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We present the results obtained in measuring the current density of 
anode spots in a carbon arc in air and we show its relationship to the 
magnitude of the arc current, analogous to the cathode spot. 

Many r e sea rche r s  [1-4] have noted the inadequate 
attention devoted to the anode region of an electric arc. 

Below we present  the description of anode-spot 
current-densi ty  measurements ,  as well as the r e l a -  
tionship between this current  density and the magni-  
tude of the current  strength and length of column. 

An arc was burned vert ical ly in an air atmosphere 
in our experiments;  the cathode was formed by the 
upper electrode (graphitized carbon) 30 mm in diame-  
ter; the anode was formed by the lower electrode, 
made in the form of a plate 200 x 200 x 20 mm in size 
(cut f rom a graphitized electrode 400 mm in diameter),  
on which the anode spot was studied. The upper e lec-  
trode (cathode) was used to regulate the length of the 
interelectrode gap. Copper wires were used to ignite 
the arc. Power was supplied by a d c  moto r -gene ra -  
tor through an adjustable wire-wound res i s to r  and an 
inductive reactance (2 chokes from welding t r ans fo rm-  
ers). The generator voltage was kept within 40-500 V 
by a by-pass  rheostat.  The maximum possible direct 
current  of the generator  was ~lg0 A. 

The anode-spot current  densities were m e a s u r e d  
by employing r ed -  and yellow-fi l ter  photography (si-  
multaneously). A "Start" camera  with a TAIR-300 
telescopic lens was used; the exposure t imes were 
10 -~ sec. The measurements  were car r ied  out at arc 
lengths of 1, 1.5, 2, and 3 cm and at currents  of 20 -  
150 A. The area of the photographed spots was de te r -  
mined according to the scale by means of a planimeter.  
At the same time, an oscillograph and a graphite probe 
(a pencil lead housed in a porcelain tube) recorded 
changes in the magnitude of the anode voltage drop. 
There was no more  than 1 mm of clearance between 
the probe and anode surface, thus the e r ro r  could not 
be greater  than 1.0-1.5 V. 

Figure la ,b shows the curves for the current  den- 
sity Aia of the anode spot as a function of the current  
Iar c for a given length / a rc  of the intereleetrode gap; 
Fig. 2a,b shows osci l lograms of the anode voltage 
drop for currents  of 60-70 and 110-115 A; Fig. 3a, b, 
as an illustration, shows some of the anode-spot pho- 
tographs used to construct the curves forAia  =f(Iarc) .  

Photography of the anode spot in the current  range 
of 40-90 A (hissing, whistling, etc. ) involves consi-  
derable difficulties, since the spot moves vigorously 
over the anode surface, breaks up, and takes on the 
most varied of configurations. Moreover, the length 
of the arc during the burning process  in a constant 
interelectrode gap var ies  quite substantially, and this 

shows up in the magnitude of the current  densities at 
the spots and in the magnitude of the electrode drop. 

Selective photography was employed in the light of 
the above, i. e . ,  only at those instants at which the 
spot was more  or less clearly defined on the electrode 
surface. At currents  in excess of 100 A the arc burns 
more  quietly, the spot is organized, and the conditions 
for  photography are improved. 

Having analyzed the osci l lograms of the anode volt-  
age drop (Fig. 2a, b), we note that it exhibits a p ro -  
nounced change in magnitude in the range from 5-6  V 
(Fig. 2b) to 22 V (Fig. 2a) and with a quiet anode spot 
i. e . ,  for currents  in excess of 100 A, after having be-  
come stabilized, approaches 20-22 V (Fig. 2b). 

Ear l ier  [5], on the basis of the voltage-balance of 
the electrode layers ,  we demonstrated that the mag-  
nitude of the anodic voltage jump for a carbon are in 
air  can be determined from the formula 

U. = UiAg.s+ (Uir UiA ). (1) 

In our case we assume that vigorous carbon-monoxide 
formation (possibly also cyanic [CAN2] oxide) is taking 
place in the near-anode layer,  so that ionization may 
subsequently take place according to the following r e -  
actions: 

a) CO~C +-+O+e, U i ~ 2 2 V  

or (the cyanogen ionization potentials are approximately 
equal to those of carbon monoxide) 

b) CO--CO++ e, U s ~- 14.1V. 

