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111. The Dielectric Stretigth of Air. 
By ALEXANDER RUSSELT,, AAA., I~I.I.E.E.* 
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1. I,itmlicctia,c. 
P ~ i ~ a ~ c r s ~ r s  gcncriilly nttenipt i o  dcdacc the dielectric 
strengtli of a i r ,  at  a g i ren  h r o n i c t r i c  pressiire, froiii tlie 
rcsnlts of cslxriniciiti: 011 tlic disruptive voltngcs betwecn 
cqu;il i i i d : i I  clectroilcs :it given cli.tances apart. Tliey 
cnlculntc tlie iiinsiniiini d o c  of the  electric intensity IIC- 
t w w n  tlic metal electrodes on tlie assnniptioii tha t  the 
elcctric ficltl round tlieiii is simi1:ir to  that  esist’ing at low 
vo1tng.a. Figures  obt’niiied i n  this m y  were found, great ly  
to  the di~a~l)oi i i t i i ie i i t  of the  early experiinenters, to vary 
widely v-itli the c1ist:incc a p r t  of the  electrode?. Lord 
Kelvin, however, as far back as IS60 *, deduced from tlie 
results of Ilia esperinieiits with large electrodes that  it  as 
“ most probalile ” that  the niinihers obt:iiiied i n  this imp a t  
higher yoltages woulcl lje ‘( sensibly coiistaiit.J’ An es- 
amination of tlie results; vliicli a r c  given below, obtained 
recently by electricians vi11 ,~liom tliat experiment ]Ins ainply 
justified Lord Ihivin’s  conclosioii. The nntlior finds, 1). 
con$idering esperiniental re.siiIts o l h i n e d  both nitli direct 
aii1.1 alternating presstires, that the liniitiiig ynlne to  wliich 
the nuni1)ers approxch is 38 kilovolts per centinictre. 

TTlieii the  electrodes are siii:i11, or xhen  the  disruptive 
voltages a re  only a fen- liilovolts, the numbers o1)tained in 
this vay differ largely from 3s It i lo~ol ts  per ceiitimctre. J t  
i.5 tliercfore necessary to osl!lain why this is tlie case. 
It wiil be sliovin i n  what f ‘o l lo~~s  tllnt when the electrodes are 
zni:tIl, the air surrounding tliem may hare Lrolien down and 
1Jecoiiic a conductor a t  Yoltages ivliich are only a. fraction of 
tlic disruptive Toltage. In this c : ~  luiniiious eEcct,s ;ire 
gencrd ly  observed ;;t the clcctrodcs. JVhen :i liigli altcr- 
nziting pressure, less tlian the disruptirc! voltiige, is iii;iintainctl 
I!etween sinall electrodes a few inchcs Zi!:ii+, c;icli elmtrotlc, 
when tho P.D. is sufficiently Iligli, i-  wc11 surronntlotl l ~ y  a 
faintly luminous enveloping cloud of a 1JIiiisli colour, wliicli 
appnrciitly does not toucli tlie conductor it cnvc~lo1)cs. IF’o 
i.11all c d l  this cloud thc corona. AS tlic prwsure is incronsetl, 
short violet streamers arc s(’eii icriring outn.:irtls f rom the 

* Proc , Roy. Sor. A p ~ i l  12, 1 M i O :  Reprint,’ 1). 2;n. 
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coroii:l> tlic s1):icc iiiiiiicdiatcl; outsidc i t  1JCillg tlic w i t  of 
gwit (‘loci ric:il :ictivity. At liiglier 11rw.iii*cs tlir hwi i i i e i* i  

nr(1 longer, ani1 :L liisaing noise is lieard. TVlieii the lmtciitid- 
difFercnce bc t ’mcn tlic e l e c t r o h  approaches the d i l rupt iw 
~ i l u e ,  ~i)ar lzs  take place lxtivecii them, nud finally, xhe i i  all 
thc  a i r  is 1)rokcii do~vi i ,  nn nrc is snddcn1y estxL1islied. 

XOW, wlicii Inmiiioiis c#cct.: iiiake tllcir xppemiiice, i t  is 
olwioiis tliat tlic 1)oiiiitl:iries of tlie Farntl:iy-tulxs a re  altered, 
i l l id ,  consequently, that tlic clectric field is different from 
wlint it is nt Ion- voltages. \Ye cannot apply foriiiul:~, there- 
fore, mliich hnvc becii o1it;iiiic:tl on tlie as.5umptioii t h t  tlie 
distribution of the tulm is tho same as that for low l)res.51ires. 
W e  Iiam not attetnptetl to  iIcducc forninla: which xi11 give 
the  dielectric strength of air frCJll1 the  disruptive w1t:ige 
between two electrodes ~urrooncled wit11 coi’oim, as tlie space 
occupied by tlic brnsli c1isch:trgcs is not clcnrlp chhiccl.  
There are rnaiiy cases, I io\xver ,  ~ ~ I i c . i i  there arc  n o  luminous 
effects and  v-liere a tli.wrii,tiT-e discharge enPae5 tbc iiio:iiciit 
that tlic dielectric stress attaiiis tlie 1)reaking-clo~~ii vn! ii(?. 

W e  have cleducetl tlic dielectric s t rength of a i r  froiii tlic. 
experimeiit:il rt>,qiilts obtaiiietl in tlie,se cases. 

Many e1ectrici:iiis coiisider tliat n clisriilitire (.li.sc!inrge 
always occiirs the moment tlie electric stress at any point of 
the  dielectric betwceii tlie two electrodes attain: :L certain 
maximum valuc. I n  what follows, l i o w ~ ~ c r ,  n-e sliow t h t  in  
many cases, when soiiie of tlic air  rounil 211 electrode 1 ) i ~ : k ~  

down, t h e  iicw value of the ‘‘ innsiiiinm electric intensit? ” 
a t  tlic Lonn11:iry of tile brokei~-dowti air i;; Icss tbnn tliti ol(l 
v:iluc a t  tlie boi~iidary of tlie metnl, ant1 so tiicrc is eqiii- 
lihriiiiii, a coroiia being forintd. 

The exl11nn:~tion of tho c t r j i i i g  numbers ol)tainetl n.lieii 

large electrotlcj a rc  ueetl :incl the  disruptive voltage+ coli- 

sidered are siiinll, is more ilifficult. TYheii the niii~itiiuiii 
distnncr ,?: between the cloctrodrs is lcss tlian 3 p ,  the  s1);irliiilg 
potciitinls arc 1)rnctic:illy iii~1c~)eiiileiit of the nntnre of t l i v  
g:is lJCt\Veell tlic elcutrodcs *. Siiico tlic ni:itci.inl of‘ I Y I I ~ V I I  
the electrotlcs is n i d e  cscrts :in i t i ipr ta t i t  i i if i ici i i~ 0 1 1  tlic 

Snl;t.ll jrL\I1Ies of tl l i .  latter.’’ 
* C;. 31. IIobl,~, ii The Rc1:ition betn PCII  l’.I). nllcl  Spnrlc-lt~ll$li for 

Phil. N L I ~ .  [ G ]  s. 1’. ( i l 7  ( I k c .  1 5 U ~ ) .  
1.: 2 
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sparlting potential V, at these small distances, i t  is highly 
probable that the carriers of the discharge come from the 
inetal and not froin the xis. F o r  a certain distance greater 
than 3p, G. lf. Hobbs finds in some cases that V remains 
constant and equal to the minimum spark-potential which in  
air is nhout 350 volts *, For slightly greater distances V 
increases u~iifornily with x. 

It is obviow, therefore, that when the electrodes are very 
close together, we cannot assume that we have a homogeneous 
medium bonnded by rigid equipotential surfaces. Hence, as 
the equipoteiitinl surfaces are unknown, we cannot apply the 
ordinary electrostatic equations. For these reasons we have 
in the following paper only considered experimental results 
obtained for values of t greater than ono millimetre. If we 
had only considered distances greater than half a centimetre 
(oae fifth of an  inch), it wonld have been unaeoe~sary to 
make any assumptions about the actions that take place at 
the end of the tube subjected to the maximum electric stress, 
as the maximum values of the electric intensity, at  the 
instant O E  discharge, are foniid to  be in satisfactory agree- 
ment. I n  order, however, to  iiiclude in our forinulce the 
sparlring potentials for values of 9 lying between 0.1 and 
0.5 cm., we have found that i t  is necessary to malie the 
follo~ving azsumptioii. At the moinent of the disriipti> e 
discharge, the pressure on the ends of the Faraday tube 
subjected to  the maximuin stress is V-6, where e represents 
what we s1i:ill call the lost volts. When the electrodes are 
surrounded with corona3 an assumption of this iiature muqt 
be made t, but in this case E will be a function of V and 2. 

Tn the cases we consider we assume that E is constant and 
equal to 0.8 of a kilovolt. Naking this assumption and, 
for reasons given above, only considering experiments with 
large electrodes, at appreciable distances apart, we find that 
the maximum values of the electric intendty at the moment 

* The Hon. H. J. Strutt, (‘ On the Least Potential-Difference required 
to  produce Discharge through Various Gases.” Phil. Trans. vol. 193. A, 

t H. J Ryan, (‘The Conductivity of the Stmosphere at  High 
Voltages.” Trans. Am. Inst. El. Eng vol. xsiii. p. 101 (1904). 

p, 577 (1899-1900)- 
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of the disruptive voltage is practically constant for distances 
varying froin a inilliinetre up  to 15 centimetres, and for 
voltages varying between 4 and 160 kilovolts. 

