenically suspended by a double "V”’:;uspenaion exactly similar to
the large voltmeter, and the sphere was grc;unded by & Noe 20 wire rune
ning elong the wood shank snd comnecting to & coiled pigteil at the rear
"y" support, Close to the rear end of the wood shank a brass ring was
mounted, across the vertical diameter of which a 0,6 mil tungsten wire
was stretched, This wire was observed with the cathetometer to detect
motion of the sphere, A fluid damper proved to be of great aid in speede
ing observations, The vane was attached to the shank, and the container,
a cocoa oan, rested on the frame, The details will be made clear by e
glance at Figure 6.

In measuring the force it was considered better, from the stande
point of accurasy and speed, to read the sphere deflection in the

cathetometer and to calculate the foree from these deflections by use of

a calibration curve, For this calibration, end also to prevent too
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large deflectiouns, & means of applying a horizontal force was required,
The method used was to suspend a weight from two equal threads, of which
one was attached to the wooden shank close to the front "V" support, and
the other to the stationary frame at the reare Care was taken to place
the two points of support on the same level and to meke the distence
between them approximately equal to the length of each thread, From
measurements of the three distances, the horizontal force due to any
weight could be calculateds

With this arrengement, horizontal forces from 1 to 5 grams were
applied to the grounded sphere eand the deflections in the cathetometer
were observed, The caelibration curve so obtained was accurately linear,
Though the weights were within only about 3% of their marked velues,
each one was carefully weighed on & sensitive balance to the nearest
milligram, and this value was used in caleculating the horizontal forcee
The maximun actual deflection of the sphere, if the cross wire was to
remain in the cathetometer field of view, was 2 mmee

The source of voltage was Unit No, 1 of the One Million Volt
Cascade transformerse This unit has a maximum secondary voltage of
250 KV, It contains a tertiary (voltmeter) winding having a turn ratio
with respect t§ the secondary of 1 ¢ 8333 hence 300 volts on the tertiary
coil represented 250 KV on the secondary, Since these transformers
were designed to have very low reactance (1,24% impedance by test),
a series resistance to limit flashover current was an absolute necessity.
The resistsnce used was five feet of gﬁ garden hose filled with tap water
(about 8,000 ohms per foot) which cen be seen at the rear of the cage
in Figure 5, Considerable care was used to be sure that flashover did
not ocour, particularly after the first time, when it was discovered
that the water column acted more like an expulsion cutout than like

8 protective resistances

The electrical cage consisted of enameled iron fly secreen in the
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form of an open-ended cube, Lach face was 29.,56" (or 6 diemeters) from
the centers of the two spherese The end into which the high voltege
leed entered wes omitted,

Description of the Tests.

At the outset of the tests it was recognized that if there weas any
uncerteinty regerding the trensformer's secondery voltage in terms of
its tertiary coil voltage, the results of the tests could be only come

paratives +that is, only the percent change in k (in V = k:ff) when the

grounded cege was brought up, could be determined, On the other hend, if
the true voltage applied to the spheres could be determined with satise

factory accuracy, the numerical value of k under each condition could

be found,

The unusually low reactance of the transformer should indicete the
meintenance of the nominel ratio between tertiary and secondary over
the full load renge within a fraction of 1 percent, and since the transe
former load during these tests (simply charging ourrent) was less than
100 metie , compered to the reted current of 1 ampere, the ratio should
have been meinteined within even closer limits, In addibtion, since the
leskage resctence is essentially independent of the flux density and
since the charging current is directly proporticnal to the voltage (up
to the begimming of corona), the IX drop should be exactly proportional
to the voltege, Hence if the celibration curve of secondary KV against
tertiary coil volts. deviates from the turn ratio et all, it should ree
‘main e straight line with merely & slightly different slope. Since the
charging current leads the voltage, the IX drop edds to the induced
voltage end the final conelusion is, then, that if the ratio of secondary
KV to tertiary volts, which is constant in eny case, differs from the
turn ratio at all, then it must be higher by not more than 1%

The conclusion from theoretical considerations, that for any maine

tained arrsngement the force between two bodies is exactly proportional
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to the sguare of the voltage, seems to require no qualifying limitations
to its practical epplication, except, perhaps, the statement that the
formetion of corone is electrostatically equivalent to en inorease in
size of the conductor, Thus, with no knowledge of the numerical value
of k, it was possible toc use the model spheres to check the linearity
of the ratio of secondary KV to tertiary volts.

The first tests indicated exect linearity between F eand vg, up to
v =100 (V= 83,3 XV) apprdximatoly.(ﬂ At about this velue a slight
but definite change in slope occurred corresponding to & reduction in
kof 3 or4 % After this break was observed it was noted that audible
and visible corone occurred on the high voltage lead at v = 58,5 volts
(Vv = 49 KV), and on the shenk at v = 123,5 volts (V = 103 KV), All tests
run after this discovery were carried only up to v = 100 volts.

