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T H E L A W O F C O R O N A A N D D I E L E C T R I C 
S T R E N G T H O F A I R — I I 

B Y F . W . P E E K , JR. 

I . INTRODUCTION AND DISCUSSION OF PART I . * 

P a r t I of t h i s paper* p r e s e n t e d a t t h e Α . I . Ε . E . A n n u a l 
C o n v e n t i o n la s t J u n e g a v e t h e resu l t s a n d d i s c u s s i o n of e x t e n ­
s i v e i n v e s t i g a t i o n s of c o r o n a f o r m a t i o n a n d loss . T h e s e i n v e s t i ­
g a t i o n s cons i s t of p o w e r m e a s u r e m e n t s o n a short t r a n s m i s s i o n l ine 
u n d e r all of t h e var iab le c o n d i t i o n s of s p a c i n g , s ize of c o n d u c t o r , 
s t o r m s , e t c . , m e t w i t h in pract i se , s u p p l e m e n t e d w i t h e x t e n s i v e 
l a b o r a t o r y i n v e s t i g a t i o n s . 

W h i l e t h e s e formulas m a d e i t poss ib le t o a c c u r a t e l y p r e d e ­
t e r m i n e t h e c o r o n a character i s t i c s of prac t i ca l t r a n s m i s s i o n l ines 
o v e r n a t u r a l t e m p e r a t u r e a n d b a r o m e t r i c pressure r a n g e a n d c o m ­
merc ia l f r e q u e n c y range , i n v e s t i g a t i o n s w e r e c o n t i n u e d , a n d are 
st i l l b e i n g c o n t i n u e d , w i t h a v i e w of r a t i o n a l i z i n g t h e f o r m u l a s , 
a n d g e t t i n g a t t h e f u n d a m e n t a l s a n d f u n d a m e n t a l m e c h a n i s m 
of c o r o n a loss . T h e w o r k of r e d u c t i o n of d a t a o b t a i n e d t o d a t e 
i s st i l l i n c o m p l e t e , a n d i t is a l so n o t pos s ib l e a t t h e p r e s e n t 
t i m e t o i n c l u d e all t h a t h a s b e e n a c c o m p l i s h e d . 

A cons iderab le m a s s of n e w m a t e r i a l , h o w e v e r , i s g i v e n here . 
Al l of t h i s w o r k h a s b e e n m a d e poss ib le b y e n g i n e e r i n g a n d t e s t 

fac i l i t ies afforded b y t h e C o n s u l t i n g E n g i n e e r i n g D e p a r t m e n t 
of t h e Genera l E l e c t r i c C o . u n d e r t h e genera l s u p e r v i s i o n of D r . 
C . P . S t e i n m e t z . T h a n k s are d u e t o M e s s r s . C . M . D a v i s , J . L . R . 
H a y d e n , C . E . M a g n u s s o n , D o n F . S m i t h a n d C. W . S t o n e for 
the ir a c t i v e a n d v a l u a b l e a s s i s t a n c e . 

F o r descr ip t ion of t h e a p p a r a t u s a n d genera l m e t h o d of t e s t , 

* The Law of Corona and Dielectric Strength of Air, Α . I . Ε . E . PROCEED­
INGS, July, 1 9 1 1 . Hereafter referred to as Part I . 
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see P a r t I . F o r c o n v e n i e n c e of reference t h e fo l l owing shor t 
s u m m a r y of e q u a t i o n s , e t c . , i s g i v e n f r o m P a r t I . 

T h e d i s r u p t i v e cri t ical v o l t a g e i s 

e0 = m0 go r l og , — k v . t o neucral ^ 

w h e r e go i s t h e d i s r u p t i v e g r a d i e n t of air i n k i l o v o l t s per c m . a t 
2 5 d e g . c e n t , a n d 76 c m . b a r o m e t e r , a n d is c o n s t a n t for al l s i zes 
of wires , f requenc ies , e t c If t h e e f fect ive v a l u e of go i s t a k e n , e0 

i s g i v e n in e f fec t ive k i lovo f t s . 

W h e r e 
r = r a d i u s of c o n d u c t o r i n c m . 
5 = d i s t a n c e b e t w e e n c o n d u c t o r a n d re turn c o n d u c t o r i n c m . , 
go = 2 9 . 8 k v . per c m . ( m a x i m u m ) . 
go = 2 1 . 1 k v . per c m . (e f fec t ive ) . 
nto = a c o n s t a n t d e p e n d i n g u p o n t h e c o n d i t i o n of t h e c o n d u c t o r 

surface . 
mo— 1 for p o l i s h e d c o n d u c t o r s , 
m o = 0 . 9 8 — 0 . 9 3 for r o u g h e n e d or w e a t h e r e d wires . 
wo = 0 . 8 9 t o 0 . 8 3 for c a b l e s . 

L u m i n o s i t y of t h e air surround ing t h e l ine c o n d u c t o r s d o e s 
n o t b e g i n a t t h e d i s r u p t i v e cr i t ical v o l t a g e eo, b u t a t a h igher 
v o l t a g e eVl t h e v i s u a l cr i t ica l v o l t a g e . 

T h e v i s u a l cr i t ical v o l t a g e ev, i s m u c h h igher for s m a l l w ires 
t h a n t h e d i s r u p t i v e cr i t ical v o l t a g e , e0; i t i s a l so h igher for large 
wires , b u t t o a lesser e x t e n t . 

W h i l e theore t i ca l ly n o los s of p o w e r s h o u l d occur b e l o w t h e 
v i s u a l v o l t a g e , ev, s o m e loss d o e s occur , d u e t o i rregular i t ies of 
t h e c o n d u c t o r surface a n d s e e m s t o fo l low t h e p r o b a b i l i t y l a w : 

P l = q €-*<«o-*)» ( 4 ) 

w h e r e g is a coeff icient d e p e n d i n g o n t h e n u m b e r of s p o t s , a n d 
A i s a coeff icient d e p e n d i n g o n t h e s ize of s p o t s . 

S n o w , s l ee t a n d ra in l o s se s s e e m to b e of t h e s a m e n a t u r e b u t 
f r e q u e n t l y of far greater m a g n i t u d e . 

T h e v i s u a l cr i t ica l v o l t a g e , ev, i s d e r i v e d f r o m t h e d i s r u p t i v e 
grad ient , go b y t h e e q u a t i o n 

= mv go � r (l + ~ kv- t o n e u t r a l 
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w h e r e 
mv = m0 = 1 t o 0 . 9 3 for wires . 

_ j 0 . 7 2 loca l c o r o n a all a l o n g c o n d u c t o r ; ) F o r s e v e n 
• " ( 0 . 8 2 d e c i d e d corona al l a l o n g c o n d u c t o r f s t r a n d cab le s 

If go ( m a x i m u m ) i s used , ev i s o b t a i n e d i n m a x i m u m k i l o v o l t s . 

go ο [ é -t- _ /- j (5a)* 

* = I f ( e " g o m ° ' 5 l o g e i r ) 2 1 0 - 5 k w - p e r k m * o f ( 6 ) 

^ s ing le c o n d u c t o r . 
e = e f fec t ive k i l o v o l t s t o neutra l . 
k = 3 4 4 . 

go = 2 1 . 1 k v . per c m . (e f fec t ive ) . 

δ = air d e n s i t y fac tor = 273^-t 

δ = 1 a t 2 5 d e g . c e n t , a n d 76 c m . b a r o m e t r i c pressure . 
b = b a r o m e t r i c pressure c m . 
t = t e m p e r a t u r e d e g . c e n t . 
r = r a d i u s of c o n d u c t o r , c m . 
S = d i s t a n c e b e t w e e n c e n t e r s of c o n d u c t o r s , c m . 
/ =• f r e q u e n c y , c y c l e s per s e c o n d . 
T h e corona loss i s 
a . P r o p o r t i o n a l t o t h e f r e q u e n c y / ( o v e r c o m m e r c i a l r a n g e ) . 
b . P r o p o r t i o n a l t o t h e s q u a r e of t h e e x c e s s v o l t a g e a b o v e t h e 

d i s r u p t i v e cri t ical v o l t a g e , e0. 
c . P r o p o r t i o n a l t o t h e s q u a r e r o o t of t h e c o n d u c t o r rad ius r, 

a n d i n v e r s e p r o p o r t i o n a l t o t h e square r o o t of t h e c o n d u c t o r 
d i s t a n c e . 

T h e d i s r u p t i v e cri t ical v o l t a g e , e 0 , i s t h a t v o l t a g e a t w h i c h t h e 
d i s r u p t i v e v o l t a g e g r a d i e n t of t h e air i s r e a c h e d a t t h e c o n d u c t o r 
surface . H e n c e , i t i s 

a . P r o p o r t i o n a l t o t h e c o n d u c t o r rad ius , r, a n d t h e log , S/r. 
b . P r o p o r t i o n a l t h e air d e n s i t y . 
c . D e p e n d i n g s o m e w h a t o n t h e c o n d i t i o n s of t h e c o n d u c t o r 

sur face a s r e p r e s e n t e d b y m. 

* proportional to d with fair approximation over natural range of 
barometric pressure and temperature, d enters also as a function in 
energy distance. See 111. 
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T h e effects of v a r i o u s a t m o s p h e r i c c o n d i t i o n s a n d s t o r m s o n 
t h e cr i t ical v o l t a g e a n d loss wi l l n o w b e cons idered . H u m i d i t y 
or " v a p o r p r o d u c t s " h a v e n o effect o n e i ther t h e cri t ical v o l t a g e 
or t h e lo s s . 

S m o k e l o w e r s t h e cri t ical v o l t a g e a n d increases t h e loss . 
H e a v y w i n d h a s n o effect o n t h e l o s s of cr i t ical v o l t a g e a t 

ord inary c o m m e r c i a l f requenc ie s . 
T h e w e a t h e r c o n d i t i o n s t h a t rea l ly c o u n t p r a c t i c a l l y a n d w h i c h 

m u s t b e ser ious ly c o n s i d e r e d in t h e d e s i g n of t r a n s m i s s i o n l ines 
are a s f o l l o w s : 

F o g lowers t h e critical v o l t a g e a n d increases t h e loss . 
S lee t o n t h e wires , c r fa l l ing s lee t , l owers t h e cr i t ical v o l t a g e 

a n d increases t h e loss . H i g h v o l t a g e s d o n o t e n t i r e l y e l i m i n a t e 
s lee t f o r m a t i o n . 

R a i n s t o r m s l o w e r t h e crit ical v o l t a g e a n d increase t h e lo s s . 
S n o w s t o r m s l o w e r t h e cri t ical v o l t a g e a n d increase t h e l o s s . 
T h e effect of s n o w is greater t h a n t h a t of a n y o t h e r w e a t h e r 
c o n d i t i o n . 

I I . SUMMARY OF PART I I . 

1. Influence of temperature and barometric pressure on gv 

and go over a wide range. 
a. V i sua l c o r o n a s t a r t s a t a l ower v o l t a g e if t h e t e m p e r a t u r e i s 

increased . V i s u a l c o r o n a s t a r t s a t a l ower v o l t a g e if t h e b a r o ­
m e t r i c pressure i s decreased . T h a t i s , 

ev = Φ (δ) 

w h e r e δ is t h e air d e n s i t y fac tor . If ev

f is t h e v i s u a l cr i t ical v o l t ­
a g e a t δ = 1, o v e r a short range of δ a fair a p p r o x i m a t i o n i s : 
e ρ

 = δ e Ό . 

b . O v e r a c o n s i d e r a b l e r a n g e of air d e n s i t y o u r e x p e r i m e n t s 
s h o w 

Λ / , , 0 . 3 0 1 \ . ί e. = fit, go ο r (I + -̂ ===j log, - ( 5 , } 

g» = mv g 0 ί ( 1 + ) ( 5 a / ) 

c. T h i s m e a n s t h a t t h e disruptive gradient v a r i e s d i r e c t l y w i t h 
t h e air d e n s i t y fac tor δ, a s w o u l d b e e x p e c t e d a n d a l r e a d y s h o w n 
i n P a r t I . 

go = δ go' 
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I t a l so m e a n s t h a t t h e e n e r g y s torage z o n e t o c a u s e r u p t u r e 
e x t e n d s 

VT 
0 . 3 0 1 - j = c m . 

Vd 
f rom t h e c o n d u c t o r surface , a n d , therefore , g v d o e s n o t v a r y 
d i rec t ly w i t h t h e air d e n s i t y . T h i s i s i n a c c o r d a n c e w i t h t h e 
t h e o r y of P a r t I t h a t e n e r g y i s n e c e s s a r y t o c a u s e r u p t u r e . 

d. T h e in f luence of v a r i a t i o n of air d e n s i t y i s t h e s a m e o v e r 
a v e r y w i d e r a n g e w h e t h e r t h e v a r i a t i o n of air d e n s i t y i s c a u s e d 
b y c h a n g e of b a r o m e t r i c pressure or t e m p e r a t u r e . 

2 . Influence of Frequency on gv and go. B e t w e e n 4 0 a n d 100 
c y c l e s t h e inf luence of f r e q u e n c y o n gv a n d g0y if a n y , i s smal l , a n d 
less t h a n t h e s l ight c h a n g e s i n w a v e s h a p e i n t h e t e s t i n g t r a n s ­
former a t different f requenc ies a n d w h i c h c a n n o t b e d e t e c t e d b y 
t h e osc i l l ograph . 