2. IAstoricul. 
Kemly all experimenters have used equal spherical elec- 

trodes. I t  is therefore necessary to  be able t o  write down at 
once the value of the electric intensity between two spheres 
whatever inay be their potentials. Kirchhoff * in a yery 
valuable paper has shown how to obtain from Poisson’s t 
c.ju:ttions an expression for the imxiiii uin value of the electric 
intensity in the forin of an infinite series. Unfortuiiately 
this p p e r  can only be understood by those wlio are 
thorouglily faniiliar with Jacobi’s theoreins i n  Elliptic 
Functions, and so the important results contained in i t  are 
known t o  few physicists. I!i 1890, Professor A. Schuster $ 
published a table giving the value of the masimuni electric 
intensity Letweoil t w o  spheres when one was at poteutial V 
and the other at potential zero. H e  gives, however, no proof 
of the formula, merely referring to  IGrchhofYs work. He 
reduces the infinite series formula for the case of two spheres 
close together, given by Iiirchhoff, into a rumarlrably simple 
algebraical forin, and shows that, when the spheres are at 
potentials V and 0 ,  it  applies with suficient accuracy for 
practical purposes up to a. distance between them equal to  
one-fifth of their radius. I11 what follows it will be shown 
that this IGrclihoff-Schuster formula. applies with very con- 
siderable accuracy, when the potentinls are +V/d and -T7/.), 

up t o  a distance apart equal to their radius. This iu proyed 
by actually calculating the values of the series, as it  is 
difficult to see froin Iiirchhoff’s method of proof what are the 
limitations of his formula. By considering the equipotential 
surfaces round two particles haying equal and opposi to 

Ueber die Vertheilqy der Elektricitkt auf 

Sur In Dihibution de 
Read 9th May itiid 

The Disruptire Diacharge of Electricity through 

* Crelle’s Journal, 1860, 
zwei leitenden Kngeln,” p. 89 ; Gesnmnielte Abhnndliwgen, p. 78. 

t iWhoires  de l’lnstitut I?qx’rinl de Frame, 
l’Electricit6 h la Surfrtce des Corps Condu;teurs,” 
3rd Aug. 1812. 

C;~ics,” I’liil, 3111;. ~ o l .  ssis. 1’. 102 (Fell, lS90). 
1 A. Schuater, 



j 1. 

charges, the author shows how the fiwt two teriiis of‘ the 
Iiirchiioff-Scliuster foriiiuln can be fomid very sinlily. 

Professor A. I-Ieycl\\-eiller +: carriccl out :I r;iloable set of 
espcriiiients on sp:irl;ing clistmcc,s in 1 S Y d .  He also uses 
Iiirclilioff’s forinnla wifhout, however, 1)roi-iiig it. Tables 
of the nninerieal values of the electric intensity when 
the spheres are various dist,:iiices apart and vl ien they 
are at eqiid and opposite potentials are calcalatcd. The 
formula: are applied to hid own exlieriineiitnl results, but 
as lie docs not, iliscrimiiinte between the cases when they 
are anil wlien tliey are not applicable, ancl neglects the ‘ lost 
volts,’ the results w r y  widely. The erlieriiiiental results 
analysed in Table TI. below are talien froin this paper. 
I n  IIascart aiid Joubcrt’s ‘ Leqons sui- l’Electricit6 et le 
Dfngnetisiiie,’ vol. ii. 1). 610 (1S97), n lieat proof of n series 
fonnula for the  iiiasiiiimii electric intensity between two 
unequal spheres is indicated. Iiirclihoff’s results are also 
quoted, ancl the forinnlie are applied with, howerer, iiicliffereiit 
success. 

In this paper the autlior gives a simple proof by Iielvin’s 
method of iiiiages of 1GrcliliofT”s series forinnla. H e  shows 
by eleiiieiitary algebra tlint it can lie esi)re,wil quite approxi- 
niatcly enough for :dl p c t i c a l  p rposes  Ly :L siiiiplil f o r m u l : ~  
He lins also calcu1:itecl coiii1)lete tables wliicli eiinl.)le any one 
to \Trite Clo~vii a t  oiice the mnsimum value of the electric 
intensity between two e q i d  spheres vlintcver i i i : ~ ~  be tlieir 
potentinls. 

In  soiiie of the crperiinen ts iiiinlysed l d o w  cyliiidrical 
electrodes are used ; i t  is tlierd‘ore nccewry  to get the 
foriiiola for tliis c:ise also. I t  will, however, bo inore in- 
i;tructive to coiisicler tlie w r y  siinplcst in:itlicniatical cases 
first, ancl thus we sliall be able to form n clearer picture of 
die plieiioiiieiia tliat linplieii in the  iiiore clifficult practical 
crises. 
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radins of the inner splierc be a and the inner radius of the 
outer spherc be L,  we have 

where v is the potential at a distance T from their cominoii 
centre, and q is the charge on the inner sphere. Hence we 
easily find that 

d?: Val, 
d~ - 7'" ( b  - (1 j ' 

--- 
where V is the P.D. between the spheres. Nom dz)/d)a has 
obviously its inasiinuin value It,,, when )*=a, and thus we 
have v b r,,= (q3' 

If we siippose t1i:it It ani1 V are fixed ani1 (I IS A vnrinble, 
we see that R,,, increa,ses froni a = 0 to a = L / %  and diiiiiiiishes 
for greater ~alocc; of a. Hence, if a be greater than h/2  and 
we gradtially iiicre:ise TT, t h o  moment the electric iiiteiisity 
ntt:iius n certain value the air iiiiiiieiliately in coiitnct with 
the inner sldicre brc:iks cl0\7-n niid becomes conducting. The 
electric intensity :it tlic s i ~ r h c o  of tliis stratmi of eontlncting 
air roiiiitl the inner >l)liclr(: will lie greater than the old 
iiiaxiiiiiiiii electric intc!n$ity, ant1 lielice a new stratum vi11 
be Lrokcn do\wi. It i:, uiilikcly that tl;e liounclarics of the 
strata siicccssivclj I,rol;eii dow11 will be exactly spherical, 
but' n i i ~  1:ick of s ~ i u i n e t r y  wil l  :iccc>lcrnte the discharge ancl 
an arc h twecn  the two  sl)lieres will certainly be establishecl. 
Tlins wlicii a is grenter than 11jS the sparkiiig voltages 
betireeii the tn.0 splicrcs iiiag' be usecl to calcnlate R,,,. the 
dielectric strength OE air. 

On the otlier hantl, if CI be less tlinii l i / 2 ,  nii increase in its 
mlue will d in i in i~ i  R,,,, and thus ccliiiIiIiiiuii is possible with 
a coucluct'iiig strntuin of a i r  ~-ouncl the iiiiier SiJhCl'e. The 
outside oE this strstiiiii is whit  we call the corona. As tlie 
voltage V is iiicrenretl the corolla g r o w  until its radius is 
nearly eqii:il to L/2> wlicn n disru1)tix cli&irge will ensue. 
We scc tliereforc t h t  the size of the iiiiier sphere has no 
practical eflect 011 tlie clisrupti7-e voltage provided that its 
radius LO less than 6/d. 
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When the radius is greater than b / 2  we should expect no 
luminous effects until the final discharge took place. This 
would occur at the iiistant when 

V-E b R”,= * - J  
-U U 

where c represents the lost volts. 

4. The Elect& Aztensity inside a Concentric Matt. 
Let  us now consider the important practical case of a con- 

centric main. A hollow conducting cTlinder of inner radius 
b contains a coaxial conducting cylinder of radius a. If the 
cylinderR be separated by air, the electric intensity R at a 
point P in the air at  a distance r from the axis of the 
cylinders is given by* 

dV V 
t k  7’ log ( 6 , ’ ~ )  ’ 

where V is the P.D. between the cylinders. 
its rnaxiniuin value R,,, when ~ = a .  

R=---,-- 

R lias obviously 
7A7e also have 

if V and b remain constant. Hence, if a be less than hjc, 
where E is the base of Neperian logarithms, R,,, will diminish 
as a increases. When 
the radius of tho corona is nearly equal to b/e a disruptive 
cliscliarge will ensue. 

If the radius of the inner cylinder be greater than b/s, a 
disruptive discharge ensues whenever the intensity at the 
surface of the inner cyliiider equals Rm&x.. This mas verified 
roughly by Gaugain t. 

The same formula: apply when the dielectric coefficient of 
the insulating material between the conductors is not unity. 
We see, therefore, that the <‘ factor of safety ” of concentric 
mains is not necessarily increased by diminishing the radius 
of the inner conductor. This result is of considerable prac- 
tical importance. 

* Russell, Xlteimting Currents,’ vol. i. 1). 95, 
t .4/1uda de Chimie et d e  Physique, viii. p. 7 5  (18%). 

In this caqe a corona will be formed. 
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5. The  Covonu T O U ~  a Cylinder. 
The luminous effects produced when a cylinder is main- 

tained at  a very high alternating potential from earth have 
been investigated experimentally by E. Jona*. He found 
that a cylindrical wire supported by high-tension insulators 
becomes luminous when the voltage between it and snrround- 
ing objects attains a definite value, which depends mainly on 
the diameter of the cylinder. The corona in this case is 
practically a concentric cylinder, the diameter d of which 
varies with the voltage V. I n  the following table V is in 
kilovolts and d is in millimetres. 

TABLE I,-E. Jona’s experiments on the diameter of the 
corona round a thin wire at  various voltages. 

~- 

From 1 to 15 millimetres V i s  given roughly by the equation 
V= 30 + 12d. 

It will be seen that the diameter of the corona for a 
pressure of 18 kilovolts is 0,025 cin. Thug if the diameter 
of the wire is less thaii 0.025 cm , in a dark room it nil1 be 
seen surrountled with a corona when the pressure between it 
and the eilrth it greater than 18 1tiloT-01th. Approaching a n  
edrthed conductor to  the wire will increase the luminous 
effects. E. Jona found that the diameter of the corona was 
1.5 cm. whether the wire were 0.01 or 1.4 cm. in diameter, 
when the pressure w s  196 kilovolts. 