The procedure on a typical run wes as followse With the cathe=
tometer edjusted so that the wire was near the center of the field and
its reading taken, the sphere to be comnected to the high potential was
moved over until it touched the suspended one, The calibrated shank was
read and the sphere was moved awey to approximately the desired spacing,
when the shank wes read againe, After rechecking the zero cathetometer
reading, the voltage was epplied, the cathetcmeter egain read, and the
tertiary coil voltmeter reede The voltage was increased and readings of
cathetometer and voltmeter recorded again, When the wire approached the
limit of the cathetometer field, e § gram weight wes hung from the double
thread support described on pege 18, and the cathetometer read agein
before any further chenge in voltage wes made, The voltage was then
increased in steps until the wire had again moved to the edge of the

cathetometer field when the & gram weight wes replaced by one of 10

7o The lower case 'v' Will be used for tertiary coil voltage, in

contradistinction o the upper case "V" which will continue 4o be used for
kilovolts epplied to the meter (thet is, secondary KV)e



gremse For short spacings it was sometimes necessery to make e third
traverse across the cathetometer field with & total weight of 15 grems,
(The ratio of horizontal force applied to the sphere, to weight hung
from the thread, was 0e3 to 1o hence the horizontal force due to & §
grem weight wes 1.5 gremse) Since no break in the curve of v against
F was noted when the 5 grams weight was added (thus chenging the specing
slightly), it was assumed that no correction for this change in spacing
need be made, When the curve of v-with respect to F wes plotted, the
slope, with the assumption that the turn ratic between v and V wes walid,
gave & single value of k for the spacing used, and for that particular
wnngment of ground plenes,

The specing wes then chenged, while keeping the arrengement othere
wise constant, and a new value of k determined, Eleven runs were
made, from which eleven values of k at different spacings could be
determined, fof each arrengement of ground planese Three general
errangements were investigated: 1) no cege, the only close greund
plane being the floor which was distent 7,85 diemeters, 2) grounded
cubical cage (except for one end), easch side being distent 6 diemeters,
3) no oage, apparstus being on & wooden tower of such height that the
floor was distant 30 diemeterss On this last setup, it was noted only
after the data had been teaken thet omne of the 1 meter spheres, whiech wes
about 15 diameters to one side and about 6 diameters behind the model

voltmeter, had been connected to the high voltege during this test only.

Results of the Determination of the Effect of Ground Plenes

By Measurements of Force and Voltage.

The results are shown graphically in Figure 8 on page 22, On the
hypothesis that the use of the turn ratio of 833 ¢ 1 is a valid means of
determining secondary voltage from tertiary coil voltmeter readings,
numerical values of k are significant, as is also the comparison of

the experimental curves G, H, and I with the theoretical curve A, for






isoleted spheres, ZEvidence theat the use of the turn ratioc does not
introduce very serious error is thet a sphere gap celibration curve run
by Wo A, Lewis shows 2 deviation from the turn retio of 1,5% at 70 KV,
A similer calibretion by sphere gap (desoribed in Appendix II) whioch was
run at the conclusion of the force and voltage messurements shows &
deviation of 3,5% at 70 KV, When it is recalled that each value of k
is determined by the average slope of a Voltage-Force curve on which
nearly all the points lie below 70 KV, it is seen that these deviestiocns
would oause errors of much smaller amountse

The most interesting of the curves of Figure 8 is I, for the tests
mede on the towere During these tests the nearest ground plane, the
floor of the leboratory, was at & distance of 30 diameters, The o.ll;
importent question is, why are the values of k so far below curve A for
isolated spheres (thet is, why is the force for e given voltege so much
higher then would be expected)? The explanation offered is that the
effective high voltage electrode includes much more then the one sphere,
It appears that the effect of the shank, the lead, the hose resistance,
and the ¢ne-gallon can et its upper end, as well as the 1 meter sphere
mentioned earlier, wes more important then hed been supposed, This
bconcluaion is fully born out by the similar results of the capacitence
measurements, discussed on page 13,

Curve H, in which the disturbing effect of the 1 meter sphere is
absent, and in which the ground plene (floor) at 7,85 diemeters tends
to increase Xk, is still below the curve for isolated spheres, This
indicates definitely that the increased effective size of the high
potential electrode was a feotor which cennot be neglected.

Curve G, for the open cube at 6 diameters indicetes an increase
in k over curve H, of 9 to 12% between specings of 40 to 100% of
dismeter, These values are of particular interest because the cage at

6 diameters roughly epproximates the High Tension Laboratory enclesing

the 1 meter spheres (6 diameters, for 1 meter spheres, is 20 feet).
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PART III

Anslytical Treatment of the Effect of Grounded Bodiese.