3 . Spark-over and Corona on Polished Parallel Wires or Cylin­
ders. 

a. W h e r e S/r i s l e ss t h a n 3 0 s p a r k - o v e r occurs before corona 
a p p e a r s . 

b . W h e r e S/r i s 3 0 , e i ther spark or corona m a y occur . T h i s 
p o i n t i s v e r y u n s t a b l e . If corona a p p e a r s first t h e s p a r k - o v e r 
v o l t a g e e8 i s s l i g h t l y increased . 

c. W h e r e S/r i s greater t h a n 3 0 corona a p p e a r s a t evy t h e n 
s p a r k - o v e r occurs a t h i g h e r v o l t a g e e8. 

d. A b o v e t h e p o i n t of i n t e r s e c t i o n of t h e e8 a n d ev c u r v e s 
p l o t t e d w i t h s p a c i n g Sy e8 fo l lows a p p r o x i m a t e l y a s t r a i g h t l ine 
t h r o u g h t h e t e s t r a n g e . T h e gv c u r v e is a s t r a i g h t l ine paral le l t o 
t h e 5 ax i s . T h e g8 c u r v e i s a l so v e r y n e a r l y a s t r a i g h t l ine w h i c h 
i n t e r s e c t s t h e gv c u r v e a t S/r = 30 , a n d e x t e n d e d c u t s t h e g 
ax i s a t go = 3 0 k v . per c m . T h i s s e e m s t o b e a further c h e c k o n 
3 0 as t h e d i s r u p t i v e g r a d i e n t for air. 

e. e8 i s l e ss def ini te t h a n ev a n d i s g r e a t l y in f luenced b y i rregu­
lar i t ies , d irt , e t c . F o r p o l i s h e d w ire s a n d c o n s t a n t s p a c i n g , es 

increases w i t h d e c r e a s i n g d i a m e t e r of t h e wire . W h e n t h e c o n d u c -
tor surfaces aA*e c o a t e d w i t h w a t e r , a t a g i v e n s p a c i n g e8 i s a l m o s t 
i n d e p e n d e n t of t h e r a d i u s of t h e wire a n d a p p r o x i m a t e l y fo l l ows 
t h e n e e d l e g a p c u r v e . Gil o n t h e c o n d u c t o r surface h a s a s o m e ­
w h a t s imi lar effect . Water o n t h e c o n d u c t o r surface a l w a y s 
v e r y g r e a t l y r e d u c e s gv. Oil o n t h e c o n d u c t o r surface r e d u c e s gv 

t o s o m e e x t e n t o n large c o n d u c t o r s , a n d , b y increas ing the rad ius 
a n apprec iab le per c e n t ra ises gv o n s m a l l c o n d u c t o r s . 
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f. F o r t h e t e s t r a n g e i t i s difficult t o d e t e r m i n e w h e t h e r e9 

or g8 c u r v e w i t h 5 m o r e n e a r l y fo l low a s t r a i g h t l ine . 
1 . O n t h e a s s u m p t i o n t h a t g , i s i n s t r a i g h t l i n e — a n d t h i s 

s e e m s t h e m o s t r e a s o n a b l e a s s u m p t i o n — w e m a y w r i t e : 

gs = 3 0 ( l + ~ ^ ) k v . p e r c m . m a x i m u m 

T h i s h o l d s a b o v e t h e t r iangular p o j n t w h e r e S/r i s greater t h a n 
3 0 . W h e n S/r = 3 0 i t r e d u c e s t o t h e v i s u a l c o r o n a f o r m u l a 

gs = 3 0 ^ 1 H — - ^ y = r J — gv k v . per c m . m a x i m u m 

E x p e r i m e n t a l p o i n t s fo l low t h i s c u r v e we l l . 
2 . O n t h e a s s u m p t i o n t h a t e8 i s a s t r a i g h t l ine t h e e x p r e s s i o n 

t a k e s t h e form 

T h i s c u r v e i s b a s e d u p o n t h e a s s u m p t i o n t h a t for a g i v e n 
s p a c i n g all s i zes of wires w o u l d s p a r k - o v e r a t t h e s a m e v o l t a g e 
a n d w h e n S/r = 3 0 a n d g0 = 3 0 , if t h e r e w e r e n o 4 4 c o r o n a res is t ­
a n c e / ' W h e n fi i s t h e t o t a l rad ius of wire a n d corona , a n d go 
= grad ien t a t e d g e of corona . 

T h i s v o l t a g e w o u l d b e a t n o " c o r o n a r e s i s t a n c e " 

3 . 4 5 

H o w e v e r , our e x p e r i m e n t s s h o w t h e s p a r k - o v e r v a r i e s w i t h s ize 
of c o n d u c t o r a n d t h e difference i s s o m e t h i n g s imi lar t o a " c o r o n a 
d r o p " e x p r e s s e d b y : 

5 + 5 

2 . 5 V7 

or t h e t o t a l s p a r k - o v e r v o l t a g e i s 

es = 3 . 4 S + fi^g"^"/— k v . m a x i m u m 
2 . 5 ν r 

Assumption (1) is a closer approximation to experimental 
values. 
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T h e v i sua l c o r o n a g r a d i e n t for a c o n d u c t o r c o a t e d w i t h a film 
of oi l i s 

T h e v i s u a l c o r o n a g r a d i e n t for a c o n d u c t o r c o a t e d w i t h m o i s t u r e 
a s b y ra in or fog i s 

(h . ) I n c o n c e n t r i c cy l inders d e s i g n e d for m a x i m u m die lec tr ic 
s t r e n g t h t h e ra t io i s n o t R/r = e, b u t i s m o d i f i e d b e c a u s e gv i s a 
f u n c t i o n of r. 

i. W h e r e c o r o n a forms before s p a i k i n c o n c e n t r i c c y l i n d e r s , 
a s w h e n r i s v e i y s m a l l c o m p a r e d w i t h R, c o r o n a d o e s n o t e x ­
t e n d o u t t o rad ius χ w h e n R/x = cr i t ical ra t io for m e t a l l i c 
c y l i n d e r s a n d spark over , b u t g r e a t l y increases the spark o v e r 
p o i n t i n d i c a t i n g grad ing or " c o r o n a re s i s tance . " 

4 . D i s r u p t i v e g r a d i e n t go — -
T h a t go i s c o n s t a n t a n d is 3 0 k v . per c m . is i n d i c a t e d b y t h r e e 

e n t i r e l y different m e t h o d s . 

1 . B y v i s u a l corona . 
2 . B y spark-over . 
3 . B y p o w e r m e a s u r e m e n t s . 

5 . Stroboscopic Study of Corona. B y the u s e of a s t r o b o s c o p e , 
a-c. c o r o n a d i s c h a r g e w a s o b s e r v e d o n w i r e s a n d n e e d l e p o i n t s 
o n t h e n e g a t i v e a n d p o s i t i v e p a r t s of t h e w a v e . 

a. T o t h e u n a i d e d e y e corona d i s c h a r g e o f t en a p p e a r s t o e x t e n d 
c o m p l e t e l y across b e t w e e n p o i n t s w i t h o u t arc -over . E x a m i n a ­
t i o n t h r o u g h a s t r o b o s c o p e s h o w s t h a t t h e c o r o n a e x t e n d s w a y 
o u t f r o m t h e p o s i t i v e n e e d l e a s a b l u i s h w h i t e s p r a y . T h e n e g a ­
t i v e n e e d l e a p p e a r s as a red p o i n t . 

b . T o t h e u n a i d e d e y e c o r o n a o n paral le l w ires a p p e a r s a s 
r e d d i s h b e a d s m o r e or l e s s e v e n l y s p a c e d , w i t h a b l u i s h w h i t e 
need le - l ike fr inge i n b e t w e e n . If t h e w ire s are s m o o t h t h e s tro­
b o s c o p e s h o w s t h e red b e a d s o n t h e n e g a t i v e , a n d a s m o o t h b l u i s h 
w h i t e g l o w o n t h e p o s i t i v e . A t a b r a s i o n s or p o i n t s t h e p o s i t i v e 
corona e x t e n d s w a y o u t a s v e r y fine b l u i s h n e e d l e s . W i t h o u t 
t h e s t r o b o s c o p e t h e e y e sees t h e c o m b i n a t i o n of t h e p o s i t i v e 
a n d n e g a t i v e . 

c. I n genera l , t h e p o s i t i v e d i s c h a r g e a p p e a r s a s fine b l u i s h -

= 19 ( 1 + m a x i m u m k v . per c m . 

m a x i m u m k v . per c m . 
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w h i t e s p r a y or n e e d l e s , w h i l e t h e n e g a t i v e d i scharge a p p e a r s as 
redd i sh t u f t s . T h e d i scharge f rom p o i n t s a l w a y s g i v e s t h e s a m e 
i m p r e s s i o n as a s t r e a m of w a t e r b e i n g forced out under pressure 
f r o m t h e p o s i t i v e , a n d g a t h e r i n a t t h e n e g a t i v e . 

6. Remarks. M a n y i n t e r e s t i n g p o i n t s are o b s e r v e d a n d further 
d i s c u s s e d w h i c h c a n n o t b e t a k e n u p i n t h i s s u m m a r y . 

7. Practical Corona Formulas. R e v i s e d a n d c o l l e c t e d fc i refer­
e n c e . 
D i s r u p t i v e cri t ical v o l t s (paral le l wires ) 

e0 = 2 1 . 1 m 0 d r l o g e - e f fec t ive k v . t o neutra l ^ 

V i s u a l cr i t ical v o l t s a n d grad ien t (paral le l w i r e s ) . 

ev = 2 1 . 1 mv � r ^1 + J e f fec t ive k v . t o n e u t r a l (δ') 

gv = 2 1 . 1 d ^1 + e f fec t ive k v . per c m . (fiof) 

P o w e r loss (fair w e a t h e r ) 

P =
 A f - / \ A ( * - « o ) * l ( H 

Ρ = \ Λ (e ~ 2 1 . 1 m0 d rloge y ^ l O " 5 

k w . per k m . s ing le c o n d u c t o r . (6) 

P o w e r loss ( s torm) 
P o w e r loss ( s torm) is h igher a n d can genera l ly b e f o u n d w i t h 

fair a p p r o x i m a t i o n b y a s s u m i n g e0 = 0 . 8 0 of fair w e a t h e r e0 i n 
(6). 

Visual corona gradient—-wires t h o r o u g h l y w e t ( w i t h fair a p ­
p r o x i m a t i o n ) 

gv = 6 . 4 ^1 + ~ 7 = ^ e f fec t ive k v . per c m . 

Other Formulas. F o r s p a r k - o v e r f o r m u l a s , c o r o n a in c o n c e n ­
tr ic cy l inders , e t c . , see t e x t . 
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NOTATION 

3 . 9 2 b 
2 7 3 + / 

b = b a r o m e t r i c pressure i n c m . 
/ = ternperature i n degrees c e n t . 
/ = f r e q u e n c y — c y c l e s per s e c o n d . 
WO = irregular i ty fac tor . 

= 1 for p o l i s h e d wires . 
= 0 . 9 8 — 0 . 9 3 for r o u g h e n e d or w e a t h e r e d wires . 
= 0 . 0 8 7 - 0 . 8 3 for cab les . 

0 . 7 2 for loca l corona all a l o n g c o n d u c t o r Ί F o r s e v e n 
m ν = «s 0 . 8 2 for d e c i d e d corona all a l o n g c o n d u c t o r Y s t r a n d 

= 1 t o 0 . 9 3 for wires . 
r = rad ius of wire i n c m . 
5 = s p a c i n g i n c m . 

I I I . INFLUENCE OF TEMPERATURE AND BAROMETRIC 
P R E S S U R E ON V I S U A L GRADIENT AND D I S R U P T I V E 

I n t h e f o r m e r paper* i t w a s s h o w n t h a t t h e v i s u a l cr i t ical 
g r a d i e n t for paral le l w ires m a y b e expres sed in m a x i m u m k v . 

a t t h e s t a n d a r d t e m p e r a t u r e of 25 deg . c e n t , a n d b a r o m e t r i c 
pressure of 76 c m . A l s o for c h a n g e s in t e m p e r a t u r e a n d baro­
m e t r i c pressure over the natural range a fair approximation is 

W h e r e δ is t h e air d e n s i t y correc t ion fac tor a n d i s u n i t y a t t h e 
s t a n d a r d t e m p e r a t u r e a n d pressure . 

cab le s 

GRADIENT 

per c m . 

3 . 9 2 b 
2 7 3 + t 

b — b a r o m e t r i c pressure . 
t = t e m p e r a t u r e . 