6 .  The Stress in the Dielect?*ic rozind Two Pas.ticle8 liuviny 
equal niid opposite charges qf Electricity, 

Let there be :L charge + q  of electricity at 1’ (fig. 1) and 
The potential v at a point distant v1 and 

v=q/q-q/rz. . . , . , . (a) 
The locus of the points, the bipolar coordinates of nhich 
* E. Jona, Elett,4cisticJ Rome, xiii. pp, 113-116) April 15, 1904; 

it charge -q at N. 
Y~ from P and N respectively is given by 

Science Sbetrctcts, vol. vii. R, p. 605. 
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d i - f y  the equation (a )  for a given i d n o  of U, will give the 
surHice on which the poteiiti:J is U. I-Teiice tliese surface3 
(fig. 1) caii be easily constructed. We see that the equi- 
poteiitinl surfaces near  P aiid N are practically spheres. 

Fig 1. 

Equiyoteiitinl surfiLcos rouiic! t w o  points liaying equnl and opposite 
charges. 

Heiice the equipotential lines s l i o ~ ~ n  iu the figure nre all- 
proxiiiintely the wine as those of two spheres at a considerable 
distance apart. 

Let Tr/2 alii1 -V/'2 be the potentials on any two equal 
equipotential surfaces eurrouncling P and N rcspcctiT-ely. 
W e  slinll find a forinuln t o  detertiline tlie niasiiiium value of 
the electric iiiteii.sity 1)etween thcse two surf'nce,?.. li'rom 
syininetry the iiinsiitiuiii r7:i~uc O E  the electric inteusity R,,, in 
tlie i;l):ice bctwecii the two  will Le at tlie points A :incl 13, 
~ ~ I i e r e  tho line joiiiiug P a i d  N cuts the surfaccs. If 
PN = d and PA= U, we have 

TT I /  11 - - - - . -. 

2 - U  0 - U '  
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wliere , / a ,  wliicli equals (1- 2a, iy the  iiiiiiiinuin clistancc 
I)ctivcea the two surfhce.j :uid,f is given b y  

1 f = 4(1 + J / C L )  + * . . (c) 2(1++) - * 

S o w  T7/x is tlie average w l n e  of tlie electric intensity along 
tlic liiic joining tlie nearest points of the  surfaces, and is the  
nuinher nhicl i  electriciaiis ordiiiarily give as a measure of 
the  dielectric stress on tlic iiisuloting medium. W e  see that  
f is tlie factor required to coiirert this iininber into the maxi- 
muiii electric intensity. 

Klieii , r /u  is large the surface are very approxiinxtdly 
spheres of rndins n, aiid (c) caii therefore be used to  calculate 
the  value of ,f for two spheres mhen their distance apar t  is 
large coiiipnrecl with tlie rnclius of eitlicr. 

TVheii z /u  is siiiall TI-C caii sliow that 

t' = 1 + *r/3p, , , * . . I (4 
approximntely, where p is tlie radius of ciirvatnre of the 
equipoteiitinl surfacei at tlie points where the intensity is :L 

mnsiiiiuiii. T'i'e should expect tlicrcfore that, if' T T ' ~  had two 
sphercs t h e  radius of cncli of nliicli was p, ( d )  ~ o i i l t l  give 
tlic value of,f npproxitiintcly wlien x /p  wns siii:ilL W e  shall 
,.lio\v h t c r  on  tliat ( (1 )  g i x s  the vnluc of , f  in  thi. case, to an 
ac . c i i l ny  of' onc' in :I tlionsniicl \\-lien ,c/p i q  0.1 or less. Even 
~ 1 1 c . n  . r /p is unity tlic error i:: only abou t  2 11cr cent. 

Tlie tn-o tcrms given 011 tlie rigIit-h:uncl side of (d) are tlie 
f i r>t  two terms in tllc iiii1)ortaiit I~irclilioff-Scliu,~ter formula 
quoted Lclowv. 
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bouring conductors. We  suppose that these other coiiductoi*.j 
are so far away that they do not appreciably affect the distri- 
bution of the tubes in the field between the two spheres. 
NOT, if the spheres be reinored we shall show that this field 
can be exactly reproduced by a series of point charges ~ ~ h c e d  
at definite points on the lines AL and BM (fig. % ) ,  The 

Pig. 2. 

M 

A,B=d; A,L =BJI=u ; l ,N= .~=d- r?~~ .  

point charges will have tlie spherical surfaces X and Y for 
the equipotential surfaces VI and V2 respectively. W e  can 
therefore write down at  once the potentials ailcl the electric 
inteiijities at all external points. 

W e  shall first consider tho series of points Al, A, . . . 
B1, B, ,  . . (fig. 2) which are coiiiiected by the following 
relations, 

BA1, BB1 = c? = A,A2. AlBl 
BA,. BB2 = U' = A,&.  All$. 

We  see that tlie points A,, B, ; , . . A,,+l, B,,, are con- 
jugate with respect t o  the sphere X aiid the points 
B,, A, ; , I . B,,, A,,, are conjugate %ith respect to tLu 
sphere Y. Let 

Al A 1 , + l = u , , + l  and B B,,=U',~, 
then the above equations inny be writteii 

(tl-0)2L1' = U? = lI*(d-q') 

(tl- L / z ) ' ? / ~ '  = (I? = r / a ( ( l -  I / L ' )  

. . , . . , I , . .  



I n  general, we have 

or 

This form of difference equation is well known * antl is 
readily solved by assuming that 21, = C , ~ + , / V ~ ~  + (d2-ua2)d. 
Making this assumption we find that 

ql+l + {(tEZ-22n”)ld)297,+ (u4/d7v,z4 = 0, 
a linear difference equation with constant coefficients. Hence 
solving in the orilinarg way t we get 

t‘n = Au“(u /~ -  7)” + B~”(n , ’d-  l/q)”, 

where A and B are constants a i d  

and 
29 = - 2 / d ‘ - 4 ~ ’ / ~ ,  . I . . P)t 
2 / y =  dja i- 4@-4a2/i(, . I . . (2) 

l /3+ q = d/a,  . . so that . . .  . . (3) 

’ (9 l / q - q  = 2/cl”4a“/c1. . , a I * 
nlltl 

Now when n is unity u1=0, and thus 
.z/ztl = - (d2-a2yti = - a( i  t y2+q4))1(7(1 t q * ) i .  

Substituting for v2 and vi their d u e s ,  in terins of A and B, 
in this equation we find that B = --Aq2. W e  thus find on 
substituting for ra+l and vn their values n n d  simplifying, that 

antl a7, 
11,,’  = - 

d -U,& 

* Roole’s ‘ Finite Differences,’ 3rd ed. p. 233. 
t Boole’s Finite Ditreerences,’ chnp. si. 

I have called this expression q so ns to introduce elliptic fiinction 
It is a pure number ~11d h n s  nothing to  do nith an electric n o t a t i o ~  

charge. 
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Let us iiow hnppose tha t  charges Q,, . . , QVtj fire placed a t  
the points A , ,  . . . A,, (fiq. e), ancl tlint charges Q,’, . . . Q,L’, 
are placed a t  tlie point> B,, . , . Bi,, W e  sl~all  f i 1 ~ 1  the valuos 
of these charges so tlint the potential of the yllierical surface 
S is VI aiid tlint of the spherical surface Y is zero. 

Consider the poteiitinl at a p i a t  Y’nt  n distance ci froiii P;. 
The poteiitial a t  this point will obriously Le 

If therefore we choose the ratio of Qll to oil‘ so tliat 
QJ&’ = -P’A,,/P’B,, = :i coiistniit for every point on Y, tlie 
potential a t  l” n-ill be zero, and therefore also the Ilotciitial 
of tlie sldierical surface T will be zero. Since A,, :und are 
conjugate points with respect to  the spliere P we have * 

Again, the potential at n point P cliztaiit (I from A is 
giveii by 

This will be Vi if me malie QI =Via and 

Hence iE we deteriiiiiie the charges Q1 and QiL‘ by meaiis 
of ( 7 )  aiid (8) the potential of the spherical S U I ~ ~ ~ L C ~  S will 
be VI and t h t  of the spherical surface P will be zero. 

Froiii (7)  ancl (Y), we have 

~ 

aiid thus, since Q1 = V,nl, we h a m  

* Russell, .4lteriinting Currents,’ ~ o l .  i .  1’. 101. 
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The electric intensity betwceii the two spheres will 
obviously have its inaxiniuni values R,,, at L and 11, 
and thus, 

Now by (S) 

and hence 

Substituting for ull+l and Q,c+l their values from ( 5 )  and 

The d u e  of the electric intencity R,, :it 11 is giren Ly 

Noticing that  d-u?l=2/u72' and tliat Qll/QJlf  = 
we find that 

W e  can write down the valves of R,,, and R,' when the 
spheres S and Y are at potentials 0 and Vz in a similar 
~nanner,  Hciice Ly the principle of superposition we fincl 
that the electric intenhity :it L mlicii the spheres arc at 
potentids V, and V, is given by 
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The most important case is when 
VI= -V,=V/2, and in this case 

v = - . f ,  
.I! where 

and .v is the minimuin distance between the two spheres. It 
is conveiiient to  tabulate ,f for various values of -?/a. W e  
see that is the fiictor which converts the average electric 
iiitensity in the line joining the centres of the two spheres 
into the mnsinium electric intensity. In nieasuriiig dielectric 
qtrengths electriciaiis a5 a rule merely give the ayerage electric 
intensity, a w " n g  that f i3 unity whatever may be the shape 
of the electrocleq. 