From qualitative arguments, it is clear that the disturbing effect
of all ground planes and shanks will become of greater importance as the
spacing of the spheres is increased.s Since other and quite satisfactory
means are aveilable for the measurement of voltages up to 300 KV, no
great interest is attached to & knowledge of these disturbing effects
‘below 20 cm, spacing for 1 meter spheres. On the other hand, the maximum
force for volteges Jjust below flashover decreases rapidly for spacings
larger than one diameter, The disturbing effects are therefore cale
cﬁlatod for a spacing of one diameter, with the understanding that the
results will be maximum values which will never be exceeded in practice,
A further reason for choosing 80 large a spacing is theat the infinite
series of images converges rapidly and hence only & few terms need be
considered,

The effect of a single infinite ground pleane, parsllel to the line
of centers of the two spheres and distant from it 5 diameters will be
calculated, the infinite series for the effect of four planes forming
en infinitely long prism of squere crosse-section will be developed, and
the effect of enclosing spherical cages of ten and twenty times the
diameter of the voltmeter spheres will be found, To make the method
clear it will be applied first to the case of two isolated spheres
of wnit radius k= at a spacing of 2(= 1 diameter), one sphere being

at potential 1 and the other at potential zero.

Force Between Two Isolated Spheres at & Spacing of 1 Dismeter,

The basis on which the theory of images rests is that if the real

conductors are removed and an artificial system of charges is set up such

8¢ That is, the radius will be teken as the unit of lemgth, Hence
the spacing is 2, and the center=tow-center distance is 4,
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that equipotential surfaces are oreated which exectly replace the real
oconductors, then the field ocutside the equipotentials will be identiecally
the same as the field outside the conductors, It is necessary, then, to
remove the two spheres and to replace them with a set of charges which
will produce identicel equipotential surfecese

A unit charge, placed at the cenbter of the sphere at potential 1,
will produce & spherical equipotential of unit potential at unit radius,
but it produces an unwanted field at the position of the grounded sphere.
It is easily shown thet a spherical equipotential of zero value and redius
a will b; produced by eny charge e at redius r and & charge = ¢ © gjat
radiug g; on the straight line connecting the center to charge e. Hence
e charge = 1(-31:.) (= +250) placed at & radius -g (= ¢250) from the center
of the grounded sphere will combine with the originel cherge to produce
an equipotentiel which exactly replaces the grounded sphere, But this
charge has distorted the equipotential which repleced the sphere &t unit
potentiale, To correct this diffieculty & third charge must be added,
whose value is = (= ,250) sz:l:§§6)(. + o,06667) at a redius
I.«-."."‘:;L‘.’z’s’é“(' ¢2667). The addition of this cherge has distorted the
grounded sphere and hence enother charge must be added inside ite, 4
systematic tabulation will be necessary for clearnessy let the original
unit charge be labelled 9ys the first image be gy, its image be qg,
etc,, and let the distance from the center of the neasrest sphere to

cherge qn be rpe The following tabulation resultss

Sphere at Unit Potential Sphere at Zero Potential

Charge Value Radius Value Radius
zumber ; of of

n in @, ) Charge Charge

0 1,00000 0,0 ‘

b | ' = 25000 025000
2 « 06667 026667

3 =0 01786 026786
4 «00478 26794

5.7,9’11 -.00138 .26795
6,8,10,12 ,00037 26786

1,07182 o 26922
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1
2
n (4-rn-tj
It is seen thet some of the charges heve been combined, This hes been

9, = -4

T

done because they are so close together as to be indistinguishable in
the computation of forcese

To find the force between the spheres, it is only necessary to find
the sum of the forces between all the charges within one sphere and all
the charges within the other. The attractive force between two charges
is of course, minus their product divided by the square of the distance

between them, Thuss
Ff = 9nedn —_— qﬁoqm‘
S ™ e
For example, the force between g and g5 is
£os o o (+0B667)e (=0 017857
; (4 =.26667 = +26786)%
= 000099

The results of this and all similer calculations are tabulated:

Cherge Force
Numbers S
0«1 C o017778
03 .001282
0= 5,7,9,11 « 000099 *
2-1 . 001374
2-3 « 000099

2 = 5,7,9,11 « 000008
4 -1 « 000099
4«3 « 000007

Total force = o020746, which mey be rounded off to 02075,
In regerd to units, if the potential of the one sphere is one statevolt,
end its radius is one centimeter, then g, must be one stat-coulomb,

and all forces are in dynes, It should further be noted that, if the



th
redius of the spheres is C centimeters, then the n  charge becomes

Cqys end distance d,, becomes Cdpe

And f = = (an).(CqM) =0 gy dynes, just as beforee

The force is thus independent of the radius of the spheres (as long
as the relative spacing, end the potential is maintained)s If the
potential is E stat-volts, cherge q, becomes Eg , and the force
becomes E®f, The fofce in dynes between two spheres at any specing, S,
one at potential E end the other at zero, becomes, then,
£ = E°f (8)
where fo(S§ is the force on two spheres at spacing S,
with one at unit potential and the other at zeroj that
is, £,(S) is the value for spacing S corresponding to the
figure 02075 which hes just been calculated for specing 2,
If the force is expressed as F grams, and the potential is V kilovolts,
these changes in units wiil reguire this equation 20 be rewritten
f(dﬁés)- F (980,6) = B3 (5) ‘[ﬁt'g‘é’é’e?] £,()