* Law of Corona and Dielectric Strength of Air—I. 
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On the theory that definite energy is necessary to start dis­
ruption or glow,* go should vary directly with the air density 
factor δ. g„, however, should not vary directly with δ, as the 
thickness of the energy storage film should also be a function of 
δ. Thus, we would suspect that the equation for gv should be 
written 

Whether δ is varied by change of temperature or air pressure 
the effect should be the same as long as the temperature is not so 
high that the air is changed chemically. This will be discussed 
more fully later under the head of " Rupturing Energy. ' ' 

T A B L E I 

F OR POLISHED COPPER T U B E INSIDE OF BRASS CYLINDER 

Test 195 r = 0 . 9 5 3 R = 5 . 5 5 cm 

Observed values Calculated from equat ion 

K v . t 6 gv 
effective C° cm. 6 (max) (max) k 

4 8 . 5 18 7 5 . 4 1 .016 4 0 . 7 4 1 . 4 0 . 2 8 6 0 . 2 8 5 
4 6 . 5 37 « 0 . 9 5 4 3 9 . 1 3 9 . 1 0 . 3 1 2 0 . 3 0 5 
4 5 . 2 50 u 0 . 9 1 5 3 8 . 0 3 7 . 7 0 . 3 2 7 0 . 3 1 2 
4 3 . 4 66 u 0 . 8 7 3 3 6 . 5 3 6 . 2 0 . 3 3 7 0 . 3 1 4 
4 1 . 0 85 u 0 . 8 2 6 3 4 . 5 3 4 . 5 0 . 3 3 9 0 . 3 0 8 
3 9 . 6 100 u 0 . 7 9 3 3 3 . 3 3 3 . 3 0 . 3 4 4 0 . 3 0 6 
3 7 . 6 119 u 0 . 7 5 4 3 1 . 6 3 1 . 9 0 . 3 4 2 0 . 2 9 7 

Temperature Tests. A series of experiments on visual corona 
was carried on over a temperature range of — 2 0 deg. cent, to 
1 4 0 deg. cent. (AH tests in this papei were made at 6 0 cycles 
unless otherwise specified.) The apparatus is shown in F ig . 1. 
I t consists of a polished wire in the center of a brass cylinder. 
The cylinder was placed horizontally in a large asbestos lined 
" hot box. " Heating was effected by grids at the bottom of the 
box. The cylinder was shielded in such a way, and sufficient 
time was allowed to elapse after each change to get uniform 
temperature in the tube. Temperature was observed by a num­
ber of thermometers distributed in the " hot box." 

After heating became uniform voltage was applied and 
gradually increased until glow appeared. The central con-

* Part I. Pages 1535-1542. 
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d u c t o r w a s o b s e r v e d t h r o u g h a w i n d o w p l a c e d i n s u c h a 
p o s i t i o n i n t h e front par t of t h e b o x t h a t t h e w h o l e l e n g t h of 
the c o n d u c t o r c o u l d b e s e e n . I t w a s f o u n d thai; i t m a d e n o 
a p p r e c i a b l e d i f ï e i ence i n the s t a r t i n g v o l t a g e w h e t h e r or n o t 
t h e b o x a n d t u b e s w e r e " a ired o u t " af ter e a c h t e s t . C o n c e n t r i c 
c y l i n d e r s w e r e u s e d i n t h i s t e s t ra ther t h a n paral le l w ires , a s 
t h e a p p a r a t u s i s m o r e c o m p a c t a n d r e q u i t e s a m u c h smal ler 
1 4 h o t b o x . " 

T h r e e s izes of brass cy l inders w e r e u s e d , h a v i n g in s ide radii 
of 8 . 8 9 , 5 . 5 5 , a n d 3 . 6 5 c m . , r e s p e c t i v e l y . T h e cen tra l c o n d u c t o r 
ranged i n s ize f rom 0 . 0 5 9 to 0 . 9 5 3 c m . rad ius . I a n d I I are 
typ i ca l d a t a t a b l e s . 

T A B L E I I 

FOR POLISHED COPPER T U B E INSIDE OF BRASS CYLINDER 

Test 194 r = 0 . 4 7 6 cm. R = 5 . 5 5 cm. 

K v . 
effective / b δ 

gv 
(max) 

gv' 
(max) k 

4 1 . 0 — 1 3 7 5 . 5 1 .139 4 9 . 6 5 0 . 0 0 . 2 7 9 0 . 2 9 8 
4 0 . 0 0 u 1 .084 4 8 . 3 4 8 . 0 0 . 3 0 4 0 . 3 1 6 
3 7 . 0 20 7 4 . 9 1 .001 4 4 . 8 4 4 . 9 0 . 3 0 6 0 . 3 0 6 
3 5 . 7 , 41 7 5 . 5 0 . 9 4 2 4 3 . 2 4 2 . 7 0 . 3 3 1 0 . 3 1 2 
3 3 . 2 70 u 0 . 8 6 3 4 0 . 1 3 9 . 7 0 . 3 4 2 0 . 3 1 8 
3 1 . 5 87 u 0 . 8 2 3 3 8 . 1 3 8 . 1 0 . 3 4 2 0 . 3 1 0 
2 9 . 5 121 a 6 . 7 5 3 ^ 3 5 . 7 3 5 . 4 0 . 3 6 1 0 . 3 1 3 
2 8 . 7 130 u 0 . 7 3 4 3 4 . 7 3 4 . 7 0 . 3 5 8 0 . 3 0 8 

, 3.92 b 
(273 + * . ) 

C o l u m n s 1, 2 , a n d 3 are t h e o b s e r v e d v a l u e s . F o r c o n c e n t r i c 
c y l i n d e r s t h e g r a d i e n t a t t h e surface of the inner cy l inder i s 

e 
g = — " R r loge — 

W h e r e e i s v o l t s b e t w e e n c y l i n d e r s . 
R i s t h e ins ide r a d i u s of t h e o u t e r c y l i n d e r . 
r i s t h e rad ius of t h e in s ide c y l i n d e r . 

C o l u m n 4 is t h e surface g r a d i e n t for t h e v o l t a g e ev c a l c u l a t e d 
d i r e c t l y f r o m o b s e r v e d v a l u e s . H e n c e , c o l u m n s 1, 2 , 3 , 4 a n d 5 
are o b s e r v e d v a l u e s . A s c a n b e s e e n f rom t h e t a b l e s , a n d a s 

/ 0 . 3 0 8 \ 
, ' = 3 1 
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0 .5 1.0 1.5 2.0 2.5 3.0 3.6 4.0 4.6 

1VT 
1 

FIG. 2 . — E F F E C T OF TEMPERATURE UPON VISUAL CORONA; * — 7 ^ — gv 

CURVES. V R 

é 
These curves show straight-line relation between gv and /— for constant 5, therefore 

( K \ at given δ, gv= go (1 + ^/j ) 

F o r paral le l w ires , 

gi, = 2 9 . 8 d ^1 + m a x i m u m k v . per c m . 

Referr ing t o t h e t a b l e s , c o l u m n 6 g i v e s v a l u e s of gv c a l c u l a t e d 
from t h e a b o v e e q u a t i o n . C o l u m n 5 g i v e s o b s e r v e d v a l u e s . I t 
i s s een t h a t t h e dif ference is genera l l y less t h a n 1 pei c e n t t h r o u g h ­
o u t t h e w h o l e r a n g e . C o l u m n 7 g i v e s v a l u e s of k c a l c u l a t e d f rom 
o b s e r v e d v a l u e s of gv a n d for go — 3 1 . I n F i g s . 2 , 3 a n d 4 t h e 
d r a w n l ines are t h e a c t u a l ca l cu la ted v a l u e s , w h i l e t h e crosses 
are o b s e r v e d v a l u e s . 

go h a s a s l i g h t l y h igher v a l u e for wires i n a c o n c e n t r i c c y l i n d e r 
t h a n for paral le l w ires . T h i s d o e s n o t m e a n t h a t t h e s t r e n g t h 
of air differs i n t h e t w o cases . F o r a wire i n a c o n c e n t r i c cy l inder 

a l ready n o t e d , gv for a g i v e n r i s i n d e p e n d e n t of R or 5 , b u t var i e s 
w i t h δ. 

B y Σ A r ι d u c t i o n s of all of t h e d a t a t h e fo l lowing e q u a t i o n 
c o n n e c t i n g gv w i t h r a n d δ w a s o b t a i n e d 

*-ft*(1 + *wr) 
F o r c o n c e n t r i c c y l i n d e r 
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t h e field is b a l a n c e d all a r o u n d a n d u n i f o r m , a n d s h o u l d g i v e 
m o r e n e a r l y t h e t rue v a l u e . F o r paral le l w ires t h e r e is n e v e r 
c o m p l e t e b a l a n c e , e v e n w h e r e S/r i s large . T h i s g i v e s go a n 
a p p a r e n t v a l u e w h i c h i s s l i g h t l y lower . 

Barometric Pressure. I t i s n o w i n t e r e s t i n g t o see if t h e s a m e 

.« .7 .8 .9 1.0 1.1 1.2 1.3 

ä 
FIG. 3 — E F F E C T OF TEMPERATURE UPON VISUAL CORONA; &-SV 

CURVES. 
/ 0 3 0 8 \ 

Curves are drawn from calculated values, from gv = 31 δ i l -f — J 

0 .1 .2 .3 Λ .5 .6 .7 .8 .9 L0 1.1 1.2 1.3 hi 

FIG. 4 . — E F F E C T OF TEMPERATURE UPON VISUAL CORONA; * 
CURVES. 

( 0 . 3 0 8 N 

Curves drawn from equation g v = 3 l 6 ^ 1 + V " § / 

l a w h o l d s if t h e t e m p e r a t u r e is k e p t c o n s t a n t a n d δ is v a r i e d b y 
c h a n g i n g t h e b a r o m e t r i c pressure . T a k i n g t h e c u r v e s b y 
W h i t e h e a d * i n F i g . 5 t h e d r a w n l ines are d i rec t ly a s p l o t t e d in 

* Electric Strength of Air II (Figs. 6 and 7 ) , J . B . Whitehead, PRO­
CEEDINGS Α. I. Ε. E., June, 1 9 1 1 . 
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" E l e c t i i c S t r e n g t h of Air , I I . " T h e c ircles are p o i n t s c a l c u l a t e d 
from t h e e q u a t i o n 

T h e c h e c k i s q u i t e r e m a r k a b l e , a n d t h e l a w s e e m s t o a p p l y 
e q u a l l y we l l for t e m p e r a t u r e or pressure . 

I V . INFLUENCE OF FREQUENCY ON V I S U A L GRADIENT 

The effect of frequency on gv for the practical range of 2 5 to. 6 0 
cycles, if any, is very small and can be neglected. A f e w m e a s u r e ­
m e n t s are s h o w n i n F i g . 6 . F o r t h e t e s t r a n g e i t is difficult t o 
te l l w h e t h e i t h e s l i gh t v a r i a t i o n s are d u e t o c h a n g e s i n w a v e 
s h a p e t o o s m a l l t o b e d e t e c t e d b y the osc i l l ograph , or co fre­
q u e n c y . T h e p o i n t s s h o w a t e n d e n c y t o decrease w i t h increas ing 

300 100 500 a00 700 800 900 1000 

P R E S S U R E : M M . M E R C U R Y 

FIG. 5 . — D A T A FOR L I N E S TAKEN FROM WHITEHEAD'S " E L E C T R I C 
STRENGTH OF AIR, I I , " PROCEEDINGS Α . I . Ε . Ε . , J U N E , 1 9 1 1 , p . 1 0 9 9 — 
FIG. 6 . 

f requency . T h e r e is a p o s s i b i l i t y of f r e q u e n c y e n t e r i n g t h u s as 
a func t ion in 

I n v e s t i g a t i o n of t h i s o v e r a v e r y w i d e range of f r e q u e n c y wi l l 
b e of great t h e o r e t i c a l in t ere s t . D i r e c t - c u i r e n t p o i n t s b y W a t ­
s o n are a l so g i v e n o n c u r v e s (F ig . 6 ) . I t i s i n t e r e s t i n g t o n o t e 
t h a t t h e s e p o i n t s d o n o t i n d i c a t e i n c r e a s e d g v a t l o w e r f requenc i e s . 

W h i l e gv o v e r t h e c o m m e r i c a l t r a n s m i s s i o n r a n g e i s n o t a p p r e ­
c i a b l y affected b y f r e q u e n c y , i t m u s t b e r e m e m b e r e d t h a t t h e 
power loss over this range with sufficient accuracy for practical cal­
culation increases d i r e c t l y w i t h t h e f r e q u e n c y as s h o w n i n P a r t 
I . I t wi l l a l so b e of t h e o r e t i c a l in t eres t t o im^est igate t h i s o v e r 
a v e r y w,ide r a n g e of f r e q u e n c y . T h e diff iculties i n m a k i n g s u c h a 
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comparison even over a short range are many due to changes in
wave shape, power factor, etc.

v. RELATION BETWEEN SPARK-OVER AND CORONA FOR
PARALLEL WIRES AND CONCENTRIC .CYLINDERS

If impressed voltage is gradually increased on two parallel
wires placed a considerable distance apart, in air so that the
ratio. Sir is above a certain minimum value the first evidence of
stress in the air is visual corona. If voltage is still fur ther in­
creased the. wires become brighter and the corona has the appear­
ance of extending further out from the surface. Finally, when
the voltage has been sufficiently increased, at some chance place,

2
0

~~DI~ECTICUR~EN+ BY
-- -

WAl.SON
8 - - - 1-- - 1-

6

! - - --,-- - - - -
2 - - - - - - - - -
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<:1
8

36
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FREQUENCY IN CYCLES PER SEC.