Another practical case is when one of the spheres i?nain- 
tained at zero potential. In this case let us suppose that 
V1=V, mid Vz=O. Hence by (13) 

v 
R1n= -f,, 

J' 

where 

I n  practice it is yery difficult to inakr certain that one sphere 
is a t  zero potential, and so this method of testing dielectric 
strengths is not advisable. 

mre Inny write (13) in thc form 

Thus if we can calculate the values off and f1 for any give11 
value of x/u we haye completely solved the problem. 

Whrn  V, is zrro or negatiye we see, since , f l  -.f is always 
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positive, that for a given d u e  of V1-V,, R,, has its greatest 
~ ~ a l n e  when V2 iz zero and ha4 its leait value when V,= -VI. 

W e  shall nom give inethods and formula f o r  cnlculatiog 
f and f,, and we shall also give tables of their value-. 

- 
W e  can thus easily express f in terini of y, 
and simplifying we find that 

Substituting 

?+I ~ g+?/--i !/3+y-2J/-1 

(y'-y3-3,p f AJ+ 1)2 

(y5 -y4- 493 + 3 y  + 3y - 1 ) Z  
+ e . . .  < . . . } ,  

Hence expanding by the 
binomial theorem and iieglectiiig l/y9 and higher powers of 

+ 
(y2-y -iy (y3-g-2211 + 112 

y* t y3 -3y2 - 2~ f 1 +- - - - - - - . -  

y5 +y4 - 4~'- 3$+ 3y + 1 + 

Now y cannot be less than 2. 

* Todlionter's Theory of Equations,' 3rd ed. p. 183. 
VOL. xx. F 



It vi11 be seen that the cocfficieiits of l/$ are rapidly getting 
ltirger, but it has to be remembered that j' n i u 4  equal unity 
when y-2 is zero. W e  therefore alter the above formula SO 

as to iiialw ,f== 1 when y ib 2 ,  ancl yet ilialie the espaiided 
forin of the  altered forniuh agree v i th  (IS) as far a5 the 
coefficient of l/y8. By thij  menus we secure that the formula 
(19) gil es the correct d u e  of f  when J is 2, and again when 
we can neglect the nintli term in the wries formula (15). 
Expanding y/(y-2) in powers of 1/y as far ~3 the term con- 
taining the eighth power, and substituting in (18) we get 

approximately, or 

Substituting 2 + , ~ / c i  for J, we get 

The T ~ U E  of f a r e  easily conip ted  by this forniula. For 
Yalues of ie/a lws than 0.1 or greater than 0 . 7  the error is 
less than 1 in 1000, whilst for valiies of :c/(i IJetweea 0.1 aiid 
0-7 the error is never as great as 2 in 1000. For practical 
purpo.ses therefore tlie foriiiula ( 2 0 )  gives tlie values of j ' n T i t l i  
sufficieut accuracy. lye could have ni:tde it more accurate 
by taking more terms into account in tlie expansion (IS), 
but we hare not done so, as we have found by ac tud  coni- 
piitation that the Kirchhoff-Schuster formila 

1 1 #XB 78 2 3  

3 ' u  45'UZ 537GO'cc' f= l+ -  - + -  --t---, . . 0 (21) 

iuins the heries with a iiiost gratifying accuracy until ,?/U gets 
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greater than 0.7. It therefore coinp1ctc:ly covers the part of 
the scale of our for~nula which is slightly inaccurate. The 
f o r m u h  (20) a i d  (21) therefore give the complete practical 
solution. I t  is not easy to give a si iq)le proof of (21), but 
we havc found above by eleinciitary considerations tlie first 
two terms. If we expand tlic expression (20) in powers of 

The difference betweeii the value, of ,f given by (21) and 
(20) when (r/n i c  cm111 i\ rouglily the hundredth part of x /a ,  
ant1 as f is greater th:m unity it will he seen that the per- 
centage error made by u~ i i ig  (23) instend of (21) i 5  iinnll. 

In Table 111. below the values of tlie column headed j*  har.e 
I)ecii foiiud directly from the qeriei-formula (15) + In calcu- 
lating tlii. coluiiiii I linw to ncliiiowlctlge the help I received 
from four of iny pupils, ll(~.jsr-. Hcuitt ,  Hoggctt, Rittei, and 
Taylor. 111 the second coluiiin tlie nu in lwr i  :ire cnlculated by 
(21), and in the tltiid colutnu l ~ y  (20). 

I ani iiidebted to  X r .  Arthur Berry, of Ring's College, 
Cntnbritlgc, for ~ I i ~ w i n g  iiic l1on the direct c:ilculntioii call be 
greatly simplified. The forinuln (15) ~ n n y  be written 

, I ,  (1+rlY {;;- -2 2 93; }, 
y321  ( l + y  "-l) 

f =  - 
i u * ( l - q )  4; 

for * 
K k - g  (211-1)  2 -- p- 
27r 1 1 t q ? ' i - l *  

TITe have used this theorein to check sewrnl of our rewlt9. 
For iiictnnce, when ,v/a is 0.5, p is also 0.5 by formula (1). 
Also 

= 2 p h ( l + y " + ~ + 4 ~ 2 + 4 2 0 +  . , .) 
=2)(1 +0.25+O0015625 

+0*000114+ , . .) 
= 2?( 126r i87 ) .  

* A. Enneper, EMz$tische Fttnctiu~ieiz, p. 179, 
i. A. G .  Cfreenhill, ' Elliptic Functions,' p. 503. 

F 2  
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=2-* (1-26587)2 

= 1.1331.. 

Therefore 
ST 

We thus find that ,f=1*1726, when a*la=0*5. 
Knowing the values of f we can find the values of ,f, 

easily by inems of an elliptic integral series which is quoted 
in Kirchhoff's paper. It can be shown that * 

Hence it follows from (15) and (16) that 

The values of k, IC', and K can easily be found by well-known 
Let us suppose, for instance, that we wish to find 

We have already found 
formulze. 
the value of ,fl when .?/a is 0.5. 
t ha t f i s  1,1726 and q is 0 5.  

Now t d 2 X / k = 1 + 2 ~ p " '  
1 

= 1 + 1 + 0.125 + 0*003906 
+0*000031+ . . . 

= 2.1289. 
W e  also have 

$ 421<k'/7r= 1 + 2 2 (-y p"? 
1 

= 1 - 13- 0,12503 -OuO0391 + . 
= 0.12112. 

, 

Thus IC'= (0*12112/2.1289)2= 0.00323GY 

and k = J1- k"= 0,99999. 

Hence kKK2/T2 = 0.01662. 
* A. Enneper, ElZ+tische Functionen, p. 180. 
f A. G .  Greenhill, Elliptic Functions,' p, 303, 
1 Greenhill, p, 303. 
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Thus finally by (16) 

fl=1.1726 t {9/(4 +/i) [(0*01662) 

= 1.1990. 

This agrees with the value of fi found by direct caIculation 
froin (16). 

For values of X / U  greater than unity the values of f i  can 
be computed by the reinarkably simple formula 

xi.. ~ 4. 
1 

Schuster’s values ...I 4900 

. . (24) 1 1 
f1=x/u+ - 

$/U i- 1 + (xmq(xp+T* 

I 

I-- 
d. 1 6. 7. 1 8. --_---- - 

5,172 1 6.144 7.1% 1 8.111 

6.143 7.125 8.111 I 
6.143 ~ i.125 ~ 8.111 

I 

, 

Hence it is unnecessary to tabulate the values of fi when 
X / U  is greater than 4. The first row in the following table 
is taken from Schuater’s ~~ape r ’ ,  the second row is calculated 
by the formula 

and the third row by (14). 

TABLE 11.-Values of fl. 

. ( 2 5 )  

The values of given in the I n 4  row are the correct 
values. 

For values of . E / .  greater than 1.5 the values of , j  given in 
the last col~unn are correct to four deciinnl figures. W e  
have shown above by direct calculation that the value of J” 
when $/U is 0.5 is 1.1726. The Kirchhoff-Schuster formula 
makes it 1.1724. This formula is therefore very accurate 
for values of T / a  less tlian 0.5, and thp3e are the valnes 
which it is >o  laborious to find by direct comln~tntion 
from (15). 
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TABLE 111.-Values of .f. 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0% 
0.9 
1 .o 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 
i . 0  
8.0 
9.0 

10.0 
100.0 

1000~0 

1~0000 
0.7295 
0,6417 
0.6821 

0,5900 
04093 
0,4431 
0.4202 
0,4006 
0,3820 
0,3139 
09680 
0,2085 
0.1716 
0.1459 
0.12iO 
0-1125 
0~1010 
0.0917 
OfI838 
0~0098 
Otto12 

ome7 

f b y  (15). 

1.000 
1.034 
lfKB 

1.137 
1,153 
1.209 
124.5 
1.283 
1.32 1 
1,359 
1.559 
I V O  
2.214 
2.657 
3,151 
3.632 
4117 

,',OX> 
5,586 

1 . m  

4m-1 

50.51 
50w5 

1~0000 
10336 
l O ( i i 6  
11020 ' 
1.1370 1 
11724 
1,2083 
12447 1 
12814 
13190 1 

1 

1 

1 

1~0000 
1.0343 

1,1032 
1.1381 
1,1735 
1.2095 
1,2460 
1.2832 
1.3210 
1,3594 
1,5594 
1t104 
2,2149 
2,Gi77 
3,1513 
3.6317 
4.1165 
46044 
5,094G 
5.58fi5 

i.oo8e 

In the following table for the values of SI the first colnnin 
The nest column is calculated by is taken froiii Table 111. 

the equ n t' 1011 
Lr t 4 ( ~  kk'K2 

2n ' 7T2 ' 
niicl the lait coluinn for , f l  is got by the equation 

,fj=f+A. 
TABLE IV.--Values of I; .  

from Table III. 