I[P (980e6)e(,2598)%
o LT
v = De389

Vf(,(sﬂﬁ’T

Or in V =k |F, k= 238
/24(5)

For the example chosen, isolated spheres at 1 diameter spacing,

94389 g*
k = = 55075 = 65¢1 KVo gme

The Effect'gg One Infinite Ground Plane,

The value of £ will now be calcoulated for the case of two spheres
at 1 diameter spacing with the addition of a ground plane parallel to
the line of centers and 5 diameters distant frem it. As before, let
the radius of the spheres be the unit of length,

Following the same argument, if the spheres and plane are removed.
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and replaced by the set of charges found before, there will be equie
potentials of the proper values to replace the spheres, but the plane
will not be so replacede To produce the desired plane equipotential,
for each charge in front of it, an equal and opposite charge must be
placed behind it, Eech such image charge must be on the extension of
the perpendicular from the original charge to the plane, and as far
behind the plane as the original charge is in front of ite If a set of
oharges identical to those used to produce the spherical equipotentials
except of 6pposite sign, is 80 placed behind the plane, then the plane
becomes an equipotential, but the spheres are now distorted, This
second set must now be re-imsged inside each sphere, and each new
cherge in one sphere must then be imaged in the other spheres All
these charges will have distorted the plane, and the whole process must
be repeatede

The computation is greatly simplified if advantage is taken of
some approximations which introduce only & very small error in the
calcoulation of the forcee The charges to be placed behind the.plane
are 20 units from the spheres (plane is at 5 dia, = 10 radii) and

hence the re-imsge of each of these charges within the sphere is at

;f:-.os units from the center, Since, furthermore, this distance is
igarly perpendicular to the line of centers, the effect on the other
sphere of an accurately placed charge will be indistinguishable from
the effect of & charge of equal value, but placed at the center, If
8ll the re-imnges in each sphere are to be placed at its center, then
the charges behind the plane mey as well be lumped together at once,
One further approximetion should be made. It is almost obvious that
charges whose positions differ only 1 or 2 in the third éignificant
digit will have an effect indistinguishable from that of a single

charge of their lumped velue at their mean position, Thus in the table

on page 25, éharges 2 and 4 should be lumped with 6, 8, 10, 123 and
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charge 3 with 5, 7, 9, 11s Vhen these combinations are made, that

table becomss:

Sphere at Unit Potential Sphere at Zero Potential
Charge Value Radius Value Radius
number of of

Charge Charge
0 + 1,00000 0e 0
1 ‘ = 25000 250
2+ 12 + 07182 267
3«11 :._01924 0268

+ 1,07182 =e26924

The net charge in the two spheres is + 1,07182 = 26924 = +,80258,
Henoe the lumped charge behind the plane will be «-,80258, and the re-
imege of this in each sphere is = (we80258) %—5 = +,04013, It now
appears necessary to repeat the caloulations for the two isolated
spheres, starting first with 9= 04013 at the center of the grounded
spheree, If these calculations are made, it will be discovered that the
net charge on the two spheres is no longer 80258 but some larger walue.
Hence the value ,040l3 is not correct and another series of calcula-
tions must be sarried thru., There is & short-sut, however, by whish
mush of this labor can be avoided, It consists in noting thet the efe
feot of starting with a charge + g, at the center of one sphere ro;
sults finelly (in the case of isolated spheres) in & totel charge on

that sphere of 107.2% of 4,» and in a total charge on the other sphere

of = 26,9% of q,s Now lot 9, = 1.0 and let o be the re-image charge
(o04013 in the first approximation above), Superimposing charge « at
the center of the unit potential sphere will add 1,072¢ to its finel
charge and will add =.2689a to the charge on the grounded sphere,
Similarly, placing charge o at the center of the grounded sphere will
edd + 1,072a to its charge, and =,269¢ to the charge of the other onee
The total charge on the unit potential sphere is now 1,072 + 1,072c

= o269a, and that on the grounded sphere is «=,269 + 1,072a = 269c.
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The net charge on both spheres is (1,072 = o269)(1 + 2a). But « is
to be - (= :.1,;5) times this net charge,
Hence

o= %—5 (1,072 = +269)(1 + 2a)

= 04013 + ,08028

o "fg%g%i = 40436
Some detailed cslculations must be mede to find the force, but they
need be done only once end in these calculations the figures of the
table on page 29 may be used as percentages so that much of the tedious
part can be avoideds The start will be made with g -(1 + a)= 1,0436,

and all charges closer than ,001 will be combined,

Sphere at Unit Potential Sphere at Ground Potential
Charge Value Redius Velue Radius
Number of of
Charge Charge
o + 1,0436 0,0
X =e 2609 250
2 to 12 + L0749 eR67 ’
3 to 11 =o0201 0268
0 +,0436 0e 0
1 - 0109 0250 -
2' to 12¢ 440031 0267
' to 11' = L0008 0268
+ 101068 =o2343