FIG. 6.-VARIATION OF GRADIENT WITH FREQUENCY.
These curves are plotted to an exaggerated ~cale to magnify any variations.

a spark will bridge between the conductors. When the spacing
is small, so that Sir has a certain minimum value, spark and cor­
one may occur simultaneously, or the spark may bridge across
before co~ona appears. This value of Sir is a critical ratio. If
the spacing is still fur ther reduced so that Sir is below the critical
ratio the first evidence of stress is complete spark-over and
COlona never appears.

A considerable number of tests were made to study spark­
over and corona on parallel wires. The conductors in these
tests were supported on wooden wheels in a wooden frame work as
in former tests for visual corona, except that the wires were not
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a l l o w e d t o c o m e i n c o n t a c t w i t h t h e w o o d a t p o i n t of s u p p o r t , b u t 
r e s t e d o n a l u m i n u m shie lds s p u n o n a c u r v e over t h e end w h e e l s . 
S e e F i g . 7. T h i s m e t h o d of s u p p o r t w a s f o u n d n e c e s s a r y , a s 
o t h e r w i s e s p a r k - o v e r a l w a y s t o o k p lace a t t h e e n d s . T h e a p p a ­
r a t u s w o r k e d v e r y we l l e x c e p t for v e r y ' large or v e r y s m a l l c o n -

SHIELD FOR SMALL WIRE 

FIG. 7 

d u c t o r s , w h e n i t w a s f o u n d a l m o s t i m p o s s i b l e t o s u p p o r t t h e 
wires w i t h o u t s p a r k - o v e i a t t h e sh ie lds . 

T h e c o n d u c t o r s ranged i n s ize f rom 0 . 1 5 c m . t o 1.00 c m . i n d ia ­
m e t e r , a n d t h e s p a c i n g for spark-over f rom 1 . 2 to 3 0 c m . T h e 
t e m p e r a t u r e w a s k e p t n e a r l y c o n s t a n t . T h e c o n d u c t o r s w e r e 
were p o l i s h e d after e a c h t e s t . 
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T h e m e t h o d of t e s t w a s t o s tar t a t t h e smal ler s p a c i n g w i t h a 
g i v e n v a l u e of r a n d m e a s u r e t h e s p a r k - o v e r v o l t a g e . T h e s p a c ­
i n g w a s i n c r e a s e d b y s t e p s a n d spark v o l t a g e m e a s u r e d . W h e n 
t h e s p a c i n g w a s a b o v e t h e cri t ical r a t i o of S / r , ' w h e r e corona 
f o r m e d before s p a r k - o v e r , t h e corona v o l t a g e w a s n o t e d first. 
T h e v o l t a g e w a s t h e n increased u n t i l s p a r k - o v e r occurred . T h e 
s p a r k - o v e r p o i n t i s n o t a s c o n s t a n t or c o n s i s t e n t * as t h e corona 
p o i n t a n d i s s u s c e p t i b l e t o c h a n g e w i t h t h e s l i g h t e s t dirt s p o t 

T A B L E III 
CORONA AND SPARK-OVER FOR PARALLEL W I R E S 

Test N o . 166 No . 0 wire 
Values read Connected to 25 deg. cent. — 766 

Spacing 
Effective 

kv . to neutral Max imum values 

Cm. Corona Spark Corona Spark Corona Spark 
5 ev es ev es gv gs 
2 .54 None 15.8 — 21 .9 — 41.4 

3 . 8 1 u 22 .5 — 31 .2 — 4 2 . 5 

5 .08 u 27.3 — 37 .9 — 43 .2 

6 .35 u 
31 .05 — 43 .2 — 43 .8 

7 .62 " 35 .0 — 4 8 . 5 — 44 .9 

8 .89 u 
37 .35 — 51 .8 — 4 5 . 0 

1 0 . 1 6 40 .4 40 .9 56 56 .7 44 44 .6 

12 .70 4 1 . 8 42 .1 58 58 .1 44 4 4 . 1 

13.97 43 .7 46 63 .7 6 0 . 5 44 .2 46 .7 

15.24 45 .9 4 8 . 1 63 .6 67 4 5 . 1 48 .9 

15 .78 46 .6 54 .1 64 .8 75 4 3 . 8 50 .8 

20 .32 48 .9 59 .6 67 .7 82 .8 44 53 .7 

22 .86 50 .1 66 .2 69 .7 91 .7 4 3 . 7 56 .8 

25 .40 51 .1 71 .5 70 .7 9 9 . 2 4 3 . 1 60.4 

27 .94 52 .1 79 72.4 109.7 42 .9 65 .1 

30 .48 53 .1 84 .5 74 117 42 .9 67 .9 

33 .02 5 4 . 1 89 .6 74 .8 124 42 .4 70 .2 

35 .56 55 .1 9 5 . 5 76 .5 132.5 42 .6 73 .9 

3 8 . 1 0 56 .1 102.3 77 .8 141.9 42 .7 77 .8 

40 .64 5 7 . 1 106.5 79.4 149 42 .9 80 .5 

60 .96 63 .3 — 87 — 42 .9 — 

Temperature 17 deg. cent. Bar. 75 .3 cm. 
Wire N o . 0. D iameter 0 .825 cm. 

o n t h e c o n d u c t o r surface , a n d a n y u n s t e a d y c o n d i t i o n i n t h e 
c ircui t , e t c . A t t h e b e g i n n i n g of t h e t e s t s i t w a s f o u n d n e c e s ­
sary , i n order t o g e t c o n s i s t e n t resu l t s , t o p u t w a t e r t u b e res is­
t a n c e s i n series w i t h t h e c o n d u c t o s s t o e l i m i n a t e r e s o n a n c e . 
T h e s e res i s tances w e r e h i g h , b u t n o t suff ic ient ly s o t o c a u s e a n 
a p p r e c i a b l e drop i n v o l t a g e before arc -over . 

T a b l e I I I i s a t y p i c a l d a t a table . E a c h p o i n t i s t h e a v e r a g e 
of a n u m b e r of r e a d i n g s . 

* Above the critical ratio of S/r, or where corona forms first. 
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I n c o l u m n s 4 a n d 5 are v o l t a g e s r e d u c e d to m a x i m u m v a l u e t o 
neutra l a n d correc ted t o s t a n d a r d δ. C o l u m n 6 i s t h e surface grad­
i e n t for c o r o n a w h i l e c o l u m n 7 i s surface g r a d i e n t for s p a r k u p t o 

0 10 20 30 40 50 60 
SPACING IN CM. BETWEEN CENTERS 

FIG. 8 A . — S P A R K AND VISUAL CORONA VOLTAGES FOR PARALLEL W I R E S . 

χ 120 

g 100 
& 90 

S 5 0 

Ο 30j 

C5 20 

W -
1 

TEST NO . 16 5 
SIZE ^ 0 .826 CM.DIAM. 

POLI8HED COPPER 
CORRECTED TO 25°C AND 7β CM.BARO. 

SIZE ^ 0 .826 CM.DIAM. 
POLI8HED COPPER 

CORRECTED TO 25°C AND 7β CM.BARO. 

1 I ι 
20 30 40 50 

SPACING IN CM. BETWEEN CENTERS 

FIG. 8 B . — S P A R K AND VISUAL CORONA VOLTAGE GRADIENTS 

FOR PARALLEL W I R E S . 

t h e s p a c i n g w h e r e c o r o n a s t a r t s first; a b o v e t h i s cr i t i ca l s p a c i n g i t 
i s t h e apparent surface gradient a s t h e c o n d u c t o r a b o v e t h i s p o i n t 
m u s t b e larger o n a c c o u n t of corona . A s t h e field a r o u n d t h e 
c o n d u c t o r s a t t h e s m a l l s p a c i n g s i s v e r y m u c h d i s t o r t e d i t i s 
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n e c e s s a r y t o u s e t h e f o l l o w i n g ra ther c o m p l i c a t e d f o r m u l a s 
t o c a l c u l a t e t h e surface grad ien t . 

e 

w h e r e 

g = D r , p + D 
- J l og . t _ 

Ό = 
S - 2 r 

S = d i s t a n c e b e t w e e n conductor c e n t e r s . 
r = c o n d u c t o r rad ius . 

Ρ = D \ / 1 + 
2 r 
D 

I 1 
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Ζ120 
<110 
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/y TEST NO. 160 
8JZE # 2 .654 CM.DIAM 

POLISHED COPPER 

CORRECTED TO 25°C AND 76 CM.BARO. 

r / 
TEST NO. 160 

8JZE # 2 .654 CM.DIAM 

POLISHED COPPER 

CORRECTED TO 25°C AND 76 CM.BARO. ٥ 

TEST NO. 160 
8JZE # 2 .654 CM.DIAM 

POLISHED COPPER 

CORRECTED TO 25°C AND 76 CM.BARO. 

i 
ι 0 10 2 X) 80 4 0 50 60 7 0 

FIG. 9 A . — S P A R K AND VISUAL VORONA VOLTAGES FOR PARALLEL W I R E S . 

F i g . 8A i s a t y p i c a l c u r v e . V o l t a g e i s p l o t t e d w i t h s p a c i n g 
for s p a r k a n d c o r o n a . U p t o s p a c i n g 1 2 . 4 c m . t h e r e i s s p a r k - o v e r 
before c o r o n a . T h i s c u r v e s e e m s t o b e c o n t i n u o u s w i t h t h e c o ­
r o n a c u r v e w h i c h s t a r t s a t t h i s p o i n t . T h e spark c u r v e h e r e 
b r a n c h e s a n d i s v e r y c lose t o a s t r a i g h t l ine w i t h i n t h e v o l t a g e 
r a n g e . L o o k i n g a t F i g . 8 B t h e s u i f a c e g r a d i e n t c u r v e s are 
p l o t t e d . T h e c o r o n a g r a d i e n t i s a s t r a i g h t l ine parallel , co t h e 
X ax i s w i t h a s l i gh t l u m p a t t h e cri t ical r a t i o of S/r. T h e a p p a r ­
e n t spark g r a d i e n t i s a l so a s t r a i g h t l ine , w i t h i n t h e t e s t r a n g e . 
I t i n t e r s e c t s t h e c o r o n a l ine a t t h e cr i t ica l ra t io p o i n t , or a t 
w h a t m a y b e t e r m e d t h e tr iangu lar p o i n t , a n d e x t e n d e d c u t s t h e 
g a x i s a t g = 3 0 . F i g . 9 t o 12 g i v e s imi lar c u r v e s for di f ferent 
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s izes of wire . F o r a g i v e n s p a c i n g t h e s p a r k - o v e r v o l t a g e i n ­
creases a s t h e s ize of t h e c o n d u c t o r decreases . 

I t i s i m p o r t a n t t o n o t e t h a t for all s izes of wire t h e spark 
g r a d i e n t c u r v e e x t e n d e d as a s t ra ight l ine c u t s t h e g r a d i e n t ax i s 

O 90 

Ł 80 
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> 70 

Ć 601 

Ο 
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Ď 
Ł ßď! 
ο > 

y 
o • 

f / 

f 
CO RON/ 

f y) 

"Ô Ε 
8JZE % 

-ST NO. 160 
2 .654 CM.DIAM. POLISHED COPPER 

CORRECTED TO 25°C AND 7 β CM.BARO. 

1 1 1 1II 1 1 1 
SPACING IN CM. BETWEEN CENTERS 

FIG. 9 B . — S P A R K AND VISUAL CORONA VOLTAGE GRADIENTS FOR 
PARALLEL W I R E S . 

at . g = 3 0 . T h a t i s , a t zero s p a c i n g w h e r e c o m p a r e d w i t h t h e 
d i s t a n c e a p a r t t h e c o n d u c t o r s are p l a n e surfaces , the g r a d i e n t 
h a s t h e s a m e n u m e r i c a l v a l u e as t h e disruptive gradient go. T h i s 
s e e m s t o be a fur ther c h e c k o n go. S p a r k c u r v e s e x t e n d e d a s 

T A B L E I V 

CRITICAL RATIOS S/r—EXPERIMENTAL VALUES 

Size—Β. & S. Radius cond. cm. 
5 

cm. S/r 

0 0 . 4 6 1 1 3 . 5 2 9 . 3 
0 0 . 4 1 2 1 1 . 7 2 8 . 4 
2 0 . 3 2 7 1 0 . 2 3 1 . 2 
4 0 . 2 6 0 7 . 9 3 0 . 4 
5 0 . 2 3 0 7 . 3 3 1 . 7 
6 0 . 2 0 5 6 . 2 3 0 . 2 
8 0 . 1 6 2 4 . 8 2 9 . 6 

10 0 . 1 2 9 4 . 0 3 1 . 0 
12 0 . 1 0 3 3 2 9 . 1 

Average 3 0 . 1 

Intersection point of gv and gs. 

s t ra ight l ines t h r o u g h t h e cr i t ical ra t io p o i n t a n d i n t e r s e c t i n g 
t h e g r a d i e n t ax i s a t g = 3 0 are s h o w n i n F i g . 13 . T h e t r i a n g u ­
lar p o i n t or cr i t ica l ra t io of S/r i s t a b u l a t e d i n T a b l e I V . 