Nitrogen oxide (NO) with an ionization potential 
U i = 9.5 V is present  in adequate quantity in the arc 
column; the ionization potential UiA of the anode graph- 
ite is ~11.3 V. On the basis of the cited data ac-  
cording to formula (1) the anode voltage jump will be 
equal to (reaction a): 

U a = 22 + (9.5--11.3) ~ 20.2 V 

or (reaction b): 

U~ = 14.1 + (9.5-- 11.3)~12.3 V. 

The osei l lograms of Fig. 2a, b show that the calcu- 
lated values are  extremely probable; however, in the 
period of a nonquiescent anode spot lower values are 
also found. 

Generally speaking, in the near-anode layer,  in 
addition to the cited ionization reactions,  with v igor -  
ous vaporization of the anode mater ia l  and with the 
vapors  of the latter filling the arc gap, the ionization 
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Fig. 1. Current density (A/ore ~) of the anode spot as func- 
tion of a r c  c u r r e n t  (A): a) F o r  a r c  1.5 cm in length;  b) 
fo r  a r c  3 cm in length (a rc  b u r n s  in the  open a i r  be tween  
c a r b o n  e l e c t r o d e s ;  poin t  K i s  t aken  f r o m  the m e a s u r e -  

m e n t s  of K. K. Khrenov) .  

b 

of g r a p h i t e  v a p o r s  b e c o m e  p o s s i b l e ,  which would e o r -  Thus,  wi th  a r e d u c t i o n  in the magn i tude  of the anode 
r e s p o n d  to a v o l t a g e  jump ( r e a c t i o n  c) d rop ,  a l l  o the r  condi t ions  be ing  equal ,  t h e r e  i s  an i n -  

c r e a s e  in the c u r r e n t  dens i ty  of the anode spot ,  and 
U~ = 11.3 + (11.3 - -  l 1.3)~ 11.3V. consequen t ly ,  a r c  c o n s t r i c t i o n - c o m p r e s s i o n .  Since  

the va lue  of the anode vo l t age  d rop  f l uc tua t e s  qui te  r e g -  
The l a t t e r  i o n i z a t i o n  r e a c t i o n  i s  m o s t  p r o b a b l e  fo r  un -  

u l a r l y  about 20 o r  12 V, t h e r e  m u s t  c o r r e s p o n d i n g l y  
s t a b l e  a r c  burn ing .  C o n s i d e r i n g  the p o s s i b i l i t y  of p r e -  
l i m i n a r y  exc i t a t i on  of the g r a p h i t e  v a p o r s  e n t e r i n g  the be  two r a t h e r  c l e a r l y  def ined  func t ions  A i a  = f ( I a r c ) .  

This  is  c o n f i r m e d  by e x p e r i m e n t :  the e x p e r i m e n t a l l y  
a r c  co lumn n e a r  the  anode,  we m a y  f ind that  the  anode 

d e r i v e d  c u r v e s  of F ig .  l a , b  show as two c u r v e s  the 
vo l t age  jump i s  c o n s i d e r a b l y  l ower  than 11.3 V. 

change in the a n o d e - s p o t  c u r r e n t  dens i ty  with a change 
Thus,  with r e s p e c t  to the anode vo l t age  drop  f o r  a in  the a r c  c u r r e n t .  T h e r e  a r e  po in t s  i nd ica t ing  a high 

c a r b o n  a r c  burn ing  in a i r ,  we can  say  that  wi th in  a 
c u r r e n t  dens i ty  in the anode spot ,  c o r r e s p o n d i n g  to 

r a n g e  of c u r r e n t  v a r i a t i o n s  f r o m  20 to 150 A t h e s e  vo l t age  d r o p s  l e s s  than 12 V (for b r i e f  u n s t a b l e  r e -  
d r o p s  a r e  e x c e e d i n g l y  v a r i a b l e  and change  magn i tude  g imes ) .  
at  v a l u e s  of about  20 o r  12 V, b r i e f l y  a s s u m i n g  a r b i -  

The r e g u l a t i o n  in the anode l a y e r  of the e l e c t r o e h e m -  
t r a r y  v a l u e s  be tween  5 - 6  and 2 0 - 2 2  V. With  an i n -  

i c a l  r e a c t i o n s ,  as  wel l  as  of the c u r r e n t  dens i ty  i s  
c r e a s e  in the c u r r e n t  above  100 A, i . e . ,  f o r  s t a b l e  

a c c o m p l i s h e d  in a c c o r d a n c e  with the  p r i n c i p l e  of m i n i -  
burn ing  a r c s ,  the  j u m p s  at  20 V b e c o m e  i n c r e a s i n g l y  