The net charge is 1,1068 = 2343 = .8725; hence the image behind the
plane should be =,8725 and thovre-imago'within each sphere(a) should
be ={=e8725 %5) = ,0436, checks The forces may be calculated just as
befors, except that the forces due to the charges behind the plane need
to be considered now, For this purpose, the lumping of the charges of
opposite signs will not be allowable because the images of those in the
grounded sphere produce no component of force {on the grounded sphere)
in the direction of the line of centers. The desired component of the

force due to the charges behind the plane is
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Biw - (=62343)(=1,1068) 4
i 4%+ (200%° Vi’=f=i§bfs
= =,00012

A further saving of computation time may be made by noting that
each of charges O to 12 are inoreased over those in the table on pege
29 by 4.36%3 the total force between them must then be that found be-
fore, (s02075), times (Lo0436) . Similarly, charges O' to 12' are just
4,36% of these values and the forces due to them are therefore (.0456)2‘
times the original forcee Thus the only forces that need to be cale
culated by %Egﬂsz are the forces between the unprimed charges and the
primed ones, The forces as tabulated below, are for convenience sop;
srated into attractive (+) and repulsive (=)

Charge Force
nubers Attractive Repulsive

(0to 12) = (1 to 11) 002259
(0* to 12') = (I' to 11') L00004

1 %011

- and = Image . 00012
0! to 12°
0 - 0O « 00285
0 - (2* %o 127) 00023
l1 - 1 ) «00023
0 = (3' to 11') 00002
2 - O 0 00024

+ 00226 m
Net attraotive force with ground plane o02263 - 00368 = ,018%94 dynes
Net attractive force with spheres isolated = ,02075
Net reduction of force due to the ground plane = 400181 dynes
= 8,7%

The Effect 3£ Four Ground Planese

The next problem is to find the force by the method of images
when the two spheres, still at 1 diameter spacing, are enclosed by
four ground planes parallel to the line of centers, foming & rece
tengular prism of squere orossesection, This case is of some importance
because real planes of finite width may be treated mathemsticelly as if

they were of infinite extente The mathematical difficulties of dealing



with the "edge effects” of finite plenes are thus avoided while at the
same time the inaccuracies ordinarily accompanying the change from
theory, involving infinite planes, to prectice, involving finite onmes,
are also avoided,

It will be assumed, as in the previous case, that the planes are
at sufficient distence from the spheres thet the sets of charges in the
two spheres mey be combined into one in the first image behind each
plane, If a cross-section thru the. center be taken, it is seen that
the whole plene must be sprinkled with images to make the planes
equipotentials, (See Figure 9, page 34,) If a is the distance between
adjacent images (in terms of sphere radius as a unit) end + q is the
net charge on the two spheres, then the re=imege within either sphere
of any one of the first four images is = ( -q%)'% e Since there is
symnetry about both the horizontal and the vertical axis, the effect of
all the images will be 4 times the effect of all those in one quadrant,
The lower rightehand quedrent will be usede The re-image of the change

in row 0, column n, is

[erglk = €L

ne
The sum of the re-images of all the charges in row O is

YA+l
Q, = gz <_"7)__
n=¢

The re=-image of the charge in row 1, column n is
n
o &, i]m X Vi+n=

and the sum of the re-images of all the charges in row 1 is

Q - _z_z )"
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The sum of the re-images of all the charges in row s is
sta+/
R
S Vs* +n*

Combining the re-images for all the rowss
2 stnty

Q- EQ y“—’)“—:

It is plaln that this series hag diagonal symmebtry with respect
‘o the two parameters s a.nd n, by taking advantage of which the labor
of computation can be cut almost in half, That is, the term n = 55,
s = 72 has identically the seme value as the term n = 72, s = 55,
It is only for charges on fhe diagonal (n = s) and in the first row
(s = 0) that there are no similer ones with which they can be paired.(g)
Before this peiring is attempted, it should be noted that the

double series is convergent, First, for row s the series Qg can be

o0 m
conpared term by term with the convergent series Z %
Form=n=%X%
1< e
V5% #* 4
Therefore the series Qs is convergent, Furthermore,
a| < |25l <%+
s X Fs*sy

and the sign of Qg will be that of its first term.

Similarly it can be shown that Qg ., y 1s convergent, and it is also
true that

Ia,+,]<}%r(;-’rj’ﬁ]< e

X s+

9¢ The values in row s = O could be paired with the velues in
column n = O but if this were done, more than one quarter of the total
number of charges would have been inocluded,
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end that Qg 4 5 tekes the sign of its first term. Now since the sign
of the first term of the several series oscillates, the aign of the

(=1)
sums oscillates, and the comparison with the series ™5~ demonstrates

the convergence of the series of the sums,
To return to the simplification of computation by the use of the
symetry, let the row s = O be separated first:

_s[ S )™ C )
Q=% Z n T Vsrrre

h=i $=/ hn=s

The first series is recognized as one whose sum is loge 2.
Now let the terms for which n = § be separateds The remaining

terms can then be paired, Py

(/)2-5-11 {"/}
L Az2 ‘LZ T ZZ Z/ET»T

s=1 Scy hn=st/
This step hes had the unfortunate result of introducing a divergent

geries, o0 (I):.Sf/ co
- . o
Z Vzs* VZZ o

s/ S =/

Since the originel sum is convergent, it is presumed that this means
simply that the reamining double series is also divergent and of opposite
8igne