I t s a v e r a g e v a l u e i s S/r = 3 0 . If w e a s s u m e t h a t t h e spark 
g r a d i e n t c u r v e i s a s t ra igh t l ine t h e c o n d i t i o n s are, t h a t i t m u s t 
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c u t t h e corona g r a d i e n t l ine a t S/r = 3 0 a n d e x t e n d e d m u s t c u t 
t h e g ax i s a t go = 3 0 . T h e e q u a t i o n for g„ is 
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J t TEST NO. 169 
8<ĆĹ#â .410CM.DIAM. 

POLISHED COPPER 
)RREGT6D TO 25°C. AND 76 CM. BAR c 

TEST NO. 169 
8<ĆĹ#â .410CM.DIAM. 

POLISHED COPPER 
)RREGT6D TO 25°C. AND 76 CM. BAR >M. 

/' f 

(5a) 

10 20 30 40 50 00 
SPACING IN CM. BETWEEN CENTERS 

FIG. 10A . — S P A R K AND VISUAL CORONA VOLTAGES FOR PARALLEL W I R E S . 

< : 

/ 
J 
/ A Y f T E S T N O . 1 6 9 
SIZE ٦β — .410 CM.DIAM. 

POLI8HED COPPER 
DRRECTED TO 25° C. AND 76 CM. BAR c 

T E S T N O . 1 6 9 
SIZE ٦β — .410 CM.DIAM. 

POLI8HED COPPER 
DRRECTED TO 25° C. AND 76 CM. BAR 

j / 
** COR( )NA 

0 10 20 30 40 50 60 
S P A C I N G I N C M . B E T W E E N C E N T E R S 

FIG. 1 0 B . — S P A R K AND VISUAL CORONA VOLTAGE GRADIENTS FOR 
PARALLEL W I R E S . 

t h e r e f o r e / 1 . 0 . 3 0 1 5 1 \ 
gs = g0 (1 + -VT7w) 

= 3 0 ( l X ~ ~ ^ ) k v . per c m . m a x . 
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0 10 20 30 40 50 00 70 
SPACING IN CM.BETWEEN CENTERS 

FIG. 1 1 A . — S P A R K AND VISUAL CORONA VOLTAGES FOR PARALLEL W I R E S . 
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I TE.ST NO. 165 
SIZE#8 . 325 CM, DIAM. 

POLISHED COPPER 
CORRECTED TO 25°C AND 7â CM.BARO. 

J I TE.ST NO. 165 
SIZE#8 . 325 CM, DIAM. 

POLISHED COPPER 
CORRECTED TO 25°C AND 7â CM.BARO. / 

TE.ST NO. 165 
SIZE#8 . 325 CM, DIAM. 

POLISHED COPPER 
CORRECTED TO 25°C AND 7â CM.BARO. 

/ f / /o ,co RO MA 
~n 
! ι 1/ 

r 

F I G 11B. 

10 20 30 40 50 60 

SPACING IN CM.BETWEEN CENTERS 

-SPARK AND VISUAL CORONA VOLTAGE GRADIENTS FOR 
PARALLEL W I R E S . 
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A t S/r — 30 , gs r e d u c e s t o gv a n d f o r m u l a (δα) s h o u l d b e u s e d 

es = gs r l og S/r k v . t o n e u t r a l m a x . -

or m o r e a c c u r a t e l y r l o g S/r 

es = gs 
1 + 

2r 
S - 2 r 

Σ110 
2100 

< 00 

á 70 

2 00| 
ć 

o 5 0 

H 401 

LU 
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< 10 

y TEST NO. 158 
8IZE #12 .206 CM. DIAM. 

POLISHED COPPER 

RRECTED TO 25°C. AND 76 CM. BARC 

y 

TEST NO. 158 
8IZE #12 .206 CM. DIAM. 

POLISHED COPPER 

RRECTED TO 25°C. AND 76 CM. BARC 00 

TEST NO. 158 
8IZE #12 .206 CM. DIAM. 

POLISHED COPPER 

RRECTED TO 25°C. AND 76 CM. BARC ». 
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20 25 30 

SPACING IN CM. BETWEEN CENTERS 

FIG. 1 2 A . — S P A R K AND VISUAL CORONA VOLTAGES FOR PARALLEL W I R E S . 
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TEST NO. 158 
SIZE ^12 . 206 CM. DIAM. 

POLI8HED COPPER 

RRECTED TO 25°C. AND 76 CM. BARC 

ο y 
TEST NO. 158 

SIZE ^12 . 206 CM. DIAM. 

POLI8HED COPPER 

RRECTED TO 25°C. AND 76 CM. BARC / CO 

TEST NO. 158 
SIZE ^12 . 206 CM. DIAM. 

POLI8HED COPPER 

RRECTED TO 25°C. AND 76 CM. BARC 
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/ ce >RO NA-

4 1 

SP MGl NC VI. 3ΕΤ WE EN DEf ITE RS 

FIG. 1 2 B . — S P A R K AND VISUAL CORONA VOLTAGE GRADIENTS FOR 
PARALLEL W I R E S . 

I n F i g . 13 e a c h d r a w n c u r v e i s for g8 v a l u e s c a l c u l a t e d for 
v a r y i n g s p a c i n g a t c o n s t a n t rad ius . T h e p o i n t s are m e a s u r e d 
v a l u e s . T h e c o r o n a b o u n d a r y l ine i s t h e gv c u r v e ; i t intersects 
t h e g9 c u r v e s a t S/r = 3 0 . C o r o n a d o e s n o t f o r m b e l o w t h i s l i n e , 
b u t s p a r k j u m p s across i m m e d i a t e l y . 
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I n F ig . 14 each curve is drawn for a constant spacing and vary­
ing radius. The broken line is the critical ratio line; it also 
corresponds to the gv curve. For spacing below this line 
spark takes place immediately before corona forms, and the 

SPACING IN CM. 

FIG. 1 3 . — S P A R K - O V E R GRADIENTS FOR PARALLEL W I R E S . 

0 . 05 .10 .15 . 20 . 25 . 30 . 35 .40 .45 . 50 
R A D I U S O F W I R E I N C M . 

F I G . 1 4 . — R E L A T I O N BETWEEN SPARK-OVER GRADIENT AND R A D I U S OF 
W I R E FOR SPARK BETWEEN PARALLEL W I R E S . 

g9 values fall pretty well on the gv line as shown by triangles. 
Tbey generally fall a little low. 

F ig . 1 5 is voltage plotted in the same way. Below the corona 
boundary where spark occurs before corona—the curve does 
n o t hold. The broken lines are calculated from gv and e„. 
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T h e p o i n t s are o b s e r v e d v a l u e s . T h u s c o r o n a g r a d i e n t a n d 
s p a r k - o v e r g r a d i e n t a n d h e n c e spark v o l t a g e a n d c o r o n a v o l t a g e 
b e l o w S/r = 3 0 are t h e s a m e . 

I n F i g . 16 t h e d r a w n l ines are c a l c u l a t e d f r o m 

es' = 3 . 4 5 + gr-=—T=- m a x i m u m k v . t o n e u t r a l 
Δ.ο ν r 

Ń ^ Ă É É ) * O F W I P F IN C M . 

FIG. 1 5 . — R E L A T I O N BETWEEN VOLTAGE AND R A D I U S OF W I R E FOR 
SPARK BETWEEN PARALLEL W I R E S . 

N O T E : - C U R V E S C A L C U L A T E D F R O M F O R M U L A , 

E X P E R I M E N T A L P O I N T S S H O W N B Y X & ο 
F O R M U L A POE8 N O T H O L D B E L O W 
H E A V Y L I N E W H E N ®/!'·<· 30 

D A S H CURVE8 P L O T T E D F R O M E Q U A T I O N 

.15 .20 .25 .30 .3* 

RADIUS OF WIRE IN C M . 

FIG. 1 6 . — R E L A T I O N BETWEEN VOLTAGE AND R A D I U S OF W I R E FOR 
SPARK BETWEEN PARALLEL W I R E S . 

T h i s f o r m u l a i s b a s e d o n the a s s u m p t i o n t h a t all s i zes of 
wire for a g i v e n s p a c i n g w o u l d spark o v e r a t t h e s a m e v o l t a g e 
if t h e r e w e r e n o " c o r o n a r e s i s t a n c e . " 

F o r n o " c o r o n a r e s i s t a n c e , " spark w o u l d ta ke p l a c e w h e r e 
S/x = 30 , w h e r e Λ: i s t h e d i a m e t e r of c o n d u c t o r a n d c o r o n a , a n d 
go Sit x = 3 0 k v . per c m . 

T h a t i s 3 . 4 5 - . 
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H o w e v e r , a s s m a l l wires require h igher v o l t a g e t h a n larger 
o n e s t h e r e i s a " d r o p " d u e t o c o r o n a re s i s tance w h i c h is a 
f u n c t i o n of r. F r o m e x p e r i m e n t s 

5 + 5 
6 d ~ 2 . 5 vV 

H e n c e t o t a l spark-over v o l t a g e is 

e/ = 3 . 4 5 + 
5 + 5 

2 . 5 V r 

T h e m e a s u r e d p o i n t s d o n o t fo l low t h i s f o r m u l a a s we l l a s 
t h e o n e b a s e d o n a s t ra igh t l ine grad ien t . T h e m e t h o d of 
d e r i v a t i o n , h o w e v e r , i s in t ere s t ing . 

T h e r e a s o n t h a t spark t a k e s p lace before c o r o n a c a n f o r m a t 
s m a l l s p a c i n g or b e l o w S/r = Κ c a n b e s een as f o l l o w s : 

C o n s i d e r i n g first a wire in t h e c e n t e r of a c y l i n d e r 

r log , R/r 

e = gv r log , R/r 

A s s u m i n g g a n d R c o n s t a n t , increas ing r increases e u p t o a 
cer ta in m a x i m u m p o i n t w h e r e e b e g i n s t o decrease . T h u s a t 
t h e m a x i m u m v a l u e of e the effect of r e d u c i n g t h e flux d e n s i t y 
b y increas ing r i s o v e r c o m e b y decreas ing t h e d i s t a n c e b e t w e e n 
c y l i n d e r s or r e d u c i n g t h e ra t io R/r. B e l o w t h e ra t io R/r = K\ 
for m a x i m u m e corona w o u l d appear , t h e n a s e i s increased c o r o n a 
w o u l d increase r t o χ or t h e ra t io t o R/x — Κ χ. A s t h i s ra t io 
requires a l o w e r v o l t a g e for corona , spark m u s t p a s s b e t w e e n t h e 
cy l inders . U n d e r t h e a b o v e a s s u m p t i o n s , for m a x i m u m e 
R/r = e. T h u s c o r o n a w o u l d a p p e a r before spark u p t o R/r = 
€. W h e r e R/r is l ess t h a n e spark o v e r m u s t o c c u r before c o r o n a . 
T h e ra t io R/r = e i s genera l ly t a k e n as t h e ra t io for m a x i m u m 
d ie l ec tr i c s t r e n g t h of c o n c e n t r i c cy l inders . T h i s d o e s n o t 
s e e m correct a s in t h e a b o v e a s s u m p t i o n gv w a s t a k e n as c o n ­
s t a n t . W e k n o w , h o w e v e r , t h a t gv i s a f u n c t i o n of r, a n d for air 
i s : 

go ^1 + -^j= J r l og , R/r 
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D i f f e r e n t i a t i n g for m a x i m u m 

de Γ / 1 , 0 . 3 0 1 \ , , 0 . 3 0 Π 

T7 = g0 L( 1 + l 0 g ^ / r " 1 " V7 J 
or 

e i s m a x i m u m w h e n 

[('•SS')*"'-'-0^]-» 
T h i s g i v e s a ra t io of R/r greater t h a n €. T h e e x p e r i m e n t a l 
ra t io in F i g . 17 is 3 a n d c h e c k s w i t h a b o v e . 

120| 

no 

100] 

90 

R ö 6.67 CM. 

2*1 

0 .2 ,4 ,6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 

RADIUS OF INNER CYLINDER ( R ) 

FIG. 1 7 . — R E L A T I O N OF CORONA AND SPARK-OVER FOR CONCENTRIC 
CYLINDERS. 

If a v e r y smal l v a l u e of r i s t a k e n so t h a t c o r o n a f o r m s a n d 
t h e v o l t a g e i s i n c r e a s e d s p a r k - o v e r f inal ly o c c u r s . I t m i g h t 
b e s u p p o s e d t h a t a s t h e v o l t a g e w e r e i n c r e a s e d t h e c e n t e r wire 
w o u l d b e c o m e larger a n d larger i n effect d u e t o c o n d u c t i n g 
c o r o n a a n d finally, w h e n i ? / c o r o n a rad ius = cr i t ical rati ο, 
s p a r k - o v e r w o u l d occur . T h i s i s n o t t h e case . I t t a k e s a m u c h 
h igher v o l t a g e for t h e s m a l l wire + c o r o n a t h a n for m e t a l l i c 
c y l i n d e r s for m a x i m u m rat io . H e n c e c o r o n a s e e m s t o b e e i ther 
i n effect a series res i s tance , or grades or d i s t r i b u t e s t h e f lux 
d e n s i t y . S e e F i g . 17. T h i s h a s a n i m p o r t a n t b e a r i n g o n t h e 
s t u d y of t h e p o w e r loss e q u a t i o n . 
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T a k i n g n o w t h e e x a c t e q u a t i o n for paral le l w ire s 

gv = Dr Λ p + D 
p - D 

( Λ , 0 . 3 0 1 \ Z> r , p + D 
= g0{1 + vT)ir l o g < 7 = z r 

V a r y i n g r for c o n s t a n t S = 10 i t is* f o u n d t h a t i s m a x i m u m 
w h e n S/r = 6 . 6 7 . S e e F i g . 18 . E x p e r i m e n t s s h o w t h i s r a t i o 
t o b e 3 0 . T h e difference i s e v i d e n t a l l y d u e t o t h e d i s t o r t e d c o n ­
d i t i o n of t h e field a t t h e smal l s p a c i n g s . 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

RADIUS OF WIRE IN CM. 