1~000 
1,034 
1um 
1,102 
1.137 
1,173 
1.208 
1.245 
1 

The values o f f ,  given in this table arc in  exact agreeiiient 
vith the numher,5 giyen 1,y Professor Schnstcr It. 
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9. The Dismptire f l i schuye  hetzceetz i r , o  S)lLericul Elect,.odr.s. 
The forii iuh aiid taldes given above enable us to fi11d tlie 

iiiasiinuin vnlne li',, of the iiiteasit,~ of tlie electric field 
round two sphericnl electroclpc: providcd tlint the elect,rodes 
are not enveloped Iiy coroiiz; t l int  is, providecl that none of the 
air surrounding tlicm is Irolreii clown. If no c o r o l i ~  are 
formed bcfore t h e  disi*ul)tivc: discharge eiis~ies, then we can 
c:ilcnlnte R,?, at this instalit, aiicl so f ind  I?n,2,x, the dielectric 
strengtli of tlic air .  As in the c;ise of :L concentric iliain or 
two coilcentric sldieres, it is of iinl)ortnnce to liiioiv in what 
cases coroiire c;rii lie fornied. The prdJ1cni is now much 
inore tlificnlt ns tlic c o r o i i ~  are only approximately spherical, 
the luaxiiuuin thickness of iLe Ptrat i i i i i  of conducting air 
r0111id each elcctrotle bciiig 011 tlie line joiiiiiig tile centre of' 

~unrl~tion t l in t  tlie snrrounding air is 
broken tlown to tlic siiiie del)tli a t  eyery 11oint on the surf:ice 
of eitlier electrode, n.e can f ind  nlictlicr the d u e  of R,,, in- 
creases or diminishes with this deldi.  I n  tlie f'oriner case :t 

disruptive discharge will certaiiily ensue, and CL f j t * t i o r i  i t  
will eiisue in the actual case of two sl)herical electrodes, as 
the actual brealrdo\vii begins at the ceiitre of the spherical 
face, raising, as it were, a sinal1 blister at that point, and SO 

R,,, must be greater owing t o  tlie greater cnrxtture. 
When the distance between the spheres is greattc3r than the 

radius a, we haw,  t o  an accuracy of 1 in a 1000, 

the two spllcres. 
If we 111altc the 

Rji, = { a< 1 i- ,c/.) +a/( 2 5 ./a) 1, .c 
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If the spheres be not further apart than twice their diameter 
we should therefore expect n disruptive discharge to ensue 
the moment R,, became R,,,. For large spheres, experiment 
shows that this is the case up to a distance apart equal to 
about three times their diameter. For greater distances apart, 
the moment R,,, attains the value R,,,, the air in tlie neigh- 
bourhood of that point is broken down and a partial corona 
is formed, the valne of R,, a t  the surface of the corona being 
less than R,,,. Iu. these cases, as the equipotential surfaces 
are no longer spheres, we cannot apply our formulie. 

10. TJte Ma,z.iinuin Elect& Intensity between a Sphere 
and a Plaiie. 

image of the sphere in the plane, that 
When the plane is at zero potential, we see, by taking the 

R,,,=(V/x)fj,  . . . , . (26) 
where ,f j  is the value of the factor f given above correspond- 
ing to 2z/a ; .?’ being the least distance of a point on the 
sphere froin the plane and a being its radius. 

11. The MuLci))wn Electric liztensity between two infinitely 
long pnmllel Cglinders. 

Let LIS consider the value of the electric potential at points 

Fig. 3. 

L 

CD=d=the distance between the axes of the two parallel cylinders. 
LN =E= the niininium distance between the cylhders. 

rt = the radius of either glinder. 
A and B are inverse points. CA , CB= CL*=DA , DB. 

between the two cylinders, the sections of which by the 
plane of the piper are shown in fig. 3. If y and -9 be the 
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charged per unit length on the cylinders the axes of which 
pass through A and D respectively, the potential w at any 
point P esternal to them is given by 

W =  -29 log (AP/BP), 

where A and B are the inverse points of the circular sections. 
The maximum values R,,, of the electric intensity will be at  
L and M. The potential at any point p on CID will be 

21 = - 21 log r + 29 log (c - r ) ,  

where r is A p  and c is the distance AB, Hence 

R = % + Y .  
r c--r 

Now R has its maximum value R,,, when r is AL. 

where tx is the miniinuin distance between the cylinders. 
Now, we have * 

v 
9= q z T . i ) / q - j  

where 

and 

where V is the potential-difference between the cylinders 
and c2 = d2 - &aa, 

Hence we have 
v c/3a 

v 
R,, = 2 log { (d + c y 2 0  1 
- - - I ;  6 ,  

* Russell, ' Alternating Currents,' vol. i. p. 103. 



V:ilucs of 1' are given i n  the followiiig table :- 

12. The Disiwptire Discharge bet lreeii Y i c o  Puvallel 
Cy liiitlers. 

It is vel: k n o n q  i n  practice that when me h a m  two parallel 
wires with a liigli l'.D. bet.weeii tliciii, then i n  certain cases 
coroiiz e n v e l o l ~  the vires .  TYlieii they are closc together, 
howe\-er, this effect is not prodnceil, a disruptive Lliscliargtl 
occurring directly tlic I'.I>. ntt;hl.s a c e r h i n  value. It is 
iniportnut therefore to Imow w1i:it distance apart tlic wires 
iiinat be in ortlcr that coroim can lie foraled. 

If we asstiiiie that  ,sec 8=d/2a, we find that  

I<,,,= __ ~. 
v tall e 

1 -COS e )  ' log (ta11 B + sec e) . 
Let  d be constant' aiitl let LL vary, then, solving the equation 

cl1IIII/d6'=O, we find that 
sin 4' 

log t'an (4.1 + 612) = sillstl-ziG-d, 

Tvhen 0 is nc~nrly 70° this equation is satisfied, a id  in  t,his 
CRSC t l =  5-85  CL nearly. 
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Heiicc innliing the awinptioii  tliat the corona: are q l i n -  
clrical in shape, we see that R,,, diminishes as a i nc reaw 
when d is greater than 5.85 a. In  practice, tlicrefore, \ye 
>honld not expect corona: to he forined when the wires were 
at a less clistancc apart than about three times tlieir diameter. 

13. The Apylicntion of the Form& to  Ezperimentul Results. 
I. WITH D I R E C T  PREYWRES. 

(i.) Lord K e l t  in’s tes ts  zoitli l a y g e  electvodees. 
Lord Kelvin” was the firGt to nialie accurate teatc on the 

disruptive voltages between electrotlei in air. H e  found tliat 
the apparent dielectric strength of a thin stratum of air \5as 
much greater than that of a thick one. The apparent 
dielectric strength in our notation being yf/,r, v e  have 

V f / < e =  R,u,, + 0.8 f f<i>,  

where V is in kilovolts, and R,,,., the dielcctric strength of 
air, is x constant. I n  I h h i n ’ s  experimenti,? mas 11r~cticnlly 
equal to unity a t  all distance&, and thus V/.e increases rapidly 
as ,v diminishes. 

From his esperimentnl result i t  Lord Kelvin concludes 
that a battery of 5510 Daniel1 cells could produce a *park 
between two slightly coiiTes electrodes n hen the minimum 
distaiicc betneeii them mat 1/8th of n ccntinietre. Taking the 
E.1I.F. of a Daniel1 cell a 5  1-07 volts, this makes the 
dielectric strcngtli I<,,,, of air t o  be 40.8 kilovolts per 
ceiitilnetre ; a result which i3 only about G per cent. higher 
than the number we give a. thc average value of R,,,. 

(ii,) A. Hsyclneiller. 5 c m .  q i h e w s  (1.5 c ) ~ .  ~ n d i u s ) .  
In the valuable paper by A. Heyclweiller, published in the 

An7~aEen dei* Pkysii i  u d  Chemie ,  vol. xlviii, p. 785 (1893), 
there are inany tnLlcs of‘ cparlring-tlistances given hoth 
betweeii equal a i d  uneqiial electrodes. We consider inerely 
the last table he gives, and we choose the 5 centimetre 
spheres as being lilrely to  give the inost accurate results. 

9 Proc. Roy. Soc. 1860, 01s Reprint,’ p. 24. 
f I’roc. no!, Soc. Apiil 12, 1860, p. 259, 
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The lieight of the barometer was 74.5 cms., and the tempera- 
ture 18’ C. during the test. The columns headed s and 
V are taken from Heg’dweiller’s paper, fi is calculated by the 
forinulae given above, and R,,,. is found by 

= c (V - 0*8)/‘(.’)f,. 
V e  hare assnrned tliat the potentinls of the spheres are 

V ani1 0 a t  the instant of the discharge. The results seerii 
to  indicate that this was not the case when the clcctrodes were 
at  their greatest distaiices apart. 

1.0 
1 *I 
1 .a 
1 3  
1.4 
1.5 
1 *6 

TABLE VI. 
Heydweiller’s test with 5 cin. spheres ( a = 2 . 5 ) .  

o;=ciistanoe apart in c m .  V=disruptive pressure in kilovolts. 

0.40 
0.44 
0.48 
0 5 2  
0.56 
0 6 0  
0.64 

0.6 0.24 ~ 1,081 
1.102 
1.110 
1 ,I 32 
1,150 
1.169 
1,188 
1.209 
1,231 
1.253 
1.277 

~ ~ 

V (observed). 

18.38 
21,60 
24.54 
2733 
30.09 
32% 
3.555s 
38,31 
41.01 
4368 
46.23 
48.66 

--__ Rmax. ( c ~ c . ) .  

37,5 
37.5 
37.3 
37.0 
36.9 
36.9 
37.0 
37.0 
37.4 
37.7 
37.9 
38.2 

Tlie mean vaIue of the nunibers in the last column is 37.5, 
and none of them differ from the meail value by as much as 
2 per cent. Hence this experiment gives 37.5 kilovolts per 
centimetre as the dielectric strength of air. 