By physiecal intuition, it seems safe to make the celoulation for

a square array, that is, out to n = 8 = k rather than out to n® + §° = 1®

which would be a circular array,

In any case, since the double geries is oscillating, it seens
safe to say that the maximum error will be limited by the largest term
neglected, Now the first term, log 2 is 693, and it would be intereste
ing to see how far the calouletions must be carried before the indi-;
vidual terms are as small as 1% of this value,

Take s = 1g +o find n such that

y’g‘i’_f"; = ,00673
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141" = (ogzs) = ()’
n = ! H

If the upper limit is finite,the double series can be written
A St ns
-9

2 2

S/ pp=st+/
k (k+1)
-z

in which the number of terms igs N =

If n must be carried to 144, then k + 1 = 144 and
y o 343)048) 3o oo

20
[
In eddition, there are 144 terms in the single series Z R

meking & total of 10,340 termse =
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The Effect of a Spherical Enclosing Cage of Diameter

Ten Times Thet of the Voltmeter Spherese

(Voltmeter Spheres at 1 Diemeter Specing, )

The method of computation will be 1) to assume the total charge
within each voltmeter sphere, 2) to calculate the image of each of
thess thru the enclosing cage, and 3) to check the accuracy of the
assuned valuese This check is made by comparing the sum of the images
of the other three charges into one voltmeter sphere with the total
charge assumed in that spheree, It should be noted that a unit charge
at the center in addition to the images is required to raise the one
sphere to unit potentiale

Let the radius of the voltmeter spheres again be taken as the unit
of lengthe To simplify the computation, all the charges in the high
potential sphere will be assumed to be concentrated at its center and,
for the present, all charges in the grounded sphere at .27 units from
its center, (The figure 27 is the radius of the center of gravity
of these charges for isolated spheres.)

For the first trial, the values for isolated spheres will be used:
+ 1,07 i# the high potential sphere and « 27 in the grounded one.(lo)
The images of these charges outside the cage, and their distances from

its center ares

2
-(1,07) %;9- = = 5435 at (1,0‘ = 50,0

2
w(=e2? 10 (10)
( )vm'+lo56 atm- 5768
Under the influence of these four charges, the three spheres
should be equipotentials, If they are, then the total charge within

each should be the sum of the images of the other three,

10, Charges are in electrostatic units and forces are in dymes,
Refer to page 26 for complete discussione
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The images within the high potential sphers are:

= 538 _
-=4s.0 °* 0111
- =~ 3:3'3, s 4 .072
+ 1056
- “Fous = - +026
+ o157
The unit charge is 1,000
Total 1,157
which is to be compared
with the assumed value of 1,070

The imeges within the

grounded sphere are:

- -sg:gs "% $10
+ 1,07
- 4.0-— 2 o 0268
+ 1,56
- 55.8 B - .028
Totel - 0195
whisch is to be compared
with the assumed value of = ¢270

For the second trial, the charges assumed will be + 1,16 and = ,190.
The images outside the cage then become = 5,8 at 50 and + 1,10 at 57.8.

The imeges within the high potential sphere ares

- 5.8
48,0

= + o121

ol9
- 573 = + .08l

+ 1,10
- 5048 = - o018
+ 0154
The unit charge is 1,000
Total 1015@

Compared with 1,16 essumed,
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The images within the grounded sphere are:

- 5.8
- E5.0 = *+ o112
- :'—i':%g = - 0290
+ 1,10
- '5"5"""8 = - o020
Tatavl - .198
Compared with « 190 agsumed,

For the third triasl essume charges + 1,154 and - ,198, Their
imeges outside the cage sre = 5,77 and + 1,145,
The images within the high potential sphere are:

+ 0120
+ o053
- o 01 9

+ 0154
The unit charge is 1,000

Total 101654

Compared with 1.154 assumed,
The images within the grounded sphere are:

+ o111
- .288
- 9 021

Total = ,198

Compared with = o198 asgsumed,

In the computation of the force on the grounded sphere the accuracy
will be improved by separating the charge withim it into two parts:
1) = <288 at +27 from its center and 2) + (111 = 021 = + ,090 at the

centers The force om each of these due to the other three charges iss
- (- .288)[1.154 50 77 1,145

TB.73)% = (51.78)° ~ (66.1

1,156 5,77  1.145 .
e (+ o090 - P
(+ )[ 4% T (52)% T (85.8)°

£ = ,288 (,08294 = ,00215 « ,00036) = o090(,07212 = 00214 - ,00037)

= ,01693 dynes.