FIG. 1 8 

T h e v i s u a l c o r o n a v o l t a g e s , or t h e s p a r k - o v e r v o l t a g e s below t h e 
cr i t ica l r a t i o of S/r or R/r, s h o u l d b e of prac t i ca l v a l u e for v o l t ­
a g e m e a s u r e m e n t o n a c c o u n t of t h e a c c u r a c y a t w h i c h t h e y 
m a y b e d e t e r m i n e d or c a l c u l a t e d for di f ferent t e m p e r a t u r e s , 
b a r o m e t r i c pressures , e t c . 

V I . I N F L U E N C E ON CORONA AND S P A R K - O V E R OF W A T E R 

AND O I L ON THE CONDUCTOR SURFACE 

T h e s e t e s t s w e r e m a d e i n a m a n n e r e x a c t l y s imi lar t o t h e dry 
s p a r k - o v e r a n d c o r o n a t e s t s . I n t h e oil t e s t s , t h e surface of 
t h e w ire w a s c o a t e d w i t h a t h i n e v e n film b y m e a n s of a n o i l ed 
rag . F o r t h e w e t t e s t s w a t e r w a s s p r a y e d o n t h e c o n d u c t o r 
surface after e a c h r e a d i n g b y m e a n s of a n a t o m i z e r . F i g s . 1 9 - 2 3 
are dry , w e t a n d oil c u r v e s for t h r e e different s izes of wire . 

For spark-over b o t h w a t e r a n d oi l h a v e a p p r o x i m a t e l y t h e s a m e 
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160, 

0 10 20 80 40 50 60 70 
SPACING IN CM. BETWEEN CENTERS 

Ι* ι G 2 0 . — S P A R K AND VISUAL CORONA VOLTAGES FOR PARALLEL W I R E S . 
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effect , t h a t i s , g i v e v e r y n e a r l y t h e s a m e spark o v e r v o l t a g e for 
al l s i zes of c o n d u c t o r . T h i s c u r v e v e r y c l o s e l y fo l l ows t h e n e e d l e 
g a p c u r v e . 

For corona w a t e r v e r y g r e a t l y l owers gv. Oil l o w e r s gv b u t 
t o a m u c h l e s s e x t e n t t h a n w a t e r . W h e r e t h e c o n d u c t o r i s 
v e r y s m a l l t h e per c e n t increase i n d i a m e t e r d u e t o oil m o r e t h a n 
c o m p e n s a t e s for t h e l o w e r i n g effect . T h e v i s u a l c o r o n a g r a d i e n t 
(max. ) for oil a n d w a t e r c o a t e d c o n d u c t o r s m a y b e f o u n d . 

W a t e r surface b y fine s p r a y or fog. 

9 Λ ^ J 0 . 8 1 5 \ 

\ £2 V~r U 

Oil fi lm surfaces . . 

gv = 19 ( l + S e e F i g . 24 . 

V I I . SOME ADDITIONAL REMARKS ON D I S R U P T I V E 
G R A D I E N T — g 0 

F i g . 2 5 s h o w s t h r e e e n t i r e l y different m e t h o d s w h i c h all s e e m 
t o i n d i c a t e a c o n s t a n t d i s r u p t i v e g r a d i e n t of g 0 = 3 0 for air, a s 
fo l lows 
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a. By Visual Corona. 

b . By Power Measurement. T h i s c u r v e i s p l o t t e d b e t w e e n t h e 
s q u a r e r o o t of m e a s u r e d p o w e r a n d t h e surface g r a d i e n t g. 
T h e c u r v e i n t e r s e c t s t h e ax i s a t g = 3 0 or 

Ρ = m (g - go)2 = m(g- SO)2 

c. By Spark-Over Between Parallel Wires. T h i s c u r v e i s 
p l o t t e d b e t w e e n g r a d i e n t a n d s p a c i n g . T h e c u r v e , e x t e n d e d t o 

Ό .5 1.0 1.5 2.0 2.5 3.3 

FIG. 2 4 . — R E L A T I O N OF g„ το 1/y/T 

zero s p a c i n g , — w h e r e r m a y b e cons idered a p l a n e c o m p a r e d w i t h 
S—intersects t h e g ax i s a t go = 3 0 . 

V I I I . R U P T U R I N G E N E R G Y OF A I R 
I t i s n o w of theoret ica l i n t e r e s t t o i n v e s t i g a t e t h e e n e r g y i n a 

z o n e s u r r o u n d i n g t h e surface of t h e c o n d u c t o r jus t a t t h e i n s t a n t 
before v i s u a l corona , w h e n t h e o u t e r b o u n d a r y of t h e z o n e i s 
e q u i g r a d i e n t c ircle go, a n d t h e inner b o u n d a r y , t h e c o n d u c t o r 
surface a t g r a d i e n t gv. 

T h e t e s t s for v i s u a l c o r o n a s h o w t h a t t h e surface g r a d i e n t , gv, 
for t h e first a p p e a r a n c e of v i s u a l c o r o n a i s n o t c o n s t a n t for 
all s i zes of c o n d u c t o r s , b u t i s a f u n c t i o n of t h e rad ius , r, of t h e 
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c o n d u c t o r s . gv increases a s r decreases . F r o m t h e e q u a t i o n s , 
w h e n δ = u n i t y 

ev gv = r l o g e s/r 

go = (r + x) l o g e s/r 

I t s e e m s t h a t air h a s a c o n s t a n t b r e a k d o w n g r a d i e n t g 0 for 
g i v e n d e n s i t y δ, b u t t h a t e n e r g y i s n e c e s s a r y t o s tar t r u p t u r e . 

_L ο > 
ο 
_J 

S 1 

ο 
> ο 

5 ] 

Ď 
or 1 

Ď 
> 
Ď 

— — 

R ELATION BETWEEN 1 
AL GRADIENT ANDN^F 
4 0 , LAW OF CORONA I 

VISU 
Đ Á 

ELATION BETWEEN 1 
AL GRADIENT ANDN^F 
4 0 , LAW OF CORONA I 

1 ( a ) 

0 ι U 7 s 1 • • 9 1 Ő 

— 

) RELATION BET WE Ε 
POWER L 0 8 6 

Ν 

m 

AND 
APPARENT GRADIENT 

AT CONDUCTOR SURFACE 
T E S T NO. 134 m J o 

AND 
APPARENT GRADIENT 

AT CONDUCTOR SURFACE 
T E S T NO. 134 m 

l ٠ 4 
Vj> KILOWATTS 

) 
� 1 1 1 1 

r 
' CORONA GRADIENT 

AND 
APPARENT 8PARK GRADIENT 

A T CONDUCTOR 8URFACE 

' CORONA GRADIENT 
AND 

APPARENT 8PARK GRADIENT 
A T CONDUCTOR 8URFACE 
CORONA 

V Τ 1ST MO. 1 
WO 

0 10 20 30 40 50 
DISTANCE BETWEEN CENTERS IN CM. 

FIG. 2 5 . — D I F F E R E N T METHODS OF OBTAINING go-

T h i s m e a n s t h a t rupture c a n n o t occur a t t h e surface of t h e 
c o n d u c t o r w h e n t h e surface s tress b e c o m e s go, b u t o n l y after 
t h e g r a d i e n t r e a c h e s a h igher v a l u e , gv, a t t h e c o n d u c t o r surface 
a n d , h e n c e , go, a t a f inite d i s t a n c e χ f r o m t h e c o n d u c t o r 
surface w h e n r u p t u r e occurs . T h e e n e r g y s t o r e d i n t h e z o n e 
b e t w e e n gv a n d g0 m a y h e n c e b e ca l l ed t h e " r u p t u r i n g e n e r g y . " * 
S e e F i g . 26 . ' 

* This must not be confused with the power lost by corona. It is the 
energy stored between g v and go to start rupture, or up to the point where 
loss begins. 
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T h e r u p t u r i n g e n e r g y for a c o n d u c t o r of rad ius r, a n d o n e c m . 
l o n g a n d δ = 1 m a y b e c a l c u l a t e d t h u s : 

ev 

F r o m e x p e r i m e n t s 
r log 6 s/r 

go = 
ev 

(r + φ r) log , s/r (r + 0 . 3 0 1 V~r) l o g 6 s/r 
= 2 9 , 8 0 0 

There fore 0 . 3 0 1 Vr is t h e t h i c k n e s s of t h e e n e r g y film x, and 
(r + 0 . 3 0 1 Vr) is t h e o u t e r rad ius of t h e e n e r g y cy l inder . 

A l s o 

ev = (r + 0 . 3 0 1 VT) g0 log , i / r 

D I S T A N C E F R O M C O N D U C T O R 

" C O N D U C T O R 

R U P T U R I N G E N E R G Y E N V E L O P E 

FIG. 2 6 . — R U P T U R I N G ENERGY IN A I R SURROUNDING O N E OF T w o 
PARALLEL CONDUCTORS. 

F r o m F i g . 2 6 ; r u p t u r i n g e n e r g y is f o u n d 

Κ 

w h e r e Κ = 0 . 0 8 8 4 2 1 0 - 1 2 c o u l o m b s per v o l t per c m . t h i c k n e s s 
of d ie leotr ic (air) per square c m . cross - sec t ion , 
b u t 

d V = 2 7Γ y dy 

therefore 

T h e r e f o r e 

d ω = π K g2 y dy 

Jy = (r + 0 . 3 0 1 χ/r) 

g2 y dy 
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s u b s t i t u t i n g 

g y l o g e s/r 

^y= (r + 0 . 3 0 1 v Η ) 

π Κ e, 2 I 
ω 

b u t 

_ π K ev

2 Γ dy 
~ ( log e s/r)2 J y 

y = r 

ev = (r + 0 . 3 0 1 V r ) go loge s/r 

There fore 

ω = π Κ go' (r + 0 . 3 0 1 V r ) 2 log . r + 0 · 3 0 1 % / f . 

ω = 2 5 ( r + 0 . 3 0 1 V r ) 2 loge ( r + ° ' 3 " 1 ^ Y ) l 0 ~ 5 j ou les . 

ω is t h e e n e r g y in jou le s t h a t m u s t b e s t o r e d a r o u n d t h e surface 
of t h e wire per c m . l e n g t h ' o f c o n d u c t o r t o s cart c o r o n a a t δ = 1 . 
I t i s s e e n t h a t t h e r u p t u r i n g e n e r g y increases as r increases . T h e 
r u p t u r i n g e n e r g y is i n d e p e n d e n t of 5 — t h a t i s , g v for a g i v e n wire 
m u s t b e i n d e p e n d e n t of 5 , w h i c h i s b o r n e o u t b y e x p e r i m e n t 
a n d is a n i n t e r e s t i n g p o i n t . 

F r o m t h e s e c t i o n u n d e r t e m p e r a t u r e a n d pressure i t is s een 
t h a t 

T h i s a p p a r e n t l y m e a n s t h a t t h e d i s r u p t i v e g r a d i e n t g 0 v a r i e s 
d i rec t ly w i t h t h e air d e n s i t y δ. A l s o t h a t t h e e n e r g y s t o r a g e 
d i s t a n c e χ increases , as δ a n d g0 decrease s . 

x = 0 . 3 0 1 VT 

T h e n 
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I n t r o d u c i n g δ i n t o t h e e n e r g y e q u a t i o n 

0 . 3 0 1 VT 
CO 

r + 
-10 5 j o u l e s per c m . 0 , / . 0 . 3 0 1 V r V . ' 

= 2 5 I r Η ^ = — I l og 
^ ν ί / r c o n d u c t o r . 

I n F i g . 27 the " r u p t u r i n g e n e r g y " c a l c u l a t e d f r o m t h e a b o v e 
is p l o t t e d for different c o n d u c t o r radii a n d a t δ = 1 t o s h o w t h e 
e n e r g y increase w i t h increas ing r. 