mum r e s i s t a n c e  or  vo l t age  (Shteenbek) or ,  in o the r  
p r e d o m i n a n t .  The n a t u r e  of the j u m p s  at  12 and 20 V 

w o r d s ,  a c c o r d i n g  to the s e c o n d l a w  of t h e r m o d y n a m i c s ;  
i s  exp la ined  by f o r m u l a  (1) and the c i t ed  CO ion iza t ion  

the a r c  s e e k s  to occupy a m o r e  p r o b a b l e  s t a t e ,  i . e . ,  a 
r e a c t i o n s .  The v a l u e s  of the anode vo l t age  d r o p s  b e t -  

m o r e  s t ab le  s t a te .  Dur ing  the r e s u l t i n g  i n s t a b i l i t i e s ,  
ween 12 -22  V a r e  exp la ined  by the c o m b i n e d  p r o g r e s s  

i t  r e g u l a t e s  i t s e l f  not only by v a r i a t i o n  of the  vo l t age  
of the two s i m u l t a n e o u s  CO ion i za t i on  r e a c t i o n s ,  and 

and c u r r e n t  m a g n i t u d e s ,  but a l so  by v a r y i n g  the m a g -  
c o r r e s p o n d i n g l y ,  by the f r a c t i o n s  of t h e i r  p a r t i c i p a t i o n  n i tudes  of the anode vo l t age  jump.  F r o m  th is  s t a n d -  
in the r e a c t i o n s .  A drop  in the vo l t age  jump below 12 V 
o c c u r s  in uns t ab l e  r e g i m e s ,  point ,  the uppe r  c u r v e s i n  F ig .  l a , b ,  i . e . ,  c o r r e s p o n d -  

E a r l i e r  [5, 6] we d e r i v e d  a f o r m u l a  to d e t e r m i n e  the ing to the h ighe r  c u r r e n t  d e n s i t i e s ,  r e f e r  to the  uns t ab le  
c u r r e n t  d e n s i t i e s  of e l e c t r o d e  spo t s  bu rn ing  r e g i m e s ,  whi le  the lower  c u r v e s  p e r t a i n  to the 

s t a b l e  r e g i m e s .  
The e x p e r i m e n t a l  da t a  shown in Fig .  l a , b  a r e  d e -  

T~4rc exp (--%/arc) X s c r i b e d  with adequa te  a c c u r a c y  ( app rox ima te ly )  by e x -  
A iel.s p - -  Uel. 

ponents  of the fo l lowing  f o r m .  

• I 1 - - e x p ( - - Z ' / a r c ) ]  5.67.10 -1~ A / c m  2. (2) F o r  an a r e  of l e n g t h / a r c  = 1.5 em (Fig .  l a ) :  
curve i 

This  f o r m u l a  shows that  the c u r r e n t  dens i ty  of the f ( / a rc - -  40 
e l e c t r o d e  spot  i s  a funct ion  of a number  of f a c t o r s ,  Ai~l = 350 [ exp \ ) • 40 , 
inc lud ing  the magn i tude  of the e l e c t r o d e  vo l t age  drop .  

Fig. 2. Oscillograms of arc voltage Uar c in V; arc cur- 

rent intensity Iarc in A; near-anode potential drop Ua in V: 

a) at current of 75 A; b) at current of ii0 A. 
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Fig. 3. Photographs of anode spots:  a) lal, c = 1.5 cm (curve ! ,  
Fig. la):  1) scale ,  1 cm2; 2) Ia r  c = 96.5 A; Ai = 187 A/cm2; 3) 
102 and 111; 4) t15 and 36.5; 5) 120 and 107; 6) 155 and 94; b) 
/arc  = 3 cm (curve 2, Fig. lb); 1) scale ,  1 cm2; 2) Ia r  c = 11 A; 
&i = 645 A/cruZ; 3) 25 and 875; 4) 33 and 1050; 5) 54 and 1040; 

6) 75 and 1000. 
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For  an arc of length far c = 3 cm (Fig. ib): 
curve  i 

35 ) x 
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These express ions  reduce to a single common ex-  
press ion:  

Aia = Ai~rn~ern + A ir 

or,  expanding a and m,  

Ai a = A i~ ,.~• exp (--  la~clafc~-n')o X 

[,_oxp( ,.c n)]} &r~o + a 4o~, (5) 

where  n is  a constant coefficient for  the function ~i  = 
= f ( Iarc)  , defining the location of Aia max on the axes of 
the cur ren ts ,  since for  n = Iarc ,  ~ --- 1; for  cur rent  tess  
than n we a s sume  a = 1; Iarc0 is  the cur ren t  constant 
of the exponential function; Aiconv is the cu r r en t -den -  
si ty cor rec t ion  fac tor  for  convection and heat conduc- 
tion. 