This figure is to be compered to ,02075 dynes for isolated spheres

02075 = 401693
« 02078

= 184 = 18,4%.
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Conclusions
The presence of e spheriecal grounded cage of 10 times the diameter
of the spheres results in e reduction of force of 18,4% when the

volimeter specing is 1 diemeter,
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The Effect of & Sphericel Enclosing Cege of Dismeter

Twenty Times that of the Voltmeter Sphersse

(Voltmeter Spheres at 1 Diameter Spacing,)

To make a similar salculation for en enclosing sphere of 20 times
the diemeter of the voltmeter spheres, assume charges of velue midway
between those for the 10 diameter enclosure and those for isolated
spheres: assume + 1,12 and - ,230, The images outside the cage are

2
- (+ 1.12) -32 = = 11,20 at -@-(2)—)—; 200

20 20
- (= «230)T73 = + 2466 at 3%731 = 251

The images within the high potential sphere are:

- =L-3f%§ = + 0617
°
+ 2466
- 333,0 =~ - « 0114
' + 1068
The unit charge is 1,0000
Total 1.107
Compared with 1,120 assumed,

The imeges within the grounded sphere ares

-'25%%=%9 = + 0555
®
- 1;—%5%3 = = 42800
®
+ 2066
- —335.0 = = .0116
Total - 42361

Compered with = 230 assumed,



For the second trial assume + 1,107 and = 236, The images of
these charges are = 11,07 and + 2,73.
The images within the high potential sphere are:
+ 00859

+ . 0633
- .0117

+ 1075

The unit cherge is 1,0000

Total 1,1075
Compared with 1,107 eassumed,
The images within the grounded sphere ares
+ o0548

- o2768
- 00119

Totel - 02339

Compared with = ¢236C assumeds

As in the previous case, the charge within the grounded sphere
will be divided into - 42768 at 27, and + 0548 = ,0119 = # ,0429

at the center, The forces are:
1,107
- _(_.2768)[ . 11,07 275

3e73)2 = [201.,7)° ~ T(229.,8)%

w[1e107 11,07 273
( ) 4= (202)® (229)°

2 4+ ¢2768 (07956 = 00027 = o0005) = ,0429(,06919 = o00027 = 00005}

= 42768 (40792) = 0429 (,0689)

= .61898 dynese

002075 -~ ,01898
< 02075

= ,085 = 8,5%

Conclusiont
A grounded spherical cage of 20 times the volimeter sphere dismeter

decreases the force 8¢5%
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Compiletion of Results of Caloulations

g_i_‘_ the Effect g_g Grounded Bodiegg.

Since F = K Vz, or V=k ﬁ. the percentage reduction in the
foroce at & given voltege is approximately twice the increase in voltege
for a given foroce,

For spheres et a spacing of 1 diameter, the presence of the
grounded body in column 1 resul‘t;si in the changes from velues for

isoleted sphere stated in columns 2 end 3.

(1) (2) | (3)
Grounded Body Redustion in Foroce Inorezse in Voltege
et a Given Voltege at a Given Force

(Increase in k)

One infinite plene
perallel tc the
centerline and 86 7% 443%
5 diemeters distent

Sphere of ten times :

the diemeter of the 184,4% 8¢8%
voltmeter spheres

Sphere of twenty:times

the diemeter of 8¢5% 4,2%
voltmeter spheres

The velues in column (3) ere values by which a voltage, cbitained
by force measurement and ocelculation on the assumption of isolation,

nust be increased to get the true veluee
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APPENDIX I

Typical Dete for the Determination of the Effect of Shank Size

By Capecitence Measurement

The dete for a typical capacitance measurement run is given on
page 45 end a photogreph of the original curve sheet plotted from
these data appeers on pege 46. The two curves marked "Capacitance =
Spacing® are plotted from the detae given, to the same “Spacing” scale,
but to different "Carvacitence” soaless The one on the right is pletted
on the right-hend *"Vernier"” scale, and that on the left on the lefte
hend scales The straight lines are those traced along the mirror as
desoribed on page ll, From their slopes, the slopes of the tangents
to the curves were computed end plotted as the ourve marked "Slope -
Spacing”s This curve was combined with another for the seme (%f)
shenks taken on & different day, the ogdinates changed from Vernier
Divisions per Inch to Eilovolt grems .;:(k) and the result plotted

as ocurve C, Figure 4, page 14,



L]
7~ Shanks

Tine
10:87

11329

Spacing
0o
0’7
1.2
1.7
202
267
368
367
4.2
4,7
0o 6
I}
1.6
261
206
Sel
306
4.’1
4,6
0e 65
1.0
1.5
2,0
25
300
3¢5
4.0
445
5.03
0.9
1.4
1,9
204
209
369
4.4
4.9
0.8
1,31
1.8
2o
268
303
368
403
4.8
05

45

TYPICAL DATA SHEET

Vernier
Touching
14854
147367
14686 95
1464,8
1462,65
1460695
145965
1458445
145765
14937
1475615
1469.65
146565
1462, 95
1461.2
1459, 7
14586656
14576
14884,45
147685
147068
1466455
146346
1461,85
1460, 08
1458,85
1457,9
1457,0
1478,9
14715
1469,9
1464,1
1461.9
146063
1458,95
145860
14576156
1481,3
147266
146769
1464,35
1462,1
1460045