In F i g . 2 8 t h e " r u p t u r i n g e n e r g y " for a g i v e n s ize c o n d u c t o r 

40 ÷ 10" ý | 

38 ÷ 10" 

30 ÷ 10"1 

34 ÷ 10"ä| 

32 ÷ 10"c 

30 ÷ 10-ii 

28 ÷ 10"'' 

26 ÷ 10"τl 
2t ÷ 10' 

22 ÷ 10̂ 1 

9x10' 

18 ÷ 10" 

1â ÷ 10"ä| 

14 ÷ 10" 

12 ÷ 10"c| 

10 ÷ 10" 

8 ÷ 10'6 

6 ÷ 10'6 

4x10 

2 χ 10'ä| 

/ 
/ 

/ 
/ 

LU / —J 
Ď / 
•>· 
ő u. 
-J 
_< / I f 

LU 
CL / 
(Λ 
LU / 
- J 

/ "Ď 
—i / 

τ = l=:CONSTANT 

R A D I U 5 ( I N CM. )OF WIRE 

FIG. 2 7 . — R E L A T I O N BETWEEN RUPTURING ENERGY AND R A D I U S OF 
W I R E . 

i s p l o t t e d w i t h δ. T h i s c u r v e s h o w s t h a t e n e r g y t o s t a r t r u p t u r e 
increases a l m o s t d i rec t ly w i t h t h e air d e n s i t y . 

I X . SOME REMARKS ON P O W E R LOSS BY CORONA 

T h e e q u a t i o n for p o w e r los s b y c o r o n a o n paral le l w ire s 

p = Κ'/δ f V7/S (e - go m r δ l o g S/r)2 X 1 0 ~ 5 (6) 

a t δ = 1 a n d m0 = 1 

p = K'f VrJS (e - e0)2 Χ 1 0 ~ 5 (6') 
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For a wire with a given radius r and uniform dielectric flux 
distribution it would be expected that the loss for a given apparent 
surface gradient, g, would be the same, independent of 5 , or 

Ρ - Κ" φ (r) f (g- g»)* 

Equation (â') may be written 

p = K'f VV/S (log S fry r* (g - g 0 ) s × 10" 8 

Thus for a uniform field the terms V r / S (log S/r)2 should 
cancel and the equations become 

P = K'fr*(g-goy 

1x10) 

t 
Σ 

5 0 > / ce 
UL / 
CL~ 

, U I 
5 -J υ > ÉŰ 

ce 
ο 

5 U . 

< 
I 

Ο 

ce 
» UJ 
•~cu 

S 111 

Ο -» > r = . 5 CM. CONSTANT 

J 1 1 1 1 1 1 
0 1 2 3 4 5 6 7 8 9 1.0 1.1 1.2 1 ? 

(δ) AIR DENSITY FACTOR 

FIG. 2 8 . — V A R I A T I O N OF R U P T U R I N G E N E R G Y WITH A I R DENSITY 

Fig . 29 shows measured curves plotted between g and V p 
for a given wire at three different spacings. These curves all 
intersect the axis at g0 max. = 30, at δ = 1. S enters as a func­
tion, otherwise all of the points would be on the same line. Hence 
for parallel wires when corona starts it acts somewhat as a 
flexible conductor in which the radius of curvature can change. 
The slightly non-uniform field, even with large values of S/r, 
starts distortion, and the effect is accumulative. For a given 
value of g the loss should therefore be greater at small s than large 
5. Experiments show this to be the case. 

The equation derived for the average spacing is 

ρ = 5 0 0 / r 2 (g - go)2 X 10-* 

g = effective gradient g9 = 21.2 
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T h i s s h o u l d b e t h e f o r m of t h e e q u a t i o n for los s i n c o n c e n t r i c 
cy l inders . F o r paral le l w ires i t g i v e s v a l u e s t o o h i g h a t t h e larger 
a n d t o o l o w a t t h e smal l er v a l u e s of S/r. T h e error for paral le l 
w ires n e g l e c t i n g φ (S ) is u s u a l l y b e l o w 2 0 per c e n t . 

T h i s effect of s p a c i n g is b r o u g h t u p here as a n i n t e r e s t i n g 
p o i n t i n t h e c o m p l i c a t i o n of t h e m e c h a n i s m of c o r o n a los s a n d o n e 
of t h e a l m o s t i n n u m e r a b l e in f luences t h a t m u s t b e c o n s i d e r e d in 
r a t i o n a l i z a t i o n . A n o t h e r p o i n t of cons iderab le i n t e r e s t is t h e 
loss per c y c l e o v e r a l onger f r e q u e n c y range . 

X . STROBOSCOPE STUDY OF CORONA 

A s t u d y of t h e p o w e r los s e q u a t i o n l e a d s o n e t o s u s p e c t t h a t 

t h e m e c h a n i s m of c o r o n a loss i s m o r e c o m p l i c a t e d t h a n m i g h t a t 

ο 
-J ; 

) 
TEST NOS: 
. . . 0 4 
x X y 9 4 - A 

é.» 4 
3 

TEST NOS: 
. . . 0 4 
x X y 9 4 - A 

— 
) ο ο ο 95 

D I A M . = , 1 f8 C M . — — 
) 

5 Γ 0 

5 Γ -1 
ΑΡΡΓ Γ ' , Τ c.uRFArP GRADIENT 

FIG. 2 9 . — R E L A T I O N BETWEEN POWER Loss AND APPARENT 
SURFACE GRADIENT. 

first b e s u p p o s e d . T h i s i s a l so i n d i c a t e d b y m a n y pecu l iar 
p h e n o m e n a * of t h e s p a r k d i scharge . F o r i n s t a n c e , w h i l e i n v e s t i ­
g a t i n g a-c. s p a r k - o v e r a n d c o r o n a for paral le l w ires i t w a s o b ­
s e r v e d t h a t w h e n t h e e n d sh i e lds are n o t u s e d , a n d t h e w i r e s c o m e 
d irec t ly i n c o n t a c t w i t h - t h e w o o d e n w h e e l s u p p o r t s , c o r o n a o f t e n 
a p p e a r s t o br idge c o m p l e t e l y b e t w e e n t h e c o n d u c t o r s w i t h o u t 
d y n a m i c arc . I n t h i s c a t e i t s e e m e d p o s s i b l e t h a t t h e c o r o n a o n , 
s a y , t h e p o s i t i v e wire , c/. t e n d e d o u t further t h a n t h e c o r o n a 
o n t h e n e g a t i v e wire , t h e n as e a c h wire is a l t e r n a t e l y p o s i t i v e a n d 
n e g a t i v e , t h e p o s i t i v e d i s c h a r g e s o v e r l a p a n d c o m b i n e in the e y e , 

* An interesting one observed by Mr. C. W. Stone is that in the 
automobile spark plug; it makes considerable difference in firing which 
polarity is connected to the pointed electrode. Best results are obtained 
when the negative is connected to the point, indicating a hot negative. 
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PLATE LXI 

Á. I. Ĺ . E. 

VOL. XXXI , NO. 6 

[PEEK] 

( 1 ) Wi thout s t roboscope—7 2 , 0 0 0 volts. 

[PEEK] 

Lcf t - ( 2 ) W i th strobo: c o p e — 7 2 , 0 0 0 volts. Right + 

[PEEK] 

Left + ( 3 ) Stroboscope rotated ISO deg. Right — 

[PEEK] 

Left + ( 4 ) Same as ( 3 ) with voltage increased to 8 4 , 0 : ) 0 P i g h t -

FIG. 3 1 . — C O R O N A BETWEEN COPPER N E E D L E POINTS. 
Spacing 2 0 . ô cm. 





PLATE LXII 
Á. I. Ĺ . E. 

VOL. XXXI, NO. 6 

[PEEK] 

FIG. 3 2 . — C O M P A R I S O N OF CORONA ON W I R E S AND B E T W E E N N E E D L E S 
WITHOUT STROBOSCOPE. 

Phosphor bronze wire, spacing 1 4 . 5 cm. Spacing of needles 18 cm. 71,000 volts . 
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L e f t — R i g h t + 

FIG. 3 3 . — C O M P A R I S O N OF CORONA ON W I R E S AND BETWEEN NEEDLES, 
WITH STROBOSCOPE. 





PLATE LXIV 
Á. I. Ĺ . E. 

VOL. XXXI, NO. 6 

L 
[PEEK] 

( 1 ) W i t h o u t s t r o b o s c o p e . 

[PEEK] 

L e f t + R i g h t — 
( 2 ) W i t h s t r o b o s c o p e . 

"1 

i 
[PEEK] 

L e f t - R i g h t + 

( 3 ) W i t h s t r o b o s c o p e r o t a t e d 1 8 0 d e g . 

FIG. 3 4 . — C O R O N A ON PARALLEL W I R E S . 
N o . 1 3 B . & S . w i r e — s p a c i n g 1 2 . 7 c m . — 8 2 , 0 0 0 v o l t s . 
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L e f t + ( 2 ) R i g h t -

FIG. 3 5 . — C O R O N A ON PARALLEL W I R E S . 

I r o n — f i r s t p o l i s h e d a n d t h e n r u n a t 1 2 0 , 0 0 0 v o l t s f o r t w o h o u r s t o d e v e l o p s p o t s . 
W i t h s t r o b o s c o p e . P h o t o g r a p h s t a k e n a t 8 0 , 0 0 0 v o l t s . D i a m e t e r 0 . 1 6 8 c m . S p a c i n g 
1 2 . 7 c m . 
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FIG. 36.-SECTION

OF WIRE (FIG. F)

No volts. Bright
spots show position of
negative "beach "­
enlarged scale.

Left - [PEI<KJ Right + [PEEK]
FI(;. :17. -POLISHED BRASS ROD.

Diameter 4 7;) cm.--spacing 120 cm.--·-Lj(),OOO volts.
Xotc that negative "beads" an: just starting to form.

Left- [PEEK] Right + [PEEK]
FIG. 38. -COPPER WIRE.

Diameter 0.26 cm.--spacing 1"0 cm.-200.000 volts.
Polished at start-note negative apparently following
spiral "grain" of wire.
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FIG. 4 0 . — O N E OF T W O PARALLEL STEEL RODS POINTED AT E N D S 
( D I R T Y ) . 

W i t h o u t s t roboscope . 
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CS) 

FIG. 4 3 . — P A R A L L E L W I R E S AT SAME POTENTIAL, WITH DIFFERENT 
S PACINGS. 

At left, view pe rpend icu l a r to p lane of wires. 
At r igh t , view in p lane of wires. 
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g i v i n g t h e effect of a s ing le d i scharge c o m p l e t e l y across b e t w e e n 
t h e c o n d u c t o r s . 

I n t h e h o p e of t h r o w i n g further l i ght o n t h e d i scharge a n d los s 
m e c h a n i s m a n i n v e s t i g a t i o n of corona a n d spark w a s s t a r t e d 
w i t h t h e h e l p of t h e s t r o b o s c o p e . T h i s i n v e s t i g a t i o n i s st i l l b e i n g 
c o n t i n u e d . 

A n e e d l e g a p w a s first arranged across t h e t rans former w i t h a 
h i g h s t e a d y i n g res i s tance . T h e i m p r e s s e d v o l t a g e w a s a d j u s t e d 
unt i l c o r o n a appeared all t h e w a y b e t w e e n t h e c o n d u c t o r a s i n 
F i g . 3 0 (1 ) . 

E x a m i n a t i o n of t h i s w a s t h e n m a d e t h r o u g h t h e s t r o b o s c o p e 
w h i c h w a s so se t t h a t t h e left need le , F i g . 3 0 (2 ) , w a s s e e n a s 
p o s i t i v e , a n d t h e r ight as n e g a t i v e . T o t h e e y e , t h e d i scharge 
f r o m t h e p o s i t i v e n e e d l e h a s a b l u i s h w h i t e color a n d e x t e n d s 
o u t a cons iderab le d i s t a n c e , t h e n e g a t i v e a p p e a r s as a red a n d 
h o t p o i n t . T h i s conf irms t h e s p e c u l a t i o n m a d e a b o v e . T h u s , 
t h e d i s charge a l w a y s s t a r t s o u t f r o m t h e p o s i t i v e t o w a r d t h e 
n e g a t i v e . F i g . 31 (1) i s t h e d i scharge as i t a p p e a r s w i t h o u t 
s t r o b o s c o p e , 31 (2) w i t h right n e e d l e a s p o s i t i v e , 31 (3) w i t h 
s t r o b o s c o p e sh i f t ed 180 d e g . t o s h o w left n e e d l e a s p o s i t i v e . 
I n 3 1 (4) t h e s t r o b o s c o p e h a s t h e s a m e p o s i t i o n as 31 (3 ) , b u t 
t h e v o l t a g e is h igher , a n d m a n y fine " s t a t i c " sparks c a n b e s een . 
N o t e t h a t t h e d i scharge g i v e s o n e t h e i m p r e s s i o n of a s p r a y i s s u i n g 
f r o m the p o s i t i v e u n d e r pressure a n d b e i n g c o l l e c t e d in a t t h e 
n e g a t i v e . 