(iii,) J. Algermissen. 5 C I I L  spltews ( a = 2 * 5  cm.). 
In the following table the values of .t and V are taken 

from Dr. Zenneclr’s work ‘ Elektromagnetische Schwingungen 
und Drnhtlose Telegraphie,’ 1905, p. 1011. They are due to 
J. Algermissen, and are deduced from the average of the 
 dues obtained on different days under varying conditions. 
We have assumed that the potentials of the electrodes were 
+V/2 uiid -V/d respectivcly :It the instant oE the discharge. 
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As the results in the last  coluinii are very approximately 
constant our n w i n p t i o n  i i  justified. 

TABLE VII. 
J ,  Algcrmissen. 5 cin. sphercs (a= 2 * 5 ) .  

s is ineasured in C I I ~ E .  and V in kilovolts. 

X. 

1.6 
1 .I3 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
3.5 
2.6 
2.7 
3 9  
2.9 
3.0 
3.1 
3.8 
3.3 
3.4 
3.5 
3.6 
3.7 
3% 
3.9 
4.0 
4.1 
4 2  

jycalc.). -__ 
1,206 
1.225 
1,238 
1.250 
1.268 
1,286 
1,296 
1.312 
1.326 
1.342 
1.360 
1,374 
1.300 
1.406 
l.+P1 
1.487 
1452 
1.469 
1.484 
1 .boo 
1.515 
1.533 
1549 
Id66 
1’583 
1.599 
1616 
1,638 

3G.6 
36.8 
83.6 
36% 
36.7 
36 8 
37.0 
369 
37.0 
37.0 
37.1 
37.0 
37.0 
37.0 
37,0 
37.0 
37.0 
37.0 
37.0 
37.0 
37.1 
37.1 
3 7 2  
37.3 
37.3 
37.4 
374 
374 

The ineaii of the values of R,,, in the last coluinii gives 
the dielectric strength of air :ts 37.0 kilovolt? per centimetre, 
and the greateqt difference between nny of the calculated 
nuinbers and this value is only about one per cent. It will 
be seen therefore, that the agreement betweau theory ailcl 
experiineiit is quite satisfactory. The three fiml valnes for 
R,,,. obtained in  this table cloqely ngree with the mean of 
the values we deduced from Hcydweiller’a test. Consiclerable 
weight, therefore, must be attached to the results of these 
experiinents in deterniiiiing the value of Rmax,. 



(iv.) J. Joubwt  and G. Carey Foster. 
2 CUZ.  s p h e w s  ( n  = 0.5 S: 1). 

In Foster ant1 Porter’s (Jonbert’s) ‘ Electricity ancl Mag- 
i i d i m , ’  p. 1%) tables of the si~arlriiig-clistaiices between 
1 criitiiiietre xiid 2 centiiiietre spheres are given. The 
rcsults fbr tlic 1 ciii. spheres are t : h i  froiii Joubert’s l i u i t d  
e‘/e‘tielitcii/v t l ’ t l c c t / ~ i c i ~ d  (2nd edit.), aiid tliose for  the 2 cni. 
spheres were oLtaiue(1 by G. Carey Fogter. An aiialysis of 
tlie table for tho 1 centiiiietre spheres slion-s that if we 
cnlculate R,,, for ~1):irliiiig-distaiice~ of 5 ,  10, and 15 cins., 
oii the assnnil)tioii that the air round the electrodes is not 
brolreii donn  t o  any appreciable deptli before the discharge 
occurs, the i-:ilLie,s are iiiucll too I:trge. Tliis is in accord with 
tlie conclu&.m of $ 9. The iiienii of tlie values up to R 

d i s h i c c  of 2 c111,>. :il):irt ilialies 43,s. The iiienii of tlie 
valuea for tlie 2 cm. spheres iiinlics R,,,, 42.9, 

1 c m .  ancl 

(v.) e. Hospitdier. 1 c m .  sphews .  
Ai1 analysis of die eq)eriniental resiilts gireii by fi. Hos- 

pitalier in the Fom~~Zaiw d e  Z’&ect&ien, 21st jenr, 1904, 
1). 289, for the ~parliiiig-di~taiiccs between two electrodes, each 
one ciii. in  di:imeter, sliou-s that the iioteutials of the spheres 
are not + V/2 :iiitl - Vi2 at the i i i s h t  of the discliiirge, The 
valuca of 13mclx, cdcnlated 011 this awiiiiptioii cliiiiiniali stcadily 
f r o m  tlic ~i i : is i i i i~i i i i  value 44.1 whcn the ~ ~ i l i c r e s  are 0.6 of‘ a 
ciii. :tp:irt to  40.0 when they are 2 ciiis. apart. The ralucs 
of ,I; howerer, are little affected Ly the absolute values of 
the potentials of tlie electrodes, Iroi-itlcd that z / c i  is not 
gi-enter thnu 0.3. Taliiiig, therefore, tlie 11i~aii of the fimt 
tlirec results given, we find that is 42.2. 

(vi.) Conipagiiie de 1’Iiidnstrie Blec trique. 
Plate mi l  sp l iew.  

The Compagiiie de 1’1iiclustrie filectrique et 1\4e’caiiique 
hnvc published tests * 011 tlic disruptive voltages between n 
plate aiid a ball. 

:* Turner and Hobnit, Iniiuli~tion of Electric IIRchineP,’ p. 33 (1905). 



TABLE VIII. 
Coinpagiiie de 1'Industrie filectriqne. Plnte  and 2 cm. 

i ! ,  

bull. 

I t  will be seen tiint R,,,,. i j  Lrginning to increase rapidly 
(sec $ 9). The  i n m i  of tlic first four \ d u e s  gives 45.G kilo- 
Yolts per centimeti~c :is the dielectric strcngtli of air. I n  
practice tlie plates used are  not large, ancl so we are  only 
justified in  using our for11iuln for fp vlien the 1)l;ite ant1 the  
h I 1  are  close togetlicr. We do not nttacli niac~li importance 
to  tliis k t .  

11, WITH ALTERXATIXG PR 
(i,) C!, P. Steininetz. 2 inch sphew.(. 

I n  a paper on t h e  '' Dieleciric Strength of A y , "  pul~lislicd 
i n  the  Transactions of tlie American Institute of Electrical 
Engineers, vol. U. 1). 281, l'rofc.s.or C. P. Stcininetz gives 
the rrsults of an elaborate ant1 cnref'iil research on tlie tiis- 
ruptiv-c Toltages Letween I)ointed, splicricnl, aiid cjlinclrical 
c~lcctroilcs. A1tern:itiiig voltage was used of f i q u e n c y  125, 
:uid tlie shape of tlie wave v a s  p~: ic t ic : i l I~ identical with 
n sine curve when x particular siiiootli-colt :ilternntor i\-;is 
uscd. The ratio of' the  masiinuin to tlie eEective Yoltage in  
all his esperimcn t s  v i t h  this iiiacliine was practically 1-42. 
The spherical :ind cplindrical elect'rodcs were put  in nitrate 
of mercury and then rubbed with a clean cloth. W i e n  this 
was done il was found t'hat the disruptive discharge, for 
a given distance apar t  of the  electrodes, always took place at  
the same voltage. If the electrodes were nierely polished, 
then nt small distances apar t  the results were yery erratic. 
The accnracp of the  results obtained probnbly lies ne11 within 
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4 per cent. in most cases. I n  the experiments the barometer 
varied from 75.2 to  76.2 cum This variation introduces an 
uucertainty of about one per cent. The voltmeter readings 
may be one per cent. out,  and there inay be a one per cent. 
error i n  determining the ratio of the masimum to the effective 
potential-difference. An error is also due to the moisturo 
in the air. When 
the electrodes were immersed in ‘‘ live” steam at atmospheric 
pressnre, the effect of the steam v a s  to increase the apparent 
dielectric strength of the air, R greater voltage being required 
to produce the disruptive discharge. As pressures up to 
160 effective kilovolts were employed, the sparking-distances 
were large and could be measured with great accuracy. We 
should expect that, with these high voltages, our formulre 
would apply with considerable accuracy, as the disturbing 
effect of the cathode glow would Le sninll and the field 
would be appwxiinatelp symmetrical. 

I n  the following table the resulls of tests when the 
electrodes were spheres 2 inches in diameter aro analysed. 
The columu headed R,,,. gives the values of the dielectric 
strength in liilovolts per centimetre, calculated by the formula 

This, howerer, was found to be small. 

R,,,={ (1*42V-O*S)/~)f. 

TABLE IX. 
2 inch spheres ( a = 2 * 5 i  ciiis.). C. P. Steinmeta. - = 125. E/V = 1.42, where E is the maximum and 

V tho effective value of the alternating voltage. 

s.95 
15.9 
26 7 
51.0 
65.2 
70.8 
83.8 
94.0 

102.0 
101.5 
1OBO 
114.5 

1 ............ 
2 ............ 
3 ............ 
4 ............ 
5 ............ 
6 ............ 
7 ............ 
9 
a ............ 

. . , I , . , . . I . . 
10 ............ 
11 ............ 
12 ............ 

39.0 ~ 

37.1 ~ 

34.7 

38.3 
37.9 
38.9 
36.7 
39.9 
38,O 
37.7 
39.1 

36.2 I 

0318 
0.635 
1 2 5  
2.74 
3,GO 
4.29 
5 7 2  
7.62 
8.74 

10.0 
12.9 
14.2 

0.128 
0 2 5  
0.49 
1.08 
1.45 
1.69 
2.2-5 
3.00 
3.44 
3.95 
5.08 
5.60 

___ 

.f (cnlc.). 

1.04 
1 ,os 
1,17 
1.39 
1.54 
1 G3 
1 8 8  
2.21 
2.42 
266  
3.19 
3.44 

I 
I V (ohs.). Rmax,(cnlc.). , 
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The mean value of R,,,. obtained from the figures in tho  
last column is 37.8. Considerable importance is attached to 
this test as the numbers :Lctunlly observed aro given. 