1£59,1

1458,06
1457,15
Touching

Registance

9880
9880
9880
9880
9880
9886
9886
98856
9886
9886
9886
9878
9876
9876
9876
9875
9875
9876
9875
8878
9876
9876
9878
9875
9878
9878
9878
9876
9885
9885
9885
98856
9885
9885
9885
98856
9886
9886
2885
9886
2880
9880
9880
9880
9880
9880

Room Tempse
17.8

17¢8°
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APPENDIX IX

Calibration of Trensformer by Sphere Gep Flashovere

Since considerable confidence was placed in the validity of the
model voltmeter meeasurements indiceting rather exect linearity between
tertiary voltege-v, and secondary KV = V, for the transformer up to
100 KV, and since this conclusion wes at varience with the sphereegep
ecalibration curve run by lewis in 1927, it was decided to resrun the
sphere=gap curve, For this purpose, while the setup was still on the
tower, the grounded sphere was clamped end flashover measurements were
medee The hose resistor referred to was replaced by 25' of %ﬂ gerden
hose thru which tap water was run continuously,

From the nature of the setup, it was impossible to change the gap
specing while the voltage wes being epplied, The procedure was 1) to
read the scale on the shenk, 2) to bring up the voltage to about 90%
of the expected flashover value, maintain it for at least 45 seconds,
and then to reaise it approximately 1% every 15 seconds, This process
wes repeeted at least five times for every gap specinge It was found
thaet when the voltage wes raised at a rapid rate, flashover occurred at
& lower velue than when it was raised slowly, The ceuse of this effect
may be the "conditioning” of the gap as suggested by Peek, In any
cage, for each specing the first readings are erratic and are all be=
low the later ones, These data are summerized in the data sheet on
page 4@ in which the last § values of tertiary coil voltage at each
spacing are given, The flashover voltage for each specing was taken
from Peek's dafa, correction (amounting to 1.3%) being mede for eir
density in accord with his recommendation., The results are plotted in
Figure 11, pege 60s Each point on this curve is the average of the
three highest readingse, Since the reactance of the treansformer is so

very low (1,24%) and since the current just before flashover must be
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at a considersble leading power=factor, no possible reason can be suge
gested for the celibration curve to fall below the ratio line, I%
is therefore concluded that the sphere-gap test wes run under test
conditions essentially different from Peek's and that results obtained

by use of his date are not reliable in this ocase.
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DATA SHEET FOR FLASHOVER TESTS

Time Shank Tertiary Volts Time Shank Tertiary Volts
Reading at Flashover Reading et Flashover
7830 Alle 14 189 10334 5 85
190 85
193 8465
193 85
190
10247 4 65
72586 12 178 65
17865 65
176 6563
1795
179 10265 3 42,8
, 4265
‘8315 10 159 42,5
180 42,4
161 4205
161
161 11:08 10 183
, 182,65
8337 11 167 16002
168 159
167 163
163
187 11:24 15 200
1995
8252 9 15065 199,6
13765 200
137
137 12435 13 138
137 : 187
1387
9220 6 105¢3 187
105,8 1.35 Contact
108
106 12:54
106 Barometric Pressure 7423 mm,
Tempersature 21,5° ¢,
9¢30 4 65 Relative Humidity 766 0%
65
65
65
10:20 7 124
123
123.2

123
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FIGURE 11
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APPENDIX III

Typical Date for the Determination of the Effect of Ground Planes

‘ By Measurement of Force and Voltagee

The following teble is a typical set of date taken with the 12,5
cn, spheres a&s a force voltmetere From column 1, the shank reading,
and the reading at contact, le2cmBe, the spacing can be founde, In
column 2, weight, the nominal value of the weight hung from the double
thread support described on page 18 is tebulateds, Columns 3 and 4
give the tertiary coil voltages as fead on & 75 volt and a 150 volt
voltmeter, respectivelys These voltmeters conteined spring pushbuttons
so that they were never both comnected to the eircuit at the same time,
At 75 volts, the additional load of the 150 volt voltmeter (comnected
es a special triael case) reduced the reading of the 75 volt voltmeter
from 750 to 749 Column 5 gives the Cathetomebter reading as read,
and column 6 gives the values of deflection obtained by subtracting
the reading 4,60, for zero voltege, from each reading, The horizontal
force due to the deflection determined by the cathetometer, calculated
fram a calibration curve, is tebulated in column 7, The horizontel
force due to the weight noted in column 2, and calculated from the
trigonometry of the suspension triangle is given in column 8, Column
9 is the sum of columns 7 and 8, and is the abscissa of the curves of
Figure 12, pege 53, Column 10 is (Tertiary Coil Volts) squered and
divided by 1000, It is the ordinate of the curves on Figure 12, On
this figure the set of date is plotted as the curve next to the top

one, that is, for Spacing = 99,1% of diameters
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Working Graph of Force and Voltage lieasurements