Having analyzed the derived general  express ion  (5) 
for  the cur ren t  density of the anode spot and having 
compared  it with express ion  (2) to de te rmine  the c u r -  

rent density of the cathode spot [6], we note funda- 
mental identities between these: the exponential rela- 
tionship between the current density and the are cur- 
rent ,  the p resence  of a cur ren t -dens i ty  maximum,  etc. 
To be sure ,  express ion  (5) exhibits ce r ta in  unique fea -  
tu res  in compar i son  with express ion  (2). These f ea -  
tu res  reduce to the following. 

1. The cur ren t  density in the s t r e a m  function for  
the anode spot, unlike the cathode spot, is  not ex-  
p r e s sed  with a single equation. A minimum of two 
equations is required,  which take into considerat ion 
the two mos t  probable  ionization reac t ions  occurr ing  
in the near -anode  layer  of neutral  gases  (CO). 

2. Equation (2) for  the cathode spot a s sumes  that 
with an infinite inc rease  in current ,  the current  den-  
si ty in the spot drops  to zero.  F o r  an anode spot this 
is not a valid assumption;  with an inc rease  in current ,  
the cur rent  density tends to some smal l  constant m a g -  
nitude. This r esu l t - -de r ived  exper imenta l ly - -demon-  
s t r a t e s  that in determining the cur ren t  density on the 
bas i s  of an energy balance it is necessa ry ,  in consid-  
er ing the heat t r ans f e r r ed  by the spot, to account not 
only for  radiation, but also for  heat conduction and 
convection, which were  not considered in the cathode 
spot. This fea ture  s e rve s  actually as a ref inement  of 
fo rmula  (2), since in pr inciple  the heat conduction and 
convection (although, admittedly, thei r  role  is small  
here)  wouId have to be taken into considerat ion in ad-  
dition to the heat  radiation, in determining the cur rent  
density in a cathode spot. 

3. The reduct ion in the cur ren t  density of the anode 
spot, beginning f r o m  the maximum,  with an inc rease  
in the a rc  current ,  i . e . ,  vr a drop in the emiss iv i ty  
of the spot, p roceeds  more  vigorously than in the case  
of the cathode spot. 

This is  explained by the fact  that the coefficient of 
radiat ion absorpt ion in the region of the anode spot is 
considerably l a rge r  than in the region of the cathode 
spot. 

It is ex t remely  interes t ing to note that the descend-  
ing branches  of the cur ren t -dens i ty  exponential func-  
tions for  the anode spots in Fig. l a ,b  a re  independent 
of a rc  length (1.5 and 3.0 cm) in all  four cases  and 
that the ionization react ions  exhibit approximately  iden-  
t ical  constant cur ren t s ,  equal on the average  to 35 A. 
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The r e c i p r o c a l  of the  c u r r e n t  cons tan t ,  r e p r e s e n t i n g  
the a b s o r p t i o n  coe f f i c i en t ,  i s  equa l  to 2.81 ' 10 -z A - i .  
The  a b s o r p t i o n  coe f f i c i en t  in  the  s tudy  of the  ca thode  
c u r r e n t  dens i t y  was  equal  to 5 �9 10 "~ A - l ,  i . e . ,  s m a l -  
l e r  by s e v e r a l  o r d e r s  than  in the  n e a r - a n o d e  l a y e r .  
The d i f f e r e n c e  in  the  a b s o r p t i o n  coe f f i c i en t s  i n d i c a t e s  
only tha t  the  gas  p h a s e s  in  the  anode  and ca thode  l a -  
y e r s  a r e  d i f f e ren t .  This  i s  a g e n e r a l l y  a c c e p t e d  fac t .  

Let  us  a l so  note than in  the  r e s e a r c h  conduc ted  on 
a r c s  1.0, 1.5, 2.0, and 3.0 e m  in length,  a r e d u c t i o n  
in the length  to 2 cm and l o w e r l e d  to a n i n c r e a s e  i n t h e  
c u r r e n t  d e n s i t y  of the  anode spot .  In a r c s  l onge r  than 
2 - 3  cm a change  in  length had l i t t l e  e f fec t  on the c u r -  
r e n t - d e n s i t y  magn i tude .  