If v o l t a g e a b o v e t h e v i s u a l c o r o n a p o i n t i s i m p r e s s e d o n t w o 
paral le l p o l i s h e d wires a m o r e or less e v e n g l o w a p p e a r s a r o u n d 
t h e wires . A f t e r a t i m e t h e wires h a v e a b e a d e d a p p e a r a n c e . O n 
c loser e x a m i n a t i o n t h e b e a d s a p p e a r as redd i sh tu f t s , w h i l e in 
b e t w e e n t h e m a p p e a r s a fine b lu i sh w h i t e n e e d l e l ike fr inge. O n 
e x a m i n a t i o n t h r o u g h t h e s t r o b o s c o p e i t c a n b e s e e n t h a t t h e m o r e 
or l ess e v e n l y s p a c e d b e a d s are o n t h e n e g a t i v e wire , w h i l e t h e 
p o s i t i v e wire h a s t h e a p p e a r a n c e , if n o t r o u g h e n e d b y p o i n t s , 
of a s m o o t h b l u i s h w h i t e g l o w . A t p o i n t s t h e p o s i t i v e d i s c h a r g e 
e x t e n d s o u t a t a great d i s t a n c e in t h e form of n e e d l e s ; i t i s p r o b ­
ab le t h a t i t a l w a y s e x t e n d s o u t b u t i s n o t a l w a y s v i s ib l e e x c e p t 
a s surface g l o w . T h u s , t h e a p p e a r a n c e of b e a d s a n d fr inge t o 
t h e u n a i d e d e y e is rea l ly a c o m b i n a t i o n of p o s i t i v e a n d n e g a t i v e 
c o r o n a . I n F i g s . 3 2 a n d 3 3 t w o wires are p l a c e d c lose t o g e t h e r 
a t t h e t o p . T h e b o t t o m is b e n t o u t a n d n e e d l e s f a s t e n e d o n . 
F i g . 3 2 i s w i t h o u t s t r o b o s c o p e . F i g . 3 3 i s t a k e n w i t h s t r o b o ­
s c o p e s e t t o s h o w p o s i t i v e r ight a n d n e g a t i v e left . T h u s , pos i -
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t i v e a n d n e g a t i v e c o r o n a s for p o i n t s a n d w ire s are d i r e c t l y c o m ­
pared . F i g . 3 4 (1) i s t a k e n w i t h o u t t h e s t r o b o s c o p e , (2) w i t h 
r ight n e g a t i v e , (3) w i t h s t r o b o s c o p e sh i f t ed 180 e lectr ica l 
degrees t o s h o w t h e r ight p o s i t i v e . F i g . 3 5 (1) s h o w s t h e left 
w ire n e g a t i v e a n d right p o s i t i v e . T h e s e ' w ire s w e r e , a t the 
s t a r t , h i g h l y p o l i s h e d . A t first c o r o n a a p p e a r e d q u i t e u n i f o r m , 
b u t af ter a t i m e unde** v o l t a g e t h e r e d d i s h n e g a t i v e t u f t s separ­
a t e d , m o r e or less e v e n l y s p a c e d as s h o w n . 3 5 (2) i s t h e s a m e 
w i t h s t r o b o s c o p e sh i f t ed 180 degrees . F i g . 3 6 s h o w s a s e c t i o n 
of t h i s wire p h o t o g r a p h e d o n a n e n l a r g e d sca le w i t h o u t v o l t a g e . 
T h e b r i g h t s p o t s are st i l l p o l i s h e d and c o r r e s p o n d i n p o s i t i o n t o 
t h e n e g a t i v e t u f t s . T h e s p a c e i n b e t w e e n i s o x i d i z e d . T h u s , t h e 
n e g a t i v e d i scharge a p p e a r s t o t h r o w m e t a l or o x i d e f r o m t h e 
surface a t d i scharge p o i n t s . T h i s t a k e s p l a c e w i t h e i ther c o p p e r 
or i ron wire . 

F i g . 37 s h o w s p o s i t i v e a n d n e g a t i v e w ire s w i d e l y s p a c e d t o g e t 
u n i f o r m field. A e l o s e e x a m i n a t i o n of t h e n e g a t i v e s h o w s b e a d s 
a b o u t t o f o r m . F i g . 3 8 s h o w s a s imi lar pa ir of c o n d u c t o r s . T h e 
n e g a t i v e i n t h i s case h a s f o r m e d a spiral , a p p a r e n t l y f o l l o w i n g t h e 
gra in t w i s t of t h e c o n d u c t o r . 

A large fan- l ike b l u i s h d i scharge i s o f t e n o b s e r v e d e x t e n d i n g 
s evera l i n c h e s f r o m t h e e n d s of t rans former b u s h i n g s , p o i n t s 
wires , e t c . T h i s d i scharge h a s t h e a p p e a r a n c e of a b l u i s h s p r a y , 
r e d d i s h a t t h e p o i n t . T h e s t r o b o s c o p e s h o w s t h a t t h e b l u i s h 
s p r a y is p o s i t i v e , w h i l e t h e red p o i n t a t t h e b a s e of t h e s p r a y i s 
n e g a t i v e . F i g . 3 9 s h o w s o n e of t w o paral le l p o l i s h e d r o d s , ( 120 
c m . s p a c i n g ) , s u p p o r t e d a t t h e t o p a n d b r o u g h t t o s h a r p p o i n t s 
a t t h e b o t t o m . 3 9 (1) s h o w s h o w e a c h wire a p p e a r s w i t h o u t 
s t r o b o s c o p e . 3 9 (2) i s t h e w i r e w h e n p o s i t i v e . 3 9 (3) t h e w i r e 
w h e n n e g a t i v e . N o t e t h e dark s p a c e o n 3 9 (3) b e t w e e n t h e 
p o i n t a n d n e g a t i v e c o r o n a spiral of t u f t s . 3 9 (1) s h o w s t h i s 
s p a c e t o h a v e o n l y t h e p o s i t i v e g l o w . 
. W a t e r w a s p l a c e d o n a pair of paral le l c o n d u c t o r s . A t t h e w e t 

p l a c e s t h e p o s i t i v e c o r o n a e x t e n d e d o u t i n l o n g fine b l u i s h w h i t e 
s t r e a m e r s . S e e F i g . 4 0 w i t h o u t s t r o b o s c o p e . W i t h c e r t a i n f o r m s 
of dirt o n t h e wires t h e n e g a t i v e c o r o n a a p p e a r s a s red s p o t s , t h e 
p o s i t i v e a l w a y s a s s t r e a m e r s . I t i s a l so i n t e r e s t i n g t o n o t e t h a t 
if a u n i f o r m l y r o u g h w i r e i s t a k e n , a s a g a l v a n i z e d w i r e or " w e a t h ­
ered " wire , t h e p o s i t i v e a p p e a r s a s b l u i s h n e e d l e s , w h i l e t h e 
r e d d i s h n e g a t i v e i s m o r e u n i f o r m t h a n o n t h e " c o r o n a s p o t t e d " 
p o l i s h e d wire , i n w h i c h case t h e n e g a t i v e c o r o n a a p p e a r s a s 
c o n c e n t r a t e d a t t h e n o n - o x i d i z e d s p o t s . I t i s p r o b a b l e t h a t t h e 
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p o l i s h e d s p o t s are k e p t so b y m e t a l a n d o x i d e b e i n g " t h r o w n o u t " 
a t t h e n e g a t i v e , a s s u g g e s t e d a b o v e . 

The corona loss seems to be in the form of a " conduction " across 
from positive to negative, always starting from the positive con-
ductor—thus starting alternately at each half cycle, from one 
conductor, then from the other. T h e v o l t a g e p o i n t o n t h e w a v e 
a t w h i c h c o r o n a s t a r t s i s h igher t h a n w h e r e i t s t o p s . W o r k i s 
a l s o b e i n g d o n e t o d e t e r m i n e the r e l a t i v e p o s i t i o n o n w a v e a t 
s tar t of p o s i t i v e a n d n e g a t i v e coronas . 

M a n y of t h e s t r o b o s c o p e d a t a t o d a t e are g i v e n here a s t a k e n 
a n d w i t h o u t s p e c u l a t i o n . I t i s h o p e d t h a t cons iderab le l i gh t 
wi l l b e t h r o w n o n t h e m e c h a n i s m of d i scharge a n d loss b y t h i s 
i n v e s t i g a t i o n . 

X I . MECHANICAL VIBRATION OF CONDUCTORS AND OTHER 
PHENOMENA 

O v e r a y e a r a g o a pa ir of 20 -mi l s tee l c o n d u c t o r s , 5 0 0 feet 
l o n g , w e r e s t r u n g a t a b o u t 10 ft . spac ing , for p o w e r loss m e a s u r e ­
m e n t s . I t w a s n o t i c e d a t h i g h v o l t a g e t h a t t h e c o n d u c t o r s 
v i b r a t e d , s t a r t i n g w i t h a h a r d l y p e r c e p t i b l e m o v e m e n t , w h i c h i n 
a f e w m i n u t e s h a d a n a m p l i t u d e of s evera l f ee t a t t h e center of 
t h e s p a n . G e n e r a l l y o n e wire v i b r a t e d as f u n d a m e n t a l , the o t h e r 
a s t h i r d h a r m o n i c . T h e per iod of t h e f u n d a m e n t a l i n t h i s 
case w a s a b o u t o n e per s e c o n d . 

F i g s . 41 a n d 4 2 s h o w t h i s c o n d i t i o n r e p e a t e d i n t h e l a b o r a t o r y 
o n short l e n g t h s of c o n d u c t o r . In F i g . 4 1 , o n e wire is v i b r a t i n g 
as t h e f u n d a m e n t a l , t h e o t h e r as t h e s e c o n d h a r m o n i c . T h e m o ­
t i o n i s r o t a r y . F o r t h e wire w i t h n o d e in center , F i g . 4 1 , i t is 
e x t r e m e l y i n t e r e s t i n g t o n o t e t h a t for a b o u t one-ha l f of the ro ta ­
t i o n t h e wire a p p e a r s v e r y br ight , for t h e o t h e r half r o t a t i o n t h e 
wire i s m u c h less br ight . T h i s s e e m s t o m e a n t h a t e a c h par t of 
t h e wire is r o t a t i n g a t t h e p o w e r s u p p l y f r e q u e n c y — 6 0 c y c l e s 
per s e c o n d . H e n c e i t h a s t h e effect of t h e s t r o b o s c o p e , a n d for 
p a r t of t h e r o t a t i o n there is a l w a y s n e g a t i v e c o r o n a a n d for 
t h e o t h e r par t a l w a y s p o s i t i v e corona . 

F i g . 4 3 s h o w s t w o parallel w ires c o n n e c t e d t o t h e s a m e s ide of 
t h e t rans former , a n d a t a c o n s t a n t s p a c i n g 5 of 120 c m . f r o m t h e 
c o n d u c t o r s of t h e o p p o s i t e l i n e ; 180 ,000 v o l t s i s i m p r e s s e d 
b e t w e e n l ines . B o t h front a n d e d g e v i e w is s h o w n . (1) s h o w s 
t h e t w o w i r e s of s a m e p o t e n t i a l 2 . 5 4 c m . a p a r t . (2) s h o w s t h e 
wires 1 . 2 7 c m . a p a r t a n d m u c h less c o r o n a t h a n o n (1 ) . (3) 
s h o w s t h e wires v e r y c lose t o g e t h e r , a n d t h a t t h e c o r o n a h a s 
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i n c r e a s e d a g a i n . T h e cri t ical v o l t a g e is m a x i m u m , therefore , for 
s p a c i n g s o m e w h e r e b e t w e e n (2) a n d (3 ) . N o t e t h a t t h e c o r o n a s 
are repe l l ed o u t a n d t h e s p a c e b e t w e e n t h e t w o wires i s dark . A 
s o m e w h a t s imi lar t h i n g t a k e s p lace o n a s t r a n d e d cab le w h e r e 
t h e cr i t ical v o l t a g e i s m u c h h i g h e r t h a n t h e cr i t ical v o l t a g e of 
a s ing le s t r a n d , b u t s o m e w h a t l o w e r t h a n a so l id c o n d u c t o r of 
t h e s a m e o u t s i d e d i a m e t e r . 

F i g . 4 3 m e a n s t h a t w h e n c o n d u c t o r s of a g i v e n p o l a r i t y are 
p l a c e d n e a r o t h e r c o n d u c t o r s of t h e s a m e p o l a r i t y t h e cri t ical 
v o l t a g e is increased , a l so t h a t t h e r e is a c er ta in b e s t a r r a n g e m e n t 
of c o n d u c t o r s for m a x i m u m ev. 

X I I . G E N E R A L REMARKS 

W h i l e t h e e x p e r i m e n t s a n d d e d u c t i o n s i n c l u d e d in the pres ­
e n t p a p e r t h r o w a great dea l of a d d i t i o n a l l i gh t o n t h e 
m e c h a n i s m of corona f o r m a t i o n a n d loss t h e r e i s st i l l c o n s i d e r a b l e 
w o r k t o d o b o t h f r o m a n e x p e r i m e n t a l a n d t h e o r e t i c a l s t a n d p o i n t . 
I t w a s t h o u g h t b e s t , h o w e v e r , i n order to m a k e t h e re su l t s m o s t 
usefu l , t o p u t t h e m i n t h e h a n d s of o t h e r i n v e s t i g a t o r s a s s o o n a s 
o b t a i n e d , a n d i n the i r .present form. 

E x t e n s i v e e x p e r i m e n t a l i n v e s t i g a t i o n s are st i l l b e i n g p l a n n e d 
a n d carried o n . T h e s e h a v e a b e a r i n g o n t h e o r e t i c a l w o r k d o n e , 
b u t n o t i n c l u d e d here . Of spec ia l i n t e r e s t will b e t h e effect of 
f r e q u e n c y o n p o w e r loss a n d v i s u a l corona , o v e r a v e r y w i d e 
r a n g e , c o r o n a a t c o n t i n u o u s i m p r e s s e d v o l t s , e t c . 