The curve in fig. 4 (p. 82) gives the relation between V 
and II! on the supposition that R,,, is 38. Steinrnetz’s 
experimental results are plotted in this figure for purposes 
of comparison. 

(ii.) Compagnie de 1’1ndustrie filecti-ique, 
The Clompagnie de 1’Industrie Ihc t r ique  et 116canique 

of Geneva have published * a curve giving the sparking- 
distances between two spherical electrodes, each one centiniidre 
in radius. The frequency of the alternating pressure ein- 
ployed was 50, and the ratio of the iiiasiniuin to  tho effectivo 
voltage was 1.26. Calculating R,,, by the formula 

for values 0f.x frotn 0.5 cin. to 5 cnis., we find that the nieiin 
value of R,,,. is 37.9, which practically agrees nit11 Stein- 
metx’s result for 2 incli spheres. 

2 c m .  sphar~s.  

R,,,= { (1*26V-0*8)/~}1’ 

(iii.) C .  I?. Steinmetz. 1, 0.5, cind 0.25 inrh s p h u , ~ s .  
The analysis of Steinnietz’s experiments with 1, 0.5, a i d  

0.25 inch spheres are instructive, but for reasons explainet1 
in 4 9 they do not give much assistance i n  olutnining R,,,, 
With the 1 inch spheres the mean of the rdues  of 1 2 m a ,  

obtained iip to pressures of 63.7 el€ectiTe kilovolts is 41.3 
kilovolts per centimetre. Wi th  the hiilf-inch spheres the 
mean of the values for pressures up to 31.3 efl’ective kilovolts 
is 43,l. 

When the quarter-inch spheres were 28 cms. apart, the 
disruptive pressure mas 112 effective kilovolts. If‘ we 
calculate R,,,, for this pressure as if the spheres were in n 
vacuum, we find that it is more thna six times the dielectric 
strength of air. I n  the experiment there must have been 
coronz round each of the electrodes after the pressure was 
about 17 effective kilovolts. 

I n  these experiments the frequency was 125 and E/V WLIS 

equal to 1.42. 

VOL, XY. ci 

Y Turner and Hobart, Tho Insulation OF Electric Machines,’ 1). 38. 
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Fig. 4.-Sparking Voltages between 2 inch .spherical electrode?. 
Points marked 0 are Steinmetz’s experimental results. 
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(iv,) E. Jona. Point and Plate. 2‘iuo s p h e w b .  

E. Jona has published * a tnble giving the sparlting- 
distances betmeeii a point and a plate and also between two 
equal spherical electrodes each of 2 C ~ I R .  diaineter, for 
pressures varying froin 15 to 240 kilovolt.+. When tlie 
electrodes are far apart it  is obvious that the distribution of’ 
the Faraday-tubes is considerably affected by the supporting 
rods coiinecting the electrodes with the transformer terminals. 
An iinportant result proved by these experiiiient;; is that for 
all distances greater than 23 cms. the sl’:irliio~-~oltaaes, 
with the electrodes used by Jona, werc the s:tiiio i n  tlie 
two cases. For instance, wlien tlie inasiiniini v n l u o  of the 
applied P.D. W:M 240 ltilovolts (- = 42), the sllarking- 
distance was 47 cms., whether the point atid the $:itcl or the 
t w o  spherical electrodes mere used. Faratlny anticipated this 
result i n  his ‘ Esperiineiital Researches:’ 5 149‘3 :-‘; But 
as  has long been recognized, the small body is only :L 
blunt end, and, eleetricnlly Sp6aliiIlg, a point only n sriiall 
ball; so that when :L point or blunt end i.; throwing out i t3  

brushes into the air, i t  is acting emctly as the sinal1 t d h  
hnve acted in the esperiinents :iliwdy described, ailcl hy 
virtue of the same proiierticts ancl rclatioris.” 

(v.) C .  P. Steininetx. 0.795 e m .  rj/inrZricnl eluctroibed 
(U = 0.39 7 5 ) .  

Yrofessor Steininetz in the paper referred to above also 
describes test.s on tlie sparking-distances betweeu cylindrical 
electrodes. In  one case the electrodes were two copper rods 
0.795 cin. in dialneter and 71 cnis. long. The rods were 
slightly curved, so that the sparks ensned across the minimuni 
distance between them. The radius of curvature a t  t’his part 
was 198 cins., and so, provided the rods are not further 
apart than about 2 cins., we can neglect the curvature ancl 
assume that the field is very similar to  that between two 
infinitely long parallel straight rods. W e  can therefore use 
the formula ( 2 7 )  for f given in 11. 

* E. Jonn, A t t i  dell’ Associtrzione Ektlvotechnicu I!crlicorcc, vul. vi. p. 3, 
( i  IXsttmze I’snploqire 11~11’ Aria, negli olii ed altri Liqiiidi Tsolanti.” 

c i  2 
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TRble V I 1  ... 
Table VI. ,.. 

TABLE X. 
U. P. Steinmetz, Two cylindrical rods slightly cnrve~l. 

Diameter of rods 0.795 cin. -=125, EjV=l*42 .  

5 cin. nphrres. 

5 cu1. spbc re~ .  

---I 

1 ........... .t-o<ii- 

4 ............ j 0,881 

6 ............I 1.194 

2 ............ 0.203 
3 ............ 
5 ............ 1.115 

7 ............ I 1 435 
8 ............ l W 3  
9 ............ ~ 2.134 

10 ............ 1 2.362 

J. Alger~ni~sen .  

A. Ilejdweiller. 

.f (cdc.). V (obs.). 
____-- 

1.07 

37.0 

37'8 

__- 

R,,,,, 
- 

3 . 9  
38.8 
38.9 
39.1 
42 2 
38.8 
34 3 
40.3 
40.4 
36.8 

13, I., i. ...I Sliglitly convex stirfaced Lord Kelvin. 

5 13, I., v .... 1 CIII. splieres. E. IIospitalier. 

$ 13, I., iv ... 1 .. ,, I J. Jouhert. 
I 
i G .  Carey Foster. 

~ . .- 

The mean of the values of R,,, giveii ia the last coluinn iiiakes 
the dielectric strength of air 38.8 kilovolts per centimetre. 

1.11 inch cglindrical electrodes, (vi,) C. 1'. Steinmetz. 
Experiments were a!qo made with 1 irge cylinders 1-11 inch 

in tiiatiieter and 20 iiiclies long. Up to a distance apart of 
nbout one-third of an iiicli we 111ay assuiiie that our forinula 
applies approximately. 

We have neglected therefore the experirnentd reaults for 
greater distances. The mean of the values of R,,,. deduced 
from the  first five esperiiiieiits is 31 ldovolti  per centimetre. 
TVe do not attach so much itiiportance to this result as to the 
preceding as our formula does not  apply so ncciir;ttely. 

14. Table of the Numbevs obtained ,for tltr Dielectric Strength 
of Air f r o m  the D i ~ e c t  Pressu~e Experinzents,  

TARLF, XI.-Direct Presures. 

40.8 

42.2 

42.8 

429 

_____- .- 

R'ature of Elec t~odes .  Authority. 
~ 
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Of the ahove tests the first three seem to be the ino.;t 
acciirate. The mean of the results obtained from these three 
tests rnalies the dielectric strength of air 38-4 kilovolts per 
centimetre. 

1.5, Table of the Nunahers ohtained -for the Dielectyic Strength 
of Air fiqom the Alternating Pressure Expei*inzents. 

TABLE XII.-Alterii:iting Pressures, 

$ 13, II., vi .  

$ 13, II., ii. 

Tiible IX. 

Table X. 

13, II., iii. 

Nature of Electrodes. 

1.11 inch  cjlinders. 

2 cm. splieies. 

2 inch spheres. 

0.313 iiicli cglinder. 

1 inch spheres. 

Autliority. %", 

An exaiainntion of' tlie eslwriinwtal rc~aulfs olJt:iinctl ant1 
the niethods of' calculating ll,,,,,, from thcni shows that tlie 
second, third, and fourth of the above tests are tlie only redly 
satisfactory ones. The n1e:in of the results obtained in these 
three tests is 33.2 kilovolts per ccntinietre, and this : ~ g r w  
closely with the nrrinhcr we obtained froin the direct prc,<jure 
experiments. 

1 6 , Conc 1 tis io t 1 .  

W e  conclude therefore that the dielectric strength of the 
air at  ordinary atmospheric pressures lies between 3s and 
39 kilovolts per centimetre, which is about 30 per cent. greater 
than the value ordinarily given. J. J. Thomson * gives tile 
value as approximately 30 kilovolts per centimetre and 
llI. O'Gorman 7 as 27 kilovolts per centimetre. 

The confidence of electricians who are resllonsiihle for thc 
working of high-pressure net-works for  tlio distribution of 
electric power $ on the worlting oE their spark-gap safety- 

* J. J. Thouison, ( Electricity and  hLiguetisni,' p. AD (1904). 
t R1. O'Oormnn, LLIn~ul:i t ion on Cnblea," Journal of the Inst,. of Elect. 

Eng. vol. xxx. p. GBG (1901). 
1 DuPaugeg, Soc. Int. Elect., BiiI1. 5,  pi', 109-132. " J k t h o d r  de 

Pr&ction contrc lea Surtenrions actiielleiuent i,inp:c,y6e daiis les 1 : 6 ~ ~ r ~ u s  
du 'Yrnnaport d'lhergic," PPI), 190.;. 
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~ a l \ w  a t  the nioi~icnt the 1)ress~ire :itt:tins :I definite d u e ,  
:ind tlie extensive iise thep inalre of inicroineter sI)ark-gaps * 
for niear;ui'iiig high voltages, p row that under ordinary 
working conditions they find that the dielectric strengtli of 
:iir is :ipprosiinatelj- constant. I n  oidiuary work we may 
take its v:iIne a s  3S I<ilovolts per ccntiinetre. 