In A ia  = f{ Ia rc )  the n u m e r i c a l  coe f f i c i en t s  b e f o r e  
the exponen t i a l  t e r m s  a r e  the m a x i m a  of the  a n o d e -  
spo t  c u r r e n t  d e n s i t i e s  (with add i t ion  of a cons tan t  c o m -  
ponent) .  T h e s e  m a x i m a ,  a c c o r d i n g  to f o r m u l a  (2), a r e  
e x p r e s s e d  as  

Td4"a 5.67.10 -~2 + hiconv, A/cm~' (6) 5 i a max -- Uel 

Since the current-density maxima are determined 
experimentally, and in view of the fact that the elec- 
trode voltage drops are also known from experiment, 
by taking the value of Ai a max, from expression (6) 
we can find the value for the temperature of the anodic 
zone. For expression (3) and for an anode voltage drop 
of 20.2 V (this must be increased by the work function 
of the cathode) we obtain 

4 /'350.24.4- 1012 
T~..I = 1 /  ~ 6 2 5 0 ~  �9 K~7 

C o r r e s p o n d i n g l y ,  fo r  an anode vo l t age  d rop  of 12.3 
V, a c c o r d i n g  to the da t a  of e x p r e s s i o n  (3'),  we wi l l  
have ~7100 ~ K. 

In the s econd  case ,  the t e m p e r a t u r e  of the anodic  
zone i s  g r e a t e r  by a l m o s t  1000 ~ K. T h e r e  i s  no doubt 
that  f o r  the  po in ts  exh ib i t ing  a c u r r e n t  dens i t y  in e x -  
c e s s  of that  d e t e r m i n e d  f r o m  Eqs.  (3)- (5)  ( there  a r e  
such po in t s  in  F ig .  1), the t e m p e r a t u r e  zone of the  
anodic  zone wi l l  be c o r r e s p o n d i n g l y  h ighe r  and the 
anode vo l t age  d rop  wi l l  be  c o r r e s p o n d i n g l y  lower .  
Thus,  the a r c  c u r r e n t ,  the c u r r e n t  dens i t y  of the  anode 
spot ,  the vo l t age  d rop ,  and the t e m p e r a t u r e  in the r e -  
gion of the anode spot  exhib i t  r a t h e r  c l o s e  i n t e r r e l a -  

t i o n s h i p s  wi th  each  o the r .  The c i t ed  funct ions  m a y  
a l so  be u s e d  to eva lua t e  the t e m p e r a t u r e  in the r e g i o n  
of the  anode spot .  

In conc lus ion ,  we note that  the  funct ion &i = f ( I a r c )  
f o r  the anode spo t  exh ib i t s  a m a x i m u m ,  in the s a m e  
m a n n e r  as  f o r  the  ca thode  spot ;  the magn i tude  of the 
m a x i m u m  i s  a l so  d e t e r m i n e d  by the m a g n i t u d e s  of the  
e l e c t r o d e  vo l t a ge  d rop  and by  the t e m p e r a t u r e .  To r e -  
duce e l e c t r o d e  consumpt ion  i t  i s  b e s t  to work  with spo t  
c u r r e n t  d e n s i t i e s  f a r  r e m o v e d  f r o m  the m a x i m u m .  

NOTATION 

I a r  c i s  the a r c  c u r r e n t ;  / a r c  i s  the length of the 
i n t e r e l e e t r o d e  gap; T a . a  i s  the a r c  t e m p e r a t u r e  in the 
v i c in i t y  of the anode spot ;  U a i s  the anode po ten t i a l  
d rop ;  UiA i s  the i on i za t i on  po ten t i a l  of the anode m a t e -  
r i a l ;  UiAgas  i s  the gas  ion iza t ion  po ten t i a l  f o r m e d  i n -  
t en s ive ly  b e c a u s e  of c h e m i c a l  r e a c t i o n s  in the n e a r -  
anode l a y e r ;  Uicol  i s  the s m a l l e s t  gas  i on iza t ion  
po ten t i a l  of an a r c  column;  Uel i s  the n e a r - e l e c t r o d e  
vo l t age  drop;  Ai a i s  the c u r r e n t  dens i ty  of the anode 
spot;  A i e l . s  p i s  the c u r r e n t  dens i ty  of the e l e c t r o d e  
spot ;  e i s  the e m i s s i v i t y  of an a r e  in the v i c in i t y  of 
the n e a r - e l e c t r o d e  vo l t age  drop;  X and X' a r e  the o p -  
t i c a l  a b s o r p t i o n  coe f f i c i en t s  in  the v i c i n i t y  of the n e a r -  
e l e c t r o d e  vo l t age  drop.  
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