APPEKDIS I. 
7 X e  1)irvtiptiz.e I ' o l t t r p  to17 Lalye 8plierical E/ectvodeea. 
TnLle XIII .  gives the disrnptive l irwures in  kilovolts 

between equal spliericnl electrodes wliea tlieir raclii :ire 1, 10, 
100, and 1000 cins. respectively. The dielectric strength of 
air has been talceii :IS 88 kilovolts per centiii)etre, a i d  V anti 
Y' :ire cn1cnl:ited ly tlie forinulw 

v= 0.8 + I& (#oy) :1nd V'= VIJ2, 
res1)eciively. V' therefore gives tlie effecti\,e value of the 
tlisruptivc voltage vlieii tlie pressure is alteriiatiug a i d  sine- 
shaped. 

TABLE SIII. 
(lalculated Values of the Disriiptive Voltages Letn.eeii large 

Spherical Electrodes. 
V =liiloyolts (direct pressure). V'=effective ltilovolts 

(alternating pressure) when IT' = v / J ~ .  

-- 

0.1 
0.5 
1 .o 
5.0 

10.0 
6 0 4  

100-0 
500.0 

1000~0 
5000 0 

7'. 
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If the electrodes were infinite planes, the direct pressure 
required to produce the disruptive discharge when they were 
50 metres apart would be 190 inillion volts. 

TVith spherical electrodes of 10 metre or less radins, 
about 60 million volts would be sufficient to spark over the 
same distance. R e  suppose of course that the P.D.'s are 
established sufficieiitly slowly to allow the Faraday-tubes to 
attain their positions of' statical equilibrium approxiinately 
before the discharge occurs. 

APIJEXDIX 11. 
The Capacity Cirweiits to the E:lecti*odes. 

The forinulw (9) and (10) eiiable us to find at once the 
:iaalytical expressions for the electrostatic coefficients of two 
equal spheres. If Q, Q' deiiote the charges and V1 niid V2 
the potentials of the electrodes, we have * 

Q = K1.l TT1 + K 1 . p  V 2  

Q'= K2.2VZ + KY.1 Trl. 
and 

I n  our case K1.l = Kz.2. BJ' making V,=O, n e  get by (9) 

m q" 
Deiiotiiig Lambert's series C 11-9" by F ( 9 )  we get 

By a known traiisforinntion due to Clausen t n.e haye 
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For instance, when *v is 0.5 we find by (1) that Q is also 
0.5, and 
F(0.5) =1*6067, F(0*25)=0~4210, allcl F(O.0625) =0*0709. 

Hence we find that 
ICl.l = I * ~ ~ ; % ~ L C  aud I<l.2 = -0 5 2 5 % ~ .  

The capacity betmoen tlie two splieres * is 

(Kl.1 - K,. , ) /2  = 0.8893~. 

and the capacity t for  equal potmtials is 
2(Iil.1 + K l . 2 )  = 1.4565~. 

To reduce these d u e s  to inicrofarads we divide Ly 900,0003 
a being inensureci in centiiiieti*es. 

T\’lien the potentials foilow the liarnionic law we liave 

A 1 z (K1.l V I  + I< 1.2 V,) w 

A,=  (Ii1.l T‘, + I<~.aVl)w, ancl 

where AI aiid A, are the effective valiies of the capacit.y 
currents flowing to the two spheres respectively; VI, ITz the 
effective values of their potentials, and w / h  the frequency of 
the alternating pressures. 

For instance, suppose that we have two 20 cm. spherical 
electrodes 5 cnis. apart, and suppose that the ef€ective value 
of the P.D. between thein is 90 kilovolts, Then, if o be 1000, 
so that the frequency is nearly 1G0, and the potenti:~ls of the 
electrodes be equal aiid opposite tit every instant, we have 

A = oIW = 1000 x 0.889 x 10 x 90 x 103/(9 x 10’ x lo6) 

If the potentials of‘ the electrodes be iiot equal and opposite 
at’ every instant, tlic difference between tlie effective values 
of the capacity currents to the electrodes equals tlie effsctive 
value of the current in the earth coiinesion. Our f‘oriiiu1;e 
are not applicable when tlie electrodes are surrounded with 
co ro i i~ : .  I n  this case the capacitj between tlieiii is coii- 
sidcriiLly increased. 

= 0.000889 ampere. 

* Rmsell, ( Alternating Currents.,’ vol. i. p, 9% 
-f liu~sell, Blteriiatiiig Currents,’ vol. i. 1). 39:;. 
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The author is indebted to Mr. Arthur Berry for suggesting 
the use of Cllausen's theorem as an aid in calculating the 
capacity coefficients of two equal spheres. 

POSTSCRIPT. 
I have received from Principal G. Caray Foster the results 

of experiments made in his laboratory in 1876 on the sparking 
distances between 2.G cm. brass knobs. As these result3 are 
of considerable interest I have obtained his permission to  
publish them, 

G. Carev Foster.-2G cm. spheres (a= 1.3). 

1013 3.09 
1026 2 01 
1.051 8.43 
1 0 i 7  1 11% 
1106 14 G1 
1.131 17.49 
1,159 2043 
1.185 23 37 
1213 26 25 
1.242 29.13 

A ' home-made ' absolute electrometer was used to nieasure 
the voltage. The attmcted disk was hung from a n  ordinary 
balance a i d  the attraction weighed directly. Up to 30 kilo- 
volts it gave trustworthy readings. 

Neglecting the first value of R,,,. as the formula giren in 
the paper is only roughly applicable when the distances are 
less than one millimetre, we find that the mean value of 
R,,,. is 39. If we neglect the first two readings the nieaii 
value of Bmax, is 38.5. Both of these results agree very 
closely with the filial conclusions at which we arrived. It 
will be seen that the esperiniental results obtniiied during 
the 1;ist. thirty ycnrs on the sparking distances in air a t  
ordinary pressures, ivheii no coroi~ae are tbrined, could have 
been predicted with considerable accuracy from the above 
results. 

Yrincipal Carey Foster also suggested the fonnul:i 
V=  2-13 + 30.6 2, 

for the sparking potentials between 2.6 cni. knobs. It is 
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interestiiig to notice that Bnille and many other experi- 
menters subsequently suggested liiieiir formuls for the 
relation between V aiid a. 

In reply t o  a question by Professor Poynting, I have 
worked out the values of R , , ,  for the case of Heydweiller 
aiid Algerinissen's tests on the assumption that the ordinary 
electrostatic equations hold, without modification, at the 
iiistaiit of breaking down. 

ivlieref can be found by foriiiula (20) given above. 
values of HmSx, are those f o n d  in Tables VI. aiid VII. 

I17 this case we have 
R'max, = (T'/.jh 

The 

Heydweiller's Test. 

1 Maximuin valtie. 1 Illiniuium value. 

1 
Miniilium value. 1 Mean value. 

I 

I 

375-0.6 1 375 
I 

I 
35 35-0.55 1 38.35 

I 

Mean value. 1 
Algermisseii's Test. 

i I -- 

37-0.5 I 37.0 
~ ... .. . . . . , . .; 

~ 

R.max. 37f0.4 

Elmax, ....l.l..ll.' 37 4+0'3 

RlIUaX. -- 
37'5 
37'5 
37.5 
37 5 
37'4 
37.4 
374 
.- 

0. 

2.9 
3.0 
3.1 
3.2 
5.3 
3.4 3.j 
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Hence, Algermisseii's experiinental results give us the 
ratios of all the values of ,f; from 'e equal to 1.5 U to x equal 
t o  4.2 0, with a maximuin inaccuracy of less than 1.6 per 
ceiit. To fully appreciate this result i t  is necessary to try 
and suin the series (15) for any two values of lying hetwetm 
the given limits. 

For spnrliiiig distances greater than half a centimetre (one 
fifth of an inch), therefore, when no coroiiz, and consequently 
no brush discharges, are formed, the error made in assuming 
that the boundaries of the electrodes form the equipotential 
surfwes is negligibly small. The disruptive discharge ensues 
as soon as the maximum value of the electric intensity attains 
a definite value which is the measure of the dielectric streiigtli 
of the air between the electrodes under the given atmo- 
spheric con& tions. 

DISCGSSIOS. 
Dr. H. A. WILSOS expressed his interest in the Author's 

esplanation of the brush discharge and the.  foriiiat)ion of 
coronas. When the distance between the electrodes was not 
too sinall, it   vas knowii that the sparlring F.D could be es- 
pressed as V=a+pCI, where d miis the distance hetv-een the 
electrodes aiid a and ,8 were constants. This constnnt p 
the Author had called the dielectric strength of air, but lie 
did not t'hinli he was justified in doing so. 

Prof, J. H. POYNTIKG, referring to Table V. in the paper, 
asked if the rise in value of the dielect'ric strength as the 
distance apart of the electrodes increased was due to the 
formation of coronns. 

Mr. ~IUSYELL, in reply, remarked that Nr. Strutt  11atl 
shown that the P.D. belweeii the cathode and t h e  negative 
g!ow was 341 volts whatever the atmospheric pressure. We 
were t,herefore quite justified in assuming that at or dinar^ 
p.essnres the electric pressure on the Faraday tube sui'ject 
to  the iliaximuin stress is V-e, where e is greater than 311. 
The esperiinental results analysed in the paper indicate t'hat 
e is 0.8 of a kilovolt. In  answer to Prof. Poynting, he stated 
that the slight rise in the values of the dielectric strength in 
Table TT.  was probably due to the potentials of the electrodes 
nut being V :ind zero :it the instant of discharge. 


